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Evolution de la microstructure des aciers a haute résistance mécanique durant le
traitement thermique de trempe

Emna BEN FREDJ

RESUME

Les blocs d'acier forgés de fortes dimensions sont largement utilisés pour le moulage par
injection de matiere plastique, utilisée dans le domaine d’automobile. Les propriétés en
service de ces matériaux sont trés sensibles aux conditions de processus de production.

Le traitement thermique (trempe-revenu) des aciers actuellement utilisés n'était plus assez
pour combler les exigences grandissantes de l'industrie du moulage. Les interactions entre la
composition chimique, caractéristiques de 1’acier, et les multiples parametres finaux des
picces fabriquées rendent difficile 1I’obtention des propriétés désirées. Pour le présent travail,
le controle des paramétres influant le procédé de trempe s'est imposé.

En premier lieu, ’effet de la vitesse de chauffage a été investigué. Plus précisément, la
cinétique de la formation de l'austénite dans les régions de la surface et du centre d'un lingot
forgé de fortes dimensions (3683 mm x 1265mm x 330mm) a été étudiée par dilatométrie a
haute résolution. Les microstructures de départ des régions de surface et du centre présentent
différentes proportions de bainite et d'austénite résiduelle ainsi que différentes tailles de
grains d'austénite primaire. Deux vitesses de chauffage représentant les vitesses de chauffage
réelles dans les régions de surface (5 °C/s) et centrale (0,5 °C/s) de blocs forgés de grande
taille ont été¢ utilisées. Les courbes dilatométriques n'ont révélé quune seule étape de
transformation pour la formation d'austénite pour les deux vitesses de chauffage,
indépendamment de la taille des grains ou de la proportion des phases. Les paramétres
cinétiques de la formation de l'austénite ont été¢ déterminés a partir des données de
dilatométrie en utilisant 1'équation de Johnson-Mehl-Avrami-Kolmogorov (JMAK). Les
coefficients JMAK, n et k, ont été déterminés pour chaque condition de l'acier étudié. Les
calculs ont indiqué que la nucléation et la croissance de l'austénite dans la région de la
surface ont été accélérées plus de 10000 fois en raison de la taille moyenne des grains
d'austénite inférieure d'un quart, de la stabilit¢ de I'austénite initiale retenue et de
'accumulation de carbures grossiers a la surface.

En second lieu, la formation de l'austénite maintenue a différentes températures
d'austénitisation et sa transformation en martensite et/ou bainite a deux vitesses de
refroidissement différentes ont été¢ étudiées. Les vitesses de refroidissement sélectionnées
représentent les vitesses de refroidissement réelles des zones de surface et du centre d'un
lingot forgé de grande taille pendant le cycle de refroidissement. Nous avons constaté qu'en
augmentant la température d'austénitisation de 850 a 950 °C, la martensite devient dominante
en surface et sa fraction augmente de 2% a 100% respectivement. D'autre part, bien que la
bainite soit dominante au centre mais sa fraction diminue de 87% a 850 °C a 76% a 950 °C.
Le calcul de la teneur en carbone d'équilibre de l'austénite a différentes températures
d'austénitisation et sa relation avec les résultats expérimentaux a montré que la teneur
nominale (0.35 wt%) sera obtenue par austénitisation a 950 °C. De plus, la vitesse de



refroidissement en surface est supérieure a la vitesse critique requise pour l'activation de la
transformation martensitique. Pour cette raison, la formation de la martensite en surface
devient possible par austénitisation a 950 °C.

Finalement, l'influence du temps d'austénitisation sur les transformations de phase a été
¢tudiée sur la base des conditions réelles de chauffage et de refroidissement des procédés.
Les résultats ont d'abord montré qu'aprés 5 h de maintien et plus, une microstructure mixte
composée de bainite et de martensite n'existe plus. La fraction volumique de la martensite
augmente entre 0,5 a 12 h de temps de maintien en surface, puis diminue pendant 24 h de
temps de maintien. La fraction volumique de l'austénite retenue diminue en surface et la
valeur minimale est atteinte a 12 h puis recommence a augmenter. Par conséquent, un temps
de maintien de 12 h conviendrait & un temps d'austénitisation a 900 °C pour une région de
surface avec moins d'austénite retenue. Pour la région centrale, la fraction volumique de la
bainite diminue et la fraction volumique de l'austénite augmente continuellement. Cependant,
la teneur en carbone de la martensite et de la bainite devient presque similaire, soit autour de
0,4 % en poids. Donc, on a moins de distorsion due aux différentes transformations en phase
solide au centre et en surface. Les valeurs de dureté restent constantes pour les deux régions
aprés 5 h. La différence de valeurs entre la surface (614 HV) et le centre (438 HV) est due a
la taille du grain et a la teneur en carbone. L'étude cinétique de la transformation bainitique
pour différents temps d'austénitisation a montré que pour un temps de maintien de 12 h et
plus, le site de nucléation et le taux de croissance ne changent pas significativement et
peuvent donc étre ignorés.

Mots-clés: pieces de fortes dimensions, régime thermique varié, dilatométrie, acier
moyennement alli¢ a faible teneur en carbone, microstructure initiale, formation d'austénite,
taille des grains, transformation d'austénite, transformation de phase, équation d'Avrami,
microdureté.



Evolution of the microstructure of high strength steels during quenching heat treatment
Emna BEN FREDJ

ABSTRACT

Forged steel blocks of large dimensions are widely used for plastic injection moulding, used
in the automotive industry. The in-service properties of these materials are very sensitive to
the conditions of the production process.

The heat treatment (quenching-tempering) of the steels currently used is no longer sufficient
as thermomechanical treatments have a decisive influence on the properties to meet the
growing requirements of the casting industry. The interactions between the chemical
composition, characteristics of steel, and the multiple final parameters of the manufactured
parts make it difficult to obtain the desired properties. For this work, it was necessary to
control the parameters influencing the hardening process.

First, the effect of the heating rate was investigated. More precisely, the kinetics of austenite
formation in the surface and centre regions of a large forged ingot was studied by high-
resolution dilatometry. The starting microstructures of the surface and central regions have
different proportions of bainite and residual austenite as well as different sizes of primary
austenite grains. Two heating rates representing the actual heating rates in the surface (5
°C/s) and central (0.5 °C/s) regions of large forged blocks were used. The dilatometric curves
revealed only one transformation step for austenite formation for both heating rates,
regardless of grain size or phase proportion. The kinetic parameters of austenite formation
were determined from dilatometry data using the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation. The JIMAK coefficients, n and k, were determined for each condition of
the steel studied. Calculations indicated that the nucleation and growth of austenite in the
surface region was accelerated more than 10,000 times due to the average austenite grain size
being one-quarter smaller, the stability of the retained initial austenite and the accumulation
of coarse carbides on the surface.

Secondly, the formation of austenite maintained at different austenitizing temperatures and
its transformation into martensite and/or bainite at two different cooling rates are studied.
The selected cooling rates represent the actual cooling rates of the surface and centre areas of
a large forged ingot during the cooling cycle. It can be seen that by increasing the
austenitizing temperature from 850 to 950 °C, martensite becomes dominant on the surface
and its fraction increases from 2% to 100% respectively. On the other hand, although bainite
is dominant in the center but its fraction decreases from 87% at 850 °C to 76% at 950 °C.
The calculation of the equilibrium carbon content of austenite at different austenitizing
temperatures and its relationship to the experimental results shows that the nominal content
(0.35 wt %) will be obtained by austenitizing at 950 °C. In addition, the surface cooling rate
is higher than the critical rate required to activate the martensitic transformation. For this
reason, the formation of martensite on the surface becomes possible by austenitizing at 950
°C.
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Finally, the influence of austenitizing time on phase transformations was studied on the basis
of the actual heating and cooling conditions of the processes. The results first showed that
after 5 h of holding and more, a mixed microstructure composed of bainite and martensite no
longer exists. The volume fraction of martensite increases between 0.5 to 12 h of surface
holding time, then decreases during 24 h of holding time. The volume fraction of the retained
austenite decreases in surface area and the minimum value is reached at 12 h then starts to
increase again. Therefore, a holding time of 12 h would be appropriate for an austenitizing
time at 900 °C for a surface region with less austenite retained. For the central region, the
volume fraction of bainite decreases and the volume fraction of austenite continuously
increases. However, the carbon content of martensite and bainite becomes almost similar and
around 0.4% by weight, thus less distortion due to the different solid phase transformations at
the center and surface. The hardness values remain constant for both regions after 5 h. The
difference in values between the surface (614 HV) and the centre (438 HV) is due to the
grain size and carbon content. The kinetic study of bainitic transformation for different
austenitizing times showed that for a holding time of 12 h or more, the nucleation site and
growth rate do not change significantly and must be avoided.

Keywords: large sized blocks, varied thermal regime, dilatometry, medium carbon low alloy
steel, grain size, initial microstructure, austenite formation, grain size, austenite
transformation, phase transformation, avrami equation, microhardness.
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INTRODUCTION

Au cours des derni¢res décennies, I’utilisation de la matiére plastique dans I’industrie
automobile a connu un grand progres, vu qu’elle offre aux concepteurs de multiples
avantages en de nombreuses applications en fournissant des designs légers et polyvalents. La
polyvalence des maticres plastiques peut €tre exprimée par une large gamme de formes et

une bonne surface de finition.

Toutefois, la fabrication des pieces de fortes dimensions ne serait pas possible sans
I’utilisation des moules de qualité. Le procédé utilisé¢ pour la production de ces piéces est le
moulage par injection en utilisant des moules faits en aciers a haute résistance mécanique.
Ces aciers sont forgés et traités thermiquement pour obtenir les propriétés mécaniques
désirées. Spécifiquement, le traitement trempe-revenu est utilisé pour obtenir une

microstructure optimale dans tout le volume utile de la picce.

Les Forges de Sorel est une industrie spécialisée dans la fabrication des pi¢ces forgées en
aciers, de fortes dimensions, destinées entre autres pour le domaine du moulage par injection
de la matic¢re plastique. Le cycle de fabrication des picces forgées passe par les plusieurs
étapes ; aciérie, forgeage, traitement thermique et usinage. Les caractéristiques de ces aciers,
actuellement utilisés pour les moules, varient au cours de processus de fabrication. Une
bonne usinabilité, un bon état de surface et I’uniformité de la dureté sont des facteurs de plus
en plus demandés pour la fabrication des moules. Cependant, 1’obtention d’une
microstructure optimale est trés complexe lors de la production. La grande taille des produits
finaux de Sorel Forge rend le probléme de la variabilité des propriétés plus aigu et conduit a
la non-conformité dans le produit final. En général, la présence d'un gradient de température
produit des transformations de phases indésirables, I’apparition des phases secondaires et la
variation de la taille des grains qui engendrent une microstructure hétérogene, des contraintes
internes et méme des distorsions ou I’apparition de fissures réduisant ainsi les propriétés

mécaniques ou l'intégrité de la piece produite.

Ces derniéres caractéristiques dépendent, notamment, des parametres du traitement

thermique qui sont la vitesse de refroidissement, la vitesse de chauffage, le temps de maintien



et la température d’austénitisation. Les résultats établis, a travers des décennies de
recherches, ne sont pas suffisants quant a 1’effet de ces parameétres sur la cinétique de
transformation des phases et tous les mécanismes qui gouvernent 1’évolution de la

microstructure, spécifiquement, dans les pieces de grandes dimensions.

L’objectif principal du présent travail est donc d’étudier 1’évolution de la microstructure des
pieces de fortes dimensions durant le cycle thermique chauffage-refroidissement. Plus
précisément, I’étude de I’influence de différents parametres du traitement thermique dans le
but d’obtenir une microstructure homogene dans tout le volume utile de la piece. Dans cet
ordre d’idée, une étude de la microstructure de départ (proportion des phases et taille de
grains) a ¢été réalisée pour deux zones d’un block forgé. Puis, dans un deuxiéme temps, une
variation des différents parameétres (vitesse de chauffage, température d’austénitisation,
temps du maintien et vitesse de refroidissement) a été faite pour étudier son influence sur la
cinétique de transformations et savoir le produit final obtenu apres le refroidissement. Pour
I'ensemble, une caractérisation par dilatométrie a été effectuce, les températures critiques de
transformations ont été trouvées et une étude de la cinétique de transformations en utilisant
des modeles existants dans la littérature ainsi qu'une étude de la microstructure a permis de
comprendre l'influence des différents parametres et de déterminer les conditions optimales du

traitement thermique.

Cette thése comporte cing chapitres. Le chapitre I, de nature bibliographique, présente une
synthése de I’Etat de 1’Art de diverses notions théoriques relatives au projet. Le chapitre 11
présente une introduction du matériau étudi¢, de la forme des éprouvettes de dilatométrie
adoptée et une présentation des protocoles expérimentaux en fonction des parameétres

recherchés pour répondre aux objectifs du projet.

Le chapitre III consiste a étudier I’influence de la vitesse de chauffage sur la microstructure
de départ ; des différentes tailles de grains et proportions de bainite et austénite résiduelle
entre la surface et le coceur du lingot. Une étude cinétique a été effectuée afin de déterminer le

mécanisme de formation de bainite en austénite dans le cas du matériau étudié.



Le chapitre IV est dédié¢ a l'effet de I'état initial de I'austénite et de sa transformation en
bainite et/ou martensite. En particulier, I'accent est mis sur l'influence de la microstructure de
départ, correspondant a différentes zones d'un bloc forgé de grande taille, sur les produits de

transformation et la proportion de phases par rapport a la teneur en carbone austénite.

Le chapitre V est consacré a I’é¢tude de 1’effet du temps du maintien a 1’austénitisation sur le

produit final au refroidissement.

Ce mémoire se termine par des conclusions générales des travaux effectués lors de cette

étude.






CHAPITRE 1

REVUE DE LA LITTERATURE

1.1 Introduction

Ce chapitre présente une étude bibliographique qui permet de cadrer le sujet du présent
travail. Ce dernier rentre dans le cadre d'une étude expérimentale des transformations de
phases métallurgiques dans des lingots industriels de fortes dimensions en acier a haute
résistance mécanique. Plus précisément, on s’intéresse a la transformation (bainite-austénite)
durant le processus de chauffage a différentes températures et différents temps de maintien
ainsi que le produit final obtenu lors du refroidissement. La taille de grain initiale est aussi
prise en considération dans cette étude. Cependant, les modeles développés, spécifiquement
celles de transformations de phases, sont utilisés pour analyser la germination et la croissance

des nouvelles phases formées.

Dans les paragraphes qui suivent, 1’étude de 1’état de I’art présente le procédé du traitement
thermique (chauffage-refroidissement) lors duquel les transformations de phases sont
produites dans la microstructure de 1’acier. Tout d’abord, on met 1’accent sur les éléments
métallurgiques de base dans le but de comprendre 1’influence des paramétres du traitement
thermique sur la microstructure. Ensuite, les modeles utilisés pour prédire la fraction

volumique des phases formées sont présentés et discutés.

1.2 Métallurgie des aciers au carbone

L’acier est un alliage de fer et de carbone dont la teneur en carbone est inférieure a 2.1%
massique. Cette teneur limite vient de la limite de solubilit¢ du carbone, a haute température,
dans le fer y. Des ¢éléments d’addition sont généralement ajoutés dans le but d’améliorer les

propriétés mécaniques. La figure 1.1 montre le diagramme binaire Fe-C.
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Figure 1.1 Diagramme Fe-C (Colombié, 2008)

Le fer possede deux formes (variétés) allotropiques (deux réseaux cristallins différents) :
e Le fer o dont le réseau est cubique centré (C.C).

e Le fer y dont le réseau est cubique a faces centrées (C.F.C).

Le phénomene de la modification du réseau cristallin sous I'effet de la température porte le
nom de transformation allotropique. Ces transformations sont établies grace aux paliers
thermiques des courbes de refroidissement ou de chauffage qui lesquelles caractérisées par
plusieurs points critiques ou paliers correspondant a des températures définies pour des

transformations déterminées.

Le fer o, appel€ aussi la ferrite, existe aux températures inférieures a 910 °C et supérieures a
1392 °C. Aux températures supérieures a 1392 °C, le fer a est désigné par Fe d. Le fer a est
magnétique jusqu'a la température de 768 °C. Cette température est appelée point de curie,
qui correspond a la transformation magnétique. Quant au fer y, ou 1’austénite, existe entre

910 °C et 1392 °C et il est paramagnétique.



Ainsi, le carbone ne posseéde pas la méme limite de solubilité dans les deux phases. Il est plus

¢levé dans I’austénite a environ 2.1% massique, contre 0.02% en masse dans la ferrite.

La lecture du diagramme Fer-Carbone montre que les aciers subissent les transformations

suivantes :

Transformations des aciers a basses teneurs en carbone ; C=0.02%:

A haute température, la ferrite germe aux joints de grains de 1’austénite. Avec la
baisse de la température, la cémentite FesC précipite. Et donc, la structure a la
température ambiante est constituée de ferrite trés pauvre en carbone et de FesC riche
en carbone qui peut atteindre 6.67% C.

Transformation eutectoide ; C= 0.77%:

Cette réaction se produit a 727 °C ou elle provoque la formation d’un agrégat
eutectoide, appelé la perlite, constitu¢ de succession des lamelles de ferrite et de
cémentite.

