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RESUMEN

El proyecto actual titulado "Estudio de las propiedades mecanicas en fundicion de hierro
gris con nanotubos de carbono pared” se centra en un area de estudio que abarca tanto
aspectos tedricos como experimentales en el campo de los materiales compuestos. Para
comenzar, se llevd a cabo una investigacion bibliografica donde se describieron las
propiedades fisico-quimicas y mecéanicas tanto de la matriz como de las nanoparticulas de

manera independiente.

En la siguiente etapa, se procedio a fabricar probetas del material compuesto que consistian
en una matriz de hierro gris ASTM A48 clase 20 con la adicion de nanotubos de carbono de
pared multiple (MWCNT?'s). Se aplico el método de fundicidon en alto horno con el propésito
de garantizar una adecuada adhesién entre la matriz y la intercara de los nanotubos de
carbono, evitando la presencia de aire en el interior del material compuesto. Esta precaucion
fue crucial para evitar la obtencion de resultados errdneos durante los ensayos destructivos,
ya que la finalidad principal era lograr una completa caracterizacién mecéanica y estructural
de cada una de las configuraciones del material compuesto. Estas probetas se sometieron a
ensayos destructivos de traccion y ensayos metalUrgicos de composicion quimica y dureza,
siguiendo las normativas estandar de ASTM especificas para cada tipo de ensayo y
aplicables a materiales compuestos. Ademas, se consideraron configuraciones especificas

en la estratificacion volumétrica que se utilizaron en cada caso.

Ademas, en esta investigacion se incluyo un analisis mediante microscopia electrénica de
barrido (SEM) y difraccion de rayos X (XRD) de las muestras. Estos analisis tuvieron como
objetivo realizar un estudio méas detallado del comportamiento de las nanoparticulas,
identificar los diferentes tipos de fallas presentes en el material compuesto y evaluar la
adherencia de la matriz metalica con los nanotubos de carbono. Estos métodos de analisis
permitieron obtener informacién mas exhaustiva y precisa sobre la microestructura y las

propiedades de los materiales compuestos estudiados.

Al concluir la investigacion, se procedio a interpretar los datos obtenidos y se realizé una
comparacion entre las dos configuraciones del material compuesto y el material base. Este
analisis permitio determinar cuadl de los materiales compuestos presentd las mejores
caracteristicas mecanicas y mejor relacion entre la matriz y el refuerzo. La finalidad de esta

comparacion fue identificar la combinacidn 6ptima que ofreciera un rendimiento mecéanico
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sobresaliente en el material compuesto, lo que a su vez brinda una mayor comprension y

aplicacion de estos materiales en diversos campos y aplicaciones industriales.

Palabras Clave: Traccion, Dureza, Metalografia, Nanotubos de Carbono, Fundicién Gris.
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ABSTRACT

The current project, titled "Study of Mechanical Properties in Gray Iron Casting with Multi
Walled Carbon Nanotubes,™ is focused on a research area that encompasses both theoretical
and experimental aspects in the field of composite materials. To begin with, a literature
review was conducted, describing the physicochemical and mechanical properties of both

the matrix and the nanoparticles independently.

In the subsequent stage, samples of the composite material were manufactured, consisting
of a matrix of ASTM A48 Class 20 gray iron with the addition of multi-walled carbon
nanotubes (MWCNT’s). The blast furnace casting method was employed to ensure proper
adhesion between the matrix and the interface of the carbon nanotubes, thus preventing the
presence of air inside the composite material. This precaution was crucial to avoid obtaining
erroneous results during the destructive tests, as the primary goal was to achieve a
comprehensive mechanical and structural characterization of each of the configurations of
the composite material. These samples underwent destructive tensile tests and metallurgical
tests for chemical composition and hardness, following specific ASTM standard regulations
for each type of test applicable to composite materials. Additionally, specific configurations

in volumetric stratification were considered for each case.

Moreover, this research included an analysis using scanning electron microscopy (SEM) and
X-ray diffraction (XRD) of the samples. The aim of these analyses was to conduct a more
detailed study of the behavior of the nanoparticles, identify the various types of flaws present
in the composite material, and evaluate the adherence of the metallic matrix with the carbon
nanotubes. These analytical methods allowed for obtaining more comprehensive and precise
information regarding the microstructure and properties of the studied composite materials.

Upon concluding the research, the obtained data was interpreted, and a comparison was
made between the two configurations of the composite material and the base material. This
analysis enabled the determination of which of the composite materials exhibited the best
mechanical characteristics and a superior relationship between the matrix and the
reinforcement. The purpose of this comparison was to identify the optimal combination that
provided outstanding mechanical performance in the composite material, thereby offering a
greater understanding and application of these materials in various fields and industrial
applications.

Keywords: Tensile, Hardness, Metallography, Carbon Nanotubes, Gray Iron.
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INTRODUCCION

Desde los origenes el hombre ha llevado una rutina de innovacion gracias al ingenio que lo
caracteriza. Segun algunos antropologos el hombre existe desde hace 100 000 afios
aproximadamente, desde entonces ha venido descubriendo muchos fenémenos fisicos,
materiales, alimentos, etc. consiguiendo descubrir el fuego y desarrollando todo lo que
conocemos hoy en dia (Cardenas, 2018). Por otra parte, el perfeccionamiento de materiales
es consecuencia evidente del ingenio del hombre, de tal forma que resulta inevitable admitir
que los materiales son imprescindibles para realizar alguna actividad cotidiana e incluso a
veces se nos pasa por alto la importancia que tienen la ciencia de los materiales en el
desarrollo de la humanidad (Callister, 2009).

En las ultimas décadas, la nanotecnologia ha emergido como un campo cientifico y
tecnologico de gran relevancia, con un impacto significativo en diversas areas de la ciencia
de materiales e ingenieria. Entre los materiales nanoestructurados més destacados se
encuentran los nanotubos de carbono (CNT), una forma Gnica y excepcionalmente versatil
del carbono. En particular, los nanotubos de carbono de pared multiple (MWCNT’s) han
sido de objeto de estudio exhaustivo debido a sus notables caracteristicas estructurales y

propiedades excepcionales.

La fundicion de hierro gris, es una aleacion de hierro que contiene grafito en forma de
laminas, es ampliamente utilizada en diversas aplicaciones industriales debido a su
capacidad de disipar calor y su resistencia mecanica. Engranajes grandes, estructuras de
maquinas, soportes, piezas de varillaje, y otras piezas importantes de la maquina estan
hechas de fundicion hierro. Los diversos tipos de grados disponibles abarcan amplios rangos
de resistencia, ductilidad, maquinabilidad, resistencia al desgaste, y costar. Estas
caracteristicas son atractivas en muchas aplicaciones (Mott, Vavrek, y Wang, 2018, pag.
52).

Ademas de investigaciones en el desarrollo de Matrices Metélicas de Nanotubos de Carbono
0 (MMCN’s por sus siglas en inglés) se han enfocado en metales como el Aluminio, Cobre
Niquel, Titanio, Magnesio entre otros se han propuesto utilizarse en la industria automotriz
en la elaboracion de catalizadores, materiales de alta conductividad, transistores de campo,

sensores quimicos o en refuerzo de materiales de baja densidad (Nieto et al. 2021)

Sin embargo, existen desafios inherentes a este material en términos de resistencia mecénica,

conductividad térmica y otras propiedades fundamentales. En este contexto, la
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incorporacion de nanotubos de carbono de pared mdltiple en la matriz de la fundicion de
hierro gris ofrece un potencial intrigante para mejorar sus propiedades y, por lo tanto,

expandir su aplicabilidad en una variedad de aplicaciones industriales.

El uso de nanomateriales en la industria automotriz es un campo de investigacion y
desarrollo relativamente reciente. Aunque la nanociencia y la nanotecnologia han existido
como campos de estudio desde la década de 1950, la aplicacion de nanomateriales en la
industria automotriz comenz6 a ganar impulso en las Gltimas décadas, especialmente a partir
de los afios 2000 (Dévila, Rosas, y Cedefio, 2011).

En este contexto, el presente trabajo de tesis tiene como objetivo explorar en detalle la
incorporacion de nanotubos de carbono de pared multiple en la fundicion de hierro gris,
examinando sus efectos y sus cambios estructurales a escala nanométrica mediante ensayos

mecénicos y metalUrgicos.

A través de este estudio, se pretende avanzar en la comprension de las interacciones entre
los nanotubos de carbono y la matriz de fundicion de hierro gris, con el fin de optimizar el
proceso de incorporacion y maximizar las mejoras en las propiedades del material. Este
enfoque es fundamental en la busqueda de soluciones innovadoras que contribuyan al
desarrollo de materiales mas resistentes y eficientes, lo que tiene un impacto directo en

diversas aplicaciones industriales y tecnoldgicas.
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1. REVISION BIBLIOGRAFICA

1.1 ANTECEDENTES

Los materiales metalicos han adquirido una enorme importancia en el desarrollo industrial
y tecnologico. Estos materiales, como el acero, aluminio, magnesio, zinc, hierro fundido,
titanio, cobre, niquel, entre otros, presentan una estructura cristalina con una disposicion
ordenada de atomos. Ademas, poseen propiedades deseables como buena conductividad
térmica y eléctrica, alta resistencia mecanica, rigidez elevada, ductilidad o conformabilidad,

y resistencia al impacto (Gomez, 2010).

El amplio abanico de materiales metélicos disponibles abre diversas posibilidades para
desarrollar nuevas aleaciones y, por ende, nuevos materiales metalicos. Al investigar nuevas
aleaciones, se pueden manipular dos variables importantes: la composicion y la
microestructura. Estos parametros permiten modificar las propiedades de la aleacion

resultante durante el proceso de produccion (Davila et al., 2011).

Mas adelante con el descubrimiento de los nanotubos de carbono y sus propiedades Unicas,
como alta conductividad térmica, resistencia mecanica y conductividad eléctrica, han sido
aplicadas con éxito en el campo farmacéutico, cosmético y area electrénica. Han sido
utilizados como tintas para electronica impresa, en fotodetectores, inversores logicos,
celulas solares y en electronica de alta frecuencia 5G. También se han empleado en la
sintesis de materiales, como dispositivos flexibles de almacenamiento de energia y en
aplicaciones de aprendizaje automatico para el descubrimiento de nuevos materiales
(Moore, 2022).

En el ambito de ciencia de materiales, la incorporaciéon de nanoparticulas inorganicas en
materiales convencionales ha permitido obtener materiales con mejores propiedades
mecanicas, estructurales y funcionales. Estos nuevos materiales encuentran aplicaciones en
diversos campos, como aerondutica, industria automotriz, construccién, fabricacion de

bienes de consumo, electrdnica, industria textil, entre otro (Rivas, Cosme, y Ganzer, 2007).

El uso de nanoparticulas de 6xidos metélicos como rellenos en matrices poliméricas ha
conducido al desarrollo de materiales no metalicos livianos y resistentes, capaces de

reemplazar a los materiales tradicionales utilizados en la fabricacion de componentes tanto



para aviones como para automdviles. Estos nuevos materiales presentan ventajas como
estabilidad quimica, resistencia al fuego, reduccion de peso, ahorro en costes de manufactura

y mayor vida Util de las piezas (Davila et al., 2011).

Ademas, las nanoparticulas se aplican en la fabricacion de diversos articulos de consumo,
como recubrimientos antirreflejo, celdas solares, materiales termoeléctricos, transductores
acusticos, transistores, nanopigmentos, cables ignifugos, tejidos inteligentes, superficies

hidrofébicas, tintas magnéticas, articulos deportivos, entre otros (Olivas y Samano, 2020).

Es importante mencionar que la nanociencia y la nanotecnologia se encuentran en una fase
temprana de desarrollo, por lo que aln no se conocen completamente sus alcances y
limitaciones. Sin embargo, se espera que sus aplicaciones puedan contribuir en la solucién
de problemas graves que afectan a gran parte de la poblacién mundial, como enfermedades,

contaminacion ambiental y desafios energéticos.

1.2 SITUACION ACTUAL

En los Gltimos afios, los avances cientificos y tecnol6gicos han permitido crear y modificar
una amplia variedad de materiales en donde se hace uso de nanoparticulas y se originan
materiales que se utilizan en la nanotecnologia ya que poseen propiedades eléctricas,
quimicas o mecénicas superiores a los materiales convencionales (AzoNano, 2013). En el
caso de los materiales y estructuras de escala nanométrica, el tamafio da lugar a que los
fendmenos cuanticos no sélo se manifiesten, sino que se vuelvan decisivos, y conduzcan a
un comportamiento completamente distinto al que se observa en los materiales

volumeétricos.

Segun Maubert en 1991 el cientifico Sumio lijima descubri6 la forma de los nanotubos de
carbono. Fue el quien pudo observar por primera vez la existencia de moléculas tubulares
en el hollin formado a partir de las descargas de arco eléctrico, empleando grafito. Hoy en
dia permiten fabricar microcontroladores y materiales muy resistentes como la fibra de
carbono (Maubert et al., 2009).

El uso comercial de nanomateriales en la industria automotriz se ha ido incrementando en
los ultimos afios a medida que la tecnologia ha avanzado y se ha demostrado su potencial
para mejorar las propiedades y el rendimiento de los vehiculos. Por ejemplo, el uso de

nanocompuestos poliméricos en piezas plasticas y recubrimientos de vehiculos para mejorar



su resistenciay rigidez, o el uso de nanoparticulas en catalizadores para reducir las emisiones

contaminantes.

Es importante destacar que el uso de nanotubos de carbono en la industria automotriz aun
estd en una etapa de investigacion y desarrollo, y su implementacion a gran escala en la
produccion de vehiculos alin enfrenta desafios técnicos, econdmicos y de regulacion. Sin
embargo, se espera que los nanotubos de carbono y otros nanomateriales sigan siendo objeto
de estudio y aplicacién en la industria automotriz en el futuro, con el potencial de ofrecer
mejoras significativas en términos de rendimiento, eficiencia y sostenibilidad de los

vehiculos.

1.3 PROSPECTIVA

El desarrollo cientifico y tecnoldgico ha promovido y a la vez se ha beneficiado del continuo
avance de lo que hoy se conoce como la ciencia e ingenieria de materiales. La
conceptualizaciéon del uso de los materiales ha pasado de un procesamiento basico de
materias primas disponibles en la naturaleza hacia la formulacion de materiales con
propiedades a la medida, que se obtienen y caracterizan con la ayuda de tecnologias muy
sofisticadas de adicion de nanoparticulas a materiales convencionales para fortalecer sus

propiedades quimicas y fisicas basadas en sus nuevas estructuras (Callister, 2009).

En este contexto, el presente trabajo representa un aporte para aquellos interesados en el
desarrollo, caracterizacion, evaluacion y uso de este material en el area de disefio mecanico
y simulacion en software computacional, en los cuales permiten ingresar nuevos materiales
para realizar simulaciones estaticas y dinamicas de elementos solidos. Con esta finalidad se
presentan algunos de los conceptos y ensayos mas importantes relacionados con las
propiedades mecanicas necesarias para estos analisis, el comportamiento y las futuras

aplicaciones que puede tener este nuevo material desarrollado.

1.4 PLANTEAMIENTO DEL PROBLEMA

La industria metalUrgica ha investigado diferentes aleaciones de metales y estructuracion de
nuevos materiales poliméricos, metalicos y cerdmicos, obteniendo grandes resultados en
aspectos de conductividad, resistividad a la corrosién, fatiga y a la temperatura (Callister,
2009). Estos materiales han aportado al desarrollo de automoviles con mejor eficiencia

energética, resistividad a la corrosion y mayor capacidad de carga.



Todo esto ha permitido el desarrollo de la industria automotriz y otras areas cientificas como
la aeronautica, exploracion espacial e inclusive se ha aportado al desarrollo de una
tecnologia més amigable con el ambiente, pero la adicion de nanoparticulas a polimeros y

metales es una ciencia que se esta estudiando recientemente y esta en constante investigacion

y desarrollo.
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Figura 1.1 Publicaciones de PMCs, MMCs y CMCs desde 1997 hasta junio del 2020
Fuente: (Nieto et al. 2021, pag. 7)

Por otro lado, el estudio de las nanoparticulas de carbono es ain mas reciente y eso permite
la existencia de grandes interrogantes de la composicién de estos materiales de matriz
polimérica, metalica y cerdmica. Es por eso que este proyecto de investigacion se centra en
analizar y discutir ciertos fendmenos fisicos y quimicos que se encuentren a medida que se
desarrolle el estudio de la adicion de nanotubos de carbono de pared multiple (MWCNT’s)

en hierro fundido ASTM A48 clase 20, mediante fundicion en alto horno.

Es necesario recalcar la importancia de estos nanomateriales ya que permiten la innovacion
de tecnologia mas eficiente en el area automotriz, es por eso que se plantea investigar mas
afondo el comportamiento de estos hanomateriales sintéticos y sus cambios fisicos en su
microestructura con un analisis de espectrometria de chispa, microscopia electrénica de
barrido (MEB), difraccion de rayos X y ensayos mecanicos destructivos de traccion y

dureza.



1.5

151

OBJETIVOS

OBJETIVO GENERAL

Estudiar las propiedades mecanicas, estructurales y quimicas de hierro fundido ASTM-A48

clase 20 con la adicion de nanotubos de carbono multicapa (MWCNT’s) con 90 % de pureza,

por medio de fundicidn en alto horno, realizacion de ensayos destructivos y microscopia

electronica que permitan determinar cambios existentes en las propiedades mecanicas y

microestructurales del material.

1.5.2

1.6

OBJETIVO ESPECIFICO

Afadir nanotubos de carbono de pared multiple (MWCNT’s) mediante fundicién
continua en alto horno para garantizar la adherencia de las nanoparticulas en una
matriz metalica.

Analizar el comportamiento de las propiedades mecénicas de la matriz metalica con
nanotubos de carbono multicapa, a través de la realizacién de ensayos destructivos
de traccion y dureza.

Examinar la microestructura de los cristales formados en el material compuesto de
matriz metalica, empleando el analisis de microscopia electronico de barrido (SEM,
por Scanning Electron Microscopy) con el fin de estudiar el comportamiento de la
fundicion.

Determinar la composicion quimica del material con la realizacion del analisis de
espectrometria de chispa utilizando el espectrémetro de chispa marca BRUKER
modelo Q4TASMAN.

Comparar los resultados de los ensayos metalograficos y mecanicos destructivos
mediante un andlisis estadistico con el fin de registrar los cambios obtenidos de las

muestras sometidas a estudio.

ALCANCE

La nanotecnologia explota propiedades, fenédmenos, procesos y funcionalidades que surgen

asociadas con la escala nanométrica, que se desconocen a simple vista pero que se

fundamenta en las leyes de la fisica cuantica. Esto permite perseguir el desarrollo de

diferentes tipos de aplicaciones, tales como: catalizadores de alta reactividad que permiten

una mejor fusion de materiales metalicos, aislantes mejorados a base de polimeros, ademas



de disminuir el tamafio de los circuitos electronicos, eliminacion de contaminantes como es
el caso de los catalizadores automotrices, bujias trabajadas a nivel nanométrico para mejorar

la ignicion del combustible, entre otros (Davila et al., 2011).

Es asi que, con la adicion de nanotubos de carbono de pared maltiple (MWCNT’s) en el
hierro gris ASTM A48 clase 20 se pretende estudiar el comportamiento de las nanoparticulas
y verificar si existe mejoras en las propiedades mecanicas o microestructuras diferentes al
hierro fundido base, es por eso que, en este documento se va a analizar las propiedades
mecanicas del hierro fundido que se obtuvo afadiendo nanotubos de carbono mediante
fundicion a alto horno. Ademas, se quiere realizar analisis de composicidn quimica, ensayos
mecanicos destructivos para obtener datos de la fundicion de su microestructura formada
considerando la adicion de 0,5 % y 1 % en masa de nanotubos de carbono de pared multiple

al hierro gris estandarizado con la norma ASTM A48.

Ademas, el andlisis de Difraccion de Rayos X que se realizara al metal permitird determinar
la composicion cristalografica de los estados de fase del Hierro-Carbono. Esta técnica se
basa en la medicion de la cantidad de elementos quimicos presentes en una muestra metalica
conductora mediante la interaccion de la muestra con electroradiacion magnética, como la
radiacion ultravioleta. Esta técnica permite la identificacion y cuantificacion de los

elementos presentes en los metales con alta precision y sensibilidad (Davila et al., 2011).

Finalmente, la espectrometria de emision chispa es un proceso que nos permite analizar
simultaneamente muchos elementos quimicos de aleaciones, incluyendo elementos ligeros
como C, S, By P (Harvey, 2000). Por lo tanto, se considera una herramienta esencial en la
industria metalurgica, ya que permite el control de calidad de los materiales utilizados en la
produccion de aceros, fundiciones, aleaciones, etc. y asegurar el cumplimiento de las
especificaciones de los materiales utilizados en diversas aplicaciones, como la construccion,

industria automotriz, aeroespacial, petroquimica, entre otras.

1.7 JUSTIFICACION

A nivel mundial existe una gran variedad de materiales compuestos en el area metallrgica
que se utilizan en muchas areas industriales. En el campo automotriz la necesidad de
satisfacer la resistencia de los componentes del motor es muy alta, puesto que estos se
someten a elevadas temperaturas, friccion y presiones que deterioran el material con el paso
del tiempo (Bosch, 2022).



A mediada que la humanidad avanza con investigaciones en otras areas cientificas, también
se han enfocado en la investigacion de nanotecnologia, pues los elementos estudiados se
comportan de una manera mas extravagante y obtenido grandes resultados en la aplicacion

de muchas ramas industriales (Rivas, Cosme, y Ganzer, 2007).

Sin embargo, aun existe gran parte de elementos que no se ha investigado a nivel
nanométrico, especialmente las aleaciones con nanotubos de carbono (NTC’s) esto debido
a que estos elementos fueron recientemente descubiertos y estan en constante investigacion
ya que prometen mayor eficiencia en el desarrollo de tecnologia mas sofisticada (Davila
etal., 2011).

En el Ecuador existe un bajo nivel de investigacién cientifica en la metalurgia a escala
nanometrica, es por eso que este proyecto de investigacion plantea analizar la nanoestructura
de la funcion de hierro gris ASTM A48 clase 20 con un contenido de carbono > 3,5 % y
silicio > 2% con nanotubos de carbono de pared multiple (MWCNT’s) para verificar que

configuracidn presenta mejoras en las propiedades mecanicas.

Ecuador se destaca como uno de los paises que esta dando pasos iniciales en el ambito del
cuidado del medio ambiente. Esto se refleja en los objetivos 11 y 12 del eje de transicion
ecoldgica del plan nacional de desarrollo "Plan Nacional de Creacion de Oportunidades
2021 - 2025", donde se centra en garantizar los derechos de la naturaleza tanto para las
generaciones actuales como futuras. Ademas, hace hincapié en la promocion de buenas
practicas que contribuyan a la reduccion de la contaminacion, la conservacion, la mitigacion
y la adaptacion a los efectos del cambio climatico, y ademas se busca impulsar estas
practicas a nivel global (Consejo nacional de planificacion 2021).

Con esto se pretende contribuir al desarrollo de la investigacion nanotecnoldgica en el
Ecuador, con el fin de incentivar a las nuevas generaciones a trabajar en esta rama de la
ciencia que trae consigo un gran impacto econémico, social y/o ambiental en la industria

automotriz y otras ramas de la ingenieria.



CAPITULO II

En este capitulo se detalla conceptos sintetizados y necesarios basados en una alta revision
bibliografica de libros, articulos cientificos, revistas y paginas web que facilita la

compresion del proyecto de investigacion.

2. MARCO TEORICO

2.1 METALURGIA APLICADA A LA INGENIERIA AUTOMOTRIZ

Los metales existen desde hace 3000 a. C. desde entonces existe una extensa cantidad de
aleaciones que ha venido experimentando el hombre. Esto conllevo a generar una de las
ramas mas antiguas de la ciencia, la metalurgia segun (Lopez, 2007), “es la ciencia y la
tecnologia de la extraccién de metales de sus fuentes naturales y de su preparacion para usos
practicos”. Es decir que conlleva un proceso de manipulacion y dosificacién de materiales
pesados que se combinan para obtener materiales hibridos con mejores caracteristicas

quimicas, fisicas y/o eléctricas.

La metalurgia juega un papel importante en la industria automotriz, ya que los materiales
utilizados en la fabricacion de vehiculos deben cumplir con altos estandares de rendimiento,
seguridad y eficiencia. Los procesos metalUrgicos se utilizan para la produccion y
procesamiento de diversos materiales utilizados en la fabricacion de componentes

automotrices, tales como aceros, aluminio, magnesio, cobre y otros materiales.

La metalurgia en la rama automotriz es una materia multidisciplinaria que involucra la
ciencia de los materiales, la ingenieria de procesos, la quimica y otras disciplinas
relacionadas. La investigacion y desarrollo continuo en este campo contribuye a la mejora
constante de los materiales y procesos utilizados en la fabricacion de vehiculos, lo que

resulta en vehiculos mas seguros, eficientes y sostenibles (Olivas y Sdmano, 2020).

2.2 METALURGIA DEL HIERRO

El hierro es ampliamente utilizado en la industria automotriz debido a su disponibilidad,
costo relativamente bajo y propiedades mecanicas adecuadas para diversas aplicaciones. Es
el metal de transicion méas abundante en la corteza terrestre, y cuarto de todos los elementos
(Lbpez, 2007). Ademaés, abunda en todo el universo, habiéndose encontrado meteoritos en

la superficie terrestre que lo contienen.



Es comdn que se encuentre formando parte de numerosos minerales, entre los que destacan:
la hematita (Fe203), la magnetita (Fe304), la limonita (FeO (OH)), la siderita (FeCO3), la
pirita (FeS2), la ilmenita (FeTiO3), etcétera (Natera, Cafia, y Pereira, 2017).

2.21 DIAGRAMA DE FASE DEL HIERRO - CARBONO

La solubilidad del carbono en el hierro bajo la forma cristalina cibica de cuerpo centrado es
menor que el 0,02%, mientras que en el hierro bajo la forma cristalina cubica de caras
centradas es hasta el 2%. Se distinguen tres grupos de aceros al carbono: eutectoides, que
contienen cerca de un 0,8% de C, cuya estructura esta constituida Unicamente por perlita;
hipoeutectoides, que contienen menos del 0,8% de C, con estructura formada por ferrita 'y
perlita; e hipereutectoides, que contienen del 0,8 al 2% de C y cuya estructura consta de

perlita y cementita (Lopez, 2007).
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Figura 2.2 Diagrama tedrico de las fases Hierro-Carbono
Fuente: (Newell, 2010, pag. 120)

El diagrama de fase hierro - carbono posee una representacion grafica de las diferentes fases
0 estructuras que pueden formarse en una aleacion de hierro y carbono en funcién de la
temperatura y el contenido de carbono. Este diagrama es de gran importancia en la
metalurgia y la ciencia de los materiales, ya que proporciona informacién valiosa sobre las
transformaciones de fase que ocurren durante el enfriamiento o calentamiento de una

aleacion de hierro y carbono.
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Este diagrama muestra que, a temperatura ambiente, el hierro puro tiene una estructura
cristalina conocida como ferrita, que es suave y duactil. A medida que se aumenta el
contenido de carbono en la aleacién, se forman otras fases como perlita, cementita y
austenita, en funcion de la temperatura y la composicion de la aleacion. Estas fases tienen
diferentes propiedades mecanicas, como dureza, resistencia y tenacidad, lo que hace que las
aleaciones de hierro y carbono sean adecuadas para una amplia gama de aplicaciones
industriales, como la fabricacion de aceros para la construccion de estructuras, herramientas,

maquinaria, automoviles y muchas otras aplicaciones (Ashby y Jones, 2009).

El diagrama de fase hierro - carbono es una herramienta esencial para entender y controlar
las propiedades y el comportamiento de las aleaciones de hierro y carbono en diferentes
condiciones de temperatura y composicion, lo que permite a los ingenieros y metalurgistas

seleccionar y disefiar materiales adecuados para aplicaciones especificas.

2.2.2 CLASIFICACION DE LAS ALEACIONES METALICAS FERROSAS

El hierro con los elementos metalicos forma soluciones por sustitucion, mientras que con el
carbono, nitrogeno e hidrogeno conforma soluciones por insercion. Esta propiedad del metal
se aprovecha para desarrollar diferentes materiales tecnoldgicos como son; fundiciones de
hierro, aceros al carbono, aceros especiales, aceros inoxidables, aleaciones, etc. En
particular, la solubilidad del carbono en el hierro depende de la forma cristalografica en que

se encuentra el hierro (Askeland y Wright, 2017).
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Figura 2.3 Clasificacion de las aleaciones metalicas
Fuente: (Callister, 2009, pag. 365)

La solubilidad del hierro con carbono forma diferentes tipos de acero, dependiendo de los
porcentajes que se combinen. Los aceros son ampliamente utilizados en la fabricacion de
componentes automotrices debido a su alta resistencia mecénica, durabilidad y
disponibilidad en diferentes formas y grados. La metalurgia juega un papel clave en el
desarrollo de aceros especiales con propiedades especificas, como aceros de alta resistencia,

aceros inoxidables y aceros con caracteristicas mejoradas de resistencia a la corrosion,

tenacidad y soldabilidad.

2.2.3 TIPOS DE FUNDICIONES DE HIERRO COLADO

Las fundiciones de hierro son aleaciones de hierro con un porcentaje de carbono del 2 al 5%,
silicio del 2 al 4%, manganeso hasta 1%, bajo azufre y fésforo. Su principal caracteristica
es que se puede vaciar en un horno de fundicién para obtener piezas de diferente media y
geometria, pero no pueden ser tratadas plasticamente porque son fragiles, no son ductiles ni
maleables y muy poco soldables, pero si son maquinables, relativamente duras y resistentes

a la corrosion y al desgaste (Natera et al., 2017).
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Las ventajas de las fundiciones son numerosas y se destacan por:

e Facilidad para el maquinado en comparacion con los aceros.

e Capacidad de fabricar piezas de diferentes tamafios y complejidades.
e Menor necesidad de equipos y hornos costosos en su fabricacion.

e Absorcién de vibraciones mecanicas y accion como autolubricantes.
e Resistencia al choque térmico, corrosion y desgaste.

e Diversidad de tipos de fundiciones segun su apariencia de fractura.

De acuerdo con la apariencia de su fractura, las fundiciones pueden ser grises, blancas,
atruchadas, aunque también existen las fundiciones maleables, nodulares y especiales o
aleadas (Lopez, 2007).

2.2.3.1  Fundicién gris

La mayor proporcion del carbono presente en el hierro gris se encuentra en forma de escamas
o laminas de grafito, las cuales le otorgan al hierro su color caracteristico y sus propiedades
deseables. El hierro gris es favorable para el mecanizado, ya que presenta una alta capacidad
de templado y una buena fluidez durante el proceso de colado ya que su punto de fusion es
de 1200 °C. Sin embargo, es importante destacar que el hierro gris es fragil y posee una

resistencia a la traccién relativamente baja (Natera et al., 2017).

Figura 2.4 Microestructura del hierro gris (ferrita y perlita)
Fuente: (Natera et al., 2017, pag. 67)

Al reducir el contenido de carbono equivalente mediante aleacion o tratamiento térmico, se
logran obtener resistencias mas elevadas en el hierro gris. Aunque las hojuelas de grafito
presentes en el material pueden concentrar esfuerzos y disminuir su resistencia y ductilidad,
el hierro gris exhibe diversas propiedades atractivas. Entre estas se incluyen una alta

resistencia a la compresion, capacidad para ser maquinado de manera efectiva, resistencia
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al desgaste por deslizamiento, capacidad de resistir la fatiga térmica, una buena

conductividad térmica y la capacidad de amortiguar vibraciones (Askeland y Wright, 2017).

Tabla 2.1 Propiedades segln la ASTM A48 para las clases de fundiciones grises

Clase Resistencia a Resistencia a Modulo de traccion
la traccion la compresién (E)
20 20 ksi (138 MPa) 33 ksi (227 MPa) 10 x 108 psi (69 GPa)
30 31 ksi (213 MPa) 109 ksi (751 MPa) 14 x 10° psi (96 GPa)
40 425 ksi (393 MPa) 140 ksi (965 MPa) 18 x 10 psi (124 GPa)
60 62.5 ksi (430 MPa) 187,5 ksi (1292 MPa) 21 x 10° psi (144 GPa)

Fuente: (Natera et al. 2017, pag. 67)

El hierro gris es ampliamente utilizado en diversas aplicaciones, tales como bases 0
pedestales para maquinas, herramientas, bastidores para maquinaria pesada, blogues de
cilindros para motores de vehiculos, discos de frenos, herramientas agricolas, entre otras
(Bosch, 2022). Estas aplicaciones se benefician de las propiedades del hierro gris, como su
alta resistencia a la compresién, capacidad para soportar cargas pesadas y su buena
resistencia al desgaste. Ademas, su facilidad de maquinado y su capacidad para amortiguar

vibraciones lo hacen una eleccion popular en estas industrias (Callister, 2009).

i —

Tiempo ——— =

Amplitud vibracional

(b)

Figura 2.5 Comparacion de la capacidad relativa de amortiguamiento vibracional de a)
acero b) fundicion gris
Fuente: (Callister, 2009, pag. 372)
Es por eso que algunos elementos automotrices se suelen construir en este tipo de material
como ejemplo las bancadas para maquina y equipos que vibran mucho lo que permite
obtener motores mas silenciosos. Adicionalmente, las altas temperaturas de fundicion y la
fluidez del metal liquido permiten la fabricacidon de piezas con geometrias complejas, al

tiempo que se minimiza la contraccion durante el proceso de solidificaciéon. Finalmente, la
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fundicion gris es uno de los materiales méas baratos por lo que lo hace un material mas

accesible al mercado (Callister, 2009).

Tabla 2.2 Propiedades segin SAE J431 para los grados de fundiciones grises.

Grado Dureza Brinell t/nt Descripcion
G1800 120-187 135 Ferritica-perlitica
G2500 170-229 135 Ferritica-perlitica
G3000 187-241 150 Perlitica
G3500 207-255 165 Perlitica
G4000 217-269 175 Perlitica

't/h = Resistencia a la traccién / Dureza Brinell

Fuente: (Natera et al., 2017, pag. 67)

Para obtener microestructuras distintas se puede disminuir el porcentaje de silicio presente
en la fundicién o aplicando un tratamiento térmico con enfriado rapido se previene la
completa disociacion de la austenita a grafito. En estas condiciones, la microestructura

consiste en escamas de grafito embebidas en una matriz perlitica (Callister, 2009).

2.2.3.2 Fundicion blanca

La formaciéon de la fundicion blanca ocurre cuando la fundicién de hierro se enfria
rdpidamente desde su estado liquido, siguiendo el diagrama hierro-cementita metaestable.
Durante este proceso de enfriamiento, la austenita se solidifica a partir de la aleacion fundida
en forma de dendritas. A una temperatura de 1 130°C, el liquido alcanza la composicion
eutéctica (4,3 % de carbono) y se solidifica como un eutéctico compuesto por austenita y
cementita, conocido como ledeburita. En el caso de la fundicién blanca, la presencia de
cementita en forma de placas finas dispersas en la matriz de austenita confiere a la estructura

un aspecto blanquecino, de ahi su nombre (Natera et al., 2017).

Figura 2.6 Microestructura de la fundicion blanca
Fuente: (Natera et al., 2017, pag. 63)
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Existen diferentes tipos de fundicién blanca que depende de la cantidad de carbono en
porcentaje de masa y las condiciones de enfriamiento que se dé al material, pero su principal
caracteristica es que forma cementita, ledeburita y austenita en sus tres puntos eutécticos;
hipoeutética, eutéctica e hipereutética.

2233 Fundiciéon nodular

La fundicion nodular, también conocida como fundicion ductil o esferoidal, se obtiene
mediante la fusion de arrabio y chatarra en hornos cubilotes, junto con coque y piedra caliza.
En este tipo de fundicion, la mayor parte del contenido de carbono en el hierro se presenta
en forma de esferoides. Para lograr esta estructura nodular, el hierro fundido se inocula con

pequefias cantidades de materiales como magnesio, cerio o ambos (Natera et al., 2017).

Figura 2.7 Microestructura de la fundicion nodular ferritico perlitica
Fuente: (Natera et al., 2017, pag. 68)

Esta microestructura proporciona propiedades deseables como alta ductilidad, resistencia,
facilidad de maquinado, buena fluidez para la colada, capacidad de endurecimiento y
tenacidad. Aunque la fundicién nodular no puede ser tan dura como la fundicién blanca, se
puede someter a tratamientos térmicos o superficiales especiales para aumentar su dureza si
es necesario (Askeland y Wright, 2017).

2234 Fundicién atruchada

Segun (Guemes y Piris, 2012), las fundiciones atruchadas se encuentran en un punto
intermedio entre la fundicion blanca y la fundicion gris. Durante el proceso de solidificacion,
siguen el diagrama de equilibrio del hierro - carbono, lo que resulta en la formacion de
grafito. Sin embargo, antes de que el liquido eutéctico complete su solidificacion, pasan al
diagrama metaestable y se forma cementita. La microestructura de estas fundiciones esta

compuesta por escamas 0 laminas de grafito incrustadas en una matriz, al igual que en la
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fundicion gris, mientras que la matriz esta formada por cementita y perlita, como en la
fundicion blanca. Debido a su composicion y estructura compleja, las fundiciones

atruchadas son dificiles de mecanizar, lo que limita su aplicacion industrial.

2235 Fundicidon maleable

Los hierros maleables son una variante especial de las fundiciones que se obtienen mediante
un proceso de tratamiento térmico aplicado a la fundicién blanca. Estas fundiciones se
someten a estrictos controles para lograr una microestructura en la cual la mayor parte del
carbono se encuentra en forma combinada como cementita. Esto contrasta con la estructura
de la fundicion blanca, que es dura, quebradiza y presenta dificultades para el mecanizado
(Askeland y Wright, 2017).

Figura 2.8 Microestructura de la fundicion maleable
Fuente: (Natera et al., 2017, pag. 70)

El tratamiento térmico aplicado al hierro maleable permite obtener una microestructura mas
tenaz y maleable, lo que mejora su maquinabilidad y lo hace mas adecuado para ciertas

aplicaciones industriales.

2.24 ACEROS AL CARBONO

El carbono se encuentra en la naturaleza en diversas formas, como el diamante, el grafito y
el carbono amorfo. El diamante es una forma cristalina del carbono que es extremadamente
duro y transparente, mientras que el grafito es una forma més blanda y opaca que se utiliza
en lapices o como lubricante. El carbono amorfo es una forma desordenada del carbono que

se encuentra en sustancias como el hollin y el carbon vegetal (Ashby y Jones, 2009).

Una caracteristica unica del carbono es su capacidad de formar enlaces quimicos covalentes
con otros atomos de carbono y con otros elementos, lo que le permite tener una gran

diversidad de formas y estructuras moleculares (Callister, 2009). Esta capacidad de formar
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enlaces multiples y su versatilidad en la formacién de compuestos quimicos, hace que el
carbono sea fundamental en la quimica organica, que es la rama de la quimica que estudia

los compuestos del carbono.

El acero se fabrica a partir de tres materias primarias basicas: mineral de hierro, carbono y
piedra caliza. Este elemento metalico consiste de &tomos de carbono intersticiales en una
matriz de hierro y es muy utilizado en las sociedades avanzadas para el desarrollo de

materiales y productos que se utilizan en la vida cotidiana (Newell, 2010).

Los componentes volatiles del carbono se eliminan a través de un proceso llamado
coquefaccion, y el material rico en carbono resultante es afiadido al alto horno. Después del
calentamiento, el mineral de hierro se reduce a hierro metalico y se emiten gases de didxido
de carbono y de monoxido de carbono. La piedra caliza pulverizada se agrega al
derretimiento y forma una capa de escoria arriba del metal. La escoria ayuda a quitar
impurezas del sistema. ElI metal resultante, llamado hierro bruto, se trata entonces con
oxigeno para remover el exceso de carbono y convertirse en acero. En general, la fabricacion
de 1 tonelada de hierro bruto requiere alrededor de 2 toneladas de mineral de hierro, 1

tonelada de coque y 500 libras de piedra caliza (Victor Gomez, 2010).

2.25 ALEACIONES

Las aleaciones se utilizan en una amplia gama de industrias, incluyendo la automotriz,
aeroespacial, construccion, electronica, energia, y muchas otras. “Las aleaciones son
mezclas homogéneas de un metal con uno o mas metales o no metales, formando con
frecuencia una solucion solida (Newell, 2010). Por ejemplo, las aleaciones de acero se
utilizan en la fabricacién de automdviles y aviones debido a su alta resistencia y durabilidad.

Las aleaciones de aluminio se emplean en aplicaciones aeroespaciales debido a su baja
densidad y alta resistencia a la corrosion. Ademas, las aleaciones también se utilizan en
aplicaciones electronicas, como en la fabricacion de componentes de computadoras y
dispositivos moviles, debido a su capacidad de disipar calor.

Al seleccionar cuidadosamente la composicion de la aleacidn y las condiciones de los
procesos, los cientificos e ingenieros de materiales, pueden desarrollar materiales con un
rango mas amplio de propiedades que las logradas a partir de los metales puros que se
utilizan en el campo automotriz para optimizar la eficiencia de los vehiculos de combustion,

hibridos y/o eléctricos.
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2.3 PROCESO DE FUNDICIONES DE HIERRO

Las fundiciones de hierro son métodos industriales que se dedican a la produccion de hierro
fundido, también conocido como hierro colado o hierro gris. El hierro fundido es una
aleacion de hierro con un alto contenido de carbono, lo que le confiere caracteristicas de
fragilidad y alta resistencia a la compresion (Natera et al., 2017).

2.3.1 FUNDICION EN ALTO HORNO

Un alto horno es un reactor quimico de gran tamafio que puede operar de forma continua a
altas temperaturas. Los hornos mas grandes tienen dimensiones superiores a los 60 metros
de altura y 14 metros de ancho. Cuando funcionan a plena capacidad, pueden producir hasta
10 000 toneladas de hierro al dia. La carga del alto horno se realiza desde la parte superior,
utilizando una mezcla de mena de hierro, coque y piedra caliza. El proceso de fundicion de
hierro en alto horno depende de muchos factores como la temperatura de fundicion del
hierro, porcentaje de carbon en el material compuesto (L6pez, 2007).

Figura 2.9 Alto horno capacidad de 250 kg
En este procedimiento, se agregan los minerales de hierro junto con coque y carbonato de
calcio, CaCO3 (utilizado como agente fundente). El aire, que es introducido en el horno
desde abajo después de ser precalentado, también desempefia un papel crucial, ya que se

necesita para la combustion del coque.

El hierro obtenido en el horno puede ser moldeado en forma de lingotes sélidos o laminas;
no obstante, la mayor parte se utiliza directamente en la fabricacion de acero. Con este
propdsito, el hierro liquido se transporta al taller siderdrgico. El arrabio, en general, contiene
impurezas no deseadas y requiere un proceso de refinamiento en convertidores, que son

hornos especiales. En el afio 2000, los cinco principales productores de hierro eran China,
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Brasil, Australia, Rusia e India, quienes representaban el 70% de la produccion mundial
(Lopez, 2007)

2.3.2 ETAPAS DE FUNDICION EN ALTO HORNO

2.3.2.1  Preparacion del material

Se selecciona y prepara el mineral de hierro, que se suele combinar con otros materiales,
como coque (carbdn metaldrgico) y fundentes (generalmente piedra caliza), para crear una

carga de horno adecuada.

Figura 2.10 Coque metallrgico

El coque metallrgico se produce mediante un proceso llamado coquizado, en el cual el
carbon mineral se calienta en ausencia de oxigeno, lo que permite eliminar sus componentes
volatiles contiene alrededor de 85 a 90 % de carbono. El coque metallrgico es un tipo de
carbon caracterizado por su porosidad, resistencia y bajo contenido de compuestos volatiles
(Lopez, 2007).

La piedra caliza, compuesta por CaCO3, desempefia un papel fundamental como fuente de
oxido basico en la formacion de escoria en el alto horno. El aire, que ingresa al horno por la
parte inferior después de ser precalentado, también es una materia prima importante, ya que
se necesita para la combustion del coque. Para producir 1 kg de hierro crudo, conocido como
arrabio, se requieren aproximadamente 2 kg de mena, 1 kg de coque, 0,3 kg de piedra caliza
y 1,5 kg de aire (Lopez, 2007).

2.3.2.2  Fusion

La carga se coloca en el alto horno, que es vertical de gran tamafo, y se somete a altas
temperaturas para fundir los materiales. Durante este proceso, el coque actla como
combustible y provoca la reduccién del mineral de hierro, liberando el hierro liquido y la

escoria.
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2.3.2.3 Refinado

El hierro liquido se somete a procesos de refinado para ajustar su composicion quimica y
eliminar impurezas. Esto se puede hacer mediante métodos como la desgasificacion, la
desulfuracién y la adicion de un determinado aleante para obtener las propiedades deseadas

en el hierro fundido.

2.3.24 Moldeo

El moldeo es un proceso utilizado para fabricar piezas de hierro fundido. Este método
consiste en verter el metal liquido en un molde que tiene la forma deseada de la pieza final
(Callister, 2009). Este proceso es ampliamente utilizado en la industria para producir una
amplia variedad de componentes, como bloques de motor, piezas de maquinaria y elementos
estructurales. EI moldeo de hierro colado ofrece ventajas como la capacidad de producir
piezas de formas complejas, una buena resistencia mecanica y una buena capacidad de

mecanizado (Lopez, 2007).
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Figura 2.11 Moldeo en base de madera

Fuente: www.wordpress.com

Una vez que el hierro fundido ha sido refinado, se vierte en moldes para darle la forma
deseada. Los moldes pueden ser de arena, metal o ceramica, y se utilizan para crear una
amplia variedad de productos de hierro fundido, como piezas de maquinaria, componentes

de automoviles, tuberias, utensilios de cocina, entre otros.
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Segun Callister las diferentes técnicas de moldeo son: arena, coquilla y a la cera perdida las

cuales se describen a continuacion (Callister, 2009).

a) Moldeo en arena

Consiste en crear un molde de arena que tiene la forma deseada de la pieza final. Para ello,
se utiliza una mezcla de arena y un aglutinante por lo general silicato sddico hidratado que
permite mantener la forma del molde. El proceso comienza con la preparacion de una caja
de moldeo donde se coloca el modelo o patrén de la pieza. Luego, se compacta la arena
alrededor del modelo para obtener la cavidad del molde, posteriormente se extrae toda la
humedad y se gasifica con dioxido de carbono CO2 para crear pequefios orificios por donde
se libera la presion. Una vez que el molde esta listo, se retira el modelo y se vierte la colada
del metal fundido en la cavidad. EI moldeo en arena es ampliamente utilizado debido a su
versatilidad, ya que permite la produccion de piezas de diversas formas y tamafios. Ademas,
es un proceso econdmico y relativamente rapido, lo que lo hace adecuado para la fabricacién
en serie (Callister, 2009).

Figura 2.12 Molde de las muestras fundidas
Los metales méas comdnmente utilizados en fundiciones son el acero, el hierro gris, el laton,
el bronce y el aluminio. Se recomienda un espesor minimo de aproximadamente 5 mm para
la pared de estos materiales, aunque con precauciones especiales es posible obtener

secciones mas delgadas con algunos de ellos (Budynas, 2020).

b) Moldeo en coquilla

El moldeo en coquilla es un proceso de fabricacion utilizado para producir piezas metélicas
con alta precision y acabado superficial. Consiste en utilizar un molde metélico (coquilla)
que tiene la forma deseada de la pieza. Se vierte el metal fundido en el molde y se deja
solidificar. Una vez enfriado, se extrae la pieza del molde, obteniendo una pieza final de alta

calidad. Este método es comunmente utilizado para la produccion de piezas pequefias y



22

complejas aleaciones de aluminio, zinc, magnesio como componentes de motores y

herramientas de precision (Callister, 2009).

c) Moldeo de precision

El moldeo de precision es un proceso donde se utiliza un molde de alta precisién y un sistema
de llenado controlado para verter el metal fundido en el molde. EI metal se solidificay luego
se extrae la pieza del molde. Este proceso es ampliamente utilizado en la industria de la
joyeria, la industria médica y la fabricacion de componentes de precisién donde se requiere
una alta tolerancia dimensional y una superficie de acabado suave. EI moldeo de precision
permite la produccion de piezas complejas y detalladas con una excelente reproducibilidad
(Callister, 2009).

