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PREFACIO

RESUMEN DEL PROYECTO EN CASTELLANO

El presente proyecto fue realizado durante unanestaon beca Erasmus en la Chalmers
University of Technology en Goéteborg, Suecia, dteagh transcurso del curso 2007-2008. El
proyecto fue redactado y defendido en lengua iaghete un tubunal y ante la evaluacion del
examinador y catedratico Lars Nyborg de la Chalrerisersity of Technology en Goteborg,
competente de dictaminar la calificacion final delsmo, obteniéndose la calificacion
maxima de A equivalente a diez, matricula de hoBete dictamen fue revisado y ratificado
por el catedratico José Manuel Torralba de la Usidad Carlos Il de Madrid, tutor del
proyecto en Espafia. Los directores del proyectoofuel Dr. Kenneth Hamberg y el Dr.
Henrik Borgstrom.

Las siguientes lineas representan un breve resudenproyecto de diez paginas
aproximadamente de extension en lengua castekaimdo estipulado por la normativa de la
Universidad Carlos 11l de Madrid

Introduccion

Las fundiciones dulces con tratamiento alestemperingo también conocidas por su
acronimo anglosajon ADIAustempered Ductile Irgrcomprenden una familia de aleaciones
Fe-C con una microestructura caracteristica quedefiere propiedades adecuadas para su
utilizaciéon en diversas y muy variadas aplicaciomatustriales. Entre estas propiedades
destacan una buena resistencia a traccion, eledadtlidad, elevada tenacidad, baja
densidad, buena resistencia al desgaste y buenanibdidad, todo ello a un precio mas
reducido en comparacion con los aceros conven@snahluminios. Estas propiedades son
consecuencia de su microestructura caracteristieacgnsiste en grafito esferoidal en una
matriz de ferrita bainitica y austenita sobresaa@e carbono (o austenita retenida), a lo que
comunmente se refiere como microestructura auséerriPara conseguir esa microestructura
particular, las fundiciones dulces son llevadasnatratamiento isotérmico a temperaturas
comprendidas entre el rango del comienzo de laptacion de bainita y el comienzo de la
formacién de martensita; el tratamiento térmicadstempering

Como ejemplo de sus excelentes propiedades, seepumamparar sus caracteristicas de
médulo eléstico con las del aluminio. Este es dé¢o de tres veces superior al mejor de los
aluminios forjados vy, aunque un ADI tenga una m&ts2,4 veces superior, un ADI es 2,3
veces mas resistente y mas barato, lo cual hacs geecomparan las propiedades especificas
y con respecto a costes de estos materiales, uresgtBlen clara ventaja. Ocurre algo similar
con los aceros. Comparado con la mayoria de estog\DI suele tener mayor resistencia
especifica debido a que su densidad es un 10% m8nademas se incluye el pardmetro
precio, los ADI se muestran mas competitivos gusersateriales ingenieriles homologos en
muchas aplicaciones, como por ejemplo, en cigUsfielea automocion.

Ademas, las propiedades de fractura y fatiga dé\@isson iguales o mejores que la de los
aceros forjados. Valores tipicos que se obtienes lpa ADI se encuentran en el rango de
55-102 MPa-f? a temperatura ambiente, aunque se cree que séampabtener valores
superiores a los 100 MPa'fnsi se mejoran ciertos parametros de las fundisiondos



tratamientos térmicos. Sus destacables propiediémnacidad a un reducido coste frente a
los aceros, convierte a esta propiedad, en sutedsiica mas sobresaliente.

Los ADI han sido reconocidos como un material posdmente ingenieril desde su
descubrimiento haya por los afios sesenta, perdaalsu complejidad en diversos aspectos,
como lo pueden ser la dificil comprension de lagi@in entre microestructura y propiedades
o la dificil reproducibilidad de estas para unamasaleacion, aun se cree que este material
todavia no ha sido explotado hasta su maximo pistenor tanto, esta ampliamente
justificada y muy motivada la continuidad en lagestigaciones dentro del campo de estas
aleaciones peculiares. Un ejemplo de innovacioeesra del mundo de los ADI ha sido el
descubrimiento de los llamados DPADI o ADI de dsefalual, lo que ha supuesto el
descubrimiento de una aleacién con una mejora rstiatade las ya de por si buenas
ductilidad y tenacidad que presentaban las aleasi&l. La microestructura de un DPADI
se compone de las ya mencionados micro-constitegerusferrita y grafito esferoidal,
comun en todos los ADI, a la que ha de afiadirsenueaa fase, la ferrita alotrépica o pro-
eutectoide, que precipita preferiblemente los ddrsi de grano de esta aleaciones. Esta
distribucion de fases en muy similar a la que see@® en los aceros TRIP que han
demostrado tener propiedades excepcionales deidadaa lo que habria que afadir en los
ADI las ventajas de reduccion de costes e incremndatlas propiedades especificas sobre
todo en tenacidad. Este ultimo aspecto posiciormalda DPADI como candidatos de primera
categoria para aplicaciones que requieran unadadeaacidad a fractura como lo pueden ser
componentes de suspension en la industria del motor

Para procesar una aleacion DPADI se sigue el ppagesiico convencional comuan para el
desarrollo de la familia de las ADI pero con algasimqmasos afadidos existiendo varias
variantes del proceso. Para el desarrollo de lasosstructuras DPADI, en este proyecto se
siguio el ciclo térmico que se detalla a continéiaci

1) Una austenizacién en dos etapada primera etapa, conocida como austenizacion
completa, consiste en llevar el material por encileasu temperatura critica superior (en
torno a los 1000° C segun composiciéon y para ehviato hipereutéctico de composiciones
para aleaciones Fe-C-Si) y mantenerla durante empth determinado para disolver
adecuadamente y homogeneizar los elementos ale&miesspecial, se pretende disolver el
carbono, aportado como principal fuente por eligrakaturando asi la austenita de este
elemento. Ademas se pretende promover que la #astetristalice en dominios mas
pequefios a los formados durante el enfriamientia déeacion base de DI, lo cual, segun se
argumentard en el texto del proyecto, serd un rfdmtoeficioso para la microestructura.
Después se realiza un temple hasta una temperatfgaor situada en el intervalo
“intercritico” de temperaturas donde coexisten flases austenita, ferrita y grafito. Esta
pequefia ventana de fases tiene un intervalo destatopas de aproximadamente 750° C para
la temperatura inferior y 860° C para la tempegastuperior (seglin composiciones este rango
suele ser mas o menos estrecho o puede estar mé&nas desplazado) y el objetivo es
precipitar ferrita en los bordes de grano austmdtisaturando aun mas en carbono la
austenita

2) Temple: Tras mantenerse un determinado tiempo en la reggiteriormente mencionada,
el material se enfria subitamente hasta el interde temperaturas demustemperingque
corresponde a las temperaturas superiores a laetatupa de formacion de martensita e
inferiores a las de precipitacion de bainita. Btiamiento se realiza a grandes velocidades en
sales fundidas para intentar eludir la nariz pealiy evitar asi la precipitacion de esta fase tan



fragil que estropearia las buenas propiedades acitexd del material conferidas por la
ausferrita que precipitara en la posterior etapa.

3) Austempering. El material se mantiene en el rango de tempematigscrito en 2) durante

el tiempo minimo suficiente para propiciar una idn de tensiones derivadas del brusco
descenso de temperaturas y la formacién de laraitesfe el maximo necesario para evitar la
descomposicion de austenita retenida en perlitasta periodo de tiempo se le conoce como
“ventana de proceso”. Se ha de recalcar que |lemtestsaturada es una fase metaestable que
tiende a descomponer por “envejecimiento” traplacacion de temperatura y/o por acciones
mecanicas. Esta se cree que es una de las clalsskleenas propiedades de tenacidad de los
ADI ya que en esta transformacion de fases se labsparte de la energia mecénica
suministrada al material.

4) Enfriamiento: tras la etapa de austemperizado se enfria el ialaagemperatura ambiente
a una velocidad lo suficientemente lenta para evdaprecipitacion de martensita que
fragilizaria de forma inapropiada el material

Los parametros temperatura y tiempo son parameteosegulacion del proceso y han
demostrado ser de suma importancia para obten@rdasgedades mecéanicas optimas de los
materiales formados tras el ciclo térmico. Entra®tosas, estos parametros pueden afectar a
la fraccibn en volumen de austenita retenida, atesado en carbono en las diferentes
regiones de la microestructura, asi como de lassidifude los elementos microaleantes en
ésta, el tamafio de los dominios cristalinos y erftiges, asi como su morfologia,
precipitacion de fases indeseadas y formacion dbuazs. Todas estas propiedades
microestructurales estan relacionadas de formaiMwoa con caracteristicas mecanicas. El
proceso puede llegar a ser muy sensible a pequeidsios de estos factores, los cuales han
de ser por tanto controlados de forma precisa parseguir homogenizacion en los
resultados de produccion. Ya se han mencionadmedgajemplos de cdmo afectan estos
parametros en la microestructura. En el texto oslgrto ésta asunto se aborda de forma mas
detallada.

Aunque muchos estudios han sido ya realizados tobjetivo de controlar la fraccion en
volumen de austenita retenida y el contenido eboce en las diferentes regiones de la
microestructura durante el proceso de formaciémumé\DI, s6lo se han encontrado en la
bibliografia unos cuantos intentos de controlar ftasciones en volumen de ausferrita y
ferrita pro-eutectoide en aleaciones DPADI. Comaseauencia, pocos trabajos han sido
publicados sobre esta tematica, y menos aun, $aletacion de la fraccion en volumen de
ferrita con las propiedades mecénicas de un DPADI.

Por tanto, es el objetivo de este proyecto finateeca el identificar las caracteristicas dentro
de la microestructura de los DPADI que directamaféetan a la tenacidad a fractura de las
aleaciones investigadas. Para llevar a cabo esta,tae propusieron varios tratamientos
térmicos, en base a simulaciones y referenciasitdiodrafia, con objeto de desarrollar

microestructuras del tipo DPADI a partir de varfaadiciones dulces (DI) con diferentes

composiciones de elementos aleantes adecuados Iparaejora de ciertos aspectos

microestructurales durante la aplicacion de logmnéentos térmicos como mas adelante se
discutira. Posteriormente al desarrollo de estamcanes se llevaron a cabo estudios
microestructurales con microscopio 6ptico (LOM) @aque de nital y la técnica de ataque
de color, microscopio electrénico de barrido (SE&halisis de rayos X (DRX), ensayos de



resistencia a impacto con probeta sin entallar tydés de superficies de fractura con
microscopio estereoscopico y SEM.

Este proyecto ha sido desarrollado para la industieca del sector del automoévil y la
industria que lo rodea. Esta englobado en un ptoyeés grande cuyo objetivo basico es la
reduccion de pesos de vehiculos desarrollados lpseator. El presente trabajo es una
continuacion de la tesis de master de Caroline dilpha cual se basa en tratamientos
térmicos para desarrollar ADI convencionales. Ha peoyecto se ha obviado la parte tedrica
desarrollada ya por la ingeniera Gloundu sobrecadaas ADI convencionales y se ha
centrado en el desarrollo de aleaciones DPADI, geroecomienda como complemento la
lectura de la misma.

Método experimental

Para llevar a cabo el estudio de la relacién deragiedades mecanicas de los DPADI con la
microestructura y por consiguiente la realizaciénedte proyecto, varias fundiciones dulces
con diferentes composiciones y procesos de elaldorizeron suministradas por compaiiias
suecas. Para realizar los tratamientos térmicanierido en mente los ensayos a impacto
posteriores que se les iban a realizar, se corfanmretas estandarizadas tipo de ensayo Izod
a partir de tres anillos de fundicion diferentestaB probetas tenian una base cuadrada de
10mm de lado y 55mm de largo y no fueron entallagggin la norma por especificaciones
en torno al proyecto por parte de los diferentésras implicados.

El primer paso crucial de este proyecto fue, patotacaracterizar cada uno de esos materiales
base para establecer sus composiciones y revisdrgm defectos de la fundicion. Como se
discutird a lo largo de los diversos capitulos mtelyecto, las condiciones de partida de la
fundicion de hierro son determinantes en los radok de propiedades del material, en
concreto sus propiedades mecéanicas.

Estas propiedades iniciales de la fundicién baseyricipio, pobres para los estandares que
se desean conseguir, no se veran modificadas wostente de forma sensible a mejor si el

material para desarrollar ADI utilizado es de lghdad. Existen parametros criticos como el

namero de nddulos de grafito, su densidad, su tapsafihomogeneidad, existencia de micro-

porosidades (debido a contracciones durante eleopl@tc. que afectan de forma severa en
detrimento de las propiedades mecéanicas de logialate Estas propiedades no pueden ser
corregidas a posteriori de forma eficaz duranterEtmmientos térmicos llevados a cabo para
desarrollar ADI.

Hay otros defectos también importantes como larbgémeidad de elementos aleantes en la
matriz que pueden llevar a la formacién de segiegas de fases indeseadas dentro de esta,
precipitacion de fases perniciosas para con lagigutlades a desarrollar o la formacién de
carburos que son uno de los principales resporsatdela fragilizacion y perdida de
tenacidad en los ADI. Estos defectos hasta ciantdgosi podrian ser corregidos de forma
mas o menos efectiva durante los tratamientos ¢ésrposteriores, pero nunca esta de mas
intentar partir de las condiciones mas Optimas paitarse complicaciones innecesarias. En
este sentido, la observacion de la presencia dbumer ya desde el estudio de la
microestructura de la fundicion base, es un makiodjue posteriormente sera dificil de
corregir y que denotara una mala calidad del nwtde partida. Corregir todos estos defectos



implicaria elevar la temperatura por encima dentasnales para los tratamientos ADI, lo que
siempre supone un incremento en los costes de gwrocademas tiene otros efectos en la
microestructura que limitan todo el potencial dalkacion tras el tratamiento térmico.

Con respecto a la composicion de las fundicionesildg de partida, conocer el porcentaje de
cada uno de los elementos aleantes es crucial paa@oner las condiciones de los
tratamientos térmicos y visionar la formacion dedderentes fases segun que temperaturas y
la posible formacién de carburos perjudiciales. ldistintos elementos aleantes y su
porcentaje en la mezcla modifican en especial mbiknado carbono equivalente, parametro
que representa de forma estimativa el equivaleat€ ¢para una aleacidén exclusivamente
formada por Fe-C como consecuencia de la influetkeiatros elementos. Esto nos ayuda a
situarnos en un diagrama de fases binario bieputatio y estimar las diferentes fases que se
van formando, sin necesidad de recurrir a diagratedases mas complejos.

Como se discute a lo largo del texto, la adicciérelgmentos aleantes tiene, entre otros, dos
cometidos importantes. El primero es conseguir funaicion base con las caracteristicas
adecuadas (cuya importancia ya fue discutida emafodranteriores) y el segundo propiciar la
formacion de las diferentes fases deseadas dumnteatamientos térmicos de ADI, siempre
buscando un aumentando las propiedades de estesatest La complejidad del disefio de la
composicidon de estas aleaciones se hace patemtdacsa descubre que muchos elementos
que se afladen para mejorar alguna de las cartictsjspueden ser perjudiciales para el
desarrollo de otras. Por citar algun ejemplo, elildeno que se adiciona para aumentar la
templabilidad y evitar la formacion de perlita, sgtbdo en secciones de dimensiones
elevadas, puede afadir por otra parte el efectativegde formacion de carburos en los
bordes de grano. Esto es debido a su elevada madersegregarse hacia estas regiones y
formar carburos a partir de ciertas concentraciones

La composicion de elementos aleantes del matemmabién juega un papel importante en

elaboracién de simulaciones con programas de adibende las diferentes etapas del

proceso. La simulacion del sistema es una herramieportante que ayuda a no dar palos de
ciego durante el disefio del proceso experimentalngovernos en torno a resultados que
presumiblemente se ajustaran a los reales, sirsidecede perder tiempo llevando a cabo
experimentos de largos periodos de duracion. Aspugden ahorrar tiempo y esfuerzo y se
consigue converger a planteamientos cercanos@tosos de forma sencilla y relativamente

eficaz. En concreto se elaboraron simulacionesdobrdiagramas CTT y TTT de la aleacion

y porcentajes de las diferentes fases presentestiatab temperaturas. Las simulaciones se
llevaron a cabo mediante los programas JetMatPFbeymocalc que basan sus calculos en
principios termodindmicos de la energia libre dbs@r andlisis neuronal de redes. Ambos
programas necesitan los datos de composicion pkes propdésitos, de ahi la importancia de
conocerla. Las composiciones se suministraron aqorbpia empresa de fundicién y sus

porcentajes fueron corroborados con caracterizgmyonécnicas XRD de difraccion de rayos

X'y SEM/EDX de microscopia electrénica de barrido@ada a un sistema de deteccién de
rayos X secundarios.

Después de llevar a cabo las simulaciones y tenaridea de los posibles resultados, se
disefiaron y se desarrollaron los experimentos aglmydos datos de las simulaciones, con
informacion encontrada en textos bibliograficosreola tematica, trabajos anteriores y la
experiencia personal previa. Tomando estos conenbws como base, se analizé la
aplicabilidad de nuevas metodologias para desarnolicroestructuras novedosas DPADI asi
como el planteamiento de un proceso de optimizad@mparametros clave de proceso en
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consonancia con los nuevos descubrimientos quearfuarrojando los experimentos
realizados.

Con todo ello, los ensayos realizados tuvieronahystivos principales: obtener los valores
ideales de los parametros de proceso para maxitaizenacidad a fractura y resistencia a
impacto de la aleacion y adaptar esos valores eepos 6ptimos de produccién industrial
donde entran en juego factores como la rentabilydaade hacen que los 6ptimos en este caso
difieran de los ideales. En el segundo caso puadenq se obtenga la maxima tenacidad a
fractura desarrollada en laboratorio, pero si \oue puedan ofrecer un producto
competitivo con un equilibrio entre propiedadesogtes. Especialmente importantes son los
resultados de calidad, ya que hoy en dia las eagresbretodo en el marco europeo, otorgan
a éste parametro un valor prioritario. Como consecia, no se busca tanto un resultado
sobresaliente, si no un proceso que produzca hareapsl en las mediciones de las
propiedades. Este hecho se tendra en cuenta eal@é&@nalizar los resultados y proponer los
mejores tratamientos encontrados.

Los factores que se analizaron durante los ensagtizados fueron tiempo y temperaturas de
las distintas etapas de proceso. En resumen, puinegsite se elaboraron ensayos a ciclos
incompletos donde se realizaban simplemente etppadales del proceso y donde se
mantenian muestras del material a temperaturalsrangd adecuado y durante un tiempo que
se mantenia constante durante todos los ensayasdgspués enfriar bruscamente e ir
observando la evolucién de la microestructura adermperatura. Se hizo por consiguiente un
estudio de la evolucién de las fases con la tertyrardando soporte a las predicciones de las
simulaciones.