Transformations des aciers a 0.02 < C <0.77%:

Les aciers, dont leur teneur en carbone est comprise entre 0.02 et 0.77 %C, sont
appelés des aciers hypoeutectoides.

Leur transformation débute a une haute température comprise entre 727 et 900 °C.
Elle provoque la naissance de la ferrite pauvre en carbone dont sa teneur maximale
est de 0.02%. A la température ambiante, la structure est constituée de ferrite
proeutectoide et de perlite.

Transformations des aciers a 0.77 < C <2.1%:

Les aciers, dont leur teneur en carbone est comprise entre 0.77 et 2.1% C, sont
appelés des aciers hypereutectoides.

La transformation eutectoide est précédée par une étape de formation de cémentite
dans les joints de grains de 1’austénite. A la température ambiante, la structure est
donc formée d’agrégats eutectoides, i.e. de la perlite, et de précipités intergranulaires

de FesC.

Dans les aciers, les transformations de phases se font de deux manicres différentes,

diffusionnelle et displacive. Car, au cours du refroidissement, 1’austénite n’est plus stable.



Ainsi, la nature de transformations des phases est déterminée par la modification des vitesses
de refroidissement :
e La perlite est un agrégat constitué¢ de ferrite et de cémentite obtenue pour une
vitesse de refroidissement lente.
e La bainite est un composé observé avec une vitesse de refroidissement moyenne.

e La martensite est une phase obtenue lors d’un refroidissement rapide.

Les structures martensitique et bainitique vont nous intéresser plus particuliérement au

cours de cette étude.

1.3 Austénitisation

L’austénitisation consiste a mettre en solution tout le carbone présent dans 1’alliage. Comme
indiqué précédemment, la solubilit¢ du carbone dans l’austénite est limitée a 2.1% et
seulement a 0.02% dans la ferrite. Donc, il est obligatoire de choisir une température assez
¢levée afin de mettre en solution tout le carbone au cours de la transformation de la phase
ferritique en austénite. La croissance de I’austénite est alors contrdlée par la diffusion du

carbone.

Deux températures définissent les transformations dans [’acier: A4; et As3. Ce sont
respectivement les températures de début et de fin de formation de [’austénite. Pour
austénitiser ’acier, il est nécessaire de dépasser la température 43 au cours du traitement

thermique. En général, une température 43 + (25 a 50 °C) est choisie.

L’introduction des éléments d’alliage, a la composition chimique d’un acier, provoque une
¢lévation ou un abaissement des températures de transformation (Murry, 1998). La figure 1.2

illustre I’influence des éléments d’alliage sur la température de I’eutectoide 4.
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Figure 1.2 Influence des éléments d’addition
sur la température eutectoide (Murry, 1998)

Les ¢éléments gammageénes, qui stabilisent le fer y, diminuent la température 4;. Tandis que
les ¢léments alphagénes, qui stabilisent le fer o, 1’augmentent. Tenons I’exemple du
molybdéne Mo et du manganése Mn (figure 1.3), I’ajout du Mo diminue le domaine de
I’austénite et provoque 1’élévation de la température eutectoide. Par contre, le Mn augmente

le domaine de la phase austénitique en favorisant I’abaissement de A4;.
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Figure 1.3 Influence de 1’ajout du: (a) Mo et (b) Mn sur le domaine de 1’austénite
et la température eutectoide (Murry, 1998)

1.3.1 Effet de la vitesse de chauffage

Lors d’un chauffage suffisant, un acier ayant une structure cubique centrée o se transforme
en une structure cubique face centrée y. L’acier doit étre chauffé trés lentement pour que la
transformation se produise dans des conditions proches de I’équilibre. Dans le cas de la
pratique industrielle, la vitesse de chauffage ne peut pas étre contrdlée. Il est cependant
intéressant de considérer dans un premier temps ’effet de la vitesse de chauffage et étudier

par la suite I’aspect cinétique (vitesse de réaction).

Les températures de début et de fin de transformation austénitique Ac; et Ac3 sont directement
impactées par la vitesse de chauffage (Liu et Sun, 2013) (Jian et al., 2015) et le domaine
austénitique se déplace vers de moins ou de plus hautes températures. Ces phénomenes sont
bien décrits dans la littérature et on trouve pour la plupart des aciers des diagrammes de
transformation en chauffage continu décrivant ces évolutions de température (Kokosza et al.,
2013; Oliveira, Andrade et Cota, 2007) (Bata, Pacyna et Krawczyk, 2007) (De Andrés et al.,

2002) (figure 1.4). Dans ces travaux, une large plage de vitesse de chauffage est étudiée.



11

tx=16 13 10 5 1 0.1%:;!5
1000 ——r——— /.,/ Z ﬁ —
(! | |
I .
I Y |
900 Aca M II| | I|
i | |
I
800 | || | o+ { | -
— —_— |4-.?__'.-_‘T ll I|I
%_} ?’DD - AC1 Irlr_?—‘_-._ IJrl Lt m =
: |I II .'II a+P f |I
f 'I |II |I
BDD B II IIII III |I II 7
/ [ | I|I
B |I| I|I I' / I||
500 L ol Ll PR S PR
10 100 1000 10000
Time (s)
Figure 1.4 Diagramme de transformation en chauffage continu d'un acier a

faible teneur en carbone (0.15 % C). Les vitesses de chauffage étudiées
sont entre 0,1 et 16 °C/s. a est la ferrite, P est la perlite et y est I'austénite
(Oliveira, Andrade et Cota, 2007)

Une investigation menée par Kokosza et al. (Kokosza et al., 2013) sur une plage de 0.1 a 200
°C/s pour un acier a 0.4% de carbone, montre que les points de transformations ne sont pas

affectés pour des vitesses inférieures a 0.5 °C/s. Au-dela de cette vitesse, le décalage de Ac: et

Ac3 vers des températures plus élevées devient de plus en plus significatif.

D’autres chercheurs ont étudié I’impact de la vitesse de chauffage sur le grossissement du
grain austénitique vu que la taille initiale des grains d'austénite au début du processus de
chauffage est importante pour obtenir la taille de la microstructure finale qui fournit des

propriétés mécaniques maximales. Alogab et al.(Alogab et al., 2007) a réalis¢ une étude sur
I’effet de la vitesse de chauffage sur la croissance du grain austénitique dans un acier SAE

8620 modifi¢ au Ti avec additions controlées de niobium. Les échantillons ont été chauffés a
des vitesses comprises entre 0.16 et 2.41 °C/s a 1050 et 1100 °C, maintenus a la température

d'austénitisation souhaitée pendant 60 min et immédiatement trempés dans 1'eau glacée. Une

croissance anormale des grains a été observée dans tous les échantillons traités a la vitesse de
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chauffage la plus élevée jusqu'a 1050 °C, mais a été supprimée aux vitesses de chauffage les
plus basses avec des ajouts de 0,06 et 0,1 Nb. La suppression de la croissance anormale des
grains a été corrélée avec le développement d'une distribution critique des précipités fins de
NbC, stables a la température d'austénitisation (Figure 1.5). Liu et Richard (Liu, Li et Dang,
2013; Richard, 2017) ont obtenu les mémes résultats. A faible vitesse de chauffage,
I'homogénéité des dislocations est plus grande, ce qui permettra d'abaisser les obstacles qui
entravent la croissance du grain, en particulier aux frontieres du grain. De plus, 1'énergie
minimale nécessaire pour la diffusion des atomes, a un état plus stable, sera plus petite, ce

qui augmentera la migration des grains pour continuer a grandir encore plus.

n.
&
<
o
X
€I &

Figure 1.5 Micrographies optiques montrant les structures de grains d'austénite pour
les aciers pseudo-carburés pendant 60 min a 1050 °C apres différentes vitesses de
chauffe. (a-c) Acier sans Nb chauffé¢ a 0.33, 0.66 et 2.41 °C/s respectivement; (d-f)
Acier HR 0,02 Nb chauffé a 0.33, 0.66 et 2.41 °C/s respectivement
(Alogab et al., 2007)
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Plusieurs points importants peuvent étre soulignés a partir des travaux présentés. D’une part,
on note une augmentation continue des températures Ac/ et Ac3 méme pour des aciers proches
en composition lorsque la vitesse de chauffe croit. D’autre part, la croissance de la taille de
grain est dépendante de la vitesse de chauffage. Mais, les résultats rapportés ne concernent
que des tailles de grains fines qui ne dépassent pas 150 um. Ce point doit étre étudié si on

souhaite travailler sur des tailles de grains allant de 100 a 500 pum.

1.3.2 Maintien en température d’austénitisation

Afin de permettre une bonne homogénéisation de I’austénite et la dissolution des carbures, il
est nécessaire d’avoir un maintien en température suffisante. Le maintien ne doit pas étre non

plus trop long pour éviter le grossissement des grains austénitiques.

Le choix du couple température-temps de maintien est trés important. Par exemple, le
diagramme d’austénitisation d’un acier de composition chimique : 0.3% C-1.07% Cr-0.17%
Mo (figure 1.6), montre que le maintien de plus de 10 s a 850 °C est suffisante pour obtenir
de I’austénite homogene. A 1100 °C, une augmentation le temps de maintien de 2 a 20 s, fait

passer la taille des grains de 20 a 56 um (Economopoulos, Lambert et Habraken, 1967).
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Figure 1.6 Diagramme d’austénitisation d’un acier
de composition chimique : 0.3 % C-1.07 %
Cr-0.17 % Mo
(Economopoulos, Lambert et Habraken, 1967)

Dans une autre étude d’un acier contenant 0.41% C-0.85% Mn-0.25% Si-1.8% Ni-1.45% Cr-
0.45% Mo et austénitis¢ a une température de 900 °C, les auteurs ont montré que plus on

maintient I’acier plus la taille des grains de I’austénite augmente (Lee et Lee, 2008) (voir la

figure 1.7).
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Figure 1.7 Effet du temps d’austénitisation sur la taille
des grains de ’austénite (Lee et Lee, 2008 )

La microstructure de 1’acier a différentes températures de maintien est illustrée sur la figure
1.8. A haute température, les grains de ’austénite ne sont pas stables. Leur énergie libre
d’activation est tres €levée. Pour atteindre 1’équilibre, les atomes s’associent en formant un
gros grain d’austénite. Aprés ’arrangement des grains, I’énergie libre de Gibbs diminue

(Porter et Easterling, 2004).
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Figure 1.8 Variation de la taille de grains de ’austénite, prise par
microscope optique, pour différentes températures de maintien: (a) 900,
(b) 950, (c) 1000, (d) 1050, (e) 1100 et (f) 1150 °C (Lee et Lee, 2008 )

La température d’austénitisation joue un rdle important sur la composition chimique de
I’austénite. La quantité et le type des éléments d’alliages mis en solution solide peuvent
influencer de maniére significative les transformations au cours du refroidissement et par la
suite les caractéristiques mécaniques du matériau (Sokolowski et Lindsley, 2010). Les
compositions chimiques de l'austénite calculées a I’état d'équilibre aux deux températures
d'austénitisation 980 et 1050 °C montrent une augmentation de la teneur en éléments

d’alliage avec l'augmentation des températures (Ferrari et al., 2014a). Par conséquent, cette
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augmentation affecte la distribution, la quantité et la taille des différentes phases obtenues tel

que reporté par Ferrari et al. (Ferrari et al., 2014a).

1.3.3 Meécanisme de la formation de 1’austénite

La phase austénitique put se former a partir des structures ferrito-perlitiques, bainitiques et

martensitiques a haute température. La diffusion contrdle la croissance de 1’austénite.

A partir d’une microstructure initialement perlitique, la formation de I’austénite se fait par
plusieurs étapes successives. La germination se fait aux joints de grains de 1’austénite. Le
carbone nécessaire a cette étape provient de la dissolution de la cémentite. La nucléation de
l'austénite peut aussi avoir lieu aux interfaces de la ferrite-cémentite et se poursuit sous
formes de fines lattes. Les nouveaux grains d'austénite se forment dans les colonies de perlite
pour remplacer la ferrite eutectoide ; parallelement, la cémentite se dissout dans 1'austénite
(Li et al., 2016). Li a montré que les mécanismes de contrdle de la formation ne changent pas

en fonction de la plage de vitesse de chauffage (1 et 25 °C/s).

La formation de I’austénite a partir de la martensite peut se faire par diffusion ou sans
diffusion par le mécanisme de glissement/cisaillement, dépendant de la vitesse de chauffage.
La formation sans diffusion est appelée aussi transformation martensitique inverse. Ainsi,
durant le chauffage continu, la martensite transformée en austénite sans diffusion atomique,
donne naissance a une austénite en forme de latte a haute densité de dislocation (Lee, Park et

Lee, 2009). Le mécanisme de formation est illustré par la figure 1.9.
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Figure 1.9 Mécanisme de formation de
’austénite a partir de la martensite tiré
de (Lee, Park et Lee, 2009)

Carvalho et al. (Carvalhoa, Andrade et Plaut, 2013) ont étudi¢ I’impact de la vitesse de
chauffage sur la formation de ['austénite a partir d’une structure martensitique. Leurs
conclusions montrent que pour des vitesses comprises entre 1 et 28 °C/s, le mécanisme
dominant est par cisaillement. Ils se sont basés sur I’analyse de I’énergie d’activation
nécessaire a la formation de 1’austénite. Contrairement a Carvalho, Martinez (Lopez-
Martinez et al., 2015) utilise des faibles taux de chauffe. Selon lui, la formation est
gouvernée par mécanisme de cisaillement. En opposition des travaux cités précédemment,
Kapoor (Kapoor et Batra, 2004) montre que pour des faibles vitesses de chauffe,
I’austénitisation se fait par diffusion tandis que, pour les grandes vitesses de chauffe, la

transformation s’effectue par cisaillement.

La formation de I’austénite a partir de la bainite est peu étudiée dans la littérature. La plupart
des investigations sont consacrées soit a une microstructure ferrito-perlitique ou

martensitique ou encore une microstructure mixte.

Chang (Chang et Yu, 2013) étudie la cinétique de la transformation de la bainite en austénite
lors d’un chauffage continu dans un acier microalli¢ a faible teneur en carbone. La

transformation de la bainite en austénite a été observée en deux étapes a faible vitesse de
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chauffage. La premicre étape est la dissolution de la bainite, et la seconde est la
transformation de la bainite restante en austénite controlée par un processus de dissolution.
Le résultat du calcul de la cinétique de formation d'austénite montre que les deux étapes se
produisent par diffusion a faible vitesse de chauffage. Cependant, a vitesse de chauffage
¢levée, la transformation de la bainite en austénite se produit en une seule étape, et le

processus est principalement dominé par cisaillement.

14 Transformation martensitique

Pour une vitesse de refroidissement trop rapide, la phase austénitique se transforme en
martensite au-dessous d’une température nommée M; « Martensite start ». Au cours de cette
transformation, le carbone ne peut plus diffuser. Ainsi, la phase obtenue posséde la méme
composition que la phase austénitique dont elle est issue. On parle ici d’une transformation

displacive.

14.1 Transformation displacive

La transformation se fait par un mouvement coopératif des atomes de fer qui passent, par un
mécanisme de cisaillement de leurs positions dans 1’austénite a des nouvelles positions plus
stable a basse température.

L’abaissement de la température de transformation freine fortement la diffusion du carbone

et augmente le potentiel chimique de transformation :

= La transformation de ’austénite provoque des faibles déplacements des atomes
inferieures a une distance interatomique.

» La composition chimique de la martensite est identique a celle de ’austénite qui lui a
donnée naissance.

= La croissance des ilots de martensite se fait trés rapidement a une vitesse voisine a
celle du son dans le métal (10° m/s).

= La transformation progresse par la formation de nouvelles cristallites et non pas par

de cristallites déja formées.



20

1.4.2 Aspect thermodynamique

La transformation de la martensite formée ne dépend que de la température. Pour les
températures élevées, I’austénite étant plus stable, son enthalpie libre est moins élevée.
Par contre, lorsque la température est abaissée, 1’enthalpie libre de la martensite est plus
basse de celle de 1’austénite. La figure 1.10 représente la variation de 1’enthalpie libre ou
encore appelée 1’énergie libre de Gibbs en fonction de la température. La température 7o

est la température a laquelle, I’inversion de stabilité des phases est constatée.
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Figure 1.10 Energie libre de Gibbs de I’austénite et
de la martensite (Porter et Easterling, 2004)

Toutefois, la transformation ne se produit pas immédiatement au changement de stabilité 7o,
mais a la température M inférieure a 7p. La transformation se poursuit alors, non par
croissance de la phase dé¢ja formée (martensite), mais par la formation de nouveaux domaines

a partir de 1’austénite, lorsque la température est de nouveau abaissée.

1.4.3 Structure cristalline de la martensite

La phase martensitique est une phase tétragonale centrée dans laquelle le carbone reste en
solution. La figure 1.11 montre la structure cristalline de la martensite. La teneur en carbone

influe directement sur les paramétres ¢ et a de maille martensitique. Le paramétre ¢ augmente
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avec la teneur de carbone, tandis que a diminue. Ainsi, plus la maille est riche en carbone

plus elle est tétragonale (Porter et Easterling, 2004).