2.3.25  Enfriamiento y desmoldeo

Después de que el hierro fundido se ha solidificado en los moldes, se enfria lentamente y se
retira de los moldes en un proceso Ilamado desmoldeo. A continuacion, las piezas de hierro
fundido pueden ser sometidas a procesos adicionales, como mecanizado, tratamiento
térmico y recubrimiento, para mejorar sus propiedades y caracteristicas finales (Ldpez,

2007).
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Figura 2.13 Temperaturas aproximadas del alto horno
Fuente: (Lopez, 2007)

Las fundiciones de hierro son una parte importante de la industria metaltrgica y se utilizan
en una amplia gama de aplicaciones debido a las propiedades del hierro fundido, como su
alta resistencia y durabilidad. Sin embargo, también generan emisiones y desechos, lo que

puede tener impactos ambientales. Por lo tanto, las fundiciones de hierro deben operar
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cumpliendo con regulaciones y practicas adecuadas para minimizar su impacto en el medio

ambiente.

24 MATERIALES COMPUESTOS

Los materiales compuestos se forman cuando dos 0 més materiales o fases se utilizan juntas
para obtener una combinacién de propiedades que no se puede lograr de otra manera. Los
compuestos se pueden seleccionar para alcanzar combinaciones no usuales de rigidez, peso,
densidad, desempefio a altas temperaturas, resistencia a la corrosion, dureza (Askeland y
Wright, 2017).

Figura 2.14 Proyecto de vehiculo de nano celulosa - Tokyo motor show 2019
Fuente: (Olivas y Sdmano, 2020, pag. 1)

Los materiales compuestos (MC) ofrecen una serie de ventajas y propiedades unicas que los
hacen valiosos en una amplia gama de aplicaciones en diversas industrias, desde la
aeroespacial y automotriz, hasta la construccién, deportes, electrénica y méas. Su alta
resistencia, rigidez, bajo peso, flexibilidad de disefio y fabricacion, y otras propiedades
especiales, los convierten en una opcion atractiva para desarrollar productos con mejor

rendimiento y caracteristicas avanzadas en numerosas aplicaciones.
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2.4.1 CLASIFICACION DE LOS MATERIALES COMPUESTOS

COMPUESTO
Reforzados con Reforzados Estructurales
particulas con fibras
Particulas Fortalecidas Continua Disconfinua Laminadosz Paneles de
largas por (alineada) (corta) sandwich
digpersion I
Alineada Crientada

aleatoriaments

Figura 2.15 Clasificacion de los materiales compuestos segun el tipo de esfuerzo
Fuente: (Davila et al., 2011, pag. 59)

Los materiales compuestos fueron sometidos a muchas mejoras para asi obtener materiales
avanzados, estos nuevos materiales son aquellos que poseen funciones o propiedades
mejoradas significativamente en comparacion con los materiales convencionales (Davila
et al., 2011). Estos materiales pueden ser completamente nuevos o materiales tradicionales
que han sido mejorados mediante la aplicacion de técnicas y procesos de fabricacion
avanzados. El uso de nuevos materiales ha impulsado importantes avances en diversas

industrias en la actualidad.

Tabla 2.3 Propiedades de materiales compuestos con base en diferentes sectores de

aplicacion
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Rigidez X X X X X
Resistencia mecanica X | x X X X
Resistencia a la fatiga X X
Resistencia a la corrosién X X X X X X
Impermeabilidad X | X
Seguridad
Resistencia a los choques X X X X
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Resistencia al fuego X X | x| X
Aislamiento térmico X | X
Aislamiento eléctrico
Amortiguamiento, Vibraciones X X
Disefio
Integracion de funciones X X
Formas complejas X X X | X X
Transparencia ondas electromagnéticas
Disminucién del peso de las estructuras X X X

Fuente: (Davila et al., 2011, pég. 49)

Algunas de las principales industrias que se benefician de los materiales avanzados son la

industria automotriz, especialmente en la fabricacion de autopartes; la industria aeroespacial

y aeronautica, donde se utilizan en la construccion de aeronaves; la industria de la

construccion, en la creacion de estructuras mas resistentes y sostenibles; la industria

petrolera, en la fabricacién de equipos y materiales para la exploracién y produccion de

petréleo.

2.4.2 COMPOSICION DE UN MATERIAL COMPUESTO

Segun Davila, un material compuesto es un tipo de material formado por varias fases

diferentes, y adquiere las propiedades combinadas de estas fases constituyentes. Como

resultado, el material compuesto exhibe caracteristicas y propiedades mejoradas en

comparacién con los componentes individuales (Davila et al., 2011).
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Es importante mencionar la sinergia de propiedades en este contexto, lo que significa que
las propiedades finales del material compuesto no se pueden explicar Unicamente sumando
las propiedades de cada componente de forma separada. En cambio, estas propiedades

estaran determinadas por diferentes pardmetros y factores.

2.5 MATRICESY REFUERZOS

En un material compuesto, se utilizan dos términos para referirse a sus componentes
principales: la matriz y el refuerzo. La matriz es el material que envuelve y sostiene al
refuerzo, mientras que el refuerzo proporciona resistencia y propiedades adicionales al
compuesto. La zona de unién entre la matriz y el refuerzo se conoce como interfaz (Davila
etal.,, 2011). Ademas, es posible incorporar agentes de acoplamiento, rellenos y
revestimientos con el objetivo principal de mejorar la superficie de la interfaz del material
compuesto. Estos aditivos tienen la finalidad de amplificar las propiedades del material en

lugar de afectarlas negativamente (Ponce, 2020).

+ ¢ -

Refuerzo Matriz Material compuesto

Figura 2.17 Configuracidn basica de un material compuesto
Fuente: (Davila et al. 2011, pag. 50)

La matriz en un material compuesto cumple diversas funciones, siendo principalmente la
fase continua que envuelve y sostiene los elementos de refuerzo, brindando consistencia y
continuidad al material. Entre sus funciones basicas se encuentran: aglutinar los refuerzos,
transferir las cargas aplicadas sobre la matriz hacia los refuerzos, proteger la superficie de
los refuerzos contra la abrasién mecanica, proveer una barrera contra los efectos del medio
ambiente, como la humedad, y en caso de refuerzos de fibras, proporcionar soporte lateral
contra el pandeo bajo cargas de compresion. El tipo de matriz utilizado afecta las

propiedades fisicas, quimicas, eléctricas y mecanicas del compuesto (Davila et al., 2011).

Las propiedades mecanicas, como la resistencia a la traccion y la ductilidad, dependen tanto
del tipo de matriz como del tipo de refuerzo y su configuracion. EI modo de falla del

compuesto también se ve influenciado por el tipo de matriz y su compatibilidad con el
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refuerzo. Ademas, la matriz puede conferir propiedades eléctricas o quimicas al material
compuesto, como aislamiento o conductividad. Por otro lado, el papel principal del refuerzo
es mejorar las caracteristicas de la matriz. El refuerzo soporta la carga y puede contribuir
con propiedades adicionales al material compuesto, como conductividad eléctrica,
estabilidad térmica y propiedades estructurales. Los refuerzos pueden ser particulas, fibras

0 elementos estructurales (Davila et al., 2011).

La clasificacion de los materiales compuestos esta basada en tres aspectos como son los

tipos de matriz, de refuerzo y la geometria con la cual van a estar dispuestos (Ponce, 2020):

a) Dependiendo el refuerzo podemos tener compuestos:
e Con refuerzo de particulas

e Con refuerzo de fibras

e Con refuerzos estructurales

b) Dependiendo la matriz podemos tener:

e Matriz polimérica

e Matriz cerdmica

e Matriz metélica

25.1 MATRICES METALICAS

Los materiales compuestos de matriz metalica son una opcién atractiva para diversas
aplicaciones de ingenieria debido a su alta resistencia mecanica, rigidez elevada y capacidad
para operar en diferentes condiciones. Los materiales de refuerzo cominmente utilizados
incluyen carburo de silicio, 6xido de aluminio, carburo de boro, grafito, entre otros, los

cuales pueden estar en forma de particulas, whiskers o fibras (Davila et al., 2011).

Una diferencia importante entre los materiales compuestos de matriz metalica reforzados
con fibras, particulas y los materiales metalicos convencionales es la direccionalidad de las
propiedades. Especificamente, los compuestos reforzados con particulas y los materiales
metalicos convencionales son isotropicos, mientras que los materiales reforzados con fibras
suelen ser anisotropicos. Los compuestos de matriz metélica reforzados con particulas
ofrecen una mayor ductilidad y su naturaleza isotropica los convierte en una alternativa
atractiva (Davila et al., 2011).
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252 CLASIFICACION DE LOS MATERIALES COMPUESTOS SEGUN LA

MATRIZ
MATERIALES COMPUESTOS
Naturales Matriz polimérica Mairiz metdlica Mattiz cerdmica
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Figura 2.18 Clasificacion de materiales compuestos segun el tipo matriz
Fuente: (Guemes y Piris, 2012, pag. 461)

25.3 TIPOS DE REFUERZOS

2531 Particulas

Existen dos tipos principales de particulas en los materiales compuestos: particulas grandes
y particulas consolidadas por dispersion. En los compuestos reforzados con particulas
grandes, las interacciones entre las particulas y la matriz no pueden ser tratadas a nivel
atdmico o molecular. Por lo general, la fase de las particulas es més dura y rigida que la
matriz. Estas particulas de refuerzo limitan el movimiento de la matriz cerca de cada
particula, lo que resulta en que la matriz transfiera parte de la carga aplicada a las particulas,
que a su vez soportan una fraccion de la carga. ElI grado de refuerzo y mejora del
comportamiento mecanico depende de la adherencia entre la matriz y las particulas. Sin
embargo, es importante destacar que las particulas no son un refuerzo eficiente en términos
de propiedades mecanicas. Se utilizan principalmente para mejorar otras propiedades o para

incorporar caracteristicas multifuncionales en el material (Davila et al., 2011).
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Figura 2.19 Matriz reforzada con material particulado
Fuente: (Davila et al. 2011, pag. 50)

En los materiales compuestos reforzados con particulas consolidadas por dispersién, es
importante destacar que estas particulas suelen tener diametros entre 10 y 100 nm (Davila
etal. 2011). Mientras la matriz es responsable de soportar la mayor parte de la carga
aplicada, las particulas dispersadas dificultan o impiden el movimiento de dislocaciones,
especialmente en el caso de las matrices metalicas (Ashby y Jones, 2009). Por lo general, la
fase dispersa consiste en compuestos metalicos como éxidos metalicos. En este caso, las

interacciones entre las particulas y la matriz ocurren a nivel atbmico o molecular.

25.3.2 Fibras

En el caso de las fibras, se trata de materiales policristalinos 0 amorfos que tienen diametros
pequefios pero una gran longitud. Los materiales utilizados para fabricar las fibras suelen
ser polimeros o ceramicos, como aramidas, vidrio, carbono, boro, 6xido de aluminio y
carburo de silicio. También se emplean fibras naturales como el abaca, la cabuya y el coco,
que se incorporan como elementos de refuerzo en una matriz polimérica. Estos materiales
ofrecen diversas ventajas, entre las cuales destaca la reduccién de costos de fabricacién y su

menor impacto ambiental (Davila et al., 2011).

2533 Elementos estructurales

Las propiedades de los compuestos mencionados no solo se basan en las propiedades
individuales de los materiales que los componen, sino que también estan estrechamente

relacionadas con la geometria de los elementos estructurales. Dos ejemplos comunes de
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compuestos estructurales son los compuestos laminares y los paneles tipo sandwich. Estos
compuestos presentan caracteristicas particulares debido a su estructura y disefio especificos
(Davila et al., 2011).

Wiy

Figura 2.20 Estructura material compuesto vs material compuesto tipo sdndwich
Fuente: (Davila et al., 2011, pag. 58)

Los compuestos laminados obtienen alta resistencia en dos dimensiones gracias a un
refuerzo orientado, como en el caso de la madera. Por otro lado, los compuestos tipo
sandwich adquieren rigidez, fuerza, bajo peso y densidad debido a su estructura estratificada
con capas de diferentes materiales. Esta configuracion estructural en capas permite combinar
las propiedades de rigidez y resistencia del material central con la ligereza y resistencia de

las capas exteriores (Davila et al., 2011).

26 EVOLUCION DE LAS PARTICULAS A ESCALA
NANOMETRICA

La nanotecnologia ha despertado un interés generalizado en los ultimos afios, especialmente
entre 1996 y 1998, cuando se llevd a cabo un estudio a nivel mundial bajo los auspicios del
Centro de Evaluacion de la Tecnologia Mundial (WTEC) y con la financiacién de la
Fundacién Nacional de Ciencias y otras agencias federales. Este estudio tuvo como objetivo
evaluar las investigaciones y el desarrollo en el campo de la nanotecnologia, con el propdsito

de valorar su potencial en la innovacion tecnologica (Poole y Owens 2007).

A continuacién, en la tabla 2.1 se presenta un breve resumen de los acontecimientos de la

evolucion de la nanotecnologia:
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Tabla 2.4 Cronologia de la nanotecnologia.

Fecha Acontecimiento
Afios 40 | Von Neuman estudia la posibilidad de crear sistemas que se autoreproducen como una forma
de reducir costes.

1959 Richard Feynman habla por primera vez en una conferencia sobre el futuro de la investigacion
cientifica: “A mi modo de ver, los principios de la Fisica no se pronuncian en contra de la
posibilidad de maniobrar las cosas &tomo por 4&tomo”.

1966 Se realiza la pelicula “Viaje alucinante” que cuenta la travesia de unos cientificos a través del
cuerpo humano. Ellos reducen su tamafio al de una particula y se introducen en el interior del
cuerpo de un investigador para destrozar el tumor que le estd matando. Por primera vez en la
historia, se considera esto como una verdadera posibilidad cientifica. La pelicula es un gran
éxito.

1985 Se descubren los buckminsterfullerenes.

1986 Sir Harry Kroto gana el Premio Nobel por haber descubierto los fullerenos.

1989 Se realiza la pelicula “Carifio, encogi a los nifios”, una pelicula que cuenta la historia de un
cientifico que inventa una maquina que puede reducir el tamafio de las cosas utilizando laser.

1991 Sumio lijima descubrié en 1991 la forma de los nanotubos de carbono (NTC’s).

1997 Se fabrica la guitarra mas pequefia el mundo. Tiene el tamafio aproximadamente de una célula
roja de sangre.

1998 Se logra convertir a un nanotubo de carbén en un nano lapiz que se puede utilizar para escribir.

2001 James Gimzewski entra en el libro de récords Guinness por haber inventado la calculadora méas
pequefia del mundo.

2013 Investigadores de la Universidad de Stanford desarrollan el primer equipo de nanotubos de
carbono.

Fuente: (Maubert et al., 2009)

Aunque la nanotecnologia en la industria automotriz es una disciplina relativamente nueva,

se ha utilizado en diversas aplicaciones. Estas incluyen la construccion de automoviles mas

ligeros para mejorar el ahorro de combustible en motores de combustion interna, el disefio

de baterias eficientes en vehiculos eléctricos, sistemas para reduccion de contaminantes,

sensores electronicos, armazones anticorrosivos, pinturas contra la abrasion, entre otros.

2.6.1 APLICACIONES DE LA NANOTECNOLOGIA EN EL CAMPO
AUTOMOTRIZ

El tema de la reduccién de peso en los vehiculos es ampliamente discutido debido a que

puede mejorar el rendimiento en el consumo de combustible y reducir los costos de

produccion. Sin embargo, es importante asegurar que la disminucién de peso no afecte la

estabilidad y resistencia mecanica del vehiculo en caso de impactos. Por ejemplo, el motor

y el sistema de transmision son partes del vehiculo que suelen ser pesadas.
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Con la introduccion de nuevas aleaciones que incluyen nanomateriales ligeros, como los
nanotubos de carbono, se podria lograr un consumo mas eficiente de gasolina. Los
nanotubos de carbono son significativamente mas ligeros y mas fuertes que el acero, que es
el material principal utilizado en las partes mencionadas anteriormente de un automavil.
Ademas, la adicion de nanocompuestos poliméricos ligeros de arcilla con polipropileno,
poliamida y policarbonatos se utiliza en la fabricacion de partes cercanas al motor debido a
su alta resistencia térmica. Otra forma de reducir el peso de un vehiculo es mediante la

modificacién del material utilizado en la estructura externa (Olivas y Sdmano, 2020).

Figura 2.21 Nanotecnologia en el campo automotriz

Fuente: invdes.com.mx

Es cierto que la mayoria de los automoviles utilizan chasis o carrocerias hechas de acero y/o
aleaciones de aluminio. El aluminio es mas ligero y resistente a la corrosién en comparacién
con el acero, pero también tiene un mayor costo, por lo que generalmente se utiliza en
vehiculos de lujo o en aplicaciones especificas. Ademas, las aleaciones de aluminio deben
tener una composicion muy precisa durante el proceso de fundicion y templado para

asegurar una alta resistencia a la deformacion mecéanica.

La incorporacién de nanoparticulas de cobre (Cu), éxido de itrio (Y203) u 6xido de
aluminio (AI203) embebidas en aleaciones de magnesio ha mostrado mejoras en las
propiedades mecanicas de los materiales. Estos nanocompuestos han demostrado tener una
mayor resistencia y una menor ductilidad, lo que los hace adecuados para aplicaciones en la
industria automotriz. Los nanocompuestos hechos principalmente con magnesio también
han demostrado tener una mayor dureza y compresibilidad, asi como una menor
susceptibilidad al desgaste y a la fatiga bajo esfuerzos, lo que los hace interesantes para su

uso en componentes automotrices (Olivas y Sdmano, 2020).



33

2.7 NANOPARTICULAS

Los nanomateriales y estructuras a escala nanométrica tienen propiedades Unicas y
diferentes a los materiales convencionales debido a los efectos cuanticos que se manifiestan
a esa escala. Por ejemplo, los nanomateriales pueden tener una mayor resistencia mecéanica,
mayor conductividad eléctrica o térmica, mayor reactividad quimica, mayor capacidad de
absorcion o adsorcién, y propiedades épticas y magnéticas diferentes a los materiales
convencionales (Déavila et al. 2011). Ademas, los nanomateriales pueden ser modificados en
su tamafio, forma y composicion para obtener propiedades especificas y controlar su

comportamiento en diferentes aplicaciones.

El estudio y la manipulacion de los nanomateriales y estructuras a escala nanométrica han
abierto nuevas oportunidades en diversos campos, como la electronica, la medicina, la
energia, la industria automotriz, la ciencia de los materiales y muchos otros. La
nanotecnologia ha permitido el desarrollo de materiales con propiedades superiores y nuevas
funcionalidades, lo que ha llevado a la creacion de productos innovadores y aplicaciones

tecnologicas prometedoras en diversos sectores de la industria y la ciencia.

2.8 CARACTERISTICAS Y PROPIEDADES

Las propiedades de los nanomateriales pueden variar significativamente con el tamario de
grano o la estructura a escala nanométrica, incluso si tienen la misma composicion quimica.
Esto se debe a que las propiedades de los nanomateriales estan fuertemente influenciadas
por las agrupaciones atomicas y/o moleculares en su estructura, asi como por las

interacciones entre las nanoparticulas.

Por ejemplo, en los nanomateriales, las fuerzas de VVan der Waals, las interacciones polares
y electrostaticas, y las interacciones covalentes pueden tener un papel crucial en la

determinacidn de sus propiedades fisicas y quimicas (Davila et al., 2011).

Entre las caracteristicas y propiedades mas importantes de las nanoparticulas se consideran

las siguientes:

e Tamafoy forma

e Aglomeracion

e Porosidad

e Composicion quimica

e Cristalinidad
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e Propiedades térmicas
e Propiedades mecanicas
e Propiedades oOpticas

e Propiedades electromagnéticas

La energia de superficie es una medida de la cantidad de energia requerida para aumentar el
area superficial de un material. A escalas nanométricas, la alta relacion superficie-volumen
implica que una mayor proporcion del material se encuentra en la superficie, lo que puede
dar lugar a un aumento en la energia de superficie en comparacién con los materiales
convencionales. Esto se debe a que los atomos o moléculas en la superficie de los
nanomateriales tienen menos vecinos para interactuar en comparacion con los atomos o
moléculas en el interior del material, lo que resulta en una mayor energia de superficie
(Olivas y Sdmano, 2020).

Estos efectos en la energia de superficie pueden tener implicaciones importantes en las
propiedades y el comportamiento de los nanomateriales, como su reactividad quimica,
estabilidad, capacidad de adsorcion o absorcion, y propiedades mecanicas, entre otros. Por
lo tanto, la comprension y control de la energia de superficie es crucial al manipular y utilizar

nanomateriales en diversas aplicaciones tecnoldgicas y cientificas.

2.9 TIPOS DE NANOPARTICULAS

En el &mbito de la nanotecnologia, las nanoparticulas se pueden clasificar seguin su tamafio
y se utilizan diferentes tipos de nanoestructuras para diversas aplicaciones (Davila et al.,
2011):

a) Los nanoclusters. - son particulas con al menos una dimension entre 1y 10
nandémetros y una distribucion de tamafio limitado.

b) Los nano polvos. - son agregados de nanoparticulas y/o nanoclusters.

¢) Los nanocristales. - son agrupaciones cristalinas de cientos o miles de particulas
de tamafio nanométrico.

d) Las nanoparticulas sélidas lipidicas. - son sistemas coloidales utilizados para la
entrega controlada de farmacos, donde se incorpora el farmaco en una matriz
lipidica estabilizada por surfactantes.

e) Las nanoparticulas poliméricas. - estas se obtienen a partir de polimeros

naturales o sintéticos y tienen un didmetro promedio de 1 um.



35

f) Las estructuras de carbono. - son estructuras huecas con arquitecturas en forma
de jaula estas incluyen nanotubos de carbono y fullerenos.

g) Las estructuras metalicas. - son particulas metélicas o de 6xidos metalicos que
presentan dimensiones nanométricas.

Las nanoparticulas poseen propiedades unicas y distintivas derivadas de su forma, tamafio
y estructura interna, lo cual les confiere una amplia gama de aplicaciones y potenciales usos
en diversos campos. Estas areas incluyen la fisica, quimica, medicina, ciencia de materiales,
microelectrdnica, fotonica, agricultura, industria aeroespacial y telecomunicaciones, entre
otras. Como resultado, en los ultimos afios ha habido un rapido aumento en el consumo de
nanomateriales a nivel mundial. En el afio 2010, la produccion anual alcanzé las 10.3

millones de toneladas, con un valor que supera los 20.5 billones de délares (Davila et al.,
2011).

2.10 NANOPARTICULAS DE CARBONO (NTC’S)

Las nanoparticulas de carbono son estructuras cilindricas huecas compuestas principalmente
de 4tomos de carbono dispuestos en una forma de jaula. Hay varios tipos de nanoparticulas

de carbono, incluyendo los nanotubos de carbono de pared simple, multicapa y los fullerenos
(Nieto et al., 2021).
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Figura 2.22 Consumo global de nanomateriales en millones de délares durante los afios

2004 al 2010
Fuente: (Davila et al., 2011, pag.162)
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Otra de las propiedades fisicas que se puede modificar es su capacidad de dispersion, lo cual
es crucial para potenciar sus aplicaciones en campos biolégicos y médicos. Estas
aplicaciones incluyen la administracion de farmacos y la deteccion de metabolitos
bioldgicos, y su continua mejora hace que sean cada vez mas prometedoras (Andrade,

Lopez, y Séaenz, 2012).

En general, los nanotubos de carbono y los fullerenos son nanomateriales con propiedades
Unicas y prometedoras aplicaciones en una amplia gama de areas tecnoldgicas y cientificas

debido a su estructura y propiedades peculiares a nivel nanométrico.
2.10.1 TIPOS DE NANOPARTICULAS DE CARBONO

2.10.1.1 Nanotubos de carbono de pared multiple (MWNT’s)

Los nanotubos de carbono de pared simple son tubos cilindricos formados por una sola capa
de atomos de carbono dispuestos en una estructura hexagonal. Tienen un diametro en el
orden de 1 nanémetro (nm), lo que los hace extremadamente delgados a nivel nanométrico.
Los nanotubos de carbono de pared simple exhiben una amplia gama de propiedades Unicas,
como una alta resistencia mecanica, alta conductividad eléctrica y térmica, y propiedades
Opticas interesantes, lo que los hace atractivos para una amplia gama de aplicaciones, como
en la electronica, nanocomposites, materiales compuestos, catalisis y aplicaciones

biomédicas, entre otros (AzoNano, 2013).

71;;;/.{4

Figura 2.23 Nanotubos de carbono a) monocapa y b) multicapa
Fuente: (Davila et al. 2011, pag. 343)

Los nanotubos de carbono tienen el potencial de ser la base para la creacion de nuevos
materiales, y esto puede lograrse de dos maneras distintas. Por un lado, los nanotubos pueden
agruparse para formar haces, lo que les confiere propiedades Unicas y permite su aplicacién

en diversas areas. Por otro lado, también es posible mezclar los nanotubos con otros
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materiales para crear compuestos, que a su vez pueden ser denominados "nanocompuestos"
debido a que al menos uno de los materiales en su composicion posee dimensiones
nanométricas. Esta mezcla de nanotubos y otros materiales puede resultar en propiedades
mejoradas o caracteristicas novedosas, abriendo asi un amplio campo de aplicaciones (Rivas
et al., 2007).

Figura 2.24 Nanotubos de carbono de pared multiple

Fuente: www.ssnano.com

Los nanotubos de carbono son conocidos por ser hidréfobos, lo que significa que repelen el
agua. Esta propiedad hidrofoba puede ser aprovechada para desarrollar compuestos que
también exhiban esta caracteristica. Al mezclar los nanotubos de carbono con otros
materiales, es posible crear compuestos que hereden esta capacidad de repeler el agua. La
caracteristica hidréfoba de los nanotubos de carbono abre nuevas posibilidades en el
desarrollo de materiales con propiedades especiales relacionadas con la repulsion del agua
(Rivas et al., 2007).

2.10.1.2 Nanotubos de carbono de pared simple (SWNT’s)

Los nanotubos de carbono multicapa son tubos cilindricos compuestos por varias capas
concentricas de atomos de carbono. El didmetro de los nanotubos de carbono multicapa
puede variar dependiendo del nimero de capas que tengan en su estructura, y puede ser de
varios nandémetros. Los nanotubos de carbono multicapa también exhiben propiedades
interesantes, aunque diferentes de los nanotubos de pared simple, y encuentran aplicaciones
en areas como materiales compuestos, almacenamiento de energia, y catalisis, entre otros
(Andrade et al., 2012).
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Figura 2.25 Nanotubos de carbono: zig-zag, chiral y armchair
Fuente: (Olivas y Sdmano, 2020, pag. 8)

2.10.1.3 Fullerenos

Los fullerenos, también conocidos como “buckyballs”, son estructuras esféricas o
elipsoidales compuestas por atomos de carbono dispuestos en una forma de jaula cerrada.
Los fullerenos pueden tener diferentes tamafios y formas, y suelen tener un diametro en el
orden de 1 nm. Los fullerenos también poseen propiedades Unicas, como alta estabilidad,
alta capacidad de absorcion y capacidad para formar compuestos con otras sustancias, lo que
los hace interesantes para aplicaciones en &reas como la nanotecnologia, la medicina y la

electronica, entre otros (Davila et al. 2011).

Figura 2.26 Fullereno

Fuente: www.teliga.net

2.11 PROCESOS DE SINTESIS DE LOS NANOTUBOS DE
CARBONO (NTC’S)
Segun Davila existen dos enfoques principales utilizados en la produccion de materiales

nanoparticulados: el enfoque "top-down™ (de arriba hacia abajo) y el enfoque "bottom-up"
(de abajo hacia arriba) (Davila et al., 2011).
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Figura 2.27 Esquema representativo de los enfoques top-down y bottom-up
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Fuente: (Davila et al., 2011, pag. 165)
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El enfoque "top-down™ se centra en obtener nanoparticulas a partir de materiales solidos de

mayor tamafo. Esto se logra mediante procesos termomecanicos, como molienda, pulido,

corte o técnicas mas avanzadas como el afinado por haz de iones, mientras que el enfoque

"bottom-up" permite la obtencién de particulas con tamafio nanométrico a partir de atomos

o moléculas individuales. Este enfoque implica procesos de deposicion fisica y quimica,

donde los atomos o moléculas se agrupan y ensamblan para formar las nanoparticulas
deseadas (Davila et al. 2011).

Método Bottom - up

Meétodos Fisicos

Métodos Quimicos —

Figura 2.28 Clasificacion métodos de obtencidn de nanoparticulas enfoque bottom-up

Condensacion en fase gaseosa
Evaporacion metalica
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Ablacion laser

Sintesis por plasma
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Método de Pechini

Precipitacion controlada

Sintesis quimica
Método sol - gel
Deposicion electrolitica

Deposicién quimica - vapor
Pirdlisis laser

Fuente: (Davila et al., 2011, pag. 167)
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2.11.1 DEPOSICION QUIMICA EN FASE VAPOR (CVD)

La deposicion quimica en fase vapor (CVD, por sus siglas en inglés) es un método que
implica la introduccién de reactivos gaseosos, como metano e hidrégeno, en un horno de
alta temperatura (aproximadamente 600-800 °C) junto con un sustrato catalitico. Los
reactivos se descomponen en la superficie del sustrato, y los nanotubos de carbono crecen a
partir de los catalizadores en el sustrato. Este método permite un mayor control sobre la

morfologia y la estructura de los nanotubos de carbono (Maubert et al., 2009).

La eficiencia de este método varia entre el 20 y 100 %, lo cual demuestra su alto rendimiento
al aplicarse a nivel industrial. Esta técnica podria ser utilizada para la produccién de
nanotubos de carbono largos, los cuales son necesarios en las fibras empleadas en materiales
compuestos. Sin embargo, una de las desventajas es que los nanotubos fabricados de esta
manera suelen tener multiples capas y a veces presentan defectos. Ademas, estos nanotubos
poseen solo una décima parte de la resistencia a la traccion en comparacion con aquellos

fabricados mediante descarga de arco (Alcca, 2005).

La sintesis de grandes cantidades de nanotubos y/o nanofibras de carbono con morfologia y
estructura especificas es esencial para muchas aplicaciones, ya que las propiedades de estos
materiales estdn fuertemente ligadas a su estructura. Cada método de sintesis tiene sus
ventajas y desventajas en términos de pureza, control sobre la morfologia y estructura, y
escalabilidad, y la eleccion del método adecuado depende de las necesidades especificas de

la aplicacion deseada (Davila et al., 2011).

2.12 COMPUESTOS DE MATRIZ METALICA CON PARTICULAS

En los materiales compuestos que contienen particulas, la mejora en resistencia que
proporciona el relleno es significativamente menor. Aunque puede haber un ligero aumento
en larigidez, la resistencia y la tenacidad, estd muy lejos de lo que se logra con un material
compuesto que contiene fibras. La atraccion de estos materiales radica mas en su bajo costo
y en la capacidad de resistir el desgaste gracias a la incorporacion de un relleno duro (Ashby
y Jones, 2009).

El uso de refuerzos en forma de particulas es cominmente aplicado para mantener
propiedades favorables en condiciones de alta temperatura y durante periodos prolongados
de trabajo. Estas particulas también ayudan a reducir la contraccion experimentada por los

materiales después de un proceso de moldeo, asi como a incrementar su dureza y resistencia
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a la compresion. Ademas, si las particulas son de naturaleza suave, pueden mejorar la
lubricidad y la resistencia al desgaste. Es importante destacar que las particulas
generalmente tienen una baja solubilidad en la matriz y no deben provocar reacciones
quimicas entre los componentes. La incorporacion de las particulas en la matriz se lleva a

cabo mediante un proceso mecanico (Davila et al., 2011).

2.13 ENSAYOS DESTRUCTIVOS Y EVALUACION DE LAS
PROPIEDADES MECANICAS Y QUIMICAS

En la caracterizacion de materiales compuestos, la determinacion de las propiedades
mecanicas se basa en la realizacién de un nimero especifico de probetas, las cuales son

sometidas a ensayos destructivos para evaluar su comportamiento.

El objetivo de estos ensayos es observar como se comporta el material en diferentes pruebas
y comparar sus propiedades mecéanicas con las de los materiales tradicionales disponibles en
el mercado. Por lo general, se espera que las propiedades mecénicas del material compuesto
sean similares o incluso mejores que las de los materiales convencionales en términos de
peso, resistencia a la traccion y compresion, elasticidad, plasticidad, ductilidad, fragilidad,

entre otros.

Al realizar los ensayos destructivos, se busca obtener informacion precisa y confiable sobre
las propiedades mecanicas de la fundicion. Esto es crucial para garantizar su idoneidad en
aplicaciones especificas y para respaldar su uso en reemplazo de materiales tradicionales en

diferentes industrias.

2.13.1 ESPECTROMETRIA DE EMISION POR CHISPA

La espectrometria de chispa es un método ampliamente utilizado en la industria del metal
para el andlisis directo de muestras metélicas. Este método permite determinar varios
elementos quimicos presentes en aleaciones, incluso aquellos de baja masa atdbmica. Segun
Harvey, se emplea una fuente de chispa que produce emisiones breves, con una duracion de
unos pocos microsegundos. En este proceso, la muestra actia como uno de los electrodos,
mientras que el otro electrodo esta hecho de tungsteno. Estos electrodos se encuentran
separados por un espacio de 3-6 mm. Se aplica un potencial que puede oscilar desde 300 a
500 voltios hasta incluso 1020 kilovoltios. La frecuencia de las chispas se encuentra en el

rango de 100 a 500 por segundo. Dentro del plasma, la temperatura puede alcanzar niveles
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intensos, lo que resulta en la emisidn tanto de lineas espectrales de atomos como de iones

formados en el plasma (Harvey, 2000).

sample sample

hold§ \

gap

ey

to detector

Figura 2.29 Fuente de chispa

Fuente: (Harvey, 2000, pag. 149)
La cuantificacion de los metales presentes en las tres muestras se realizé empleando el
Espectrometro de Chispa marca BRUKER modelo Q4TASMAN vy se reportan los datos con

tres cifras decimales.

Figura 2.30 Espectrometro de Chispa marca BRUKER modelo Q4TASMAN

Fuente: Laboratorio de metalurgia Universidad Politécnica Nacional.
El estallido estelar naranja muestra la ubicacion donde se forma el plasma y donde tiene
lugar la emision como se muestra en la figura 2.29. La emision del plasma generado por la
fuente de chispa se captura y analiza utilizando los mismos tipos de sistemas épticos
descritos en la seccion anterior sobre la espectroscopia de emision atémica en llamas y

fuentes de plasma.

2.13.2 ENSAYO DE TRACCION

El ensayo de traccidn de un material implica someter una placa conocida como probeta, con

dimensiones normalizadas, a una fuerza uniaxial de estiramiento a lo largo de su eje
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principal. Esta fuerza se incrementa gradualmente hasta alcanzar el punto de fractura de la
probeta. El propdsito de este ensayo es determinar la resistencia elastica, resistencia maxima

y plasticidad del material.

La norma ASTM A48 se utiliza para realizar el ensayo de traccion en materiales metélicos
de fundicion de hierro. Este ensayo se lleva a cabo utilizando una maquina universal de
ensayos, siguiendo los procedimientos y parametros establecidos en dicha norma. El
objetivo es evaluar las propiedades mecanicas del material, como la resistencia a la traccion,

la elasticidad y la deformacion en el punto de rotura, entre otros.

Figura 2.31 Montaje de la muestra M23.054.01 en la maquina universal de ensayos

Fuente: Laboratorio de ensayos destructivos Universidad Politécnica Nacional.

Las probetas utilizadas para el ensayo deben cumplir con las dimensiones especificas
establecidas en la norma mencionada anteriormente. Ademas, es necesario que las probetas
estén libres de defectos visibles, tales como fisuras o imperfecciones, en sus superficies.
Esto garantiza que el ensayo se realice de manera precisa y que los resultados obtenidos sean

representativos de las propiedades mecanicas del material analizado (Ponce, 2020).

2.13.3 ENSAYO DE DUREZA

El ensayo de dureza es una prueba mecanica utilizada para determinar la resistencia de un
material a la deformacién plastica localizada, generalmente mediante la aplicacion de una
carga estatica o dinamica. El objetivo principal del ensayo de dureza es medir la capacidad
del material para resistir la penetracion, la abrasion o la indentacion (Askeland y Wright,
2017).

Existen diferentes métodos y escalas de dureza, cada uno adecuado para diferentes tipos de
materiales y aplicaciones. Algunos de los métodos de ensayo de dureza mas comunes

incluyen:
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e Dureza Brinell (HB): Se utiliza una bola de acero endurecido o carburo de
tungsteno y se mide la huella dejada en el material.
e Dureza Rockwell (HR): Se aplica una carga y se mide la profundidad de
penetracion de un penetrador conico o esférico.
e Dureza Vickers (HV): Se utiliza un penetrador con forma de piramide de diamante
y se mide la longitud de las diagonales de la indentacion.
e Dureza Knoop (HK): Similar a la dureza Vickers, pero utiliza un penetrador con
forma de pirdmide alargada.
El ensayo de dureza que se utilizo esta basado en la norma ASTM E18 y la preparacion de
las muestras bajo la norma ASTM E3-95, estd ampliamente utilizada en la industria para
evaluar la calidad de los materiales, determinar su dureza, resistencia al desgaste, comparar
diferentes materiales, controlar la produccién y fabricacion de componentes. Este ensayo
fue realizado con el equipo Durémetro Universal Novotest de la Universidad Politécnica

Nacional de Quito.

2.13.4 DIFRACCION DE RAYOS X

La difraccion de rayos X es un fendmeno caracterizado por la interferencia constructiva, el
cual ocurre cuando un haz de rayos X incide sobre un material sélido. Para que este proceso
ocurra, se deben cumplir dos condiciones: la ley de Bragg y una disposicion ordenada de los

atomos dentro de la estructura del material (Davila et al., 2011).

Haz incidente Haz difractado

1

Figura 2.32 Esquema de la difraccion de los rayos X por los planos de un cristal
Fuente: (Davila et al., 2011)

La generacién de rayos X se produce en un tubo de vidrio que contiene un vacio
extremadamente bajo. En este tubo, se coloca un filamento de wolframio como catodo, el

cual genera un haz de electrones. Frente al catodo se encuentra el &nodo, que puede ser de
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hierro, molibdeno o cobre. Al encender el catodo, se genera una diferencia de potencial entre
él y el anodo, creando un campo eléctrico que dirige los electrones hacia el anodo. En el
anodo, ocurre la colisioén y se generan los rayos X en todas las direcciones. Para direccionar
los rayos X, se utilizan ventanas de berilio (Davila et al., 2011).

La difraccién de rayos X se utiliza para analizar muestras cristalinas y permite identificar
las fases cristalinas presentes en la muestra. La intensidad de radiacién que llega al detector
se representa en un difractograma, que es la huella dactilar Unica de cada sustancia cristalina.
Para realizar el andlisis, las muestras deben ser polvos cristalinos finos o soportadas en
laminas delgadas, con un porcentaje de minerales cristalinos mayor al 1%. Esta técnica
encuentra aplicaciones en campos como quimica inorganica, cristalografia, fisica del estado
solido, ciencia de materiales, entre otros. En el ambito de la nanotecnologia, la difraccion de
rayos X permite determinar la cristalinidad, el parametro de red y la estequiometria de
nanoparticulas y peliculas delgadas, lo que ayuda a evaluar la calidad y pureza de los

materiales sintetizados (Harvey, 2000).

2.13.4.1 Leyde Bragg

La ley de Bragg establece una relacion entre la longitud de onda de los rayos X, la distancia
interatbmica y el &ngulo de incidencia del haz sobre la muestra. Segun esta ley, la distancia
entre los atomos debe ser un multiplo exacto de la longitud de onda de los rayos X para que
se produzca la interferencia constructiva. La interferencia constructiva neta solo ocurre

cuando se cumple la ecuacion de Bragg (Guemes y Piris, 2012).
nA = 2dsenf [2.1]
Donde:
n: orden de las reflexiones (tomadas para ser 1)
A: longitud de onda del haz de rayos X
d: espacio interplanar
6: angulo de incidencia

Los ordenes de reflexion mas grandes que 1 son contabilizados por los indices de Miller
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2.13.4.2 Indice de Miller

Los indices de Miller son una notacion utilizada en cristalografia para describir los planos
cristalinos y las direcciones en un cristal. Se representan mediante tres nimeros enteros (hkl)
y proporcionan informacion sobre la orientacion de los planos cristalinos en relacion con los
ejes de coordenadas. Estos indices son Utiles para analizar y comunicar la informacion en
cristalografia, facilitando el estudio de la simetria, la estructura y las propiedades de los
materiales cristalinos. Estos indices son esenciales para comprender la disposicion atomica

en un cristal y su influencia en las caracteristicas del material (Newell, 2010).

El proceso de determinar los indices de Miller de un plano implica los siguientes pasos:
primero, se identifica donde el plano intercepta las lineas de coordenadas X, Yy, y z utilizando
los parametros de la red cristalina. Luego, se toma la reciproca de estos tres puntos. A
continuacion, se simplifican las fracciones obtenidas, pero sin reducir los resultados. Por

Gltimo, se agregan los resultados entre paréntesis (Newell, 2010).

2.13.5 MICROSCOPIA ELECTRONICA DE BARRIDO MEB

En esencia, existen dos tipos principales de microscopios electronicos: el microscopio
electronico de barrido y el microscopio electronico de transmision. Ambos utilizan
electrones como fuente de iluminacién y emplean lentes electromagnéticas para enfocar el
haz de electrones sobre la muestra. Ademas, cuentan con lentes objetivos que permiten la
ampliacién de la imagen y lentes protectores que posibilitan la observacion de la forma, la

estructura interna y el ordenamiento atomico de la muestra analizada (Ponce, 2020).

El principio de funcionamiento del microscopio electrénico de barrido implica que un haz
de electrones de didmetro entre 1 y 100 mm y una tensién de 10 a 40 keV incide sobre la
muestra, realizando un escaneo punto por punto en su superficie. Los electrones secundarios
o retro dispersos generados por la interaccion con la muestra son recogidos por un detector
conectado a un amplificador, el cual envia sefiales digitales a una pantalla para visualizar la
forma y textura de los materiales en tres dimensiones. Este microscopio permite observar
aumentos de hasta 100.000 veces y objetos con dimensiones tipicamente entre 15y 100 nm
(Davila et al., 2011).

En el campo de la microscopia electronica, es necesario acelerar los electrones mediante
altos voltajes y operar el sistema en condiciones de alto vacio, es decir, con presiones muy

bajas. Esto se hace para evitar que los electrones, que siguen una trayectoria predefinida
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desde la fuente hasta la muestra, se desvien debido a la presencia de atomos o moléculas

ajenas que no forman parte de la muestra analizada (Ponce, 2020).
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CAPITULO 11

3. METODOLOGIA DE LA INVESTIGACION

3.1 ENFOQUE INVESTIGATIVO

En esta investigacion se empled una metodologia que combind enfoques cuantitativos y
cualitativos. En primer lugar, se realizaron ensayos destructivos para obtener datos

numéricos sobre las propiedades del material, como resistencia, dureza y tenacidad.

Ademas, se llevaron a cabo analisis microestructurales para examinar las fases de la
formacion de cristales en las muestras de la fundicién metélica, lo cual proporciond
informacion cualitativa sobre la estructura y composicion del material. Estos datos, tanto
cuantitativos como cualitativos, fueron cuidadosamente verificados y organizados en tablas,

graficos y diagramas para su posterior anélisis e interpretacion.
3.1.1 TIPOS DE INVESTIGACION

3.1.1.1  Exploratoria

La investigacion adopto un enfoque exploratorio al realizar una investigacion exhaustiva
sobre la formacion de materiales compuestos con particulas y sus propiedades mecénicas,
quimicas y/o eléctricas. Se llevo a cabo una indagacion profunda para determinar las
fracciones volumétricas adecuadas para la disposicidn del material y se identifico el método
mas adecuado para incorporar las particulas a la matriz metalica. Ademas, se establecio la
disposicion y longitud adecuadas de los moldes, lo que permitié calcular la cantidad

necesaria de matriz y material particulado para fabricar las probetas.

3.1.1.2  Descriptiva

La investigacion se clasifica como descriptiva, ya que se centrd en identificar y describir las
distintas fases del material particulado. Ademas, se realizaron ensayos destructivos para
evaluar cuél de las dos configuraciones de nanotubos de carbono multicapa (MWNTC’s) en
la matriz metalica de hierro fundido ASTM A48 clase 20 presenta mejoras en las

propiedades mecanicas.
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3.1.1.3  Bibliogréfica

Para llevar a cabo este estudio, fue fundamental realizar una exhaustiva basqueda en diversas
fuentes de investigacion, como articulos cientificos, revistas, libros, tesis y otros recursos
relevantes. El objetivo principal era garantizar la confiabilidad de la informacion recopilada
y asegurar que contribuyera de manera efectiva al desarrollo del tema de investigacién
establecido. De esta manera, se pudo obtener informacidn pertinente y adecuada al tema de

estudio, lo cual fue esencial para el avance y la efectividad de la investigacion.

3.1.14  Experimental

La metodologia utilizada en este estudio fue de naturaleza experimental, enfocandose en la
realizacién de ensayos destructivos para obtener informacion detallada sobre las
propiedades de traccion y dureza. Ademas, se llevaron a cabo analisis quimicos y
microestructurales para identificar la presencia y composicion quimica de los nanotubos de
carbono multicapa en la matriz metalica. Estos resultados proporcionaron informacion
valiosa que puede contribuir a futuras investigaciones en el campo de los materiales

compuestos con matriz metalica.

3.1.2 POBLACION Y MUESTRA

A continuacion, se presenta las caracteristicas y porcentajes de composicion de la fundicion

metélica de una matriz metalica con material particulado:

Tabla 3.1 Propiedades del material particulado

Variable Cuantia
Nombre Nanotubos de carbono multicapa MWNTC’s
Pureza > 90% en peso
Contenido de -OH ~0.7% en peso
Diametro exterior 30- 50 nm
Diametro interior 5-10 nm
Longitud 5-15
mmm SSA >> 200 m2/g
Ceniza < 3.5% en peso
Conductividad eléctrica > 100 s/cm
Resistencia a la traccion 10 - 60 GPa
Meétodo de fabricacion Método de fabricacion

Fuente: www.ssnano.com
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Tabla 3.2 Propiedades mecanicas de la matriz metalica

Variable Cuantia
Nombre Fundicién gris ASTM A48 clase 20 (GG20)
Resistencia a la traccion 138 [N/mm2]
Dureza Brinell HB30 170-210 [Kg/mm2]

Maddulo de elasticidad 100 [kN/mm2]
Resistencia a la compresion 800 [N/mm2]
% de carbono (C) 3.20-3.40 [%]
% de Silicio (Si) 2.10-2.30 [%]

Fuente: www.iron-foundry.com

La matriz metalica consiste principalmente en hierro fundido ASTM A48 clase 20 con una
proporcion de 99.5 % y 99%. Esta matriz metalica constituye la estructura base del material

compuesto y contribuye a sus propiedades generales.

El material particulado utilizado en la composicion esta compuesto por MWNTC’s con un
porcentaje de 0.5% y 1%. Estas particulas se dispersan dentro de la matriz metalica con el

proposito de mejorar ciertas propiedades especificas del material compuesto.
Estos valores son esenciales para comprender la composicion y la proporcion de los
componentes presentes en la fundicion metalica con matriz metalica y material particulado.

3.1.3 OPERACION DE VARIABLES

3.1.3.1  Variable independiente

Matriz metélica de hierro gris ASTM A48 clase 20 con nanotubos de carbono de pared
multiple MWNTC’s).