Una vez comprobado que las simulaciones se ajustiébforma aproximada a la realidad, se
realizaban los tratamientos térmicos completoscércreto se elaboraron dos tratamientos
térmicos completos de ADI a las temperaturas deeaizacion de 900° C y 950°C, cuatro
tratamientos DPADI con temperaturas de austenimamidnpleta para dos niveles, 900° C y
950° C y temperaturas de austenizacion intermediees otros dos niveles 775° C y 800° C y
por ultimo un tratamiento DPADI modificado siguiendl proceso Yang. Todas las
temperaturas daustemperingse eligieron a 360° C. Los tiempos de cada delifasentes
etapas se fijaron en una hora. En el texto delgmtoyse describen los experimentos de forma
mas detallada.

El proceso Yang consistié en bajar por debajo dernfgperatura de austemperizado durante el
temple sin llegar a alcanzar la temperatura de dordm de martensita (260° C para el
material segln estimaciones), mantener esa tempemiirante 5 minutos y posteriormente
realizar un proceso dmustemperingonvencional a 360° C. Para este proceso sereligias
temperaturas de 900° C y 800° C respectivamente tasrtemperaturas de las dos etapas de
austenizacion para la formacién de DPADI. Con etpso Yang se perseguia la formacion
de una microestructura DPADI mejorada con tamafog pequefios de los dominios de la
ausferrita, lo que tedricamente debiera haber desesdo en una mejora sustancial de las
propiedades. En el texto del proyecto se detata@smo proceso de forma mas extendida y
se discute y se valora su eficacia.

Ya durante los primeros experimentos se aprecjipsbilidad de que la manera en la que
estaban siendo cortadas las diferentes probetasisig/o (en la direccidon radial del anillo)
podria estar influyendo, como asi se comprobd posteente, en los resultados obtenidos.
Esta influencia se debia principalmente a la hgereidad microestructural y composicional
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que presentaria el anillo de fundicidén, tras swdist en sus diferentes regiones. Esta
heterogeneidades, se cree, son consecuencia diedas considerables dimensiones del
anillo y de gradientes de temperatura durante flaemento por su disposicion durante el

proceso, apilandose éstos de diez en diez andlosliferentes fronteras térmicas que impedia
la correcta evacuacion del calor. No era el objetie este proyecto el discutir sobre el
enfriamiento de los anillos de fundicién y en gahspbre su proceso de fabricacién, pero si
se discutiria con la empresa encargada de la fiondic se aconsejaria sobre la mejora del
proceso.

Como consecuencia de estas apreciaciones se plant@studio de la influencia en las
propiedades a tenacidad de impacto de probetafugren cortadas en las diferentes regiones
del anillo y siguiendo diferentes direcciones caualetalla durante el proyecto.

Conclusiones

Tras el desarrollo experimental y la recopilaciéa wksultados se pueden sacar tres
conclusiones destacables. Una de ellas tiene queowela calidad del material de partida, la
segunda con la dependencia de la obtencion de rasiestgun que region de un anillo de
material base de partida y la tercera, la quiz&sdeétacable pues el autor no tiene constancia
de que se hayan obtenido resultados similares leagianes ADI, el descubrimiento de una
microestructura y su relacion con la mejora det@sepropiedades del material.

Del estudio microestrutural de los materiales bdss,fundiciones dulces ferritico-perliticas
con diferentes composiciones de elementos miciem#de, se deduce que las calidades de
estos materiales base no son las adecuadas pasaguonlas propiedades Optimas de
tenacidad tras los tratamientos térmicos para d#isaraleaciones ADI y DPADI si nos
ceflimos a las recomendaciones generales de laodiifia, sin embargo se obtuvieron
resultados prometedores durante los ensayos dectonpras la aplicacion de tratamientos
térmicos, aunque no lo homogéneos suficientes sleglestandares requeridos. Aun asi, el
proveedor certificd que las fundiciones suminisisadumplian con los requisitos estandares
estipulados segun normativa para fundiciones l@dctiEs resefiable que partiendo de
condiciones no idéneas se obtengan buenos ressilfams se puede deducir que mejorando
los defectos de partida, los buenos resultadodeba su vez mejorar de forma apreciable.

Los requerimientos basicos que no posee la aledeide, que se han mencionado de forma
breve durante la introduccion, se explican con d&snimiento a lo largo del texto de este
proyecto. En concreto, y en especial para la pantkr las aleaciones que se estudid, se
aprecian heterogeneidades tanto en el tamafio denddslos de grafito como en la
distribucion de elementos aleantes en las difesemtgiones intergranulares con la
consiguiente apreciacion de segregaciones. Eswag®ectos estdn muy relacionados ya que
son interdependientes unos de otros. Ya que ebearequivalente, como se argumenta en el
texto, juega un papel principal en la precipitacide las diferentes fases, estas
heterogeneidades son ampliamente perjudiciales [@arabtencion de una distribucion
homogénea de fases con las caracteristicas regsieras los tratamientos térmicos. En
particular, se aprecidé una configuracién dendriénala distribucion de nodulos de grafito,
segun se describe en la bibliografia sobre lasa®ade enfriamiento de las fundiciones dulces
nodulares. Estas formaciones dendriticas tan claex$ensas en tamafio son consecuencia de
un enfriamiento inadecuado.
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Ademas, en las aleaciones base se apreciaronlase @e defectos como micro-cavidades
debido a contracciones durante el enfriamiento.asEsinicro-cavidades son puntos
potencialmente peligrosos para la iniciacion deténas lo cual son altamente perniciosas si
el objetivo que se persigue es obtener buenasqutagpes de tenacidad a fractura. Ademas se
aprecio la existencia de micro-fracturas en la erarde las fundiciones que no se sabe si son
propias del material base o fueron creadas dulasifgrocesos de preparacion de las muestras
para la observacion de la microestructura (por anecexcesivamente rapido que indujo a
tensiones térmicas dentro de las muestras).

Sin embargo y en comparacion con el primero, elisgg material base que se utilizé para

llevar a cabo los experimentos, presentaba carstitas mucho mas idoneas para los

propdsitos requeridos, aunque estas caracteristicadiferian de las idéneas. En concreto, la
distribucion de nodulos de grafito se aprecié muet&s homogénea con menos tendencia a
formar segregaciones, y el numero de micro-cavislpdeecia méas reducido.

Estas deficiencias en las aleaciones base de gastd dificiles de corregir con los
tratamientos térmicos posteriores. Se puede plardagar el tiempo y aumentar la
temperatura de austenizacion, aunque esto harisequevdujera una crecimiento excesivo de
los granos de austenita lo cual tampoco es beosficya que es a raiz de estos donde
empiezan a precipitar las diferentes fases postsridurante el enfriamiento y por tanto el
tamafo de los granos de austenita esta relaciaa@mdel tamafio posterior de las diferentes
fases y su distribucion en la microestructura, etspgue a su vez influye en las propiedades.
Por ejemplo, esta demostrado que el tamafio de déerdta afecta a las propiedades
mecanicas de los ADI y que preferiblemente se exgnitamafios pequefios de esta fase para
obtener buenas propiedades de tenacidad. Ademfasrita pro-eutectoide de los DPADI se
desea que precipite en los bordes de grano deestanita recristalizada tras el tratamiento
de austenizacion. La ferrita pro-eutectoide edt@ci@ada con el anclaje de dislocaciones
que estan a su vez relacionados con el crecimamtiisuras, con lo que su presencia en la
microestructura es muy apreciada para la mejorasipropiedades mecanicas de los ADI.
Cuanto menor sea el tamafio de estos granos daitauseeristalizada, mayor seré la red de
ferrita pro-eutectoide que precipite y mas inteemada estara ésta, por lo que se puede
esperar una mejora sustancial de las propiedadeanicas por el aumento de zonas
limitantes al crecimiento de fisuras.

Enlazando con lo anterior y relacionando las malapiedades microestructurales de los
materiales de partida con un posible enfriamieetdizado de manera incorrecta, se centro la
atencion en el proceso de fabricacién de los &k llegd a la conclusion que debido a su
tamafio podrian existir heterogeneidades microdamales y de composicion en las
diferentes regiones del anillo debido a los prosed® colada y gradientes de temperatura
durante el enfriamiento. De la informacion recabaéalos responsables de la empresa
encargada de la realizacién de los anillos, se aiedue la zona con mayor velocidad de
enfriamiento es la correspondiente a la superfleieadio maximo, siendo la base y la zona
superior, asi como la zona del radio interior lagundas que sufren una velocidad de
enfriamiento mayor, quedando las zonas centralds interior del anillo como los puntos
donde se ha producido un enfriamiento mas lento.

Segun se estaban cortando las piezas para losrpsiraesayos de tenacidad de impacto de
piezas sin tratar o con tratamientos térmicos deha, la zona central o de rotura de estas
probetas coincidia con la zona de enfriamiento n&#®o. Mediante estudios de



microestructura, estas zonas centrales son laspesentaban una microestructura mas
desfavorable con las propiedades a medir, por éo sguplanted el estudio de las mismas
propiedades en probetas que hubieran sido extrd@dgerentes zonas del anillo para ver si
éstas se veian afectadas de forma significativa. re8lizaron cortes longitudinales en la
direccidn tangente a la radial en las zonas extanterior y central, y cortes en la direccion
radial y se compararon sus propiedades a impasi@oano las superficies de fractura y las
microestructuras. Se comprobd que habia una ddersignificativa en los valores obtenidos
a tenacidad a impacto entre las probetas que $arhabtenido de zonas exteriores y probetas
que se habian obtenido de zonas interiores, siéoglgprimero mas elevados que los
segundos. Tras un estudio de las superficies deufeay microestructural de las diferentes
muestras, se plante6 como posible causa una mejorda microestructura, tanto en
homogeneidad como en tamafio de dominios microlimissa en las piezas exteriores. Estas
presentaban menores porcentajes de carburos padopiy eran mas homogéneas lo que
provocaba una rotura ductil sin presencia de dsjdactor que si se detectd en las superficies
de rotura de piezas extraidas de la zona internaediianillo.

Si bien la precipitacién de carburos supuso elggal inconveniente para no obtener las
propiedades en sus rangos mas prometedores agmtts aleaciones de partida y tras los
tratamientos térmicos propuestos, una de las csincles mas relevantes de este proyecto fue
la deteccion de una microestructura novedosa co@rigp estar salvaguardando y
minimizando el efecto pernicioso en las propiedatietenacidad en las aleaciones DPADI. A
pesar de no conseguir una abundante precipita@derdta proeutectoide en los bordes de
grano, microestructura que se perseguia como ufas ddjetivos de este proyecto, la escasa
cantidad que precipito lo hizo rodeando a los aadlEste hecho, se presupone, proporcioné
una proteccion frente al inicio y al avance de flasturas y de absorcién de energia de
impacto tan precaria en los fragiles carburos,ueatemente puntos de iniciacion de estas
fracturas.

Tras los ensayos a impacto se comprob6 que, en aagipn, los resultados para las
aleaciones DPADI desarrolladas en los laboratai®ka universidad eran muy similares a los
obtenidos de una aleacion ADI realizada en condésode una ambiente industrial. Sin
embargo la homogeneidad y reproducibilidad de tados con las aleaciones DPADI fue
mayor que con las de ADI tradicionales. Como caiblu se estim6 que estas diferencias
poco significativas se deben a que hay una fuaftaencia de las malas calidades del
material base de partida que podria estar enmasttalas mejores resultados esperados con
las aleaciones DPADI. Ademas, las condiciones derdms tratamientos térmicos para
desarrollar el ADI de manera industria, fueron mefntroladas y mas homogéneas en todo
el proceso derivado de la mayor estabilidad térméchornos con mayores capacidades y que
el proceso se pudo hacer en una linea de continuenfriamientos bruscos derivados del
traspaso de las probetas por los diferentes h@mes laboratorio.

Futuras investigaciones

Tras la realizacion de este trabajo se propus@sdrdollo de nuevos anillos con procesos y
composiciones mejoradas con la finalidad de miramidas deficiencias detectadas en los
anillos utilizaos. En concreto se revisé los comtes en Si, Ni, Mo y Mn ya que estaban

fuera de los rangos recomendados por el sectan gs@ierto modo responsables de algunos



de los defectos observados en el material, solwetwdlo referente a la formacion de
carburos, principales responsables de no habenidbtias mejores propiedades a tenacidad.

En cuanto a la caracterizacion de propiedades nuesarsolamente se han ofrecido datos
sobre ensayos de tenacidad de impacto. Se deli@a@ar estudios mas exhaustivos con
ensayos de tenacidad a fractura. Estos al finadentlevaron a cabo por falta de tiempo y
complejidad a la hora de mecanizar y preparar pasbdestinada a tal fin a partir del anillo
suministrado.

A dia de hoy, se tiene constancia de que en bastegroyecto se han desarrollado nuevas

aleaciones con resultados muy prometedores, mejord® forma sustancial los obtenidos en
este trabajo.

Xl
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Improving the Fracture Toughness of Dual-phase é&uptred Ductile Iron

JAVIER HIDALGO
Department of Materials and Manufacturing Technplog

Abstract:;

Dual Phase Austempered Ductile Irons, DPADI alldysve a microstructure with a
combination of ausferrite and pro-eutectoid ferateng with graphite and residual/retained
austenite. To reach this particular microstructiwetile iron is austenized in the austenite-
pro-eutectoid ferrite region before being carrigtbugh an isothermal heat treatment
somewhere between the bainite-start and martesisite- temperature. The special
austenization procedure makes DPADI prime candsditte applications that require a high
fracture toughness resistance like suspension coemp®. The aim of this study is to identify
features in the microstructure of dual-phase AR ttirectly affect the fracture toughness of
the investigated alloys. To do this alloys subjédte various ADI heat treatments have been
impact tested and thereafter analysed by lightcaptmicroscopy, X-ray diffraction and
hardness testing. From Thermo Calc Modelling angearmental investigation of the
austenite to pro-eutectoid transformation zone,wds found that an austenitization
temperature of 790°C resulted in a microstructwieich avoided perlite formation. In the
investigation of industrial ADI heat treatment itasvfound that the last and first to cool
regions of the sample geometry had an impact teegghaf around 70 and 100 J, respectively.
Furthermore a comparison of conventional ADI andADPheat treatments showed that the
DPADI heat treatment had an impact toughness af @ith a scatter of £15 J, whereas the
conventional ADI heat had the same impact strengitn >+20 J scatter. This reduced scatter
was attributed to the encapsulation of the detrialeNo-rich carbides by pro-eutectoid
ferrite, after light optical and scanning electmictroscopy. Moreover, it was observed that
detrimental reductions in impact toughness resutieateas where slag inclusion, carbides or
voids were present. Consequently, it is recommenlddatimore attention is directed to the
ductile iron casting process to safeguard the siscobthe ADI heat treatment
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1. Introduction

Austempered Ductile Irons (ADIs) comprises a famifyFe-C alloys with a characteristic

microstructure that provides them with suitablepemies for many industrial applications.

These properties include high strength, high dtgtihigh toughness, low mass, good wear
resistance and good machinability all possible laineer price compared to common steel and
aluminium. This is the result of its microstructutet consists of spheroidal graphite in a
matrix of bainitic ferrite and a carbon-saturatagstanite, which is also referred as an
ausferrite microstructure. To reach this particat@crostructure ductile iron is carried though
an isothermal heat treatment somewhere betweenb#i@te-start and martensite-start
temperature; the austempering heat treatment.

ADI have been recognised as a potential engineeniaigrial since its discovery in the early
1960’s, but due to its complexity, it is believdtht it has not been exploited to its full
potential yet. Therefore, additional research this field is well motivated. An example of
this is the innovative dual phase austempered ,ifORADI, that has a greater ductility than
the conventionally heat treated ADI, due to itsnestructure with ausferrite and allotropic or
proeutectoid ferrite along with spheroidal graplaitel carbon-saturated austenite. This makes
DPADI prime candidates for applications that requarhigh fracture toughness resistance like
suspension components.

Even if a lot of studies have been devoted to thetrol of austenite volume fraction and

carbon content during the ADI process [1,2], onligw attempts have been made to control
ausferrite and pro-eutectoid ferrite volume fraesion DPADI [3]. Consequently, few studies

have attempted to relate ferrite volume fractionth the material’s mechanical properties in
DPADI.

Therefore, the aim of this study is to identify tigas in the microstructure of DPADI that
directly affect the fracture toughness of the itigeged alloys. To do this, alloys subjected to
various isothermal heat treatments have been intpated and thereafter analysed by light
optical microscopy, X-ray diffraction and hardnéssting. The present work is a continuation
on Caroline Glondu’s master thesis [4], which wasommon ADI heat treatments.



2. An Overview of Austempered Ductile Irons

ADI is the acronyms of Austempered Ductile Ironncerns a big family of materials within
the ductile irons with a common exponent, the auptring heat treatment. This heat
treatment leads to properties like, high strengtixeight ratio, ductility and toughness,
fatigue strength, good wear resistance and maditigakall achieved at a lower price
compared to common steel and Aluminium [5].

Therefore, ADIs are suitable to cover wide range aplplications and requirements.
Essentially ADI is gaining more and more acceptarmeng the automotive, trucks, military,
railroad, and construction sector, being a competilternative to conventional metals and
alloys. Such materials include conventional ductitns, cast and forged aluminium and
many cast and forged steels. Consequently, theesttéor ADI research and development
today is nearly as high as it was during the tifniésadiscovery.

2.1 Main Characteristics

The most important characteristic of ADI is that yield strength is over three times that of
the best cast or forged aluminium. In addition,reNéADI weighs about 2,4 times more than
aluminium it is 2,3 times stiffer and considerablyeaper. Compared to steels, ADI usually
has a higher specific strength, despite of havimgua10% lower density. Nevertheless, most
of the time ADI alloys are superior to its enginegr material counterparts, if price is
considered.

In addition, ADI fracture toughness and fatiguepgamies, equals or betters that of forged
steels. Typical values for fracture toughness mmgb5-102 MPa-ff [1] at room
temperature, but it is believed that values highan 100 MPa-/f could be obtained, for
special ADI alloys like Dual Matrix ADI. Consequént big expectations motivate an
exhaustive investigation into factors related witbse properties, which is the main incentive
to carry out this thesis work.

2.2 Uses and Applications

Since the discovery of ADI in the early 1930’s,yoalsmall fraction of the total production of
ductile cast irons, DI, is used in ADI application®tal wide-world production was estimated
in 1998 to approach 100000 tonnes annually, whisiresponds to 1% of the total DI
production. Today this figure is basically unchahgdespite of a greater confidence in the
ADI material.