Figure 1.11 Structure cristalline de la
martensite (Bhadeshia, 2001b)

1.4.4 Déformation de transformation

La transformation martensitique produit une déformation du réseau cristallin. Chaque droite
tracée a la surface de 1’austénite (trait discontinu illustré sur la figure 1.12) montre une
flexion a la traversée des cristallites de martensite apres déformation (Bhadeshia, 2001b).

Le plan invariant qui est 1’interface entre la martensite et 1’austénite est appelée un plan

d’habitat. La figure 1.12 illustre I’apparition de I’interface austénite/martensite.

Austénite Austénite

N

—

N

hY

Martensite plan d'habitat

Figure 1.12 Formation de la martensite: apparition de
I’interface austénite/martensite (Bhadeshia, 2001b)
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Il est caractérisé par deux propriétés : son orientation n’est pas changée par la transformation,

et les positions atomiques relatives dans ce plan ne sont pas modifiées par la transformation.

145 Morphologie de la martensite

Selon la teneur en carbone, la structure de la martensite peut apparaitre sous différentes
formes. On distingue la martensite en lattes et la martensite en plaquettes. Les figures 1.13

(a) et 1.13 (b) présentent les deux types de martensite.

Martensite .
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Figure 1.13 (a) Martensite en lattes (Shi et Han, 2008), (b)
martensite en plaquettes (Liu et al., 2011)

La figure 1.14 montre les domaines d’existence des deux morphologies de la martensite

(Krauss, 2001).
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Figure 1.14 Morphologie de la martensite en fonction
de la teneur en carbone (%) de I’acier (Krauss, 2001)
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Ainsi, la martensite en lattes est observée pour un acier a faible teneur en carbone, ne
dépassant pas les 0.6%. Elle est caractérisée par une structure constituée de paquets de lattes
grossierement paralleles. A I’approche d’un joint de grain, la croissance de ces lattes est
bloquée. La taille de grains initiale de la matrice est responsable de la structure finale obtenue
c'est-a-dire plus ou moins grossiere.

Pour une teneur en carbone supérieure a 1%, seule la martensite en plaquettes est présente.
Le développement de ces plaquettes se fait a partir du grain austénitique. Les premicres
plaquettes croissent facilement jusqu’aux joints de grains. Les autres plaquettes qui se
forment sont plus petites puisque leur croissance est bloquée par la présence des plaquettes
déja formées. Enfin, pour des teneurs de carbone comprises entre 0.6 et 1%, les deux types de

morphologies coexistent.

1.5 Transformation bainitique

La bainite est un agrégat, formé de plaquettes paralléles de ferrite et de cémentite, provient
de la décomposition de 1’austénite. La formation de la phase bainitique dépend de la
température et de la vitesse de refroidissement. Le domaine de température dans lequel se
forme la bainite est situé¢ entre celui de la perlite et celui de la martensite. La figure 1.15

montre le domaine de température de la formation de la bainite.
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Figure 1.15 Domaine de la température de la formation de
bainite (Bhadeshia, 2001c¢)
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La vitesse de refroidissement qui conduit a sa formation est comprise entre deux vitesses
critiques : une vitesse supérieure au-dessus de laquelle se forme la martensite et une vitesse

inférieure au-dessous de laquelle se forme la perlite.

1.5.1 Morphologie de la bainite

Les paquets de bainite sont formés de plaquettes paralleles trés allongées qui germent sur les
joints de grains et se développe dans 1’austénite conduisant & une plaquette ferritique
sursaturée en carbone. La morphologie de la bainite change en fonction de la température de
transformation. Ainsi, on distingue deux types de bainite : la bainite supérieure et la bainite

inférieure. Les figures 1.16 et 1.17 illustrent les deux morphologies de la bainite.

La différence entre ces deux dernieéres est basée sur la localisation des particules de

cémentite.

e La bainite supérieure : se forme a haute température. Les particules de cémentite
précipitent a 1’interface des lattes, sous forment de plaquettes discontinues. Elles
se forment a partir de I’austénite enrichie en carbone qui reste entre les lattes en
cours de leur croissance.

e La bainite inférieure : se forme a basse température. La précipitation de la cémentite
pendant le refroidissement s’effectue a 1’intérieur des lattes sous formes de fines

plaquettes.
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Figure 1.16 Morphologie de la bainite (Bhadeshia, 2001a)

Figure 1.17 (a) Bainite supérieure, image prise par microscope optique
(Bhadeshia et Edmonds, 1980), (b) Bainite inférieure, image prise par SEM
(Liu et al., 2011)

1.5.2 Déformation de la transformation

Le mécanisme de la formation de la bainite ressemble a celui de la martensite. Par, un

mécanisme de cisaillement, les atomes de 1’austénite se déplacent dans un mouvement
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coopératif dans la direction de cisaillent, parallélement a un plan fixe, pour occuper des
nouvelles positions dans la maille de la ferrite. D’apres des observations de la morphologie
de la bainite, la formation des grains de ferrite et la précipitation de cémentite semblent
progresser en cascade conduisant au développement latéral des paquets bainitiques
perpendiculairement a leur direction principale de croissance. La figure 1.18 schématise la

croissance des paquets bainitiques (Bhadeshia, 2001c).

AUSTENITE GRAIN
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t1 F T
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Figure 1.18 Croissance des paquets bainitiques a partir
d’un joint de grain de I’austénite (Bhadeshia, 2001c)

1.6 Vitesse de refroidissement

L’obtention de la martensite a partir de I’austénite dépend de la vitesse de refroidissement de
’acier. Cette vitesse dépend de la composition chimique et de la taille de grains initiale de
I’austénite. Les diagrammes de transformation en refroidissement continu, appelés
diagrammes TRC permettent de mieux maitriser les transformations qui se produisent en
fonction de la vitesse de refroidissement. Ils sont généralement établis a partir de mesures
dilatométriques. Ces diagrammes peuvent étre utilisés pour déterminer les conditions
d’obtention des phases souhaitées. IIs se lisent en suivant une courbe de refroidissement.

Un exemple de diagramme TRC pour un acier de composition chimique 0,72% C -0,72% Mn

est présenté sur la Figure 1.19.
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Figure 1.19 (a) Courbe TRC pour ’acier C70 ( 0,72 % C -0,72 % Mn) (b) et pour ’acier
60NiCrMo11-03 (0,57 % C - 2,36 % Ni -0,75 % Cr - 0,41 % Mo) (Murry, 1998)

Selon la figure ci-dessus, les éléments d’alliage, provoquent des modifications des courbes
constituant les diagrammes TRC. Ils agissent sur la température du point Ms. Ils décalent
aussi les courbes, mais pour certains d’entre eux, ils modifient la forme des diagrammes.

La transformation martensitique est aussi caractérisée par les températures M et My qui sont
la température de début et de fin de transformation. Ms et My varient selon la teneur en
carbone (Tensi, Stich et Totten, 1997). La figure 1.20 (b) montre 1’influence de la teneur en
carbone sur les températures de début et de la fin de la transformation martensitique.

La transformation martensitique peut €tre incompléte. On trouve une part d’austénite qui
reste dans la structure. Elle est appelée austénite résiduelle. La fraction volumique de cette
phase augmente avec ’augmentation de la teneur en carbone (figure 1.20 (c)). En effet,
I’ajout du carbone augmente la distorsion de la martensite. Cette forte distorsion empéche la
transformation totale de 1’austénite. C’est pour cela que la fraction volumique de 1’austénite
résiduelle croit avec la teneur en carbone. De méme pour la figure 1.20 (a), la dureté de la
martensite croit linéairement avec la teneur en carbone, puisque la dureté est causée par la

forte distorsion de la maille martensitique.
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Figure 1.20 Effet de la concentration du carbone sur : (a)
la dureté, (b) Mset My, (c) fraction volumique de
I’austénite résiduelle. (Tensi, Stich et Totten, 1997)

1.7 Contraintes résiduelles et distorsions

En général, les contraintes résiduelles proviennent des déformations plastiques hétérogeénes
générées par le procédé (gradients thermiques, gradients métallurgiques, efforts externes...)

ainsi que des différences de volume des phases métallurgiques.
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Durant la trempe et dans des situations réelles ou les contraintes d’origine métallurgique se
superposent, la zone en surface est d’abord affectée par la transformation martensitique, ce
qui augmente son volume. La zone au cceur oppose peu de résistance car elle est constituée
d’austénite a haute température trés déformable. Lorsque cette derniére zone subit la
transformation métallurgique, 1’augmentation de volume est empéchée par la surface, déja
martensitique, donc dure et trés peu déformable, ce qui induit des contraintes de compression
a cceur et de traction en surface (Barralis, Castex et Maeder, 1999).

Donc, I’accumulation de ces contraintes devient un probléme majeur, produisant des
distorsions, des instabilités dimensionnelles, des fissurations et une défaillance éventuelle
dans les pieces de fortes dimensions. Un examen métallurgique en laboratoire est nécessaire
pour établir ces problémes qui contribuent de manicre significative a la performance de la

picce en service (Anil Kumar Sinha and Bohn Piston Division, 1991).

1.8 Modélisation des transformations métallurgiques en phase solide

Plusieurs modeles de changement de phase sont cités dans la littérature. Le modele le plus
utilis¢ dans le cas d’une transformation displacive ou encore une transformation
martensitique est le modele de Koistinen et Marburger (Koistinen et Marburger, 1959). La
fraction de martensite formée est indépendante du temps et elle est en fonction de la

température 7, et donnée par 1’équation suivante :
fm =1— e—b(Ms—T) (11)

Ou M; est la température de début de la transformation martensitique (K), 7 est une
température inférieure a Ms et b représente la vitesse de transformation martensitique variant
avec la composition chimique de l'acier. Koistinen (Koistinen et Marburger, 1959) a
considéré que la valeur b est de 0,011 °C™! pour I'étude de la cinétique de la transformation
martensitique dans les aciers au carbone ayant des teneurs en carbone différentes Seok-Jae
(Seok Jae, 2013) a évalu¢ différents modeles actuels pour 1'étude de la cinétique de la
transformation de la martensite athermique et a montré que le parametre b dépend de la

composition chimique (Van Bohemen et Sietsma, 2009). Ghasemi Nanesa et al. (Nanesa,
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Jahazi et Naraghi, 2015) a rapporté différentes valeurs de b en fonction de la vitesse de

refroidissement dans un acier a outils a haute teneur en carbone.

Il est donc nécessaire d'appliquer 1'équation 1.1 pour déterminer f» a toute température
inférieure a My, au cas ou b et Ms sont connus. Pour cette raison, Yamamoto (Yamamoto et
al., 2007) a développé un mod¢le pour déterminer ces deux paramétres en utilisant la courbe
de dilatation obtenue a partir des essais de dilatométrie. Ce modele est basé sur la somme de
trois variations de volume (Yamamoto et al., 2007; Yamamoto et al., 2009):
e (Contraction de l'austénite résiduelle au fur et & mesure que la température
diminue.
e (Contraction de la martensite formée au fur et a mesure que la température
diminue.

e Expansion de volume due a la transformation austénite-martensite.

Ainsi, le mod¢le de Yamamoto est décrit comme suit :

dipq1 =d; — (fmam + fyay)AT (1.2)

Eiy1=diy1 + Sy—mfm (1.3)

Ou i est le i ™ point expérimental, d indique le retrait induit par le coefficient de dilatation,
E est la dilatation totale a la i température, an est le coefficient de dilatation de la
martensite, a, est le coefficient de dilatation de l'austénite, &)-» est la déformation due au
changement de volume de la maille entre 1'austénite et la martensite, fm est la fraction en
volume de martensite déterminée par équation K-M, f, est la fraction en volume de I'austénite
et AT est le changement de température, entre les températures T;,q.et T;., correspondant aux

points expérimentaux i+/ et i, respectivement.

om et oy peuvent étre obtenus directement a partir des courbes de dilatométrie. Cependant, il
n'est pas possible d'obtenir des valeurs uniques pour b, M; et &,-m. Ceci indique que plusieurs

fm peuvent exister pour un matériau donné trempé dans des conditions similaires.
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Qiu et al. (Qiu et al., 2009) ont modifié I'équation ci-dessus comme suit :

a,_a
E=E,+ <£],_m — ay, Mg —(yb—m)> +an

(1.4)

Ou E est la dilatation totale et Eo est la dilatation a la température M.

En utilisant cette équation, b, M; et e,-m peuvent étre modifiés jusqu'a ce que les résultats

expérimentaux de dilatation soient ajustés avec précision.

Concernant les transformations diffusives, le modele de Johnson-Mehl-Avrami-Kolmogorov
(JMAK) a été largement utilisé pour décrire les transformations de perlite, ferrite, bainite et
austénite :

V,=1—e k" (1.5)

Ou V; est la fraction volumique de la phase formée; ¢ est le temps de transformation, & et n
sont des constantes d'Avrami qui dépendent de la nucléation et du taux de croissance. Le
paramétre n a été associé au type de sites de nucléation et change de valeur avec le site de
nucléation dominant. n=1 lorsque les sites de nucléation sont sur les faces des grains, n=2
pour les joints des grains et n=3 lorsque les points triples sont les principaux sites de
nucléation. Il convient de noter que lorsque n=4, le taux de nucléation est considéré comme
constant (Etesami, Enayati et Kalashami, 2017; Lopez-Martinez et al., 2015). Cette équation
a ¢t¢ développée pour une transformation isotherme mais a aussi été utilisée pour des
transformations anisothermes durant le chauffage ou bien le refroidissement (Asadabad,

Goodarzi et Kheirandish, 2008; Machlin, 2007; Zheng et al., 2017)
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1.9

Conclusions

Cette revue bibliographique a permis de mettre en lumiére 1I’importance des principaux

facteurs dans la compréhension des transformations de phases dans les aciers. La vitesse de

chauffage, la température et le temps de maintien, au cours de 1’austénitisation, forment les

paramétres permettant d’obtenir une austénite homogene tout en régulant le grossissement de

la taille des grains de 1’austénite. Le choix de la vitesse de refroidissement joue un rdle

considérable sur les structures obtenues au cours de la trempe. La composition chimique,

quant a elle, a une influence sur la constitution d’équilibre et les transformations.

La synthése bibliographique a identifié I’existence des lacunes qui sont présentées comme

suit:

L’étude de 1’évolution de la microstructure des aciers a été largement investiguée
par plusieurs auteurs en utilisant différentes compositions chimiques. Néanmoins,
I’influence de la dimension des piéces étudiées sur 1’évolution de la
microstructure est rarement examinge.

L’effet de la vitesse de chauffage sur la transformation austénite-bainite est tres
peu étudié. Plus précisément, I’effet de la taille de grain initial sur la cinétique de
formation de 1’austénite ainsi que sur les produits de transformation et la
proportion de phases par rapport a la teneur en carbone de 1’austénite.

L’effet de la température et le temps du maintien a [’austénitisation sur la
microstructure a été largement observé dans le but de diminuer le temps du
processus de chauffage. Cependant, dans la littérature, il n'y a pas de clarification
sur le temps du maintien dans le cas des pieces de fortes dimensions. Quelques
auteurs ont utilisé des durées qui ne dépassent pas les 11 h pour des pieces de

moins de 50 kg.

Les lacunes citées ci-haut sont étudiées et analysées dans le cas des piéces de fortes

dimensions des aciers a haute résistance mécanique et représentent 1’originalité de ce

présent travail.



CHAPITRE 2

MATERIAU ET METHODES EXPERIMENTALES

2.1 Introduction

Le développement d'une procédure expérimentale pour représenter le comportement
métallurgique d'un acier lors d'un traitement thermique requiert des équipements permettant
des taux de chauffage et de refroidissement combinés a un systéme de mesure de dilatométrie
précis. Ainsi, une analyse des changements dimensionnels du matériau sera produite par la
combinaison d'une expansion thermique due a la température et d'une transformation de
phase due au gradient thermique.

Ce chapitre présente les propriétés dilatométriques et les cinétiques de transformation de
phase d’un acier faiblement allié au vanadium. Ultérieurement, aux chapitres suivants, ces
mesures de dilatométrie seront analysées.

Les différentes méthodes de caractérisation utilisées pour déterminer 1’évolution de la

microstructure dans un bloc de fortes dimensions sont abordées dans ce chapitre.

2.2 Matériau étudié

Une nuance d’acier, parmi les aciers ¢laborés par Sorel Forge, qui est une amélioration de la
nuance P20 standard, sera étudiée dans ce présent travail. La composition chimique de I’acier

est présentée par le tableau 2.1.

Table 2.1 Composition chimique de I’acier étudié (% massique)

C Vv Mn Si Ni Cr Mo Cu Fe
035 | 0,149 | 099 | 041 | 05 | 1.8 | 053 | 0,16 | Balance
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23 Techniques expérimentales

Dans cette section, on présente les différentes techniques expérimentales utilisées au cours de
la thése. Elles sont classées selon I’information recherchée. Il s’agit pour chacune d’entre
elles, de rappeler les bases théoriques de ces techniques, les objectifs qui nous ont amenés a
nous en servir, de présenter succinctement le dispositif utilisé et le protocole expérimental

mis en ceuvre.