Tabla 3.3 Variable independiente

Variable Contextualizacion Categorias Indicadores indices Técnicas e
instrumentos

Matriz Un material | Material Meétodo de | Fundicién en | -Investigacion
metdlica de | compuesto se | metdlico  con | fusion del | alto horno bibliogréfica
hierr ri mpon rticul material .

erro gris co/ pone dg dos o p_a, cu_ as ateria Registro  de
ASTM A48 | mas materiales o | cilindricas de datos
clase 20 con | elementos que, al | carbono de
nanotubos de | unirse, crean un | pared multiple. -Observacion
carbono  de | nuevo n]at_erlal con . . Medicion
pared caracteristicas 05%y1%de
multiple dnicas y Fraccion MWNTC’s -Normas
(MWNTC’s). | mejoradas, ya sea volumetrica
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en sus propiedades
mecanicas,
quimicas
eléctricas.

ylo

Estratificacion

Manual

ASTM A48
traccion

ASTM E3-95
metalurgia
ASTM EI18-
15 dureza

Difraccion de
rayos X

Microscopia
electronica de
barrido MEB

3.1.3.2  Variable dependiente
Valores de las propiedades mecanicas y microestructurales de la matriz metalica con
MWNTC’s.
Tabla 3.4 Variable dependiente
Variable Contextualizacion Categorias Indicadores Indices Técnicas e
instrumento
s
Datos que se | Estos ensayos se | Propiedades Traccion Resistencia a la | -
determinan | realizan para evaluar | mecanicas traccion () Investigacion
mediante el comportamiento S e
. . bibliografica
ensayos del material bajo Dureza
metaltrgico | distintas condiciones Difraccion l\:lO(:}J|% | de | i
S . vy . cargas, de rayos X elasticidad () nvestigacion
destructivos proporuo.r,lando . o Dureza de campo
informacion esencial | Analisis Espectromet
para su disefio y metallrgico vy | ria de -Fichas y
apﬁcaci(’)n en | microestructur emision  por Composicién datos
dl\{ersos. cgmpos de | ales chispa quimica, de 10
la ingenieria. Microscopia | cristalografica y | ensayos
electronica | microestructural
de barrido | del material
MEB

3.1.4 RECOLECCION DE INFORMACION

La informacion utilizada en esta investigacion se obtuvo a través de un exhaustivo estudio

bibliografico que abarcé diversas fuentes como libros, tesis, articulos cientificos y revistas

cientificas. Estas fuentes proporcionaron datos de investigaciones previas que sirvieron

como base y respaldo para el trabajo realizado. Ademas, se recopilaron datos a partir de

ensayos especificos como traccion y dureza prestando especial atencién a los parametros
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relevantes para el estudio. Por otro lado, se realizaron analisis metalUrgicos en las muestras,
lo que permitio evaluar la adherencia entre la matriz metélica y las nanoparticulas de

carbono.
3.1.5 PROCESAMIENTO Y ANALISIS

3.1.5.1  Procesamiento y analisis de informacion

Se procedi6 a analizar los datos recopilados de los ensayos de traccion y dureza, asi como
del analisis metallrgico, microscopia electronica y difraccion de rayos X realizados en el

material compuesto. Estos datos fueron procesados de la siguiente manera:

e Se examinaron detalladamente los datos obtenidos para seleccionar la informacion
mas relevante y organizarla de forma clara.

e Se crearon fichas técnicas que resumieron y procesaron los datos obtenidos de los
ensayos realizados.

e Los resultados obtenidos fueron analizados e interpretados para extraer
conclusiones significativas.

e Se elaboraron cuadros comparativos que permitieron identificar el material que

mostraba las mejores propiedades en base a los resultados obtenidos.

3.1.5.2  Andlisis e interpretacion de resultados

Después de llevar a cabo los ensayos de traccion y dureza en el laboratorio, se procedi6 a
analizar e interpretar los resultados. Se utilizaron un total de 3 probetas para cada muestra
de ensayos de traccion y 1 probeta de cada muestra para los analisis metaldrgicos siguiendo
las pautas establecidas por las normas ASTM correspondientes a cada ensayo, esto se hizo
con el fin de obtener datos mas precisos. Durante esta etapa, se evalud la viabilidad de la
configuracién y la fraccién volumétrica utilizada en las probetas, asi como las propiedades
mecanicas del nuevo material cuando se somete a dichas pruebas. Luego, se llevo a cabo el
analisis metaldrgico de composicion quimica, difraccion de rayos X y microscopia
electronica de barrido para determinar la adherencia entre los distintos componentes (matriz
metalica mas nanotubos de carbono de pared multiple MWNTC’s) utilizados en el material
sintetizado. Ademas, se recopilaron y tabularon los resultados obtenidos en los ensayos del
nuevo material, lo que permitio realizar una comparacion precisa entre las dos
configuraciones y determinar cual presentaba la mejoras en las propiedades mecanicas y

estructurales.
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3.2 PROCEDIMIENTO

321 PROCESOS DE OBTENCION DEL MATERIAL BASE Y MATERIAL
PARTICULADO

3.2.1.1 Sintesis de MWNTC’s mediante CVD catalitico

La sintesis de nanotubos de carbono de pared multiple (MWNTC's) mediante CVD catalitico
es un proceso ampliamente utilizado para producir nanotubos de carbono de alta calidad y
alta pureza. En este método, se introduce un precursor de carbono gaseoso, como el metano,
en presencia de un catalizador metalico, como el hierro, el niquel o el cobalto, en una cdmara

de reaccion a altas temperaturas (Maubert et al., 2009).
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El catalizador actia como un ndcleo de crecimiento para los nanotubos de carbono,
favoreciendo la descomposicion del precursor y la deposicion de carbono en forma de
nanotubos en su superficie. A medida que los nanotubos crecen, se forman estructuras
tubulares concéntricas de pared multiple. Este proceso permite controlar el diametro, la
longitud y la estructura de los nanotubos de carbono producidos, lo que los hace adecuados
para una amplia gama de aplicaciones en campos como la electrénica, la nanotecnologia y

los materiales compuestos (Alcca, 2005).

3.2.1.2  Fundicién de hierro gris ASTM A48 clase 20

La fundicién de hierro gris ASTM A48 clase 20 se realiz6 mediante la fundicion en alto
horno con material reciclado de las mismas caracteristicas de dicho material. En este proceso
se utilizo aire caliente a presion para agilizar la fundicion del metal. Ademas, se tuvo un
riguroso control en las cantidades de silicio y carbono mineral que fue afiadido durante su
produccion para obtener un material con las condiciones de dicha norma. Finalmente se

calculd la cantidad que debia ser depositada en el cubilote para fusionarlo con los MWNTC’s

3.22 CALCULO DE LA MASA EN (GR) DEL MATERIAL PARTICULADO

Para realizar los célculos y determinar la masa (g) de los nanotubos de carbono de pared
multiple MWNTC's) y la matriz metélica de hierro gris ASTM clase 20, se requirio obtener
las dimensiones precisas de las probetas. Ademas, fue necesario establecer las fracciones
volumétricas que se utilizarian en los diferentes grupos de probetas para cada uno de los
ensayos. Estos datos son fundamentales para llevar a cabo las mediciones y analisis

requeridos en la investigacion.

3.2.2.1  Volumen de las probetas a traccion

Las probetas utilizadas en los ensayos de traccion se obtuvieron con una muestra cilindrica

basada en las dimensiones establecidas por la normativa ASTM A48 para probetas tipo A.
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Figura 3.3 Dimensiones muestra sin mecanizar para ensayos de traccion en (mm)
Fuente: (American Society for Testing and Materials, 2016, pag. 5)

Con estas dimensiones se procede a calcular el volumen de las probetas para ensayos de

traccion.
Calculo del volumen
V=mx*xr?xh
Donde:
r=radio de la cara de la probeta (mm)
h= altura de la probeta (mm)
V =m=10%%95
V = 29 845,13 mm?

V = 29,85 cm3

3.2.2.2  Volumen de las probetas para andlisis metalGrgicos y composicién quimica.

Las probetas utilizadas en los analisis metalograficos se colocan segun las directrices
establecidas en la normativa ASTM E3-95y ASTM E18-15.
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Figura 3.4 Dimensiones probeta para ensayos metalograficos bajo norma ASTM en (mm)

Fuente: (American Society for Testing and Materials, 2017)

Utilizando las dimensiones proporcionadas en la figura 3.4, calculamos el volumen total de

las probetas que seran sometidas a analisis metallrgicos de dureza y composicion quimica.
Calculo del volumen
V=10xlxl
Donde:
[=lado de la probeta (mm)
V =25 %25 %20
V = 12500 mm3

V =12,5cm?3

3.2.2.3  Volumen de las probetas para difracciéon de rayos X

Las probetas utilizadas en los analisis de difraccion de rayos x se colocan segun las

directrices recomendadas por el laboratorio.
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Figura 3.5 Dimensiones probeta para analisis XRD
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Utilizando las dimensiones proporcionadas en la figura 3.5, calculamos el volumen total de

las probetas que seran sometidas a analisis de difraccion de rayos X.

Calculo del volumen

V=1xlx]
Donde:
[=lado de la probeta (mm)
V=25%20%5
V = 2500 mm3
V=25cm3

3.2.2.4  Volumen de las probetas para microscopia de barrido MEB

Las probetas utilizadas en los analisis de microscopia electrénica de barrido MEB se colocan

segun las directrices recomendadas por el laboratorio.

]
& %
o

/ /
\ 25,00 \

Figura 3.6 Dimensiones probeta para analisis MEB

Utilizando las dimensiones proporcionadas en la figura 3.6, calculamos el volumen total de

las probetas que seran sometidas a analisis de microscopia electrénica de barrido.
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Célculo del volumen

V=1I1*lxl
Donde:
[=lado de la probeta (mm)
V=25+%10%5
V =1250 mm3
V =1,25cm3

3.2.3 CONDICIONES DE LAS PROBETAS

Las fracciones volumétricas que se utilizaran en los andlisis corresponden a las previamente

determinadas en el perfil del tema de estudio.
Las fracciones volumétricas son:

e Matriz 100 % pura
e Matriz 99,5 % / material particulado 0,5 %

e Matriz 99 % / material particulado 1%

Uno de los aspectos fundamentales a tener en cuenta es la situacion de las nanoparticulas,
las cuales se afiadiran a través de un proceso de fundicion en alto horno de forma continua,
y se dispersaran por toda la matriz metélica de cada probeta. También se realizara una
estratificacion manual utilizando una balanza electrénica para asegurar la adicion del peso

preciso de material particulado.

Tabla 3.5 Composicion de probetas para ensayos mecanicos destructivos y metallrgicos

Ensayo Grupo Fraccion volumétrica Tipo de | Estratificacion N° de
fusion probetas
1 Matriz metalica 100 % pura Fundicién 3
- - - e Ito
2 Matriz 99,5 % / material particulado no Manual 3
0.5 % horno
Traccién ' continuo
3 Matriz 99 % / material particulado 3
1%
1 Matriz metalica 100 % pura Fundicién 2
Dureza vy 2 Matriz 99,5 % / material particulado en alto Manual 2
anélisis de 0,5%
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composicion Matriz 99 % / material particulado | horno 2
guimica 1% continuo
Matriz metélica 100 % pura Fundicion 1
Difraccion Matriz 99,5 % / material particulado en alto Manual 1
horno
de rayos x 0,5% .
continuo
Matriz 99 % / material particulado 1
1%
Matriz metalica 100 % pura Fundicién 1
. . - - - I
Microscopia Matriz 99,5 % / material particulado en  alto Manual 1
. horno
electronica 0,5% .
de barrido continuo
Matriz 99 % / material particulado 1
1%
Total de probetas 21

3.2.3.1  Calculos para obtener la masa total de materiales para realizar las probetas

Las muestras fueron fabricadas utilizando una matriz metalica y material particulado en tres

configuraciones distintas para los diferentes ensayos. Se determino la cantidad precisa de

cada tipo de material en gramos requerida en este proyecto, como se muestra a continuacion.

Datos:

Densidad (pg) del hierro gris = 7,25 g/cm?® (Bosch, 2022)

Densidad promedio (pc) de los nanotubos de carbono de pared maltiple = 1,37 g/cm?® (Alcca,

2005)

a) Probetas a traccion

Para el calculo de la masa de las probetas a traccion se debe conocer la densidad del material

base y material particulado. Ademas, el volumen de cada probeta y el nimero de probetas

que se va a realizar.

Para calcular el volumen total de la muestra para cada configuracién de matriz metalica de

fundicién gris ASTM A48 clase 20 con nanotubos de carbono de pared multiple es necesario

utilizar la siguiente ecuacion:

V=wl*N1)+ (v2*N2)+ (v3 *N3)

Donde:

+ (v4 * N4)

v1 = volumen total unitario de las probetas de traccion es de 29,85 cm?®

[3.1]
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v2 = volumen total unitario de las probetas para analisis metal(rgicos es de 12,5 cm?®

v3 = volumen total unitario de las probetas para andlisis cristalografico de difraccion de

rayos x es de 2,5 cm?®

v4 = volumen total unitario de las probetas para analisis de microscopia electrénica es de

1,5 cm?®
N1 = Numero de probetas para ensayos traccion
N2 = Namero de probetas para ensayos metaltrgicos de dureza y composicion quimica
N3 = NUmero de probetas para analisis de difraccion de rayos x
N4 = Namero de probetas para andlisis de microscopia electronica de barrido
Calculo
V=@wlxN1)+ Ww2=*N2)+ (v3*N3)+ (v4* N4)
V=(2985%3)+ (125*2) + (25*1)+ (1,5% 1)
V=8955+25+25+15
V = 118,55 cm?

El volumen de la muestra para todas las probetas por cada fraccién volumétrica y tipo de

configuracion son:

= Fraccion volumétrica de matriz metalica 100 % pura que corresponde a 118,55 cm?®
del material base y 0 cm? de material particulado

= Fraccion volumétrica de matriz metélica 99,5 % que corresponde a 118 cm®y 0,5 %
que corresponde a 0,6 cm® de material particulado

»  Fraccién volumétrica de matriz metalica 99 % que corresponde a 117,4 cm3y 1 %
que corresponde a 1,19 cm?® de material particulado

La masa de material base y particulado para cada muestra con su respectiva configuracion

es.

Material base del grupo 1

< |3

m=p*v



g
cm3

m = 7,25 (

m(b1l) = 859,49 g

) * 118,55 cm?
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El material particulado del grupo 1 es 0, porque su configuracion e 100 % puro de material

base
m(pl) =0g
Material base del grupo 2
m=px*v
_ 9 3
m =725 ()« 118 cm

m(b2) = 855,5 g

Material particulado del grupo 2

m=px*v
_ g 3
m= 17,25 (cm3) *x (0,6 cm
m(p2) =4,35¢g
Material base del grupo 3
m=px*v
_ 9 3
m=17,25 (cm3) *117,4 cm

m(b3) =851,15 g
Material particulado del grupo 3
m=p*v

g
cm3

m = 7,25 ( ) «1,19 cm3

m(p3) =8,62¢g

Entonces para obtener la masa total del material base que sera utilizado para realizar las

probetas esta dado por:
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Calculo
m(Th) = m(b1) + m(b2) + m(b3)
m(Th) = 859,49 + 855,5 + 851,15
m(Th) = 2566,14 g
m(Th) = 2,57 kg

Entonces para obtener la masa total del material particulado que sera utilizado para realizar

las probetas esta dado por:
Calculo
m(Tp) = m(p1) + m(p2) + m(p3)
m(Tp) = 0 + 4,35 + 8,62
m(Tp) = 1297 g
m(Tp) = 0,013 kg

La fraccion mésica que se va a utilizar para realizar las probetas que se someteran a ensayos
mecanicos destructivos y metallrgicos es de: 2566,14 g de material base de fundicién gris
ASTM A48 clase 20 y 12,97 g de material particulado de nanotubos de carbono de pared
multiple MWNTCs.

A continuacién, se presenta un cuadro general que muestra el uso en gramos de Fundicion
gris ASTM A48 clase 20 y MWNTC's para las diferentes probetas utilizadas en los ensayos

de traccion, ensayos metalUrgicos y analisis cristalografico y microscépico:

Tabla 3.6 Cuadro resumen del total de gramos utilizados para cada configuracion

Ensayo N° de Configuracion Material Material
probetas base (9) particulado
(9)
3 Matriz metalica 100 % pura 671,3 0
Traccion 3 Matriz 99,5 % / material particulado 0,5 % 667.9 3,4
3 Matriz 99 % / material particulado 1% 664,5 6,7
Dureza y 2 Matriz metalica 100 % pura 187,5 0
alisi d - - -
ana ISIS. ., ¢ 2 Matriz 99,5 % / material particulado 0,5 % 186,6 0,9
composicion
guimica 2 Matriz 99 % / material particulado 1% 185,6 1,9
1 Matriz metalica 100 % pura 18,8 0
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Difraccion  de 1 Matriz 99,5 % / material particulado 0,5 % 18,7 0,1
rayos x 1 Matriz 99 % / material particulado 1% 18,6 0,2
Microscopia 1 Matriz metalica 100 % pura 11,3 0
elect!'onlca de 1 Matriz 99,5 % / material particulado 0,5 % 11.2 0,06
barrido

1 Matriz 99 % / material particulado 1% 111 0,1

Nota: Los valores especificos en gramos para cada tipo de material en cada ensayo deben ser proporcionados
en el cuadro segun los requerimientos y calculos determinados en el proyecto ya que en la tabla se considerd

solo un decimal.

Tabla 3.7 Total de los gramos utilizados para cada configuracién de todas las probetas

Material Total (g)
MWNTC’s 12,97
ASTM A48 clase 20 2566,14

3.24 FABRICACION DE LAS PROBETAS

3.24.1 Fabricacién de los moldes

Se siguieron las normativas ASTM A48, ASTM E3-95 y ASTM E18-15 para la fabricacién
de los moldes utilizados en los ensayos de traccion y los ensayos metaltrgicos de mapeo de
durezas y composicion quimica. Para los ensayos de cristalografia y microscopia

electronica, se elaboraron probetas segun las indicaciones especificas del laboratorio.

Los moldes fueron construidos utilizando madera comdn, siguiendo las dimensiones
establecidas en las normativas correspondientes. Se utilizé madera con un ancho de 70 mm,
400 mm de largo y un espesor de 20 mm para garantizar una remocion eficiente de material
durante el proceso de moldeo. EI método utilizado fue el moldeo en arena silicica, utilizando

moldes de madera como se muestra a continuacion:

l'\'___—-—___—___'f‘l I'\‘_—---_-7'1
R 10 £l
R N N AR i
| \__.__IE:_____Tf___,/ | b __gN__/ |

N

Y e LY Sy
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Figura 3.7 Moldes para ensayos de traccion segun la norma ASTM A48
Fuente: (American Society for Testing and Materials, 2016, pag. 5)

Se utilizé un molde de tres probetas para cada grupo y su respectiva configuracion, es decir
se utilizaron tres moldes de tres probetas con normativa ASTM A48. Las dimensiones estan

detalladas en el Anexo 1.

Para los demas ensayos se utilizo tres planchas de molde en arena silica como se muestra a

continuacion:

Mopeo de durezg

Ersayo de composicion quimica

T+ 7 N = 7

m
m

2500

2500

175,00
25,00

25,00" 5.00 0.0
r .

280,00

Figura 3.8 Moldes para ensayos metaldrgicos y cristalograficos bajo normativa ASTM

3.24.2 Moldeo en arena silica con CO>

a) La arena silicica es agrupada en un depdsito libre de humedad y particulas que

pueden interferir en el moldeo.

Figura 3.9 Arena silica para moldeo

b) Triturar de la arena silica reduciendo el tamafio de los granos de arena, evitando la

formacion de grumos que podrian afectar negativamente la calidad y precision de las



66

piezas fundidas. La trituracion se lleva a cabo utilizando equipos especificos que
desintegran la arena, obteniendo particulas mas finas y uniformes. De esta manera,

se garantiza una distribucion homogénea de la arena durante el moldeado.

Figura 3.10 Triturador de rodillos

c) Utilizar arena silica para dar forma a las piezas. Se procede a compactar firmemente
la arena encima del molde, asegurando una distribucion uniforme. Para evitar la
acumulacion excesiva de presion durante la colada del material fundido, se
suministra COz en diferentes partes del molde. Esto crea orificios que permiten la
liberacion controlada de la presion, evitando posibles explosiones del molde. Este

paso es crucial para garantizar un moldeo seguro y exitoso de las piezas.

Figura 3.11 Orificios de liberacion de presion (pequefios), orificios para verter el material
fundido (grandes)

d) Secar el molde quemando la superficie del lado del moldeado mediante el uso de un
qguemador convencional. Esto se realiza para eliminar cualquier humedad residual

que pueda estar presente en el molde. Es fundamental evitar que el agua entre en
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contacto con el material fundido, ya que esto podria resultar en una explosién del

molde. La temperatura utilizada para este proceso es de aproximadamente 1200 °C.

Y

Figura 3.12 Secado mediante quemador con gas licuado de petroleo (GLP)

Una vez que los moldes estan preparados, se inicia el proceso de fundicion en el
horno. Es importante asegurarse de que el horno tenga las condiciones adecuadas
para fundir el metal. Esto implica el uso de aire caliente a presion y coque mineral
como combustible para generar altas temperaturas. Ademas, se agrega piedra caliza
como fundente, lo que ayuda a lograr una estratificacion adecuada y producir hierro
gris conforme a la norma ASTM A48 clase 20. Este proceso garantiza que el metal
fundido adquiera las caracteristicas deseadas para las pruebas y ensayos posteriores.

Figura 3.13 Alto horno de fundicion continua

Una vez que el material se encuentra fundido, se procede a verterlo en el cubilote en
la cantidad volumétrica necesaria para cada configuracion de prueba. Previamente,
se afiade la cantidad especifica de cada fraccion de peso de MWNTC's para lograr
una dispersion uniforme en la matriz metalica. Una vez que se ha preparado la
mezcla adecuada, se vierte en los moldes hasta que esten completamente llenos. Este

paso es crucial para asegurar que cada probeta tenga la composicion y distribucion
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de nanoparticulas deseada en su matriz metalica, lo cual es fundamental para los

ensayos Yy analisis posteriores.

Figura 3.14 Fundicion de MWNTC’s con ASTM A48 clase 20

Después de verter el material en los moldes, se permite que reposen durante 24 horas
para evitar la formacion de cristales no deseados. Durante este periodo, se realiza un
enfriamiento lento a temperatura ambiente. Este proceso de enfriamiento controlado
es importante para asegurar la estructura deseada del material fundido y evitar la
formacién de defectos en las probetas. Al permitir que los moldes se enfrien
gradualmente, se promueve la formacion de una microestructura mas uniforme y se
minimiza la posibilidad de tensiones o grietas en el material.

Después de que los moldes estén preparados, se lleva a cabo un proceso de pulido
para eliminar cualquier imperfeccidn en las probetas. Para ello, se utilizan maquinas
herramientas como un torno y una cortadora eléctrica. Estas herramientas permiten
realizar cortes y eliminar el exceso de material de manera precisa, asegurando que
las probetas queden en un estado dptimo para llevar a cabo los ensayos. El pulido es

fundamental para obtener superficies lisas y uniformes, lo cual es crucial para

garantizar resultados precisos y confiables en los ensayos mecéanicos y metallrgicos.

D3 > 0 L}
2% \ |

Figura 3.15 Torno paralelo de banco
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i) Obtencidn de probetas para ensayos de traccion.

Figura 3.16 Probetas de traccion mecanizadas bajo norma ASTM A48/A48M

j) Obtencidn de probetas para ensayos metallrgicos de mapeo de durezas y

metallrgicos.

Figura 3.17 Probetas para ensayos metallrgicos bajo norma ASTM E3-95
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CAPITULO IV

4. ANALISIS DE RESULTADOS Y DISCUSION

4.1 RECOLECCION DE DATOS

En el proyecto de investigacion, se realizaron ensayos mecanicos destructivos de dureza y
traccion para determinar las propiedades de un material con la presencia de material
particulado en la matriz metélica. Se utilizaron normas de la ASTM (American Society for
Testing and Materials) para materiales metalicos y fundiciones gris, que establecen

estandares de disefio de las probetas para cada ensayo.

Ademas de los ensayos de traccion, durezay espectrometria de emision por chispa realizados
en la Universidad Politécnica Nacional, se empled una maquina de ensayos universales
propia para materiales compuestos. Por otro lado, los ensayos de difraccidn de rayos X y
microscopia MEB (Microscopia Electronica de Barrido) se llevaron a cabo en la Escuela
Superior Politécnica del Litoral en el Centro de Investigacion y Desarrollo en
Nanotecnologia (CIDNA). Estos ensayos permitieron observar el comportamiento y la

estructura del material a nivel microscépico.

Los datos obtenidos en los ensayos se organizaron en tablas clasificadas por el tipo de ensayo
realizado y las diferentes configuraciones establecidas. Esto facilita la interpretacion de los

resultados y permite analizar las propiedades del material en funcion de las variables

estudiadas.
Tabla 4.1 Configuracion y estratificacion del material
Disposicion y configuracion del material
Material Grupo Configuracion
Grupo 1 Matriz metalica 100 % pura
Fundicion gris ASTM A48 clase Grupo 2 Matriz 99,5 % / material
20 con nanotubos de carbono de particulado 0,5 %
pared multiple MWNTCs Grupo 3 Matriz 99 % / material particulado
1%
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4.1.1 FICHAS DE REPORTE DE ENSAYOS DESTRUCTIVOS MECANICOS

4.1.1.1  Ensayos a traccion

Tabla 4.2 Resultado de ensayo de traccion grupo 1

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO

Tipo de ensayo: Traccion Norma: ASTM A48/48M
Orientacion: Disperso Estratificacion: Manual por fundicién en
alto horno
Material base: ASTM A48 clase 20 | Fraccion volumétrica: 100 %
Material particulado: | MWNTC’s Fraccion volumétrica: 0%
Diametro promedio: 12,78 mm N° de probetas: 3
Temperatura: 252+11°C Humedad relativa: 385+4,0%
RESULTADOS
Numeracion de Diametro Carga méxima Resistencia a la Tipo de falla
probeta promedio (mm) registrada (N) traccion (MPa)
M23.054.01 12,73 24 515 192,6 AGT
M23.054.02 12,81 24772 192,2 AGT
M23.054.03 12,79 22 361 174,0 AGT
Promedio 12,78 23 882,67 186,27 -
Des. Estandar 0,042 1324.1 10,63 -
EVALUACION Y OBSERVACION
Esfuerzo maximo promedio: 186,27
Modulo de elasticidad: Comportamiento de un material fragil

FOTOGRAFIAS DEL ENSAYO

DESCRIPCION DEL TIPO DE FALLA

Primer caracter Segundo caracter Tercer caracter
L Lateral A En el agarre T Parte superior
G Agarre I Dentro del agarre B Fondo
A Angular G Zona calibrada M Medio

En la tabla 4.2 se presentan los resultados del ensayo destructivo a traccién para la primera
configuracidn, con el propdsito de evaluar las condiciones del material base que actla como
matriz metalica. En dicha tabla, se muestran los valores individuales del esfuerzo maximo
obtenido para cada probeta, asi como el esfuerzo promedio del grupo. Este analisis permite
verificar la variabilidad de los resultados entre las probetas y obtener una medida

representativa del comportamiento del material bajo cargas de traccion.
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Resistencia a la traccion
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Figura 4.1 Esfuerzo méximo probetas a traccion grupo 1

En la figura 4.1 se observa que los valores del esfuerzo maximo obtenido para cada probeta
son similares entre si. Esto indica que las muestras del grupo 1 se encuentran cercanas a la
media del esfuerzo maximo, lo que sugiere que el material se encuentra dentro del rango
correspondiente a la clase 20 de la norma de fundiciones grises ASTM A48. Debido a que
este material es altamente fragil, no se puede apreciar un porcentaje de alargamiento

confiable antes de la rotura.

Otros estudios han demostrado que a las fundiciones grises se les atribuye un indice de
alargamiento muy bajo, que corresponde a una cantidad definida o establecida de
deformacioén unitaria. Usualmente, se utiliza un valor de alargamiento del 0.2% de la
longitud calibrada original (E = 0.002), aunque en algunas ocasiones también se emplean
valores como 0.01%, 0.1% y 0.5% (Budynas, 2020). En este ensayo, se determind la
ausencia de la zona plastica antes de la ruptura, lo cual concuerda con las caracteristicas

tipicas de las fundiciones grises.

Tabla 4.3 Resultado de ensayo de traccion grupo 2

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO
Tipo de ensayo: Traccion Norma: ASTM A48/48M
Orientacion: Disperso Estratificacion: Manual por fundicién en
alto horno
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Material base: ASTM A48 clase 20 | Fraccion volumeétrica: 99,5 %
Material particulado: | MWNTC’s Fraccién volumétrica: 0,5%
Diametro promedio: 12,78 mm N° de probetas: 3
Temperatura: 252+11°C Humedad relativa: 385+4,0%
RESULTADOS
Numeracion de Diametro Carga maxima Resistencia a la Tipo de falla
probeta promedio (mm) registrada (N) traccion (MPa)
M23.054.07 12,78 16 702 130,2 AGM
M23.054.08 12,77 18 205 142,1 AGT
M23.054.09 12,78 18 112 141,2 AGT
Promedio 12,78 17673 137,8 -
Des. Estandar 0,006 842,2 6,63 -
EVALUACION Y OBSERVACION
Esfuerzo maximo promedio: 137,8
Modulo de elasticidad: Comportamiento de un material fragil

FOTOGRAFIAS DEL ENSAYO

DESCRIPCION DEL TIPO DE FALLA

Primer caréacter Segundo caracter Tercer caracter
L Lateral A En el agarre T Parte superior
G Agarre | Dentro del agarre B Fondo
A Angular G Zona calibrada M Medio

En latabla 4.3 se encuentran los resultados del ensayo destructivo a traccién para la segunda
configuracion, con el objetivo de evaluar las condiciones del material base que funciona
como matriz metalica. En esta tabla, se presentan los valores individuales del esfuerzo
méaximo obtenido para cada probeta, asi como el esfuerzo promedio del grupo. Estos datos
permiten analizar la variabilidad de los resultados entre las diferentes probetas y obtener una
medida representativa del comportamiento del material frente a las cargas de traccion.
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Resistencia a la traccion
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Figura 4.2 Esfuerzo méximo probetas a traccion grupo 2

En la figura 4.2 se puede observar que los valores del esfuerzo maximo obtenido para cada
probeta son similares entre si. Esto sugiere que las muestras del grupo 2 se encuentran
cercanas a la media del esfuerzo maximo. Sin embargo, debido a la naturaleza altamente
fragil del material, no es posible apreciar de manera confiable un porcentaje de alargamiento
antes de la rotura. Esta caracteristica del material indica que presenta una baja ductilidad y
una mayor propensién a la fractura sin una deformacion plastica significativa. Es importante
considerar estos resultados al evaluar la resistencia y las propiedades mecéanicas del material

en la segunda configuracion.

Tabla 4.4 Resultado de ensayo de traccion grupo 3

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO

Tipo de ensayo: Traccion Norma: ASTM A48/48M
Orientacion: Disperso Estratificacion: Manual por fundicién en
alto horno

Material base: ASTM A48 clase 20 | Fraccién volumétrica: 99 %

Material particulado: | MWNTC’s Fraccion volumétrica: 1%

Diametro promedio: 12,78 mm N° de probetas: 3

Temperatura: 252+11°C Humedad relativa: 385+4,0%

RESULTADOS
Numeracion de Diametro Carga maxima Resistencia a la Tipo de falla
probeta promedio (mm) registrada (N) traccion (MPa)

M23.054.07 12,78 15 836 123,4 AGT
M23.054.08 12,77 15 386 120,1 AGM
M23.054.09 12,8 11 668 90,7 AGT
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Promedio

12,78

14 296,7

1114

Des. Estandar

0,02

2287,6

18

EVALUACION Y OBSERVACION

Esfuerzo maximo promedio:

111,4

Moédulo de elasticidad:

Comportamiento de un material fragil

FOTOGRAFIAS DEL ENSAYO

DESCRIPCION DEL TIPO DE FALLA

Primer caracter

Segundo caracter

Tercer caracter

L Lateral A En el agarre T Parte superior
G Agarre | Dentro del agarre B Fondo
A Angular G Zona calibrada M Medio

En la tabla 4.4 se encuentran los resultados del ensayo destructivo a traccion para la tercera

configuracion, con el objetivo de evaluar las condiciones del material base que funciona

como matriz metélica. En esta tabla, se presentan los valores individuales del esfuerzo

méaximo obtenido para cada probeta, asi como el esfuerzo promedio del grupo. Estos datos

permiten analizar la variabilidad de los resultados entre las diferentes probetas y obtener una

medida representativa del comportamiento del material frente a las cargas de traccion.
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W Gurpo 3

3 Promedio

N° de probetas

Figura 4.3 Esfuerzo méximo probetas a traccion grupo 3

En la figura 4.3 se puede observar que los valores del esfuerzo maximo obtenido para cada

probeta son similares entre si. Esto sugiere que las muestras del grupo 3 se encuentran
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cercanas a la media del esfuerzo maximo. Sin embargo, debido a la naturaleza altamente
fragil del material, no es posible apreciar de manera confiable un porcentaje de alargamiento
antes de la rotura. Esta caracteristica del material indica que presenta una baja ductilidad y
una mayor propension a la fractura sin una deformacion plastica significativa. Es importante
considerar estos resultados al evaluar la resistencia y las propiedades mecéanicas del material

en la tercera configuracion.

4.1.1.2  Ensayo metalografico de mapeo de dureza

Se realizaron pruebas de mapeo de dureza en las muestras 23-045 utilizando un Durémetro
Universal Novotest, siguiendo la Norma ASTM E18-22. Estas pruebas se llevaron a cabo

de manera transversal en cada una de las muestras, como se ilustra en la figura 4.4.

Elemento 23-045

Figura 4.4 Escalas trasversales
Los resultados de estas pruebas se presentan en las siguientes tablas:

Tabla 4.5 Resultado de ensayo de dureza material base

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO

Tipo de ensayo: Mapeo de dureza Norma: ASTM E3-95, ASTM
E-18
Orientacion: Disperso Estratificacion: Manual por fundicion
en alto horno
Material base: ASTM A48 clase 20 | Fraccion volumétrica: 100 %
Material particulado: MWNTC’s Fraccién volumétrica: 0%
Largo 26,05 mm,
Medidas: ancho 27,90 mm vy | N° de probetas: 1
altura de 20,2 mm
Temperatura: 252+11°C Humedad relativa: 385+4,0%
RESULTADOS
Muestra Dureza
Escala HRBW HB

1 89,8 182,4
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2 86,8 169,8
23-045-B 3 87,8 174,0
4 89,8 182,4
5 87,3 171,9
Promedio - 88,1 175,4
Des. Estandar - 1,5 6,4
EVALUACION Y OBSERVACION
Dureza Brinell promedio: 175,4
Dureza Rockwell promedio: 88,1

FOTOGRAFIAS DEL ENSAYO

e

En la tabla 4.5 se encuentran los resultados del ensayo metallrgico de mapeo de durezas
realizado en el material puro ASTM A48 clase 20. Estos resultados concuerdan con las
caracteristicas establecidas en la norma ASTM A48/48M, lo cual valida el estudio realizado
en la matriz metalica con MWNTC's. En esta tabla se muestran los valores individuales de
dureza obtenidos utilizando el método de dureza Rockwell (HRBW) y dureza Brinell (HB)
para verificar los resultados. El analisis de estas mediciones de dureza es importante para
comprender la resistencia del material y su capacidad para resistir dafios y deformaciones

en aplicaciones donde se requiere una alta resistencia a la abrasion y al desgaste.

Mapeo de dureza

90,5 182,4 1824 184

90 89,8 T 182

89,5 180
= 89 178 _
2 885 176 2
é 8 171,9 7 cr':é
@ 87,5 87,3 172 N m HB
£ & 1702 e HRBW
O 86,5 168

86 166

85,5 164

85 162

1 2 3 4 5
N° de medicidn

Figura 4.5 Resultado mapeo de durezas material base
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En la figura 4.5 se pueden observar los valores de dureza obtenidos en cada escala del mapeo
de dureza Rockwell y dureza Brinell. Se destaca que los valores maximos de dureza
obtenidos para cada escala son similares entre si. Esta observacion sugiere que las muestras
del material presentan una uniformidad en su composicion y propiedades a lo largo de toda
su area. Es importante tener en cuenta estos resultados al evaluar la resistencia a las
rayaduras y las propiedades mecanicas del material base. La uniformidad en la dureza puede
indicar una consistencia en la calidad y la resistencia del material, lo cual es relevante para
su aplicacion en situaciones donde se requiere una buena resistencia a las rayaduras y un

comportamiento mecanico predecible.

Tabla 4.6 Resultado de ensayo de dureza primera configuracion

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO
Tipo de ensayo: Mapeo de dureza Norma: ASTM E3-95, ASTM
E-18
Orientacion: Disperso Estratificacion: Manual por fundicién
en alto horno
Material base: ASTM A48 clase 20 | Fraccion volumétrica: 99,5 %
Material particulado: MWNTC’s Fraccién volumétrica: 0,5%
Largo 29,95 mm,
Medidas: ancho 26,85 mm y | N° de probetas: 1
altura de 19,60 mm
Temperatura: 252+11°C Humedad relativa: 385+£40%
RESULTADOS
Muestra Dureza
Escala HRBW HB
1 79,0 143,9
2 80,1 147,2
23-045-A 3 78,0 133,0
4 81,1 150,2
5 80,5 148,4
Promedio - 79,0 141,4
Des. Estandar - 1,1 7,4
EVALUACION Y OBSERVACION
Dureza Brinell promedio: 1414
Dureza Rockwell promedio: 79,0
FOTOGRAFIAS DEL ENSAYO
8. » 20 11 12 12
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En la tabla 4.6 se presentan los resultados del ensayo metallrgico de mapeo de durezas
realizado en el material en su primera configuracion. Estos resultados son de gran
importancia para comprender la variacion causada por la adicion de un 0,5 % en masa de
MWNTC's a la matriz metélica. El analisis de estas mediciones de dureza permite evaluar
la resistencia del material y su capacidad para resistir deformaciones, especialmente en

aplicaciones donde se requiere una alta resistencia a la abrasion y al desgaste.

Mapeo de dureza

81,5 811 155
g1 ’ 80,5
605 150
143,9
_ 8 145
Q 795 -
E 4 140 g
é 79 5
©
578,5 135 §  e=HB
o >
3 78 Q  e=——=HRBW
77,5 130
77
125
76,5
76 120
1 2 3 4 5

N° de medicidon

Figura 4.6 Resultado mapeo de durezas material primera configuracion

En la figura 4.6 se muestran los valores de dureza obtenidos en cada escala del mapeo de
dureza Rockwell y dureza Brinell. Se puede apreciar que los valores maximos de dureza
obtenidos para cada escala son similares entre si. Esto indica que las muestras del material
exhiben una uniformidad en su composicion y propiedades en toda su extension. La similitud
en los valores maximos de dureza sugiere que no hay variaciones significativas en la

resistencia del material a lo largo de las areas evaluadas.

Tabla 4.7 Resultado de ensayo de dureza segunda configuracion

FICHA DE RECOLECCION DE DATOS
PARAMETROS DE ENSAYO

Tipo de ensayo: Mapeo de dureza Norma: ASTM E3-95, ASTM
E-18

Orientacion: Disperso Estratificacion: Manual por fundicién
en alto horno

Material base: ASTM A48 clase 20 | Fraccion volumétrica: 99 %

Material particulado: MWNTC’s Fraccion volumétrica: 1%
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Largo 25,35 mm,
Medidas: ancho 31,35 mm y | N° de probetas: 1
altura de 20,9 mm
Temperatura: 252+11°C Humedad relativa: 385+4,0%
RESULTADOS
Muestra Dureza
Escala HRBW HB
1 83,3 156,9
2 82,4 154,2
23-045-C 3 85,4 163,8
4 84,7 161,1
5 84,5 160,5
Promedio - 83,7 158,3
Des. Estandar - 15 5
EVALUACION Y OBSERVACION
Dureza Brinell promedio: 158,3
Dureza Rockwell promedio: 83,7
FOTOGRAFIAS DEL ENSAYO
| N g l_a 1= >4

En la tabla 4.7 se presentan los resultados del ensayo metallrgico de mapeo de durezas
realizado en el material en su segunda configuracién. En esta tabla, se muestran los valores
individuales de dureza obtenidos utilizando el método de dureza Rockwell (HRBW) y
dureza Brinell (HB). Estos resultados son de gran importancia para comprender la variacion
causada por la adicion de un 1 % en masa de MWNTC's a la matriz metélica. El analisis de
estas mediciones de dureza permite evaluar la resistencia del material y su capacidad para
resistir deformaciones, especialmente en aplicaciones donde se requiere una alta resistencia

a la abrasion y al desgaste.
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Mapeo de dureza
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Figura 4.7 Resultado mapeo de durezas material segunda configuracién

En la figura 4.7 se muestran los valores de dureza obtenidos en cada escala del mapeo de
dureza Rockwell y dureza Brinell. Se puede apreciar que los valores maximos de dureza
obtenidos para cada escala son similares entre si. Esto indica que las muestras del material
exhiben una uniformidad en su composicion y propiedades en toda su extension. La similitud
en los valores méximos de dureza sugiere que no hay variaciones significativas en la

resistencia del material a lo largo de las areas evaluadas.

4.1.1.3  Ensayo de espectrometria de emision por chispa

La cuantificacion de los metales presentes en la muestra se realizd empleando el
Espectrémetro de Chispa marca BRUKER modelo Q4TASMAN A continuacion, los
resultados obtenidos:

Tabla 4.7 Composicion quimica de las muestras

Elemento Puro (%) Primera configuracién (%) | Segunda configuracién (%o)
Carbono (C) 4,394 4,200 4,366
Silicio (Si) 1,824 1,823 1,857
Manganeso (Mn) 0,501 0,539 0,532
Fésforo (P) 0.002 0.005 0.006
Azufre (S) 0.032 0.041 0.051
Cromo (Cr) 0,219 0,235 0,201
Molibdeno (Mo) 0,031 0,015 0,013
Niquel (Ni) 0,085 0,048 0,047
Cobre (Cu) 0,235 0,229 0,212
Cerio (Ce) 0,152 0,150 0,147
Estafio (Sn) 0,025 0,020 0,018
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Titanio (Ti) 0,021 0,020 0,020
Vanadio (V) 0,013 0,010 0,010
Hierro (Fe) 92,38 92,59 92,44

En la tabla mostrada se pueden apreciar los porcentajes de los elementos metélicos presentes
en las muestras. Los resultados indican que las tres muestras tienen caracteristicas similares,
lo cual confirma que el material base cumple con las especificaciones de un hierro gris
ASTM A48 clase 20, debido a su contenido de hierro, carbono y silicio. Los demas
elementos metalicos constituyen una proporcion pequefia de la muestra, que puede

considerarse insignificante.

4.1.1.4  Ensayo de difraccion de rayos X

El método se utilizo para analizar las fases cristalinas presentes en diversos materiales, como
ceramicos, metales y polimeros semicristalinos. En el caso especifico mencionado, se utilizé

un difractometro de rayos X modelo X'Pert Pro de la marca Panalytical.

Las condiciones de operacion del difractometro fueron configuradas con una tension de 45
KV y una corriente de 30 mA. El paso utilizado para el escaneo fue de 0.05°, con un tiempo
de escaneo de 20 segundos por paso. La abertura del incidente se establecié en 1/4 mm y se

utiliz6 una méscara de 10 mm. El rango de angulos de medicion fue desde 5° hasta 90° (20).

Estas condiciones experimentales permitieron obtener datos precisos sobre los patrones de
difraccion de los materiales analizados, lo que a su vez facilita la identificacion y

caracterizacion de las fases cristalinas presentes en ellos.
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Figura 4.8 Difractograma de las muestras de matriz metalica
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Figura 4.9 Difractograma cualitativo de las muestras de matriz metalica
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Figura 4.10 Comparacion difractograma de las muestras de matriz metalica

Segun Davila, en general, las particulas utilizadas en materiales compuestos tienen baja
solubilidad en la matriz y no suelen presentar una adhesion eficiente en la interfaz entre las
particulas y la matriz. Esto impide que no se produzcan reacciones quimicas significativas
entre los componentes. Es importante destacar que la introduccion de las particulas en la
matriz se realice mediante un proceso mecanico con el objetivo de distribuirlas de manera

uniforme en la matriz metalica (Davila et al., 2011).
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Por consiguiente, los resultados obtenidos revelan la presencia de tres picos distintivos en
las tres muestras analizadas. Estos picos indican la existencia de cristales similares en todas
las muestras, lo que sugiere que no se produjo una fusion a nivel molecular, tal como lo
menciona José Davila en su libro. Es decir, las nanoparticulas estan dispersas dentro de la
matriz metalica sin formar nuevos cristales. Los cristales formados en la fundicion se

pudieron identificar como grafito y ferrita como se muestra a continuacion:

Tabla 4.8 Detalles de las fases cristalinas de la muestra

Cadigo de Puntuacién | Nombre del compuesto | Factor de escala | Formula quimica
referencia
00-006-0696 70 Ferrita 0,971 a-Fe
00-012-0212 13 Grafito 0,041 C

En la tabla 4.8 muestra que el material base contiene un 97.1% de hierro alfa o ferrita, junto
con un 0.4% de grafito. Esta composicion confirma que el material cumple con las
caracteristicas de un hierro gris ASTM A48 clase 20, de acuerdo a los requisitos de

composicion quimica establecidos en dicha norma.

4115 Ensayo de microscopia electrénica de barrido

En este proyecto se empled un método ampliamente utilizado para examinar la morfologia
de diversos materiales, y para ello se utilizd un microscopio electrénico de barrido de la
marca FEI, modelo Inspec S50. Los parametros operativos utilizados en el equipo se detallan

a continuacién en la tabla 4.9.

Tabla 4.9 Parametros de ensayo microscopia MEB

Modo de atmosfera Voltaje Spot Detector
Iméagenes con electrones retrodispersados y
Alto vacio 155-250V 3,5 composicién empleando un detector BSED
(Back Scattering Electron Detector).




Figura 4.12 Micrografia configuracion 1 a 1000x y 5000x respectivamente

Figura 4.13 Micrografia configuracion 2 a 1000x y 5000x respectivamente
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Segun Ashby, en el caso de los metales sélidos fragiles, su resistencia a la compresion es
aproximadamente 15 veces mayor que su resistencia a la traccion. Las grietas en un material
sometido a compresion se propagan de manera estable y, a medida que avanzan, giran
cambiando su orientacion original para propagarse de forma paralela al eje de la fuerza de
compresion. En este tipo de fractura, no es la propagacion rapida de una sola fisura lo que
causa la fractura, sino la lenta extension de maultiples fisuras que se unen para formar una

zona agrietada (Ashby y Jones, 2009).

Asi, en las micrografias se pueden apreciar acumulaciones de material particulado
distribuidas de manera aleatoria en diferentes sectores. A medida que aumenta la fraccion
volumétrica de material particulado se forman cimulos mas pronunciados. Es evidente que
los MWNTC’s (nanotubos de carbono de pared multiple) no presentan una adherencia
compacta similar al material base, y se observa un incremento en los puntos de fractura en
respuesta a fuerzas de traccion. Sin embargo, es importante destacar que esta formacién

caracteristica puede beneficiar directamente la resistencia a la compresion del material.

4.2 DISCUSION DE RESULTADOS

Después de llevar a cabo los ensayos destructivos y metalurgicos, se procedio a analizar e
interpretar los resultados obtenidos en los ensayos de traccion y dureza. Esto permitio
evaluar las propiedades mecanicas de los diferentes materiales y configuraciones, con el

objetivo de identificar el material que presentara el mejor comportamiento mecanico.

Para realizar la interpretacion de los resultados, se utilizé analisis estadistico y
complementado con el diagrama de caja y bigote. Este método nos permite visualizar la
distribucion de los datos a lo largo de una linea numérica, dividiéndolos en cuartiles. De esta
manera, podemos analizar la dispersion y simetria de los datos, asi como identificar la
mediana, que representa la media aritmética de los resultados obtenidos en los ensayos
destructivos. Esta informacion nos ayuda a comparar y seleccionar el mejor material

compuesto y su respectiva configuracion.

El diagrama de caja y bigote se representa mediante una caja rectangular, cuyos lados mas
largos muestran el rango intercuartilico, y dos brazos o bigotes que se extienden desde cada

extremo de la caja, representando los valores minimos y maximos del conjunto de datos.
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4.2.1 ENSAYO DESTRUCTIVO Y METALURGICO

4.2.1.1  Ensayo destructivo a traccion

Se analiza la resistencia a la traccion del material en sus dos configuraciones para comparar
los resultados de la configuracién de 0,5 % y 1 % con el material base que fue analizado

previamente:

Comparacion resistencia a la traccién
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M Configuracion 1 (material base 99,5 % - material particulado 0,5 %)

Configuracion 2 (material base 99 % - material particulado 1 %)

Figura 4.14 Comparacion resistencia a traccion de los 3 grupos

La figura 4.14 muestra claramente que el material con una incorporacion de 0,5 % de
MWNTC's exhibe una mayor resistencia a la traccién en comparacién con el material que
contiene una fraccion volumétrica del 1 % de material particulado. Este fendémeno puede

explicarse considerando los siguientes factores:
a) Distribucion y dispersion del material

Cuando se afiade una mayor cantidad de material particulado a la matriz metalica, existe una
mayor probabilidad de que se generen agrupamientos o aglomeraciones de particulas. Estos
agrupamientos pueden actuar como puntos de concentracion de tensiones, lo cual reduce la
resistencia del material y aumenta la probabilidad de fractura bajo cargas de traccion. Por
otro lado, con una menor cantidad de material afiadido (0,5% en este caso), es posible
obtener una dispersion mas uniforme de las particulas en la matriz, lo que puede contribuir

a una mayor resistencia a la traccion.
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b) Efectos de la interfaz matriz-particula

La presencia de material particulado en la matriz metalica crea interfaces entre las particulas
y la matriz. Estas interfaces pueden afectar la transferencia de carga y el comportamiento
mecanico del material. Si la adhesion y la transferencia de carga en estas interfaces son
menos eficientes con una mayor cantidad de material afiadido, esto puede debilitar la

resistencia a la traccion del material.
c) Efectos de la fracturay propagacion de grietas

La presencia de material particulado disperso en la matriz metalica puede crear sitios de
concentracion de tensiones y puntos de iniciacion de grietas. Durante la traccion, estas
grietas pueden propagarse més facilmente a través de la matriz, lo que debilita la resistencia
del material. Con una menor cantidad de material afiadido, es posible que la propagacion de

grietas sea menos pronunciada, lo que contribuye a una mayor resistencia a la traccion.