This fact seems disheartening, since excellentcandpetitive ADI properties may reflect a
higher level of acceptance within the industrialrldoTo increase the acceptance for ADI,
component manufacturers need to gain more experiigam producing large series of parts.
The monetary risk factor, associated with new nmaténtroduction, frequently pleads on
conservationism attitudes if material do not perfavell enough; large cost when correcting
problems is associated, and many times manufastutenk is not worth to afford the

experience required. In ADI case, there is a lagkoh knowledge concerning machining
optimization parameters and cutting tool matesalection, just to mention a few.

Nevertheless, ADI is currently winning market slsarbecause of new researches and an
attractive cost ratio mixed with a wide versatilitydesign possibilities. The majority of this
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market share increase has been seen in the awennudiustry, which is finding in ADI the
perfect candidate to fulfil a great amount of ienponents requirements. Therefore it comes
as no surprise that approximately 40% of the densantts up in light vehicles, heavy trucks
and bus components.

Suspension components, wheel hubs, brake calligersckles, sway bar components,
differential gear, engine and accessory bracketfine mount, crankshafts, and control arms,
are some common examples of ADI components in tiengotive industry. Is important to
remark that all these components use to be contpletechanized to create free-defect
surfaces, or at least they are commonly mecharnizedl areas where the stresses are high.
Machinability is thereby a much desired propertyvadl, and ADI fulfil this requirement in a
great extent.

Gears represent some of the best known, most wldlicized and high potential uses of
ADI, replacing typical forged steel with highly sdactory results. Crankshaft is another
potentially significant application for ADI. Studieconclude that ADI crankshafts exhibit
properties comparable to or better than the begetband heat treated steel ones, both for
fatigue loads and torsion forces support requirdmedRelevant importance is also given to
friction elements, with a clear ADI potential, digeits abrasion resistance.

To conclude this overview of ADI applications, remtger that ADI is widely used to produce
high strength parts replacing components made el sand aluminium. Even though
toughness and elongation are primary requiremeotshigh load applications, further
improvements on these properties with DPADI, wdudda step forward in order to widen the
ADI applications. If this is done, apart from mepltal advantages, weight optimization
could also be achieved. Reduction of weight alloatsonly developing more potent vehicles,
but also helps to reduce oil consumption with thigerent benefit of saving money for the
final client and contributing positively to the tedion of CQ emissions. All of these factors
could empower the ADI industry, and those compatied invest in ADI research could
obtain a privileged benefit if the promising resutin be obtained and implemented.
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Figure 1 ADI crankshaft mass and cost comparison with cotiweal steel crankshaft. ADI crankshaft shows
superior dynamic properties compared to forged,steenmed to acoustics and damping behaviour ccabpar
to actual production component for Chrysler Motdmgerpreted from [ 6]
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3. Material Aspects in Austempered Ductile Irons

Most studies underlie the importance of ADI heaatments to achieve suitable final
properties, but sometimes forget to address thertapce of a good base material to ensure
that these are also repeatable and reliable. Wmfar¢ly, cast iron is one of the most complex
alloys that can be cast, thus it cannot be treasea simple Fe-C-Si alloy. In the present work
the stable iron-graphite eutectic form (with sph#abgraphite), the so-called ductile iron, is
going to be studied and used to develop ADI mdteridth high levels of fracture toughness.
Is not the aim of this thesis work to study cashisolidification, but to better understand the
posterior steps of ADIs mechanical properties,ief lmverview will be given to elucidate the
process and the final cast iron microstructure.

In addition, a good casting control is essentiablitain good results to avoid resulting
casting defects that would otherwise impair theumegnents set on the ADI component.
Therefore, as most cast solidification defects oarbe corrected through heat treatments
some recommendations must be fulfilled in ordeac¢bieve a suitable base material. These
recommendations include [5,7]:

+ Produce a casting lacking of surface defects, éshem high stressed areas, that
could induce to loweits resistance to static and dynamic loading.

A nodularity greater than the 90%, meaning thalkeast the 90% of the nodules
should have spheroidal shape (type | or type II)

A minimum of 100-mnf nodule account

Consistent chemical composition, homogeneous afdestrom batch to batch.
Essentially free of primary carbides, porosity amdusions.

Consistent pearlite/ferrite ratio

A control of inoculation, poring temperature, editring DI production> Close
control of the process parameters in the foundry.

L

L S R

3.1 The Ductile Irons

Fig. 2 shows the wide family of cast iron represgntthe most important members and
classifies them depending on graphite shape andxnge.

GREY IRON WHITE IRON
(Machineable) (Unmachineable, no graphite

| FLAKE GRAPHITE H SPHEROIDAL GRAPHITE |

Pearlitic | | Martensitic

| Ferriti | | Pearlitic | | Austenitic | | Martensitic |

|MALLEABLE IRON |
[

| [ ]
| Thin || Whiteheat || Special Malleabl

Figure 2 Cast iron family tree.
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The microstructure, in which the cast iron meltidgibes, depends strongly on two main
factors: cooling rate and chemical composition. &wer, the silicon addition facilitates
graphite formation and in conjunction to the amoohtarbon also the presence of Perlite.
The graphite formation is also dependent on théirggaoate; if this is decreased the tendency
to form graphite will increase as seen in Fig. 3.

1 White Iron

2 Molred Iron 3
3 Pearlitic Grey Iron

4 Pearlitic Ferritic GI g [\ §
- . =

3 Fervitic Grey Iron &

2

[

Carbon (%)

Figure 3 Different types of irons depending on Si%, C % aadling rate. Interpreted from [8]

3.2 Casting Requirements
In this section a brief overview of casting reqmesnts will be given.

Graphite Shape

The graphite morphology of iron is affected by thelt composition and the solidification
velocity. The graphite morphology changes from lkanelL G, to compacted, CG and finally
spheroidal, SG, when an increasing trace amoultgobr Ce is added to the melt. Note that
the influence of other alloying elements is not sidared here. The graphite morphology
affects the toughness and fatigue resistance ofreasand hence ADI. Increased notch effect
is observed for irregularly shaped graphite nodulekich can be detrimental for the
mechanical properties, like the fatigue resistaktmyvever, a nodularity exceeding 90-95%
can be achieved in foundries that produce highityuzstings.

Nodular Count and Segregations

The number of nodules per unit volume is anothepoirtant quality parameter. This
parameter reflects the segregation that may ocdilminnthe cast structure. From practical
point of view segregation means that there are ositipn gradients in the structure. This
composition gradient could imply consequences duniosterior heat treatment in the
different matrix constituents’ composition and diition, which is related with carbides
formation that is detrimental for mechanical prdigst Therefore, segregation induced during
solidification should be avoided for most casesrafsam when it is an advantage for the
structures development. Furthermore, high silicontent in conjunction to the inoculation
effect of Ca, Ba, Al and Bi in welding and a fasbling rate, is related to an increased nodule
count as well as a reduced graphite size [9], whrehbeneficial for the properties of cast iron
that is used for ADI.
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Casting shrinkage

This type of casting defect refers to the totalumaé reduction of a casting, due to partial
reductions at each stage of solidification [10]ey¥hesult from an abrupt change in section
size, from an isolated heavy section, which cam@ofed. An unsuitable composition for a
given section or pouring too hot or too cold [1],8@uld also cause casting shrinkages.

Inclusions

Inclusions can be defined as a non-metallic anditarmetallic phases embedded in the

matrix [10]. In almost all circumstances in metasting, they are considered to be

detrimental to the performance of material; wittmsgproperties being more sensitive to their
presence like elongation than other propertiesdséensile strength. These inclusions always
appear in the eutectic s. In these regions the ahafisegregation ring elements are high

Porosity
This defect is a characteristic of being poroushwbids or pores. They result from trapped
air or casting shrinkages [10].

3.3 Cast Iron Solidification Theories

The solidification mechanisms of a ductile iron dahd resulting microsegregations are some
aspects of its metallurgy that still remains nabrdughly understood, despite significant
research efforts. Recent etching techniques like sdhakeout [12] combined with colour
etching have allowed new solidification theoriesbi developed in this field. Concretely,
three theories exist, two are classical and thtehlas been proposed by Boeri and Sikora [13].
Solidification theories are significant to propasathematical models that allow predictions
on the grain size and nodules distribution in thgtiog process.

Uninodular model (UN)

Some studies, especially those who focused on riogl@f microstructure and segregations,
use the early model proposed by Patterson and ISefigich explains the solidification
process as units formed by SG nodules created ifirthe melt and then enveloped by
austenite shells[14]. Measurements of the graphitadii andy shell, show that the ratio
between these radii remain constantrgz = 2.3). A large number of mathematical models to
predict grain size and segregation dispersion ased on this model, but actual observations
indicate that this model fail to predict these ahles [13,14,15].

Figure 4 Uninodular Model solidification schema. Based o08][1
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Multinodular model (MN)

This model is the favourite of amongst solidificatiexperts who believe that a cluster of
austenite dendrites and graphite nodules intecaftirtn the solidification units. These units
are described as engrossed austenite dendriteh wbintain several graphite nodules. Based
on the observation of microsegregation patterns, MMN model coincides quite well with
actual observations made after the use of newrgjdeichniques. However, these still have
weak points that require further explanation.

Figure 5 Multinodular Model solidification schema. Based[@8]

Independent nucleation model

The independent nucleation model, IN proposed bgriBand Sikora [13], tries to address and
correct the weak points of the MN model. Accordinghis model, the solidification begins

with the independent nucleation of austenite araplgte from the melt. Thereafter the
austenite dendrites grow and envelope most of thphite nodules. Further graphite growth
is controlled by the diffusion of carbon from theuid to the nodules, trough the austenite.

Figure 6 Independent Nucleation solidification model. Basad13]

3.4. The Alloying Design of Austempered Ductile Irp

The composition of an ADI cast is similar to duetitons, apart from that it is harder to
propose a correct percentage for the alloying etésndoecause of the ADIs heat treatments.
Designing an ADI alloy without sub-optimising is @mplex task. When selecting a
composition, elements that adversely affect casgjuglity, those that generate undesirable
graphite morphologies, promote the formation ofbmdes and inclusions, or shrinkages
should be limited. Moreover, a composition selactishould consider posterior heat
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treatments and thus the final ADI microstructure, this determines the mechanical
properties. For example, perlite should be avoidethe final microstructure as it is brittle.

Therefore, particular elements like Mo and Ni adeled to the melt to suppress the perlitic
reaction so that austenite can transform into bainstead, which improves the hardenability.

The ADI process depend principally on the carbdfusion (the carbon equivalent), which
also dictates the carbide formation of some elemesmid also segregations. Other
considerations, like the section size and the typine severity of the austempering, must be
also taken in account when determining the alloy@éhgments. When allowing, it is also
important to notice that the properties after augiering depends as much on the process
parameters as the compositional threshold of tlogiay elements. Furthermore, some of the
elements used in the cast are considered to batégic” elements, whose price variation
could mean that they could be replaced by otheemnads if their market price is too high.
Only the minimum amount of alloys required to futfie requirements should be employed.
Excessive alloying only increases the cost andcditfy of producing high quality Ductile
Iron for ADI [1]. Moreover, distinctions are madein those elements that help to obtain a
proper cast and those that control the hardenalohitthe iron and the properties of the
transformed microstructure. The principal ADI alloy elements are summarized below.

Silicon promotes graphite formation. It decreases the dijubf carbon in austenite so the
rejected carbon concentrates in the melt to allegvgraphite nucleation. This element also
increases the eutectoid temperature, and inhhmt$armation of bainitic carbide. With higher
silicon contents the ADI impact strength increasesd the ductile brittle transition
temperature is lowered. This can be explained leatgr graphite nodule count and smaller
graphite nodule size, lower presence of carbiddshagher ferrite content induced by the high
silicon content [16].Silicon should be controlletbsely within the range 2.4~2.8 % to
achieve the desired carbon equivalent.

Manganeseis an inexpensive substance that strongly inceehaedenability. Its addition is
useful to prevent perlite formation, especiallytlick section. However, a too high content
causes it to segregates to intercellular region$7]8 where it forms carbides and if the
segregations concentration is sufficiently highylddead to shrinkage and unstable austenite.
To maximize the mechanical properties and redueesémsitivity of the ADI to section size
and nodule count, it is advisable to restrict trenganese level in ADI to less than 0.3%. One
way to achieve this is to use high purity pig inonthe ADI charge [5], which offers the
advantage of diluting the manganese in the steepsto desirable levels as well as
controlling undesirable trace elements. Moreoveras been well documented [17] that
manganese, like carbon, shifts the isothermal diagto the right, which increases the
incubation time for bainite transformation

Molybdenum is the most powerful hardenability enhancer in A&part from carbon.
Typically it is required in heavy sections castings prevent the formation of perlite.
However, like manganese, it segregates at cell demies during solidification to form
carbides, which decreases both tensile strengthdaatility. Therefore the molybdenum
content should be restricted to less than 0,2 wi%eavy section castings and avoided if
necessary due to its cost.

Copper addition to ADI doesn’t significantly affect hambgility on its own, but in

combination with manganese and molybdenum, theee useful increase in the maximum
section size that can be austempered successidlly No significant effect on the tensile
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properties is observed when copper addiction irsg¢hpercentages, but an increment of
ductility at austempering temperatures below 350PAis could be explained because of
copper doesn’t segregate us much as other elerientsin, and it partitions preferentially
into the solid phase [1]. Copper is usually adaedmounts ranging from 0,5 to 0.8 wt%.

Nickel has the same function as copper in ADI. For ausésimg temperatures below 350°C
nickel reduces tensile strength slightly, but iases ductility and fracture toughness.
Additions of nickel usually vary form 0,5 to 2 wt%.

Other elements like chromium and vanadium could also be added atsamprove
hardenability; however, this is not common sineesthare strong carbide-formers.

As discussed earlier, it is important to use armnooin amount of alloying elements to obtain
the required austemperability and to suppress ainmze segregations. It is also crucial to
consider the sample geometry to be austemperedoid perlite formation, for that reason,
the critical bar diameter, must be estimated adgngrtb equation (1) [19]:

D =124(C,, +27[(%Si) + 22[(%Mn) +16[(%Ni) + 25[ (%Mo) + 1L68[ (L0- 4[T,,) +1
+ 2 [{%Cu)(%Ni) + +62[{%CU)(%Mn) + 88[{%Ni) (%Mo) + 11(%Mn)(%Cu) + (1)
+127%Mn)(%Mo) — 20[{%Mn)(%Ni) —137

Where T, is the austempering temperature andi€ the carbon content of the austenitic
matrix. The carbon content depends on the augtegttemperature (J and the iron. This
dependence is reflected on equation (2) [19]:

T

C,= - (2)
420- 017{%Si) - 095

Most studies concluded that high carbon equivatemis must be used to avoid significantly
as-cast carbide precipitation, which decreasesttieagth, ductility and machinability. A high
carbon equivalent is related also with the increnmethe nodule count [16].

Concentration

W i
S Distance  —1

Figure 7 Common elements distribution between two graphidutes. Interpreted from [7]. These patterns of
elements concentrations will modify the carbon eahtwithin different areas of the matrix creating
inhomogeneities in the microstructure.
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4. Ordinary and Dual-phase Austempered Iron Microstuctures
In this chapter, ADI and DPADI microstructures presented and compared.

4.1 Phases Found in Austempered Ductile Iron Micrdeuctures

Austenite is normally a high temperature phase consistingadbon dissolved in iron, which
is formed in the first steps of the heat treatnveimén the temperatures exceed the austenizing
temperature. Its stabilization in the matrix aredgtesence in the final microstructure, depend
on its carbon content. The carbon content of thetesite is the result of carbon diffusion
mainly from the graphite nodules during the initshges of austenization, but it is also
affected by the posterior rapid cooling to the emmgiering temperature. The carbon
supersaturation of austenite depresses the stdhecdustenite-to-martensite transformation
far below room temperature and leads to that gaheaustenite remains untransformed after
the isothermal heat treatment, even if the majarsityhe austenite transforms into acicular
ferrite. Therefore, high carbon contents are ned¢dedabilize austenite, but the presence of
some alloying elements aids this stabilizationHert The untransformed austenite is also
referred as “residual austenite”, or high-carbaabsized austenite. In austempered ductile
irons, stabilized austenite, in volume fractionstopl0% in lower strength grades, improves
toughness and ductility and response to surfaegntients such a fillet rolling.

Bainitic ferrite can be distinguished as two types; lower and uppgrite. They differ by the
metallographic and morphologic aspect, which isoasequence of the ADI conditions like
austenitization and austempering temperaturesiara$ t but also by the austenite grain size.
The type of austenite present in the final ADI rogtructure will determines static and
dynamic fracture toughness at different temperatydd, as well as other mechanical
properties, affected by the chemical composition.
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Figure 8 a) Upper Bainite, b) Lower Bainite. 1) Austenite F&yrite, 3) Carbide. Interpreted from [4]

Both, upper and lower bainite, are an aggregatacitular ferrite and carbides, but the
difference of these two structures reside in onedhan the location of precipitation of
carbides in the structure, and in the other hanthe amount of untransformed austenite.

As showed in Fig. 8, Lower Bainite consist in plat®ped bainitic ferrite unit arranged in
sheaves with the carbides forming about 40-60 dsgamgle lattice (depending on the cast
iron and the process carried out) from the growtkation at the centre of bainitic ferrite,
whereas upper bainite consists on needles or lathamitic ferrite, often arranging in
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sheaves, containing rod-like carbides which arentaited in the direction of the lengthening
growth and at the edges of bainitic ferrite.

Graphite Nodules are usually spheroidal in shape, due to its nhignawth habit of the
graphite in liquid iron, but its morphology can ganfrom spheroidal shape to flake. The
shape plays a significant role in determining qasperties in cast irons; graphite flakes acts
like cracks within the iron matrix, while graphgpheroids acts like “crack-arresters”. In fact,
typical ADI casts are based on spheroidal grapBie,which lead to their low density. Using
SEM analysis it was determined [14] that SG nuelean duplex sulphide-oxide inclusions
with a diameter approximatelym. The graphite nodule core is made of Ca-Mg oMga-
Sr sulphides, while the outer shell is made of dempg-Al-Si-Ti oxides. Even if it is not
entirely clear, is believed that rejection of C @idy the solidifying austenite imposes a high
solute undercooling on the proximity of thhephase, favourable for graphite nucleation
[14,42].

[0001]

Figure 9 a) LOM observation of a spheroidal graphite nodle,Schematic of a graphite nodule shell. 1
indicates inner graphite shell with typical layeowth, 2 is the outer shell with different micrastture.