2.3.1 Dilatométrie

Dans le but de simuler expérimentalement le cycle du traitement thermique d'un lingot de
fortes dimensions, des cycles de température seront exécutés en déformation libre et
¢galement, sans application de charge externe. Pour prédire le comportement métallurgique
de l'alliage, I'approche envisagée est de connaitre son comportement dilatométrique selon
différents cycles thermiques. Effectivement, cette caractéristique permettra de donner
beaucoup d'informations telles les points caractéristiques des transformations de phase (A4ci,
Acs, Ms et Bs), et les coefficients d'expansion thermique (ay et om) de l'acier au cours de

chauffage et au cours de refroidissement.

Des essais de dilatométrie sont faits et les résultats seront recueillis et interprétés. Ensuite,
certains de ces essais sont refaits. De ce fait, une comparaison des données permettra de
déterminer 1'effet de différents parametres sur le comportement métallurgique de 1'acier. Les
informations découlant de la dilatométrie seront utilisées dans le but de déterminer la nature
et les proportions des phases dans chaque zone du lingot, et d’utiliser certains modeles
mathématiques qui serviront a donner une idée sur les cinétiques de formations des phases

dans cet acier.

Deux équipements différents ont été utilisés pour faire les essais. Ainsi, la précision des

résultats pourra étre discutée.
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2.3.1.1  Gleeble®3800

Le mode¢le utilisé¢, comme on peut le voir a la figure 2.1, est le Gleeble®3800, situé¢ au sein

du laboratoire de 1’école supérieure de technologie.

s

CUENEDLE SYSYEmm

Figure 2.1 Gleeble®3800 Simulateur thermo-mécanique

Le chauffage direct par résistance est utilisé¢ dans le simulateur thermo-mécanique Gleeble®
3800. Cette méthode de chauffage fonctionne en faisant passer le courant alternatif a travers
des machoires de serrage a haute température dans 1'échantillon. La vitesse de chauffage
maximale possible dans le Gleeble® peut atteindre 10 000 °C/s. Les échantillons testés ont
une distribution de température uniforme dans la direction de la section transversale de
I'échantillon ; néanmoins, ils ont un gradient de température non uniforme dans la direction

longitudinale de I'échantillon.

Un systéme de trempe peut aussi €tre installé pour faire des trempes a I’aide d'un fluide (gaz,
air, eau). Le systeme utilisé pour réaliser les tests de dilatométrie est un dilatométre ISO-Q.
Une vitesse de refroidissement maximale de 400 °C/s peut étre obtenue avec un échantillon

solide, et une vitesse de refroidissement supérieure a 3000 °C/s peut étre obtenue en utilisant
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un échantillon de tube creux. Un cycle thermique typique est représenté sur la figure 2.2, et la

courbe de dilatation résultante est représentée sur la figure 2.3.

900 °C

Temperature °C

Air
cooling

055
SoC.

v

Time/s

Figure 2.2 Cycle de traitement thermique réalisé sur Gleeble®3800
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Figure 2.3 Courbe de dilatmétrie correspond a une vitesse de chauffage
¢gale a 5 °C/s
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La température isotherme peut étre maintenue a moins de + 1 °C dans un environnement a
vide ou gaz inerte pour éviter une oxydation excessive. Lors du refroidissement, la
température peut étre maintenue a tout moment avec + 5 °C/s en utilisant la technique de
trempe ISO-Q. Pour le controle de la température de la chauffe ou du refroidissement, un
thermocouple de type-K, composé de deux fils, est soudé au milieu de 1’échantillon.

Dans le systeme Gleeble®3800, le changement de longueur, la dilatation ou la contraction de
I’échantillon, durant le cycle thermique imposé, est mesuré a ’aide d’un capteur LVDT
(Linear Variable Differential Transformer). La figure 2.4 présente un apergu du systéme de

dilatométrie de Gleeble.

Figure 2.4 Systéme de dilatométrie de Gleeble

2.3.1.2  Dilatometre 805 A/D

Le dilatometre 805 A/D (figure 2.5) est équipé d'un systeme de chauffage par induction. La
plage de température de -150 °C a 1500 °C offerte dans deux configurations de température
garantit un ajustement parfait de température. Le controle précis de la température nécessite

une surveillance de la température adjacente a 1'échantillon.
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Figure 2.5 Machine de dilatométre 805 A/D

Le dispositif de placement de thermocouple facile a utiliser permet de souder de manicre
reproductible jusqu'a trois thermocouples directement sur I'échantillon pour des résolutions
de température de 0,05 °C sur toute la plage de température. Le courant et le temps de
soudage, la pression de contact et la purge de gaz inerte peuvent étre ajustés pour assurer une

forte soudure par points sur I'échantillon.

L'échantillon est chauffé uniformément sur toute la surface et il n'y a donc pas de gradient de
température sur la surface. Les limitations d'une telle méthode de chauffage résident dans un
temps de montée relativement ¢élevé a la température requise et dans la possibilité d'utiliser

des vitesses de chauffage et de refroidissement allant jusqu'a 0,1 °C/s.
2.3.1.3  Echantillons de dilatométrie

Des échantillons cylindriques pour Gleeble, de diamétre 5 mm et de longueur 84 mm, ont été
soigneusement découpés de maniere a ce que les faces touchant respectivement le support et
le palpeur soient rigoureusement paralleles. Ils sont ensuite polis et leur longueur est mesurée
grace a un pied a coulisse.

Une deuxiéme série d’échantillons a été préparée pour les essais sur le dilatomeétre 805 A/D

de diamétre 4 mm et de longueur 10 mm.
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2.3.2 Diffraction par rayon X

L’identification et la mesure des proportions des phases ont été réalisées par diffraction des
rayons X (DRX) qui est une technique fiable et trés répandue dans les aciers. Le principe de
la diffraction des rayons X s’appuie sur I’irradiation d’un échantillon par un faisceau
monochromatique de rayons X, dont le recueil des ondes diffusées est effectif selon la loi de

Bragg (figure 2.6) :

2dsin0=ma (2.1)

A
.. interférences
‘-
\_‘.
faisceau >
diffracté

faisceau
ncident

épaisseur
de couche
."1

—

plans
atomiques

Figure 2.6 Loi de Bragg donnant les directions ou les
interférences sont constructrices (UTINAM, 2016)

Avec :

A: longueur d’onde monochromatique en nm ;
m: ordre de diffraction ;

dni : distance inter réticulaire des plans en nm ;

6: angle de diffraction en (°).

Un diffractometre de marque X'Pert3 MRD PANalytical a été utilis¢é en mode a incidence
rasante avec un angle d’incidence de 5°. Un tube en cuivre (Cu Ko, 4 = 1.540598 A) et un
deuxiéme (Co Ka, 2 = 1.789A), travaillant a 45 kV, 40 mA ont été employés pour générer

des rayons X dans les conditions ambiantes du laboratoire. Les diffractogrammes obtenus ont



40

¢té¢ analysés et la proportion de 1’austénite résiduelle a été calculée en se basant sur le

standard ASTM E975-13 (ASTM, 2013).

2.3.3 Observations microstructurales

2.3.3.1 Préparation des échantillons

Les échantillons ont été préparés a l'aide d'une table de polissage automatique en plusieurs
étapes associées a différentes grosseurs de grain d'abrasif. Les premiers étant de type 120,
240, 320, 400, 600, 800 et 1 200 sont en fait du sablage avec des tapis de silice. Ensuite, de la

pate de diamant 3 um, 1 um et finalement 0.05 pum, sur des tapis appropriés.

2.3.3.2 Microscope optique

L’observation de la microstructure des échantillons a été réalisée par microscopie optique de
type 3D laser Olympus Lext OLS4100 (figure 2.7). Avant d'étre observés au microscope, les
¢chantillons doivent étre attaqués. Le réactif d'attaque utilisé¢ est de la composition chimique
suivante : NaOH (40 g) + H20 (60 g) + NaNOs (15 g). Le temps d’attaque nécessaire est de
30s.

Les microconstituants caractérisés sont la martensite, la bainite et la ferrite. Cependant, la
solution chimique utilisée permet de colorer la bainite et de la martensite en couleur claire et

foncée successivement.

Figure 2.7 Microscopie optique 3D laser
Olympus Lext OLS4100
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Cette méthode d’observation est utilisée pour étudier la microstructure de I’acier étudié avec
un grossissement allant jusqu’a 1000 fois. Les images obtenues sont traitées par le logiciel
d’analyse d’images MIP (Asia, February, 2018). C’est par ce mode d’observation que les

proportions des phases de notre acier ont été estimées.

2.3.3.3 Microscope électronique a balayage (MEB)

Le microscope optique est un outil rapide pour observer la microstructure des échantillons,
mais demeure limitative pour distinguer certains microconstituants qui ont une morphologie
semblable a faible grossissement. La microscopie électronique a balayage devient alors un
outil indispensable de caractérisation et a surtout cette utilit¢ dans le but de confirmer la
nature des microconstituants observés en microscopie optique. Le systéme utilisé est un

MEB Hitachi TM3000.

Au cours de cette ¢tude, la morphologie de la bainite a été observée au MEB ainsi que la
longueur et la largeur des lattes de bainite. Ce microscope est équipé d’un systeme de EDX

qui permet d’effectuer des analyses chimiques locales.

234 Mesure de la taille de grain

Il est difficile de mesurer la taille réelle des grains et cela prend du temps. En raison de la
complexité de l'examen des caractéristiques tridimensionnelles des grains, l'examen des
grains en deux dimensions sont souvent utilisés a la place. Une méthode couramment utilisée
pour définir la taille de grains est de considérer les grains en une sphére ou un cercle et

d'utiliser le diametre comme taille de grain.

L'observation de la taille de grains se fait a l'aide d'un microscope optique. Le standard
ASTM a mis au point une méthode standard, E11251, qui indique comment la taille des
grains peut étre calculée a partir d'une image microstructurale bidimensionnelle. La taille des
grains est indiquée dans le numéro ASTM par G qui est basé sur le nombre de grains dans un
pouce carr¢ a 100 fois le grossissement. Dans cette ¢tude afin de déterminer la taille de grains

initiale de 1’austénite, on a eu recours au logiciel MIP qui est basé sur la méthode des
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intercepts selon le standard ASTM E11251. Une dizaine de lignes horizontales ou verticales
est tracée sur la micrographie (figure 2.8) et la distance entre deux intersections d’une ligne

et d’un contour est mesurée.

o
4
C ki I \.‘- UK
el )
— "-" 1
AL ’ ,.--Mh W
il il
f :‘ ‘j..- ™ o
L iy 4
— P \ o I
| el |
f i I
i
A /
I i Tt et -‘:;,
- -
\‘x | il
Tl ( e i ‘ ‘
il .‘....i\ e

Figure 2.8 (a) Microstucture montrant les joints de grains de la zone du
centre; (b) Calque des joints du grains; (c et d) les intercepts

Les distributions de tailles de grains de différentes zones de la surface investiguée (figure
2.9) ont été mesurées et une valeur moyenne a été déterminée. Il est nécessaire de mentionner
que les échantillons du matériau de base ont été attaqués par une solution chimique d’acide
picrique a chaud afin de révéler les joints de grains de I’austénite avec un temps d’immersion

variant entre 30 s a 1 min.
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Figure 2.9 Distribution: (a) horizontale et (b) verticale
de la taille de grains obtenue par le logiciel MIP

2.3.5 Microdureté

Afin d’estimer les caractéristiques mécaniques et 1’influence des différents paramétres du
traitement thermique sur 1’évolution de la dureté, des mesures de dureté Vickers, sous 50 gf,

sont réalisées apres la préparation de la surface des échantillons. Les échantillons ayant fait
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I’objet de ces mesures sont les échantillons de dilatométrie. Aprés traitement thermique, la
surface intérieure de chaque échantillon est choisie pour effectuer les mesures. Une moyenne
de 10 indentations a été déterminée pour chaque condition selon le standard ASTM E384-11

(ASTM, 2012).

24 Factsage

Au cours de cette étude, le logiciel thermodynamique Factsage a été utilisé. Ce logiciel est
couramment utilisé pour calculer les diagrammes de phases a 1’équilibre pour des alliages de
composition complexe. Toutefois, sa principale limitation vient du fait que seuls les calculs a

I’équilibre peuvent étre effectués.

Il existe une vaste base de données disponible pour les différentes gammes de matériaux.
Dans ce travail, une base, particulierement adaptée pour 1’analyse thermodynamique des

aciers a servi pour la détermination de la proportion des carbures.

2.5 Conclusion

Dans cette phase préparatoire, on introduit le matériau étudié, sa composition chimique et les
conditions du traitement thermique en phase de chauffe et de refroidissement. Un protocole a
été établi qui permet de caractériser I’acier et d’identifier 1’évolution de la microstructure en
phase de refroidissement a vitesse constante. Sont venus s’ajouter a ces tests, une analyse
métallographique et des tests de microdureté. Les résultats obtenus sont analysés et

interprétés.
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INFLUENCE OF INITIAL MICROSTRUCTURE AND GRAIN SIZE ON
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Article publié¢ dans le journal « Journal of Iron and Steel Research International », le 22 Mai
2018, volume 25, issue 5, pp 554-562

L’objectif de cet article est d’étudier I’effet de la vitesse de chauffage sur la formation de
I’austénite. L’accent se met en particulier sur la microstructure de départ de différentes zones
d’un bloc de forte dimension. Une microstructure est composée de bainite et d’austénite

résiduelle avec une taille de grain différente entre la surface et le coeur du bloc.
Abstract:

The kinetics of austenite formation in the surface and center regions of a 40-ton forged ingot
of a high strength medium carbon low alloy steel was studied using high resolution
dilatometry. The starting microstructures from the surface or center regions had different
proportions of bainite and residual austenite as well as different prior austenite grain sizes.
Two heating rates representing the actual heating rates in the surface (5 °C/s) and center
regions (0.5 °C/s) of large size forged blocks were used. Dilatometric curves revealed only
one transformation step for austenite formation for both heating rates independently of grain
size or proportion of phases. Optical, FEG-SEM and X-ray diffraction were used to study
microstructure evolution and confirmed the results obtained by dilatometry. The kinetic
parameters for austenite formation were determined from the dilatometry data using Johnson-
Mehl-Avrami equation. The JIMAK coefficients were determined for each condition for the

investigated steel. The calculations indicated that the nucleation and growth of austenite in
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the surface region was accelerated more than 10000 times due to almost one forth smaller
average prior austenite grain size, stability of initial retained austenite, and accumulation of
coarse carbides at the surface. The results are discussed in the framework of classical

nucleation and growth theories using the kinetic parameters for austenite formation.

Keywords: Large size ingot, medium carbon low alloy steel, initial microstructure, austenite

formation, grain size.

3.1 Introduction

Large size forged ingots made of high strength steel (HSS) are used as mold in automotive
manufacturing industries (Kuziak, Kawalla et Waengler, 2008). These alloys are required to
have a combination of high strength, hardness and toughness (Mordike et Ebert, 2001;
Wegman et al., 1990). They are generally made of medium carbon low alloyed steels and
have a microstructure composed of bainite, some martensite and various types of carbides

(Huang, Hsu et Yao, 2004).

Ingot casting followed by open die forging, hardening (austenitizing & quenching), and
tempering are the main manufacturing steps in order to obtain the desired microstructure as
well as the required mechanical properties (Anil Kumar Sinha and Bohn Piston Division,
1991; Bhadeshia et Honeycombe, 2017; J. Mahieu, 2002). For example, during the open die
forging process, under the combined effects of deformation at elevated temperatures, the
coarse as-cast microstructure is broken down into fine equiaxed grains (Sakai, Belyakov et
Miura, 2008). During open die forging of small size ingots, it is possible to produce nearly
uniform grain size distribution from the surface to the center of the forged ingot. However,
achieving such uniformity for large-size ingots is a major challenge and often a gradient in
grain size is observed from the surface to the center. The variability in grain size is also
accompanied with changes in the proportion and type of phases present in the microstructure

of the as-forged material (Hu, Hodgson et Wu, 2014).
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Considering that the final microstructure at the end of the quenching process is dependent on
the characteristics of the austenite formed during the austenitization stage (Luo et al., 2017),
it is of significant importance to quantify and understand the influence of initial grain size
and initial retained austenite on the kinetics of austenite formation during the thermal
hardening cycle. The influence of initial microstructure on the kinetics of austenite formation
have been studied by many researchers (Caballero, Capdevila et Andres, 2002; Chang et Yu,
2013; Esin et al., 2014; Li et al., 2016; Liu et al., 2017; Lopez-Martinez et al., 2015) who
reported that heating rate and austenite grain size are the most important factors changing the
kinetics of austenite formation (Banerjee et al., 2010; Caballero, Capdevila et Andres, 2002;
Li et al., 2016). However, the above studies have been focused on ferrite and/or pearlite and
martensite initial microstructures and few results are available on the kinetics of austenite
formation during continuous heating from a bainitic microstructure (Chang et Yu, 2013;

Lopez-Martinez et al., 2015).

Initial microstructure determines the austenite formation steps during austenitization thermal
cycle (Caballero, Capdevila et Andres, 2002; Chang et Yu, 2013; Esin et al., 2014; Li et al.,
2016; Liu et al., 2017; Lopez-Martinez et al., 2015). For example, when the initial
microstructure is ferritic with some martensite, the austenite formation occurs first by
decomposition of the martensite followed by ferrite transformation to austenite (Lopez-
Martinez et al., 2015). However, transformation from a composite bainite-martensitic
microstructure to austenite occurs in a single step by the decomposition of the microstructure
without ferritic transformation (Lopez-Martinez et al., 2015). Therefore, the same type of
questions could arise for bainitic microstructures with different amounts of retained austenite

or other phases.