Comparacion resitencia a la traccion
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Figura 4.15 Esfuerzo maximo vs fuerza maxima a traccion de las dos configuraciones

Mediante el ensayo de traccion realizado en las dos configuraciones, se obtienen las

propiedades mecanicas, las cuales se representan mediante los datos del esfuerzo maximo a
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la traccion y la fuerza maxima resistida antes de la ruptura. Estos valores se encuentran
recopilados en la tabla 4.3 y 4.4, correspondientes a la primera y segunda configuracion,

respectivamente.

Para realizar una comparacion de los resultados del ensayo destructivo, se lleva a cabo un
analisis estadistico que evalla las medias de los datos. Segun este analisis, se establece que
la configuracion con un 0,5 % de MWNTC's exhibe mejor resistencia a fuerzas de traccion
en comparacion con la configuracion que contiene un 1 % de MWNTC's. Los resultados
estadisticos se presentan en la tabla 4.10 y la figura 4.15.

Tabla 4.10 Datos estadisticos de la resistencia a la traccién de las dos configuraciones

Calculo estadistico Material base | Configuracion 1 | Configuracion 2
N° de probetas 3 3 3
Promedio (MPa) 186,3 137,8 1114
Mediana (MPa) 192,2 141,2 120,1
Media recortada 5% (MPa) 186,3 137,8 111,4
Varianza (MPa)? 112,9 43,9 324,09
Desviacion Estandar (MPa) 10,6 6,6 18,0
Coeficiente de variacion 6% 5% 16%
Minimo (MPa) 174 130,2 90,7
Maximo (MPa) 192,6 142,1 123,4
Rango intercuartilico (MPa) 18,6 11,9 32,7
Sesgo estandarizado -1,7 -1,7 -1,7
Curtosis - - -

Segun Davila, las particulas utilizadas en materiales compuestos suelen tener dimensiones
similares en todas las direcciones. Para lograr un refuerzo 6ptimo, es preferible que las
particulas sean pequefias y estén bien distribuidas en la matriz del material. Aunque la
contribucion del relleno a la resistencia es menos efectiva, puede haber un ligero aumento

en larigidez y, en ocasiones, en la resistencia y tenacidad (Davila et al., 2011).

La baja efectividad del refuerzo en los materiales compuestos con particulas se debe a una
transferencia ineficiente de carga desde la matriz hacia el refuerzo a través de la interfaz
entre ellos. Esto se debe a que la interfaz es relativamente pequefia, 1o que resulta en una
adhesion limitada entre el refuerzo y la matriz. La falta de adherencia en la interfaz, también
conocida como desunién, puede ser o no deseable segin el comportamiento mecénico

deseado del material y los requisitos especificos (Ashby y Jones, 2009).

Por tal razon se puede observar en la tabla 4.10 que la configuracion 1, que tiene una menor
cantidad de material particulado, exhibe una mayor resistencia a las fuerzas de traccion en

comparacion con el material testigo o base. Ademas, se puede observar una relacion
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inversamente proporcional, lo que indica que a medida que se afiade una mayor cantidad de
material particulado a la matriz metalica, la resistencia a la traccion disminuye. Este patrén

se representa visualmente en la figura 4.15.

4.2.1.2  Ensayo de mapeo de dureza

Se analiza la dureza del material en la escala Rockwell en sus dos configuraciones para
comparar los resultados de la configuracion de 0,5 % y 1 % con el material base que fue

analizado previamente:

Comparacion mapeo de dureza Rockwell
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Escala Rockwell
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) I
76
1 2 3 4 5
N° de medicion

B Material base (material base 100 % - material particulado 0 %)
M Configuracion 1 (material base 99,5 % - material particulado 0,5 %)

Configuracion 2 (material base 99 % - material particulado 1 %)

Figura 4.16 Comparacion escala Rockwell HRBW
La dureza es una propiedad mecénica que indica la resistencia de un material a ser penetrado
o deformado por otro material mas duro. En el caso de la escala Rockwell, se utilizé un
penetrador de diamante o bola de acero de 1/16" y se aplicé una carga principal de 100 kgf
para medir la profundidad de penetracion o la huella dejada en el material. Cuanto mayor
sea el valor de dureza en la escala Rockwell, mayor serd la resistencia a las rayaduras del
material (Budynas, 2020).

La prueba de mapeo de dureza escala Rockwell es utilizada para determinar las propiedades
mecanicas de resistencia a las rayaduras en materiales de matriz metélica y material

particulado. Esta prueba consiste en medir la dureza en cinco penetraciones a lo largo de la
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seccion transversal y los resultados se registran en tablas, como la tabla 4.6 y 4.7

mencionadas.

De acuerdo con los datos de dureza méxima en las dos configuraciones, se puede observar

que el material en su segunda configuracion presenta niveles mayores de dureza en la escala

Rockwell comparado con el material en su primera configuracion.
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Figura 4.17 Comparacion escala Rockwell HRBW

Con la ayuda de un andlisis estadistico se realiz6 una comparacién méas exhaustiva de las

medias de los resultados arrojados por el ensayo de mapeo de durezas en la escala Rockwell,

estableciendo que en el material con la segunda configuracion presenta las mejores

propiedades mecanicas. Los datos se presentan a continuacion en la tabla 4.11:

Tabla 4.11 Datos estadisticos del mapeo de dureza de las dos configuraciones

Caélculo estadistico Material base Configuracion 1 | Configuracion 2
N° de probetas 1 1 1
N° de mediciones 5 5 5

Promedio

88,3 79,7 84,1
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Mediana 87,8 80,1 84,5
Media recortada 5% 88,3 79,7 84,1
Varianza 2,0 15 1,433
Desviacién Estandar 1,4 1,2 1,2
Coeficiente de variacion 2% 2% 1%
Minimo 86,8 78 82,4
Méaximo 89,8 81,1 85,4
Rango intercuartilico 2,75 2,3 2,2
Sesgo estandarizado 0,3 -0,6 -0,5
Curtosis -2,92 -0,96 -1,09

A continuacién, se presenta un diagrama de caja y bigote para analizar la dispersion de los

resultados obtenidos en el mapeo de durezas:

89,5

87,5

85,5

83,5

81,5

79,5

77,5

Figura 4.18 Diagrama de caja y bigote de la comparacion del ensayo mapeo de dureza

Dispersion de mapeo de dureza

|

Material base Configuracion 1

Configuracion 2

En los materiales compuestos que incluyen particulas puede haber un aumento leve en la

rigidez, resistencia y tenacidad en algunos casos, pero estd muy lejos de lo que se puede

lograr en materiales compuestos con fibras. La principal ventaja de estos materiales radica
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en su menor costo y su capacidad para ofrecer una buena resistencia al desgaste mediante el

uso de un relleno duro (Ashby y Jones, 2009).

Segun Davila, se utilizan refuerzos particulados con el fin de preservar las propiedades
favorables en condiciones de altas temperaturas y durante largos periodos de tiempo. Estas
particulas también contribuyen a reducir la contraccién experimentada por los materiales
después del proceso de moldeo, al tiempo que pueden aumentar la dureza y mejorar la
resistencia a la compresion. Por otro lado, si las particulas son de naturaleza suave, es posible

mejorar la lubricidad y la resistencia al desgaste (Davila et al., 2011).

Por lo tanto, el ensayo de mapeo de dureza revela que el material con un mayor porcentaje
volumétrico de material particulado exhibe propiedades mecanicas superiores en términos
de resistencia a las rayaduras en comparacion con el material en la configuracion 1,
respaldando los hallazgos de estudios anteriores. Ademas, este ensayo permite inferir que el
material presenta una mejor resistencia a las fuerzas de compresién, tal como lo indica el

autor José Davila en su libro.
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CAPITULO V

5. CONCLUSIONES Y RECOMENDACIONES

5.1

CONCLUSIONES

Se aplicd el proceso de fundicidn continua en alto horno para asegurar la adhesién y
dispersion uniforme los de nanotubos de carbono de pared multiple (MWNTC’s) en
una matriz metélica. Los resultados obtenidos fueron satisfactorios y permitieron
moldear el material en los moldes para elaborar las probetas.

Para realizar el estudio de las propiedades mecéanicas de traccion y dureza, se
incorpor6 material particulado en la matriz metalica del material base. Se llevaron a
cabo ensayos destructivos utilizando las normas ASTM A48/48M para la traccion y
ASTM E3-95 para el mapeo de dureza. Estos ensayos permitieron validar los
resultados obtenidos y determinar las propiedades mecanicas presentes en el material
compuesto.

Se llevd a cabo el andlisis de microscopia electronica de barrido (SEM) para
examinar la microestructura de los cristales formados en el material compuesto de
matriz metalica. Los resultados revelaron que el material estaba compuesto por un
4% de grafito y un 97% de ferrita o hierro alfa. Esto indica que el proceso de
fundicion no se produjo a nivel atémico, sino que las particulas actuaron como
refuerzo en la interfaz del material metalico.

Se determind la composicion quimica del material mediante el analisis de
espectrometria de chispa utilizando el espectrometro de chispa marca BRUKER
modelo Q4TASMAN. Los resultados indicaron que la composicion del material
consistia en un 92,4% de hierro, un 3,6% de carbono, un 2% de silicio, y otros
metales en una proporcién menor al 2%. Estos resultados corroboraron que el
material base era un hierro gris ASTM A48 clase 20, segin la norma ASTM
A48/48M.

Se comparo los resultados de los ensayos y analisis, obteniendo asi en el ensayo a
traccion que el material compuesto que presento mejores propiedades mecanicas fue
el conformado por matriz metalica de hierro gris ASTM A48 clase 20 y material
particulado de MWNTC’s con la configuracion de 99,5 % matriz - 0,5 % refuerzo,

en la cual la resistencia maxima a la traccion obtenida fue de 137,8 MPa en promedio
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y soportando una fuerza maxima a traccion de 18 205 N (4 093 Ibf) en una de sus

probetas.

RECOMENDACIONES Y TRABAJOS FUTUROS

Se sugiere agitar vigorosamente el cubilote que contiene la fundicidn de hierro gris
estratificado con nanoparticulas utilizando una barra de acero para garantizar la
uniformidad. Después, se debe colocar el material en el molde utilizando el equipo
de seguridad adecuado, ya que el material se encuentra a alta temperatura y puede
causar quemaduras graves en la piel.

Se sugiere realizar ensayos de compresion en el material para evaluar las propiedades
mecanicas de ambas configuraciones bajo fuerzas de compresion. Esto se debe a que
investigaciones previas han demostrado que las fundiciones grises son notablemente
resistentes a las fuerzas de compresion, pero pueden ser mas fragiles cuando se
someten a fuerzas de traccion. Por lo tanto, someter el material a ensayos especificos
permitird comprender mejor su comportamiento y determinar su capacidad para
soportar diferentes tipos de cargas mecanicas.

Es recomendable llevar a cabo pruebas no destructivas para evaluar la conductividad
eléctrica, la resistencia a las vibraciones y la resistencia a la corrosion. Esto se debe
a que la incorporacién de MWNTC's en el material de matriz de hierro gris con
material particulado puede resultar en mejoras significativas en estas propiedades.
Se puede aplicar un tratamiento térmico para mejorar las propiedades mecéanicas del
material ya que, mediante este proceso es posible lograr una mejora en la
microestructura del material, favoreciendo la formacién de granos mas finos. Estos
granos mas pequerfios y uniformes pueden fortalecer la estructura del material, lo que
lo hace mas resistente tanto a fuerzas de traccion como de compresion.

Es recomendable utilizar pulvimetalurgia para fusionar los compuestos de una forma
mas compacta y obtener un mejor grano que favorezca a las propiedades mecanicas
del material compuesto ya que esto permite que se compacten bien las zonas de la
intercara de los MWNTC’s y permita que las cargas se transfieran de manera
uniforme por todo el material.

Se recomienda utilizar correctamente las normativas experimentales para obtener

resultados mas fiables y garantizar la calidad de la investigacion ya que al seguir
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rigurosamente los protocolos y estandares establecidos, se minimizan los errores y

se aumenta la precision de los datos obtenidos.
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Norma ASTM A48/A48M para ensayos de traccion de fundicion gris

(\egI») Designation: A48/A48M - 03 (Reapproved 2016)

ull

INTERNATIONAL

Standard Specification for
Gray Iron Castings'

This standard is issued under the fixed designation A48/A48M; the number immediately following the designation indicates the year
of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of lastreapproval.
A superscript epsilon (g) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

This specification replaces Federal Specification QQ-I-652.

1. Scope

1.1 This specification covers gray iron castings intended for
general engineering use where tensile strength is a major
consideration. Castings are classified on the basis of the tensile
strength of the iron in separately cast test bars.

1.1.1 This specification subordinates chemical composition
to tensile strength.

1.2 Castings produced to this specification are graded on the
basis of minimum tensile strength obtained in special test
coupons designed to standardize cooling rate. The tensile

mw&gﬂvﬂm(%&%ﬁ%.ﬁs&ng sections may vary from

1.3 The values stated in either SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

2. Referenced Documents

2.1 ASTM Standards:
A644 Terminology Relating to Iron Castings
E8 Test Methods for Tension Testing of Metallic Materials

2.2 Military Standard:
MIL-STD-129 Marking for Shipment and Storage®

2.3 Federal Standard:
Federal Standard No. 123 Marking for Shipment (Civil
Agencies)?

3. Terminology
3.1 Definitions:

! This specification is under the jurisdiction of ASTM Committee A04 on Iron
Castings and is the direct responsibility of Subcommittee A04.01 on Grey and White
Iron Castings.

Current edition approved Nov. 1, 2016. Published November 2016. Originally
approved in 1905. Last previous edition approved in 2012 as A48/
A48M - 03 (2012). DOI: 10.1520/A0048_A0048M-03R 16.

2 Available from Standardization Documents Order Desk, DODSSP, Bldg. 4,
Section D, 700 Robbins Ave. Philadelphia, PA 19111-5098, http:/

www.dodssp.daps.mil.

3.1.1 Definitions for many terms common to gray iron
castings are found in Terminology A644.

4. Classification

4.1 Castings ordered and produced in accordance with this
specification are classified into a number of grades based on the
properties of separately cast test bars (Tables 1 and 2). Each
class is designated by a number followed by a letter The
number indicates the minimum tensile strength of the sepa-
rately cast test bar, and the letter indicates the size of the test
bar. Examples of proper designations are as follows:

Eray fron Eastings; ASTM Specification A48, Elass 108
5. Ordering Information

5.1 Orders for material to this specification shall include the
following information:

5.1.1 ASTM designation number and year of issue,

5.1.2 Class of iron required (see 4.1, and Tables 1 and 2),

5.1.3 The size of the separately cast test bar (letter
classification—A, B, C, or S) that best represents the thickness
of the controlling section of the casting (see Table 3),

5.1.4 The tension test specimen (B or C) to be machined
from test bar C (see 13.3, Table 4, and Fig. 1),

5.1.5 The tension test specimen to be machined from test
bar S (see 13.4, Table 4, and Fig. 1),

5.1.6 Lot size (see Section 10),

5.1.7 Special requirements (see Section 6),

5.1.8 Saving tested specimens or unbroken test bars (see
15.1), and

5.1.9 Special preparation for delivery (see Section 19).

6. Special Requirements

6.1 When agreed upon in writing between the manufacturer
and the purchaser, it may be necessary for the castings to meet
special requirements as to hardness, chemical composition,
microstructure, pressure tightness, radiographic soundness,
dimensions, surface finish, and so forth.

7. Tensile Requirements

7.1 Test bars representing castings conforming to this speci-
fication shall meet the requirements for tensile strength as

described in Tables 1 and 2.
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TABLE 1 Requirements for Tensile Strength of Gray CastIrons in
Separately Cast Test Bars (Inch-Pound)

TABLE 2 Requirements for Tensile Strength of Gray CastIrons in
Separately Cast Test Bars (Metric)

Class Tensile Strength, Nominal Test Bar Class Tensile Strength, Nominal Test Bar
min, ksi Diameter, in. min, ksi [MPa] Diameter, in. [mm]
No.20A 20 0.8 No. 150A 150 20t0 22
No.20 B 12 No. 150B 30
No.20C 2.0 No. 150C 50
No.20 S Bars S§# No. 1508 Bars §#
No.25A 25 0.88 No. 175A 175 20to 22
No.25B 12 No. 175B 30
No.25C 2.0 No. 175C 50
No.25 S Bars SA No. 1758 Bars S4
No.30A 30 0.88 No. 200A 200 20to 22
No. 30 B 1.2 No. 2008 30
No. 30 C 20 No. 200C 50
No. 30 S Bars §4 No. 2008 Bars §*
No.35A 35 0.88 No. 225A 225 20 to 22
No.35B 12 No. 2258 30
No.35C 2.0 No. 225C 50
No.35 S Bars §* No. 2258 Bars §*
No.40A 40 0.88 No. 250A 250 20t0 22
No. 40 B 12 No. 2508 30
No.40C 2.0 No. 250C 50
No. 40 S Bars §* No. 2508 Bars §*
No.45A 45 0.88 No. 275A 275 20 to 22
No. 45 B 12 No. 2758 30
No.45C 2.0 No. 275C 50
No. 45 S Bars S No. 2758 Bars 8"
No.50A 50 0.88 No. 300A 300 20to 22
No. 50 B 1.2 No. 3008 30
No.50C 2.0 No. 300C 50
No.50 S Bars S* No. 3008 Bars §*
No.55A 55 0.88 No. 325A 325 20to 22
No. 55 B 12 No. 3258 30
No.55C 2.0 No. 325C 50
No. 55 S Bars §# No. 3258 Bars §*
No.60A 60 0.88 No. 350A 350 20to 22
No. 60 B 1.2 No. 3508 30
No.60C 2.0 No. 350C 50
No. 60 S Bars S* No. 3508 Bars S*
ARl ;
aﬁl::::rzsanss;f testbar S shall be as agreed upon between the manufacturer No. 375A 375 20 t0 22
. No. 3758 30
No. 375C 50
A
No. 3758 Bars S
No. 400A 400 20to 22
8. Dimensional Requirements No. 4008 30
2 . . No. 400C 50
8.1 The castings shall conform to the dimensions or draw- No. 4008 Bars S*

ings furnished by the purchaser, or, if there are no drawings, to
the dimensions predicted by the pattern equipment supplied by
the purchaser.

9. Workmanship and Finish

9.1 The surface of the casting shall be free of adhering sand,
scale, cracks, and hot tears, as determined by visual examina-
tion.

9.2 No repairing by plugging or welding of any kind shall
be permitted unless written permission is granted by the

purchaser.
10. Sampling

10.1 A lot shall consist of one of the following:

101

A All dimensions of test bar S shall be as agreed upon between the manufacturer

and the purchaser.

10.1.1 All the metal poured from a single heating in a batch
type melting furnace.

10.1.2 All the metal from two or more batch type melting
furnaces poured into a single ladle or a single casting.

10.1.3 All the metal poured from a continuous melting
furnace for a given period of time between changes in charge,
processing conditions, or aim-for chemistry or 4 h, whichever
is the shorter period.

10.1.3.1 The purchaser may agree to extend the 4-h time
period to 8 h if the manufacturer can demonstrate sufficient
process control to warrant such an extension.

CopyrightASTM Intemational

Provided by Iﬂs Markit under license with §TM L , User=M: Antonio

LaCrosse,
Not for Resale, 05/02/2018 16:01:40 MDT

from IHS



Ay Ass/assm - 03 (2016)

TABLE 3 Separately Cast Test Bars for Use When a Specific
Correlation Has Not Been Established Between the Test Bar and
the Casting

Thickness of the Wall of the Controlling
Section of the Casting, in. [mm]
Under 0.25 [under 5]

0.25 to 0.50 [5 to 14]

0.51 to 1.00 [15 to 25]

1.01 to 2 [26 to 50]

Over 2 [over 50]

Test Bar

OOW>®n

11. Cast Test Bars

11.1 Test bars shall be separate castings poured from the
same lot as the castings they represent and shall have dimen-
sions as shown in Table 4. Allowance may be made for
reasonable pattern draft within the tolerances shown in Table 4.
Test bars A, B, and C are all standard test bars in the form of
simple cylinders. Test bar S is special and is intended for use
where the standard bars are not satisfactory.

11.2 The test bars shall be cast in dried, baked, or chemi-
cally bonded molds made mainly of an aggregate of siliceous
sand with appropriate binders. The average grain size of the
sand shall approximate that of the sand in which the castings
are poured. Molds for the test bars shall be approximately at
room temperature when poured. More than one test bar may be
cast in a single mold, but each bar in the mold shall be
surrounded by a thickness of sand which is not less than the
diameter of the bar. A suitable design for a mold is shown in
Fig. 2.

Nore 1—The intent of these provisions is as follows: to prohibit the
casting of test bars in molds of metal, graphite, zircon, light-weight
aggregates, or other materials which would significantly affect the tensile
strength of the iron; to prohibit control of tensile strength of the test bars
by manipulation of the grain size of the sand; and to prohibit the casting
of test bars in molds preheated substantially above room temperature.

11.3 Testbars that are intended to represent castings that are
cooled in the mold to less than 900°F [480°C], before
shakeout, shall be cooled in their molds to a temperature less
than 900°F [480°C]. They then may be cooled in still air to
room temperature.

11.4 Testbars thatare intended to represent castings that are
hotter than 900°F [480°C], when shaken out of their molds,
shall be cooled as described in 11.3 or (by agreement between
the manufacturer and the purchaser) may be shaken out of their
molds at approximately the same temperature as the castings
they represent.

11.5: When castings are stress-relieved, annealed, or other-
wise h'leax-treatcd, test bars shall receive the same thermal
treatment and shall be treated adjacent to the castings they
represent.

12. Number of Tests and Retests
Teégl\}lemoedtgks}on test shall be conducted in accordance with

12.2 One tension test shall be performed on each lot and
shall conform to the tensile requirements specified.

CopyrightAS TM Interational
Provided by IHS Markit under license with ASTM
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12.3 If the results of a valid test fail to conform to the
requirements of this specification, two retests shall be made. If
either retest fails to meet the specification requirements, the
castings represented by these test specimens shall be rejected.
A valid test is one wherein the specimen has been properly
prepared and appears to be sound and on which the approved
test procedure has been followed.

12.4 If sufficient separately cast test pieces are not available,
the manufacturer shall have the option of removing a test
specimen from a location of re; re%entative casting, as agreed
ugon between the manufacturer and purchaser.

12.5 If the first test results indicate that a heat treatment is
needed to meet the test requirements, the entire lot of castings
and the representative test specimens shall be heat treated
together. Testing shall proceed in accordance with 12.1 —12.3.

12.6 If, after testing, a test specimen shows evidence of a
defect, the results of the test may be invalidated and another
made on a specimen from the same lot.

13. Tension Test Specimens

13.1 For test Bar A, the tension-test specimen A, as shown
in Fig. 1, shall be machined concentric with the axis of the test
bar.

13.2 For test Bar B, the tension test specimen B, as shown
in Fig. 1, shall be machined concentric with the axis of the test
bar.

13.3 For test Bar C, tension test specimens B or C, as shown
in Fig. 1, shall be machined concentric with the axis of the test
bar. Unless the size of the tension test specimen to be machined
from test bar C is specified in writing by the purchaser, the
decision whether to use tension test specimen B or C shall be
made by the manufacturer of the castings.

13.4 For test bar S, the nature and dimensions of the tension
test specimen shall be determined by agreement between the
manufacturer and purchaser.

14. Tension Test

14.1 Tension test specimens shall fit the holders of the
testing machine in such a way that the load shall be axial.

14.2 The elapsed time from the beginning of loading in the
tension test to the instant of fracture shall be not less than 15 s
for test specimen A and not less than 20 s for specimens B and
C.

15. Inspection

15.1 Unless otherwise specified in the contract or purchase
order, the manufacturer shall be responsible for carrying out all
the tests and inspections required by this specification, using
his own or other reliable facilities, and he shall maintain
complete records of all such tests and inspections. Such records
shall be available for review by the purchaser.

15.1.1 When agreed upon between the manufacturer and
purchaser, tested specimens or unbroken test bars from the
same lot shall be saved for a period of three months after the
date of the test report.

3
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TABLE 4 Diameters and Lengths of Cast Test Bars

CopyrightASTM Intemational
Provided by IHS Markit under license with ASTM

As-Cast Diameter, in. [mm] Length, in. [mm]
TestBar Nominal ;s ; Minimum Maximum
(Mid-Length) Minimum (Bottom) Maximum (Top) (Specified) (Recommended)
A 0.88 [22.4] 0.85 [21.6] 0.96 [24.4] 5.0 [125] 6.0 [150]
B 1.20 [30.5] 1.14 [29.0] 1.32 [33.5] 6.0 [150] 9.0 [230]
cA 2.00 [50.8] 1.90 [48.3] 2.10 [53.3] 7.0 [175] 10.0 [255]
A All dimensions of test bar S shall be as agreed upon by the manufacturer and the purchaser.
L
le—B e E oA E |*—B—ef
S s s o i - a—
Dimensions, in. [mm] Tension Test Tension Test Tension Test
O Specimen A Specimen B Specimen C
G—Length of parallel, min 0.50 [13] 0.75 [19] 1.25 [32]
D—Diameter 0.500 + 0.010 0.750 + 0.015 1.25 + 0.025
[13 £ 0.25] [20+0.4] [30 £ 0.6]
R—Radius of fillet, min 1[25] 1 [25] 2 [50]
A—Length of reduced section, min 1v4 [32] 1Y [38] 2v4 [57]
L—Over-all length, min 3% [95] 4 [100] 6% [160]
C—Diameter of end section, approx /s [20] 1% [20] 174 [47]
E—Length of shoulder, min 4 [6] a [6] 546 (8]
F—Diameter of shoulder S You %16 + Yoa 176 + Vea
[16 + 0.4] [24 + 0.4] [36 + 0.4]
B—Length of end section 4 4 A

A Optional to fit holders on testing machine. If threaded, root diameter shall not be less than dimension F.

FIG. 1 Tension-Test Specimens

15.2 The purchaser reserves the right to perform any of the
inspections set forth in the specification where such inspections
are deemed necessary to ensure that supplies and services
conform to the prescribed requirements.

16. Rejection and Resubmission

16.1 Any castings or lot of castings failing to comply with
the requirements of this specification may, where possible, be
reprocessed, retested, and reinspected. If the tests and inspec-
tions on the reprocessed casting(s) show compliance with this
specification, the castings shall be acceptable; if they do not,
they shall be rejected.

16.2 If the purchaser should find that a casting or lot of
castings fails to comply with this specification subsequent to

receipt at his facility, he shall so notify the manufacturer

from IHS

promptly and in no case later than six weeks after receipt of the
shipment, stating clearly the basis for rejection.

17. Certification

17.1 When specified by the purchaser’s order or contract, a
manufacturer’s certification or compliance statement that the
casting or lot of castings was made, sampled, tested, and
inspected in accordance with this specification, including a
report of test results shall be furnished at the time of shipment,
and such certification or compliance statement shall be the
basis for acceptance of the casting or lot of castings.

17.2 A signature is not required on the certification or test
report. However, the document shall clearly identify the
organization submitting the certification and the authorized

agent of the manufacturer who certified the test results.

4
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Required Features:

1. Material—Aggregate of dry siliceous sand.
2. Position—Bars vertical.

3. L—See Table 4.

4. D—See Table 4.

5. W—Not less than diameter D.

Optional Features:

. Number of test bars in a single mold—Two suggested.
Design of pouring cup.

. P—2in. [50 mm], suggested.

. N—%e in. [8 mm] in diameter, suggested.

M =15 N, suggested.

GRON S

FIG.2 Suitable Design and Dimensions for Mold for Separately Cast Cylindrical Test Bars for Gray Iron

Notwithstanding the absence of a si , the organization
su%mlttmg?ﬂe rtification is respon%{l)altelllfgr its cofttent.

18. Product Marking

18.1 When the size of the casting pemmits, each casting shall
bear the identifying mark of the manufacturer and the part or
pattern number at a location shown on the covering drawing or,
if not shown on the drawing, at a location at the discretion of
the producer.

19. Preparation for Delivery

19.1 Unless otherwise stated in the contract or order, the
cleaning, preservation and packing of castings for shipment

shall be i d ith ¢ facturer’ ial
e, BT e i g "Shal o b admaume o

identify the contents and to ensure acceptance and safe delivery
by the carrier for the mode of transportation employed.

19.2 U.S. Government Procurement—When specified in the
contract or purchase order, marking for shipment shall be in
accordance with the requirements of Fed. Std. No. 123 for civil
agencies and MIL-STD-129 for military activities.

20. Keywords

20.1 gray iron castings

APPENDIX

(Nonmandatory Information)

X1. MECHANICAL PROPERTIES OF CASTINGS

X1.1 The mechanical properties of iron castings are influ-
enced by the cooling rate during and after solidification, by
chemical composition (particularly carbon equivalent), by the
design of the casting, by the design and nature of the mold, by
the location and effectiveness of gates and risers, and by certain
other factors.

X1.2 The cooling rate in the mold and, hence, the properties
developed in any particular section are influenced by the

presence of cores; chills and chaplets; changes in section
thickness; and the existence of bosses, projections, and

intersections, such as junctions of ribs and bosses. Because of

CopyrightASTMIntemational 5

the complexity of the interactions of these factors, no precise
quantitative relationship can be stated between the properties
of the iron in various locations of the same casting or between
the properties of a casting and those of a test specimen cast
from the same iron. When such a relationship is important and
must be known for a specification application, it may be
determined by appropriate experimentation.

X1.3 Gray iron castings in Classes 20, 25, 30 and 35 are

chamcterized by excellent machinability, high dampin
capacity, low modulus of elasticity, and comparative ease 0!

manufacture.

Antonio
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X1.3.1 Castings in Classes 40, 45, 50, 55, and 60 are usually ~ selected as to approximate the thickness of the main or
more difficult to machine, have lower damping capacity and a controlling section of the casting.
higher modulus of elasticity, and are more difficult to manu-
facture. X1.5 If iron castings are welded (see 9.2), the microstruc-
ture of the iron is usually altered, particularly in the vicinity of
the weldment. Therefore, the properties of the casting may be
adversely affected by welding. Where practical, appropriate
post weld heat treatment may reduce this effect of welding.

X1.4 When reliable information is unavailable on the rela-
tionship between properties in a casting and those in a
separately cast test specimen, and where experimentation
would be unfeasible, the size of the test casting should be so

ASTM International takes no position respecting the validiy of any patent rights asserted in connection with any item mentioned
in this standard. Users of this are exp ly advised that ination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the ibl i ittee and must be reviewed every five years and
if not revised, either reapp d or wit . Your are invited either for revision of this orfor
and should be to ASTM i Headquarters. Your will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If ycu feel that your comments have not received a fair hearing you should
make your views known to the ASTM C on , at the add shown below.

This is copyrig by ASTM i 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Indlwdual reprints (single or multiple copies) of this may be ined by g ASTM at the above
addmess or at 610-8329585 (phans) 6108329555 (fax), or senice@astm.org (e-mail); or fhraugh the ASTM website
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ANEXO I1

Norma ASTM E3-95 para preparacion de probetas para ensayos

metalUrgicos de dureza y composicion quimica

qH"’ Designation: E 3 — 95

Standard Practice for

An American National Standard

Preparation of Metallographic Specimens’

This standard is issued under the fixed designation E 3: the number immediately following the designation indicates the year of original
adoption or, in the case of revision, the year of last revision A number in parentheses indicates the year of last reapproval. A superscript
epsilon (€) indicates an editorial change since the last revision or reapproval.

i g
This has been app

d for use by

1. Scope

1.1 The primary objective of metallographic examinations
is to reveal the constituents and structure of metals and their
alloys by means of the light microscope. In special cases, the
objective of the examination may require the development of
less detail than in other cases but, under nearly all conditions,
the proper selection and preparation of the specimen is of
major importance. Because of the diversity in available equip-
ment and the wide variety of problems encountered, the
following text presents for the guidance of the metallographer
only those practices which experience has shown are generally
satisfactory; it cannot and does not describe the variations in
technique required to solve individual problems.

Note 1—For a more extensive description of various metallographic
techniques, refer to Samuels, L. E., Metallographic Polishing by Mechani-
cal Methods, American Society for Metals (ASM) Metals Park, OH, 3rd
Ed., 1982; Petzow, G., Metallographic Etching, ASM, 1978; and Vander-
Voort, G., Metallography: Principles and Practice, McGraw Hill, NY,
1984.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

E 7 Terminology Relating to Metallography?

E 45 Practice for Determining the Inclusion Content of
Steel®

E 340 Test Method for Macroetching Metals and Alloys”

E 407 Test Methods for Microetching Metals and Alloys”

E 1077 Test Method for Estimating the Depth of Decarbur-
ization of Steel Specimens®

E 1268 Practice for Assessing the Degree of Banding or
Orientation of Microstructures>

E 1558 Guide to Electrolytic Polishing of Metallographic
Specimens?

! This practice is under the jurisdiction of ASTM C E-4 on Metall
raphy and is the direct responsibility of Subcommittee E04.01 on Sampling,
Specimen Preparation, and Photography.

Current edition approved Jan. 15, 1995. Published March 1995. Originally
published as E3 —21 T. Last previous edition E 3 — 80 (1986).

* Ammual Book of ASTM Standards, Vol 03.01.

Copyright ® ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.

of the Department of Defense.

3. Significance and Use

3.1 Microstructures have a strong influence on the proper-
ties and successful application of metals and alloys. Determi-
nation and control of microstructure requires the use of
metallographic examination.

3.2 Many specifications contain a requirement regarding
microstructure; hence, a major use for metallographic exami-
nation is inspection to ensure that the requirement is met. Other
major uses for metallographic examination are in failure
analysis, and in research and development.

3.3 Proper choice of specimen location and orientation will
minimize the number of specimens required and simplify their
interpretation. It is easy to take too few specimens for study,
but it is seldom that too many are studied.

4. Selection of Metallographic Specimens

4.1 The selection of test specimens for metallographic
examination is extremely important because, if their interpre-
tation is to be of value, the specimens must be representative of
the material that is being studied. The intent or purpose of the
metallographic examination will usually dictate the location of
the specimens to be studied. With respect to purpose of study,
metallographic examination may be divided into three classi-
fications:

4.1.1 General Studies or Routine Work—Specimens from
locations that are most likely to reveal the maximum variations
within the material under study should be chosen. For example,
specimens should be taken from a casting in the zones wherein
maximum segregation might be expected to occur as well as
specimens from sections where segregation should be at a
minimum. In the examination of strip or wire, test specimens
should be taken from each end of the coils.

4.1.2 Study of Failures—Test specimens should be taken as
closely as possible to the fracture or to the initiation of the
failure. Before taking the metallographic specimens, study of
the fracture surface should be complete, or, at the very least,
the fracture surface should be documented. Specimens should
be taken in many cases from a sound area for a comparison of
structures and properties.

4.1.3 Research Studies—The nature of the study will dictate
specimen location, orientation, etc. Sampling will usually be
more extensive than in routine examinations.

4.2 Having established the location of the metallographic
samples to be studied, the type of section to be examined must
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be decided. For a casting, a section cut perpendicular to the
surface will show the variations in structure from the outside to
the interior of the casting. In hot-worked or cold-worked
metals, both transverse and longitudinal sections should be
studied. Special investigations may at times require specimens
with surfaces prepared parallel to the original surface of the
product. In the case of wire and small rounds, a longitudinal
section through the center of the specimen proves advanta-
geous when studied in conjunction with the transverse section.

4.3 Cross sections or transverse sections taken perpendicu-
lar to the main axis of the material are more suitable for
revealing the following information:

4.3.1 Variations in structure from center to surface,

4.3.2 Distribution of nonmetallic impurities across the sec-
tion,

4.3.3 Decarburization at the surface of a ferrous material
(see Test Method E 1077),

4.3.4 Depth of surface imperfections,

4.3.5 Depth of corrosion,

4.3.6 Thickness of protective coatings, and

4.3.7 Structure of protective coating.

4.4 Longitudinal sections taken parallel to the main axis of
the material are more suitable for revealing the following
information:

4.4.1 Inclusion content of steel (see Practice E 45),

4.4.2 Degree of plastic deformation, as shown by grain
distortion,

4.4.3 Presence or absence of banding in the structure (see
Practice E 1268), and

4.4.4 The quality attained with any heat treatment.

4.5 The locations of surfaces examined should always be
given in reporting results and in any illustrative micrographs. A
suitable method of indicating surface locations is shown in Fig.
L.

5. Size of Metallographic Specimens

5.1 The specimens to be polished for metallographic exami-
nation are generally not more than about 12 to 25 mm (0.5 to
1.0 in.) square, or approximately 12 to 25 mm in diameter if the
material is round. The height of the specimen should be no
greater than necessary for convenient handling during polish-
ing.

5.2 Itis not always possible to secure specimens having the
dimensions given in 5.1, when the material to be examined is
smaller than the ideal dimensions. For example, in the polish-
ing of wire, strip, and other small articles, it is necessary to
mount the specimens because of their size and shape.

5.2.1 Larger samples may be mounted or not, as the
available equipment dictates. However, the larger the speci-
men, the more difficult it is to prepare, especially by manual
methods.

5.2.2 Specimens that are too small to be handled readily
during polishing should be mounted to ensure a surface
satisfactory for microscopical study. There are, based on
technique used, three fundamental methods of mounting speci-
mens (see Sections 7-9).

6. Cutting of Metallographic Specimens
6.1 In cutting the metallographic specimen from the main

smyl:::; Suggested Designation
A Rolled surface
B Direction of rolling
€ Rolled edge
D Longitudinal (or lengthwise) section parallel to rolled sur-
face
E L dinal section perpendicular to rolled surface
F Transverse section
G Radial longitudinal section
H Tangential longitudinal section

FIG. 1 Method of Designating Location of Area Shown in
Photomicrograph.

body of the material, care must be exercised to minimize
altering the structure of the metal. Three common types of
sectioning are as follows:

6.1.1 Sawing, whether by hand or machine with lubrication,
is easy and fast, and relatively cool. It can be used on all
materials with hardnesses below approximately 35 HRC. It
does produce a rough surface containing extensive plastic flow
that must be removed in subsequent preparation.

6.1.2 An abrasive cut-off wheel will produce a smooth
surface often ready for fine grinding. This method of sectioning
is normally faster than sawing. The choice of cut-off wheel,
lubricant, cooling conditions, and the grade and hardness of
metal being cut will influence the quality of the cut. A poor
choice of cutting conditions can easily overheat the specimen,
producing an alteration of the microstructure. As a general rule,
soft materials are cut with a hard bond wheel and hard
materials with a soft bond wheel. Aluminum oxide abrasive
wheels are preferred for ferrous metals and silicon carbide
wheels are preferred for nonferrous alloys. Abrasive cut-off
wheels are essential for sectioning metals with hardnesses
above about 35 HRC. Extremely hard metallic materials and
ceramics may be more effectively cut using diamond-
impregnated cutting wheels. Manufacturer’s instructions
should be followed as to the choice of wheel and speeds.

6.1.3 Flame cutting completely alters the structure of the
metal at the flame cut edge. If flame cutting is necessary to
remove the specimen, it should be cut sufficiently large so that
it can be recut to the proper size by some other method that will
not substantially alter the structure. Exercise care to ensure that

107



ihEes

the region of interest is not altered by the heat of the cutting
flame.

6.2 Other methods of sectioning are permitted provided they
do not alter the microstructure at the plane of polishing. All
cutting operations produce some depth of damage, which will
have to be removed in subsequent preparation steps.

7. Cleanliness

7.1 Cleanliness (see Appendix X1.) during specimen prepa-
ration is essential. All greases and oils on the specimen should
be removed by some suitable organic solvent. Failure to clean
thoroughly can prevent cold mounting castable resins from
adhering to the specimen surface. Ultrasonic cleaning is
particularly effective in removing the last traces of residues on
a specimen surface.

7.2 Any coating metal that will interfere with the subse-
quent etching of the base metal should be removed before
polishing, if possible. If etching is required, when studying the
underlying steel in a galvanized specimen, the zinc coating
should be removed before mounting to prevent galvanic
effects. The coating can be removed by digestion in cold nitric
acid (HNOs, sp gr 1.42), in dilute sulfuric acid (H,SO,) or in
dilute hydrochloric acid (HCI). The HNO; method requires
care to prevent overheating, since large samples will generate
considerable heat. By placing the cleaning container in cold
water during the stripping of the zinc, attack on the underlying
steel will be minimized.

7.3 Oxidized or corroded surfaces may be cleaned as
described in Appendix X1.

8. Mounting of Specimens

8.1 There are many instances where it will be advantageous
to mount the specimens prior to grinding and polishing.
Mounting of the specimen is usually performed on small,
flimsy, or oddly shaped specimens, fractures, or in instances
where the specimen edges are to be examined.

8.2 Specimens may be either mechanically mounted,
mounted in plastic, or a combination of the two can be used to
provide optimum results.

8.3 Mechanical Mounting:

8.3.1 Strip and sheet specimens are frequently mounted by
binding or clamping several specimens into a pack held
together by two end pieces and two bolts. Clamp mounting
generally affords a means of rapid mounting with very good
edge retention.

8.3.2 The specimens should be tightly bound together to
prevent absorption and subsequent exudation of polishing
materials or etchants.

8.3.3 The use of filler sheets of a softer material alternated
with the specimen may be used in order to minimize the
seepage of polishing materials and etchants. Use of filler
material is especially advantageous if the specimens have a
high degree of surface irregularities.

8.3.4 Filler material must be chosen so as not to react
electrolytically with the specimen during etching. Thin pieces
of plastic, lead, or copper are typical materials that are used.
Copper is especially good for steel specimens since the usual
etchants for steels will not attack the copper.

8.3.5 Alternatively, the specimens may be coated with a

layer of phenolic or epoxy resin before being placed in the
clamp in order to minimize the absorption of polishing
materials or etchants.

8.3.6 The clamp material should be similar in composition
to the specimen to avoid galvanic effects that would inhibit
etching. The specimen will not etch if the clamp material is
more readily attacked by the etchant.

8.3.7 The clamp should preferably be of similar hardness as
the specimens to minimize the rounding of the edges of the
specimens during grinding and polishing.

8.3.8 Exercise care in clamping the specimen. Excessive
clamping pressure may damage soft specimens; however, good
sealing is required to prevent absorption of polishing materials
or etchants.

8.4 Plastic Mounting:

8.4.1 Specimens may be embedded in plastic to protect
them from damage and to provide a uniform format for both
manual and automatic preparation. This is the most common
method for mounting metallographic specimens. Mounting
plastics may be divided into two classes—compression mount-
ing and castable.

8.4.2 When mounting specimens in plastic, exercise care in
order to avoid rounding of specimen edges during the grinding
operation. There are several methods available that prevent
rounding. The specimens may be surrounded by hard shot,
small rivets, rings, etc., of approximately the same hardness or,
when using casting resin, a slurry of resin and alumina may be
poured around the specimen to prevent rounding. The speci-
mens may also be plated before mounting (see Section 9).

8.4.3 Compression Mounting—Thermosetting plastics re-
quire the use of a mounting press providing heat (up to
approximately 160°C) and pressure (up to approximately 30
MPa). The finished mounts can be ejected hot but the best
results are obtained when the finished mount is cooled under
pressure. There are three types of thermosetting compression
mounting plastics used predominantly in the metallographic
laboratory. Regardless of the resin used to compression mount
specimens, the best results are obtained when (/) the speci-
mens are clean and dry, and (2) the cured mount is cooled
under full pressure to below 30°C before ejection from the
press.

8.4.3.1 Wood-filled bakelite resins cure in 5 to 10 min, are
relatively inexpensive, can be obtained in several colors, and
are opaque. These resins have a tendency to pull away from the
specimen leaving a crevice, which will trap liquids that later
can smear, stain, and obscure a portion of the specimen.

8.4.3.2 Diallyl phthalate resins are less likely to shrink and
are more resistance to attack by etchants. They are more
expensive than the phenolic resins with about the same
hardness.

8.4.3.3 Filled dry epoxy resins provide minimal shrinkage.
Commercial resins intended for metallography are usually
filled with hard material, minimizing edge rounding during
preparation. These resins are the most expensive of the three
types of thermosetting plastics. Cost can be reduced by first
adding a layer of filled epoxy resin and filling up the remainder
of the press cavity with phenolic resin.

8.4.3.4 Resins are used in a similar fashion. Because of the
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adhesive characteristics of the resins, a mold release agent
should be applied to the surface of the mold. Do not apply the
release agent to the specimen. The specimen is placed in a
heated mold face down (the surface to be ground). The
appropriate amount of resin is poured over the specimen, the
mold is closed, and pressure is applied. The pressure is released
at the end of the cure, the mold opened, and the finished mount
ejected. As noted in 8.4.3, shrinkage can be minimized by
cooling to room temperature under pressure. Modern auto-
mated mounting presses can apply pressure and heat, time the
cure, and cool the mount under pressure.

8.4.3.5 Acrylic thermosetting resins produce transparent
mounts. They require cooling under pressure. Heat and pres-
sure must be carefully applied to avoid formation of “cotton
ball” defects in the center of the mount.

8.4.4 Castable Plastics—Castable resins are used at room
temperature. Some may require an external heat source or
applied pressure in order to cure. These resins consist of two or
more components which must be mixed just prior to use. There
are three kinds of castable plastics in common use:

8.4.4.1 Acrylic resins consist of a powder and liquid, and
cure rapidly (from 8 to 15 min) to a moderate hardness. These
resins exhibit low abrasion resistance and a tendency to pull
away from the specimen. They also tend to give off an
unpleasant odor and enough heat during curing to alter the
microstructure of some as-quenched steels.

8.4.4.2 Polyesters consist of two liquids, and cure to form
water-clear mounts with little heat evolution, low shrinkage,
and low hardness. The cure takes 1 to 3 h and the mixing ratio
is critical. They are more expensive than the acrylic resins.

8.4.4.3 Epoxy resins have the best properties concerning
transparency, heat generation, shrinkage, adhesion to the speci-
men, and hardness of the three castable resins. They are
expensive. Cure times vary broadly, from 1 to 1% h for some
formulations to 4 to 8 h for others. Some formulations require
cooling and others heating.

8.4.4.4 The molds for castable plastics are simple cups that
hold the resin until it cures. They may be reusable or not; the
choice is a matter of convenience and cost. Handling castable
resins requires care. They all can cause dermatitis. Manufac-
turers’ recommendations for mixing and curing must be
followed to obtain best results.

8.5 Mounting Porous Specimen:

8.5.1 Porous or infricate specimens may be vacuum impreg-
nated in order to fill voids, prevent contamination and seepage,
and prevent loss of friable or loose components. Impregnation
is accomplished by placing the specimen in a mold into a
vacuum chamber fitted with a funnel and a stopcock, or a
similar commercially available evacuation device, so that the
resin can be poured into the mold from outside. A low-viscosity
resin will produce the best results but ordinary metallographic
resins will work well. The vacuum chamber is then evacuated.
The pressure in the chamber must remain above the critical
vapor pressure of the hardener to avoid evaporating away the
hardener. After the pressure has equilibrated, the resin is
introduced into the mold and the vacuum is released and air
admitted to the chamber. Atmospheric pressure will force the
resin into fine pores, cracks, and holes. Very porous specimens

may be turned using a wooden applicator after opening to the
atmosphere to ensure the impregnation of the face-down side.
The surface to be polished must be returned to the down-side
position before the resin starts to set.

8.5.2 If a low-viscosity resin is used, the funnel and stop-
cock may be eliminated. The resin is placed in the cup prior to
evacuation. The air in the specimen will bubble out through the
resin. Exercise care to ensure the hardening agent is not
evaporated during evacuation. Again, tumn the specimen over to
ensure impregnation of the bottom side. Remember to turn the
specimen back over again before the resin starts to set.