4.2 The ordinary Austempered Ductile Iron Microstructure

The common austempered ductile iron microstructargains spheroidal graphite (resulting
from the cast iron) embedded in a matrix whichaseyally a mixture of phases generated in
an especial heat treatment. The most desirablsepbfian ADI is normal referred to as
“Ausferrite”, but is also called “Bainite” in someferences because of its metallographic
similarity with this later. The Ausferrite consisté a mixture of bainitic ferrite, also called
acicular ferrite, and a high-carbon retained autgeihe importance of this structure and the
presence of stable austenite in the microstructleted with some mechanical properties will
be discussed.

There are other constituents in the ADI microsuitet Martensite, carbides and perlite could
appear and their presence could degrade the meahanoperties. Also cementite, which is a
non desirable phase for fracture toughness, cqpédar.

The proportion of these main phases depends on nvamybles like the chemical
composition of the cast ductile irons, but it hagdnbeen demonstrated that it mostly depends
on the “Austempering” heat treatment. Bainitic iterris typical generated from austenite
during the austempering process after a quick duegdelow the bainite-start temperature.
Of course the resulting microstructure will be ughced by the process time and temperature,
but this is discussed later.
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Figure 10 LOM microscopy of an ADI. a) The graphite nodules @tally imbibed by ausferrite microstructure.
b) Enlargement of ausferrite areas; the ferrite lesegrowth till find a grain boundary.

4.3 The Dual-phase Austempered Ductile Iron Microsticture

Dual Phase austempered ductile iron, DPADI, is comln referred to a special ADI
microstructure obtained after some special and mwvexational austempering processes. It can
be described as ausferrite matrix containing neisvof allotropic ferrite. This mix of phases
has been proved to have improved fracture toughoesgpared with normal ADI where
“only” ausferrite phase is present [3].

Figure 11 Dual Phase ADI microstructure [20]. The bright whitones are ferrite, the grey areas are ausferrite,
and the black rounded shape dots are the grapbdides

Having a look on the phase diagram for Fe-C-Si, ERy and focusing on the binary system
Fe-C (cutting slides from different concentratioh Qi) a region called “the intercritical
interval” can be seen where ferrite, austenite, gnaghhite coexists. This region is limited by
both, the upper and the lower critical temperatusgBich define the beginning of the
transformation of austenite into ferrite during weg. The position and extension of this
interval is significantly modified by chemical coogition of the alloy, thus a particular
determination of this interval should be carried experimentally or by modelling for each
alloy composition. Moreover, this composition andémperature interval should be explored
in order to achieve various novel microstructurebjch could provide a wide range of
properties that are competitive or better than @éhdsund in conventional ADI
microstructures.
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Recently some authors [21] have reached a veryia{deP (dual phase) microstructure with
continuous and well defined ferrite networks molpges seen in Fig.11. Here the ferrite
precipitates at the former grain boundaries ofystatlized austenite, instead of around the
graphite nodules, which is likely to lead to impedvmechanical properties. Consequently,
these microstructures could be fruitful in obtagimicrostructures with improved levels of

fracture toughness.
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Figure 12 Fe-C-Si equilibrium phase diagram for a fixed Siceatage. The grey area delimits the intercritical
interval where ferrite is formed
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5. The Heat Treatment of Austempered Ductile Irons

In this chapter on overview of the heat treatmestsd to transform ductile iron into
austempered ductile iron will be provided.

The previous work by Glondu [4] provides more estea information for conventional ADI
heat treatment, and the optimization of the aus&img temperatures for a particular ADI
alloy. That work has served as a valued guideluméng this present work and as a valuable
source for planning the experiments. However, nas the intention of this present work to
repeat what has already been covered in that vioutkio provide further enrichment to the
topic at hand. Therefore, it may prove necessarmpotesult Glondu’s work if information is
perceived to be missing form the present chapter.

5.1 The Ordinary Austempered Ductile Iron Heat Tredament

Many industrial heat treatment practices of ferraileys involve a complete austenization
process in the beginning, followed by a heat treatmsuch as annealing, quenching,
normalizing, austempering, etc, depending on then icomposition and desired final
properties.

The process carried out to achieve the Ausferriterastructure in ductile iron is called
austempering. The complete heat treatment cordigtaur main stages: 1) austenization, 2)
quick quenching to austempering temperature, 3)tesnygering, 4) cooling to room
temperature as shown in Fig.13. Some variatiorthencomplete cycle are sometimes made
by adding intermediate processes if it is necedsauthe final properties.

The most relevant step and where the transformatitm Ausferrite occurs, is known as
austempering. During this step, transformation o&@mong a certain range of temperatures,
between 400 and 260°C, through an isothermal Igpdtiming certain time. This temperature
range covers the entire zone between the peraré-stmperature and the Martensite-start
formation. But in order to obtain a suitable midrosture all the steps must be carried out
carefully, because of the influence of temperattinee and cooling velocity affects the final
microstructure and thereby the mechanical propertie

1000 - 1. Austenitization

800 -

2. Quenching
600

400 - 3. Austempering

Temperature (°C)

4. Cooling
200 -

0 T 1 L] L L)

0 60 120 180 240 300
Time (min)

Figure 13lllustration of common ADI heat treatment stages
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Economical optimization should also be present mesomind to save process costs and
energy. In this way, the study of all the processameters is important, and different results
could be obtained for the ideal heat treatmentthadest implementation for industry sector.
To do this a brief review of each step and varisblaring the process will be presented.

5.1.1 The Austenization Process

During austenization, the cast component is hebetdieen 850 and 950° C for about 15
minutes to 2 hours. The optimum temperature and tiepend on the chemical composition
of the ductile iron and the process variables.

The objectives of this stage is to create a cadaigrated austenite matrix, to dissolve the
carbides present in the ductile iron and to evenedements with segregation tendencies
throughout the matrix. In parallel, the processusth@nsure a control of the austenite grain
size to safeguard the mechanical properties. M@eavhigh carbon content in the austenite
matrix makes it possible to stabilize the austeditieing the cooling steps, which would
otherwise evolve to another phases during the mgatirocess. If carbon is successfully
saturated in the austenite, it can be detectededairied austenite”, which is present in the
final ausferrite microstructure. If this is achieyet will give a positive contribution to the
fracture toughness parameter. The high carbon cbmtédl also increase hardenability as
discussed previously. Furthermore, it is importemiminimize the amount carbides in the
matrix, as they are responsible for the degradfripemechanical properties.

The austenization temperature and time determinestatrix carbon content because the
diffusivity and the solubility of C within matrixaicrease with the temperature; variable time is
also involved. Moreover, the graphite nodules dreddarbides in the ductile iron will either
serve as a source or sink of carbon dependingeotethperature range.

The austenitization temperature determines thehipapglissolved and the dissolution rate.

This temperature should be selected to ensureciuffi carbon transfer from the graphite

nodule to the austenite matrix. A too low austemg temperature should cause an

incomplete austenitization and may affect to thehmaaical properties, by the presence of cell
boundary cementite/carbide. If the austenitizinggerature increases, the amount of retained
austenite increases along with the carbon cont&inhigh austenitizing temperatures the

diffusion of the carbon is faster and the conceiatnaof impurity elements at the austenite

grain boundaries is lower.

The austenitizing time should be the minimum regpliito ensure that the casting has been
completely transformed to carbon saturated austeltitmust be the sufficient to ensure the
reduction of microsegregation of alloying elemeautsl long enough to eliminate the risk of

cementite phase in the austenite. Long austentangs should be avoided because of the
risk for abnormal austenite grain size growth. leaggains, entails a coarse acicular ferrite
structure [1] at the end of the process, wherefiiseastructure should, in theory, maximize

toughness properties.

5.1.2 The Quenching Process

Quenching is the second stage of the ADI-treatmehgre the casting is quenched to an
intermediate temperature from the austenitizateonperature. In this step, caution has to be
exercised so that the cooling rate is fast enoogavbid the perlite nose in the Isothermal
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Transformation diagram, TTT, found in Fig. 14. ertmore, the ADI alloy must not be
quenched below the Martensite start temperature.(Ms

Therefore, in view of optimum mechanical propertlgsrature suggests that, in this stage the
whole structure might consist of a combination edidual austenite and acicular ferrite (or
bainitic ferrite) with no pearlite [1]. This can lbehieved either by calculating the critical bar
diameter (Dc) for a particular ADI composition ugiequation 1 or adjusting the chemical
composition to avoid segregation during quenchimgaf particular specimen diameter. The
higher the amount of the alloying elements, thehéigwill be the possibility of the
segregation of them [22].

/r"‘"- Ferrite + Graphite+Gamma

Pearlite

Temperature

Ausferrite

-
-

Martensite g 2

Time

Figure 14TTT diagram for an ADI alloy. The pearlitic nose i®aled increasing the cooling rate.

A good cooling media frequently used in this stagenolten salt bath. It allows rapid and
efficient heat transfer with a uniform low viscgsamong austempering temperatures range.
Furthermore it dissolves easily in water which wsipive for posterior surface removing
operations. However, there are two drawbacks Witk ¢ooling media: It is endowed with
health hazards and it pollutes the environment. Usee of water could also be possible, but
not advised as the resulting rapid cooling rateseiases the risk of vapour entrapment [23].
Another issue with water is that the austempergmperature is too close to the steam
saturation temperature of around 375°C.

5.1.3 The Austempering process

Austempering time and temperature, in addition wibical concentration of allowing
elements, were demonstrated to play a determir@datwhen carbide precipitation in the
ferritic and retained austenitic component of augéeoccurs [1,17,24].
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During austempering, a two-stage phase transfoomagaction takes place in ADI. In the
first reaction, austeniteg decomposes into ferrite and high carbon content or transformed
austenitefyc):

y—’a+yHc (3)

If the casting is held at the austempering tempeeator too long, a second reaction takes
place, which causes further decomposition of thgh learbon austenite into ferrite and
carbide:

Ve - O *E (4)

Best combinations of mechanical properties (ternsitength and ductility) are obtained in
ADI after the completion of the first reaction bagfore the onset of the second reaction. This
time period is so-called “process window”.

The presence afcarbide must be avoided due to this phase brittlesnaterial so operating
around the process window is essential. Anotheromapt function of the ADI alloying
elements is to enlarge the process window.

Time and temperature are determinant for the faomaif different types of ausferrite and for
the percentage of retained austenite and its catbotent which are key factors for fracture
toughness, as will be discussed on further chapters

5.1.3 The Cooling Process

At the end on the isothermal transformation thealfimicrostructure is achieved and
consequently the heat-treated material is readpobdown. The final cooling is as important
as other parameters such as austempering condatiacteemical composition, so caution has
to be paid it. In the ADI literature the sample wesually air cooled to room temperature,
because this was the most economical [1]
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6. Mechanical properties of Austempered Ductile Iras

Last chapters have introduced some important casaepated with mechanical properties,
such as composition and phases dispersions ofsasfoa, heat treatment variables, and
concentration of constituents. All summed influexc&®DIl microstructure, and so ADI
mechanical properties. To summarize, ADI’'s meclanicoperties are due to its special
ausferrite matrix and depends mostly, not congideother factors, on the relative amounts of
acicular ferrite, retained/residual austenite, tmedularity of the graphite and on the
morphology of the phases. Everything that helpsntwease volume fraction of stabilized
austenite and lesser amount of acicular ferriteatong a coarse matrix, will be in benefit of
high ductility but against high strength. As dissert earlier, other important factors are the
carbide and the formation of other non desirablaspk like martensite. High ductility is in
some sense synonymous of good fracture toughnedshes property is what expected to get
better during this work, but if possible, high sigéh should accompany too in achieving a
competitive properties mix.

Table 1Grades of ADI materials

GRADE TENSILE | 0,2% YIELD | ELONGATION]| IMPACT TYPICAL
STRENGTH| STRENGTH ENERGY | HARDNESS'
ASTM DIN Rn [MPa] Ryo2[MPa] [%6] [ HB
A 897M-90 EN 1564
1 800 500 8 260-320
1 850 550 10 269-321 100
2 1000 700 5 300-360
2 1050 700 7 302-363 80
3 1200 850 2 340-440
3 1200 850 4 341-444 60
4 1400 1100 1 380-480
4 1400 1100 1 388-477 35
5 1600 1300 - 444-555 -

6.1 Remarkable mechanical properties of Ordinary Astempered Ductile Irons

6.1.1 Fatigue Properties of Ordinary Austemperecttide Irons

ADI is considered an engineering material with dece fatigue properties, as well as high
fatigue limit and high fatigue strength. The faggumit of an ADI is in the range of 200-500
MPa. These values depend on the chemical composhieat treatment, loading type and
number of cycles defined for fatigue limit.

The fatigue limit of ADI is not proportional to thiensile strength or hardness, but is related
to the toughness and retained austenite contengR5Retained austenite content is
connected with the carbon content of the austeth&higher the carbon content the higher
the retained austenite content. Large amountstaiied austenite are related at the same time
with the creation of more barriers for fatigue é&ragrowth and are believed they extend
component fatigue life. Additionally, small austéngrain size is suitable for the high fatigue
strength of the specimen [27]. Thinner and shaat@cular ferrite-retained austenite bands
have been demonstrated to grow if small austenit@ingsize is achieved during
austenitization stage. This is, accordingly, insheg the number of anchors for the
dislocation motion and making more difficult therfation of persistent slip bands.
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Thus, maximum fatigue strength and fatigue lim@ associated with heat treatments that lead
into high levels of retained austenite, low recilsted austenite grain size and therefore
maximum ductility. Consequently, lower austeniti@gattemperatures are usually associated
with improved fatigue resistance because of theomaar grain growth compared with higher
temperatures. In contraposition, less carbon witead among the matrix with low
austenitization temperature levels, so there might a compromise in austenitization
temperatures to achieve optimum fatigue values. iMpto the austempering temperatures,
high austempering temperatures lead to an inciease fatigue limit of the specimen, up to
a certain point. Austenite content increases witbtempering temperature [34] and fatigue
limit increases with the amount of retained auséerbut this happens with some limitations.
A large amount of retained austenite would undengetensitic transformation (very harmful
phase in ADI) under plastic deformation in ADI .

The high fatigue strength of the ausferrite strreets also strongly related with the graphite
nodule size, nodule count, nodule shape and isdotion with the matrix. Fatigue strength
and fatigue limit could be optimized by decreading size of the graphite nodules [28].The
effect of the graphite nodule count on the fatiomét seems to be more significant in ADIs
alloys rather than other types of ductile irons][2%e fatigue limit and the tensile strength of
the ADIs have been observed to increase with aminent in nodule count, so that presence
of alloying elements that decrease the nodule cswctt as Ti, is not very recommended. ADI
with low nodularity tends to have more graphite uled with non-spheroidal shape. Non-
spheroidal shape introduces higher stress contemtréactors as compared to spheroidal
shape.

In addition to the disadvantages of low nodularitye presence of martensite phase and
carbides reduces the fatigue strength, as happghsfracture toughness, so a special care
should be taken to reduce or avoid their formatioprecipitation.

6.1.2 Fracture Toughness of Ordinary Austemperectil2ulrons

General considerations about fracture toughness

Fracture toughness, commonly denoteg ¢an be defined as the inherent resistance of a
material to failure as result of the propagatioragbre-existing crack when a static load is
applied. Fracture toughness has units of MP4-m

This pre-existing crack could be artificial and soentiously handmade when this property is
tested, but normally is an isolated surface miatedt that degenerates in a planar
dislocation, or an inclusion or defects in the masuch as voids, faults and etc, where the
crack find a favourable way to growth. For thatsaaa grade of variability on the results
testing the same material is introduced. Howe\adissics demonstrates that the values can be
ranged between well defined intervals when seweqpériments are conducted. .

The term toughness by itself refers as well toabity of a structural material to resist shock
or impact; its ability to absorb energy before fume. But this property when dynamic loads
are applied is also so-called impact toughness.

Literature about the fracture toughness of AustesgbeDuctile Iron includes static and

dynamic fracture toughness measurements, desighgté€lc and Kp respectively which
abide to normalized ASTM standard tests methodsstexrgd in E1820. The sub-index |
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indicates that fracture was produced primary in enddas shown in Figure 15. This is
typically used in standardised tests, because rha&lthe most severe failure mode and it is
easier to model by analytical theories.

S 4

(a) ) fc)

Figure 15 Different Crack Modes: a) Mode I, b) Mode I, c) N Ill. In reality the crack mode is a
combination of these three modes

Equation (5) is a generic analytical expression #tiaws roughly estimations on the values
of fracture toughness. It is based mainly on Setant’s principle and others elasticity and
resistance on materials theories. Is not the abgtiere to develop them only indicates this
general expression has a strong shape dependenceYi@). Also depends on the length of
the initial crack “a”, and the stramn

K. =Y(0) wE/na (5)

Experiments reveal, for general materials, therals® a dependence on the velocity of the
load application and the temperature as well asrhierial factors, which are not included in
this equation.

Remarking last phrase and applied for ADI’s, litara shows that the static and dynamic
fracture toughness values are affected by the ABtrimtype and the chemical composition
of ductile iron, but also by the process tempegratand the velocity of load application
[1,30].The ADI fracture failure neither for low nbrgh temperatures doesn’t follow a perfect
elastic behaviour. Such implications bring up tleeeassity of different ways of measuring
fracture toughness considering different materiabrkwv temperatures and material
characteristics. Due to that last, it has introduegperimental calculation of K which is
defined as fracture toughness value measured inekigtesting temperature and can be
analytically calculated by Equation (6).

1
ED |2
KJ:|:1_V2} (6)

Where E is Young’'s modulus and is Poisson’s ratio for the material. Moreover J
characterizes the elastic-plastic field in the nityi of the crack tip and is the area under the
load-displacement curve
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To end this brief overview about fracture toughntdsse are three fracture’s categories:
ductile, brittle and a mix of both that are presannaterials.

Fracture failure mechanism in common AD/

In literature on steel, classical fracture mechasisre described as either ductile fracture
with nucleation and growth of micro-voids, or trgrenular and intergranular creep [31,32].
These mechanisms do not operate in a similar walgdth ductile irons casts with spheroidal

graphite and ADI materials. This can be explainedaadirect consequence of the special
features of the metallic matrix and the presencgpbieroidal nodules of graphite, due to the
high content of Si in the alloy, which modifies tp&astic behaviour of the material and

complicates the analysis of the fracture surfad@$ [These analyses reveal that ADI fracture
mechanisms for impact test resemble a quasi-brtdbaviour, which means roughly a

mixture of ductile-brittle fracture. In all the éitature reviewed in relation to ADI fracture

toughness, commonly ductile fracture predominatesra brittle for room temperature tests

[1,33,34].

The matrix of ADI can withstand a certain amountdeformation before fracture during
tensile or impact testing. However, the graphitelules in the matrix cannot deform and
hence are barrier to matrix deformation and gige to crack initiation. Crack initiation could
occur either with a graphite crack, with a voidni@ation between the nodule and the matrix or
both. In addition, carbides may precipitate in lanitic ferrite laths or at the ferrite/austenite
interfaces and these may also influence the fraatiADI and produce characteristic features
[33]. Other possible initiation points, as commenia earlier paragraphs, are cast and
material defects, but in the following lines justlyp graphite nodules and carbides are going
to be considered.