The kinetics of austenite formation can be determined from Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation. In the JMAK equation, there is a parameter n which has been
related to the type of nucleation sites (Etesami, Enayati et Kalashami, 2017; Lopez-Martinez
et al., 2015), and was found to be independent of transformation temperature. It has been
shown that n varies from 0.5 to 4 (Burke, 1965) depending on the grain size and the change

in nucleation mechanism during austenite formation. Specifically, Lopez-Martinez et al.
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(Lopez-Martinez et al., 2015) reported that n value varied between 3.25 and 3.75 when the
starting microstructure was martensite and bainite. Similarly, Etesami et al. (Etesami, Enayati
et Kalashami, 2017) studied austenite transformation kinetics in a cold rolled ferritic-
martensitic steel and reported that n value changes with the dominant nucleation site. In their
study, n=1 when nucleation sites were grain faces, n=2 for grain edges, and »=3 when grain
corners were the main nucleation sites. It is worth noting that when n=4, the nucleation rate is

considered constant (Lopez-Martinez et al., 2015).

Chang and Yu (Chang et Yu, 2013) in their investigation, on a fully bainitic microstructure
of a microalloyed steel, found that as the heating rate increases the formation of austenite
evolves from a two-stage to a single-stage process. They reported that for heating rates below
5 °C/s, austenite transformation was dominated by diffusional transformation while above
this heating rate, it was dominated by shear transformation mechanisms (Chang et Yu, 2013).
In contrast to the study proposed by Lopez-Martinez et al. (Lopez-Martinez et al., 2015),
Chang and Yu (Chang et Yu, 2013) did not obtain different values for n as a function of the

starting microstructure.

Little data is available in the literature on the influence of starting bainitic microstructure on
the value of constant £ in JMAK equation. £ is the rate of transformation associated with the
nucleation and growth of austenite. The existing data is mostly related to the influence of
heating rate. For example, Lopez-Martinez et al. (Lopez-Martinez et al., 2015) found that &
increased from 2.7 107!* to 1.1 1077 as the heating rate increased from 0.03 to 0.67 °C/s.
Similarly, Chang and Yu (Chang et Yu, 2013) reported an increase of 7.4 10? in the k value

when the heating rate increased from 0.1 to 1 °C/s.

The other factor influencing austenite formation during heating to austenitization temperature
is the prior austenite grain size (PAGS). Indeed, as changes in grain size modify the available
grain boundary area, it is expected that the kinetics of austenite nucleation and growth, and
hence the constants n and k in JMAK equation, will be directly affected (Asadabad, Goodarzi
et Kheirandish, 2008; Brooks, 1996; Cota et al., 2004). For example, Cota et al. (Cota et al.,

2004) have observed an increase of Avrami exponent » from 1.1 to 2.03 when the grain size
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increased from 10 to 100 um. Whereas, for the constant £, they found that it decreased from

0.05 to 0.001 as the PAGS increased.

The present work has been defined in this context and has for objective to investigate the
kinetics of austenite formation for different grain sizes and heating rates, corresponding to
different zones within a large-size forged ingot of high strength steel. Specifically, the
industrial thermal hardening cycle for the surface and center regions of large size forged
ingots was simulated using high resolution dilatometry. The constants n and k of the IMAK
equation were determined for each region and the root causes for such differences in # and &k
values were studied in detail. Furthermore, to the knowledge of the authors, little quantitative
information is available on the effect of large initial grain size (above 100 um) in a bainitic
microstructure on the transformation of austenite and its impact on the kinetic parameters of
JMAK equation. This aspect will also be considered in the present work. Optical and electron
microscopy along with X-ray diffraction techniques were used for validation of the

dilatometry results as well as microstructural, and phase identification purposes.

3.2 Materials and Experimental Procedures

The high strength low alloy steel investigated in the present study was provided by Finkl
Steel-Sorel, Quebec, Canada. The chemical composition of the as-received steel is provided

in Table 3.1.

Table 3.1 Chemical compositions of investigated steel (wt %)

Element C Mn Si Ni Cr Mo Cu Fe

Content 0.35 0.99 0.41 0.5 1.86 0.53 0.16 Balance

Samples were cut from the near surface and central zones (Fig. 3.1) of a 40 t ingot forged by
open die forging around 1260 °C and then air cooled. Dilatometry experiments were
performed using Gleeble® 3800 thermomechanical simulator. Dilatometry samples,
machined from the two selected zones of the forged ingot, were 5 mm in diameter (do) and 84

mm in length with the geometry indicated in Fig. 3.2.
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1265 mm

127 mm

Figure 3.1 Locations of dilatometry samples in forged block

Figure 3.2 Geometry of dilatometry samples

Tests were conducted at two heating rates of 0.5 and 5 °C/s until austenitization temperature
of 900 °C followed by a holding time of 30 min and then cooling to room temperature.
Figure 3.3a illustrates the heat treatment cycle and Fig. 3.3b shows the experimental setup in
the Gleeble machine with the location of the K-type thermocouple welded to the central

region of the gauge length.
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Figure 3.3 (a) Heat treatment cycle; (b) Experimental setup in Gleeble machine

Initial microstructures were determined from metallographic analysis by grinding and
polishing, following standard metallographic procedures. After that, samples were etched
using a solution of NaOH (40 g) + H20 (60 g) + NaNOs3 (15 g) (Gouné et al., 2012). Optical
microscope (OM) and scanning electron microscope (SEM)-(Hitachi TM3000 Tabletop) and
field-emission gun SEM (Hitachi SU8230) were used to observe the microstructures. The
grain size of austenite was measured by the line intercept method (Aghuy et al., 2015;
Rostoker et Dvorak, 2012) using the metallography analysis software MIP (Asia, February,

2018) based on several optical micrographs from different regions.

X-ray diffraction (XRD) analysis was carried out using Cu-Ka radiation with a scan step size
of 0.0835° on X’Pert3 MRD PANalytical machine. The diffracting angle (26) was scanned
from 30° to 110° to include reflections from austenite and bainitic ferrite. The volume
fraction of phases was calculated using the ASTM standard E975-13 “X-Ray determination
of retained austenite in steel with near random crystallographic orientation”. The intensities
of ferrite and austenite peaks were used to determine the volume fraction of retained

austenite which is given by the following equation (Macedo, Cota et Araujo, 2011 ):
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where I, and I, are the intensities of ferrite and austenite, respectively; R, and R, are the
factor depending on the Bragg angle, crystal structure and chemical composition of the
phases being measured; n,, is the number of diffraction lines taken into account; and V. is
the volume fraction of carbides which is assumed to be 2.6% based on FactSage (Li, Min et

Wu, 2010) calculation and was considered as constant number for the rest of calculations.

33 Results and Discussion

3.3.1 Initial microstructure

OM and SEM images of the as-forged steel (i.e. starting microstructure) taken from the
surface and central zones are shown in Figs. 3.4a and 3.4d. It can be seen that the starting
microstructure is mostly composed of bainite in both zones; however, the shape and
distribution of bainite could be related to the average PAGS in each zone. The packet
structure of the bainite of the surface region is more equiaxed with a maximum length of 220
um and a max thickness of around 1.35 pum, as shown in Fig. 3.4c. In contrast, at the center
of the ingot, bainitic sheaves were arranged in packets in the form of layers of laths, with
maximum lengths of about 250 um and thicknesses of the order of 1.75 um (Fig. 3.4d). The
above findings are in agreement with those reported by Hu et al. (Hu, Hodgson et Wu, 2014)
who observed that the width and length of bainitic sheaves are directly related to the
austenite grain size in which smaller grain sizes lead to shorter width and length of bainite

sheaves (Hu, Hodgson et Wu, 2014).

In order to identify the amount of retained austenite and bainite in both zones, XRD patterns
were obtained and analyzed using ASTM E384-11 standard (Macedo, Cota et Aratjo, 2011 ).
The XRD diagrams and the calculated phase fractions of retained austenite are shown in Fig.

3.5 and Table 3.2, respectively. The specimen taken from the center contains 68.51% of



53

bainite and 28.89 % of retained austenite (Fig. 3.5). For the samples taken from the surface
region the amount of bainite increased to 69.68% and that of retained austenite was reduced
to 27.72%. The PAGS were also determined for both zones using ASTM-A247-67 (Aghuy et
al., 2015) standard and the image analysis software MIP. Their values are 100+£18 and

360+25 um respectively for surface and center.

Table 3.2 Volume fraction of phases in surface and center (vol. %)

Phase Surface Center
Bainite 69.68 68.51
Retained austenite 27.72 28.89

Figure 3.4 OM and SEM images of initial microstructure of received steel taken
from surface (a,c) and center (b,d) representing different shape and distribution
for bainitic sheaves
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Figure 3.5 XRD diagrams showing different amounts of retained austenite
in two initial microstructures taken from surface and center of forged ingot

3.3.2 Kinetics of austenite formation

Figure 3.6 shows the dilatometric curves (solid lines) obtained from the Gleeble® 3800
machine and the first derivatives of the dilatometric strain (4d: variation in diameter, do:
initial diameter) data. The derivation technique, previously reported by other authors
(Avrami, 1941; Martin et al., 2008), allows for a more accurate determination of the
transformation points. As indicated, the temperatures of A1 (austenite formation start
temperature) and Ac3 (austenite formation finish temperature), at 0.5 and 5 °C/s heating rates,
were determined graphically from the first derivative curves. The results indicate that Ac1 for
5 °C/s is 12 °C higher than that for 0.5 °C/s; while, for Ac3 there is a difference of about 9 °C
between the slow and fast heating rate conditions. Also, using the inflection points on the
derivative diagrams, it is possible to determine 7% (0.5) and 7t (5) representing the temperatures
where the maximum transformation rate for each heating rate occurs. Therefore, 7t (0.5) and Tt
(s) temperatures were determined to be 800 °C and 813 °C for 0.5 and 5 °C/s, respectively.
This finding indicates that the maximum transformation rate is directlty dependent to the

heating rate. Increasing the heating rate by 10 times increases the 7t temperature about 10 °C.



55

0,013 8
Strain-surface, 5°C/s Strain-center, 0.5°C/s

— = = Derivative-surface, 5°C/s — = = Derivative-center, 0.5°C/s 17

0,012 F 416
- 5 —
=)
0,011 } 14 %
= 5
s 1° 2
3 3
= 0,01 F 12 g
£ =
& 11 3%
2
0,009 } {10 2
o}
]2

0,008 F 1 -2

1 -3

0,007 -4

550 600 650 700 750 800 8-50 900 950
Temperature /°C

Figure 3.6 Dilatometric and their first derivation curves during continuous heating at two
different heating rates of 0.5 and 5 °C/s

As indicated in Fig. 3.6, the slopes of the derivative curves are negative for both conditions
until 7t (0.5) and Tt (5). After this step, the slopes change from negative to positive until Ac3
indicating that austenite formation, for both heating rates, occurs in one step. Based on the
dilatometry results, 4c1 and Ac3 values for the studied steel were determined to be 718 °C and
856 °C for the slower heating rate (0.5 °C/s) and 730 °C and 865 °C for the heating rate of 5
°C/s. The above results indicate that the tenfold difference in heating rate between the surface
and the center regions induces changes in the order of 10 °C on austenite’s critical
transformation temperatures (i.e. 4c1 and A4c3). Esin et al. (Esin et al., 2014) observed a 30 °C
increase in the 4¢3 of a medium carbon steel when the heating rate was increased from 0.25 to
100 °C/s. They interpreted their results in terms of the higher sensitivity of the ferrite-pearlite
microstructure to heating rate. Martin et al. (Martin et al., 2008) found similar results to the

present work in a low carbon alloy steel. For heating rates in the range of 0.05 to 0.5 °C/s,
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they observed only minor changes (less than 5 °C) in the critical temperatures while when the

heating rate was increased to 10 °C/s, both critical temperatures increased by about 16 °C.

The volume fraction of austenite formed during the continuous heating process was

calculated using the IMAK equation (Avrami, 1941).
V,=1—e k" (3.2)

Where ¥, is the volume fraction of austenite formed upon phase transformation; ¢ is the
transformation time, s; and » is the Avrami constant. The austenite volume fraction for the
studied steel was calculated from dilatometric curves using the lever rule (Movahed et al.,
2009) and the results are reported in Fig. 3.7. The observed sigmoidal behavior indicates the

diffusion controlled nature of the process in accordance with the Avrami equation.
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Figure 3.7 Volume fraction of formed austenite in the studied steel at
heating rates of 0.5 and 5 °C/s

Analysis of the data in Fig. 3.7 shows that the transformation start time is 145 s in the surface

region while it is only 1385 s at the center. This finding is in agreement with that of Lopez-
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Martinez et al. (Lopez-Martinez et al., 2015) who also reported that the time required to
attain a certain volume fraction of austenite from a bainite-martensite microstructure

decreased from 800 s to about 8 s when the heating rate was increased from 0.03 to 0.67

°Cls.

It should be noted that in general the JIMAK equation is used under isothermal conditions;
however, its applicability to non-isothermal conditions has been reported by several authors
(Caballero, Garcia-Mateo et Andres, 2005; Chang et Yu, 2013) and therefore this approach
has been used in the present study. Based on dilatometric data, best fits were applied to
determine »n and k. The plot of In ln[l/(l - I/;,)] as function of Intis shown in Fig. 3.8.
Avrami constants n and In k were obtained from the slope and intercept of the straight line

and are reported in Table 3.3.

2
L [eseest
*
+0.5°C.s-1
0
=
7 -l
E’ .
=2 *
=
-3 y=2.5701x - 7.4616 .
4l y/=3.2595x - 17.267
-5 . L . .
0 1 2 3 4 5 6
In (t)

Figure 3.8 Plot of In ln[l / (1 - Vy)] as function of In t calculated from
dilatometric curves.
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Table 3.3 Kinetic parameters for heating rates of 0.5 and 5 °C/s

Heating rate/(°C/s) n k
0.5 3.25 3.16x10°®
5 2.57 5.74x10*

The above results show that the parameter &, associated with nucleation and growth of
austenite, is at least 10* times greater for 5 °C/s than for 0.5 °C/s. This significant
acceleration in the nucleation and growth rates of austenite could have different root causes
that are evaluated in the following: Average PAGS calculations showed 0.35 times smaller
grain sizes at the surface in comparison with the center region. On the other hand, the range
of the n value (i.e. between 2 and 4) indicates that grain boundaries are the main nucleation
sites for austenite, for both heating rates (Brooks, 1996; Etesami, Enayati et Kalashami,
2017). Therefore, as finer grain sizes are present in the surface region, the nucleation and
growth rate should be higher at the surface. Moreover, as revealed by XRD analysis (Fig.
3.5), the initial microstructure is composed of bainite with a significant quantity of retained
austenite. If the retained austenite becomes stable during heating and does not decompose
before reaching A3 temperature (equilibrium stability of austenite), it can grow without the
need for nucleating new austenite grains and therefore faster growth rates, i.e. higher &
values, are obtained (Rees et Bhadeshia, 1992). Finally, the interface of coarse carbides with
the ferritic matrix has been identified as possible source for the nucleation of austenite during
heating (Brooks, 1996). Such possible contribution should be evaluated because the presence
of molybdenum and chromium in the investigated steel result in the formation of various

types of carbides.

In order to validate the above possibilities, the dilatation curves with their first derivatives
versus temperature were plotted for the austenite decomposition range of 200-350 °C and the
results are reported in Fig. 3.9. As it can be seen, the decomposition of retained austenite
becomes significant around 340 °C for the lower heating rate while it keeps a steady trend for

the higher heating rate. On this basis, it can be said that, the retained austenite at the surface
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could grow with no need for nucleation but in contrast, the one at the center, which is heated

at much slower pace, needs new nucleating grains for further transformation.
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Figure. 3.9 Dilatometric and their first derivation curves during continuous heating at
two different heating rates of 0.5 and 5 °C/s for temperature range where austenite
decomposition occurs

The volume fraction of coarse carbides in the surface region was estimated to be about 2.6 %
on the basis of microstructure examination as reported in Figs. 3.10a and 3.10c. This amount
was nearly zero in the center region. Although the volume fractions are relatively low in
absolute value, those coarse carbides at the surface are not negligible and therefore they
could also become potential nucleation sites for austenite during heating.

On the basis of the above analysis, the combination of smaller grain size, the stability of
retained austenite, and coarse carbides are the main sources for the observed acceleration in
austenite nucleation and growth rate in the surface regions of the forged ingot compared to

the center one.
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Figure. 3.10 OM and SEM images showing different distribution of coarse
carbides at surface (a, c), and center (b, d); black arrows show different size of
carbides and almost nothing at center

333 Activation energy for austenite transformation

The Kissinger method (Zhang, Wu et Min, 2009) is well-known for estimating the maximum
rate of transformation that is attained at temperature 7y It corresponds to a fixed
transformation fraction taken for a certain interval of heating rates. Kissinger method and
dilatometric measurements were used for the determination of the activation energy for
austenite formation from an initial microstructure composed of bainite and retained austenite.
The plot [d(4d/dy)/dT) as function of temperature, reported in Fig. 3.6 shows that Tt

corresponds to the maximum point in the function rate curve.
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Using Eq. 3.3 the activation energy of austenite formation in the studied alloy was calculated:

(L) =2t () 4 33
") TR Y M Ri) TP '

where E is the activation energy of austenite formation, (kJ/mol); T is the temperature of
transformation that corresponds to the peak, °C, mentioned in Fig. 3.6; ¢ is the heating rate,

(°C/s); R is the universal constant, (J/mol.°C); and f; and k, are constants.