8.5.3 Vacuum impregnation is an effective method for
ensuring optimal results for metallographic mounts. It is
imperative that porous specimens be completely dry prior to
impregnation.

8.5.4 A more rapid technique but less effective method is to
lacquer the specimens with one of the formulations used by the
canning industry to line food containers. The formulations are
highly penetrating and the cure is a short time at low
temperatures. After lacquering, the specimens are mounted in
the usual fashion.

9. Plating of Specimens

9.1 Specimens such as fractures or those where it is neces-
sary to examine the edges, are often plated to obtain good edge
retention. Plating can be done electrolytically or with electro-
less solutions. These specimens are invariably mounted prior to
the grinding and polishing procedures.

9.2 Chromium, copper, iron, nickel, gold, silver, and zinc
may be electrolytically deposited although copper and nickel
are predominantly used in metallographic laboratories.

9.3 Thoroughly clean the specimen surface prior to plating
so as to ensure good adhesion of the plating. Avoid industrial
cleaning treatments that are too harsh and may cause damage
to the specimen surface. Milder cleaning treatments that
involve detergents, solvents, mild alkaline, or acidic solutions
are recommended.

9.4 Ferrous metals are commonly plated electrolytically
with nickel or copper. A flash coat in a copper or electroless
nickel bath can be first applied for specimens that are difficult
to electroplate.

9.5 Nonferrous metals may be plated with silver and the
precious metals may be plated with nickel, gold, or silver.

9.6 The plating material should be softer, but not much
softer, than the specimen in order to avoid differential polishing
that may mask the specimen edge. The plating material should
not react electrolytically with the base metal of the specimen
during plating, polishing, or etching.

9.7 Electroless plating is preferred to electrolytic plating for
specimens with rough, porous, or irregular surfaces, because
the electroless solution provides better surface coverage and
penetration.

9.8 Active metals such as zinc and aluminum are difficult to
plate. Sometimes a flash cyanide copper plate can be deposited,
which then can be followed by normal plating from a sulfate
bath. Evaporated coatings of copper, gold, or chromium may
also be used as starter coatings.
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10. Grinding and Polishing

10.1 General—Many metals and alloys can be prepared
using a similar sequence of grinding and polishing. Hard alloys
may require greater pressure than soft alloys. The major
differences, though, will be in the final polishing. Some metals
and alloys will require specific combinations of abrasive and
support material, but a surprising number can be handled by
the same procedure. Some composite materials, however,
require lapping as a critical step when traditional approaches
are not satisfactory. Supplies and instructions for grinding,
lapping, and polishing are readily obtainable from laboratory
supply houses.

10.2 Grinding—Grinding consists of two stages—rough
and fine.

10.2.1 Rough Grinding—Rough grinding (180 grit and
coarser) is used to accomplish the following:

10.2.1.1 Flatten an irregular or damaged cut surface,

10.2.1.2 Remove scale and other surface conditions prior to
mounting,

10.2.1.3 Remove substantial amounts of specimen material
to reach a desired plane for polishing,

10.2.1.4 Remove plastic mounting flash, level the mount
surface, and bevel mount edges before fine grinding, and

10.2.1.5 Rough grinding may be performed on belts or
rotating wheels. In some methods 45 or 30-um diamond
abrasives are used on hard platens.

10.2.2 Fine Grinding—In fine grinding, the specimen is
ground on successively finer abrasive papers using water to
wash away grinding debris and to act as a lubricant. The
specimen should be cleaned between successive papers to
prevent carryover of coarser abrasive.

10.2.2.1 Grinding can be done in a number of ways, ranging
from rubbing the specimen on a stationary piece of abrasive
paper to the use of automatic devices. The choice of method
depends on the number of specimens to be done, financial
considerations, and requirements such as flatmess, uniformity,
and so forth. Grinding on abrasive-coated rotating disks using
hand-held specimens is the traditional method. Mechanical
devices to hold the specimen against abrasive-covered rotating
disks are becoming increasingly common. Many of these
machines permit automated grinding, providing surfaces supe-
rior to hand-held specimens.

10.2.2.2 Grinding should start with the finest paper capable
of flattening the specimen and removing the effects of prior
operations, such as sectioning. The next paper should remove
the effects of the prior paper in a short time. A typical sequence
of papers might be 240, 320, 400, and 600-grit abrasive papers.
Depending on the smoothness of the specimen surface, some of
the coarser paper grades can be skipped.

90° between papers to determine when the prior set of
scratches have been removed. The specimen should also be
moved back and forth across the paper to prevent grooving of
the specimen. At the end of the grinding on each paper, the
surface of the specimen and its mount, if any, should be flat
with one set of unidirectional grinding scratches.

10.2.2.4 Most of the devices for automatic grinding move
the specimen around a rotating wheel covered with abrasive so

that the specimen follows an epicycloid path. In some devices,
the specimen rotates on its own axis as well. The scratch
pattern now consists of random arcs. Deciding when the
previous scratches have been removed is more difficult than
with directional grinding. The specimen surface should show
uniform scratches before proceeding to the next step. Cleaning
between stages may be necessary to prevent carryover of
abrasives and contamination of grinding surfaces. Manufactur-
er’s instructions will include suggested machine settings for
grinding various metals.

10.2.2.5 After all grinding is done, the specimen must be
cleaned thoroughly. Ultrasonic cleaning in a water-detergent
bath is recommended. In hand operations, the hands must be
washed also, exercising care to clean beneath fingernails.

10.3 Polishing—Polishing is usually distinguished from
grinding by the use of loose abrasive embedded in an appro-
priately lubricated supporting surface. The choice of abrasive,
lubricant, and polishing surface support is often specific to the
metal and the object of the investigation.

10.3.1 The use of graded diamond paste or suspensions as
the abrasive can reduce the number of combinations markedly.
Those supports most commonly used are non-napped cloths
such as nylon or nonwoven textiles available for metallo-
graphic purposes.

10.3.2 The final polish may be 1-pm diamond abrasive. For
high-resolution work, this diamond polish may be followed by
polishing on a short nap synthetic suede using an aqueous
suspension of 0.05-um gamma alumina or colloidal silica.
Other abrasives and supports often are required depending on
the particular task in hand. This step should be kept to the
shortest time possible to prevent edge rounding, pitting, or
other artifacts. Twenty to forty seconds should be sufficient if
the previous steps have been correctly performed.

10.3.3 Careful cleaning of the specimen between stages is
mandatory to prevent contamination by coarser abrasive.
Ultrasonic cleaning is recommended between each polishing
step.

10.3.4 The polishing operations may be conducted by hand
or by automatic methods.

10.3.4.1 Hand methods consist of holding the specimen by
hand against an abrasive-charged rotating wheel and moving
the specimen in an elliptical path around the wheel against the
direction of rotation of the wheel. The specimen should be held
firmly in contact with the wheel. Just how firm and just how
fast to go around the wheel is a matter of experience and
personal preference. In the preparation of advanced materials,
the operating parameters must be strictly controlled.

10.4 Automatic Grinding and Polishing:

10.4.1 Many styles of automatic specimen preparation ma-
chinery are available. The most common units can perform all
grinding and polishing steps. They use disk fixtures accommo-
dating multiple specimens; the specimens remain in the fixture
throughout the preparation. Major advantages in using auto-
matic grinding and polishing procedures are the consistent
quality of specimen preparation and the substantial decrease in
time required for preparing large number of specimens. Careful
attention to cleanliness and prevention of cross-contamination
from abrasives and residues between steps, particularly in
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polishing, is required. Ultrasonic cleaning is recommended.

10.4.2 An initial coarse-grinding step is required to make all
specimen surfaces co-planar and parallel to the fixture. This
step is usually used to remove damage to the specimens from
sectioning operations. Fine grinding uses either a graded
abrasive paper series or a single step with an intermediate (9 or
6 pm) diamond abrasive on a permanent, grooved wheel to
prepare the specimens for polishing. As an altemative, lapping
platens may be used to replace the finegrinding paper se-
quence. This approach offers the greatest benefits when very
hard or highly dissimilar materials must be prepared.

10.4.3 One polishing step will often suffice for examination
up to 100X, using a 3 or 1-pm diamond abrasive on napless
cloth. Two steps will suffice for almost all requirements, with
the second step using a finer diamond on a napless or low-nap
cloth. A third step with fine alumina or colloidal silica on a
low-nap cloth can be used for final polishing but relief
polishing will be encountered proportionate to the specimen
load and polishing time used.

11. Special Procedures

11.1 Occasionally, every metallographer is faced with the
preparation of unusual specimens or with special situations.
Anticipation of every possible situation is, of course, impos-
sible but some guidance can be offered. Common sense is
imperative.

11.1.1 Electrolytic polishing produces totally deformation-
free surfaces but works best on solid solution alloys. Once the
operating parameters are set, specimens can be prepared
quickly. See Guide E 1558.

11.1.2 Vibratory polishing produces excellent results on a
number of alloys. Although slow, a number of specimens can
be prepared simultaneously, resulting in a high through-put. It
is especially advantageous for soft materials.

11.2 Porous Specimens—Specimens with continuous or
open pores can be vacuum-impregnated with plastic or some
other liquid that will solidify. Specimens with closed pores are
mounted by a suitable method, ground through the fine
grinding stage, cleaned, and dried thoroughly. The surface is
then wiped with a liquid mounting compound, usually the same
material used to mount the specimen, to seal the pores. After
hardening, the last fine-grinding stage is repeated to remove the
excess material, and specimen preparation is continued as
usual. The choice of liquid for impregnation or sealing depends
on the nature of the sample. It should, of course, be inert
toward the specimen.

11.2.1 Impregnation can be accomplished by vacuum im-
pregnation (see 8.4.4.5 through 8.4.4.8) in the specimen.

11.3 Composite Materials—Composite materials, particu-
larly hard fibers in a soft matrix or wires in a soft insulation,
can be particularly difficult to prepare. The best approach is to
first seal or impregnate pores or holes. Then grind carefully,
using copious lubrication. The grinding surface must be kept
flat and firm. In the polishing stages, the substrate should have
no nap and should be fairly hard. Diamond abrasive is
recommended. Both will minimize rounding of the hard
components. Sometimes, a compromise will have to be made
between accepting a few defects (scratches) or rounded edges.
If automatic methods are available, high-polishing pressures

and high-nap substrates may provide an alternative method.

11.4 Coated Materials:

11.4.1 Coated metals, such as galvanized steel, electroplated
metal, enamel ware, and so forth, can be considered a variety
of composite materials. They present problems of their own,
such as flaking, chipping, and rounding. For example, some
coatings are so thin as to be unresolvable on simple cross
sections (tinplate). Other problems are the presence of a soft
coating on a harder substrate (galvanized steel) or a hard brittle
coating on a soft substrate (porcelain enamel on aluminum).

11.4.2 The problem of thin coatings can be handled by using
a taper mount. In this method, the specimen is mounted so that
the plane of polish is at a small angle to the plane of the
surface. For example, a tapered plug is inserted in the mounting
press with the taper up. A blank tapered mount is prepared.
Masking tape is wrapped around the circumference of the
mount to make a well on the tapered end. A small amount of
epoxy mounting compound is mixed. The specimen, cut to fit
inside the well, is wetted with the epoxy and laid on the face of
the tapered mount, coated side up. Using a probe, the specimen
is pressed down firmly onto the tapered face. The balance of
the epoxy compound is added and allowed to harden. The
mounted specimen is ground and polished on the epoxy face in
the conventional manner exercising care that the plane of
polish is perpendicular to the cylindrical axis of the mount.
This is easily done with most automatic grinding machines.

11.4.3 The problem of soft coatings can be solved by the use
of a suitable backup. A piece of spring steel is useful to hold the
backup in place, or the backup may be cemented to the
specimen. The cement can act as an insulation to minimize
galvanic effects. A particularly suitable backup is another piece
of the same material, with the coating sandwiched in. Another
solution is to add another coating, for example, electroplate.
However, this may introduce undesirable galvanic effects
during etching. Galvanic problems may arise also from the
interaction of the coating and its substrate.

11.4.4 Hard coatings on softer substrates can be mounted
with a backup piece or a hard-filled mounting compound.
Diamond abrasives on a napless cloth will minimize surface
relief during polishing.

11.5 Fragile specimens should be mounted in one of the
liquid cold mounting formulations. Vacuum impregnation will
ensure filling of holes and cavities (see section 8.4.4.5 ). Thin
walls can be reinforced by electroless nickel plating, which
will alleviate the rounding problem.

11.6 Likewise, friable specimens can be bound together by
impregnation with plastic or by electroless nickel plating, or
both. Further guidance can be found in texts on preparation of
mineralogical specimens.

12. Precision and Bias
12.1 Because use of this practice does not produce numeri-
cal results, no statement of precision or bias is possible.

13. Keywords

13.1 alloys; grinding; metallography; metals; mounting;
polishing; specimen preparation (metallographic)
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APPENDIX

(Nonmandatory Information)

X1. CLEANING SPECIMENS

X1.1 Metallographers frequently need to clean specimens.
In some instances, the adherent debris, oxidation, or corrosion
product must be collected for analysis, for example, by X-ray
diffraction. In other cases, the adherent matter is of no interest,
it merely needs to be removed. If the underlying surface is of
no interest, the surface can be shot blasted, wire brushed, or
ground. However, if the underlying surface is important, for
example, a fracture surface, then the cleaning operation must
do as little damage as possible. These different aims of the
cleaning operation must be kept in mind before formulating the
cleaning program.

X1.2 When the adherent material is to be analyzed, a
variety of procedures may be applied depending upon whether
or not the underlying surface can or cannot be damaged.

X1.2.1 In the case of debris or comrosion product on the
surface of a part, a stylus, scalpel, or other sharp object can be
used to scrape off or pry off enough material for analysis. This
will do some damage to the surface, but it will be localized.

X1.2.2 As an alternative, use cellulose acetate replicating
tape to remove surface debris by the extraction replica ap-
proach. A number of approaches have been developed and are
described in STP 5473 as well as in many textbooks on electron
microscopy. Generally, thick (0.127 mm or 0.005 in.) tape is
employed. One surface is moistened with acetone and then
pressed against the debris-coated surface. After it dries, strip
off the tape in the same way as you would remove adhesive
tape. The debris will adhere to the tape.

X1.3 When the surface is to be examined, but the adherent
debris will not be analyzed, there are several approaches that
can be used. Always try the simplest, safest methods first. For
example, use a blast of compressed air to remove any loosely
adherent material. A soft camel-hair brush or a soft toothbrush
may also be useful for removing loosely adherent matter.

X1.3.1 If the techniques in X1.3 do not suffice, try aqueous

* “Manual Electron Metallography Techniques,” 1973 Available from ASTM
Headquarters. Request STP 547.

solutions, organic solvents, or alcohol with an ultrasonic
cleaner. Aqueous solutions (8 g of Alconox per litre of warm
water) containing Alconox*, a detergent, have been found (1, 2)
to be effective. Follow the Alconox bath with washing under
running water, then dry. Organic solvents, such as acetone,
ethyl methyl ketone, toluene, xylene, or alcohol (ethanol is
preferable to methanol because of potential health problems
with the latter) are also very effective. Before choosing one of
these solutions, be sure that it will not adversely affect the
material being cleaned. Avoid use of chlorinated organic
solvents (such as trichlorethylene or carbon tetrachloride) due
to their carcinogenic nature. Repeated replication, as described
in X1.2.2, is an effective method for cleaning fractures (3, 4).

X1.3.2 When the procedures in X1.3 and X1.3.1 are unsuc-
cessful, more drastic methods are required. Electrolytic clean-
ing solutions (Table X1.1), have been found to be quite useful.
An inert material (stainless steel, graphite, or platinum, for
example) is used as an anode, while the specimen is the
cathode in the electrolytic cell. Some of these solutions can
generate dangerous fumes, hence they should be used under a
hood with care. Endox 214° has been found (1) to be useful for
cleaning heavily rusted steel fractures.

X1.3.3 Cathodic cleaning solutions or acid-inhibited baths
have also been employed to clean fractures (3, 5). However, as
the degree of corrosion or oxidation increases, fracture features
will be destroyed to a greater extent and cleaning, while it can
remove the surface deposits, cannot restore damaged fracture
features.

X1.3.4 A number of proprietary rust removal solutions have
been developed. These are premixed and used directly out of
the container. Two such products are described in Refs 6 and 7.

X1.3.5 Cleaning can also be accomplished by argon-ion
bombardment (6) or by use of a glow-discharge method (7, 8).
These methods require specialized equipment.

# Alconox is available from Alconox, Inc., New York, NY 10003. An equivalent
can be used.

® Endox 214 is available from Enthone, Inc., 350 Frontage Rd, West Haven, CT
06516. An equivalent can be used.
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TABLE X1.1 Cleaning Solutions for Use When Standard Methods Are Inadequate

113

6N HCl plus 2 g/L
Hexamethylene tetramine”

Immerse specimen in solution for 1 to 15 min. Good for steels. Cleaning action can be enhanced by
light brushing or by brief (5 s) periods in an ultrasonic cleaner.

3 mLHCI Use a fresh solution at room temperature. Use in an ultrasonic cleaner for about 30 s.

4 mL 2-Butyne-1, 4 diol inhibitor

50 mL water®

49 mL water Wash specimen in alcohol for 2 min in an ultrasonic cleaner before and after a 2-min ultrasonic
49 mL HCI cleaning period with the inhibited acid bath.

2 mL Rodine-50 inhibitor®

6 g sodium cyanide
6 g sodium sulphite
100 mL distilled water®="”

Electrolytic rust removal solution. Use under a hood with care. Use 100-mA/cm? current density for up
to 15 min.

10 g ammonium citrate
100 mL distilled water®

Use solution heated to 30°C (86°F).

70 mL orthophosphoric acid
32 g chromic acid
130 mL water”

Recommended for removing oxides from aluminum alloy fractures (some sources claim that only organic
solvents should be used).

Use electrolytically at 250-mA/cm? current density for 1 min with a Pt cathode to remove oxidation
products. Wash in an ultrasonic cleaner with the solution for 1 min. Repeat this cycle several times
if necessary. Use under a hood.

8 oz endox 214 powder
1000 mL cold water (add small amount
of Photo-Flo)"
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An American National Standard

Rockwell Hardness of Metallic Materials'*

This standard is issued under the fixed designation E18; the number immediately following the designation indicates the year of original
adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A superscript
epsilon (&) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the U.S. Department of Defense.

1. Scope*

1.1 These test methods cover the determination of the
Rockwell hardness and the Rockwell superficial hardness of
metallic materials by the Rockwell indentation hardness prin-
ciple. This standard provides the requirements for Rockwell
hardness machines and the procedures for performing Rock-
well hardness tests.

1.2 This standard includes additional requirements in an-
nexes:

Verification of Rockwell Hardness Testing Machines Annex A1

Rockwell Hardness Standardizing Machines Annex A2

Standardization of Rockwell Indenters Annex A3

Standardization of Rockwell Hardness Test Blocks Annex A4

Guidelines for Determining the Minimum Thickness of a Annex A5
Test Piece

Hardness Value Corrections When Testing on Convex Annex A6

Cylindrical Surfaces

1.3 This standard includes nonmandatory information in
appendixes which relates to the Rockwell hardness test.

List of ASTM Standards Giving Hardness Values Appendix X1
Corresponding

to Tensile Strength
Examples of Procedures for Determining Rockwell Appendix X2

Hardness Uncertainty

1.4 Units—At the time the Rockwell hardness test was
developed, the force levels were specified in units of
kilograms-force (kgf) and the indenter ball diameters were
specified in units of inches (in.). This standard specifies the
units of force and length in the International System of Units
(SI); that is, force in Newtons (N) and length in millimeters
(mm). However, because of the historical precedent and
continued common usage, force values in kgf units and ball
diameters in inch units are provided for information and much
of the discussion in this standard refers to these units.

1.5 The test principles, testing procedures, and verification
procedures are essentially identical for both the Rockwell and

! These test methods are under the jurisdiction of ASTM Committee E28 on
Mechanical Testing and are the direct responsibility of Subcommittee E28.06 on
Indentation Hardness Testing.

Current edition approved Feb. 1, 2015. Published March 2015. Originally
approved in 1932. Last previous edition approved in 2014 as E18 - 14a. DOL
10.1520/E0018-15.

*In this test method, the term Rockwell refers to an internationally recognized
type of indentation hardness test as defined in Section 3, and not to the hardness
testing equipment of a particular manufacturer.

Rockwell superficial hardness tests. The significant differences
between the two tests are that the test forces are smaller for the
Rockwell superficial test than for the Rockwell test. The same
type and size indenters may be used for either test, depending
on the scale being employed. Accordingly, throughout this
standard, the term Rockwell will imply both Rockwell and
Rockwell superficial unless stated otherwise.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:*

A370 Test Methods and Definitions for Mechanical Testing
of Steel Products

A623 Specification for Tin Mill Products, General Require-
ments

A623M Specification for Tin Mill Products, General Re-
quirements [Metric]

B19 Specification for Cartridge Brass Sheet, Strip, Plate,
Bar, and Disks

B36/B36M Specification for Brass Plate, Sheet, Strip, And
Rolled Bar

B96/B96M Specification for Copper-Silicon Alloy Plate,
Sheet, Strip, and Rolled Bar for General Purposes and
Pressure Vessels

B103/B103M Specification for Phosphor Bronze Plate,
Sheet, Strip, and Rolled Bar

B121/B121M Specification for Leaded Brass Plate, Sheet,
Strip, and Rolled Bar

B122/B122M Specification for Copper-Nickel-Tin Alloy,
Copper-Nickel-Zinc Alloy (Nickel Silver), and Copper-
Nickel Alloy Plate, Sheet, Strip, and Rolled Bar

B130 Specification for Commercial Bronze Strip for Bullet
Jackets

B134/B134M Specification for Brass Wire

* For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

*A Summary of Changes section appears at the end of this standard
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B152/B152M Specification for Copper Sheet, Strip, Plate,
and Rolled Bar

B370 Specification for Copper Sheet and Strip for Building
Construction

E29 Practice for Using Significant Digits in Test Data to
Determine Conformance with Specifications

E92 Test Method for Vickers Hardness of Metallic Materials
(Withdrawn 2010)*

E140 Hardness Conversion Tables for Metals Relationship
Among Brinell Hardness, Vickers Hardness, Rockwell
Hardness, Superficial Hardness, Knoop Hardness, Sclero-
scope Hardness, and Leeb Hardness

E384 Test Method for Knoop and Vickers Hardness of
Materials

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

2.2 American Bearings Manufacturer Association Stan-

dard:

ABMA 10-1989 Metal Balls®

2.3 ISO Standards:

ISO 6508-1 Metallic Materials—Rockwell Hardness Test—
Pagt 1: Test Method (scales A, B, C, D, E, E G, H, K, N,
T

ISO/IEC 17011 Conformity Assessment—General Require-
ments for Accreditation Bodies Accrediting Conformity
Assessment Bodies®

ISO/IEC 17025 General Requirements for the Competence
of Testing and Calibration Laboratories®

2.4 Society of Automotive Engineers (SAE) Standard:

SAE J4717 Hardness Tests and Hardness Number Conver-
sions

3. Terminology and Equations

3.1 Definitions:

3.1.1 calibration—determination of the values of the sig-
nificant parameters by comparison with values indicated by a
reference instrument or by a set of reference standards.

3.1.2 verification—checking or testing to assure confor-
mance with the specification.

3.1.3 standardization—to bring in conformance to a known
standard through verification or calibration.

3.1.4 Rockwell hardness test—an indentation hardness test
using a verified machine to force a diamond spheroconical
indenter or tungsten carbide (or steel) ball indenter, under
specified conditions, into the surface of the material under test,
and to measure the difference in depth of the indentation as the
force on the indenter is increased from a specified preliminary
test force to a specified total test force and then returned to the
preliminary test force.

“The last approved version of this historical standard is referenced on
www.astm.org.

S Available from American Bearing Manufacturers Association (ABMA), 2025
M Street, NW, Suite 800, Washington, DC 20036.

© Available from American National Standards Institute (ANSI), 25 W. 43rd St.,
4th Floor, New York, NY 10036, http://www.ansi.org.

7 Available from Society of Automotive Engineers (SAE), 400 Commonwealth
Dr., Warrendale, PA 15096-0001, http://www.sae.org.

3.1.5 Rockwell superficial hardness test—same as the Rock-
well hardness test except that smaller preliminary and total test
forces are used with a shorter depth scale.

3.1.6 Rockwell hardness number—a number derived from
the net increase in the depth of indentation as the force on an
indenter is increased from a specified preliminary test force to
a specified total test force and then returned to the preliminary
test force.

3.1.7 Rockwell hardness machine—a machine capable of
performing a Rockwell hardness test and/or a Rockwell super-
ficial hardness test and displaying the resulting Rockwell
hardness number.

3.1.7.1 Rockwell hardness testing machine—a Rockwell
hardness machine used for general testing purposes.

3.1.7.2 Rockwell hardness standardizing machine—a Rock-
well hardness machine used for the standardization of Rock-
well hardness indenters, and for the standardization of Rock-
well hardness test blocks. The standardizing machine differs
from a regular Rockwell hardness testing machine by having
tighter tolerances on certain parameters.

3.2 Equations:
3.2.1 The average H of a set of n hardness measurements
H,, H,, ..., H, is calculated as:
_  H,+H,+..+H,
H=s—— (1)
n
3.2.2 The error E in the performance of a Rockwell hard-
ness machine at each hardness level, relative to a standardized
scale, is determined as:

E=H- Hg, (2)
where:

H = average of n hardness measurements H,, H,, ..., H,
made on a standardized test block as part of a
performance verification, and

Hgrp = certified average hardness value of the standardized

test block.

3.2.3 The repeatability R in the performance of a Rockwell
hardness machine at each hardness level, under the particular
verification conditions, is estimated by the range of n hardness
measurements made on a standardized test block as part of a
performance verification, defined as:

R=iH—-H 3)

where:

H,,, = highest hardness value, and
min = lowest hardness value.

4. Significance and Use

4.1 The Rockwell hardness test is an empirical indentation
hardness test that can provide useful information about metallic
materials. This information may correlate to tensile strength,
wear resistance, ductility, and other physical characteristics of
metallic materials, and may be useful in quality control and
selection of materials.
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4.2 Rockwell hardness tests are considered satisfactory for
acceptance testing of commercial shipments, and have been
used extensively in industry for this purpose.

4.3 Rockwell hardness testing at a specific location on a part
may not represent the physical characteristics of the whole part
or end product.

4.4 Adherence to this standard test method provides trace-
ability to national Rockwell hardness standards except as stated
otherwise.

5. Principles of Test and Apparatus

5.1 Rockwell Hardness Test Principle—The general prin-
ciple of the Rockwell indentation hardness test is illustrated in
Fig. 1. The test is divided into three steps of force application
and removal.

Step 1—The indenter is brought into contact with the test
specimen, and the preliminary test force F, is applied. After
holding the preliminary test force for a specified dwell time,
the baseline depth of indentation is measured.

Step 2—The force on the indenter is increased at a
controlled rate by the additional test force F, to achieve the
total test force F. The total test force is held for a specified
dwell time.

Step 3—The additional test force is removed, returning to
the preliminary test force. After holding the preliminary test
force for a specified dwell time, the final depth of indentation
is measured. The Rockwell hardness value is derived from the
difference £ in the final and baseline indentation depths while
under the preliminary test force. The preliminary test force is
removed and the indenter is removed from the test specimen.

5.1.1 There are two general classifications of the Rockwell
test: the Rockwell hardness test and the Rockwell superficial
hardness test. The significant difference between the two test
classifications is in the test forces that are used. For the
Rockwell hardness test, the preliminary test force is 10 kgf (98
N) and the total test forces are 60 kgf (589 N), 100 kgf (981 N),
and 150 kgf (1471 N). For the Rockwell superficial hardness
test, the preliminary test force is 3 kgf (29 N) and the total test
forces are 15 kgf (147 N), 30 kgf (294 N), and 45 kgf (441 N).

5.1.2 Indenters for the Rockwell hardness test include a
diamond spheroconical indenter and tungsten carbide ball
indenters of specified diameters.

. Indenter
\ direction
\

A

Indenter
direction "

Baseline depth
measurement

material surface

£ NG
j=%
At ary Final depth
& ieitionee R s
=i Step 1 of additional s
‘G | Apply preliminary | test force Fy At preliminary
@ |test force Fg, and test force Fo
D | measure baseline i
O [indentation depth. Removal of additional
- test force Fy
2 Step 3:
Apply additional test see Remove additional test
force Fy to achieve | At total test force Fy, and measure
total test force £. foeos K final indentation depth.
Increasing Time —»
FIG. 1 Rockwell Hardness Test Method (Schematic Diagram)

w

5.1.2.1 Steel indenter balls may be used only for testing thin
sheet tin mill products specified in Specifications A623 and
A623M using the HR15T and HR30T scales with a diamond
spot anvil. Testing of this product may give significantly
differing results using a tungsten carbide ball as compared to
historical test data using a steel ball.

Nore 1—Previous editions of this standard have stated that the steel
ball was the standard type of Rockwell indenter ball. The tungsten carbide
ball is considered the standard type of Rockwell indenter ball. The use of
tungsten carbide balls provide an improvement to the Rockwell hardness
test because of the tendency of steel balls to flatten with use, which results
in an erroneously elevated hardness value. The user is cautioned that
Rockwell hardness tests comparing the use of steel and tungsten carbide
balls have been shown to give different results. For example, depending on
the material tested and its hardness level, Rockwell B scale tests using a
tungsten carbide ball indenter have given results approximately one
Rockwell point lower than when a steel ball indenter is used.

5.1.3 The Rockwell hardness scales are defined by the
combinations of indenter and test forces that may be used. The
standard Rockwell hardness scales and typical applications of
the scales are given in Tables 1 and 2. Rockwell hardness
values shall be determined and reported in accordance with one
of these standard scales.

5.2 Calculation of the Rockwell Hardness Number—During
a Rockwell test, the force on the indenter is increased from a
preliminary test force to a total test force, and then returned to
the preliminary test force. The difference in the two indentation
depth measurements, while under the preliminary test force, is
measured as i (see Fig. 1).

5.2.1 The unit measurement for 4 is mm. From the value of
h, the Rockwell hardness number is derived. The Rockwell
hardness number is calculated as:

5.2.1.1 For scales using a diamond spheroconical indenter
(see Tables 1 and 2):

h
Rockwell Hardness = 100 — 0.000 (4)
iz _ h
Rockwell Superficial Hardness = 100 — 0.001 5)

where /1 is in mm.
5.2.1.2 For scales using a ball indenter (see Tables 1 and 2):

h

Rockwell Hardness = 130 — 0003

(6)

h

Rockwell Superficial Hardness = 100 — 0001

(7

where £ is in mm.

5.2.2 The Rockwell hardness number is an arbitrary
number, which, by method of calculation, results in a higher
number for harder material.

5.2.3 Rockwell hardness values shall not be designated by a
number alone because it is necessary to indicate which indenter
and forces have been employed in making the test (see Tables
I and 2). Rockwell hardness numbers shall be quoted with a
scale symbol representing the indenter and forces used. The
hardness number is followed by the symbol HR and the scale
designation. When a ball indenter is used, the scale designation
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TABLE 1 Rockwell Hardness Scales

Ssycr:tlneol Indenter gg:iL,Ti; E;;I" 5 Typical Applications of Scales

B Yie-in. (1.588-mm) ball 100 red Copper alloys, soft steels, aluminum alloys, malleable iron, etc.

C diamond 150 black Steel, hard cast irons, peatditic malleable iron, titanium, deep case hardened steel, and other
materials harder than B100.

A diamond 60 black Cemented carbides, thin steel, and shallow case-hardened steel.

D diamond 100 black Thin steel and medium case hardened steel, and pearlitic malleable iron.

E Ya-in. (3.175-mm) ball 100 red Cast iron, aluminum and magnesium alloys, bearing metals.

F Yie-in. (1.588-mm) ball 60 red Annealed copper alloys, thin soft sheet metals.

G Yie-in. (1.588-mm) ball 150 red Malleable irons, copper-nickel-zinc and cupro-nickel alloys. Upper limit G92 to avoid possible
flattening of ball.

H Ya-in. (3.175-mm) ball 60 red Aluminum, zinc, lead.

K Va-in. (3.175-mm) ball 150 red

L Ya-in. (6.350-mm) ball 60 red

M Ya-in. (6.350-mm) ball 100 red Bearing metals and other very soft or thin materials. Use smallest ball and heaviest load that does

P Va-in. (6.350-mm) ball 150 red not give anvil effect.

R Y2-in. (12.70-mm) ball 60 red

S Y2-in. (12.70-mm) ball 100 red

\ Y2-in. (12.70-mm) ball 150 red

7

TABLE 2 Rockwell Superficial Hardness Scales

Total Test Force. - - Scals S\/mbqls - -
kg (N) ? N Scale, Diamond T Scale, Vse-in. W Scale, &-in. X Scale, V4-in. Y Scale, V2-in.
Indenter (1.588-mm) Ball (8.175-mm) Ball (6.350-mm) Ball (12.70-mm) Ball
15 (147) 15N 15T 15W 15X 15Y
30 (294) 30N 30T 30W 30X 30Y
45 (441) 45N 45T 45W 45X 45Y

is followed by the letter “W” to indicate the use of a tungsten
carbide ball or the letter “S™ to indicate the use of a steel ball
(see 5.1.2.1).

5.2.3.1 Examples:

64 HRC = Rockwell hardness number of 64 on Rockwell C scale

81 HR30N = Rockwell superficial hardness number of 81 on the Rockwell
30N scale

72 HRBW = Rockwell hardness number of 72 on the Rockwell B scale
using a tungsten carbide ball indenter

5.2.4 A reported Rockwell hardness number or the average
value of Rockwell hardness measurements shall be rounded in
accordance with Practice E29 with a resolution no greater than
the resolution of the hardness value display of the testing
machine. Typically, the resolution of a Rockwell hardness
number should not be greater than 0.1 Rockwell units.

Note 2—When the Rockwell hardness test is used for the acceptance
testing of commercial products and materials. the user should take into
account the potential measurement differences between hardness testing
machines allowed by this standard (see Section 10, Precision and Bias).
Because of the allowable ranges in the tolerances for the repeatability and
error of a testing machine, as specified in the verification requirements of
Annex Al, one testing machine may have a test result that is one or more
hardness points different than another testing machine, yet both machines
can be within verification tolerances (see Table A1.3). Commonly for
acceptance testing, Rockwell hardness values are rounded to whole
numbers following Practice E29. Users are encouraged to address round-
ing practices with regards to acceptance testing within their quality
management system, and make any special requirements known during
contract review.

5.3 Rockwell Testing Machine—The Rockwell testing ma-
chine shall make Rockwell hardness determinations by apply-
ing the test forces and measuring the depth of indentation in
accordance with the Rockwell hardness test principle.

5.3.1 See the Equipment Manufacturer’s Instruction Manual
for a description of the machine’s characteristics, limitations,
and respective operating procedures.

5.3.2 The Rockwell testing machine shall automatically
convert the depth measurements to a Rockwell hardness
number and indicate the hardness number and Rockwell scale
by an electronic device or by a mechanical indicator.

5.4 Indenters—The standard Rockwell indenters are either
diamond spheroconical indenters or tungsten carbide balls of
1.588 mm (Y46 in.), 3.175 mm (% in.), 6.350 mm (% in.), or
1270 mm (%2 in.) in diameter. Indenters shall meet the
requirements defined in Annex A3. Steel ball indenters may be
used in certain circumstances (see 5.1.2.1).

5.4.1 Dust, dirt, or other foreign materials shall not be
allowed to accumulate on the indenter, as this will affect the
test results.

Nore 3—Indenters certified to revision E18-07 or later meet the
requirements of this standard.

5.5 Specimen Support—A specimen support or “anvil” shall
be used that is suitable for supporting the specimen to be
tested. The seating and supporting surfaces of all anvils shall be
clean and smooth and shall be free from pits, deep scratches,
and foreign material. Damage to the anvil may occur from
testing too thin material or accidental contact of the anvil by
the indenter. If the anvil is damaged from any cause, it shall be
repaired or replaced. Anvils showing the least visibly percep-
tible damage may give inaccurate results, particularly on thin
material.

5.5.1 Common specimen support anvils should have a
minimum hardness of 58 HRC. Some specialty support anvils
require a lower material hardness.
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5.5.2 Flat pieces should be tested on a flat anvil that has a
smooth, flat bearing surface whose plane is perpendicular to
the axis of the indenter.

5.5.3 Small diameter cylindrical pieces shall be tested with
a hard V-grooved anvil with the axis of the V-groove directly
under the indenter, or on hard, parallel, twin cylinders properly
positioned and clamped in their base. These types of specimen
supports shall support the specimen with the apex of the
cylinder directly under the indenter.

5.5.4 For thin materials or specimens that are not perfectly
flat, an anvil having an elevated, flat “spot” 3 mm (! in.) to
12.5 mm (Y2 in.) in diameter should be used. This spot shall be
polished smooth and flat. Very soft material should not be
tested on the “spot” anvil because the applied force may cause
the penetration of the anvil into the under side of the specimen
regardless of its thickness.

5.5.5 When testing thin sheet metal with a ball indenter, it is
recommended that a diamond spot anvil be used. The highly
polished diamond surface shall have a diameter between 4.0
mm (0.157 in.) and 7.0 mm (0.2875 in.) and be centered within
0.5 mm (0.02 in.) of the test point.

5.5.5.1 CAUTION: A diamond spot anvil should only be
used with a maximum total test force of 45 kgf (441 N) and a
ball indenter. This recommendation should be followed except
when directed otherwise by material specification.

5.5.6 Special anvils or fixtures, including clamping fixtures,
may be required for testing pieces or parts that cannot be
supported by standard anvils. Auxiliary support may be used
for testing long pieces with so much overhang that the piece is
not firmly seated by the preliminary force.

5.6 Verification—Rockwell testing machines shall be veri-
fied periodically in accordance with Annex Al.

5.7 Test Blocks—Test blocks meeting the requirements of
Annex A4 shall be used to verify the testing machine in
accordance with Annex Al.

Note 4—Test blocks certified to revision E18-07 or later meet the
requirements of this standard.

Note 5—It is recognized that appropriate standardized test blocks are
not available for all geometric shapes, or materials, or both.

6. Test Piece

6.1 For best results, both the test surface and the bottom
surface of the test piece should be smooth, even and free from
oxide scale, foreign matter, and lubricants. An exception is
made for certain materials such as reactive metals that may
adhere to the indenter. In such situations, a suitable lubricant
such as kerosene may be used. The use of a lubricant shall be
defined on the test report.

6.2 Preparation shall be carried out in such a way that any
alteration of the surface hardness of the test surface (for
example, due to heat or cold-working) is minimized.

6.3 The thickness of the test piece or of the layer under test
should be as defined in tables and presented graphically in
Annex AS5. These tables were determined from studies on strips
of carbon steel and have proven to give reliable results. For all
other materials, it is recommended that the thickness should
exceed 10 times the depth of indentation. In general, no

deformation should be visible on the back of the test piece after
the test, although not all such marking is indicative of a bad
test.

6.3.1 Special consideration should be made when testing
parts that exhibit hardness gradients; for example, parts that
were case-hardened by processes such as carburizing,
carbonitriding, nitriding, induction, etc. The minimum thick-
ness guidelines given in Annex A5 only apply to materials of
uniform hardness, and should not be used to determine the
appropriate scale for measuring parts with hardness gradients.
The selection of an appropriate Rockwell scale for parts with
hardness gradients should be made by special agreement.

Nore 6—A table listing the minimum effective case depth needed for
different Rockwell scales is given in SAE J417.

6.4 When testing on convex cylindrical surfaces, the result
may not accurately indicate the true Rockwell hardness;
therefore, the corrections given in Annex A6 shall be applied.
For diameters between those given in the tables, correction
factors may be derived by linear interpolation. Tests performed
on diameters smaller than those given in Annex A6 are not
acceptable. Corrections for tests on spherical and concave
surfaces should be the subject of special agreement.

Nore 7—A table of correction values to be applied to test results made
on spherical surfaces is given in ISO 6508-1.

6.5 When testing small diameter specimens, the accuracy of
the test will be seriously affected by alignment between the
indenter and the test piece, by surface finish, and by the
straightness of the cylinder.

7. Test Procedure

7.1 A daily verification of the testing machine shall be
performed in accordance with A1.5 prior to making hardness
tests. Hardness measurements shall be made only on the
calibrated surface of the test block.

7.2 Rockwell hardness tests should be carried out at ambient
temperature within the limits of 10 to 35°C (50 to 95°F). Users
of the Rockwell hardness test are cautioned that the tempera-
ture of the test material and the temperature of the hardness
tester may affect test results. Consequently, users should ensure
that the test temperature does not adversely affect the hardness
measurement.

7.3 The test piece shall be supported rigidly so that displace-
ment of the test surface is minimized (see 5.5).

7.4 Test Cycle—This standard specifies the Rockwell test
cycle by stating recommendations or requirements for five
separate parts of the cycle. These parts are illustrated for a
Rockwell C scale test in Fig. 2, and defined as follows:

(1) Contact Velocity, v4—The velocity of the indenter at the
point of contact with the test material.

(2) Preliminary Force Dwell Time, tp—The dwell time
beginning when the preliminary force is fully applied and
ending when the first baseline depth of indentation is
measured, (also see 7.4.1.3).

(3) Additional Force Application Time, t;y—The time for
applying the additional force to obtain the full total force.

(4) Total Force Dwell Time, t;—The dwell time while the
total force is fully applied.
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(5) Dwell Time for Elastic Recovery, tp—The dwell time at
the preliminary force level, beginning when the additional
force is fully removed, and ending when the second and final
depth of indentation is measured.

7.4.1 The standard Rockwell test cycle is specified in Table
3. The test cycle used for Rockwell hardness tests shall be in
accordance with these test cycle values and tolerances (see
Note 8), with the following exceptions.

7.4.1.1 Precautions for Materials Having Excessive Time-
Dependent Plasticity (Indentation Creep)—In the case of
materials exhibiting excessive plastic flow after application of
the total test force, special considerations may be necessary
since the indenter will continue to penetrate. When materials
require the use of a longer total force dwell time than for the
standard test cycle stated in Table 3, this should he specified in
the product specification. In these cases, the actual extended

TABLE 3 Test Cycle Tolerances

Test Cycle Parameter Tolerance
Indenter contact velocity, v, (recommended) =2.5 mm/s
Dwell time for preliminary force, f,. (when the time to apply 0.1t04.0s
the preliminary force t., = 1 s, then calculate this parameter

1,

as 2 +tp)
Time for application of additional force, ty, 1.0t080s
Dwell time for total force, t; 20t06.0s
Dwell time for elastic recovery, tg 02t050s

total force dwell time used shall be recorded and reported after
the test results (for example, 65 HRFW, 10 s).

7.4.1.2 There are testing conditions that may require that the
indenter contact velocity exceed the recommended maximum
stated in Table 3. The user should ensure that the higher contact
velocity does not cause a shock or overload which would affect
the hardness result. It is recommended that comparison tests be
made on the same test material using a test cycle within the
requirements stated in Table 3.

7.4.1.3 For testing machines that take 1 s or longer to apply
the preliminary force fp,, the preliminary force dwell time
value fpp shall be adjusted before comparing the parameter
with the tolerances of Table 3 by adding to it one half of 7p, as

t : ; i

f+r,,.. For testing machines that apply the preliminary force
tpyin 1s or less, this adjustment to the preliminary force dwell
time value 7p is optional.

Nore 8—It is recommended that the test cycle to be used with the
hardness machine match, as closely as possible, the test cycle used for the
indirect verification of the hardness machine. Varying the values of the
testing cycle parameters within the tolerances of Table 3 can produce
different hardness results.

7.5 Test Procedure—There are many designs of Rockwell
hardness machines, requiring various levels of operator con-
trol. Some hardness machines can perform the Rockwell
hardness test procedure automatically with almost no operator
influence, while other machines require the operator to control
most of the test procedure.

7.5.1 Bring the indenter into contact with the test surface in
a direction perpendicular to the surface and, if possible, at a
velocity within the recommended maximum contact velocity
Vyu-

7.5.2 Apply the preliminary test force F, of 10 kgf (98 N)
for the Rockwell hardness test or 3 kgf (29 N) for the Rockwell
superficial hardness test.

7.5.3 Maintain the preliminary force for the specified pre-
liminary force dwell time 7.

7.5.4 At the end of the preliminary force dwell time fpp,
immediately establish the reference position of the baseline
depth of indentation (see manufacturer’s Instruction Manual).

7.5.5 Increase the force by the value of the additional test
force F) needed to obtain the required total test force F for a
given hardness scale (see Tables 1 and 2). The additional force
F, shall be applied in a controlled manner within the specified
application time range f7,.

7.5.6 Maintain the total force F for the specified total force
dwell time f7p.

7.5.7 Remove the additional test force F; while maintaining
the preliminary test force F,.

7.5.8 Maintain the preliminary test force F;, for an appro-
priate time to allow elastic recovery in the test material and the
stretch of the frame to be factored out.

7.5.9 At the end of the dwell time for elastic recovery,
immediately establish the final depth of indentation (see
manufacturer’s Instruction Manual). The testing machine shall
calculate the difference between the final and baseline depth
measurements and indicate the resulting Rockwell hardness
value. The Rockwell hardness number is derived from the
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differential increase in depth of indentation as defined in Eq 4,
Eq 5, Eq 6, and Eq 7.

7.6 Throughout the test, the apparatus shall be protected
from shock or vibration that could affect the hardness mea-
surement result.

7.7 After each change, or removal and replacement, of the
indenter or the anvil, at least two preliminary indentations shall
be made to ensure that the indenter and anvil are seated
properly. The results of the preliminary indentations shall be
disregarded.

7.8 After each change of a test force or removal and
replacement of the indenter or the anvil, it is strongly recom-
mended that the operation of the machine be checked in
accordance with the daily verification method specified in
Annex Al.

7.9 Indentation Spacing—The hardness of the material im-
mediately surrounding a previously made indentation will
usually increase due to the induced residual stress and work-
hardening caused by the indentation process. If a new inden-
tation is made in this affected material, the measured hardness
value will likely be higher than the true hardness of the
material as a whole. Also, if an indentation is made too close
to the edge of the material or very close to a previously made
indentation, there may be insufficient material to constrain the
deformation zone surrounding the indentation. This can result
in an apparent lowering of the hardness value. Both of these
circumstances can be avoided by allowing appropriate spacing
between indentations and from the edge of the material.

7.9.1 The distance between the centers of two adjacent
indentations shall be at least three times the diameter d of the
indentation (see Fig. 3).

7.9.2 The distance from the center of any indentation to an
edge of the test piece shall be at least two and a half times the
diameter of the indentation (see Fig. 3).

8. Conversion to Other Hardness Scales or Tensile
Strength Values

8.1 There is no general method of accurately converting the
Rockwell hardness numbers on one scale to Rockwell hardness
numbers on another scale, or to other types of hardness
numbers, or to tensile strength values. Such conversions are, at
best, approximations and, therefore, should be avoided except
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for special cases where a reliable basis for the approximate
conversion has been obtained by comparison tests.

Nore 9—The Standard Hardness Conversion Tables for Metals, E140,
give approximate conversion values for specific materials such as steel,
austenitic stainless steel, nickel and high-nickel alloys, cartridge brass,
copper alloys, and alloyed white cast irons. The Rockwell hardness data in
the conversion tables of E140 was determined using steel ball indenters.

Note 10—ASTM standards giving approximate hardness-tensile
strength relationships are listed in Appendix X1.

9. Report

9.1 The test report shall include the following information:

9.1.1 The Rockwell hardness number. All reports of Rock-
well hardness numbers shall indicate the scale used. The
reported number shall be rounded in accordance with Practice
E29 (see 5.2.4 and Note 2),

9.1.2 The total force dwell time, if outside the specified
standard test cycle tolerances (see Table 3), and

9.1.3 The ambient temperature at the time of test, if outside
the limits of 10 to 35°C (50 to 95°F), unless it has been shown
not to affect the measurement result.