Graphite nodules can be treated as notches creatidgcontinuity within the ausferrite
matrix. Classical fracture theory could be applagdund the graphite nodules boundaries
supposing spheroid shape, so is predictable aarnmemt of the strength about 3 times greater
than the rest of the matrix around these areas.

Differences in deformation capacity between graplahd the matrix are responsible of
microvoids formation, being considered the mostbplde point of initiation and fracture
propagation. At this point, little can be found literature on posterior crack propagation.
Morevoer, the complexity of the ADI matrix raisescertainness about the mechanism of
crack growth during fracture crack.

A first consideration is that the bainite ferriggHs are packed in clusters in a well determined
direction whereas these clusters don’t follow actete direction within the matrix, so when a
load is applied, we can find three different sitoas:

1. The longitudinal direction of a cluster is p&hlo the loading direction.
2. The longitudinal direction of a cluster is notrtwathe loading direction.
3. The longitudinal direction of a cluster makesaagle with the loading direction.

The orientation of the clusters will influence ttrétical path of the fracture propagation. The
third possibility above must dominate to createaadom orientation, thus the material
presents similar toughness properties in all spaeetions.

Crack will always follow the most favourable wayorFsituation 2, the ferrite/austenite
interface can withstand the same external tendiength and because of the atomic
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mismatch, these surfaces are weak points suitaislecrick propagation. Conversely, in
situation 1, the more ductile austenite (comparedetrite) can sustain more deformation
before fracture, thus, the bainitic ferrite lathredks first and the austenite deforms past the
bainitic ferrite laths producing a rounded end iplane perpendicular to the fracture [33].
Situation 3 is more complex, and can be treatesl @smbination of 1 and 2 and also depends
on the angle. Furthermore, if carbides are consdiethe model cannot be used to predict
crack evolution. Consequently, there is a need ttmlys the role of carbides on crack
propagation further.

Microstructure vs. Fracture Toughness

This last conceptual explanation of fracture falunechanism in ADI serves to understand
better experimental results when this property éasared. Some study works about the topic
found on literature [1,34], draw relevant conclusi@bout the relation of fracture toughness
and ADI microstructure. They reflect the followingnicrostructural features that are
considered essential to maximize fracture toughness

- Fine acicular ferrite with austenite present as fiin between the ferrite blades.

- Austenite content of around 25 vol.%.

- As high a carbon content as possible in the austeihe higher the content the
higher the fracture toughness.

- More than 1,8 wt.% in carbon content of austersiteequired.

In general, ADI with a lower ausferrite (bainite)icnostructure shows better fracture
toughness properties than those with an upper @utisf¢bainite) microstructure. In contrast,

upper ausferritic microstructures provide ADI willetter tensile properties. These facts
enhance refuted works on literature [1,13,34] whidkarly shows that the optimum

microstructure for obtaining maximum tensile prdgsr and the optimum microstructure for
maximizing fracture toughness differs greatly. Amgwomise between these two properties
must be considered depending on the application.

Austenitizing and austempering temperatures plagssential role when optimizing fracture
toughness. Changing the levels between high andwahin the typical process window,
leads in totally oppose effects in ADI microstruetdor both processing temperatures. These
temperatures are also interdependent on the fasalts and properties.

Fine acicular ferrite is related with its maximunadture toughness and is obtained at low
austempering temperatures [34]. In contrapositiotnose theories that believes ferrite needle
grows along recrystallized austenite grain, thalfausferrite grain size seems to reduce with
decreasing austempering temperature independeinthe@revious austenite cell regions. It
could be said, derived from different sources [3}i,that ausferrite grows either till match
the austenite cell boundary or it own nucleatedngsa the needle size depend on both the
austenitization and the austempering temperatueieder to maximize the austenite content
an increment of the austempering temperature islateeThis increment on austempering
temperatures has found to lead to on increasinglithubut decreasing strength [34].

Related with these last issues, the following refesthip has been demonstrated to be valid for
ADI alloys [34]:

KZ Do, [X,[T,)” (7)
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whereg, is the yield strength of the ADI,,Xs the volume fraction of austenite, andi€the
carbon content of the austenite. The vyield strergth also been demonstrated [35] to be
dependant on the wide of the ferrite blade L, aades as > All Equation’s (7) factors
depend as well on austempering temperature. Whileincreases with decreasing
austempering temperatures, &, increases with increasing austempering tempesatditee
optimum austempering temperature is the one thaimieges Equation (7).

In addition, the austenitizing temperature is alsgportant in optimising the process.
Concerning this factor, very little information cée found about the topic in litterature.
However some results point to the conclusion theteasing austenitizing temperature leads
on better dissolution of carbon in the austenitd,tb the coarsening of the austenite grains
[34,36]. This grain coarsening increases ferritedte length and consequently decreasing
fracture toughness in the posterior austemperiagestDespite a considerable increase in
carbon content with high austenitizing temperatueesile and fracture toughness properties
were found to deteriorate [34]. One plausible exateon, apart from the increase in ferrite
needle length, is the precipitation of phosphomm®rag the austenite cell boundaries, which
has an embrittling effect.

MPaym’
20—
U
g L
=
S wf
£ "
©
g e}
'é = —
ol B
2 d0f= / e
| Pearl T
earlite -
2 Tempered
| Muortensite
0 | 1 | ]

0 50 100 150 200
Held Strenght 10" x psi

Figure 16 Different ADI alloys Static Fracture ToughnessYield Strength. Interpreted from [7]

6.2 Other ferrous materials —How high fracture toudpness is achieved

In the ferrous alloys market the demand of engingematerials which fulfil very particular
and increasing customers’ requirements is growiBgring the last century, fracture
toughness and fatigue arose as poorly known, byt determinant properties for component
failure. Nowadays the mechanisms of these phenoraenahe centre of ongoing research,
due to their impact on safety. From this researigh lfracture toughness solutions can be
found amongst multiphase steels such as dual @tasks and transforms inducted plasticity
(TRIP) steels, and the so-called ADI.

Multiphase steels commonly refer to high-strengtrels that have a ferrite microstructure
surrounded, by grain boundaries, a dispersion luérd phase which could be martensite or
bainite or both. The material entity acts like atigde reinforced composite so the rule of
mixtures applies, which relates volume fractiortred hard phase to different properties. This
can be applied to estimate the expected behaviow €ertain load condition. An example of
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application of this rule is reflected in equati@®) (vhich calculates global strength for dual
phase steel depending on volume fractions of éeaitd martensite.

O =V; lO: +V,, Loy, (8)

Dual-Phase Steels are a high-strength low allow L&)Ssteels (max. 0,1 wt% C)
characterized by a microstructure consisting ofual20% hard martensite particles dispersed
in a soft ductile ferrite matrix. This microstructus developed commonly after a continuous
short time annealing in the intercritical temperatuange to form ferrite-austenite matrix
followed by a quick quenching to obtain ferrite-tessite mixtures. The martensite inherits
the high carbon content of austenite, but this eantmust be limited to develop lath
martensite instead of twinned martensite, which eforms to a limited degree delaying the
void formation in ferrite-martensite interface dgi strain [37]. Ferrite phase grows
equiaxially into the austenite as part of the tfamsation mechanism. Some amount of
retained austenite could remain untransformed ie final microstructure, but a
transformation into martensite occurs if the malds subjected to stress or strain.

A special property of DP steels is the lack of ¢ipbint. This is due to the combination of
high residual stresses and high mobile dislocatderssity in the ferrite, which causes plastic
flow to occur easily at low plastic strains [38]hi§ property contributes to eliminate the
Liders band formation and ensures that a goodcgufifiaish is obtained after forming, which
also contributes to a fracture toughness improvémen

In these materials, the absence of yield point, éady plastic flow at low strain, the
distribution of phases (a brittle but strength ceuerounded by a ductile phase), the amount
of retained austenite and the manner in whichaitdforms upon plastic straining, combined
are believed to be the responsible of high dugtditd fracture toughness properties [37,38].
Furthermore, weight reductions demanded by thenaatioe industry could also be achieved
through high specific strength.

Some researches in the DP steels field have explhe use higher carbon content, which
leads to yield strengths over 1000 MPa while tetahgation remains constant at about 20-
30%[38,39]. Actual studies also show that signiiiceeductions in processing cost for DP
steel are possible for some manufacturing techsiq8é] such as hot rolling, which does
away with special heat treatments, thus leadirigwer costs.

Transformation Induced Plasticity (TRIP) refersedewith a final microstructure based on
bainitic and retained austenitic phases within a-qutectoid ferrite matrix. This
microstructure is developed in a similar way as e steel case, but this time, the
austempering is done in the bainitic temperatungealn these steels mechanical properties
are dependant on volume fraction of phases, sigajldition and shape of their particles or
grains [40]. Percentages of retained austeniteehigtan 15% have demonstrated to increase
the product of strength and ductility from 1800ta®2800 for TRIP steels in commercial 700
MPa grades [41]. Moreover, properties also depenthe bainite morphology, which can be
controlled by holding times and temperatures inttbat treatment.
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6.3 Mechanical properties obtained after Dual PhasADI heat treatments

Several different processes can develop DPADI &iras. This text will revise three of those
heat treatment found on the literature that seetmdxt the most interesting for the purposes
of the present work. They will be referred as HAI2, HT3.
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Figure 17 Different types of processes for develop dual p#d3emicrostructures

The different processes are explained below andhgcal representation is shown in Figure
17:

HT1. is a heat treatment based on a partial austemizatithe intercritical interval, defined
by Al and A2 temperatures, where the ferrite foromastarts. Thereafter a quick quenching
to the austempering temperature precedes the guestieny dwell and cooling.

HTZ2:. is a two steps austenitization process where mpkie austenization is performed
above the upper critical temperature before a skaoistenization in the intercritical interval.
Thereafter a quick quenching to the austemperingpésature precedes the austempering
dwell and cooling.

HT73: In HT3 a typical austenization-quench cycle iS@ened before a partial austenization
in the intercritical interval, defined by A1l and A@mperatures, where the ferrite formation
starts. Thereafter a quick quenching to the austeimyp temperature precedes the
austempering dwell and cooling.

The intercritical temperatures austenitization sgeparried out to cause ferrite precipitation.
The interval temperature is between 750 and 86@6€C,lower and upper temperature,
respectively, but this also depends on the duttie composition. Note that in normal ADI
heat treatments the complete austenitization psasesarried out above the upper intercritical
temperature.

As discussed in typical ADI, ausferrite phase opation is a key issue on fracture
toughness. In DPADI it is also a crucial factortthaust be optimized along with the ferrite
precipitation.

In addition, ausferrite properties have shown teasly modified through the selection of the

austempering temperature, but ferrite formatiomultesare very sensitive to temperature and
time variation [3]. The amount of ausferrite varneish the increment of pro-eutectoid ferrite
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precipitation, and when it decreases, it was olegkthat the tensile strength, deteriorated
while the ductility increased. The best ausferpégcentage that shows reasonable values of
both tensile strength and ductility is around 8@} Consequently, a good process control of
the ferrite precipitation is a vital determinanttire case of DPADI. Therefore the continued
section will be dedicated to the key issues ofguitectoid ferrite precipitation process and its
implications on fracture toughness.

First issue fact is related to the disruption/disgon of the graphite morphology, which
degrades mechanical properties, by increasingdhecas of potential crack initiators. This
has been observed [42] in the case of ferritizatieat treatment above the austenitization
temperature, that the graphite spheroids part@difgolves into the matrix, thereby loosing
their nodularity i.e. their spherical shape, wher@a the case of heat treatment below
austenitizing temperatures, hardly any dissolutimcurs. Moreover, Matrix constituents’
inclusions have also observed to be introduced invitthe graphite nodule after the
austenitization steps. Therefore, inclusion angblgta dissolution are detrimental factors for
fracture toughness properties.

In addition, the influence of prior austenite m&rocture has recently been demonstrated
[36] to play an important role on the transformasiaduring the post-cooling ADI phases.
Thus, the ductile irons microstructure need to lofusied in order to fulfil specific
requirements, as mentioned earlier.

Another possible cost saving procedure would beagh@ication of the ADI heat treatment
during casting cooling. Despite of avoiding posstoay heat treatment it would require the
removal of the cast mould prior to salt bath quamghwhich is not possible to do industrially
today. However, there is another possibility tof@enance DPADI microstructures and is to
use already as-cast material to carry trough thé&DPheat treatment.

Nevertheless, both DPADI heat treatment procedst@s in the solid state, after nucleation
of liquid phase or after a heating reformed augtepihase. Another issue is that the austenite
differs drastically in each case and also detersiitiee different phases’ precipitation
behaviour and the mechanical properties [36].

e A 1\// @ WU LY

Figure 18 Several sorts of ferrite precipitations.

The one formed directly from the liquid phase oa tlast iron, referred as non-recrystallized,
shows a dendritic grain growth soaking graphiteub@sl In this case, and having the ferrite
precipitation as useful example due to discusseglications, ferrite nucleates and
preferentially grows in contact with the graphit@doles, developing the bulls’ eye
configuration. In other hand, the austenite forraétér reheating, referred as recrystallized,
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nucleates in a larger number of sites providedhleyas-cast microstructure. In this case grain
boundaries provide active nucleation sites for mdstusional transformations during
cooling, as could be ferrite precipitation.

After these last considerations, differentiatiotwsen different DP ADI commented on 5.2 is
going to be discussed. Basically all the mechanicaperties differences come trough the
different microstructures develop, but in all cases improvement on some mechanical
properties was observed compared with conventiabél

In HT1, allotropic ferrite formed shows a dispergdcipitation within the matrix, whereas
in HT2 the ferrite precipitation occurs at the graibundaries of the recrystallized austenite.
This last success was proved [3] to result on d@eresting combination of strength and
ductility, better than in HT1. Depending on processiables combinations of elongations
over 24% and vyield strength around 600 MPa couldob&ined .However, no fracture
toughness study has been made for this promisiogpstructure, neither a deep investigation
on the heat treatment parameters optimization, i@ motivation for further investigation
during this master thesis experiments. If HT2 déscr microstructure is obtained, it could be
assumed a combination of the best on multiphasglsstevhich was the ferrite, and the
advantage of the substitution of brittle martensdr bainitic cores for ausferrite. However,
graphite is still a disadvantage of DP ADI compakeith multiphase steel in terms of
potential crack iniciators.

In HT3 the properties improvement are not so rdlawgth the allotropic ferrite site
precipitation. The martensitic microstructure inlwoed by quenching [43] provides a large
number of precipitation sites for the aciculariterto form, and thus a uniform fine ausferrite
microstructure is obtained. Moreover, the stabilty retained austenite in the final
microstructure is increased due to the fact tHaiathg elements concentrate in the austenite
phase during the holding in the+y) temperature range, showing a lower posterioridarb
precipitation which also depend on the incrementherholding time among this range.

That last effect on ausferrite formation remindsatvhappened during Yang process referred
in Gloundu’s work [4]. This method consist in andad step on the normal ADI heat
treatment, which is just only a quenching to theteresitic temperature upper range instead
of the normal one, followed by a reheating to tenmon austempering temperature [24].
Higher toughness was expected because of a desBardaa microstructure which suggests
fine ausferrite formation. Previous works experitsgd] were not satisfactory in developing
promising Yang improved fracture toughness propsrivhich just only suggest perfecting
the method for the concrete ADI composition. Is gghor believe, and motivated also by
HT3 results, that Yang process should be triedomtination of HT2 to improve fracture
toughness properties in resulting DP ADI
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7. Materials, Modellings, Experiments and Characteization

This chapter introduces the experimental procedutéised to characterise Austempered
Ductile Irons studied, and at the same time dessribe experiments conducted.

7.1 Procedure

The experimental part of the present work aimedcf@cking and improving on the previous
work by Glondu [4] in relation to fracture tougheex austempered ductile irons.
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Figure 19 Flow chart of experimental procedures for ADI fraettoughness improvement.

A flow chart explaining the experimental procedui@sADI fracture toughness improvement

is shown in Figure 19.
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For conducting experiments, different cast dudtid@s supplied by Swedish companies have
been used. First is important to make a charaet#oiz of those materials in order to ascertain
compositions and check for possible cast defecsdifcussed in earlier chapters, conditions
of the base cast iron are determinant in the mechlproperties results. Properties won't be
improved with posteriors heat treatments if theebamterial to develop ADIs is of a poor
quality.

Composition of the alloy is also necessary to ruadetlings. Modellings became an
important and helpful tool for not shooting in thark during all the experimental process
design and to have a rough idea of what would bettase composition and the grain size in
the microstructures developed.

After running modellings and having an idea aboossible results, experiments were
designed and conducted based on fracture toughssgss found on literature, previous
works and personal experience. Taking them as &,bd®e applicability of some novel
methodology to develop improved microstructuresvai as the optimization of some key
parameters according with new discoveries, werdysea for the supplied industrial cast
alloys.

The trials had also two main objectives: to comewiih ideal parameters for maximized

fracture toughness and primary to present an opgithiprocess for industry. The main

difference between both results is the considaratib economical parameters which for

example would result on reduced optimal times dyrdifferent heat treatment stages.
Concerning that last, proposed methodology has Isedrordinated to the industry high

performance and expectations for results, whiclsdbenean an unconscious procedure was
carried out; a better planning and a harder arehg® work was needed instead.

E—

Identify Project

v

Problem analysis

* /—\
Look for causes

v
Evaluate Results Act Plan
v A

Take Steps

v Study Do

Measure &
Evaluate

v

Improve /
Standarise

v

Figure 20 PDSA-Clycle for solving problems in the continuoimsprovement work presented by Deming.
Interpreted from [44]

As the process of properties optimization depemdmany factors and hasn’t really a master
recipe, an iterative methodology has been proptsesharpen the results. This consists on
trial and error experiments based on earlier modgl that either narrows the parameter
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range to the optimum in every iteration or end uthie conclusion the heat treatment applied
doesn’t entail better results that others obtawéd previous works. This methodology was
intended to be and implementation of the “learniygles” (Figure 20 shows PDSA-cycle)
commonly applied on Swedish and others top indestto achieve quality; in what are so-
called leaning processes or Total Quality ManageriEQM)[44]. Those cycles also include
a packet of simple but effective statistical anchagement tools that allow to fast and easily
propose decisions and analyse results in a reliable Furthermore, they complement quite
well the scientific rigor with the constantly chamg industry demands and requirements for
rapid solutions, making this methodology ideal ¢éodpplied for this work.