2
From Eq. (3.3) In (%) was plotted against (%) and fitted to a straight line. The slope of the
f

curve represents £/R and therefore the activation energy, £, could be estimated.

Using the above approach, and considering that only one inflection point is present in each of
the dilatometric curves of Fig. 3.6, the activation energy for the studied material associated
with austenite formation was estimated to be 1689 kJ/mol for the two investigated heating
rates. It is well-known that the value of the activation energy is indicative of the governing
mechanism of austenite formation (Carvalhoa, Andrade et Plaut, 2013; Duan et al., 2010)
with higher values representing a shear controlled transformation process in opposition to a
diffusion controlled mechanism. On this basis it can be said that for the investigated steel,
grain size, and the selected heating rates the transformation of bainite to austenite is done by
shear controlled mechanism. Finally, it should be noted that the determined activation energy
value in the present investigation is in agreement with those reported by reported by Li et al.
(Li et al., 2016) (1796 kJ/mol), Luo et al. (Luo, Han et Gu, 2016) (1760-2670 kJ/mol), and
Chen et al. (Chen et al., 2013) (2367 kJ/mol), but higher than those reported by Lopez-
Martinez et al. (Lopez-Martinez et al., 2015) (317-530 kJ/mol) or Chang and Yu (Chang et
Yu, 2013) (385-539 kJ/mol). However, the above authors also concluded that the high
activation energy values correspond to a shear transformation mechanism. Finally, it should
be noted that a detailed investigation on the root causes for the observed differences would
require considering the impacts of the alloying elements in the compositions of the steels
such as Cr, Mn, and C; nature of the initial microstructure (type of bainite, volume fraction of
martensite, volume fraction of retained austenite, etc.), and choice of the heating rates. Such

comprehensive study is out of the scope of the present investigation; however, as mentioned
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above, it does not influence the identification of a shearing process for the austenite

transformation mechanism.

34 Conclusions

In the present study the influences of heating rate, grain size and starting microstructure on
the kinetics of austenite formation in a large forged ingot of high strength steel was
investigated. The following conclusions can be drawn:

e Austenite formation for the investigated steel was observed to take place in one single
step for the two investigated heating rates of 0.5 and 5°C/s.

e The change of heating rate showed a significant effect on the kinetic parameters » and
k. The rate factor k representing austenite growth was found to be 10* times higher at
the higher heating rate.

e The accelerated nucleation rate in the surface region can be dominated by smaller
grain size, stability of retained austenite at the surface during heating, and
accumulation of coarse carbides at the surface instead of uniform distribution
throughout the ingot.

e The activation energy for austenite formation was determined to be 1698 kJ/mol

indicating a shear controlled mechanism for the investigated alloy.
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L’objectif de cet article est d’étudier l'influence de la microstructure de départ et de la
température d'austénitisation sur la cinétique de formation de l'austénite et sa transformation
durant le traitement de trempe. L'étude cinétique de la formation d'austénite a montré une
dépendance significative de la germination et de la croissance de l'austénite a la vitesse de
chauffage et a la microstructure de départ. La température d’austénitisation de 900 °C a été

déterminée comme la température optimale pour ce traitement thermique.
Abstract:

The influence of the starting microstructure and austenitization temperature on the kinetics of
austenite formation and its subsequent transformation simulating the quench process of a
high strength low alloy steel were investigated. The two microstructures were characterized
by different proportions of bainite and residual austenite as well as different prior austenite
grain sizes. High resolution dilatometry combined with scanning electron microscopy and X-
ray diffraction analyses were used to study phase transformation and distribution at different
stages of heating and cooling process. Dilatometry results revealed two distinct stages for the
austenite formation in the austenitization process. The kinetic investigation of austenite
formation showed significant dependence of austenite nucleation and growth on the heating

rate for both starting microstructures. In addition, the subsequent transformation of austenite
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to martensite and/or bainite was studied using two different cooling rates (1 and 0.1 °C/s).
Microstructure examination showed the presence of ferrite in the microstructure at 850 °C for
0.1 °C/s. This was related to the reduction of carbon diffusion in austenite due to the
presence of alloying elements such as Mo and Cr. Phase fraction and different morphologies

of bainite were identified and correlated with dilatational analysis.

Keywords: dilatometry, austenite transformation, avrami equation, microhardness, large

sized blocks.

4.1 Introduction

In the automotive sector, large sized forged blocks, made of medium carbon low alloy steels,
are used as plastic injection moulds for the production of large size components (Firrao et al.,
2007). A combination of strength, toughness and wear resistance are needed in these types of
moulds to respond to industrial demands (Mordike et Ebert, 2001; Wegman et al., 1990).
Considering that the above properties are controlled by the microstructure of the alloy, it is of
critical importance to better understand the influence of process parameters on
microstructural evolution (Kacar et Acarer, 2003). The most important microstructure
evolution step in the processing of these alloys is the solid-state phase transformations which
takes place during the thermal hardening step (quench+ temper cycles) (Wegman et al.,
1990). However, due to the large size of the blocks, the characteristics of solid-state phase
transformations at the surface and the center regions are different and may result in
heterogeneous microstructures and properties that may lead to part inconformity or even its
scrapping (Chadha, Shahriari et Jahazi; 2016; Chentouf et al., 2014). In addition, non-
uniformity in grain size of large size blocks from the surface to the center is accompanied
with change in the morphology, nature and proportion of phases obtained after thermal
hardening cycles (Hu, Hodgson et Wu, 2014). Thermal hardening of these steels activates
bainitic and martensitic transformation to meet service requirements for mechanical

properties.
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The austenitizing treatment before quenching is the most important step for the final product
(Ferrari et al., 2014b; Guiqin, Duo et Miaoyong, 2015; Santuliana et al., 2011).
Austenitization for a sufficient soaking time is required to obtain a total transformation of
austenite and homogeneity in chemical composition (Delia, Alaalam et Grech, 1998). The
austenitization temperature also controls the carbon content of the austenite. For example,
austenitizing at higher temperatures leads to increased dissolution of carbides, causing
redistribution of carbon and influencing phase transformation to bainite or martensite during
cooling (Ferrari et al., 2014b; Santuliana et al., 2011; Spezzapria et al., 2017). The areas rich
in carbon transform to martensite while areas poor in carbon, are transformed to bainite

(Santuliana et al., 2011).

Ferrari et al. (Ferrari et al., 2014b) reported 6 % higher carbon content, in a medium carbon
tool steel, when austenitization temperature changed from 980 to 1025 °C. Higher amounts
of retained austenite (18.1%) and bainite were produced at lower austenitization temperatures
with lower cooling rates while, higher austenitization temperature yielded lower amounts of
retained austenite (4.6%) and larger amounts of martensite at the expense of bainite. The
carbon enrichment of austenite was related to dissolution of carbides during austenitization
and the rejection of carbon to austenite during bainitic transformation. Zheng et al. (Zheng et
al., 2017), in their study of thick blooms of low carbon steel, reported that the cooling
process of super-cooled austenite, which is far away from equilibrium, led to the formation of
carbon depleted and carbon rich regions. Such gradient of carbon distribution in prior
austenite was associated with different microstructures such as martensite, bainite, ferrite,
and partially dissolved carbides after cooling. Sugimoto et al. (Sugimoto et al., 2014), in their
study on the effect of cooling rate on retained austenite characteristics of a TRIP aided
martensitic steel, reported that both the volume fraction and carbon concentration of retained
austenite increased with decreasing the cooling rate from 20 to 1 °C/s. . However, very few
studies are available on the effect of austenitization temperature on the initial state of
austenite and its transformation to martensite or bainite in large-sized forge blocks which are
characterized by differences in grain size, composition, and cooling rate from the surface to

the center of the block.
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Therefore, the aim of the present work is to further document and develop a better
understanding the effect of initial state of austenite and its transformation to bainite and/or
martensite. In particular, the focus will be placed on the influence of austenitization
temperature and the starting microstructure, corresponding to different zones within a large-
size forged block of high strength steel, on transformation products and proportion of phases
in relation to austenite carbon content. The results are analyzed and interpreted in the

framework of the phase transformation theories.

4.2 Materials and experimental procedures

The composition of the medium carbon low-alloy steel investigated in this study is given in

Table 4.1.

Table 4.1 The chemical compositions (wt %) of the investigated steel.

Fe C AV Mn Si Ni Cr Mo Cu
Balance | 0.35 0.149 0.99 0.41 0.5 1.86 0.53 0.16

In its original state, the initial microstructure of the studied steel was composed of bainite,
retained austenite and carbides. Further details of the microstructure evolution as a function
of temperature under equilibrium conditions were performed by Factsage 7.0 (Bale et al.,
2016 ) and presented in Figure 4.1. Cr,C, carbides are formed in the steel and their
dissolution temperature is around 860 °C. The ingot (40 metric tons) was forged to
3683%330x1265 mm by open die forging at high temperature (1260 °C) and then air cooled.
A thick slice (254 mm) was cut from the ingot and then two cylindrical blocks, 127 mm
diameter and 254 mm long were extracted from the surface and the center regions. Figure 4.2

illustrates the position and orientation of each part.
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Figure 4.1 Assemblage equilibrium diagram of the studied steel
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Figure 4.2 Position and orientation of the samples

The industrial heat treatment cycle for the surface (small grain size) and center (large grain

size) regions of the large size forged block was simulated using TA 805 A/D high resolution
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dilatometer. For the dilatometry tests, cylindrical samples with a diameter of 4 mm and a
length of 10 mm were machined from each block. For controlling the temperature cycle, a
thermocouple type-S was welded at mid distance from the two ends of the sample. The tested
samples were placed between quartz bars. The bars were connected to a Linear Variable
Differential Transducer (LVDT) to measure the length changes. The sample was heated
using an induction coil. Preliminary experiments were carried out to insure temperature
uniformity along the sample length and the repeatability of the applied heating and cooling

rates.

As shown in Table 4.2, the specimens were heated up at two different heating rates of 0.5 and
5 °C/s then austenitized for 30 min at three different temperatures of 850, 900 and 950 °C.
After austenitization, the samples were cooled at two different cooling rates of 0.1 and 1 °C/s
to room temperature. The 0.5 and 0.1 °C/s represent the heating and cooling rates during the
quench process of core of the large size block and the 5 and 1 °C/s represent the heating and

cooling rates of the surface zone. Austenite transformation was investigated by dilatation

analysis.
Table 4.2 Schematic of heat treatment cycle for six experiments
Factor Value
Heating rate (°C/s ) 0.5 (center), 5 (surface)
Austenitization temperature (°C) T1:850 °C, T2:900 °C, T3:950 °C
Austenitization time (min) 30 min
Cooling rate (°C/s ) 0.1(center), 1(surface)

After heat treatment, samples were cut, ground and polished using standardized
metallographic techniques. Then, they were etched using the following etchant: NaOH (40 g)
+ H20 (60 g) + NaNOs (15 g) (Gouné et al., 2012). Hot picric acid was used to reveal the
grain boundaries of the as received material. Microstructural observations were carried out
using a laser confocal microscope, Olympus LEXT4100, and for more detailed analysis,
Hitachi-TM3000 scanning electron microscope was employed. Image analyzer software

(MIP) (Asia, February, 2018) was used to calculate the phase fractions of ferrite, bainite, and
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martensite for all testing conditions since the above etchant had the advantage of revealing
each of the phases with a different color (black for martensite and white for bainite). For each
testing condition, the average volume fraction of each phase was calculated using three
pictures taken from random regions. Figs. 4.3 (a and b) provide an example of the

methodology used for the calculation of phase fractions.

Figure 4.3 (a) Etched sample, black area: martensite, white area: bainite, (b) Calculating
the phase fraction by MIP

The chemical composition of austenite for three austenitizing temperatures was calculated
using computational thermodynamic software (FactSage (Bale et al, 2016 )) and the
corresponding effects on cooling process were discussed by considering the microstructural

development and correlated with microhardness measurements.

X-Ray diffraction was used to identify and determine the phase fraction of retained austenite.
This was done by calculating the integrated intensities of (111), (200), (220), and (311)
austenite peaks, the (110), (002), (112), and (022) bainite peaks and the (110), (200), (211),
and (202) martensite peaks according to ASTM E975-13 standard (ASTM, 2013). The
samples were step scanned using Cu-Ka radiation with a step size of 0.0835° on X'Pert3
MRD PANalytical. The 26 was scanned from 30 to 110°. Microhardness testing according to
Vickers method with a load of 50 gf-dwell time 15s was carried out according to ASTM
E384—11, with each value representing the average of 10 indentations (ASTM, 2012).
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4.3 Results and discussion

4.3.1 Austenite formation

In this section, the entire thermal cycle from heating to austenitizing temperature, holding at
austenitization temperature, and cooling to room temperature will be studied. For
austenitization step, austenite could form during continuous heating to the austenitizing
temperature and during the holding time at this temperature. In this regard, dilatometric
analyses were divided into two steps in order to better identify the mechanisms and the extent

of austenite formation before the cooling.
e 1%tstage of austenite formation

Figs. 4.4 (a and b) shows dilatation behavior of both stages 1 and 2 for the samples heated at

two heating rates, representing surface and center zones, respectively.
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Figure 4.4 Dilatometric curves of the studied steel at:
(a) Surface and (b) Center

For the continuous heating stage, the curves show linear expansion followed by an abrupt
contraction at austenite start temperature (A4c7). The dilatation curve shows again a linear
expansion pattern when austenite transformation is complete (A4c3). Fig. 4.5 shows the
evolution of austenite volume fraction for the studied steel based on the dilatometric curves
of Fig. 4.4. Fig. 4.5a illustrates the transformation of surface region where the hating rate is 5
°C/s. As the austenitization temperature increases, the time required to attain a certain
fraction of austenite decreases. The same behavior is observed for the center region at 0.5

°C/s. The only difference between the two regions lies in the time range of transformation.
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Figure 4.5 Volume fraction of formed austenite in the
studied steel at: (a) Surface and (b) Center, during the
continuous heating

The evolution of austenite during heating was analyzed using the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation as described below:

V=1 e (“.1)
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Where, V), is the volume fraction of austenite formed upon phase transformation, ¢ is the

transformation time (s) and # is the Avrami constant.

Kinetic parameters n and k& were determined from the plot of In ln[l / (1 — Vy)] as function of
Int . Avrami constants n and In k were obtained from the slope and the intercept of the above
curve and are summarized in Fig. 4.6. The results presented in Fig. 4.6 reveal that; n reduces
with increasing heating rate. In the center zone (0.5 °C/s), n slightly increases from 3.15 to
3.81 as the austenitization temperature increases. However, in the surface zone (5 °C/s), n
increases significantly by passing from 2.51 to 4.08 demonstrating the stronger influence of

temperature on the value of n.
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Figure 4.6 Nucleation and growth of austenite during the
austenitization temperatures

It has been reported that # is an indicator of the number of nucleation sites (Lopez-Martinez
et al., 2015), a decrease in n value can be associated with a progressive decay in the number

of nucleation sites (Asadabad, Goodarzi et Kheirandish, 2008). Martinez et al. (Lopez-
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Martinez et al., 2015) reported that, variations in »n value are only observed when the
transformation mechanism changes. An increase in n from 3.66 to 4.33 with increasing the
heating rate from 0.03 to 0.67 °C/s is an indication of a mechanism change from diffusional
to shear. Le et al. (Li et al., 2015) correlated » and the mechanism of austenite nucleation and
growth during intercritical annealing in a C-Mn cold-rolled dual phase steel. On this basis, it
can be said that in the surface zone, austenite formation occurs at the grain boundaries and
because 7 is between 2 and 3, the growth is considered two dimensional for austenitization
temperatures of 850 °C and 900 °C. This transformation starts generally at grain boundaries.
Then, at higher temperature, 950 °C, n value increases to 4 indicating that austenite
transformation occurs at the triple joints. In contrast, in the center region, the n value remains

above 3 for all conditions and therefore austenite nucleates at triple joints, only.

Fig. 4.6 shows also that k£ depends on the heating rate: it increased by four orders of
magnitude as the heating rate increased from 0.5 to 5 °C/s. As the value of the k£ parameter is
known to be an indicator of the nucleation and growth rate (Lopez-Martinez et al., 2015), the
observed behavior suggests that increased nucleation and growth rate should be expected
with higher heating rate . The data also shows that the lowest k value is obtained for the
lower heating rate and at the maximum selected austenitization temperature i.e. 950 °C.
Martinez et al. (Lopez-Martinez et al., 2015) reported that at low heating rates (generally
below 0.1 °C/s) the governing mechanism controlling the kinetics of austenite formation was
the diffusion of substitutional elements. While, it was carbon diffusion for the higher ones

(more than 1°C/s).