10. Precision and Bias® *

10.1 Precision—A Rockwell hardness precision and bias
study was conducted in 2000 in accordance with Practice
E691. Tests were performed in the following six Rockwell
scales: HRA, HRC, HRBS, HR30N, HR30TS, and HRES. The
tests in the HRBS, HR30TS and HRES scales were made using
steel ball indenters. A total of 18 Rockwell scale hardness test
blocks of the type readily available were used for this study.
Test blocks at three different hardness levels (high, medium,
and low) in each scale were tested three times each. The results
from the first study are filed under ASTM Research Report
RR:E28-1021.%7

10.2 Starting with version E18-05, this standard changed
from the use of steel balls to carbide balls for all scales that use
a ball indenter. Due to this change, a second study was
conducted in 2006. The second study was performed in
accordance with Practice E691 and was identical to the initial
study except it was limited to the HRBW, HR30TW, and
HREW scales, all of which use carbide ball indenters. The
results from that study are filed under ASTM Research Report
RR:E28-1022.

10.3 A total of 14 different labs participated in the two
studies. Eight participated in the first study and nine in the
second study. Three labs participated in both studies. The labs
chosen to participate in this study were a combination of
commercial testing labs (6), in-house labs (5) and test block
manufacturer’s calibration labs (3). Each lab was instructed to
test each block in three specific locations around the surface of
the blocks. All testing was to be done according to ASTM
E18-05.

10.4 The results given in Table 4 may be useful in inter-
preting measurement differences. It is a combination of the two

¥ Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:E28-1021.

? Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:E28-1022.
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TABLE 4 Results of the Precision and Bias Study

Average

Test Block Hardness Sr SR Iog Rps
Data from 2000 study
62.8 HRA 62.50 0.164 0.538 0.459 1.506
73.1 HRA 73.04 0.138 0.358 0.387 1.002
83.9 HRA 84.54 0.085 0.468 0.238 1.309
25.0 HRC 24.99 0.335 0.440 0.937 1.232
45.0 HRC 45.35 0.156 0.259 0.438 0.725
65.0 HRC 65.78 0.153 0.389 0.427 1.089
45.9 HR30N 46.75 0.299 2489 0.837 6.969
64.0 HR30N 64.74 0.248 0.651 0.694 1.822
81.9 HR30N 82.52 0.195 0.499 0.547 1.396
Data from 2006 study

40 HRBW 43.90 0.492 0.668 1.378 1.871
60 HRBW 61.77 0.663 0.697 1.855 1.953
95 HRBW 91.09 0.250 0.292 0.701 0.817
62 HREW 64.07 0.346 0.675 0.970 1.890
81 HREW 81.61 0.232 0.406 0.649 1.136
100 HREW 96.22 0.177 0.322 0.497 0.901
22 HR30TW 18.33 0.702 0.901 1.965 2522
56 HR30TW 58.0 0.476 0.517 1.333 1.447
79 HR30TW 81.0 0.610 0.851 1.709 2.382

studies. The diamond scales, HRC, HRA, and HR30N are from
the first study and the ball scales, HRBW, HREW, and
HR30TW are from the second study. This combination reflects
the testing that is being done currently.

10.5 The value of rpp indicates the typical amount of
variation that can be expected between test results obtained for
the same material by the same operator using the same
hardness tester on the same day. When comparing two test
results made under these conditions, a measurement difference
of less than the rpp value for that Rockwell scale is an
indication that the results may be equivalent.

10.6 The value of Rpp indicates the typical amount of
variation that can be expected between test results obtained for

the same material by different operators using different hard-
ness testers on different days. When comparing two test results
made under these conditions, a measurement difference of less
than the Rpp value for that Rockwell scale is an indication that
the results may be equivalent.

10.7 Any judgments based on 10.5 and 10.6 would have an
approximately 95 % probability of being correct.

10.8 This precision and bias study was conducted on a
selected number of the most commonly used Rockwell scales.
For Rockwell scales not listed, the rpp and Rpp values may be
estimated using the conversion tables of E140 to determine a
corresponding increment of hardness for the scale of interest at
the hardness level of interest. The user is cautioned that
estimating the rpp and Rpp values in this way, decreases the
probability of them being correct.

10.9 Although the precision values given in Table 4 provide
guidance on interpreting differences in Rockwell hardness
measurement results, a complete evaluation of measurement
uncertainty will provide a more definitive interpretation of the
results for the specific testing conditions.

10.10 The data generally indicated reasonable precision
except for the 45.9 HR30N scale. In that scale the SR and Rpp
values are very high compared to all of the other scales. An
examination of the raw data reveled that one lab’s results were
much higher than the others, significantly affecting the overall
results in that scale. The results from all of the other scales
seem to be reasonable.

10.11 Bias—There are no recognized standards by which to
fully estimate the bias of this test method.
11. Keywords

11.1 hardness; mechanical test; metals; Rockwell

ANNEXES

(Mandatory Information)

Al. VERIFICATION OF ROCKWELL HARDNESS TESTING MACHINES

Al.1l Scope

Al.1.1 Annex Al specifies three types of procedures for
verifying Rockwell hardness testing machines: direct
verification, indirect verification, and daily verification.

A1.1.2 Direct verification is a process for verifying that
critical components of the hardness testing machine are within
allowable tolerances by directly measuring the test forces,
depth measuring system, machine hysteresis, and testing cycle.

A1.1.3 Indirect verification is a process for periodically
verifying the performance of the testing machine by means of
standardized test blocks and indenters.

Al.1.4 The daily verification is a process for monitoring the
performance of the testing machine between indirect verifica-
tions by means of standardized test blocks.

Al1.1.5 Adherence to this standard and annex provides
traceability to national standards, except as stated otherwise.

Al.2 General Requirements

Al.2.1 The testing machine shall be verified at specific
instances and at periodic intervals as specified in Table A1.1,
and when circumstances occur that may affect the performance
of the testing machine.

Al1.2.2 The temperature at the verification site shall be
measured with an instrument having an accuracy of at least
+2.0°C or £3.6°F. It is recommended that the temperature be
monitored throughout the verification period, and significant
temperature variations be recorded and reported. The tempera-
ture at the verification site does not need to be measured for a
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TABLE A1.1 Verification Schedule for a Rockwell
Testing Machine

Verification
Procedure
Direct

verification

Schedule

When a testing machine is new, or when adjustments,
modifications or repairs are made that could affect the
application of the test forces, the depth measuring system, or
the machine hysteresis.

When a testing machine fails an indirect verification (see
A1.4.9.4).

Indirect
verification

Recommended every 12 months, or more often if needed.
Shall be no longer than every 18 months.

When a testing machine is installed or moved, [only a partial
indirect verification is performed by following the procedure
given in A1.4.7 for verifying the as-found condition]. This does
not apply to machines that are designed to be moved or that
move prior to each test, when it has been previously
demonstrated that such a move will not affect the hardness
result.

Following a direct verification.

To qualify an indenter that was not verified in the last indirect
verification, (only a partial indirect verification is performed,
see A1.4.10).

Daily
verification

Required each day that hardness tests are to be made.
Recommended whenever the indenter, anvil, or test force is
changed.

daily verification or when qualifying additional user’s indent-
ers in accordance with A1.4.10.

A1.2.3 All instruments used to make measurements re-
quired by this Annex shall be calibrated traceable to national
standards when a system of traceability exists, except as noted
otherwise.

A1.2.4 Direct verification of newly manufactured or rebuilt
testing machines shall be performed at the place of
manufacture, rebuild or repair. Direct verification may also be
performed at the location of use.

A1.2.5 Indirect verification of the testing machine shall be
performed at the location where it will be used.

Note Al.1—It is recommended that the calibration agency that is used
to conduct the verifications of Rockwell hardness testing machines be
accredited to the requirements of ISO 17025 (or an equivalent) by an
accrediting body recognized by the International Laboratory Accreditation
Cooperation (ILAC) as operating to the requirements of ISO/IEC 17011.

A1.3 Direct Verification

A1.3.1 A direct verification of the testing machine shall be
performed at specific instances in accordance with Table A1.1.
The test forces, depth-measuring system, machine hysteresis,
and testing cycle shall be verified as follows.

Note Al.2—Direct verification is a useful tool for determining the
sources of error in a Rockwell hardness testing machine. It is recom-
mended that testing machines undergo direct verification periodically to
make certain that errors in one component of the machine are not being
offset by errors in another component.

A1.3.2 Verification of the Test Forces—For each Rockwell
scale that will be used, the corresponding test forces (prelimi-
nary test force at loading, total test force, and preliminary test
force during elastic recovery) shall be measured. The test
forces shall be measured by means of a Class A elastic force
measuring instrument having an accuracy of at least 0.25 %, as
described in ASTM E74.

Al1.3.2.1 Make three measurements of each force. The
forces shall be measured as they are applied during testing.

A1.3.2.2 Each preliminary test force F; and each total test
force F shall be accurate to within the tolerances given in Table
A1.2, and the range of the three force measurements (highest
minus lowest) shall be within 75 % of the tolerances of Table
Al2.

A1.3.3 Verification of the Depth Measuring System—The
depth measuring system shall be verified by means of an
instrument, device or standard having an accuracy of at least
0.0002 mm.

A1.3.3.1 Verify the testing machine’s depth measurement
system at not less than four evenly spaced increments covering
the full range of the normal working depth measured by the
testing machine. The normal working depth range shall corre-
spond to the lowest and highest hardness values for the
Rockwell scales that will be tested.

A1.3.3.2 The indentation-depth measuring device shall be
accurate within =0.001 mm for the regular Rockwell hardness
scales and =0.0005 mm for the Rockwell superficial hardness
scales. These accuracies correspond to 0.5 hardness units.

A1.3.3.3 Some testing machines have a long-stroke depth
measuring system where the location of the working range of
the depth measuring system varies depending on the thickness
of the test material. This type of testing machine shall have a
system to electronically verify that the depth measuring device
is continuous over its full range and free from dirt or other
discontinuities that could affect its accuracy. These types of
testers shall be verified using the following steps.

(1) At the approximate top, mid point, and bottom of the
total stroke of the measuring device, verify the accuracy of the
device at no less than four evenly spaced increments of
approximately 0.05 mm at each of the three locations. The
accuracy shall be within the tolerances defined above.

(2) Operate the actuator over its full range of travel and
monitor the electronic continuity detection system. The system
shall indicate continuity over the full range.

Al.3.4 Verification of Machine Hysteresis—Each time a
Rockwell hardness test is made, the testing machine will
undergo flexure in some of the machine components and the
machine frame. If the flexure is not entirely elastic during the
application and removal of the additional force F, the testing
machine may exhibit hysteresis in the indenter-depth measure-
ment system, resulting in an offset or bias in the test result. The
goal of the hysteresis verification is to perform a purely elastic

TABLE A1.2 Tolerances on Applied Force for a Rockwell
Testing Machine

Force Tolerance

kgf N kgf N
10 98.07 0.20 1.96
60 588.4 0.45 441
100 980.7 0.65 6.37
150 1471 0.90 8.83

3 29.42 0.060 0.589
15 1471 0.100 0.981
30 294.2 0.200 1.961
45 441.3 0.300 2.963
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test that results in no permanent indentation. In this way, the
level of hysteresis in the flexure of the testing machine can be
determined.

A1.3.4.1 Perform repeated Rockwell tests using a blunt
indenter (or the indenter holder surface) acting directly onto the
anvil or a very hard test piece. The tests shall be conducted
using the highest test force that is used during normal testing

A1.3.4.2 Repeat the hysteresis verification procedure for a
maximum of ten measurements and average the last three tests.
The average measurement shall indicate a hardness number of
130 = 1.0 Rockwell units when Rockwell ball scales B, E, F,
G, H and K are used, or within 100 = 1.0 Rockwell units when
any other Rockwell scale is used.

A1.3.5 Verification of the Testing Cycle—Section 7 specifies
the Rockwell testing cycle by stating requirements and recom-
mendations for five separate parameters of the cycle. The
testing machine shall be verified to be capable of meeting the
tolerances specified in Table 3 for the following four test cycle
parameters: the dwell time for preliminary force, the time for
application of additional force, the dwell time for total force
and the dwell time for elastic recovery. The tolerance for the
indenter contact velocity is a recommendation. Direct verifi-
cation of the testing cycle is to be verified by the testing
machine manufacturer at the time of manufacture, and when
the testing machine is returned to the manufacturer for repair
when a problem with the testing cycle is suspected. Verification
of the testing cycle is not required as part of the direct
verification at other times.

A1.3.5.1 Rockwell hardness testing machines manufactured
before the implementation of E18-07 may not have undergone
the direct verification of the machine’s testing cycle. Since this
verification often must be performed at the manufacturer’s site,
the test cycle verification requirement does not apply to testing
machines manufactured before the implementation of E18-07,
unless the testing machine is returned to the manufacturer for
repair.

A1.3.6 Direct Verification Failure—If any of the direct
verifications fail the specified requirements, the testing ma-
chine shall not be used until it is adjusted or repaired. If the test
forces, depth measuring system, machine hysteresis, or testing
cycle may have been affected by an adjustment or repair, the
affected components shall be verified again by direct verifica-
tion.

A1.3.7 An indirect verification shall follow a successful
direct verification.

Al.4 Indirect Verification

Al.4.1 An indirect verification of the testing machine shall
be performed, at a minimum, in accordance with the schedule
given in Table Al.1. The frequency of indirect verifications
should be based on the usage of the testing machine.

Al1.4.2 The testing machine shall be verified for each
Rockwell scale that will be used prior to the next indirect
verification. Hardness tests made using Rockwell scales that
have not been verified within the schedule given in Table A1.1
do not meet this standard.

Al1.4.3 Standardized test blocks meeting the requirements
of Annex A4 (see Note 4) shall be used in the appropriate
hardness ranges for each scale to be verified. These ranges are
given in Table A1.3. Hardness measurements shall be made
only on the calibrated surface of the test block.

Al.4.4 The indenters to be used for the indirect verification
shall meet the requirements of Annex A3 (see Note 3).

Al1.4.5 The testing cycle to be used for the indirect verifi-
cation shall be the same as is typically used by the user.

A1.4.6 Prior to performing the indirect verification, ensure
that the testing machine is working freely, and that the indenter
and anvil are seated adequately. Make at least two hardness
measurements on a suitable test piece to seat the indenter and
anvil. The results of these measurements need not be recorded.

A1.4.7 As-found Condition:

A1.4.7.1 It is recommended that the as-found condition of
the testing machine be assessed as part of an indirect verifica-
tion. This is important for documenting the historical perfor-
mance of the machine in the scales used since the last indirect
verification. This procedure should be conducted prior to any
cleaning, maintenance, adjustments, or repairs.

A1.4.7.2 When the as-found condition of the testing ma-
chine is assessed, it shall be determined with the user’s
indenter(s) that are normally used with the testing machine. At
least two standardized test blocks, each from a different
hardness range as defined in Table A1.3, should be tested for
each Rockwell scale that will undergo indirect verification. The
difference in hardness between any of the standardized test
blocks shall be at least 5 hardness points for each Rockwell
scale.

A1.4.7.3 On each standardized test block, make at least two
measurements distributed uniformly over the test surface.

A1.4.7.4 Determine the repeatability R and the error E (Eq
2 and Eq 3) in the performance of the testing machine for each
standardized test block that is measured.

Al1.47.5 The error E and the repeatability R should be
within the tolerances of Table A1.3. If the calculated values of
error E or repeatability R fall outside of the specified
tolerances, this is an indication that the hardness tests made
since the last indirect verification may be suspect.

A1.4.8 Cleaning and Maintenance—Perform cleaning and
routine maintenance of the testing machine (when required) in
accordance with the manufacturer’s specifications and instruc-
tions.

A1.4.9 Indirect Verification Procedure—The indirect verifi-
cation procedure requires that the testing machine be verified
using one or more of the user’s indenters.

A1.49.1 One standardized test block shall be tested from
each of the hardness ranges (usually three ranges) for each
Rockwell scale to be verified, as given in Table A1.3. The
difference in hardness between any of the standardized test
blocks shall be at least 5 hardness points for each Rockwell
scale. The user may find that high, medium and low range test
blocks are unavailable commercially for some scales. In these
cases, one of the following two procedures shall be followed.
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TABLE A1.3 Maximum Allowable Repeatability and Error of
Testing Machines for Ranges of Standardized Test Blocks

: Maximum Maximum
Rang$ 01( gtlangdlzed Repeatability, R Error, E
Lot (HR units) (HR units)
HRA <70 2.0 +1.0
=70 and < 80 1.5 +1.0
=80 1.0 +0.5
HRBW < 60 2.0 +15
= 60 and < 80 1.5 +1.0
=80 1.5 +1.0
HRC <35 2.0 +1.0
= 35 and < 60 1.5 +1.0
= 60 1.0 +0.5
HRD <51 2.0 +1.0
=51and < 71 1.5 +1.0
=71 1.0 +0.5
HREW <84 1.5 +1.0
=84 and < 93 1.5 +1.0
=93 1.0 +1.0
HRFW < 80 1.5 +1.0
=80and < 94 1.5 +1.0
=04 1.0 +1.0
HRGW <55 2.0 +1.0
=55 and < 80 2.0 +1.0
=80 2.0 +1.0
HRHW <96 2.0 +1.0
=96 2.0 +1.0
HRKW <65 1.5 +1.0
=65 and < 85 1.0 +1.0
=85 1.0 +1.0
HRLW® 2.0 +1.0
HRMW? 2.0 +1.0
HRPW? 2.0 +1.0
HRRW# 2.0 +1.0
HRSW? 2.0 +1.0
HRVW?® 2.0 +1.0
HR15N <78 2.0 +1.0
=78 and < 90 1.5 +1.0
=90 1.0 +0.7
HR30N <55 2.0 +1.0
=55and < 77 1.5 +1.0
=77 1.0 +0.7
HR45N <37 2.0 +1.0
= 37 and < 66 1.5 +1.0
=66 1.0 +0.7
HR15TW <81 2.0 +15
=81 and < 87 1.5 +1.0
=87 1.5 +1.0
HR30TW <57 2.0 +15
=57 and < 70 1.5 +1.0
=70 1.5 +1.0
HR45TW <33 2.0 +15
=33 and < 53 1.5 +1.0
=53 1.5 +1.0
HR15WW# 2.0 +1.0
HR30WW? 2.0 +1.0
HR45WW*? 2.0 +1.0
HR15XW? 2.0 +1.0
HR30XW# 2.0 +1.0
HR45XW*? 2.0 +1.0
HR15YW? 2.0 +1.0
HR30YW? 2.0 +1.0
HR45YW? 2.0 +1.0

“AThe user may find that high, medium and low range test blocks are unavailable
commercially for some scales. In these cases one or two standardized blocks
where available may be used. It is recommended that all high range test blocks for
Rockwell scales using a ball indenter should be less than 100 HR units.

& Appropriate ranges of standardized test blocks forthe L, M, P, R, S, V, W, X, and
Y scales shall be determined by dividing the usable range of the scale into two
ranges, if possible.

(1) Alternative Procedure 1—The testing machine shall be
verified using the standardized blocks from the one or two
ranges that are available. Also, the testing machine shall be

verified on another Rockwell scale which uses the same test
forces and for which three blocks are available. In this case, the
testing machine is considered verified for the entire Rockwell
scale.

(2) Alternative Procedure 2—This procedure may be used
when standardized blocks from two ranges are available. The
testing machine shall be verified using the standardized blocks
from the two available ranges. In this case, the testing machine
is considered verified for only the part of the scale bracketed by
the levels of the blocks.

A1.4.9.2 On each standardized test block, make five mea-
surements distributed uniformly over the test surface. Deter-
mine the error E and the repeatability R in the performance of
the testing machine using Eq 2 and Eq 3 for each hardness level
of each Rockwell scale to be verified.

A1.4.9.3 The error E and the repeatability R shall be within
the tolerances of Table A1.3. The indirect verification shall be
approved only when the testing machine measurements of
repeatability and error meet the specified tolerances using at
least one of the user’s indenters.

A1.4.9.4 Inthe case that the testing machine cannot pass the
repeatability and error verifications with the user’s indenter, a
number of corrective actions may be attempted to bring the
testing machine within tolerances. These actions include clean-
ing and maintenance, replacing the anvil or using another of
the user’s indenters. The indirect verification procedures shall
be repeated after making the allowed corrective actions.

Nore Al.3—When a testing machine fails indirect verification, it is
recommended that the testing machine be verified again using a Class A
(or better) indenter for those scales and hardness levels that failed the
indirect verification with the user’s indenter. If the testing machine passes
the repeatability and error tests with a Class A indenter, it is an indication
that the user’s indenter is out of tolerance. A new indenter may be acquired
by the user as a corrective action (see A1.4.9.4) allowing the indirect
verification procedures to be repeated without having to perform a direct
verification. If the testing machine continues to fail the repeatability or
error tests of an indirect verification with the Class A indenter, it is an
indication that there is a problem with the machine and not the user’s
indenter.

A1.4.9.5 If the testing machine continues to fail the repeat-
ability or error tests following corrective actions, the testing
machine shall undergo adjustment and/or repair followed by a
direct verification.

A1.4.10 Qualifying Additional User’s Indenters—In cases
where the testing machine passes indirect verification using
only one of the user’s indenters, only that one indenter is
considered verified for use with the specific testing machine for
the Rockwell scales that were indirectly verified using that
indenter. Before any other indenter may be used for testing the
same Rockwell scales, it must be verified for use with the
specific verified testing machine. This requirement does not
apply to changing an indenter ball. The indenter verifications
may be made at any time after the indirect verification, and
may be performed by the user as follows.

A1.4.10.1 The testing machine and indenter shall be verified
together using the indirect verification procedures of A1.4.9
with the following exception. The verification shall be per-
formed on at least two standardized test blocks (high and low
ranges) for each Rockwell scale that the indenter will be used.
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A1.4.10.2 The indenter may be used with the specific
verified testing machine only when the verification measure-
ments of repeatability and error meet the specified tolerances.

A1.4.11 The user shall identify and keep track of the
indenters verified for use with the testing machine.

A1.5 Daily Verification

A1.5.1 The daily verification is intended for the user to
monitor the performance of the testing machine between
indirect verifications. At a minimum, the daily verification shall
be performed in accordance with the schedule given in Table
Al.1 for each Rockwell scale that will be used.

A1.5.2 It is recommended that the daily verification proce-
dures be performed whenever the indenter, anvil, or test force
is changed.

A1.5.3 Daily Verification Procedures—The procedures to
use when performing a daily verification are as follows.

A1.5.3.1 Daily verification shall use standardized test
block(s) that meet the requirements of Annex A4 (see Note 4).
Daily verification shall be done for each Rockwell scale that is
to be used that day. At least one test block shall be used, and
when commercially available, the hardness range of the test
block shall be chosen to be within 15 Rockwell points of the
hardness value that the testing machine is expected to measure.
Alternatively, two test blocks can be used, (when commercially
available), one higher and one lower than the hardness range
that the testing machine is expected to measure. In cases where
the configuration of the anvil to be used is not suitable for the
testing of blocks, a suitable anvil or adapter for testing a test
block must be used temporarily.

A1.5.3.2 The indenter to be used for the daily verification
shall be the indenter that is normally used for testing.

A1.5.3.3 Before performing the daily verification tests,
ensure that the testing machine is working freely, and that the
indenter and anvil are seated adequately. Make at least two
hardness measurements on a suitable test piece. The results of
these measurements need not be recorded.

A1.5.3.4 Make at least two hardness measurements on each
of the daily verification test blocks adhering to the spacing
requirements given in 7.9.

A1.5.3.5 For each test block, calculate the error E (see Eq 2)
and the repeatability R (see Eq 3) from the measured hardness
values. The testing machine with the indenter is regarded as
performing satisfactorily if both E and R for all test blocks are
within the maximum tolerances given in Table A1.3. Note that
if the differences between the individual hardness values and
the certified value for a test block are all within the maximum
error E tolerances marked on the test block and given in Table
A1.3, the above criteria will be met for that block and it is not
necessary to calculate E and R.

A1.5.3.6 If the daily verification measurements for any of
the test blocks do not meet the criteria of A1.5.3.5, the daily
verification may be repeated with a different indenter or after
cleaning the tester, or both (see the manufacturer’s instruc-
tions). If any of the test block measurements continue to not
meet the criteria of A1.5.3.5, an indirect verification shall be
performed. Whenever a testing machine fails a daily

verification, the hardness tests made since the last valid daily
verification may be suspect.

A1.5.3.7 1If the anvil to be used for testing is different than
the anvil used for the daily verification, it is recommended that
the daily verification be repeated on an appropriate part of
known hardness.

Nore Al.4—It is highly recommended that the results obtained from
the daily verification testing be recorded using accepted Statistical Process
Control techniques, such as, but not limited to, X-bar (measurement
averages) and R-charts (measurement ranges), and histograms.

Al.6 Verification Report

A1.6.1 The verification report shall include the following
information as a result of the type of verification performed.

A1.6.2 Direct Verification:

A1.6.2.1 Reference to this ASTM test method.

A1.6.2.2 Identification of the hardness testing machine,
including the serial number, manufacturer and model number.

A1.6.2.3 Identification of all devices (elastic proving
devices, etc.) used for the verification, including serial numbers
and identification of standards to which traceability is made.

A1.6.2.4 Test temperature at the time of verification (see
Al1.22).

A1.6.2.5 The individual measurement values and calculated
results used to determine whether the testing machine meets
the requirements of the verification performed. It is recom-
mended that the uncertainty in the calculated results used to
determine whether the testing machine meets the requirements
of the verification performed also be reported.

A1.6.2.6 Description of adjustments or maintenance done to
the testing machine, when applicable.

A1.6.2.7 Date of verification and reference to the verifying
agency or department.

A1.6.2.8 Signature of the person performing the verifica-
tion.

A1.6.3 Indirect Verification:

A1.6.3.1 Reference to this ASTM test method.

A1.6.3.2 Identification of the hardness testing machine,
including the serial number, manufacturer and model number.

A1.6.3.3 Identification of all devices (test blocks, indenters,
etc.) used for the verification, including serial numbers and
identification of standards to which traceability is made.

A1.6.3.4 Test temperature at the time of verification (see
Al1.22).

A1.6.3.5 The Rockwell hardness scale(s) verified.

A1.6.3.6 The individual measurement values and calculated
results used to determine whether the testing machine meets
the requirements of the verification performed. Measurements
made to determine the as-found condition of the testing
machine shall be included whenever they are made. It is
recommended that the uncertainty in the calculated results used
to determine whether the testing machine meets the require-
ments of the verification performed also be reported.

A1.6.3.7 Description of maintenance done to the testing
machine, when applicable.

A1.6.3.8 Date of verification and reference to the verifying
agency or department.
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A1.6.3.9 Signature of the person performing the verifica-
tion.

A1.6.4 Daily Verification:
A1.6.4.1 No verification report is required; however, it is
recommended that records be kept of the daily verification

results, including the verification date, measurement results,
certified value of the test block, test block identification, and
the name of the person that performed the verification, etc. (see
also Note Al.4). These records can be used to evaluate the
performance of the hardness machine over time.

A2. ROCKWELL HARDNESS STANDARDIZING MACHINES

A2.1 Scope

A2.1.1 Annex A2 specifies the requirements for the
capabilities, usage, periodic verification, and monitoring of a
Rockwell hardness standardizing machine. The Rockwell hard-
ness standardizing machine differs from a Rockwell hardness
testing machine by having tighter tolerances on certain perfor-
mance attributes such as force application and machine hys-
teresis. A Rockwell standardizing machine is used for the
standardization of Rockwell hardness indenters as described in
Annex A3, and for the standardization of Rockwell test blocks
as described in Annex A4.

A2.1.2 Adherence to this standard and annex provide trace-
ability to national standards, except as stated otherwise.

A2.2 Accreditation

A2.2.1 The agency conducting direct and/or indirect verifi-
cations of Rockwell hardness standardizing machines shall be
accredited to the requirements of ISO 17025 (or an equivalent)
by an accrediting body recognized by the International Labo-
ratory Accreditation Cooperation (ILAC) as operating to the
requirements of ISO/IEC 17011. An agency accredited to
perform verifications of Rockwell hardness standardizing ma-
chines may perform the verifications of its own standardizing
machines. The standardizing laboratory shall have a certificate/
scope of accreditation stating the types of verifications (direct
and/or indirect) and the Rockwell scales that are covered by the
accreditation.

Note A2.1—Accreditation is a new requirement starting with this
edition of the standard.

A2.3 Apparatus

A2.3.1 The standardizing machine shall satisfy the require-
ments of Section 5 for a Rockwell hardness testing machine
with the following additional requirements.

A2.3.1.1 The standardizing machine shall be designed so
that: (/) each test force can be selected by the operator, and (2)
adjustments to test forces cannot be made by the operator.

A2.3.1.2 The system for displaying the hardness measure-
ment value shall be digital with a resolution of 0.1 Rockwell
units or better.

A2.3.1.3 Deviation in parallelism between the indenter
mounting surface and the anvil mounting surface shall not be
greater than 0.002 mm/mm (0.002 in./in.). This characteristic
of the standardizing machine is not likely to vary with time. As
such, the accuracy of this dimension shall only be certified by

the machine manufacturer and need not be periodically verified
by direct verification unless the components have been
changed.

A2.3.1.4 Indenters—Class A ball indenters and Class A or
Reference diamond indenters as described in Annex A3 (see
Note 3) shall be used.

A2.3.1.5 Testing Cycle—The standardizing machine shall be
capable of meeting each part of the testing cycle within the
tolerances specified in Table A2.1. The manufacturer of the
standardizing machine shall verify each of the five components
of the testing cycle at the time of manufacture, or when the
testing machine is returned to the manufacturer for repair.

A2.3.1.6 It is important that the final portion of the addi-
tional force application be controlled. Two recommended
procedures for properly applying the additional force are as
follows: (/) the average indenter velocity vy (see Fig. 2) during
the final 40 % of additional force application should be
between 0.020 mm/s and 0.040 mm/s, or (2) the amount of
force applied during the final 10 % of the additional force
application time should be less than 5 % of the additional force.

A2.3.1.7 During the period between verifications, no adjust-
ments may be made to the force application system, the force
measurement system, the indenter depth measurement system,
or the test cycle that is used for each Rockwell scale.

A2.4 Laboratory Environment

A2.4.1 The standardizing machine shall be located in a
temperature and relative-humidity controlled room with toler-
ances for these conditions given in Table A2.2. The accuracy of
the temperature and relative-humidity measuring instruments
shall be as given in Table A2.2. The display of the temperature
measuring device shall have a resolution of at least 1°C.

A2.4.2 The temperature and relative-humidity of the stan-
dardizing laboratory shall be monitored beginning at least one
hour prior to standardization and throughout the standardizing
procedure.

TABLE A2.1 Testing Cycle Requirements

Test Cycle Parameter Tolerance
Indenter contact velocity, v, =1.0 mm/s
Dwell time for preliminary force, t.. (when the time to apply 30+10s
the preliminary force tp, = 1 s, then calculate this parameter
t

as 2+ ty)

Additional force application, t;, (see A2.3.1.6) 10t080s
Dwell time for total force, t;¢ 50+10s
Dwell time for elastic recovery, tg 40+10s
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TABLE A2.2 Standardization Laboratory Environmental

Requirements
Environmental Accuracy of
Tolerance f
Parameter Measuring Instrument
Temperature 23.0 +3.0°C +1.0°C
(73.4 + 5.4°F) (1.8°F)
Relative humidity =70 % +10%

A2.4.3 The standardizing machine, indenter(s), and test
blocks to be standardized must be in an environment meeting
the tolerances of Table A2.2 for at least one hour prior to
standardization.

A2.4.4 During the standardization process, the standardiz-
ing machine shall be isolated from any vibration that may
affect the measurements.

A2.4.5 The power supply to the standardizing machine shall
be isolated from any electrical surges that could affect its
performance.

A2.5 Verifications

A2.5.1 The standardizing machine shall undergo direct and
indirect verifications at periodic intervals and when circum-
stances occur that may affect the performance of the standard-
izing machine, according to the schedule given in Table A2.3.

Note A2.2—Periodic direct verification (every 12 months) is a new
requirement starting with this edition of the standard. In previous editions
of this standard, direct verification was required only when a standardizing
machine was new, moved, or when adjustments, modifications or repairs
were made that could affect the application of the test forces, the depth
measuring system, or the machine hysteresis.

A2.5.2 A standardizing machine used for the standardiza-
tion of test blocks shall undergo monitoring verifications each
day that standardizations are made, according to the schedule
given in Table A2.3.

A2.5.3 All instruments used to make measurements re-
quired by this Annex shall be calibrated traceable to national
standards where a system of traceability exists, except as noted
otherwise.

A2.5.4 The standardizing machine shall be directly and
indirectly verified at the location where it will be used.

TABLE A2.3 Verification Schedule for a Rockwell Hardness
Standardizing Machine

Verification

Procedure Setigddle

Direct Shall be every 12 months.

verification ~ When a standardizing machine is new, moved, or when
adjustments, modifications or repairs are made that could
affect the application of the test forces, the depth measuring
system, or the machine hysteresis.

Indirect Shall be within 12 months prior to standardization testing.

verification Following a direct verification(limited number of scales).

Monitoring Shall be before and after each lot is standardized, and at the

verification ~ end of each day and the start of the following day when a

single lot is standardized over multiple days.

A2.6 Periodic Verification Procedures

A2.6.1 Perform Cleaning and Maintenance—If required,
cleaning and routine maintenance of the standardizing machine
shall be made before conducting direct or indirect verifications
in accordance with the manufacturer’s specifications and in-
structions.

A2.6.2 Direct Verification—Perform a direct verification of
the standardizing machine in accordance with the schedule
given in Table A2.3. The test forces, depth measuring system,
and machine hysteresis shall be verified.

A2.6.2.1 Verification of the Test Forces—For each Rockwell
scale that will be used, the associated forces (preliminary test
force, total test force, and test force during elastic recovery)
shall be measured. The test forces shall be measured by means
of a Class AA elastic force measuring instrument having an
accuracy of at least 0.05 %, as described in ASTM E74.

A2.6.2.2 Make three measurements of each force. The
forces shall be measured as they are applied during testing.

A2.6.2.3 Each preliminary test force F, and each total test
force F shall be accurate to within 0.25 % in accordance with
Table A2.4.

A2.6.2.4 Verification of the Depth Measuring System—The
depth measuring system shall be verified by means of an
instrument having an accuracy of at least 0.0001 mm.

A2.6.2.5 Verify the standardizing machine’s measurement
of depth at not less than four evenly spaced increments of
approximately 0.05 mm at the range of the normal working
depth of the standardizing machine. The normal working depth
range shall correspond to the lowest and highest hardness
values for the Rockwell scales that will be standardized or that
will be used for indenter calibrations.

A2.6.2.6 For testing machines with long stroke actuators
and fixed anvils, the depth measurement verification shall be
repeated at positions corresponding to each thickness of test
block that will be standardized or that will be used for indenter
calibrations.

A2.6.2.7 The indentation depth measuring device shall have
an accuracy of at least 0.0002 mm over the normal working
depth range which corresponds to 0.1 regular Rockwell hard-
ness units and 0.2 Rockwell Superficial hardness units.

A2.6.2.8 Verification of Machine Hysteresis—Most Rock-
well hardness machines will undergo flexure in the machine
frame and some machine components each time a test is made.
If the flexure is not entirely elastic during the application and
removal of the additional force F, the testing machine may
exhibit hysteresis in the indenter depth measuring system,
resulting in an offset or bias in the test result. The goal of the

TABLE A2.4 Tolerances on Applied Force for the
Standardizing Machine

Force, kgf (N) Tolerance, kgf (N)

10 (98.07) 0.025 (0.245)
60 (588.4) 0.150 (1.471)
100 (980.7) 0.250 (2.452)
150 (1471) 0375 (3.678)
3 (29.42) 0.008 (0.074)
15 (147.1) 0.038 (0.368)
30 (294.2) 0.075 (0.736)
45 (441.3) 0.113 (1.103)
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hysteresis verification is to perform a purely elastic test that
results in no permanent indentation. In this way, the level of
hysteresis in the flexure of the testing machine can be deter-
mined.

A2.6.2.9 Perform repeated Rockwell tests using a blunt
indenter (or the indenter holder surface) acting directly onto the
anvil or a very hard test piece. The tests shall be conducted on
a Rockwell scale having the highest test force that is used for
normal standardizations.

A2.6.2.10 Repeat the hysteresis tests for a maximum of ten
measurements and average the last three tests. The average
measurement shall indicate a hardness number within
130 = 0.3 Rockwell units when Rockwell ball scales B, E, F,
G, H and K are used, or within 100 = 0.3 Rockwell units when
any other Rockwell scale is used.

A2.6.2.11 Direct Verification Failure—If any of the direct
verifications fail the specified requirements, the standardizing
machine shall not be used until it is adjusted or repaired. Any
parameter that may have been affected by an adjustment or
repair shall be verified again by direct verification.

A2.6.3 Indirect Verification—Indirect verification involves
verifying the performance of the standardizing machine by
means of standardized test blocks and indenters. Prior to
performing standardizations for any Rockwell scale, an indi-
rect verification of the standardizing machine for that scale
shall be made within the time period given in Table A2.3. A
selected number of Rockwell scales shall be indirectly verified
at the time of the direct verification as described below. The
indirect verification of all other Rockwell scales may be made
at any time as long as it occurs within the time period given in
Table A2.3 prior to standardization.

A2.6.3.1 Immediately following the direct verification, in-
direct verifications of a selected number of scales shall be
performed to determine the performance of the standardizing
machine at each force level that the standardizing machine is
capable of applying. An example of an indirect verification for
a standardizing machine capable of applying all force levels is
given in Table A2.5. It is recommended that Rockwell scales be
chosen that will also verify each indenter that will be used.
When national primary standardized test blocks (see Note
A23) are available, they should be used for the periodic
indirect verification.

Note A2.3—Primary standardized test blocks are certified at the
national standardizing laboratory level. In the United States, the national
Rockwell hardness standardizing laboratory is the National Institute of
Standards and Technology (NIST), Gaithersburg, MD 20899.

Il Seal

TABLE A2.5 Suggested Rock for the Indirect
Verification of Machines Capable of Performing Both Regular and
Superficial Scale Tests and that Will Use Only Diamond and
1/16 in. (1.588 mm) Diameter Carbide Ball Indenters

Preliminary Force Total Force Indenter Rockwell
kgf (N) kgf (N) Type Scale
10 (98.07) 60 (588.4) diamond HRA
10 (98.07) 100 (980.7) 46 in. ball HRB
10 (98.07) 150 (1471) diamond HRC
3(29.42) 15 (147.1) diamond HR15N
3(29.42) 30 (294.2) e in. ball HR30T
3 (29.42) 45 (441.3) diamond HR45N

A2.6.3.2 Standardized test blocks shall be used in the
appropriate hardness ranges for each scale to be verified. These
ranges are given in Table A2.6. The standardizing testing
machine shall not be adjusted during the indirect verification
procedures.

TABLE A2.6 Maximum Allowable Repeatability and Error of
Standardizing Machines

S Maximum Maximum

Ra"g‘;:;séﬁ,"ctrd'zed Repeatabilt, #  Error, £

(HR units) (HR units)
HRA 20 to 65 1.0 +05
70to 78 0.7 +05
80 to 84 0.5 +0.3
HRBW 40 to 59 1.0 +0.7
60 to 79 0.7 +05
80 to 100 0.7 +05
HRC 20 to 30 1.0 +05
35 to 55 0.7 +05
60 to 65 05 +0.3
HRD 40 to 48 1.0 +05
51 to 67 0.7 +05
711075 0.5 +03
HREW 70to 79 0.7 +05
84 to 90 0.7 +05
93 to 100 0.5 +05
HRFW 60 to 75 0.7 +05
80 to 90 0.7 +05
94 to 100 0.5 +05
HRGW 30 to 50 1.0 +05
55to 75 1.0 +05
80 to 94 1.0 +05
HRHW 80 to 94 1.0 +05
96 to 100 1.0 +05
HRKW 40 to 60 0.7 +05
65 to 80 0.5 + 05
85 to 100 0.5 +05
HRLWA 1.0 + 05
HRMWA 1.0 +05
HRPWA 1.0 + 05
HRRWA 1.0 +05
HRSWA 1.0 +05
HRVWA 1.0 +05
HR15N 70to 77 1.0 +05
78 to 88 0.7 +05
90 to 92 0.5 +04
HR30N 42 to 50 1.0 + 05
5510 73 0.7 +05
77 to 82 0.5 +04
HR45N 20 to 31 1.0 +05
37 to 61 0.7 +05
66 to 72 0.5 +04
HR15TW 74 to 80 1.0 +0.7
81to 86 0.7 +05
87 to 93 0.7 +05
HR30TW 43 to 56 1.0 +0.7
57 to 69 0.7 +05
70 to 83 0.7 +05
HR45TW 13 to 32 1.0 +0.7
33 to 52 0.7 +05
53t0 73 0.7 +05
HR15WwWA4 1.0 +05
HR30WWA 1.0 +05
HR45WWA 1.0 +05
HR15XWA 1.0 +05
HR30XWA 1.0 +05
HR45XWA 1.0 +05
HR15YW# 1.0 +05
HR30YW# 1.0 +05
HR45YW# 1.0 +05

A Appropriate ranges of standardized test blocks for the L, M, P, R, S, V, W, X, and
Y scales shall be determined by dividing the usable range of the scale into two
ranges, high and low. Standardized test blocks for the R and S scales may be
available at only one hardness level.
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A2.6.3.3 The indenter(s) to be used for the indirect verifi-
cation shall be the same indenter(s) that will be used for future
standardizations. If more than one indenter will be used for the
same hardness scale, an additional verification shall be made
for each indenter.

A2.6.3.4 The test cycle to be used for the indirect verifica-
tion should be the same as the test cycle used by the
standardizing laboratory when calibrating the standardized test
blocks.

A2.6.3.5 Prior to testing the standardized test blocks, ensure
that the testing machine is working freely, and that the indenter
and anvil are seated adequately. Make at least two hardness
measurements on a uniform test piece for the scale to be
verified. The results of these measurements need not be
recorded.

A2.6.3.6 On each standardized block, make at least five
hardness measurements distributed uniformly over the surface
of the block.

A2.6.3.7 Error—Using Eq 2, determine the error E in the
performance of the standardizing machine for each standard-
ized test block that is measured. The error E shall be within the
tolerances of Table A2.6.

A2.6.3.8 Repeatability—Using Eq 3, determine the repeat-
ability R in the performance of the standardizing machine for
each standardized test block that is measured. The repeatability
R shall be within the tolerances of Table A2.6. If the calculated
repeatability is outside the tolerances of Table A2.6, it may be
due to the non-uniformity of the test block. The repeatability R
may be determined again by making an additional five mea-
surements on each standardized block in close proximity to
each other adhering to indentation spacing restrictions (see Fig.
3). A pattern such as illustrated in Fig. A2.1 is recommended.
The close proximity of the measurements will reduce the effect
of test block non-uniformity.

A2.6.3.9 If any of the error E or repeatability R measure-
ments fall outside of the specified tolerances, the standardizing
machine shall not be considered to have passed the indirect
verification. A number of corrective actions may be attempted
to bring the standardizing machine within tolerances. These
actions include cleaning and maintenance or replacing the
anvil. No adjustments to the force application system, force

Closest
spacing
allowed

FIG. A2.1 Suggested Pattern for Rep

tability M "

measurement system, or depth measuring system may be made.
The indirect verification procedures may be repeated after
making the allowed corrective actions. If the standardizing
machine continues to fail the repeatability or error tests
following corrective actions, the standardizing machine must
undergo adjustment and/or repair followed by a direct verifi-
cation.

A2.6.3.10 It is recommended that immediately following
the successful completion of an indirect verification, user test
blocks are calibrated for use as monitoring blocks as outlined
in A2.7.

A2.7 Monitoring Verification

A2.7.1 This section describes the monitoring procedures for
a standardizing hardness machine used for the standardization
of test blocks, and the calibration and use of monitoring test
blocks.

A2.7.2 The standardizing laboratory shall monitor the per-
formance of a standardizing machine used for the standardiza-
tion of test blocks between periodic direct and indirect verifi-
cations by performing monitoring verifications each day that
standardizations are made, according to the schedule given in
Table A2.3. Monitoring verifications are indirect verifications
performed with monitoring test blocks that bracket the stan-
dardization hardness level.

A2.7.3 The standardizing laboratory should track the per-
formance of the standardizing machine using control-charting
techniques or other comparable methods. The control charts
are intended to indicate whether there is a loss of measurement
control in the performance of the standardizing machine

A2.7.4 Monitoring Test Blocks—Test blocks that meet the
physical requirements (see Table A4.1) and the uniformity
requirements (see Table A4.2) of Annex A4 shall be used. The
monitoring test blocks shall be at each of the appropriate
hardness ranges of each hardness scale that will be used. These
ranges are given in Table A2.6. It is to the advantage of the
laboratory to use test blocks that exhibit high uniformity in
hardness across the test surface. The laboratory may, in all
cases, perform the monitoring tests using primary standardized
test blocks.

A2.7.5 Procedure for Calibrating Monitoring Test Blocks—
Monitoring test blocks for a specific Rockwell scale shall be
calibrated by the standardizing laboratory following an indirect
verification of the scales for which monitoring blocks will be
calibrated. An adequate number of monitoring blocks should
be calibrated for each hardness scale and hardness level. The
number of blocks required is dependent on each laboratory’s
needs and experience.

A2.7.5.1 Prior to calibrating the monitoring test blocks,
ensure that the testing machine is working freely, and that the
indenter and anvil are seated adequately. Each time the
hardness scale is changed, make at least two hardness mea-
surements on a uniform test piece for the scale to be verified.
The results of these measurements need not be recorded.
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A2.7.5.2 Make at least five measurements distributed uni-
formly over the surface of one of the monitoring test blocks.
Repeat this procedure, as required, for the quantity of blocks
needed at the appropriate ranges of each Rockwell scale.

A2.7.5.3 For each of the monitoring test blocks, let #,, be
the average of the calibration values as measured by the
standardizing machine. The value of H,, may be corrected for
the error E that was determined for that Rockwell scale and
hardness level as a result of the indirect verification.

A2.7.6 For each monitoring block, the following informa-
tion shall be recorded and retained for at least the time period
during which the monitoring block calibration is valid.

A2.7.6.1 Serial number.

A2.7.6.2 Calibrated hardness value, H,,.

A2.7.6.3 Date of calibration.

A2.7.7 Monitoring Methods—It is recommended that con-
trol charts or other comparable methods be used to monitor the
performance of the standardizing machine between verifica-
tions. Control charts provide a method for detecting lack of
statistical control. There are many publications available that
discuss the design and use of control charts, such as the ASTM
“Manual on Presentation of Data and Control Chart Analysis:
6th Edition,” prepared by Committee E11 on Quality and
Statistics. The standardizing laboratory should develop and use
control charts that best apply to their specific needs.

A2.7.8 Monitoring Procedures—The following monitoring
procedures shall be performed before and after each lot of test
blocks is standardized. When standardizations of a single lot of
test blocks spans multiple days, the monitoring procedures
shall be performed at the end of the work day and at the start
of the following day during the period that the lot is standard-
ized. In addition, the monitoring procedures shall be performed
whenever the indenter, anvil, or test force is changed.

A2.7.8.1 Atleasttwo monitoring test blocks shall be used in
the appropriate hardness ranges that bracket the hardness level
to be standardized. These ranges are given in Table A2.6. For
some Rockwell scales (for example, HRR and HRS) there may
be only one monitoring test block that can be used.

A2.7.8.2 Prior to testing the monitoring test blocks, ensure
that the testing machine is working freely, and that the indenter
and anvil are seated adequately. Make at least two hardness
measurements on a uniform test piece for the scale to be
verified. The results of these measurements need not be
recorded. Repeat this procedure each time the hardness scale is
changed.

A2.7.8.3 On each monitoring test block, make at least four
measurements distributed uniformly over the surface of the
block.

A2.7.8.4 Error—Determine the error E (Eq 2) in the perfor-
mance of the standardizing machine for each monitoring test
block that is measured. The error E shall be within the
tolerances of Table A2.6.

A2.7.8.5 Repeatability—Determine the repeatability R in
the performance of the standardizing machine (Eq 3) for each
standardized test block that is measured. The repeatability R
shall be within the tolerances of Table A2.6.

17

A2.7.8.6 If any of the error E measurements or the repeat-
ability R measurements fall outside of the specified tolerances,
the standardizing machine shall not be considered to have
passed the monitoring verification, and shall not be used for
standardizations. A number of corrective actions may be
attempted to bring the standardizing machine within toler-
ances. These actions include cleaning and maintenance or
replacing the anvil. No adjustments to the force application
system, force measurement system, or depth measuring system
may be made. The monitoring verification procedures may be
repeated after making the allowed corrective actions. If the
standardizing machine continues to fail the error tests follow-
ing corrective actions, the standardizing machine must undergo
adjustment and/or repair followed by a direct verification.

A2.7.8.7 Whenever a standardizing machine fails a moni-
toring verification, the standardizations made since the last
valid monitoring verification may be suspect.