7.2 Materials used in experiments

Different ductile iron and ADI alloys had been usedonduct the experiments. Two of these
ductile iron alloys, mainly used during this wodame from two rings previously cast by two
different Swedish industries; since now thy arengdio be referred as R1 and R2 (ring 1 and
ring two respectively). The rings have an interiaimeter of 370 mm, external diameter of
500 mm and a thickness of 25 mm. The process datdedevelop these casts was not
specified by the foundry, either the compositiohsomposition analysis was carried out to
determine the percentage of elements in the mb#. r€sults are reflected on Table 2. This
table also shows the material composition of onéqudar cast founded on literature [4], so a
comparison of different work results might be dofis as-cast material is going to be
referred as CM.

Table 2Outline of the chemical composition of the sam\es%o)

C Si P S Ccr| Mo NI Cul Mn Sn 74 77

CM | 3,58 251| 0,033 0,006 0,02 0,36 03 0O}J5 0,36

R1 | 3.46 257 | 0,036 0,005 0,03 0,39 0,34 0,y7 0,36 5,00,005 0,012

R2 | 3,65 2,13 | 0,026 0,009 0,05 0,27 0,35 0,82 0,34 30,0D0,023 0,009

Coming back to what was presented in earlier chhajerelation with cast composition (see),
some elements concentrations are not within themewended standards for ADI alloys.
Principally the carbide formers, manganese and ba@gum, for all the rings were added in
rather high proportions (higher than 0'3% and 0’2&spectively) which brings up the
suspicious of the presence of segregation areabidea and other cast defects such as
shrinkages in the final microstructure. Another agkable appreciation is the low content of
nickel. This element which increases the ductililgsignificantly affecting the tensile
properties, is for all the rings lower than the %'5Sminimum recommended. It might be
though that the high content in copper, reaching @8% maximum advisable, would
compensate the scarcity of nickel since they hagesame effect on the material.

Table 3Carbon equivalent for different rings

Cast Ceq
R1 4,12
R2 4,18
CM 4,22
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In parallel to composition determining, charactetian of other cast irons’ parameters was
made. Light Optical Microscopy, in combination witomputational algorithms, allows
analyzing graphite nodule count, size, shape astilolition. Moreover, a characterization of
cast defects is also included on the material amal\fhese parameters will be determinant on
the mechanical test results since they affect gtyoto the properties and cannot be corrected
with the heat treatments carried out. As consequericcast defects, heat treatments could
result inefficient and significant useless for amppositive result interpreting. The
characterization of them becomes crucial not oolgdétermine the quality of the material but
also to correctly analyse and interpret the resWsong conclusions could come up and
some interesting methodologies could be rejectdtege analyses are not carried out.

There are more complex techniques to determinenaltelefects like ultrasonic test (interior
defect) and magnetic particle test (surface defebist these kind of inspections are time
consuming. Consequently, important experiments wegeated to reduce experimental
scatter and samples having very high or low imgaoghness were investigated for the
presence of defects.

In addition to those last ductile irons, some sa®ioming from a third ring (denoted as R3)
were taken to mechanical properties evaluations Timg, having the same composition of
R2, underwent a normal ADI heat treatment in ar@ded industrial process with following

parameters: Austenitising temperature and tine®@4d0f, austempering temperature and time
400°C-1h.Those parameters values are being actualyl as optimized values for that
particular alloy and its industrial possibilitieadaapplications. The results with this alloy
were taken as a reference to compare with the nlogat treatments and microstructures
developed during this work and to measure the siscgenot of the experiments carried out.

Density of the different sort of samples is anotinégresting parameter to be measured. This
allows supplying values related to the mass whscmore useful when designing elements in
some different industries, especially automotiveaarnospace. Therefore it is recommended
that density measurements are conducted in futark.w

7.3 Modelling

Today, computational modelling has become an essewobl for researchers in several
science fields. They are based on the phenomemalodescription of a process and the
subsequent proposition of a model that allows rougflecting the reality. Usually a more

complex model is narrower to the real solution ltedwt at the cost of more time and/or
money. When a model is created and validated, goritim is proposed and implemented in
computer language.

In materials field, iron foundries and casting desrs use computational modelling because
they permit, for casting and other processes, #tabBshment of prediction either of the
microstructure of the heat-treated material, it<mamical properties or both. This is helpful
and useful to meet the final properties of the matavithout carrying out any experiments.
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Figure 21 a) Thermo Calc TCW4 modelling of the phase fractios. wemperature for R2.
b) JMatPro-4.1, R2 CCT diagram generdior®00°C

In the current work two different software applioas were used, JMatPro-4.1 and
ThermoCalc TCW4. ThermoCalc software works by ushilgbs free energy for the models.
JMatPro does too, but also has an empirical da¢aidsch helps checking the outcomes.
This database is limited for just only some patéicalloys. Both applications make possible
obtaining TTT and CCT diagrams resulting from coglithe alloys. Time-temperature
transformation (TTT) diagrams measure the ratgasfsformation at a constant temperature,
while Continuous cooling transformation (CCT) dams measure the extent of
transformation as a function of time for a continsly decreasing temperature. The most
relevant functions of these diagrams for the presenk are the estimation of phases for a
concrete holding temperature and time, and theilgbs of checking the cooling rate to
avoid the formation of detrimental phases sucheabit@ or martensite. Phases composition
can also be assessed directly with ThermoCalc TGu¥vare, not only size it up from TTT
and CCT diagrams.

Although modelling is helpful tools for basicallgdng time (creating proper TTT and CCT
diagrams is a costly affair) and money (no neeexperiments) , people should keep in mind
that they are generated based on a model, whichsrba results are not going to be exactly
the same when the real process is carried outeldrer, predictions from modelling have to
be considered carefully because nothing guararth@s they will coincide with real
experiments. To validate modelling results somekjtest are advised to be done with a
particular alloy, or just compare them with thesffitrials to check whether it is advisable trust
the modelling or revise the model. However modglloan provide valuable starting points
for the experimental trials.

For ADI alloys, previous works [8,45] have focusedthe elaboration of a model that can be
able to predict some characteristics of the finBl Anaterial. In those works, neural network
method and phase transformation theory were usedstablish relations between input
parameters and the output parameter to model.
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7.4 Experiments

7.4.1 Preliminary Study

Three ADI different heat treatment cycles have beenducted for R2 alloys as seen in
Figure 22. These heat treatments will be referced®l, DPADI and Yang. For R1 alloys
only DPADI heat treatments were conducted. The qagpof these first experiments is to
investigate the materials possibilities after hideen subjected to different heat treatment
conditions and to establish a starting point fotHfer optimizations.

The ADI process is a normal four-step ADI-heat timgent, also called “conventional single-
step austempering process” and it was already ithescin paragraph 5.1. The DPADI
process consists in a two-step austenitizatiorestaigdeveloping dual phase microstructures
in ADI. This process was as well described in peaply 5.2 and referred to HT2 heat
treatment. Finally, the so-called Yang process moianal DPADI heat treatment with a sort
undercooling prior the austempering to 260°C duBniguinutes, followed by a reheating to
normal austempering temperature and finishing @ittormal austempering stage.

To conduct heat treatments several furnaces wes@ disring the process. A Carbolite tube
furnace was used for full austenitization stagésvds provided with an argon protective

atmosphere to avoid or delay the maximum possilée surface oxidation, and graphite
degradation due to the impinging oxygen. The fuenacsupplied with a digital Eurotherm

temperature control device. The intermediate ait&amy at interval temperatures was done
in a Carbolite box furnace. For this furnace, thes®s no possibility to use a protective
atmosphere. The furnace is supplied with an Etham Mmperature control device with a

NiCr/NiAl internal thermocouple. Finally a molterals bath was used for the isothermal
transformation during the austempering step andhi®ryang’s process. The salt used during
the experiments was AS 140 from Durferrit. The ®wlequipment is a Max Sievert with

Eurotherm temperature control.

T(C)

F KD pe e e s e s e e e e e e s e e R R R S N M R RS eE AN sE i EEEEsesEsEEsarmmmmrmat

Level 2
&00 4--- P el 2= e s e e s En s s aesanaa s R ee e nn n b anannnn]
Level 1

700 -

DFAD! Hear Treatment

500 +--

Bl i e

S0 +-4 e e R e e R S A S A R e A Am e m S EA SRS EmAEsed s AN As st

400 1+

300 14

200 A

NCHRMAL AN Hear Treatment FANG PROCESS

1
g mmmmaaa

100 -
-I 2]

0 : . T : . ; . - —r v i e i (h)

0 025 Q5 @75 I 125 L5 175 2 225 25 275 3 325 35 375

Figure 22 Representation of the different sort of heat treatis carried out.

42



All the furnaces were calibrated before experimeatdisation and extra thermocouples and
external instrumentation (Fluke 5311 Thermometeded to steadily control the temperature
during the experiments. Despite of this the, terapge variation for tube oven during
experiments was estimated to +3° C due to impresiample positioning near the
thermocouple. For the box furnace, temperatureatian was estimated to +5°C. For the salt
bath temperature variation was estimated to +5%@. Measurement error was around +1°C.

Full austenitization stage: two ariations in austenitization temperatures were (666 and
950°C, in all processes except Yang process foctwbinly one trial was conducted at 900°
C. This big gap between two levels was chosen tighbelief of totally different results
achieving for grain growth and carbon content ie #ustenite, thus conclusive conclusions
would be drawn. Modellings were carried out witledd temperatures to previously check
them feasibility in the process, having a roughnesiion of grain size and carbon content
parameters that allows envisioning the possibldigapons over the whole process.

A one hour time for austenitizing step was chosaseld on previous experiments over rings’
samples and on industry trends. This time is naesgary the optimum stage time, but is
enough time to allow relatively good carbon diffusiwithin the matrix for different
temperatures. This was tested previously for défietemperatures before any decision were
taken.

The process time was fixed for all the experimelmsne hand it was considered interesting
to fix time parameter to solely analyze temperatdependence in the evolution of
segregation areas and grain growth, but as prevesudts [4] has shown little variation was
found.

Intermediate austenitization stage: For DPADI heat treatments, two intermediate

austenitizing temperatures levels were also trigth © C and 800 © C. These temperatures
weren’'t chosen by chance. Modelling gave approxa@gathe amount of different phases

expected for each temperature along the intervapégatures range, as it can be observed in
Figure 23. After modelling, and based on literatecommendations about phase

composition related with mechanical propertiesywés consider interesting, as an starting
point, investigating these temperature levels.
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Figure 23Thermo Calc modellings for austenite-ferrite phfaaetions with T for R2
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Austempering stage:Previous works results [4] suggested that optimaustempering
temperature is somewhere around 360°C. This optinemmperature is for maximizing
fracture toughness in similar alloys than the amssd during the present work. As well, an
optimum time of two hours is proposed. For all éxperiments the 360° C temperature was
kept, but the austempering time was reduced to lome. The reasons for this can be
explained as more or less austempering optimizasisue is already well known among the
literature, so to improve existing results abous topic many efforts should be put for just
only a little improvement. At the same time, nogebcesses and new influencing parameters
are trying to be ascertained. There is nothinguipd and no cost analysis for this was done,
but the author believes that a total process timéh@e hours or less (for the samples’
thickness) would be a reasonable time to make DPa&lblys competitive with the normal
ADIs. As all the austenitizing processes for DPAIAs fixed in two hours, there were only
one hour left to realize the austempering. Not giglme optimised time is also interesting
because if good results finally happened, theylmammproved extending the austempering
time if it is cost advisable. Supporting this demns industry actually is using for normal
ADI-processes one hour austempering time. Thergforéhe normal ADI heat treatment and
for the special Yang process, the austempering wag kept in one hour too, but also to
allow an easier comparison of the results.

Apart of the experiments explained above, someaextiick experiments were conducted in
this preliminary study. The motivation for thesepexments is contrasting experimental
results with the modelling results for full austeration and intermediate austenitization
temperatures and, at the same time, coming up witblearer image of the material
microstructure performance, saving the more timssiibe.

For R2 samples, experiments consisted on a sinméesstep heating at several temperatures
in the range of 950 to 765 ° C. All R2 samples wezkel for half an hour, enough time to heat
them up, reach the desired temperature and to amaimtfor a minimum of 15 minutes before
a quick tempering.

A different study was made with R1 samples. Theyewsubjected to a two stage

austenitizing process. The first step was a fudtawitization for one hour at 900°C. Then, for
the intermediate austenitization temperature twtemrint temperatures were tried, 800 and
830°C for one hour each. To conclude the heatnteatt a quick quenching to room

temperature finally is made.

7.4.2 Optimum process proposition.

After the preliminary study, the outcomes broughttlie possibility of improving the process

parameters to achieve better results concerningtuii@ toughness properties. However,
DPADI experiments were not such as successful geated compared with literature

conventional ADI experiments. It was concludedwikbe discussed in next chapters, that a
more appropriate temperature values combinatioDRADI shall entail outstanding results.

As well, a dependence on the samples extractiomigrosvithin the ring was observed, so for

the new experimental trials the best areas (whashlted to be the inner and outer areas) were
chosen to test the full potential of the material.
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For these experiments only R2 was used due toistsilaition, size and nodule count of
graphite nodules resulted to be pretty much swtétnl achieving a significant improvement
on the impact test properties.

During the preliminary study, three heat treatmdraid relative high impact test values that
denoted a starting point to optimize fracture toags. Based on these results, replications for
two of the heat treatments were conducted for dhgdke reliability and robust of the results
and to see if there were any differences when teibatea is chosen. These include, the
industry heat treatment (860°C-1h austenitiza#®f°C-1h austempering) and the 900°C-1h
austenitization and 360°C heat treatment weretegtes

In addition, a new dual phase heat treatment waggsed to be experimented as a summary
of all conclusions deduced from the preliminary dgtu Motivations for the selected
parameters will be discussed on further resultsiecThis heat treatment consisted in a
950°C-1h full austenitization stage followed by2%C-1h intermediate austenitization stage
and ended with a 400°C-1h austempering.

7.5 Characterisation

A wide range of diverse techniques are able toatdtarise the microstructure and mechanical
properties of the ADI materials subjected to thpezkments. In this paragraph the ones used
during the present work are going to be revised.

7.5.1 Study of the ADI-materials’ final microstruiu

The main technique used for microstructure analyses Light Optical Microscopy (LOM).
It provided a general overview of the samples’ matrature in a relatively fast and
inexpensive way. However the complexity of ADI nastructures is difficult and tedious
even for expert eyes. Therefore, supporting LOM@a¥X-diffraction (XRD) in addition with
colour etching were used to investigate the contdnphases, while Scanning Electron
Microscopy (SEM) coupled with Energy Dispersive &§¢rspectroscope (EDX) was used to
get high magnification images and to get a chenanalysis on the heat-treated samples.

All of these techniques require some standard patipa before starting the analysis. Rough
surface polishing with silicon carbide or diamondétm-powder grinding papers is the first

step for material preparation. Each sample can twnted in a plastic (Bakelite) holder for

helping the polishing, if necessary. Successivadyng with 180, 320, 400, 500, 600, 800,

1200 and 2400 sandpaper allows first coarse rergaunface oxides and external layers and
second a continuous surface refinement on each Bbem the material surface is ready for a
fine polishing with diamond paste of @3n and 1um. Before this, an intermediate stage is
recommended for ADI to obtain a posterior perfestsh. This stage consists on alumina
paste polishing of the samples. It prepares grepion interfaces for diamond polishing,

keeping away from bad finishing with scratches reing in those interfaces and from

shabby graphite nodules images.

For either light optical microscopy or scanningcéien microscopy, a 3% nital etching
solution was used during around 3 seconds to rebeaphases in the microstructure. The
optimum etching time differs depending on the hesitments and microstructures. A light
etching of approximately two seconds is recommerioletd Then a further attempt of one or
two seconds might be done. Notice that graphiteulesdare commonly degraded if the
etching time exceeds a limit, and there is alstsla of over etching, which would force to
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repeat the entire polishing process. For the cadtehing 2% Nital and 2s along with a 225°C
heat treatment is done to colour the oxides.

7.5.2 Study of the ADI mechanical properties

To investigate the mechanical properties of theegrents resulting ADI-materials, Impact
Energy tests were performed. For conducting theabhjfEnergy test un-notched specimens
were used. The specimens have a prismatic volurtiearsquare base of 10 mm wide and 55
mm length. Charpy machine tested impact energypdited in Joules.

Crack surfaces were analysed with scanning eleatioroscopy to check the crack mode and
XRD was carried out to look for presence of carbide

In a first instance, samples were cut along rimgtfial direction for conducting experiments.
This cutting direction will be denoted by V. Afterst results, concerns about the dependence
of the different possible ring’s cutting areas amections came up, so a study of this factor
was proposed and executed. This study consistediting samples from a unique ring (R3)
but from different areas and directions and witbsth samples carrying out impact tests and
crack surfaces analysis.

& 5

Figure 24 Different ring’s cutting positions and directions

The samples extraction is schematized on FigureL2der | refers the inner position and
ring’s normal cutting direction, while letters M@ denote the middle and outer positions
for the same normal direction. Letter V correspotadshe ring’s radial direction.
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8. Microstructure Analysis and Impact Test Results

8.1 Results of As-cast Ring 1 Characterization
This section has the aim of showing the analysslte of Ring 1 (R1) ductile iron alloy.

Figure 25Defects founded in Ring 1. 1= Shrinkages, 2= Camkinues its propagation following a graphite
nodule line, 3= inhomogeneities of size and nodig&ibution.

The quality of the R1 cast material was questionétdr its first LOM’S microstructure
analysis. Without entering in a more detailed sfuelgure 25 shows conclusive details that
allow asserting the presence of several seriougideties in the basic cast requirements
[9,10,11,12]. First, heterogeneity for both nodullestribution and grain size of the graphite
nodules can be observed. The presence of excdssgee size nodules concentration areas
(associated with dendrites growth) combined witraléen nodules ones will provoke, after
heat treatments, an uneven distribution of theegggion regions as it can be appreciated in
the light areas in Figure 19. In addition otheredts are present like shrinkages that are
suitable places for fracture propagation as iemarked with red colour on Figure 25.

As it was discussed in earlier chapters, the rawen@ and its morphology (homogeneity,

nodularity, nodule count, nodule distribution, dd$e...) influences the properties of the final
performance ADI material. Therefore, it is sigrgfit to characterize all its relevant properties
in order to envision possible consequences of goality in the fracture toughness results.
Furthermore, initial microstructure will influendbe results due to it progress to the final
material’s microstructure when is submitted to hezdtments.