On the basis of the above discussion on n and k& values, it can be said that during the stage of
austenitization of the large size forged block, austenite formation in the surface and center
regions is governed by shear mechanism. It must be noted also that generally, the rate
parameter, k, increases with temperature; however, in this study, for both zones (i.e. at low
and high heating rates) the k parameter decreases as the austenitization temperature increases.
Asadabad et al. (Asadabad, Goodarzi et Kheirandish, 2008) reported recently similar results
in a low carbon steel and interpreted their results in terms of the influence of the growth of

austenite grain and dissolution of carbides. In the present study, Vanadium and chromium
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carbides are present which dissolve at both holding temperatures (Fredj, Nanesa et Jahazi,

2018).
e 2" gstage of austenite formation

The formation of austenite continues during isothermal holding at the different
austenitization temperatures in both surface and center regions. However, progress in
transformation varies as a function of austenitization temperature and considered region. For
example, after 330 s of soaking time at 850 °C, in the surface region, the dilatation change
becomes almost zero indicating that the transformation to austenite has been completed and
thermodynamic equilibrium in the carbon content of austenite has been reached. In contrast,
under the same conditions in the center region, the same behavior was observed for the center
zone at 850 and 900 °C. It must be noted that when soaking at 950 °C, the formation of
austenite was completed during heating and no more transformation from bainite to austenite
occurred during the holding time. The observed gradual reduction in dilatation could be due
to strain relaxation of austenite at this austenitization temperature (Nanesa, Jahazi et Naraghi,

2015).

A more detailed analysis of the extent of austenite formation as a function of austenitization
temperature in the surface and center regions of the large block was carried out. The volume
fraction of transformed austenite during isothermal holding can be calculated from the
relative change in the length (Figs. 4.7 (a and b)) using the following equation:

L - LO

V= — (4.2)
4 Lmax - LO
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Figure 4.7 Volume fraction of formed austenite in the studied
steel at: (a) Surface and (b) Center, during the isothermal
austenitisation

It can be seen that for all the specimens, taken from the surface and heated at 5 °C/s, a large
amount of austenite was formed during the first 180 s of holding time and it took 1620 s to
complete the transformation and reach the equilibrium phase fraction. The amount of
austenite formed at the end of soaking time was 94%, 85% and 98%, respectively for 850,
900 and 950 °C. In contrast, in the center region, it took 850 s and 170 s, respectively for 850
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°C and 900 °C with a volume fraction of austenite of about 96% for both temperatures, at the
end of holding. As discussed above (Fig. 4.7b), the transformation to austenite is nearly at

100% when reaching austenitization temperature of 950 °C.

The constants for the JMAK equation corresponding to the second stage of austenite
transformation were also calculated based on dilatometry results and the results are reported
in Table 4.3. Low values for n, around 0.6, were found for all conditions, expect at 950 °C,
where 7 is around 0.95. However, these values are in the range (0.5-2.5) reported by Machlin
(Machlin, 2007) for diffusion controlled transformation. Here, it is concluded that the
austenite growth is one dimensional (grain interior) as the nucleation rate decreases. It should
be noted that, the dissolution of carbides (Asadabad, Goodarzi et Kheirandish, 2008) is an
additional factor that will contribute to the decreasing of the nucleation rate with increased

austenitization temperature reported in Table 4.3.

Table 4.3 The kinetic parameters (2" stage of austenitization) of the investigated steel at
different austenitization temperatures

Temperature (°C) | n, Surface k, Surface n, Center k, Center
850 0.68 0.0473 0.67 0.0252
900 0.60 0.0848 0.66 0.0822
950 0.95 0.0104 - -
4.3.2 Dilatometry analysis of continuous cooling stage

Dilatometry experiments reproducing the heat treatment cycles reported in Table 4.2 were
conducted. The changes in length of samples (4L) as function of temperature were recorded
in order to collect information about the phase transformations that occurred and their start
and stop temperatures. Figs. 4.8 (a and b) show the cooling part of the dilatometry tests and
their first derivatives as a function of the austenitization temperature and the cooling rate
corresponding to different locations in the forged block. The 0.1 °C/s cooling rate

corresponds to the center region and 1 °C/s that of the surface.



78

Surface- cooling rate:1°C/s
e Strain-850 Strain-900 Strain-950
eeeeee Derivative-850 eseeee Derivative-900 eeeeee Derivative-950
0,006 0,00004
yroossaaa
- 0,00000
0,004 - z
S - -0,00004 %
— <
< 0,002 - - -0,00008 T
g o
‘= =
& - -0,00012 €
0,000 . . o)
400 500 600-0,00016 =
-0,002 -0,00020
Temperature (°C)
Center-cooling rate: 0,1°C/s
e Strain-8§50C e Strain-900C e Strain-950C
eeesee Derjvative-850C eeesee Derivative-900C eeeoee Derjvative-950C
0,006 B 0,00004
b .i.....'.....
eee _.~..~.--..‘.‘ . ;.
‘.:._ o - 0,00000 .
0,004 - 2
§ - -0,00004 3
= —
— <
< 0,002 - - -0,00008 T
=) 5]
‘= =
= ~—
n - -0,00012 .‘;‘
0,000 . T . : o)
%00 200 300 400 500 600-0,00016 ~
-0,002 -0,00020
Temperature (°C)

Figure 4.8 Dilatometric and their first derivation curves during continuous cooling
for different austenitization temperatures: (a) Surface and (b) Center

Cooling after austenitization causes thermal contraction until the bainite transformation (Bs)
starts. Then, it produces an expansion in the sample. For the center specimens, the Bs is

increasing with the austenitization temperature as indicated in Table 4.4.
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Table 4.4 Transformation temperatures and length variations obtained by dilatometry

Surface zone Center zone
Temperature
850 900 950 850 900 950
(°O)
Bs 335 337 344 475 490 495
Ms 280 282 282 - - -

For the surface region, it can be seen from the curves that multiple phase transformation is
activated during cooling. For samples austenitized at 850 and 900 °C, the bainitic
transformation started at around the same temperature (335-337 °C). In contrast, the sample
austenitized at 950 °C had a clearly higher bainite start temperature, which will be discussed
in the following paragraph. A smaller expansion, corresponding to martensitic
transformation, was observed around 280 °C, for the three austenitization temperatures. This
finding indicates that the austenitization temperature did not have a significant effect on the

M; temperature.

Santuliana et al. (Santuliana et al., 2011) and lee et al. (Lee et Lee, 2005) reported that
austenite enrichment occurs during the heating and isothermal holding as a result of the
dissolution of carbides. This enrichment increases with increasing the austenitization
temperature and therefore will affect the transformation points. Thermodynamic calculations,
using FactSage, indicated austenite enrichments of C, Cr, Mo and V contents (Table 4.5)

after isothermal holdings at 850, 900, and 950 °C, respectively.
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Table 4.5 Calculated compositions of the equilibrium austenite

at different austenitization temperatures

Temperature (°C) 850 900 950

Mo 3.84x107 4.98x1073 5.3x107?
Cu 1.61 x107 1.6 x1073 1.6 x107
Ni 5.03x10° 5.01 x10°® 5x1073
Mn 9.97 x10°® 9.91x10°® 9.9 x10°
Cr 0.175 x10%? 0.186 x107? 0.186 x107?
A% 0.53x1073 0.92 x10°3 1.49 x1073
Si 4.13 x107 4.1x107 4.1x103
C 3x107 3.35x10° 3.5x10°

However, in the center region, the dilatometry results show (Table 4.4) an increase of bainite
temperature start transformation from 475 to 495 °C with increasing austenitization
temperature from 850 to 950 °C. Lee et al. (Lee, Park et Lee, 2008) reported that as with
finer austenite grains the length of grain boundaries increases; therefore, more obstacles will

be present for the growth of new phase, which finally reduce the transformation start

temperature.

Figure 4.9 Optical microscope images of the initial microstructure of the
received steel taken from: (a) Surface and (b) Center; representing different
initial grain size



81

In a previous investigation, calculations of the average prior austenite grain size (PAGS)
indicated that in the surface region PAGS were 0.35 times smaller in comparison with the

center region (Fredj, Nanesa et Jahazi, 2018), as shown in Fig. 4.9.

4.3.3 Microstructure observations and microhardness measurements

The microstructures for the three austenitization temperatures and the two examined cooling
rates of 0.1 and 1 °C/s are shown in Fig. 4.10 where bainite can be distinguished from
martensite and ferrite (Gouné et al., 2012). Bainite appears in bright color whereas martensite

appears in dark. Ferrite appears in white color under the laser microscope.

For the center region (i.e. slow cooling rate), after austenitization at 850 °C, the resulting
microstructure consists of ferrite located at the grain boundaries and bainite within the grains.
At 900 °C, the ferrite phase disappears and the microstructure is composed of martensite and
bainite. As the holding temperature increases to 950 °C, the bainite content increases and the
extent of the martensitic zones decreases. For the surface region, in contrast, the
microstructure is mainly bainite with small amount of martensite at 850 °C. The martensite
content increases as the temperature increases to 900 °C and the microstructure becomes

fully martensitic at 950 °C.
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Figure 4.10 Optical micrustructures of the studied steel cooling at different rates,
a), b) and c) 1 °C/s (Cooling rate corresponding to the Surface), d), ) and f) 0.1
°C/s (Cooling rate corresponding to the Center)

*M: martensite, B: bainite, F: ferrite, M/A: microconstituent of martensite and
retained austenite.
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The presence of ferrite in the microstructure at the austenitization temperature of 850 °C for
the slow cooling rate (0.1 °C/s) could be related to the reduction of the carbon diffusion in
austenite due to the presence of alloying elements such as Mo and Cr (Zheng et al., 2017).
Indeed, as shown in table 4.5 the concentration of these elements in austenite increases when
the austenitization temperature is increased from 850 to 950 °C. Zheng et al. (Zheng et al.,
2017) reported that the presence of these elements reduces the carbon diffusion and delays
the decomposition of austenite during the cooling process. Using the calculation method
presented in (Ferrari et al., 2014b), the austenite enrichment in Mo and Cr was calculated at
different temperatures and its impact on modifying the transformation points and

transformation products are presented in Fig. 4.8.

As described in paragraph 4.3.2, at 950 °C, austenite has higher carbon content, nearly
equivalent to the nominal composition. As reported by Zheng et al. (Zheng et al., 2017), this
may lead to the formation of carbon poor and carbon rich regions. Austenite is stabilized in
the carbon rich zones, resulting in the formation of retained austenite while ferrite forms in
the carbon poor regions which ultimately will form the bainite. As the cooling rate increases,
the diffusion of carbon and iron atoms are slowed down and the reorganisation of the lattice
can only be produced by shear; therefore, martensite transformation appears. The
concomitant presence of martensite and bainite was related to the incomplete dissolution of
carbon-rich cementite or other carbides of the initial microstructure during austenitization by
Andreiev et al. (Andreiev, Grydin et Schaper, 2016). The authors reported that, the shorter
the time for completing the time-dependent carbon diffusion process, the less homogeneous
the carbon distribution within the austenite will be; therefore, austenite grains or regions near
the carbides are carbon-rich and remote grains or regions are almost carbon-free (Andreiev,

Grydin et Schaper, 2016).

Fig. 4.11 illustrates the SEM images of all the studied samples. Different morphologies of
bainite have been identified by SEM depending on the cooling rate and the austenitization

temperature.
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Figure 4.11 Microstructure of ingot cooling from different austenitization temperature. (a, ¢
and e) Surface of the ingot cooling at 1 °C/s, (b, d and f) Core of the ingot cooling at 0.1°C/s

*M: martensite, B: bainite, GB: globular bainite.
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The sample, taken from the surface and cooled from 850 °C, (Fig. 4.11a), shows thin, long
and well defined laths which are similar to lower bainite, formed at 355 °C, as also reported
by Caballero et al. (Caballero et al., 2012). EBSD maps show clearly the presence of retained
austenite between the laths of bainite as presented in Fig. 4.12. In contrast, the microstructure
in the sample cooled from 900 °C is more complex: significant amounts of martensite,
bainite with thin and short laths, granular bainite, and finally discrete islands of
martensite/retained austenite constituents can be observed (Fig.4.11c). These results confirm
the dilatometry results on the Bs and M points as a function of the austenitization

temperature, reported in Figs. 4.8.

Figure 4.12 Example of EBSD maps for samples heated at 850°C from: (a)
surface region, (b) center region

The microstructure in Fig.4.11d, corresponds to the center region (cooling rate of 0.1 °C/s)

grain size of (350 um), shows thick and very long parallel bainite which is formed at 475 °C.
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Coarser globular bainite and thick bainite were observed in the microstructure cooled from
900 and 950 °C as illustrated in Figs. 4.11 (d and e). Bainite was obtained at 490 and 495 °C
for 900 and 950 °C, respectively. Caballero et al. (Caballero et al., 2012) reported that upper
bainite is formed at temperatures ranging from 525 down to 475 °C (Long et al., 2014).
Finally, it should be noted that formation of ferritic carbides within or between the laths of
bainite is expected to occur during cooling; however, due to their very fine sizes (less than
200 nm (Di et al., 2016)), their detection and observation was not possible and would require
the use of transmission electron microscopy.

The variation of microhardness, which is an indication of the different phase proportions in

the microstructure, is in Fig. 4.13.
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It can be seen that the microhardness increased with increasing austenitization temperature
and cooling rate. Microstructure of the center region, cooled at 0.1 °C/s and austenitized at

850 °C, with a hardness of 448 HV, consists of 1% of ferrite, 87% of bainite and 12% of

retained austenite, as determined by XRD diffraction diagrams shown in Fig. 4.14.
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Figure 4.14 XRD results for Surface (a) and Center (b) at different
austenitization temperatures



88

Increasing the temperature to 900 °C, ferrite disappears, retained austenite increases to
15.5%, martensite is about 9.5% and the rest is bainite (75%), with a hardness value of 471
HV. However, the proportion of the phases didn’t change significantly when the
austenitization temperature was increased to 950 °C (76% bainite, 9% martensite and 15%
retained austenite). But, the hardness reached about 541 HV. The high value of hardness is
associated with the increased dissolution of the alloying elements in the matrix at 950°C, as
discussed above. For the specimen from the surface region cooled at 1 °C/s, the dominated
microstructure at 850 °C was bainite (92%) with minor amounts of martensite (2%) and
retained austenite (6%). The hardness was also representative of a nearly fully bainitic
microstructure (590 HV). For samples austenitized at 900 °C, bainite decreased to 26% and
large amounts of martensite appeared (65%) with 9% of retained austenite and a hardness of
681 HV. Finally, a fully martensitic structure was obtained at 950 °C with a hardness value

of 714 HV.

4.4 Summary and conclusions

The effect of starting microstructure, austenitization temperature, and cooling rate from
different regions of a large size forged block of a medium carbon low alloy steel was
investigated in this study. It was found that the phase transformation during thermal
hardening process is different in the surface and center regions. The root causes for each
variation was studied and analyzed in detail. The following specific conclusions can be
drawn from this study:

e The transformation mechanism for the first stage of austenite formation was
identified to be shear induced while for the second stage it was a diffusion controlled
mechanism.

e Kinetic parameters, n and k, were calculated for each stage of austenitization using
JMAK equation. The change of heating rate and austenitization temperature show
significant effects on n and k. n increases with increasing the austenitization

temperature for each zone, while it does not exceed 1 in the second stage of
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austenitization. Moreover, k£ was observed to increase as the heating rate changed
from 0.5 to 5 °C/s. While, it decreases as the austenitization temperature increases.
Increasing the austenitization temperature from 850 to 950 °C, as well as variation in
cooling rates and prior austenite grain size in the block, influence the nature and the
volume fraction of phases. Higher austenitization temperature (950 °C) leads to
greater amount of martensite in the surface and mainly bainite in the center.

The phase fraction and different morphologies of bainite were identified and were
correlated with dilatational analysis. It can be said that in the surface area bainite is
dominantly lower bainite with a Bs around 337 °C while upper bainite formed in the

center regions with a Bs of 490 °C.
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L’objectif de cet article est d’étudier 'influence de la taille de grain austénitique de départ et
un long traitement d'austénitisation sur la nature des transformations de phases durant le
traitement de trempe. Plus précisément, 1'impact de ce traitement sur la transformation de la
bainite et I'enrichissement en carbone de 'austénite est discuté. Un temps d’austénitisation de
12 h a été déterminé comme le plus adapté pour minimiser la quantité d’austénite résiduelle

pour ce traitement thermique.

Abstract:

In this paper, the influences of austenitization time ranging from 30 min to 24 h on the nature
of phase transformations, activated during cooling, was investigated for two different
microstructural conditions, in a high strength steel. The two microstructures correspond to
those observed in the surface and center regions of large size high strength steel components
such as turbine shafts and aircraft landing gears. A combination of high resolution

dilatometry, optical and electron microscopy, image analysis and X-ray diffraction, was used
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to study phase and microstructure evolutions and identify the related mechanisms. The
results indicated that for the starting microstructure, with finer prior austenite grains, the
austenitization holding time had a notable effect on the evolution of the different phases. A
multiphase structure was found in the samples austenitized for 30 minutes while martensitic
microstructure became dominant for 5 h, 12 h, and 24 h holding times. When the starting
prior austenite grain size was very large (350 pum); the microstructure was bainitic after
cooling; however, the volume fraction of bainite continuously decreased while that of
retained austenite increased with increasing the austenitization holding time. The kinetics of
bainitic transformation were studied and correlations made between the nucleation and
growth rates of bainite and the austenitization holding time. The influence of carbon content
in austenite, as a function of the holding time, and its impact on phase transformation

products is also discussed and related to the phase transformation products.