A2.7.8.8 Examine the measurement data using control
charts or other monitoring systems that are being used (see
Note A2.4). If the monitoring verification data indicates that
the standardizing machine is within control parameters, stan-
dardizations are considered to be valid.

Nore A2.4—Control chart data should be interpreted by the laboratory
based on past experience. The need for corrective action does not depend
solely on data falling outside the control limits, but also on the prior data
leading to this occurrence. As a general rule, however, once the standard-
izing machine is determined to be in control, a single occurrence of data
falling outside the control limits should alert the laboratory to a possible
problem. The level of action that is required depends on the history of the
machine performance. It may be precautionary such as increasing the
monitoring frequency, or corrective such as performing new direct and
indirect verifications.

A2.8 Verification Report

A2.8.1 Direct Verification:

A2.8.1.1 Reference to this ASTM test method.

A2.8.1.2 Identification of the hardness standardizing
machine, including the serial number, manufacturer and model
number.

A2.8.1.3 Identification of all devices (elastic proving
devices, etc.) used for the verification, including serial numbers
and identification of standards to which traceability is made.

A2.8.1.4 Test temperature at the time of verification re-
ported to a resolution of at least 1°C.

A2.8.1.5 The individual measurement values and calculated
results used to determine whether the standardizing machine
meets the requirements of the verification performed. It is
recommended that the uncertainty in the calculated results used
to determine whether the standardizing machine meets the
requirements of the verification performed also be reported.

A2.8.1.6 Description of adjustments or maintenance done to
the standardizing machine, when applicable.

A2.8.1.7 Date of verification and reference to the verifying
agency or department.

A2.8.1.8 Signature of the person performing the verifica-
tion.

A2.8.1.9 Accreditation certification number.

A2.8.2 Indirect Verification:
A2.8.2.1 Reference to this ASTM test method.
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A2.8.2.2 Identification of the standardizing machine, in-
cluding the serial number, manufacturer and model number.

A2.8.2.3 Identification of all devices (test blocks, indenters,
etc.) used for the verification, including serial numbers and
identification of standards to which traceability is made.

A2.8.2.4 Test temperature at the time of verification re-
ported to a resolution of at least 1°C.

A2.8.2.5 The Rockwell hardness scale(s) verified.

A2.8.2.6 The individual measurement values and calculated
results used to determine whether the standardizing machine
meets the requirements of the verification performed. Measure-
ments made to determine the as-found condition of the
standardizing machine shall be included whenever they are
made. It is recommended that the uncertainty in the calculated

results used to determine whether the standardizing machine
meets the requirements of the verification performed also be
reported.

A2.8.2.7 Description of maintenance done to the standard-
izing machine, when applicable.

A2.8.2.8 Date of verification and reference to the verifying
agency or department.

A2.8.2.9 Signature of the person performing the verifica-
tion.

A2.8.2.10 Accreditation certification number.

A2.8.3 Monitoring Verification:

A2.8.3.1 No verification report is required; however, it is
required that records be kept of the monitoring verification
results, see A2.7.8.8.

A3. STANDARDIZATION OF ROCKWELL INDENTERS

A3.1 Scope

A3.1.1 Annex A3 specifies the requirements and procedures
to manufacture and standardize the Rockwell diamond sphero-
conical indenter and Rockwell ball indenters for use with all
Rockwell scales.

Note A3.1—Previous versions of this standard specified that diamond
indenters used for calibrations meet the following geometrical require-
ments:

included angle of 120 * 0.1°;
mean radius of 0.200 * 0.005 mm; and
radius in each measured section of 0.200 * 0.007 mm.

It is believed that diamond indenters meeting these tolerances are not
reliably available on the world market at this time. Consequently, for this
revision, the tolerances for the geometric features of the Class A and
Reference diamond indenters have been temporarily widened to the levels
of Class B indenters until such time as indenters having tighter tolerances
become reliably available.

A3.1.2 The Annex covers two levels of ball indenters,
designated by this standard as Class B, and Class A. Class B
indenters are intended for every day use with Rockwell
hardness testing machines and for the indirect verification of
Rockwell hardness testing machines in accordance with Annex
Al. Class A indenters are intended for the indirect verification
of Rockwell standardizing machines in accordance with Annex
A2, and for the standardization of test blocks in accordance
with Annex A4.

A3.1.3 The Annex covers three levels of diamond indenters,
designated by this standard as Class B, Class A and Reference
indenters. Class B indenters are intended for every day use
with Rockwell hardness testing machines. Class A indenters
are intended for the standardization of Class B indenters in
accordance with this Annex, and for the standardization of test
blocks in accordance with Annex A4. Reference indenters are
intended for the standardization of Class A indenters.

A3.1.4 This Annex also provides the schedule for verifying
indenters.

A3.1.5 Adherence to this standard and annex provides
traceability to national standards, except as stated otherwise.

A3.2 Accreditation

A3.2.1 The agency conducting the standardizations of in-
denters shall be accredited to the requirements of ISO 17025
(or an equivalent) by an accrediting body recognized by the
International Laboratory Accreditation Cooperation (ILAC) as
operating to the requirements of ISO/IEC 17011. The standard-
izing laboratory shall have a certificate of accreditation stating
the class and types of indenters that are covered by the
accreditation. Only indenters of the class and types within the
laboratory’s scope of accreditation are considered to meet this
standard, except as stated below.

Nore A3.2—Accreditation is a new requirement starting with this
edition of the standard.

A3.3 General Requirements

A3.3.1 The standard Rockwell hardness indenters are the
diamond spheroconical indenter, and tungsten carbide (WC)
ball indenters with diameters of Vie in. (1.588 mm), '& in.
(3.175 mm), Y in. (6.350 mm), and ‘2 in. (12.70 mm) to be
used for the Rockwell hardness scales as given in Table A3.1.
Steel ball indenters may be used in special circumstances (see
5:12.0).

A3.3.2 The standardizing laboratory environment, the stan-
dardizing machine, and the standardizing test cycle shall
satisfy the requirements of Annex A2.

A3.3.3 All instruments used to make measurements re-
quired by this Annex shall be calibrated traceable to national
standards where a system of traceability exists, except as noted
otherwise.

A3.3.4 All classes of diamond indenters and ball indenters
shall be verified for comrect geometry and performance in
accordance with the schedule specified in Table A3.2.

A3.4 Ball Indenters

A3.4.1 Ball indenters frequently consist of a holder, a cap
and a ball. The standardization process defined in this section
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TABLE A3.1 Indenter Types for Specific Rockwell Scales

Ssycr:kl)eol Indenter Type
HRA Diamond Spheroconical
HRBW WC Ball - %6 in. (1.588 mm)
HRC Diamond Spheroconical
HRD Diamond Spheroconical
HREW WC Ball - % in. (3.175 mm)
HRFW WC Ball - %6 in. (1.588 mm)
HRGW WC Ball - 6 in. (1.588 mm)
HRHW WC Ball - % in. (3.175 mm)
HRKW WC Ball - % in. (3.175 mm)
HRLW WC Ball - % in. (6.350 mm)
HRMW WC Ball - % in. (6.350 mm)
HRPW WC Ball - % in. (6.350 mm)
HRRW WC Ball - % in. (12.70 mm)
HRSW WC Ball - % in. (12.70 mm)
HRVW WC Ball - % in. (12.70 mm)
HR15N Diamond Spheroconical
HR30N Diamond Spheroconical
HR45N Diamond Spheroconical
HR15TW WC Ball - %6 in. (1.588 mm)
HR30TW WC Ball - %6 in. (1.588 mm)
HR45TW WC Ball - %6 in. (1.588 mm)
HR15WW WC Ball - % in. (3.175 mm)
HR30WW WC Ball - % in. (3.175 mm)
HR45WW WC Ball - % in. (3.175 mm)
HR15XW WC Ball - % in. (6.350 mm)
HR30XW WC Ball - ¥ in. (6.350 mm)
HR45XW WC Ball - ¥ in. (6.350 mm)
HR15YW WC Ball - % in. (12.70 mm)
HR30YW WC Ball - * in. (12.70 mm)
HR45YW WC Ball - % in. (12.70 mm)
TABLE A3.2 Indenter Verification Schedule
Irgdorner Geometrical Features Performance
Type
Class B When an indenter is new. When an indenter is new, and
diamond when suspected damage has
occurmred.
Class A When an indenter is new. Shall be within 12 months prior
diamond to standardization testing and
when suspected damage has
occumred.
Reference  When an indenter is new. When an indenter is new, and
diamond when suspected damage has
occurred.
Class A Balls shall be verified for Ball holders shall be verified
and dimensions when new. when new, and when suspected
Class B Ball holders shall be verified for damage has occurred. (This
ball ball protrusion when new. requirement does not apply

when simply replacing a ball.)

involves the assembled unit. The ball may be changed without
affecting the assembly’s verification provided the ball con-
forms to all the requirements in this section.

A3.4.2 One-piece fixed-ball indenters are allowed provided
the indenter meets the same requirements as removable ball
indenters. The manufacturer shall ensure that the method used
to affix the ball to the holder does not affect the dimensions or
properties of the ball.

A3.4.3 Indenter Balls—The balls shall meet the following
requirements:

A3.4.3.1 The mean surface roughness of the ball shall not
exceed 0.00005 mm (2 pin.).

A3.4.3.2 The diameter of Class B balls, when measured at
not less than three positions, shall not differ from the nominal
diameter by more than 0.0025 mm (0.0001 in.).

A3.4.3.3 The diameter of Class A balls, when measured at
not less than three positions, shall not differ from the nominal
diameter by more than 0.0010 mm (0.00004 in.).

Nore A3.3—Balls that conform to ABMA Grade 24 satisfy the
requirements for size and finish for Class A and Class B as specified in
ABMA Standard 10-1989.

A3.4.3.4 The hardness of a tungsten carbide ball shall not be
less than 1500 HV1 in accordance with Test Method E92 or
E384.

A3.4.3.5 The material of tungsten carbide balls shall have a
density of 14.8 + 0.2 g/em®, and the following chemical
composition:

2.0 % maximum

5010 7.0%
balance

Total other carbides

Cobalt (Co)

Tungsten carbide (WC)

A3.4.3.6 The surface hardness of a steel ball shall not be
less than 746 HV1 in accordance with Test Method E92 or
E384.

A3.4.3.7 For the purpose of verifying the requirements of
the ball given in A3.4.3, it is considered sufficient to test a
sample set of balls selected at random from a batch in
accordance with the schedule specified in Table A3.2. The balls
verified for hardness shall be discarded.

A3.4.3.8 To meet the above requirements for indenter balls,
the indenter standardizing laboratory may either verify that the
balls meet the requirements, or obtain a certificate of verifica-
tion from the ball manufacturer.

A3.4.4 Ball Holder—The ball holder shall meet the follow-
ing requirements:

A3.44.1 The material used to manufacture the portion of
the ball holder that supports the test force should have a
minimum hardness of 25 HRC.

A3.4.4.2 The ball shall protrude outside the holder a mini-
mum of 0.3 mm. This requirement may be verified by direct
measurement or by performing the appropriate Rockwell scale
test on a standardized test block that has an equivalent hardness
of 10 HRBW or softer. The protrusion is sufficient if the
hardness result is within = 1.5 of the certified value of the
block.

A3.4.5 Performance Verification of Ball Indenter Holders—
The influence of the ball indenter on the hardness value is not
due solely to the previously specified features of the ball, but
also on characteristics of the ball holder that may vary due to
manufacturing procedures. To examine these influences, the
performance of each new Class B and Class A ball holder shall
be verified in accordance with the schedule specified in Table
A32.

A3.4.5.1 The performance verification is accomplished by
making hardness measurements on test blocks meeting the
manufacturing requirements of A4.3 and having been standard-
ized using a standardizing machine which successfully passed
direct verification in accordance with A2.6.2. At least one test
block shall be tested for the Rockwell hardness scale and
hardness range given in Table A3.3, corresponding to the ball
size being verified. Some specially designed Y16 in. (1.588 mm)
Class B indenters may not be able to perform tests using the
Rockwell scales required for verification of normal indenters in
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TABLE A3.3 Test Blocks to be Used for Class A and Class B Ball
Indenter Performance Verifications and the Maximum Tolerance
on the Performance with Respect to Standardized
Reference Blocks

Ranges of

Ball Size Required Test Class A Class B
in. (mm) equirec les Tolerance Tolerance
Blocks
146 (1.588) 20 to 100 HRBW + 0.4 HRBW + 0.8 HRBW
s (3.175) 68 to 92 HREW + 0.4 HREW + 0.8 HREW
4 (6.350) HRLW, HRMW, or + 04 HR +0.8 HR
HRPW (any level)
% (12.70) HRRW, HRSW, or + 04 HR + 0.8 HR

HRVW (any level)

Table A3.3. For example, this applies to thin-tip Y16 in. (1.588
mm) ball indenters that cannot support HRB scale test forces.
These limited scale indenters may be used provided they are
certified for the scale or scales they are designed to perform by
using the test block or blocks for those scales as defined in
Table A3.4. In all cases the test report shall define the scale or
scales the indenter is certified to perform.

A3.4.5.2 Prior to the performance verification, ensure that
the testing machine is working freely, and that the indenter to
be verified and anvil are seated adequately. Make at least two
hardness measurements on a uniform test piece. The results of
these measurements need not be recorded.

A3.4.5.3 On the standardized test block, make at least three
measurements distributed uniformly over the test surface.
Determine the difference between the average of the three or
more measurements and the calibrated value of the test block.

A3.4.5.4 For acceptability, the difference shall be within the
tolerances specified in Table A3.3 for the class of indenter
being verified or Table A3.4 for the singular or limited scale
indenter being verified.

A3.4.6 Ball indenters frequently consist of a holder and a
removable cap that allows periodic changing of the ball.
Indenter caps can be damaged during use and therefore may
have to be replaced. When the cap is replaced with a new cap,
the ball indenter assembly shall be performance tested before
use by performing a daily verification according to A1.5.3.1.
The test block used should have a hardness equal to or softer
than the softest material that is expected to be tested using the
indenter. The verification may be performed by the indenter
owner or a calibration agency. A testing machine that meets the
requirements of Annex Al shall be used for this verification.

TABLE A3.4 Test Blocks to be used for Singular or Limited Scale
Ball Indenter Perfor Verificati and the Maxi
Tolerance on the Performance with Respect to Standardized
Reference Blocks

. Ranges of
Ball ses Required Test Tolerance
in. (mm) Blocks
V16 (1.588) 67 to 90 HR15TW + 0.8 HR15TW
HR15TW scale
V16 (1.588) 30 to 77 HR30TW + 0.8 HR30TW
HR30TW scale
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A3.5 Class B Diamond Indenters

A3.5.1 Class B diamond indenters are intended for every
day use to perform Rockwell hardness measurements. They
shall be verified for cormrect geometry and performance in
accordance with the schedule specified in Table A3.2.

A3.5.2 Geometric Requirements of Class B Diamond In-
denters:

A3.5.2.1 The polished portion of the diamond indenter shall
be free from surface defects (cracks, chips, pits, etc.) when
observed under a 20x magnification. The indenter shall be
polished to such an extent that no unpolished part of its surface
makes contact with the test piece when the indenter penetrates
to a depth of 0.3 mm.

A3.5.2.2 Verification of the following geometric features
shall be made at not less than four approximately equally
spaced full cross-section profiles. For example, four profiles
would be spaced at approximately 45° intervals.

A3.5.2.3 The diamond shall have an included angle of
120 * 0.35° (see Fig. A3.1).

A3.5.2.4 The tip of the diamond shall be spherical with a
mean radius of 0.200 = 0.010 mm (see Fig. A3.1). In each
measured section, the radius shall be within 0.200 = 0.015
mm, and local deviations from a true radius shall not exceed
0.002 mm.

A3.5.2.5 The surfaces of the cone and spherical tip shall
blend in a tangential manner.

A3.5.2.6 The instrument(s) used to verify the geometrical
features shall be capable of measuring to the accuracies given
in Table A3.5.

A3.5.2.7 The verification of the geometrical features of the
diamond may be made by direct measurement or by measure-
ment of it’s projection on a screen provided the accuracy
requirements are met.

A3.5.2.8 When the projection on a screen method is used,
the contour of the diamond projection is compared to lines on
the screen that indicate the dimensional tolerance limits. In this
case, measurement values for the geometrical features are not
required. It is sufficient to state that the features are within
tolerances.

A3.5.3 Performance Verification of Class B Diamond In-
denters:

A3.53.1 The influence of the diamond indenter on the
hardness value is not due solely to the previously specified
features of the indenter, but also on other characteristics that
vary due to manufacturing procedures. To examine these
influences, the performance of each Class B indenter shall be

Included Cone Angle
120 degrees

G
-

. o Yy
+"  Spherical '\
/Radius of Curvature\,
1 0.2 mm [l

FIG. A3.1 Diagram of Cross-Sectional View of Spheroconical Dia-
mond Indenter Tip
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TABLE A3.5 Minimum Measuring Instrument Accuracies for
Verifying the Geometrical Features of Class B, Class A and
Reference Diamond Indenters

TABLE A3.6 Test Blocks to be Used Class B Diamond Indenter
Performance Verifications and the Maximum Tolerance on the
Performance Relative to the Class A or Reference Indenter

Geometrical Feature Minimum
Accuracy

Angles 0.1°
Radius 0.001 mm
Straightness of the generatric line 0.001 mm

of the cone
(Class A and Reference indenters
only)

verified by comparison to the performance of a qualifying
Class A or Reference indenter.

A3.5.3.2 Diamond indenters may be verified for use on
limited Rockwell scales as follows: regular Rockwell scales
only; superficial Rockwell scales only; or both regular and
superficial Rockwell scales. Special diamond indenters in-
tended for single or limited scale use and indenters, such as
side cut diamond indenters, that because of their geometries
cannot support the heavier loads of some Rockwell scales are
also allowed. In all cases the test report shall define the scale or
scales the indenter is certified to perform.

A3.5.3.3 The performance verification is accomplished by
making hardness measurements on test blocks meeting the
manufacturing requirements of A4.3.

A3.5.3.4 Prior to the performance verification, ensure that
the testing machine is working freely, and that the indenter and
anvil are seated adequately. Make at least two hardness
measurements on a uniform test piece using a total force of 150
kgf, or the greatest test force that the indenter can support. The
results of these measurements need not be recorded. This
procedure shall be repeated each time the indenter is changed.

A3.5.3.5 Using the qualifying indenter, perform the daily
verification procedures of A1.5.3 for the scales and hardness
levels that will be used for the indenter performance verifica-
tion. If any of the error £ measurements or the repeatability R
measurements fall outside of the specified tolerances, the
standardizing machine shall not be considered to have passed
the verification, and shall not be used for standardization until
the problem is determined and corrections have been made.
Once corrections have been made, the verification procedure
shall be repeated. This verification procedure is required only
at the start of the indenter performance verification.

A3.5.3.6 The following procedures for performance verifi-
cation involve making qualifying hardness tests on test blocks
with a Class A or Reference indenter, then performing verifi-
cation tests on the same blocks with the Class B indenters to be
verified.

A3.5.3.7 Using the qualifying indenter, perform one set of at
least three qualifying tests on each test block from each range
defined in Table A3.6 for the type of indenter to be verified.
Special singular or limited scale indenters (see A3.5.3.2) shall
be certified for use on singular or limited scales using the test
blocks defined in Table A3.7. For example, if an HRA scale
only diamond indenter is desired, the two HRA scale test
blocks defined in the table would be used. If an indenter to be
used in the 15N and 30N scales only is desired, then 4 test

21

Class B
Tolerance
Ranges of as Cotrcr;pa red
Indenter Type Required Test Class A or
Blocks Reference
Indenter
Ho_ Hv
Regular Scales Diamond 22 to 28 HRC + 0.8 HRC
60 to 65 HRC + 0.4 HRC
Superficial Scales Diamond 88 to 94 HR15N + 0.5 HR15N
60 to 69 HR30ON + 0.5 HR30N
22 to 29 HR45N + 0.8 HR45N
Combination Regular and 22 to 28 HRC + 0.8 HRC
Superficial Scales Diamond 60 to 65 HRC + 0.5 HRC
88 to 94 HR15N + 0.5 HR15N
60 to 69 HR30ON + 0.5 HR15N

TABLE A3.7 Test Blocks to be Used for Singular or Limited Scale
Di d Indenter Perf Verificati and the Maxi
Tolerance on the Performance Relative to the Class A or
Reference Indenter

Tolerance
Ranges of as Compared to
Indenter Type Required Test Class A or
Blocks Reference Indenter
Ho_ Hv
HRA Scale 61 to 65 HRA + 0.8 HRA
81 to 84 HRA + 0.5 HRA
HRD Scale 41 to 46 HRD + 0.8 HRD
70 to 75 HRD +0.5 HRD
HR15N Scale 70 to 74 HR15N + 0.8 HR15N
88 to 94 HR15N + 0.5 HR15N
HR30N Scale 43 to 49 HR30N + 0.8 HR30ON
77 to 82 HR30N + 0.5 HR30ON

blocks would be used, 2 in the 15N scale and 2 in the 30N scale
as defined in the table. Record each test result and the location
of the indentation. Let H, be the average of the qualifying
measurements.

A3.5.3.8 Using the Class B indenter to be verified, perform
verification tests on the test blocks previously tested with the
Class A or Reference indenter. One verification test shall be
made within 6 mm of each qualifying indent. Let H, be the
average of the verifying measurements.

A3.5.3.9 The number of verifying tests that can be made
adjacent to each qualifying test is limited by the requirements
to be within 6 mm of the qualifying indent while adhering to
the indent to indent spacing requirements given in 7.9. To make
additional verifying tests, perform additional qualifying tests
with the Class A or Reference indenter, and repeat the above
verifying procedure. This process may be repeated until there
is no longer space on the test block.

A3.5.3.10 For acceptability, the difference between the
qualifying and verifying averages, H,—H,. shall be within the
tolerances for Class B indenters of Table A3.6 or Table A3.7
for the singular or limited scale indenter being verified.
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A3.6 Class A Diamond Indenters

A3.6.1 Class A indenters are intended to be used for the
standardization of Class B indenters in accordance with this
Annex; the standardization of Rockwell hardness test blocks as
described in Annex A4, and as a troubleshooting tool during
the indirect verification of Rockwell hardness testing machines
in accordance with Annex Al. They are verified for correct
geometry and performance in accordance with the schedule
specified in Table A3.2.

A3.6.1.1 The instrument(s) used to verify the geometrical
features shall be capable of measuring to the accuracies given
in Table A3.5.

A3.6.2 A Class A diamond indenter shall meet all of the
manufacture and geometric requirements for a Class B dia-
mond indenter given in A3.5.2 with the following additional
requirements. See also Note A3.1.

A3.6.2.1 The deviation from straightness of the generatric
line of the diamond cone adjacent to the blend shall not exceed
0.002 mm over a minimum length of 0.40 mm.

A3.6.2.2 The angle between the axis of the indenter and the
axis normal to the seating surface of the indenter shall not
exceed 0.5°.

A3.6.3 Class A diamond indenters have tighter performance
tolerances than Class B diamond indenters. The performance
of each Class A indenter shall be verified by comparison to the
performance of a Reference indenter.

A3.6.4 Perform the qualifying and verifying measurements
as described in A3.5.3 for a Class B diamond indenter, except
that the qualifying measurements shall be made using a
Reference diamond indenter on each test block from each
range defined in Table A3.8 for the type of indenter to be
verified.

A3.6.4.1 For acceptability, the difference of the average of
the three qualifying measurements and the average of the three
verifying measurements, A, —H,. shall be within the tolerance
specified for Class A diamond indenters in Table A3.8.

TABLE A3.8 Test Blocks to be Used for Class A Diamond
Indenter Performance Verifications and the Maximum Tolerance
on the Performance Relative to the Reference Indenter

Class A
Tolerance
Ranges of as Compared
Indenter Type Required Test to
Blocks Reference
Indenter
Ho_ Hv
Regular Scales Diamond 80 to 83 HRA + 0.3 HRA
22 to 28 HRC + 0.4 HRC
42 to 50 HRC + 0.4 HRC
60 to 65 HRC +0.3 HRC
Superficial Scales Diamond 88 to 94 HR15N + 0.3 HR15N
60 to 69 HR30N + 0.3 HR30N
42 to 50 HR30N + 0.4 HR45N
22 to 29 HR45N + 0.4 HR45N
Combination Regular and 22 to 28 HRC +0.4 HRC
Superficial Scales Diamond 60 to 65 HRC + 0.3 HRC
88 to 94 HR15N + 0.3 HR15N
60 to 69 HR30N + 0.3 HR30N

A3.7 Reference Diamond Indenters

A3.7.1 Reference diamond indenters are intended for the
standardization of Class A diamond indenters. The reference
indenter shall have tighter performance tolerances than Class A
and Class B indenters and shall be verified for performance by
comparison to an indenter recognized as the national reference
indenter(s) of a national Rockwell hardness standardizing
laboratory (see Note A3.4).

Nore A3.4—In the United States, the national Rockwell hardness

standardizing laboratory is the National Institute of Standards and
Technology (NIST).

A3.7.2 Geometric Requirements of Reference Diamond In-
denters:

A3.7.2.1 Verification of the following geometric features of
a Reference diamond spheroconical indenter shall be made at
not less than eight approximately equally spaced full cross-
section profiles. For example, eight profiles would be spaced at
approximately 22.5 degree intervals.

A3.7.3 A Reference diamond indenter shall meet all of the
manufacture and geometric requirements for a Class A dia-
mond indenter given in A3.6.2. See also Note A3.1.

A3.7.4 Performance Verification of Reference Diamond In-
denters:

A3.7.4.1 The performance comparison shall be performed
by a national Rockwell hardness standardizing laboratory, and
shall meet the performance tolerances of Table A3.9.

A3.7.4.2 Perform the qualifying and verifying measure-
ments as described in A3.5.3 for a Class B indenter, except that
at least four qualifying measurements shall be made using a
national reference indenter (see A3.7.1) on each test block
from each range defined in Table A3.9 for the type of indenter
to be verified.

A3.7.4.3 For acceptability, the difference of the average of
the five qualifying measurements and the average of the five
verifying measurements, #,—H . shall be within the tolerance
specified for Reference indenters in Table A3.9 for each test
block used in the verification.

TABLE A3.9 Test Blocks to be Used for Reference Indenter
Performance Verifications and the Maximum Tolerance on the
Performance Relative to a National Reference Indenter

Reference
Indenter
Tolerance as
Rar!ges of Compared
Indenter Type Required Test to a National
Blocks Reference
Indenter
HG* Hl/
Regular Scales Diamond 22 to 28 HRC + 0.3 HRC
62 to 65 HRC + 0.3 HRC
Superficial Scales Diamond 88 to 94 HR15N + 0.3 HR15N
40 to 48 HR45N + 0.3 HR45N
Combination Regular and 20 to 28 HRC + 0.3 HRC
Superficial Scales Diamond 62 to 65 HRC + 0.3 HRC
88 to 94 HR15N + 0.3 HR15N
40 to 48 HR45N + 0.3 HR45N
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A3.8 Marking

A3.8.1 All indenters shall be serialized. When it is not
practical to mark the serial number on the indenter due to size
limitations, the serial number shall be marked on the container.

A3.8.2 Diamond indenters should be marked to indicate the
scales that they are certified to perform. For example, regular
scale diamond indenters may be marked with a “C” and
superficial scale diamond indenters may be marked with an
“N”. Combination indenters may be marked with both a “C”
and an “N”.

A3.8.3 Single or limited scale indenters shall be marked to
indicate the scale(s) they are certified to perform. When it is not
practical to mark the scale on the indenter due to size
limitations, the scale shall be marked on the container.

A3.9 Certificate

A3.9.1 Ball Indenters—Each Class B and Class A ball
indenter holder shall have a calibration certificate with the
following information:

A3.9.1.1 Reference to this ASTM test method.

A3.9.1.2 Serial number of the indenter.

A3.9.1.3 Date of standardization.

A3.9.1.4 A statement declaring that the indenter meets all of
the material hardness, ball protrusion and performance require-
ments for the particular Class of Rockwell ball indenter.

A3.9.1.5 Accreditation agency certification number.

A3.9.1.6 The scale(s) that the indenter is certified to per-
form when certified for singular or limited scales.

A3.9.2 Indenter balls for Class B and Class A indenters shall
have a report, applicable to one or more balls, with the
following information:

A3.9.2.1 Reference to this ASTM test method.

A3.9.2.2 Identification of the lot or batch.

A3.9.2.3 Astatement declaring that the ball meets all of the
geometrical, density, chemical composition and hardness re-
quirements for the particular Class of Rockwell ball indenter.

A3.9.3 Class B Diamond Indenters—Each Class B diamond
indenter shall have a calibration certificate with the following
information:

A3.9.3.1 Reference to this ASTM test method.

A3.9.3.2 Serial number of the indenter.

A3.9.3.3 Date of standardization.

A3.9.3.4 Astatement declaring that the indenter meets all of
the geometrical and performance requirements for a Class B
indenter.

A3.9.3.5 Accreditation agency certification number.

A3.9.3.6 The scale(s) that the indenter is certified to per-
form when certified for singular or limited scales.

A3.9.4 Class A Diamond Indenters—Each Class A diamond
indenter shall have a calibration certificate with the following
information:

A3.9.4.1 Reference to this ASTM test method.

A3.9.4.2 Serial number of the indenter.

A3.9.4.3 Date of standardization.

A3.9.4.4 The results of all geometrical verifications.

A3.9.4.5 All qualifying and verifying performance mea-
surements with the hardness levels of the test blocks used.

A3.9.4.6 The performance differences between the Refer-
ence standardizing indenter and the verified Class A indenter

H,—H, for each test block used.

A3.9.4.7 Astatement declaring that the indenter meets all of
the geometrical and performance requirements for a Class A
indenter.

A3.9.4.8 Accreditation agency certification number.

A3.9.5 Reference Diamond Indenters—Each Reference dia-
mond indenter shall have a calibration certificate or report with
the following information:

A3.9.5.1 Serial number of the indenter.

A3.9.5.2 Date of standardization.

A3.9.5.3 The results of all geometrical verifications.

A3.9.5.4 Serial number of the reference indenter.

A3.9.5.5 All qualifying and verifying performance mea-
surements with the hardness levels of the test blocks used.

A3.9.5.6 The performance differences between the refer-
ence indenter and the verified Reference indenter H,—H, for
each test block used.

A4. STANDARDIZATION OF ROCKWELL HARDNESS TEST BLOCKS

A4.1 Scope

A4.1.1 Annex A4 specifies the requirements and procedures
for the standardization of Rockwell hardness test blocks that
are traceable to specific Rockwell hardness standards. These
standardized test blocks are to be used for the verification of
the performance of Rockwell and Rockwell superficial hard-
ness testing machines by way of daily verifications and indirect
verifications as described in Annex Al. The standardized test
blocks are also to be used for the monitoring verifications of
Rockwell standardizing machines as described in Annex A2.

23

A4.1.2 Adherence to this standard and annex provides
traceability to national standards, except as stated otherwise.

A4.2 Accreditation

A4.2.1 The agency conducting the standardizations of test
blocks shall be accredited to the requirements of ISO 17025 (or
an equivalent) by an accrediting body recognized by the
International Laboratory Accreditation Cooperation (ILAC) as
operating to the requirements of ISO/IEC 17011. The standard-
izing agency shall have a certificate/scope of accreditation
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stating the Rockwell hardness scales that are covered by the
accreditation, and the standards to which the test block
standardizations are traceable.

Note A4.1—Accreditation is a new requirement starting with this
edition of the standard.

A4.3 Manufacture

A4.3.1 The attention of the manufacturer of test blocks is
drawn to the need to use material and a manufacturing process
which will give the necessary homogeneity, stability of
structure, and uniformity of surface hardness. For quality
control purposes, test blocks should be examined for homoge-
neity and uniformity of surface hardness in accordance with a
statistically acceptable sampling procedure.

A4.3.2 The test blocks, if of steel, shall be demagnetized at
the end of the manufacturing process.

A4.3.3 To assure that material is not removed from the test
surface after standardization, an identifying mark shall be
made on the test surface. The mark shall be such that it can not
be removed by any method other than removal of test block
material.

A4.3.4 The standardized test block shall meet the physical
requirements of Table A4.1.

A4.4 General Requirements

A4.4.1 The standardizing laboratory environment, the stan-
dardizing machine, and the standardizing test cycle shall
satisfy the requirements of Annex A2.

A4.4.2 All instruments used to make measurements re-
quired by this Annex shall have been calibrated traceable to
national standards where a system of traceability exists, except
as noted otherwise.

A4.5 Standardization Procedure

A4.5.1 A test block is standardized by calibrating the
average hardness of the test surface to a specific Rockwell
hardness standard. Only one surface of the test block shall be
calibrated. When possible, the test blocks should be calibrated
traceable to national Rockwell standards (see Note A4.2). The
Rockwell standard to which the test blocks are traceable shall
be stated in the certification.

Note A4.2—In the United States, the national Rockwell hardness
standardizing laboratory is the National Institute of Standards and
Technology (NIST), Gaithersburg, MD 20899.

Note A4.3—Primary standardized test blocks are available as Standard
Reference Material from NIST, Gaithersburg, MD 20899.

TABLE A4.1 Physical Requirements of Standardized Test Blocks

Test Block Parameter
Thickness

Tolerance

=6.0 mm (0.236 in.)
=16.0 mm (0.630 in.)
=2600 mm? (4 in.2)
=0.005 mm (0.0002 in.)

Test surface area

Deviation from surface flatness
(test & bottom)

Deviation from surface parallelism
(test & bottom)

Mean surface roughness

(test & bottom)

=0.0002 mm per mm
(0.0002 in. per in.)

R, = 0.003 mm (12 pin.)
center line average

A4.5.2 Class A ball indenters and Class A or Reference
diamond indenters as described in Annex A3 (see Note 3) shall
be used for the standardization of test blocks.

A4.5.3 The standardization procedure involves making
hardness measurements on the test block surface using the
forces and type of indenter that are appropriate for the hardness
scale.

A4.5.3.1 Make at least five measurements distributed uni-
formly over the test surface.

A4.5.4 Determine the nonuniformity range Hy of the mea-
surements as:

Hyi=H.

R max

=iH,

min

(A4.1)
where:
HlllllY

min

A4.5.4.1 The nonuniformity range Hy of the standardizing
measurements provides an indication of the non-uniformity of
the test block hardness. For acceptability, the nonuniformity
range Hp shall be within the tolerances of Table A4.2.

A4.5.5 The standardized value of the test block is defined as
the average of the standardization measurements H.

highest hardness value, and
lowest hardness value.

]

A4.5.6 In some cases, a more accurate standardized value
for the test block may be obtained by correcting the measured
average hardness value by a performance offset value for the
standardizing machine. The offset value may be based on the
error E values measured during the last indirect verification of
the standardizing machine. For example, an appropriate offset
correction curve for each standardizing machine may be
calculated for a specific Rockwell scale by fitting a linear line
to the error values measured during the indirect verification.

TABLE A4.2 Maximum Nonuniformity for Standardized

Test Blocks
Max.
Nonuniformity
Nominal Hardness of Range,
Standardized Test Block Hy,
(HR
units)
HRA =20 and <80 1.0
=80 and <92 0.5
HRBW =0 and <45 15
=45 and <100 1.0
HRC =20 and <60 1.0
=60 and <70 0.5
HRD =40 and <60 1.0
=60 and <87 0.5
HREW, HRFW, HRGW, HRHW, 1.0
HRKW, HRLW, HRMW, HRPW,
HRRW, HRSW, HRVW
HR15N =69 and <90 1.0
=90 and <97 0.7
HR30N =41 and <77 1.0
=77 and <92 0.7
HR45N =19 and <66 1.0
=66 and <87 0.7
HR15TW, HR30TW, HR45TW 1.0
HR15WW, HR30WW, HR45WW, 1.0

HR15XW, HR30XW, HR45XW,
HR15YW, HR30YW, HR45YW
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The laboratory should be cautioned that the validity of calcu-
lating a correction curve in this way is dependent on the
linearity of the fit of the offset data across the entire scale.

A4.6 Marking

A4.6.1 Markings placed on the side of the block shall be
upright when the calibrated test surface is the upper surface.

A4.6.2 Each standardized block shall be marked with the
following.

A4.6.2.1 The standardized hardness value, H, of the test
block, rounded to no less than one decimal place in accordance
with Practice E29, for example 61.4 HRC.

A4.6.2.2 The appropriate tolerance value for error E given
in Table A1.3.

A4.6.2.3 Name or identifying mark of the standardizing
agency.

A4.6.2.4 A mark identifying the test surface, which will be
obliterated if the surface is reground.

A4.6.2.5 Unique serial number.

A4.6.2.6 Year of standardization. It is sufficient that the year
of standardization be incorporated into the serial number of the
block.

A4.7 Certificate

A4.7.1 Each standardized test block shall be supplied with a
certificate from the standardizing laboratory stating the follow-
ing standardization information:

A4.7.1.1 Serial number of the test block.

A4.7.1.2 The standardized hardness value, H, of the test
block with the scale designation, rounded to no less than one
decimal place in accordance with Practice E29, for example
61.4 HRC.

A4.7.1.3 Value of the uncertainty in the standardized value
with a detailed explanation of how the uncertainty was
calculated.

A4.7.1.4 The individual standardizing hardness measure-
ments.

A4.7.1.5 A description of the testing cycle used, including
the dwell times for the preliminary force, total force and elastic
recovery.

A4.7.1.6 The body that maintains the Rockwell scale to
which the test block is traceable. For example, the national
Rockwell C scale maintained at NIST.

A4.7.1.7 Date of standardization.

A4.7.1.8 Accreditation agency certification number.

AS. GUIDELINES FOR DETERMINING THE MINIMUM THICKNESS OF A TEST PIECE

TABLE A5.1 A Minimum Thickness Guide for Selection of Scales
Using the Diamond Indenter (see Fig. A5.1)

Note 1—For any given thickness, the indicated Rockwell hardness is
the minimum value acceptable for testing. For a given hardness, material
of any greater thickness than that corresponding to that hardness can be

tested on the indicated scale.

- ) Rockwell Scale
Minimum Thickness
A C
in mm Hardness Approximate Hardness
} Reading Hardness C-Scale” Reading
0.014 0.36
0.016 0.41 86 69
0.018 0.46 84 65
0.020 0.51 82 61.5
0.022 0.56 79 56 69
0.024 0.61 76 50 67
0.026 0.66 4l 41 65
0.028 0.71 67 32 62
0.030 0.76 60 19 57
0.032 0.81 52
0.034 0.86 45
0.036 0.91 37
0.038 0.96 28
0.040 1.02 20

A These approximate hardness numbers are for use in selecting a suitable scale
and should not be used as hardness conversions. If necessary to convert test
readings to another scale, refer to Hardness Conversion Tables E140 (Relation-
ship Between Brinell Hardness, Vickers Hardness, Rockwell Hardness, Rockwell
Superficial Hardness, and Knoop Hardness).
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TABLE A5.2 A Minimum Thickness Guide for Selection of Scales
Using the 1/16 in. (1.588 mm) Diameter Ball Indenter
(see Fig. A5.2)

Note 1—For any given thickness, the indicated Rockwell hardness is
the minimum value acceptable for testing. For a given hardness, material
of any greater thickness than that corresponding to that hardness can be
tested on the indicated scale.

- ] Rockwell Scale
Minimum Thickness
F B
in enimi Hardness Approximate Hardness
* Reading Hardness B-Scale” Reading
0.022 0.56
0.024 0.61 98 72 94
0.026 0.66 9N 60 87
0.028 0.71 85 49 80
0.030 0.76 77 35 7
0.032 0.81 69 21 62
0.034 0.86 52
0.036 0.91 40
0.038 0.96 28
0.040 1.02

“ These approximate hardness numbers are for use in selecting a suitable scale
and should not be used as hardness conversions. If necessary to convert test
readings to another scale refer to Hardness Conversion Tables E140 (Relationship
Between Brinell Hardness, Vickers Hardness, Rockwell Hardness, Rockwell
Superficial Hardness and Knoop Hardness).

TABLE A5.3 A Minimum Thickness Guide for Selection of Scales Using the Diamond Indenter (see Fig. A5.1)

greater thickness than that corresponding to that hardness can be tested on the indicated scale.

Minimum Thickness

Rockwell Superficial Scale

15N 30N 45N
. Hardness Approximate Hardness Approximate Hardness Approximato
in. mm Reading Hardness Reading Hardness Reading Hardness
C-Scale” C-Scale” C-Scale”

0.006 0.15 92 65
0.008 0.20 90 60
0.010 0.25 88 55
0.012 0.30 83 45 82 65 77 69.5
0.014 0.36 76 32 785 61 74 67
0.016 0.41 68 18 74 56 72 65
0.018 0.46 66 47 68 61
0.020 0.51 57 37 63 57
0.022 0.56 47 26 58 52.5
0.024 0.61 51 47
0.026 0.66 37 35
0.028 0.71 20 205
0.030 0.76

“ These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convert test readings
to another scale, refer to Hardness Conversion Tables E140 (Relationship Between Brinell Hardness, Vickers Hardness, Rockwell Hardness, Rockwell Superficial
Hardness and Knoop Hardness).
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TABLE A5.4 A Minimum Thickness Guide for Selection of Scales Using the 1/16 in. (1.588 mm) Diameter Ball Indenter (see Fig. A5.2)

greater thickness than that corresponding to that hardness can be tested on the indicated scale.

Minimum Thickness

Rockwell Superficial Scale

15T 30T 45T
o tenms RIS MROIES e Aol
Reading B-Scale” Reading B-ScaleA Reading B-Scale”
0.010 0.25 91 93
0.012 0.30 86 78
0.014 0.36 81 62 80 96
0.016 0.41 75 44 72 84 71 99
0.018 0.46 68 24 64 71 62 90
0.020 0.51 55 58 53 80
0.022 0.56 45 43 43 70
0.024 0.61 34 28 31 58
0.026 0.66 18 45
0.028 0.71 4 32
0.030 0.76

A These approximate hardness numbers are for use in selecting a suitable scale, and should not be used as hardness conversions. If necessary to convert test readings
to another scale refer to Hardness Conversion Tables E140 (Relationship Between Brinell Hardness, Vickers Hardness, Rockwell Hardness, Rockwell Superficial Hardness

and Knoop Hardness).
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Note 1—Locate a point comresponding to the thickness-hardness combination to be tested. Only scales falling to the left of this point may be used to
test this combination.

FIG. A5.1 Thickness Limits for Rockwell Hardness Testing Using the Diamond Indenter
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Note 1—Locate a point comresponding to the thickness-hardness combination to be tested. Only scales falling to the left of this point may be used to
test this combination.
FIG. A5.2 Thick Limits for Rockwell Hard Testing Using the 1/16-in. (1.588-mm) Diameter Ball Indenter

A6. HARDNESS VALUE CORRECTIONS WHEN TESTING ON CONVEX CYLINDRICAL SURFACES
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TABLE A6.1 Corrections to be Added to Rockwell C, A, and D Values Obtained on Convex Cylindrical Surfaces of Various Diameters”
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Diameters of Convex Cylindrical Surfaces

Dial Yain. % in. Y2in. % in. Yain. s in. 1in. 1% in. 1% in.
Reading (6.4 mm) (10 mm) (13 mm) (16 mm) (19 mm) (22 mm) (25 mm) (32 mm) (38 mm)
Corrections to be Added to Rockwell C, A, and D Values?®
20 6.0 45 35 25 20 1.5 15 1.0 1.0
25 55 4.0 3.0 25 20 15 1.0 1.0 1.0
30 5.0 35 25 20 15 15 1.0 1.0 05
35 4.0 3.0 20 15 15 1.0 1.0 0.5 05
40 35 25 20 15 1.0 1.0 1.0 0.5 05
45 3.0 20 15 1.0 1.0 1.0 0.5 0.5 0.5
50 25 20 15 1.0 1.0 0.5 05 0.5 05
55 20 15 1.0 1.0 0.5 0.5 0.5 0.5 0
60 15 1.0 1.0 0.5 0.5 0.5 0.5 0 0
65 15 1.0 1.0 05 0.5 0.5 0.5 0 0
70 1.0 1.0 0.5 0.5 0.5 0.5 0.5 0 0
75 1.0 0.5 05 0.5 0.5 0.5 0 0 0
80 0.5 0.5 0.5 05 0.5 0 0 0 0
85 05 0.5 05 0 0 0 0 0 0
90 0.5 0 0 0 0 0 0 0 0

“When testing cylindrical specimens, the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.
& These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.

TABLE A6.2 Corrections to be Added to Rockwell B, F, and G Values Obtained on Convex Cylindrical Surfaces of Various Diameters”

Diameters of Convex Cylindrical Surfaces

Hardness Vain. Y in. V2 in. 5% in. Y in. T in. 1in.
Reading (6.4 mm) (10 mm) (13 mm) (16 mm) (19 mm) (22 mm) (25 mm)
Corrections to be Added to Rockwell B, F, and G Values®
0 125 85 6.5 55 4.5 35 3.0
10 12.0 8.0 6.0 5.0 4.0 35 3.0
20 1.0 75 55 45 4.0 35 3.0
30 10.0 6.5 5.0 4.5 35 3.0 25
40 9.0 6.0 45 4.0 3.0 25 25
50 8.0 55 4.0 35 3.0 25 2.0
60 7.0 5.0 35 3.0 25 20 2.0
70 6.0 4.0 3.0 25 20 20 15
80 5.0 35 25 20 15 15 15
920 4.0 3.0 2.0 15 15 15 1.0
100 35 25 15 15 1.0 1.0 0.5

“When testing cylindrical specimens, the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.
5 These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.

TABLE A6.3 Corrections to be Added to Rockwell Superficial 15N, 30N, and 45N Values Obtained on Convex Cylindrical Surfaces of

Various Diameters”

Diameters of Convex Cylindrical Surfaces

Hardness Ya in. Yain. ¥ in. Yz in. Yain. 1in.
Reading (3.2 mm) (6.4 mm) (10 mm) (13 mm) (19 mm) (25 mm)
Corrections to be Added to Rockwell Superficial 15N, 30N, and 45N Values®

20 6.0 3.0 20 15 1.5 15
25 55 3.0 20 15 1.5 1.0
30 55 3.0 20 15 1.0 1.0
35 5.0 25 20 15 1.0 1.0
40 45 25 15 15 1.0 1.0
45 4.0 2.0 15 1.0 1.0 1.0
50 35 2.0 15 1.0 1.0 0.5
55 35 2.0 15 1.0 0.5 0.5
60 3.0 15 1.0 1.0 0.5 0.5
65 25 15 1.0 0.5 0.5 0.5
70 20 1.0 1.0 0.5 0.5 0.5
75 15 1.0 0.5 0.5 0.5 0
80 1.0 0.5 0.5 0.5 0 0
85 0.5 0.5 05 0.5 0 0
90 0 0 0 0 0 0

“When testing cylindrical specimens the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.
&These corrections are approximate only and represent the averages, to the nearest 0.5 Rockwell superficial number, of numerous actual observations.
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TABLE A6.4 Corrections to be Added to Rockwell Superficial 15T, 30T, and 45T Values Obtained on Convex Cylindrical Surfaces of
Various Diameters”

Diameters of Convex Cylindrical Surfaces

Hardness Vain. Va in. % in. v2in. 56 in. Yain. 1in.
Reading (3.2 mm) (6.4 mm) (10 mm) (13 mm) (16 mm) (19 mm) (25 mm)
Corrections to be Added to Rockwell Superficial 15T, 30T, and 45T Values®

20 13.0 9.0 6.0 45 4.5 3.0 20
30 1.5 75 5.0 35 35 25 20
40 10.0 6.5 45 35 3.0 25 20
50 8.5 55 4.0 3.0 25 2.0 15
60 6.5 4.5 3.0 25 2.0 15 15
70 5.0 35 25 2.0 15 1.0 1.0
80 3.0 20 15 15 1.0 1.0 0.5
90 15 1.0 1.0 0.5 0.5 0.5 0.5

“AWhen testing cylindrical specimens, the accuracy of the test will be seriously affected by alignment of elevating screw, V-anvil, indenters, surface finish, and the

straightness of the cylinder.

5 These corrections are approximate only and represent the averages to the nearest 0.5 Rockwell number, of numerous actual observations.

APPENDIXES

(Nonmandatory Information)

X1.

X1.1 The following ASTM standards give approximate
Rockwell hardness or Rockwell superficial hardness values
corresponding to the tensile strength values specified for the
materials covered: Test Methods and Definitions A370 and

LIST OF ASTM SPECIFICATIONS GIVING HARDNESS VALUES CORRESPONDING TO TENSILE STRENGTH

Specifications B19, B36/B36M, B96/B96M, B103/B103M,
B121/B12IM, B122/B122M, B130, B134/B134M, B152/
B152M, and B370.