Although bad as-cast material quality was presefitedall Ring 1 samples, some heat
treatment trials were conducted with them to apgptedhe real consequences of poor quality
and the potentials with this raw material. Ringhpkes were subjected to a 950°C-1h, 800°C-
1h and 360 ° C-1 h heat treatment trying to dev@&®ADI microstructures. In order to
improve the carbon dissolution in the matrix anddduce the segregation areas, 950°C full
austenitization temperature was chosen attendirtgecas-cast alloy previous experiments.
The LOM images obtained after the microscopy stadyresumed in Figure 26 and Figure
27.
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Figure 26 Segregation areas inspections

The first remarkable observation that can be maden fFigure 26 is the very possible
presence of ferrite in the cell boundaries delithiter the lighter grey segregation lines. The
light white enhanced regions are coarse and widegmnto discard them as carbides and to
identify them as ferrite, but this affirmation mus# cautiously formulated. However, it can
be also appreciated that the possible ferrite pitations follow the dendrite branch trend
line, which still is a handicap for the real oppmities of this material for toughness
properties improvement. No martensite was founer aftconscientious search which doesn’t
mean it was not formed. Unknown particles were alsgerved along segregation areas

iy

Figure 27 Magnification of the ausferrite structure. It candppreciated clearly the graphite shell as a skcon
layer surrounding the inner nodule.

Concerning the ausferrite characteristics, as @olserved in Figure 27, the grey needles
represent the acicular ferrite. These needles aterconnected by ausferrite areas,
distinguishable for its lighter grey colour. In tbentre of the figure there is a graphite nodule.
Its shape is not perfect nodular but it was a exeeption. Which is nice to observe is the
inner and the outer shell of the graphite if thesegre directed on its left half.

After heat treatments, impact test was conductedhicee samples obtaining the values of
40’5, 50'5J and 122J. The last 122J result is yegynising considering the still remaining
imperfections of the material, and brings lot ofpeatations of the possibilities if some
corrections in the material deficiencies are madehough the base material fulfils the stated
demands, it was widely commented that there aik sstme weak points that could be
improved to obtain better results in this work meps. Those weak points would explain the
big dispersion in results making the new materrakeliable for a safety commercial use. A
characterization process was carried out in omlexplain the differences of impact values.
The LOM microscopy didn’t show big differences beem samples except for the cell size.
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For those poor results samples, a coarsening ajréia size was observed. A more rigorous
investigation with XRD revealed a greater preseotearbides for those low impact test
values samples which is a more convincing explandtr this large difference in values.

8.2 Results of the As-cast R2 Characterization.

Figure 28 shows R2 microstructure before any hesdtment. It basically consists in a
predominant pearlitic matrix with occasional cldarrite precipitations next the graphite
nodules’ interfaces forming the so-called bull ey@nfiguration. Coarse and fine pearlite

regions coexist along the whole microstructure @ssed with inhomogeneities in the carbon
content and the cooling rates.

Isolated possible ferrite islands were rarely foumdell boundaries. Without a better analysis
with other techniques (ex. colour etching), ferigesasily misinterpreted and confused with
carbides after etching with Nital. It is becausecafbides also present a bright white colour
when observing in LOM. A detailed study for the q@ece of carbides was, however,
included within the scope of this work. It is prtbathe size and the shape as well as its
positioning within the matrix that decides thatytlae likely carbides, but more experienced
eyes could judge it in a different way. These ealdgervations of possible carbides in the as-
cast material represent a clear handicap of thematerial.

Figure 28 Ring’s twoMicrostructure

An average value of 18 J resulted from the R2 atdk samples impact test. It is a very low
value if it is compared with normal ADI materialshiwh reach the 100 J. This brittle

behaviour is understandable due to the presenctheofpearlitic matrix and the ferrite

precipitated on the graphite nodule interfaces.
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Figure 29 Nodule distribution for R2

The graphite nodule distribution for R2 can be obsé in Figure 29. Contrasting
with R1, R2 shows a more even concentration of lgtagmodules with less tendencies of
association in lines following the dendrite growhtevertheless, some of the nodules look
like still having an excessive size, but not ing fercentage as occurred in R1.

As the nodularity and the homogeneity of the grephiodules seemed to be better
than for the ring 1, for further experiments, fdogson the use of R2 materials was
considered the most logical idea because othemweseesults clearly had been conditioned to
the poor quality alloy and the heat treatment andldn’t make lot of improvements over the
impact properties. Thus more detailed study wasezhout for this alloy.

8.3 Results of the previous Investigations of Ring Microstructural Possibilities

8.3.1 Modelling Results for Ring 2

For the same reason than for R1, modellings werdauR2 allow composition values. The resulting
TTT and CTT diagrams are presentedFigure 30 In these graphics it can be observed that the
pearlitic nose is very displaced into the left whieveals the risk of this alloy to develop pearlit

the quenching is not fast enough. If this would uscat will be quite negative for the fracture
toughness properties
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Figure 30JMatPro TTT and CCT modellings for R2

In addition a modelling of ferrite-austenite phaBaction for austenitization interval
temperatures was tried and it is showed in Fig@rendich will be commented subsequently.
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8.3.2 Results of the Investigation on the Austen#ation Regions for Ring 2

Figure 31 shows the microstructures developed dutte investigation of the full
austenitization temperature range. All the expenitseonsisted on heating the samples to
their respective temperatures and then held themi%omin after a quick quenching. The
whole process lasted for around 30 minutes whiatais consider time enough to make valid
valuations with the results.

From the results, it can be asserted that vergiplysthe 850°C temperature is not
enough to dissolve properly the carbon into theeauite or to the complete austenitization of
the matrix. It is concluded after looking at thevipercentage of martensite areas (which
means low carbon diffusion) and the ferrite s@maining and forming the bull eyes (see
Figure 31.a). This result is not indicating that fonger holding times a better carbon
dissolution won't be obtained, which probably witlut is telling that for this temperature
there is a poor diffusion driving forces.

Increasing the temperature to 900 and 950°C shaymsader and a more homogeneous
dissolution of the carbon in the matrix. With thg09 C temperature it can be appreciated an
inferior diminution of the segregation areas if gared with the 950°C (see Figure 31), but in
contrast, the cell size is greater for the 950%@peerature. This discloses that a compromise
between dissolving properly the carbon in the mafais well as reducing the segregation
regions) and keeping a reasonable grain size sball considered when choosing
austenitization temperatures. This study servegropose the 950°C and 900°C temperature
levels for further experiments.
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Figure 31 Microstructures developed during the investigatibthe full austenitization temperature range.
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Figure 32 Investigation of interval temperatures for ringirBe modelling of the austenite-ferrite phase franio
was made with ThermoCalc. On a), b), d) and e) Vitsttwas identified, and on the picture is markasl,
carbides, a deep analysis brought out that phas®liéte; what is marked as ferrite corresponditeatic
carbides imbibed by ferrite

Figure 32 shows the results of the microscopy dtariaation of the samples heat treated to
investigate the austenitization interval tempetange for R2. All samples were heated to
them correspondent temperature and then held fonihbtes before a quick quenching. An
evolution from pearlite (lower temperatures) to teasite matrix (higher temperatures) can
be observed. It is clear that when gradually tmeperature increases, pearlite areas start to
soften following graphite nodule radial directioa the intercellular regions, keeping a
remaining amount of coarse pearlite surroundingntbdules. This pearlite also remains near
the cell boundaries but in this case instead ofsamang it gets fine. These results are quite
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consequent with the TTT modellings (see Figure \BBich predict the cut of the pearlitic
reaction somewhere between 780 to 790°C after 800 s

More interesting resulted the outcomes from theiteephase fraction investigation and it
precipitation on different areas to develop duagghmicrostructures. The amount of ferrite
decreases with temperature and allegedly, as itdedaced from the author interpretation of
the images, it progresses from forming part of pearlite to possible precipitate along
intercellular regions and to its completely disagp@ce at the highest interval temperatures.
Certain controversy on the ferrite interpretati@mains from these analysis. Considering
what should happen during the interval temperatargye, it is reasonable thinking that a
rejecting of carbon mainly from the intercellulagrons allows the ferrite forming within
these zones. However, there is the risk of migiméting the pictures and confusing ferrite
with carbides. It is also true that the intercelturegions are prone to carbide forming
elements segregation, which makes very probablénferhigh alloying element cast forming
carbides in that areas. Looking at Figure 32.d fkigdire 32.e, the shape of the white light
regions reminds the typical eutectic carbides dwevertheless, as predicted in the phase
diagrams, ferrite would be present on the micrastme and there is no signal of it except the
mentioned white regions or perhaps the light grelpur perimeter areas surrounding the
white bright areas. To solve doubts, colour etchmgroposed as the best and quickest
alternative. Depending on what the micrographdyealeals, the microstructure developed
in Figure 32.d could be very favourable for tougdspurposes, in case of having ferrite, or a
handicap, in case of having such amount of carbides

-

Figure 33 790°C-15’ etched and heat tinted with 1% Nitaletand and heated at 220°C during 2 hours

An etched and heat tinted LOM image of the 790°Csp&cimen is presented on Figure 33.
The specimen was re-polished and re-etched witiftaNgtal dissolution to undergo a colour
etching heat treatment at 220°C during 2 hour. sldfecolour etching reveals the presence of
different phases not appreciated with the normethiey. Dark white areas surrounding the
graphite nodules can be identified as ferrite fognpart of the remaining pearlite. In the
normal etching it can be appreciated dark blackssjpallowing the branch configuration
which was not clearly revealed with this colourhetg. These lines can be identified s
carbide or cementite.

Focusing the eyes on the intercellular regions phases can be clear distinguished. The

brightest white one can be now clearly identified eutectic carbide and the darker white
adjacent can be identified as ferrite because ép&ethe same tone and colour than the
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identified ferritic areas nearby the graphite nedulThe cream colour areas represent the
martensite areas. Black little spots regions recalith normal etching can be identified as
sorbite which is a special type of pearlite compdsg little spherules of-carbide. That spots
were softened with this colour etching making cliear real nature of the phase neighbouring
the eutectic carbides.

Another interesting discovery resulted from thesgeeiments. Ferrite inclusions were found
in the graphite nodules as shown in Figure 34ctuared globally for the 775°C treatment
during 15 minutes and then quenching, but alsmftber temperatures. These inclusions are
referenced in literature [42] as being responsdil@lecreasing toughness properties of the
material.

Figure 34 Discovery of ferrite inclusions in many graphitedates for ring 2 and for 7750C during 15 min.

8.3.3 Result of the Study of the properties variatin depending on distance for R2

Thinking on the possible casting process and ferrdtative big size ring it can be imagine

some kind of microstructure and alloying elememetogeneous distribution within the ring,

due to the cooling process with presence of hotsspothe mould melt filling process. This

can affect to the process of toughness optimizatione the material after heat treatments
couldn’t be showing its full potential or givingoég scattering depending on which part of the
ring is cut for samples. Assuming this possibisiyme experiments, as described in 7.5.2,
were carried out. This study, as the best of thbauknowledge, has never been reported
with anteriority on literature which makes the fésumore interesting. The outcomes after
impact testing these samples are reflected on &igbir
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Figure 35Impact test study for different sample location R#
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As can be observer on Figure 35 chart, there itear dependence on the sample
location within the ring. The best results are ofgd from the samples taken from the outer
and inner radius regions. Middle and transversepgzsrshow approximately the same impact
values, which is reasonable because for both dwture line will progress more or less from
the same ring’s region.

In order to investigate what is the cause of them@tion on the impact test results
depending on the sample location, further invetitiga on the fracture surfaces were made
using the SEM. Figure 36 shows a comparison of ftacture surfaces corresponding to an
outer (a) and a middle sample (b). The black spegsesent graphite nodules.

Figure 36 a) Surface SEM magnification for an outer sampleSbjface SEM magnification for an middle
sample
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Figure 37 EDX mapping for carbide forming elements searchiatdle sample: a) scatter electron image, b)
Molybdenum mapping, c) carbon mapping, d) iron niagp
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It was detected for the inner sample lot of micasks among the entire fracture
surface as can be appreciated on Figure 36.b.slinface also presents frequently cleavage
regions. These issues are indicators of a brithetdire and are consequent with the low
impact test values for this sample. To deduce ésé¢hmicrocracks are caused due to the
presence of carbides, more detailed analysis waderver these peculiar zones. A mapping
searching for carbide forming elements is showRigure 37. It was detected the presence of
high concentration molybdenum areas around theatrack, which probably are associated
with the formation of carbides.

If a comparison of Figure 37.a and Figure 37.b @slej the bright white areas near the
right bottom corner of Figure 37.a could be ideetif as molybdenum carbide. Other
unknown particles can be distinguished following frerpendicular direction of the biggest
crack. This direction corresponds clearly with gregation line on the cell boundary. The
crack probably was initiated on the nearby graphit@ule (big black dark spot) and followed
the most favourable direction which was the bricéebide one.
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Figure 38 Magnification of a Mo carbide and its correspondebiX analysis for middle sample.

A magnification of the areas surrounding the cra@s made. In addition an EDX
analysis over these areas was also carried ouitddehum carbide was identified as it can be
appreciated in Figure 38. The carbide presentsgater grey colour and can stand out for its
more flat surface if comparing with the surroundinffhe XRD analysis (on right) clarifies
the nature of this particle which has strong petiat can be attributed to iron and
molybdenum standard peaks, even if the iron peaksestimes are confounded with
manganese peaks.
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Figure 39 Outer sample fracture sample magnification
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For the outer sample magnification of some regi@es Figure 39) was also made trying to

look for the presence of carbides. No conclusiweds could be drawn after the search. What
is was observed is the more frequent crack propagdiy dimples and in isolated cases

cleavage fracture was observed. Figure 39 resurhes itvwas practically a constant among

the surfaces areas examined. Ductile fractureagptiedominant mechanism, combined with

some brittle fracture that in the case of Figurei3@ssociated with the presence of micro
shrinkages as can be appreciated on this picture.

8.4 Results of R2 ADI heat treatments

8.4.1 Impact test results of the complete heat tréed samples

After the previous study some experiments were ggeg to develop ADI microstructures as
explained in paragraph 7.4.1. The different expentrcarried out are compiled in Table 4
and schematized on the Figure 40 chart. The sanyées obtained from the transversal
direction of the ring

Table 4 Impact data compilation for different experimems &2 samples

Code| TpC)| ti| Tpec)| ti| Ttec)] ti] Tec)] tm | vP
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Figure 40 Chart with the impact test results for R2 experitsamples
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The highest impact values occurs generally foreéh&Bl batches that were austenitized at
high temperature level (950° C), which is the ca&k2B, R2E and R2D. This could be
explained, before any other composition study, bseaf the possible higher carbon content
on the austenite as the result of this higher teatpee or a best dissolution of segregation
regions. Comparing samples, normal ADI R2B resuttedbe very competitive with some
DPADI. It shows similar average impact test resthEn R2D and R2E, and clearly is more
reliable than R2E.

The big variability present on R2E and in many othatches seems to be intrinsic to the
material manufacturing processes. In this cas@npaters like samples distribution along the
oven of each batch could be a determinant factmesiemperature distribution and flow have
been demonstrated to be crucial and affect vergithesm the microstructure. The pieces, as
earlier studies showed, are also subordinatedéonal casting defects which can also explain
the variability.

As earlier studies [4], Yang's heat treatment dickvidence any improvement on toughness
properties. This is probably because of the shogt austempering time and low temperature
that wouldn’'t permit the presumable martensite cttmes formed to turn into ausferrite
during this stage.

There is a lack of information about DPADI alloysliterature, lack more evidenced when a
relation between full and interval austenitizinghperatures in the final result. Some works
[24,43] have demonstrated that those factors dageckand influence in a large extent the
fracture toughness properties. Even though, a fiattanalysis for the DPADI samples was

done trying to establish some relations of these#ratures with the toughness properties for
the R2 alloy.

The study factors chosen for this investigative lysia of the results were full and
intermediate austenitising temperatures, referesgpectively as TA and Ta. The interaction
between factors is referred as TA-Ta. A two-levatiation of the factors was chosen. The
different levels are represented on Table 5. Thesesions allow interpreting the correlations
between those last parameters with the impacttsgdyl Due to the number of levels was set
in two and only two factors were intended to bedstd, a full factorial design was
recommended with four for the number of runs.

Table 5Decision of the factors’ levels

Level | Symbol Full Austenitising | Intermediate Austenitising
Tempertature [° C] Tempertature [° C]

Low - 900 775

High + 950 800

Table 6 shows the design matrix for the factorralgsis and the contrast for each factr L
To avoid noise factors and minimise the variatiand to estimate the variance of the

contrasts?,, , three replicated experiments were made. Theskcaggs are not genuine
since the factors levels weren’t changed on each ru
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Table 6 Design matrix for the factorial analysis

2

i | TA| Ta TA-Ta | va | Vo | Vs Yi S

1] - - + 58,3| 46,6| 44,2 49,7 37,94

2 | + - - 95,7| 79,4/ 70,5 81,9 108,88
3| - + - 80 | 70,5/ 60,9 70,47 60,80
4| + + + 80 | 44,8/ 22 48,93 569,21
L | 2,66 -3,04] -13,43 V. =62,74 | s =194,21

The contrasts by themselves are not enough to eledigther they are significantly larger to
consider their correspondent factors or iteratiagsactive. Some comparisons with the
contrasts normal standard deviation should be dGoesider a factor or iteration as active
means that it has a strong influence on the resutishelp analysing the results a normal
probability plot with the contrasts was created #&nd presented in Figure 41. A tendency
line crossing the point (0, 50) is drawn to see hbe contrast deviates from a normal
distribution. Those factors or iterations whichaelg deviate from this line are reflecting they
will have in some extent an influence on the res@b they can be marked as active.

Normal Probability Plot of the Contrast
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Figure 41 Normal probability plot of the contrast

From the normal probability plot of the contragtan be appreciated that none of the factors
deviate an exaggerated distance from these lingddiition, the standard deviation of contrast
resulted to beps,= 13'93. To consider a factor as active, its casttraust be larger than plus
minus three times the contrasts standard deviatamt,that doesn’'t occurs for any of the
factors. That is meaning, in contrast with whaerbture narrates, that austenitizing
temperatures have a poor influence on the fractoughness properties. That would be
reflecting that other factors, as could be defeatthe cast, are influencing the results.

However some rough interpretations can be drawm fthis study. Full austenitization
temperature have shown to be the most influenciregof and as it has a positive contrast
value, it should be set in the high level. In castr intermediate austenitizing temperature
have less influence on the fracture toughness aiitchas a negative contrast value, should be
set in the low level. Interaction between dnd T» has been demonstrated, as founded on
literature [34], that those variables don’t depend from each other.
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8.4.2 LOM Results of the Heat Treated Samples

Figure 42 shows a comparative of microstructures tfoee different dual phase heat

treatments. The first relevant thing that can beeoked, comparing with the study for interval

temperatures, is the ausferrite evolution dependimgprevious microstructure and the ratio

ferrite-austenite. When low interval temperaturesevused, for example 775°C, pearlite is
developed in austempering previous steps. Thetneguusferrite phase seems to keep the
pearlite tight lattices with long but fine ferriteeedles imbibed in retained austenite as it can
be seen on Figure 42.a.