X2. EXAMPLES OF PROCEDURES FOR DETERMINING ROCKWELL HARDNESS UNCERTAINTY

X2.1 Scope

X2.1.1 The intent of this appendix is to provide a basic
approach to evaluating the uncertainty of Rockwell hardness
measurement values in order to simplify and unify the inter-
pretation of uncertainty by users of Rockwell hardness.

X2.1.2 This appendix provides basic procedures for deter-
mining the uncertainty of the following values of hardness:
X2.1.2.1 The Hardness Machine “Error” Determined as
Part of an Indirect Verification (see X2.6)—As part of an
indirect verification, a number of Rockwell hardness measure-
ments are made on a reference test block. The average of the
measurement values is compared to the certified value of the
reference block to determine the “error” (see 3.2.2) of the
hardness machine. The procedure described in section X2.6
provides a method for determining the uncertainty in this
measurement “error” of the hardness machine. The uncertainty
value may be reported on the verification certificate and report.
X2.1.2.2 Rockwell Hardness Value Measured by a User (see
X2.7)—The procedure provides a method for determining the
uncertainty in the hardness values measured by a user during
the normal use of a Rockwell hardness machine. The user may
report the uncertainty value with the measurement value.
X2.1.2.3 Certified Value of a Rockwell Hardness Test Block
(see X2.8) —The procedure provides a method for determining
the uncertainty in the certified value of standardized test

blocks. The standardizing agency may report the uncertainty
value on the test block certificate.

Nore X2.1—When calculated, uncertainty values reported by a field
calibration agency (see X2.6) are not the measurement uncertainties of the
hardness machine in operation, but only that of the measurements made at
the time of verification to determine machine “error.”

Nore X2.2—The procedures outlined in this appendix for the determi-
nation of uncertainties are based primarily on measurements made as part
of the verification and standardization procedures of this test method. This
is done to provide a method that is based on familiar procedures and
practices of Rockwell hardness users and standardizing agencies. The
reader should be aware that there are other methods that may be employed
to determine the same uncertainties, which may provide more accurate
estimations of the uncertainty values.

Nore X2.3—This standard states tolerances or limits on the acceptable
repeatability and error of a Rockwell hardness machine (Table A1.3) and
the nonuniformity of standardized blocks (Table A4.2). These limit values
were originally established based on the testing experience of many users
of the Rockwell hardness test, and therefore reflect the normal perfor-
mance of a properly functioning Rockwell hardness machine, including
the normal errors associated with the measurement procedure and the
machine’s performance. Because the limits are based on testing
experience, it is believed that the stated limit values take into account a
level of uncertainty that is typical for valid Rockwell hardness measure-
ments. Consequently, when determining compliance with Table A1.3 and
Table A4.2, the user’s measurement uncertainty should not be subtracted
from the tolerance limit values given in the tables, as is commonly done
for other types of metrological measurements. The calculated values for
repeatability, error or block nonuniformity should be directly compared to
the tolerance limits given in the tables.

Nore X2.4—Most product specification tolerances for Rockwell hard-
ness were established based on testing and performance experience. The
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tolerance values reflect the normal performance of a properly functioning
Rockwell hardness machine, including the normal acceptable errors
associated with the hardness measurement process. For these products, the
stated tolerance limits take into account a level of uncertainty that is
typical for valid Rockwell hardness measurements. Consequently, when
acceptance testing most products for Rockwell hardness, the user’s
measurement uncertainty should not be subtracted from the tolerance limit
values given in the specification. The measured hardness values should be
directly compared to the tolerances. There may be exceptional circum-
stances where the hardness of a product must fall within determined
ranges to a high level of confidence. In these rare occasions, special
agreement between the parties involved should be obtained before the
hardness measurement uncertainty is subtracted from the tolerance limits.
Before such an agreement is made, it is recommended that the product
design take into consideration the anticipated influence of material and
metallurgical factors on the product variation as well as typical industry
hardness uncertainty values.

X2.1.3 This appendix does not address uncertainties at the
primary reference standardizing level.

X2.2 Equations
X2.2.1 The average (AVG), H, of a set of n hardness

measurements H,, H,, ..., H, is calculated as:

_H+H,+..+H,

n

X2.2.2 The standard deviation (STDEV ) of a set of n
hardness measurements H,, H,, ..., H, is calculated as:

(X2.1)

(#,—H)'+..+(H,-H)
o |

STDEV(H,. H,, ....H,) = \/
(X2.2)

where H is the average of the set of n hardness measure-
ments Hy, H,, ..., H, as defined in Eq X2.1.

X2.2.3 The absolute value (ABS) of a number is the mag-
nitude of the value irrespective of the sign, for example:

ABS(0.12) = 0.12
and
ABS(—0.12) = 0.12

X2.3 General Requirements

X2.3.1 The approach for determining uncertainty presented
in this appendix considers only those uncertainties associated
with the overall measurement performance of the Rockwell
hardness machine with respect to reference standards. These
performance uncertainties reflect the combined effect of the
separate uncertainties associated with the numerous individual
components of the machine, such as the force application
system and indentation depth measuring system. Therefore, the
uncertainties associated with the individual components of the
machine are not included in the calculations. Because of this
approach, it is important that the individual machine compo-
nents are operating within tolerances. It is strongly recom-
mended that this procedure be applied only after successfully
passing a direct verification.

X2.3.2 The procedures given in this appendix are appropri-
ate only when the Rockwell hardness machine has passed an
indirect verification in accordance with the procedures and
schedules of this test method standard.

X2.3.3 The procedures for calculating the uncertainty of
Rockwell hardness measurement values are similar for both a
standardizing machine and testing machine. The principal
difference is in the hierarchy level of the reference test blocks
normally used for the indirect verification. Generally, standard-
izing machines are verified using primary reference standards,
and testing machines are standardized using secondary refer-
ence standards.

X2.3.4 To estimate the overall uncertainty of Rockwell
hardness measurement values, contributing components of
uncertainty must be determined. Because many of the uncer-
tainties may vary depending on the specific hardness scale and
hardness level, an individual measurement uncertainty should
be determined for each hardness scale and hardness level of
interest. In many cases, a single uncertainty value may be
applied to a range of hardness levels based on the laboratory’s
experience and knowledge of the operation of the hardness
machine.

X2.3.5 Uncertainty should be determined with respect to a
country’s highest level of reference standard or the national
reference standard of another country. In some cases, the
highest level of reference standard may be a commercial
reference standard.

X2.4 General Procedure

X2.4.1 This procedure calculates a combined standard un-
certainty u. by combining the contributing components of
uncertainty u,, U, ..., u,, such that:

u, =\uituwi+..+u?

X2.4.2 Measurement uncertainty is usually expressed as an

expanded uncertainty U which is calculated by multiplying the

combined standard uncertainty u. by a numerical coverage
factor k, such that:

(X2.3)

U=kXu, (X2.4)

X2.4.3 A coverage factor is chosen that depends on how
well the standard uncertainty was estimated (number of
measurements), and the level of uncertainty that is desired. For
this analysis, a coverage factor of k = 2 should be used. This
coverage factor provides a confidence level of approximately
95 %.

X2.4.4 The measurement bias B of the hardness machine is
the difference between the expected hardness measurement
values as displayed by the hardness machine and the “true”
hardness of a material. Ideally, measurement biases should be
corrected. When test systems are not corrected for measure-
ment bias, as often occurs in Rockwell hardness testing, the
bias then contributes to the overall uncertainty in a measure-
ment. There are a number of possible methods for incorporat-
ing biases into an uncertainty calculation, each of which has
both advantages and disadvantages. A simple and conservative
method is to combine the bias with the calculation of the

expanded uncertainty as:
U = ku,+ABS(B) (X2.5)

where ABS(B) is the absolute value of the bias.
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X2.4.5 Because several approaches may be used to evaluate
and express measurement uncertainty, a brief description of
what the reported uncertainty values represent should be
included with the reported uncertainty value.

X2.5 Sources of Uncertainty

X2.5.1 This section describes the most significant sources
of uncertainty in a Rockwell hardness measurement and
provides procedures and formulas for calculating the total
uncertainty in the hardness value. In later sections, it will be
shown how these sources of uncertainty contribute to the total
measurement uncertainty for the three measurement circum-
stances described in X2.1.2.

X2.5.2 The sources of uncertainty to be discussed are (/) the
hardness machine’s lack of repeatability, (2) the non-
uniformity in hardness of the material under test, (3) the
hardness machine’s lack of reproducibility, (4) the resolution
of the hardness machine’s measurement display, and (5) the
uncertainty in the certified value of the reference test block
standards. An estimation of the measurement bias and its
inclusion into the expanded uncertainty will also be discussed.

X2.5.3 Uncertainty Due to Lack of Repeatability (igep,q)
and when Combined with Non-uniformity (ug,,« yy)—The
repeatability of a hardness machine is an indication of how
well it can continually produce the same hardness value each
time a measurement is made. Imagine there is a material, which
is perfectly uniform in hardness over its entire surface. Also
imagine that hardness measurements are made repeatedly on
this uniform material over a short period of time without
varying the testing conditions (including the operator). Even
though the actual hardness of every test location is exactly the
same, it would be found that due to random errors each
measurement value would differ from all other measurement
values (assuming sufficient measurement resolution).
Therefore, lack of repeatability prevents the hardness machine
from being able to always measure the true hardness of the
material, and hence contributes to the uncertainty in the
measurement.

X2.5.3.1 The contribution that a hardness machine’s lack of
repeatability makes to the overall measurement uncertainty is
determined differently depending on whether a single measure-
ment value or an average of multiple measurements is to be
reported. Additionally, in cases where the reported average
measurement value is intended to be an estimate of the average
hardness of the material tested, the uncertainty contributions
due to the machine’s lack of repeatability and the non-
uniformity in the hardness of the test material are difficult to
separate and must be determined together. The uncertainty
contributions for each of these circumstances may be estimated
as follows.

X2.5.3.2 Single Hardness Measurement—For a future
single hardness measurement, the standard uncertainty contri-
bution tgepeqrs due to the lack of repeatability, may be esti-
mated by the standard deviation of the values from a number of
hardness measurements made on a uniform test sample as:

Upopews= STDEV(H,, H, ... H,) (X2.6)

[3%)
%)

where Hy, H,, ..., H, are the n hardness values. In general,
the estimate of repeatability is improved as the number of
hardness measurements is increased. Usually, the hardness
values measured during an indirect verification will provide an
adequate estimate of i, however, the caution given in
Note X2.6 should be considered. It may be more appropriate
for the user to determine a value of ug,,.,, by making hardness
measurements close together (within spacing limitations) on a
uniform material, such as a test block.

Nore X2.5—The uncertainty tg,.,. due to the lack of repeatability of
a hardness machine as discussed above, should not be confused with the
historically defined “repeatability” that is a requirement to be met as part
of an indirect verification (see 3.2.3). The calculations of the uncertainty
Ugepear and of the historically defined repeatability do not produce the
same value. The uncertainty ugepeq is the contribution to the overall
uncertainty of a hardness measurement value due to a machine’s lack of
repeatability, while the historically defined repeatability is the range of
hardness values measured during an indirect verification.

Nore X2.6—All materials exhibit some degree of hardness non-
uniformity across the test surface. Therefore, the above evaluation of the
uncertainty contribution due to the lack of repeatability will also include
a contribution due to the hardness non-uniformity of the measured
material. When evaluating repeatability as discussed above, any uncer-
tainty contribution due to the hardness non-uniformity should be mini-
mized as much as possible. The laboratory should be cautioned that if the
measurements of repeatability are based on tests made across the surface
of the material, then the repeatability value will likely include a significant
uncertainty contribution due to the material’s non-uniformity. A machine’s
repeatability is better evaluated by making hardness measurements close
together (within spacing limitations).

X2.5.3.3 Average of Multiple Measurements—When the
average of multiple hardness test values is to be reported, the
standard uncertainty contribution w7, due to the lack of
repeatability of the hardness machine, may be estimated by
dividing the standard uncertainty contribution iz, (previ-
ously calculated from a number of hardness measurements
made on a uniform test sample, see X2.5.3.1) by the square-
root of the number of hardness test values being averaged, as:

URepear

where Ug,,. is calculated by Eq X2.6 and ny is the number
of individual hardness test values being averaged.

X2.5.3.4 Estimate of the Material Hardness—Hardness
measurements are often made at several locations and the
values averaged in order to estimate the average hardness of
the material as a whole. For example, this may be done when
making quality control measurements during the manufacture
of many types of products; when determining the machine
“error” as part of an indirect verification; and when calibrating
a test block. Because all materials exhibit some degree of
hardness non-uniformity across the test surface, the extent of a
material’s non-uniformity also contributes to the uncertainty in
this estimate of the average hardness of the material. When the
average of multiple hardness measurement values is calculated
as an estimate of the average material or product hardness, it
may be desired to state the uncertainty in this value with
respect to the true hardness of the material. In this case, the
combined uncertainty contributions due to the lack of repeat-
ability in the hardness machine and the non-uniformity in the
test material may be estimated from the “standard deviation of

(X2.7)

Ugepear =
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the mean” of the hardness measurement values. This is
calculated as the standard deviation of the hardness values,
divided by the square-root of the number of measurements as:

STDEV(H,,, H,,, ..., H,)
Upepse NU ™

(X2.8)
ny

where Hyy, Hp, ..

X2.5.4 Uncertainty Due to Lack of Reproducibility
(UReproa)—The day-to-day variation in the performance of the
hardness machine is known as its level of reproducibility.
Variations such as different machine operators and changes in
the test environment often influence the performance of the
hardness machine. The level of reproducibility is best deter-
mined by monitoring the performance of the hardness machine
over an extended period of time during which the hardness
machine is subjected to the extremes of variations in the testing
variables. It is very important that the test machine be in
control during the assessment of reproducibility. If the machine
is in need of maintenance or is operated incorrectly, the lack of
reproducibility will be over estimated.

., Hy,, are the n; measurement values.

X2.5.5 An assessment of a hardness machine’s lack of
reproducibility should be based on periodic monitoring mea-
surements of the hardness machine, such as daily verification
measurements made on the same test block over time. The
uncertainty contribution may be estimated by the standard
deviation of the average of each set of monitoring values, as:

Upeprea = STDEV(M,, M, ... M,) (X2.9)

where M, M,, ..., M,, are individual averages of each of the
n sets of multiple monitoring measurement values.

Note X2.7—The uncertainty contribution due to the lack of
reproducibility, as calculated in Eq X2.10, also includes a contribution due
to the machine’s lack of repeatability and the non-uniformity of the
monitoring test block; however. these contributions are based on the
average of multiple measurements and should not significantly over-
estimate the reproducibility uncertainty.

X2.5.6 Uncertainty Due to the Resolution of the Hardness
Measurement Display (up,,)—The finite resolution of the
hardness value display prevents the hardness machine from
providing an absolutely accurate hardness value. However, the
influence of the display resolution on the measurement uncer-
tainty is usually only significant when the hardness display
resolution is no better than 0.5 Rockwell hardness units, such
as for some dial displays. The uncertainty contribution g,y
due to the influence of the display resolution, may be described
by a rectangular distribution and estimated as:

w2 T
UResor = \/g = \/E

where r is the resolution limit that a hardness value can be
estimated from the measurement display in Rockwell hardness
units.

X2.5.7 Standard Uncertainty in the Certified Average Hard-
ness Value of the Reference Test Block (u g, )—Reference test
blocks provide the link to the Rockwell standard to which
traceability is claimed. The certificate accompanying reference
test blocks should provide an uncertainty in the stated certified
value, and should state to which Rockwell standard the

(X2.10)

reference test block value is traceable. This uncertainty con-
tributes to the measurement uncertainty of hardness machines
calibrated or verified with the reference test blocks. Note that
the uncertainty reported on reference test block certificates is
typically stated as an expanded uncertainty. As indicated by Eq
X2.4, the expanded uncertainty is calculated by multiplying the
standard uncertainty by a coverage factor (often 2). This
analysis uses the standard uncertainty and not the expanded
uncertainty value. Thus, the uncertainty value due to the
uncertainty in the certified value of the reference test block
usually may be calculated as:

_ Ui
Uperpn = %

(X2.11)
RefBik

where Upg, g is the reported expanded uncertainty of the
certified value of the reference test block, and kg, is the
coverage factor used to calculate the uncertainty in the certified
value of the reference standard (usually 2).

X2.5.8 Measurement Bias (B)—The measurement bias is
the difference between the hardness measurement values as
displayed by the hardness machine and the “true” hardness of
a material. The measurement bias B may be estimated by the
“error” determined as part of the indirect verification as:

B=H-H (X2.12)

RefBik

where H is the mean hardness value as measured by the
hardness machine during the indirect verification, and erﬂz/k is
the certified average hardness value of the reference test block
standard used for the indirect verification.

X2.6 Procedure for Calculating Uncertainty: Indirect
Verification

X2.6.1 As part of an indirect verification, the “error” of the
hardness machine is determined from the average value of
measurements made on a reference test block (see 3.2.2). This
value provides an indication of how well the hardness machine
can measure the “true” hardness of a material. Since there is
always uncertainty in a hardness measurement, it follows that
there must be uncertainty in the determination of the average
value of the measurements, and thus the determination of the
machine “error.” This section provides a procedure that can be
used, for example by a field calibration agency, to estimate the
uncertainty Uy, in the measurement “error” of the hardness
machine determined as the difference between the average of
the measurement values and the certified value of the reference
block used for the verification.

X2.6.2 The contributions to the standard uncertainty of the
measurement “error,” Uyzacp, are (1) Ugeps v (Ref. Block), the
uncertainty due to the lack of repeatability of the hardness
machine combined with the uncertainty due to the non-
uniformity in the reference test block (Eq X2.9), which is
determined from the hardness measurements made on a refer-
ence test block to determine the “error” of the hardness
machine, (2) i, the uncertainty due to the resolution of the
hardness machine measurement display (Eq X2.11), and (3)
Ugepi- the standard uncertainty in the certified value of the
reference test block (Eq X2.12). The notation (Ref. Block) is
added to the term ug,pe vy to clarify that the uncertainty is
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determined from measurements made on the reference block
used for the indirect verification.

X2.6.3 The combined standard uncertainty u,,.,, and the
expanded uncertainty U,,,., are calculated by combining the
appropriate uncertainty components described above for each
hardness level of each Rockwell scale as:

Uptoch = \/"121‘»,)& u (Ref. Block) +uj, .+ “}clrﬂm (X2.13)

and

Untach = Kty (X2.14)

X2.6.4 For this analysis, a coverage factor of k = 2 should
be used. This coverage factor provides a confidence level of
approximately 95 %.

Note X2.8—The uncertainty contribution u,,, , as calculated in Eq
X2.14 does not include a contribution due to the machine’s lack of
reproducibility. This is because it is assumed that the indirect verification
is made while the hardness machine is operating at its optimal perfor-
mance level with the best possible environmental conditions.

Note X2.9—The expanded uncertainty U,,, ., will commonly be larger
than the value of the hardness machine “error.”

X2.6.5 Reporting the Measurement Uncertainty—This ex-
panded uncertainty Uy, may be reported by a verification
agency to its customer as an indication of the uncertainty in the
hardness machine “error” reported as part of the indirect
verification of the Rockwell hardness machine. The value of
Upgaen should be supplemented with a statement defining to
what Rockwell scale and hardness level the uncertainty is
applicable, with an explanatory statement such as, “The
expanded uncertainty of the hardness machine “error” reported
as part of the indirect verification for the stated Rockwell
scale(s) and hardness level(s) is with respect to Rockwell
hardness reference standards maintained at
(for example, NIST), and was calculated in accordance with
Appendix X2 of ASTM EI8 with a coverage factor of 2
representing a confidence level of approximately 95 %.”

X2.6.6 The standard uncertainty value u,,,., can be used as
an uncertainty contribution when determining the measurement
uncertainty of future measurements made with the hardness
machine (see X2.7 and X2.8).

X2.6.7 Example X2.]— As part of an indirect verification of
a Rockwell hardness machine, a verification agency needs to
report an estimate of the uncertainty of the hardness machine
“error.” For this example, an evaluation will only be made for
measurements made on the low range of the HRC scale. The
hardness machine has a digital display with a resolution of 0.1
HRC. The agency performs five verification measurements on
a low range HRC hardness block. The reported certified value
of the reference test block is 25.7 HRC with an expanded
uncertainty of Ugp.py = 0.45 HRC. The five verification
measurements values are: 25.4, 25.3, 25.5, 25.3, and 25.7
HRC, resulting in an average value of 25.44 HRC, a repeat-
ability (range) value of 0.4 HRC and an “error” of —0.26 HRC.
Therefore:

STDEV(25.4, 25.3, 25.5, 25.3, 25.7)

NG
ortty, . vy (Ref: Block) = 0.075 HRC

Uppe v (Ref. Block) =

%)
(v

0.
= —=—=0.029 HRC, and

1
V12
0.45
Upgp = 5 = 0.225 HRC
Thus,

Uy =V 0.075°40.029% +0.225" = 0.239 HRC, and

U (2 X 0.239) = 0.48 HRC

U esot

Mach —

Therefore, the uncertainty in the —0.26 HRC “error” in the
hardness machine is 0.48 HRC. Although this evaluation was
made on material having a hardness of approximately 25 HRC,
the uncertainty may be considered to apply to the entire low
range of the HRC scale. This calculation must be made for the
mid and high ranges of the HRC scale, as well as for the ranges
of the other Rockwell scales that are verified.

Nore X2.10—The reader should be aware that in computing the final
uncertainty value in all examples in this appendix, no rounding of results
was done between steps. Consequently, if individual equations are solved
using the rounded values that are given at each step of this example, some
computed results might differ in value in the last decimal place from the
results stated.

X2.7 Procedure for Calculating Uncertainty: Rockwell
Hardness Measurement Values

X2.7.1 The uncertainty Uy, in a hardness value measured
by a user may be thought of as an indication of how well the
measured value agrees with the “true” value of the hardness of
the material.

X2.7.2 Single Measurement Value—When measurement un-
certainty for a single hardness measurement value is to be
determined, the contributions to the standard uncertainty i,
are (1) Up,peqr the uncertainty due to the machine’s lack of
repeatability (Eq X2.6), (2) ug,pnq - the uncertainty contribu-
tion due to the lack of reproducibility (Eq X2.10), (3) tgey,» the
uncertainty due to the resolution of the hardness machine
measurement display (Eq X2.11), and (4) u,,, the uncer-
tainty in determining the “error” of the hardness machine (Eq
X2.14). The combined standard uncertainty u,,,,,, is calculated
by combining the appropriate uncertainty components de-
scribed above for the applicable hardness level and Rockwell
scale as:

Upgons = \/ujh,'w+ ufm,m,+ufm it (X2.15)
X2.7.3 Average Measurement Value—In the case that mea-
surement uncertainty is to be determined for an average value
of multiple hardness measurements, made either on the same
test piece or multiple test pieces, the contributions to the
standard uncertainty iy, are (/) Ugepeq» the uncertainty due
to the machine’s lack of repeatability based on the average of
multiple measurements (Eq X2.8), (2) tge,oq the uncertainty
contribution due to the lack of reproducibility (Eq X2.10), (3)
Ugesor - the uncertainty due to the resolution of the hardness
machine measurement display (Eq X2.11), and (4) upzscp. the
uncertainty in determining the “error” of the hardness machine
(Eq X2.14). The combined standard uncertainty uy,,, is
calculated by combining the appropriate uncertainty compo-
nents described above for the applicable hardness level and
Rockwell scale as:

Uppeas = \/” ,l(,,‘;(,‘,,"' L ;e,,,md'*' U Uipacs (X2.16)
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X2.7.4 The measurement uncertainty discussed above for
the single and average hardness values only represents the
uncertainties of the measurement process and are independent
of any test material non-uniformity.

X2.7.5 Average Measurement Value as an Estimate of the
Average Material Hardness—Measurement laboratories and
manufacturing facilities often measure the Rockwell hardness
of a test sample or product for the purpose of estimating the
average hardness of the test material. Usually, multiple hard-
ness measurements are made across the surface of the test
piece, and then the average of the hardness values is reported
as an estimation of the average hardness of the material. If it is
desired to report the uncertainty as an indication of how well
the average measurement value represents the true average
hardness of the material, then the contributions to the standard
uncertainty Uygeqs are (1) Ugeps yu (Material), the uncertainty
due to the machine’s lack of repeatability combined with the
uncertainty due to the material’s non-uniformity (Eq X2.9),
which is determined from the hardness measurements made on
the test material, (2) ug,,,,4» the uncertainty contribution due to
the lack of reproducibility (Eq X2.10), (3) gy, the uncer-
tainty due to the resolution of the hardness machine measure-
ment display (Eq X2.11), and (4) ;.. the uncertainty in
determining the “error” of the hardness machine (Eq X2.14).
The notation (Material ) is added to the term i, , . yy to clarify
that the uncertainty is determined from measurements made on
the material under test. The combined standard uncertainty
Upgeqs 1S calculated by combining the appropriate uncertainty
components described above for the applicable hardness level
and Rockwell scale as:

Uppeas = \/"12(,,,& NU (M‘"(’""“l)+"lzc.’,uml+"lzcn-m+"§m/. (X2.17)

X2.7.6 When reporting uncertainty as an indication of how
well the average measurement value represents the true aver-
age hardness of the material, it is important to assure that a
sufficient number of measurements are made at the appropriate
test locations to provide an appropriate sampling of any
variations in the hardness of the material.

X2.7.7 The expanded uncertainty U, is calculated for the
three cases discussed above as:

U, =ku, +ABS(B) (X2.18)

Meas Meas

For this analysis, a coverage factor of k = 2 should be used.
This coverage factor provides a confidence level of approxi-
mately 95 %.

X2.7.8 Reporting Measurement Uncertainty:

X2.7.8.1 Single and Average Measurement Values—When
the reported measurement value is for a single hardness test or
the average of multiple hardness tests, then the value of Uy,
should be supplemented with an explanatory statement such as,
“The expanded measurement uncertainty of the reported hard-
ness value (or average hardness value) is with respect to
Rockwell hardness reference standards maintained at

[for example, NIST], and was calculated in accor-
dance with Appendix X2 of ASTM E18 with a coverage factor
of 2 representing a confidence level of approximately 95 %.”

X2.7.8.2 Average Measurement Value as an Estimate of the
Average Material Hardness—When it is desired to report the

uncertainty as an indication of how well the average measure-
ment value represents the true average hardness of the material,
then the value of Uy, should be supplemented with an
explanatory statement such as, “The expanded uncertainty of
the reported average hardness of the material under test is
based on uncertainty contributions from the measurement
process and from the hardness non-uniformity of the material.
The uncertainty is with respect to Rockwell hardness reference
standards maintained at [for example,
NIST], and was calculated in accordance with Appendix X2 of
ASTM EI8 with a coverage factor of 2 representing a
confidence level of approximately 95 %.” If the test report does
not state the number of measurements that were averaged and
the locations that the measurements were made, then this
information should also be included as part of the brief
explanation of how the uncertainty was calculated.

X2.7.8.3 Example X2.2— For this example, a company tests
its product by making six Rockwell hardness measurements
across its surface as an estimate of the product hardness. The
hardness machine has a dial display that is judged to have a
reading resolution of 0.5 HRC. The values of the hardness
measurements of the product were 33, 31.5, 31.5, 32, 31, 32.5,
resulting in an average value of 31.92 HRC. The testing facility
would like to determine the measurement uncertainty in the
average hardness value. A hardness of 31.92 HRC is closest to
the low range of the HRC scale (see Table A1.3). The last
indirect verification of the low range of the HRC scale reported
Uptaen = 0.8 HRC and an “error” of —0.3 HRC. Therefore:

STDEV(33, 31.5, 31.5, 32, 31, 32.5)

Ve

U s xu (Material) = 0300 HRC

Upps xu (Material) = or

For this example, assume the hardness machine has been
monitored for an extended period of time, and from Eq X2.10,
it was determined that ug,,,,, = 0.21 HRC for the low range of
the HRC scale. Other uncertainty contributions are calculated
as:

0.5

= 0.144 HRC and

0.
Upach = 7~ = 0.4 HRC, therefore

Uy = \/0.300°+0.21240.1442 + 0.4 = 0.561 HRC

and since B = 0.3 HRC, Uy, = (2 X 0.561) + ABS(-0.3),
or Upg.qs = 1.42 HRC for the average value of the hardness
measurements made on the single product item.

X2.8 Procedure for Calculating Uncertainty: Certified
Value of Standardized Test Blocks

X2.8.1 Standardizing laboratories engaged in the calibration
of reference test blocks must determine the uncertainty in the
reported certified value. This uncertainty UCert provides an
indication of how well the certified value would agree with the
“true” average hardness of the test block.

X2.8.2 Test blocks are certified as having an average
hardness value based on calibration measurements made across
the surface of the test block. This analysis is essentially
identical to the analysis given in 5.3.1 for measuring the
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average hardness of a product. In this case, the product is a
calibrated reference test block. The contributions to the stan-
dard uncertainty uc,,, of the certified average value of the test
block are (/) URep& NU (Calib. Block), the uncertainty due to the
standardizing machine’s lack of repeatability combined with
the uncertainty due to the calibrated block’s non-uniformity
(Eq X2.9), which is determined from the calibration measure-
ments made on the test block, (2) Ug,pn, the uncertainty
contribution due to the lack of reproducibility (Eq X2.10), (3)
Upeso» the uncertainty due to the resolution of the standardizing
machine’s measurement display (Eq X2.11), and (4) iy, the
uncertainty in determining the “error” of the standardizing
machine (Eq X2.14). The notation (Calib. Block) is added to the
term Up,,« no to clarify that the uncertainty is determined from
calibration measurements made on the calibrated block.

X2.8.3 The combined standard uncertainty uc,,, and the
expanded uncertainty uc,,, are calculated by combining the
appropriate uncertainty components described above for each
hardness level of each Rockwell scale as:

Uy = \/u ;{q,& o (Calib. Block) +”ir,.,<.‘/+”i;(»..,v+ UG
(X2.19)
and
+ABS(B)
X2.8.4 For this analysis, a coverage factor of k = 2 should

be used. This coverage factor provides a confidence level of
approximately 95 %.

Ue,, = ku (X2.20)

Cert

X2.8.5 Reporting the Measurement Uncertainty—The value
of Uc,, is an estimate of the uncertainty in the reported
certified average hardness value of a reference test block. The
reported value should be supplemented with a statement
defining to what Rockwell scale and hardness level the
uncertainty is applicable, with an explanatory statement such
as, “The expanded uncertainty in the certified value of the test
block is with respect to Rockwell hardness reference standards

maintained at [for example, NIST], and was
calculated in accordance with Appendix X2 of ASTM E18 with
a coverage factor of 2 representing a confidence level of
approximately 95 %.”

X2.8.6 Example X2.3— A secondary level test-block stan-
dardizing laboratory has completed the calibration of a test
block in the hardness range of 40 HRC. The values of the
calibration measurements of the block were 40.61, 40.72,
40.65, 40.61, and 40.55 HRC, resulting in an average value of
40.63 HRC and an E18 repeatability range of 0.17 HRC. The
laboratory must determine the uncertainty in the certified
average hardness value of the block. A hardness of 40 HRC is
considered within the mid-range of the HRC scale (see Table
A1.3). The last indirect verification of the mid range of the
HRC scale reported Uy, = 0.16 HRC and an “error” of +0.11
HRC. The standardizing machine has a digital display with a
resolution of 0.01 HRC. Therefore:

" STDEV(40.61, 40.72, 40.65, 40.61, 40.55)
Up,ps v (Calib. Block) = or
Vs
U s (Calib. Block) = 0.028 HRC

For this example, let’s assume that the standardizing ma-
chine has been monitored for an extended period of time, and
from Eq X2.10, it was determined that ug,,q = 0.125 HRC for
the mid range of the HRC scale. Other uncertainty contribu-
tions are calculated as:

0.01
Ug,.n = —7— = 0.003 HRC and
Viz

0.16

Uy = Ty = 0.08 HRC therefore,

u,,,= 1/0.028°+0.125°+0.003*+ 0.08 = 0.151 HRC

and, since B =+0.11 HRC, U, = (2% 0.151) + ABS(+0.11),
or Ug,,; = 0.41 HRC for the certified hardness value of the
single calibrated test block.

SUMMARY OF CHANGES

Committee E28 has identified the location of selected changes to this standard since the last issue (E18-14a)
that may impact the use of this standard. (Approved February 1, 2015.)

(1) A1.5.3.4 was revised.

Committee E28 has identified the location of selected changes to this standard since the last issue (E18—14)
that may impact the use of this standard. (Approved Oct. 1, 2014.)

(1) A3.9.1.6 was revised.

(2) A3.9.3.6 was revised.

Committee E28 has identified the location of selected changes to this standard since the last issue (E18-12)
that may impact the use of this standard. (Approved Jan. 1, 2014.)

(1) A3.4.5.1 was revised.
(2) A3.4.5.4 was revised.

(3) A3.5.3.2 was revised.
(4) A3.5.3.7 was revised.
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(5) A3.8.2 was added. (8) A3.9.3.6 was added.
(6) A3.8.3 was added. (9) New Table A3.4 was added.
(7) A3.9.1.6 was added. (10) New Table A3.7 was added.
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ANEXO IV

Resultado del ensayo destructivo de traccion

ESCUELA POLITECNICA NACIONAL

D I | \
q EPARTAMENTO DE INGENIERIA M\{]

MECANICA

LABORATORIO DE ANALISIS
DE ESFUERZOS Y VIBRACIONES
FO1-PE-LAEV-01 Rev.01

INFORME TECNICO

LAEV — M23.054
Quito, 9 de mayo de 2023

Solicitado por: UNIVERSIDAD TECNICA DEL NORTE
Persona de contacto: Luis Cahuasqui

Teléfono: 0979836072

Correo: Ilhcahuasqui@utn.edu.ec

Fecha de recepcion: 04/05/2023

Fecha de ejecucion: 08/05/2023

ORDEN DE TRABAJO Ne: DM-0T0072-2023

1. MUESTRAS: Nueva (9) probetas circulares para ensayo de traccion.
2. GENERALIDADES E IDENTIFICACION DE LAS MUESTRAS:
Segun informacion proporcionada por el cliente:

Proyecto de investigacion: ESTUDIO DE LA ADICION DE NANOTUBOS DE CARBONO EN
FUNDICION DE HIERRO

Detalle de las muestras a ensayar:

e P =material puro (AGG-20)
e 1= material puro con 1% de nanotubos de carbono.
e 0.5 = material puro con 0.5% de nanotubos de carbono.

En la tabla 1 se muestra la identificacion de las muestras a ser ensayadas:

Tabla 1. Identificacion de las muestras.

Id. cliente Id. del LAEV
Grupo P (3 probetas) M23.054.01 - M23.054.03
Grupo 1 (3 probetas) M23.054.04 - M23.054.06
Grupo 0.5 (3 probetas) M23.054.07 - M23.054.09
LAEV — M23.054 Pagina 1de 6
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3. CONDICIONES AMBIENTALES:

Temperatura: 25,2+ 1,1 °C

Humedad relativa: 38,5+ 4,0 %

4. ENSAYO DE TRACCION

En las tablas 2, 3y 4 se presentan los resultados de los ensayos de traccion realizados.

Tabla 2. Resultados del ensayo de traccion Grupo P.

Diametro Caiga g fogtrads Resistencia a la
Id. promedio traccion
mm Ibf N ksi MPa
M23.054.01 12,73 5511 24 515 27,9 192,6
M23.054.02 12,81 5569 24 772 27,9 192,2
M23.054.03 12,79 5027 22 361 25,2 174,0
Tabla 3. Resultados del ensayo de traccion Grupo 1.
Diametro Carga maxima registrada Resistencia a la
Id. promedio traccion
mm Ibf N ksi MPa
M23.054.04 12,78 3560 15 836 17,9 123,4
M23.054.05 12,77 3459 15 386 17,4 120,1
M23.054.06 12,80 2623 11 668 13,2 90,7
Tabla 4. Resultados del ensayo de traccion Grupo 0.5.
Diametro T — Resistencia a la
Id. promedio traccion
mm Ibf N ksi MPa
M23.054.07 12,78 3755 16 702 18,9 130,2
M23.054.08 12,77 4093 18 205 20,6 142,1
M23.054.09 12,78 4072 18 112 20,5 141,2
En el anexo se presentan fotografias del ensayo.
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Nota.- Los resultados contenidos en el presente informe corresponden tnicamente a las
muestras ensayadas por el Laboratorio de Andlisis de Esfuerzos y Vibraciones (LAEV).
Ademds, los valores de fuerza que se emiten en el presente documento corresponden a
valores corregidos en funcion del ultimo certificado de calibracion del equipo de fuerza y no
se ha utilizado el valor de la incertidumbre.

REVISADO POR: APROBADO POR:
Firado digitalment
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Firma: GUACHAMIN  GUACHAMIN ACERO
Fecha: 2023.05.09
ACERO 193349.0500
Nombre: Ing. Jonathan Castro. M.Sc. PhD. Wilson Guachamin
Cargo: ESPECIALISTA DE LABORATORIO JEFE
LABORATORIO DE ANALISIS DE ESFUERZOS Y VIBRACIONES
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ANEXO

e - e a—— * =

muestra M23.054.01 en la maquina universal de ensayos.

[}

Fotografia 1. Montaje dela

-

s

Fotografia 2. Muestras (Grupo P) después del ensayo de traccion.
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Fotografia 4. Muestras (Grupo 1) después del ensayo de traccion.
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Fotografia 6. Muestras (Grupo 0.5) después del ensayo de traccion.
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ANEXO V

Resultado del ensayo metalografico de mapeo de durezas

ESCUELA POLITECNICA NACIONAL Revision: | 000 ‘u\““"““"'uo‘?’
S5 MSTEYE, )
Laboratorio de Metalografia Desgaste y Falla | Fecha: | 09/09/2019 4 °”(D % ¥
Q (LMDF) Pagina: | Pag.1des | %\ R
““:::mmm‘m@ev“"
w Pourzonea i
INFORME DE RESULTADOS RT-LMDF-0701 o
N° P0596-23
INFORME DE RESULTADOS N° P0594-23
Informacion General
Cliente / Empresa/ Entidad: Luis Héctor Cahuasqui Montaluisa
Persona de contacto: Luis Héctor Cahuasqui Montaluisa
Teléfono: 0979836072 E-mail: Ihcahuasquim@utn.edu.ec
o . Fecha de recepcion de
Muestras suministradas por: Luis Cahuasqui 22/05/2023
muestra:
Fecha de emision de Informe:  07/06/2023 Fechalplairymetododsl 5
muestreo:
Fecha de inicio de ensayo: 22/05/2023 Fecha de fin de ensayo: 07/06/2023

1. ANTECEDENTES.

Se recibe en el Laboratorio de Metalografia, Desgaste y Falla, de la Escuela Politécnica
Nacional, unas muestras de ensayo, segun especificaciones del cliente perteneciente a
fundicién de hierro con nanotubos de carbono multicapa, se solicita realizar la medicion de
dureza de dichas muestras. Ver Fotografia N° 1.

2. IDENTIFICACION DEL ELEMENTO SUMINISTRADO.

El elemento entregado en el laboratorio se identifica de la siguiente manera. Tabla 1:

Tabla 1. Identificacién del elemento entregado al laboratorio.

. Codificacion 2 Lote/ Codificacion S B =
Item LMDF Cantidad del cliente Descripcion del item/ observaciones
Elemento de seccién rectangular de
1 23-045-A 1 Muestra 1 aproximadamente 29,95 mm X 26,85 mmy
altura de 19,60 mm, Ver Fotografia N°1.

Campus Politécnico "José Rubén Orellana Ricaurte" -Calle Isabela Catdlica S/N y Alfredo Mena Caamafio - Edificio
N°14 PB RUC: 1760005620001 - Tel. (593 - 2) 2 976 300 Ext. 3010/3011 E-mail: metalografia@epn.edu.ec
Quito-Ecuador
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ESCUELA POLITECNICA NACIONAL

Laboratorio de Metalografia Desgaste y Falla

(LMDF)
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INFORME DE RESULTADOS

RT-LMDF-0701

N° P0596-23

23-045-B 1

Muestra 2

Elemento de seccién rectangular, de
geometria variable, de aproximadamente
26,05 mm X 27,90 mmy altura de 20,2 mm,

Ver Fotografia N°1.

23-045-C 1

Muestra 3

Elemento de secciéon rectangular, de
geometria variable, de aproximadamente
25,35 mm X 31,35 mmy altura de 20,9 mm,

Ver Fotografia N°1.

3. MAPEO DE DUREZAS

El mapeo de durezas se lo realizd en sentido transversal de cada una de las muestras 23-045,
en base a la Norma ASTM E18-22, tal como se observa en la Figura N° 1, obteniendo los

resultados que se muestran en la tabla N° 2.

Elemento 23-045

Figura N° 1 Bosquejo de lugar de medicion para ensayo de dureza

Tabla N° 2. Valores de dureza obtenidos.

Durezas
Muestra
Escala 1 2 3 4 5
HRBW 79,0 80,1 78,0 81,1 80,5
23-045-A
HB 143,9 147,2 133,0 150,2 148,4

Campus Politécnico "José Rubén Orellana Ricaurte" -Calle Isabela Catdlica S/N y Alfredo Mena Caamario - Edificio
N°14 PB  RUC: 1760005620001 - Tel. (593 - 2) 2 976 300 Ext. 3010/3011 E-mail: metalografia@epn.edu.ec

Quito-Ecuador
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ESCUELA POLITECNICA NACIONAL Revision: | 000 qumw,,%
Laboratorio de Metalografia Desgaste y Falla | Fecha: | 09/09/2019 4 ° o %
-ﬁ} (LMDF) Pagina: Pég.3ded %,
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w Pourgeniats®
INFORME DE RESULTADOS RT-LMDF-0701
N° P0596-23
HRBW 89,8 86,8 87,8 89,8 87,3
23-045-B
HB 182,4 169,8 174,0 182,4 171,9
HRBW 83,3 82,4 854 84,7 84,5
23-045-C
HB 156,9 154,2 163,8 161,1 160,5
DECLARATORIA:

. Los resultados de este informe, se aplican al objeto de ensayo como se recibié y son exclusivos del mismo.
. Este informe de resultados no debe ser reproducido parcialmente, excepto cuando se reproduzca en su totalidad y con
aprobacion escrita del LMDF.

®  [os ensayos solicitados se han realizado en las instalaciones del LMDF.

Atentamente:

Informe
Elaborado por: Revisado por:

Ing. Patricia Proafio Ing. Carlos Diaz

Especialista del Laboratorio de Metalografia, Jefe del Laboratorio de Metalografia,
Desgaste y Falla. Desgaste y Falla.

Nota: Se anexa 1 fotografia y los resultados obtenidos en el equipo (Durémetro Universal).

Campus Politécnico "José Rubén Orellana Ricaurte" -Calle Isabela Catdlica S/N y Alfredo Mena Caamario - Edificio
N°14 PB  RUC: 1760005620001 - Tel. (593 - 2) 2 976 300 Ext. 3010/3011 E-mail: metalografia@epn.edu.ec
Quito-Ecuador
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INFORME DE RESULTADOS
N° P0596-23
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ANEXOS

Fotografia N° 1. Elementos 23-045, entregados en el Laboratorio de
Metalografia, Desgaste y Falla para analisis.

Resultados obtenidos en el equipo Durémetro Universal Novotest

9:0.0

10:0. 0
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Resultado del ensayo de espectrometria de emision por chispa

Resultados de analisis por Espectrometria de Chispa

Solicitante

No. Referencia

Fecha

Muestras recibidas

La cuantificacion de los metales presentes en la muestra se realizé empleando el Espectrometro de
Chispa marca BRUKER modelo Q4TASMAN vy se reportan los datos con tres cifras decimales por

ANEXO VI

ESCUELA POLITECNICA NACIONAL
DEPARTAMENTO DE METALURGIA EXTRACTIVA

Luis Héctor Cahuasqui

ST - 8567

08/05/2023

Tres fundiciones de hierro con nanotubos de carbono (P, 1, 0.5)

pedido del cliente. A continuacion, los resultados obtenidos:

[l
Ing. Diana Endara D. PhD.
Jefe de Departamento

MSc. Evelyn Criollo T.

Metales ) 0,5 1
(%) (%) (%)
Carbono (C) 4,394 4,200 4,366
Silicio (Si) 1,824 1,823 1,857
Manganeso (Mn) 0,501 0,539 0,532
Fosforo (P) 0.002 0.005 0.006
Azufre (S) 0.032 0.041 0.051
Cromo (Cr) 0,219 0,235 0,201
Molibdeno (Mo) 0,031 0,015 0,013
Niquel (Ni) 0,085 0,048 0,047
Cobre (Cu) 0,235 0,229 0,212
Cerio (Ce) 0,152 0,150 0,147
Estaflo (Sn) 0,025 0,020 0,018
Titanio (T1i) 0,021 0,020 0,020
Vanadio (V) 0,013 0,010 0,010
Hierro (Fe) 92,38 92,59 92,44

Jefe de Laboratorio

Pasaje Andalucia 134 E12A y Mena Caamano — TeleFax (593-2) 3938780 ext. 5806 — Casilla 17-01-2759
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ESCUELA POLITECNICA NACIONAL
DEPARTAMENTO DE METALURGIA EXTRACTIVA

Analisis por Espectrometria de Chispa

Anexos:
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ANEXO VII

Resultado del ensayo de microscopia SEM y XRD

Inf d d
cionNna " carscterizacion de

pol

materiales

Datos generales del cliente

Nombre Luis Héctor Cahuasqui Montaluisa
Correo Ihcahuasquim@utn.edu.ec
Teléfono 0979836072
RUC 1004435457
Fecha 31-05-2023
Direccién Calle Ernesto Guevara

1. Objetivo

3.

El objetivo del presente informe es presentar los resultados de los ensayos de materiales de aceros de
alto carbono (fundiciones) caracterizados por difraccion de rayos x (XRD) y microscopia electrénica
de barrido (SEM).

Técnicas experimentales
Ensayos de materiales acero de alto carbono por difraccién de rayos x, XRD

Este método es muy utilizado para estudiar las fases cristalinas que se pueden determinar de diferentes
materiales, tales como: ceramicos, metales y polimeros semicristalinos. Debido al caso expuesto se
utilizé un difractometro de rayos X, modelo XPert Pro, marca PANalytical.

Las condiciones de operacién fueron de 45 kV y 30 mA, con un paso de 0.05°, 20 segundos de tiempo
de escaneo por paso, con abertura de 1/4 mm en el incidente y mascara de 10 mm, entre los angulos
5°-90° (26).

Ensayos de acero de alta carbono por Microscopia Electrénica, SEM
Este método es muy utilizado para estudiar la morfologia de diferentes materiales, debido a esto se
utilizé un microscopio electrénico de barrido marca FEI, modelo Inspec S50. Los parametros

operativos del equipo fueron los siguientes:

Tabla 1. Parametros del ensayo

Modo de

Atmosfera | Yoltaje | Spot Detector

Imégenes con electrones retrodispersados y
Altavacio |15.5-25.0 3.5 composicion empleando un detector BSED
(Back Scattering Electron Detector).

Materiales
Cantidad Detalle
3 ensayo de material de acero de alto carbono por difraccién de
rayos x (XRD) y microscopia electrénica de barrido (SEM)

* Los parametros seleccionados y equipos utilizados para los ensayos solicitados son previamente acordado con los dlientes.
* Los resultados obtenidos en este informe se refieren (nicamente a los objetos ensayados.
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4. Resultados

En el siguiente item se presenta los datos obtenidos de los ensayos realizados:
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Figura 1. Difractograma de las muestras de acero de alto carbono
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Figura 2. Difractograma cualitativo de las muestras de acero de alto carbono

* Los pardmetros seleccionados y equipos utilizados para los ensayos solicitados son previamente acordado con los clientes.
* Losresultados obtenidos en este informe se refieren (inicamente a los objetos ensayados.
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Tabla 2. Detalle de las fases cristalinas de la muestra 23-9103

Ref. Code Score Compound Name Scale Factor Chemical Formula
00-006-0696 70 ferrite 0,971 Fe
00-012-0212 13 Graphite 0,041 C

Elaborado por: Julio Caceres Zambrano, MSc. Revisado por: Armando Adriano Macas, MSc.
Analista-CIDNA Administrador-CIDNA

* Los parametros seleccionados y equipos utilizados para los ensayos solicitados son previamente acordado con los clientes.
* Losresultados obtenidos en este informe se refieren (inicamente a los objetos ensayados.