The image corresponds to 950°C-1h, 775°C-1h an8C360 heat treatment. The ausferrite
have, in this case, a high percentage of aciceaité. The compilation sequence between
acicular ferrite and retained austenite is almgidssible to distinguish due to they are very
close each other. However the needles length orageéas quite large with a promethium of
around 2@m what it was discussed to have a negative inflee@mctoughness properties.

Figure 42 Colour etching with 1% nital at 220°c for 2 houfdl the samples have same magnification: a)
950°C-1h, 775°C-1h, 360°C-1h, b) 950°C-1h, 800°C3B0°C-1h, c) Yang Process, 900°C-1h, 800°C-1h,
260°C-10’, 360°C-1h, d) detail of an eutectic adelsurrounded by proeutectoid ferrite.

For those samples austenitized in the high intetgalperatures range, austenite was the
predominant phase and there was no pearlite rengpiihe ausferrite phase evolves directly
from the austenite. Figure 42.b shows the microsire resulted from the heat treatment
950°C-1h, 800°C-1h, 360°C-1h. If it is comparechwiite previous microstructure, this one is
coarser with a wider separation between aciculedtde in light pink cream colours, and
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retained austenite revealed in dark brown coldaraddition the needles length was reduced.
A peculiar observation is the ausferrite shape ghatepending on the matrix location. Near
the graphite nodules, ausferrite present a mora evientation of laths and a more regular
compilation. When the intercellular regions arerapphed, the orientation becomes uneven
as well as the compilation and the needles extendide and short in length rounded them
shape.

The Yang process (900°C-1h, 800°C-1h, 260°C-100°@G&Lh) gave also interesting
microstructure results. The LOM analysis of thisqass is relevant because of the samples
subjected to this heat treatment presented thet wopsct test results (20J). The components
and characteristics of the matrix for Yang's sarapglan be appreciated on Figure 42.c. The
ausferrite phase is in that case very fine and pegxeyes could misinterpret it with
martensite. It seems that in the early austempestiages, the ausferrite evolves from some
martensite derived of the Yang’'s process undermgolihis theory is not contrasted, at the
best of the author knowledge, but it would be ative to investigate it deeply in further
works. Nevertheless, the presence of martensitetgiscarded and maybe is confounded
with the ausferrite phase. The colour etching way soft that didn’t allow any distinction
between ausferrite and martensite but the presaleth phases coexisting is very feasible
looking at the CCT and TTT curves. The existencenaftensite could be one of the reasons
for the poor impact test results. Another explarattould be low austempering times that
weren’t enough to reduce the inducted strengths\wgoenching and undercooling. However,
believing in those works that assure that the fitles ausferrite the better toughness results,
and in spite of the low impact test values obtajriled microstructure developed during Yang
process is still very promising. Perhaps Yang pgeds not recommended for high alloyed
ADI which was also the conclusion of previous works

For all the dual phase samples a remarkable disgavas made in relation to the eutectic
carbides formed along the intercellular regionasarbides stand out for them bright white
colour in the pictures while what it is presumedbt® ferrite maintains a soft pink cream
colour among the whole microstructure. It can bpraepated that a phase similar to what it
was identified as ferrite, when ausferrite phase wnalysed, is surrounding the eutectic
carbides. This fact is reflected on Figure 42.dokhs a detail from magnification of Figure
42.b. No further investigation was made on the meat this phase during this work, but in
case of confirming the very probable ferritic corspion somehow it can be considered as a
good result because it would be meaning that atéptor” weak and ductile phase is created
around a very brittle one, so theoretically thegtmess properties would be improved due to
that fact even with the existence of these carbides

8.4 Optimum processes results

After previous studies and trials with differenahé&reatments and after clarifying the location
properties’ dependence within the rings, new expents were proposed. For these new
experiments the samples were extracted from thgs raones that showed better impact test
results which were the inner and the outer radesstversal cuts. With this deliberation better
results were expected, as so it happened.

A novel heat treatment was proposed to developn@naved DPADI material. It consisted on
the 950°C-1h, 790°C-1h and 400°C-1h stages. Ts$terapering temperature was reached to
400°C because of the thought that with 360°C oner lveasn’'t enough time to fully
austempering. The 790°C temperature was the coeseguof previous investigation for
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determining the optimum amount of ferrite phasetha matrix. The whole treatment is
consequent with the best impact test results obdiain previous trials. The 900°C-1h and
360°C-1h heat treatment was a replica of a previoasand it was carried out to confirm
whether improved properties are achieved if a good's cut is used.The 860°C-1h and
400°C-1h heat treatment was based on the industmgnt tendencies which presume to
exceed the 100J during impact test for the all@eluduring this work.
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Figure 43 Impact test results for outer R2 samples subjdctelifferent heat treatments

The outcomes of the impact test are presentedguré-#43 chart. It can be observed that there
are not significant differences between the averagdues for the different heat treatments,
which are touching the level of the 100J. This &presenting very positive results.
Nevertheless, for one of the heat treatments, 8@ 1h and 400°C-1h one, the variance of
the values are intolerable making the heat treatreneliable and thus unsafe. Further
investigations on fracture regions with stereoscmperoscopy for the 860°C-1h and 400°C-
1h heat treatment and for the 145J and 25J sammesal the presence of elements
inclusions and a higher amount of shrinkage regionshe poorest impact value sample. The
presence of big element inclusions on small argaagntest specimens introduces a risk
factor for misinterpreting results due to thosdusmns are very probable crack initiators and
drastically brittles the samples, fact that is em@d for the high size/area ratio. So it is
reasonable to neglect the 25J value and consideseiess for the reasons cited in spite of
reducing the batch size to two elements.
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Figure 44 1% Nital heat tinted 950°C-1h, 790°C-1h and 4008Cet: eutectic carbide; pf: pro-eutectoid ferrite;
po: porosity; af: ausferrite
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This inconvenient was assumed when the three eksmiatch was proposed for the
experiments. ldeal batch’s size would had beenratden elements, however the oven bulk
wasn’'t big enough to assure homogeneity in healicGgtion, and greater sizes than 3
specimens per experiment would had lead on excessaterial mass to be heated, increasing
the experiments times and also the risk of unewa @vacuation when cooling.

Figure 44 shows a micrographic of the 950°C-1h°Z90h and 400°C-1h heat treatment. It
can be observed the different ausferrite size gpe tollowing to graphite nodules lines. It is
caused for the presence of elements segregatibesfiie ausferrite found neighbouring the
graphite nodules should be a constant along thexyaatd the coarse ausferrite formed in the
proximity of the cell boundaries shall be avoidedtacould impair certain disadvantages for
fracture toughness. The ferrite surrounding thebidas can be observed as well as the
associated shrinkages. This fact was also obsdovgatevious experiments when worst part
of the ring was used for experiments. Accordinghis, no real big differences between good
oar bad cuts have been observed after microsteietualysis, but everything indicates that a
difference exists.
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9. Discussion of the results

9.1 About the quality of the as-cast rings

During the present work has been demonstratedtibajuality of the as-cast rings used in the
experiments, although being it within the normadnstard demands, was not enough to
achieve outstanding impact test properties. Thanlg meaning that with the actual industry
standards can be obtained good results but thergnsat potential for better ones if improved
quality would obtained. Both rings, R1 and R2, preed several microstructure deficiencies
and handicaps that were linked with the great egag of the impact test results; defects that
a more careful process design would correct.

For R1, inappropriate cooling rates of the ring Idobe causing inhomogeneities on the
graphite nodules size. This affirmation is conggquvith the observations of the perfectly
clear dendritic growth during solidification. Therntrites are prone to concentrate the big
size graphite nodules due to that nodules solidlifing the first stages of the cooling and act
like a carbon sink during all the process. HoweWeg, areas surrounding the dendrites take
more time to solidify and the graphite nodules fedrare smaller. This solidification way
creates inhomogeneities that could be distinguisheohg different microscopy observations.
In addition, some remaining segregation areas wbserved too. These regions that follow
the intercellular boundaries could be caused foexaessive alloying elements concentration
within the matrix, especially and in concrete foistcast, Molybdenum and Manganese. The
presence of shrinkages was also remarkable, baiagahother indicative of a bad cooling
because their presence is related with ring’s velwariation during solidification or badly
gases evacuation. This cast defects made ineffic\dratever heat treatment applied to
maximize toughness properties, although with onehef sample the value of 100J was
obtained for impact test; nevertheless the vaitghih results for different sample was still
enormous as consequence of the inhomogeneitiée ohatrix making this alloy unreliable.

The results for nodularity and nodules distributfon R2 were more promising. That made
suspect on better results with this alloy, as sipbaed, although this alloy was not exempt of
a concerning huge presence of eutectic carbidegyalwe cell boundaries. This undesirable
fact was related with the existence of the Molyhdenalloying element massively
concentrated along those regions too. Molybdenumvedl indicated in heavy sections
castings to avoid pearlite formation but is a v&rgpng carbide forming element thus it use is
recommended not exceed the 0,2 wt%. For R2 a 0t2¢'was used so this is explaining the
big amount of carbides. Another concerning faco alerived from a high particular elements
high concentration like manganese or the same rdelylim, was the frequently presence of
micro-shrinkages in the places where carbides aggrdcipitate. Manganese concentration
should not exceed the 0,3 wt% and for R2 is notdwocrossing the limit with a 0,34 wt%.
Excessive manganese is related with the formatiomioro-shrinkages, but also with an
increment of the incubation time of the ausferated less stable retained austenite. The
presence of this micro-shrinkages combined wittbidass, are a risky factor due to it is an
ideal road for the fracture propagation.

Another handicap was observed for the R2. It wasi®@d during a novel study, the location
within the ring properties’ dependency. This may daeised for different cooling ratios,
gradients of temperature or elements compositiboritogeneities and it is bringing out, in
addition with other factors, that the casting pssceeed to be improved. In concrete, after
impact test, the presence of micro-cracks was wbdealong the whole fracture surface for
those samples extracted from the middle part ofitige These micro-cracks were placed in
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the segregation areas and they were probably assdawith the presence of Molybdenum
carbides. Micro-cracks weren't observed in the oatel inner ring locations which resulted
to be the better areas to extract samples.

9.2 About the DPADIs compared with normal ADIs

Dual-phase austempered ductile iron microstructwese tried to be developed during this
work. In concrete it was searched for ferrite pgréation along the cell boundaries with the
thought this configuration would improve fractuoeighness properties.

Heat tinted micrographics revealed that this camBgion was achieved just only in some
extend, but not in the level desired. Trying to laxpthis “partial unsuccessful” result with
DPADI structures formation, is believe that inadatgucasting alloying elements composition
and characteristics for this particular case, wdidddegenerating in a very tough challenge
for DPADI alloys developing. The possible most rekadle lack in relation with this is the
low percentage of silicon. For R2, this elemerrissented in a low concentration, 2,13 wt%
when the recommended amount is in the range of2,8 4t%. This is not only obliging the
use of a higher quantity of carbon to keep a slatahrbon equivalent, but also is probably
inducing a lower ferrite content after heat treatteeand the reduction of theut(y)
austenitization temperatures range, lowering dlegd temperatures. As well, the presence of
carbide forming elements in the cell boundaries e@sathe carbon stay in eutectic carbide
form. Consequently the necessary carbon reject@n these areas for the ferrite formation is
limited and thus less ferrite than expected isipreting along them.

However, it was discovered that this little amoohtferrite precipitation along wanted cell

boundaries regions occurs imbibing the eutectibidas formed. This peculiar find wasn’t

reported by any other study, at the best of theauknowledge, and it is believed that would
imply advantages to the new material acting thetéetike fracture anchor or a protector
phase. The dynamic toughness results of the fastraments, when the transversal direction
of the ring was used to obtain samples, showedear duperiority of some of the heat
treatments destined to dual phase microstructamesifig in contrast with normal ADI ones.

Considering the fact that after all heat treatm@néstically the same amount of precipitated
eutectic carbides was observed, it makes suspetiatgferrite carbide’s coat is a positive
feature for optimizing fracture toughness for ttusicrete case.
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Figure 45 Impact test results for outer R2 samples subjetcted
different heat treatments, wdtirrected values for ADI 2
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Further investigations with better cuts of the srapd better and optimized heat treatments
showed similar results for both normal ADI and DRABDIicrostructures, which all exceeded
the 100J during impact tests. Industrial normal ARkt treatment 860°C-1h and 400°C-1h
resulted to be the standing out process giving @rman impact test value of 144’'5J and a
notorious 125J average value (after discard the \2ide, see Figure 45). Nevertheless,
DPADI kept high impact values for all the locatiootthe ring which makes thinking in
DPADI microstructures introduce reliability on thresults maintaining a good level of
fracture toughness. Although the differences betweormal ADI and DPADI weren’t so
clear after final impact test results, it is beéethat the handicaps founded on the as-cast
materials are limiting the fully potential of batlermal ADI and DPADI. A factorial study for
DPADI showed that surprisingly temperature variatwasn't influencing the impact test
results, which is also reflecting that other fast@s could be porosity or carbides (see Figure
42 and Figure 44), were having some effect. Vergbably, with a better cast, those
differences between diverse sort of ADI materialsuld increment favouring the DPADI
type, in concrete in absence of carbides. One eapday theory about the big success of the
normal ADI 860°C-1h and 400°C-1h heat treatmemr afot noticing high differences on the
grain size or the carbides precipitated, is thghsfir temperature gap between austenitizing
and austempering temperatures which would be iotiod less residual stresses when
guenching. However a more consciously study had beeded to bring out more conclusive
outcomes.

9.3 The @+y) austenitizing temperatures and microstructure evtution

Concerning the evolution of the previous phasesth® ausferrite when intermediate
austenitizing steps were applied, interesting teswhere observed. For those lowty)
interval temperatures where pearlite was formee, tésulting ausferrite have a much
compiled pro-eutectoid ferrite-retained austenigghd, distributed homogeneously and
following the old pearlite shapes. The microstroetdeveloped after the 950°C-1h.775°C-1h
and 360°C-1h has these characteristics and reduoltesl the best after impact test. With high
interval range austenitizing temperatures a morenson ausferrite was developed if
compared with the one typically obtained in normAdI. This occurs for the 900°C-1h,
800°C-1h and 360°C and for 950°C-1h, 800°C-1h &4 with also promising impact test
values. The Yang process gave the lowest impattréssilts having the finest ausferrite
microstructure that reminds the martensite one.pidoe values obtained for impact test could
be the result of martensite locations within theriravhich is just a supposition because they
had not been identified properly. The observed ositucture makes thinking on very fine
ausferrite and martensite confounded with that pdetse (Figure 42.c). However, another
explanation is the high internal stresses induetéd a big temperature gap cooling, from
austenite temperatures to near martensite regiompeeatures combined with a short
austempering time which was not enough to reduesetistresses.

After this microstructure studies, it seems that fmal shape and size of the ausferrite
depends of the previous phases developed durifeyetit heat treatments stages. This fact
could be a novel discovery as it wasn't reflectadliferature, at the best of the author
knowledge. Nevertheless a better study shall be domassert that the ausferrite evolves from
its ancient predecessor phase during different tireatment stages which could be pearlite,
retained austenite or martensite, as it presumiaéppened during the experiments carried
out.
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10. Conclusions

The aim of this study was to identify features hie tmicrostructure of DPADI that directly
affect the fracture toughness of the investigateayss No massive ferrite precipitation was
observed after DP ADI heat treatment for R2, prbpdbr the high content of carbide
forming elements which avoid the rejection of carlaluring the intermediate austenitization
process and a low percentage of silicon. However, most outstanding discover was the
precipitation of ferrite surrounding the undesieal#utectic carbides formed along the
intercellular regions. This is concluded to be daamtage to those carbide-precipitated ADI
materials that don’t present these formations. Hugantage was demonstrated during the
transversal ring cut samples experiments. Forrgwgon, DPADIs are believed to be at least
more reliable materials compared with normal ABkue that shall lead into monetary saves
to the industry and confidence in ADI alloys. Altlgh, after comparing with normal ADI for
good rings cuts, no conclusive differences aftgpaot test results were detected, except a
lower scattering for the DPADI. This could be me@nthat no relevant features that imply
improvements on the fracture toughness propertiee wleveloped in the DPADI, except
more reliability.

A clearly dependence on the as-cast quality wasctld, which is limiting the full potential
of all heat treatments carried out during this wdrkconclusion, an uncertain evaluation of
the competitiveness between normal ADI and DPAD1 ba done. Both types of ADI had
promising outcomes in the impact test results,guatodification on the conditions and the
composition of the as-cast irons used for this wisrkecommended in order to reduce the
deficiencies observed, mainly with the high peragetof carbides precipitations for all the
heat treatments, the high level of shrinkages tleeand the heterogeneities in the matrix
such as graphite nodule distribution and shapghdtl as well be reminded of taking care of
the properties’ dependence on the location withanring with a better casting process that
avoid hot spot formation and promote a better eation and distribution of the heat.

If those disadvantages are saved, ADI materials shibw very promising results that will

make these alloys very competitive for fracturegtuuess. Probably better results with
DPADI, making these alloys standing out the normBl ones, would be obtained after an
improvement of cast qualities specific for thatdkf materials.
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11. Further Investigations

After this work, new alloys will be proposed to éép novel rings in order to minimize the

deficiencies detected for the rings used. In cde¢ierevision of the cast composition should
be done for Si, Ni, Mo and Mn. As well the castqass shall be revised in order to avoid
undesirable hot spot detected on the final micoastire. Further similar investigations than
the ones conducted during this work are recommertdedptimise the new materials,

although the outcomes obtained in the present vebiddl serve as a reference for the
continuous improvement process.

This study tried to include many different topiedated to the fracture toughness properties
resulting sometimes in a very weak analysis ofipaldr issues, which makes the necessity of
deep investigations on such as issues. The usalpftliree elements batch just only gave
rough estimations of the real average values fgrarh test results, but there was a bulk
limitation with the current laboratory ovens. Theewf bigger devices to widen the batch size
is recommended, and probably the help of the imgssictor would be required

In concrete three relevant outstanding and noyetsoare recommended to be reinvestigated
more in detail: ferrite precipitation around theludes, properties dependence on the ring
location and evolution of the ausferrite from diffiet phases. In addition, some test shall be
done to check if the matrix residual stresses ameddant on the temperature gap when
guenching.

Better researches on the different austenitizingpgratures and on the grain size related with
fracture properties might be also carried out.duld be also interesting to run static fracture
toughness test to determingcKand tensile strength and hardness test in oadeopinpare
more seriously with the ADI literature.

Fatigue specimens should be tested in additiohdgampact test results for R1 and R2 alloys
to set the real potential of DPADI microstructufesindustry uses.
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