Keywords: high strength steel, varied thermal regime, dilatometry, grain size, dominant

transformation

5.1 Introduction

Large size forgings in the form of round products such as turbine shafts and aircraft landing
gears or square shape blocks for die manufacturing occupy a very important place in steel
industry. The high strengths required for the intended applications necessitate a hardening
process consisting of austenitizing and rapid quenching after the forging operation. However,
as reported by Jan et al. (Jan et al., 2006) and Luo et al. (Luo et al., 2008) due to the large
size of the components, a gradient in prior austenite grain size (PAG) and multiphase
microstructures are observed between the surface and the center regions in the as forged
material. PAG is one of the most important microstructural factors since it determines the
active phase transformations and final mechanical properties such as strength, hardness,
toughness, and ductility (Mordike et Ebert, 2001; Wegman et al., 1990). The non-uniformity

in grain size from the surface to the center is accompanied by changes in the morphology,
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nature and proportion of phases, obtained after thermal hardening cycles which further affect
the mechanical properties (Hu, Hodgson et Wu, 2014).

The austenitization process, mainly defined by the temperature and soaking time,
significantly influences the grain growth behavior of austenite (K. A. Alogab, 2007; S.-J.
Lee, 2008; Xu et al., 2017; Zhang et al., 2011): Zhang et al. (Zhang et al., 2011) reported that
austenite grain size in 300M steel increases from 10 to 36 um for 900 °C and from 67 to 110
um for 1050 °C. In their study, the grain growth was studied for holding time in the range
from 5 to 120 min. In another study, Xu et al. (Xu et al., 2017) reported the effects of holding
times ranging from 10 to 180 min on grain growth behavior of a high strength steel utilized
to manufacture automobile engine bolts. Their results showed that the austenite grain size
increased by 3.5 times at 850°C and by 1.3 times at 1050 °C as the holding time increased
from 10 to 180 min for initial grain sizes of 11 and 59 um, respectively. The austenite grain
size affects also the kinetics of phase transformation and the volume fraction of different
phases and microstructures formed during the hardening process. Hu et al. (Hu, Hodgson et
Wu, 2014), showed that the transformation of bainite was accelerated by coarse austenite
grains in a high carbon bainitic steel. They concluded that this was because with coarse
austenite grains, there are fewer nucleation sites, which therefore provide an environment
that is favorable to the growth of bainitic sheaves.

The austenitization process also modifies the carbon content of austenite. A sufficient
holding time is required to obtain a more uniform and homogeneous chemical composition,
through the dissolution of carbides, causing the redistribution of carbon and influencing
phase components and transformation during cooling (Ferrari et al., 2014b; Santuliana et al.,
2011). Andreiev et al. (Andreiev, Grydin et Schaper, 2016) studied the influence of rapid
austenitization (2 s) at different soaking temperatures on the microstructure and mechanical
properties of a low carbon steel. They found that the resulting microstructure consisted of
martensite and bainite with smaller packet sizes. However, few studies are available on the
application of long austenitization holding time and its impact on microstructure evolution
(Kang et al., 2012). Kang et al. (Kang et al., 2012) studied the effects of low heating rate and
long austenitization times (11 h) with various cooling rates on carbide dissolution and phase

transformations of large size medium carbon steels. They found that microstructure evolved
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from fully martensitic with undissolved carbides to a perlitic-bainitic one along the radial
direction of the component. However, the influence of starting microstructure was not

investigated.

In the present work, the influence of the starting prior austenite grain size, on the nature of
phase transformations upon cooling, and austenitization time is investigated. Specifically, the
impact of such treatments on bainite transformation and austenite carbon enrichment are

discussed.

5.2 Materials and Experimental Procedures

The chemical composition (wt %) of the medium carbon low-alloy steel investigated in this
study is 0.35 C, 0.149 V, 0.99 Mn, 0.41 Si, 0.5 Ni,1.86 Cr, 0.53 Mo, 0.16 Cu and bal. Fe.

The as-received cylinders were 127 mm in diameter and 254 mm in length, and were cut
from a large forged slab (40 metric tons) with the following dimensions: 3683x330x1265
mm. The microstructure of the as forged slab consisted of bainite and retained austenite after
hot forging. The two investigated zones of the large slab are characterized by PAGS of 100
and 350 pm within the surface and center zones, respectively. In order to study kinetics of
transformation, a hardening cycle was carried out using a high resolution TA 805 A/D
dilatometer. Cylindrical samples 4 mm in diameter and 10 mm in length were prepared using

electro-discharge machining.

Two heating rates, 0.5 °C/sand 5 °C/s, were used to heat up the samples to an austenitization
temperature of 900°C. The samples were then soaked for different times (0.5, 5, 12 and 24
h). After that, the samples with the large PAG were cooled at a rate of 0.1 °C/s while those
with smaller PAG were cooled at 1 °C/s. The above heating and cooling rates were
determined from the finite element simulation and experimental validation work carried out
in our research group. After the heat treatment, the samples were cut, ground and polished
using standard metallographic techniques. They were then etched to reveal the microstructure
in a solution composed of NaOH (40 g) + H20 (60 g) + NaNOs (15 g) (Gouné et al., 2012).

Optical and scanning electron microscopes (Hitachi TM3000 SEM) were used to examine the
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etched microstructures. A quantitative analysis of the microstructures was carried out using
an image analyzer software application (MIP) (Asia, February, 2018) to calculate the phase
fractions of bainite and martensite for all testing conditions. X-Ray diffraction (XRD)
analysis was carried out in X'Pert3 MRD PANalytical with a Cobalt target with a step size of
0.05013° and a scan interval from 30° to 120°. The lattice parameters of austenite and ferrite
were determined from the X-ray patterns using Bragg’s law and the carbon content of the

austenite phase (Hajiakbari et al., 2010) was estimated using the following equation:
a, = 3.555+ 0.044 C, (5.1)
Where a,,is the austenite lattice parameter (A°) and C, is the carbon weight percent.

In the case of bainite and martensite, the lattice parameters, a and ¢, were determined only

from the (110) and (200) peaks, using the following equations (Kang et al., 2009):

A
c=— 5.2
\/Esin 9(110) ( )
A
a=— (5.3)
Sin 9(200)

Where A is the monochromatic wavelength (nm).

The carbon content for bainite and martensite was taken into account by equations (5.4) and

(5.5) (Kang et al., 2009) in the calculation of the lattice parameters:

¢’ = a, + (0.020 + 0.002)[C], ([C] < 0.56 wt%,
when [C] < 0.30 wt%, ¢’ = a)
@' = ay5 — (0.014 + 0.002) [C], (0.30 wt% < [C] < 0.56 wt%) (5.5)

(5.4)

Where ao.30 is the lattice constant when the Fe contains exactly 0.30%C and ao is the lattice
parameter of BCC iron.

The volume fraction of retained austenite was calculated according to ASTM E975-13
standard (ASTM, 2013). Vickers microhardness tests were carried out according to ASTM
E384- 11, with a load of 50 gf dwell time 15 s (ASTM, 2012).
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5.3 Results and discussion

5.3.1 Dilatometry analysis

Figs. 5.1a and 5.1b show the experimentally measured length change (4L) divided by the
initial length (Lo) versus temperature for the microstructures with small PAGS and large
PAGS, respectively. The martensite start transformation temperature, Ms, and bainite start
transformation temperature, Bs, were determined using the derivative of the curves in Fig.

5.1.

It can be seen that for the samples with large PAG, for all tested soaking times, austenite
dominantly transforms into bainite during cooling from 900 °C. The Bs increases from 472 to
482 °C as the soaking time increases from 0.5 to 24 h (see Table 5.1). For 0.5 h soaking time,
the dilatometric curve shows a small transformation at 437 °C, which is associated with the
martensitic transformation. In contrast, when the PAG is small, the dilatometric curves show
the presence of two transformations during cooling. For the 0.5 h soaking time case, the
bainite transformation starts at 337 °C (about 150 °C lower than the Bs for the samples with
large PAGS). However, as the austenitization time increases from 5 to 24 h, the dilatometric
curves show the occurrence of two martensitic transformations. M;; is as associated with the
martensite start temperature for the first martensite peak, and its value was calculated using
the first derivative method. M;; shows a slight increase from 356 to 363 °C with increasing
soaking times. As indicated in Table 5.1, the second martensitic transformation, M, starts at
around 285 °C, and like M, slightly increases with the austenitization holding time. The
above observations on the evolution of transformation points with increase in the
austenitization time could be related to the changes in the austenite grain size. For example,
Hanamura et al. (Hanamura et al., 2013) reported that, as the austenite grain size is increased

to 30, 84 and 245 um, the M; points increased to 340, 370 and 390 °C, respectively.
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Figure 5.1 Dilatometry and their first derivation curves during continuous cooling for
different austenitization times: (a) Small PAG; (b) Large PAG
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Table 5.1 Transformation temperatures obtained by dilatometry

Zone with small PAGs Zone with large PAGs
Holding time | 5 5 12 24 | 05 5 12 24
(h)
B; 337 - - - 472 473 474 482
M;; - 356 360 363 437 - - -
M;; 282 284 287 290 - - - -

Lee et al. (Lee et Lee, 2005) also reported that fine-grained austenite has more grain
boundaries which promotes diffusional transformation. However, since martensitic
transformation is diffusionless (Bhadeshia, 2002), the martensite start temperature is pushed
down to lower temperatures (Lee et Lee, 2005). Therefore, when the starting initial austenite
grain size is larger (in our case 3.5 times), at least a slight increase is expected to be seen in

the transformation points.

The above findings were also analyzed in the framework of the Sellars model (Xu et al.,
2017) and using the equation proposed by Xu et al. (Xu et al., 2017) that relates austenite

grain growth to the holding time:

d"™ —dy, = A.t.exp (;—g) (5.6)
In the above equation, d" is the average grain size (um); d” the prior austenite grain size
(um); ¢ the holding time (min); 7 the austenitization temperature (K); R is the gas constant,
which is equal to 8.31 J/(mol-K); O the activation energy for grain growth (J/mol); and 4 and
n are constants. The values of n, 4 and the activation energy QO were obtained from the
Sellars work (Sellars, 1980) as well as that of Xu et al. (Xu et al., 2017) due to the similarity

between the composition of the steels and range of grain sizes with the present work.

The calculated grain sizes (Fig. 5.2) for both zones (i.e. small and large PAGs) showed that
an increase with the holding time; however the increase was more significant, 50 um, for

zones with smaller PAGs while it was only about 10 um for the zones with large PAGs.
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Figure 5.2 Grain size evolution with holding time for zones
with small and large initial austenite grain sizes

5.3.2 Microstructure and hardness

The microstructures of all the specimens cooled at different cooling rates from 900 °C were

observed by SEM, and illustrative examples are shown in Fig. 5.3.

Figure 5.3 Microstructure obtained after different austenitization times (a, b, ¢ and d);
Small PAG zone, (e, f, g and h); Large PAG zone
M: Martensite; B: Bainite
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Figure 5.3 (Suite)
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Figure 5.4 X-Ray diffraction pattern for different holding times from two zones of the
large size block: (a) Smaller PAG; (b) Larger PAG

In these micrographs, B is bainite and M is martensite. The retained austenite was not
discernible in the SEM and its presence was demonstrated from XRD analysis (Fig. 5.4).
Microstructure examination indicated that for the small PAG zones, after 0.5 h of
austenitization, a multiphase microstructure composed of fine bainite with thin and short
laths, and discrete islands of martensite/retained austenite was obtained (Fig. 5.3a). The

above findings confirm the dilatometry results on the Bs and M; points as a function of the
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austenitization temperature, reported in Fig. 5.1. As the austenitization time increases to 24 h,
the microstructure is mainly martensitic. However, the morphology of martensite after 5 h of
austenitization (Fig. 5.3b) was different from those obtained after 12 h (Fig. 5.3¢c) and 24 h
(Fig. 5.3d). As illustrated in these figures, a clear transition, from fine laths to a combination
of thin and thick blocks was observed when the holding time was increased from 5 to 12 and
then to 24 h. The inflection points observed on the first derivation curves of all testing
conditions for 5, 12, and 24 h in the small PAG region, shown in Fig. 5.1a, could be related
to the transition from fine martensite to the thicker type.

For the regions with large PAGs, martensite and coarse bainite were observed in the
microstructure after 0.5 h of austenitizing (Fig. 5.3¢). However, as the austenitization time
increased from 5 to 24 h, the amount of martensite in the final microstructure decreased
continuously and completely disappeared after 24 h (Figs. 5.3f, 5.3g, and 5.3h). Furthermore,
a significant increase in the size of bainite laths was also observed with increased holding
times. Luo et al. (Luo et al., 2017) who studied the influence of 0.25 and 0.5 h holding time
on the microstructure did not find major changes in the microstructure. Similarly, Yi et al.
(Yi et al., 2007) reported that the amount of bainite decreased when the holding time was
increased from 0.002 to 0.27 h. The observed differences in findings demonstrate that longer
austenitization time is required before a significant influence could be observed in the

microstructure.

Figs. 5.5a and 5.5b show the calculated volume fraction of different phases along with the
microhardness measurements for each starting microstructure. The obtained results show that
for the smaller PAG regions a large amount of bainite (23%) is present in the material after
0.5 h of holding but disappears with increased holding time with mainly martensite (85%)

and retained austenite (15%) being present in the microstructure after 5 h.

When the holding time was increased to 12 h, the volume fraction of martensite increased to
98% and the retained austenite decreased to 2%. However, after 24h holding time the volume

fraction of martensite slightly decreased to 92%.

For the region with larger PAGs, a mixture of bainite (83%), martensite (10%) and retained

austenite (7%) was obtained upon cooling after 0.5 h of holding time. As the holding time
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increased from 0.5 to 24 h, the volume fraction of bainite decreased, while that of the

retained austenite increased from 7 to 30%.
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Figure 5.5 Phase fractions at different holding times and their corresponding
microhardnesses: (a) Small PAG; and (b) Large PAG
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The above results are in agreement with those obtained by Lee et al. (Lee et Lee, 2005) who
found that as the prior austenite grain size increased from 16 pm to 28 um the amount of
martensite upon cooling decreased from 80 to 30%. The observed behaviors could be
explained in terms of the influence of austenite grains on impeding the growth of martensite,
once nucleation is almost complete (Lee et Lee, 2005). Therefore, the transformation will be
faster for coarse-grained austenite than for fine-grained counterparts (Lee et Lee, 2005). For
the bainitic microstructure, the growth of bainite is delayed in the zones with smaller PAGs
as the lengthening of the bainite sheaves is delayed by the grain boundaries, thus, as shown in
Fig. 5.5, the volume fraction increased with increasing grain size. The lower volume fraction
of bainite and higher volume fraction of retained austenite with increasing holding times
observed in the samples with large PAGs are in agreement with those of Yi et al. (Yi et al.,
2007) who related this behavior to the higher stability of austenite with increasing grain size.

This aspect will be discussed in section 5.3.3.

The variation in hardness is presented in Figs. 5.5a and 5.5b where it can be seen that for the
samples with smaller PAGs (Fig. 5.5a) a hardness value, of about 690 HV, was obtained after
0.5 h holding time. The hardness significantly decreased after 5 h hours holding and then
remained relatively constant for the longer holding times. The observed behavior is in
agreement with the microstructural observations, shown in Fig 5.3, as well as measured and
calculated phase proportions. In contrast, for the sample with larger PAGs (Fig. 5.5b), while
the maximum hardness value was obtained for the sample after 0.5 h holding time, only a
slight drop was observed for the samples held for 5 h indicating that the increase in retained

austenite did not have an important impact on micro hardness level of the material.

5.3.3 Carbon concentration

The carbon concentration of retained austenite, bainite and martensite were calculated for
each condition and the results are reported in Table 5.2. It is worth mentioning that the
calculation of the carbon content for samples would not be reliable for microstructures
composed of a mixture of bainite and martensite and therefore is not presented. According to

equations (5.4) and (5.5), the accuracy of the carbon content determined is +0.02 wt%.
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Table 5.2 Carbon contents of the retained austenite, bainitic ferrite, and martensite, for

different holding times, determined using X-ray diffraction

Small PAG zone Large PAG zone
Holding | [Cy] [Ca] ([Cy] (wt %) - [Cy] | [Ca] | ([Cy](wt%)-[Ca]
time (h) | (wt %) | (wt %) [Ca] (wt %) (wt %) | (wt %) (wt %)
0.5 0.8 1.3
5 1.1 0.6 0.5 1.4 0.4 1
12 1.0 0.5 0.5 1.4 0.4 1
24 1.2 0.5 0.7 1.3 0.3 1

The carbon content in retained austenite, for the zone with small PAGs, starting from the 5 h
holding time decreased as the holding time increased to 12 h from 1.1 to 1.0 wt%, and then
increased to 1.2 wt% for 24 h. This can be interpreted as a consequence of carbon
partitioning effect, by which carbon can diffuse from martensite to austenite, as discussed by
Qiao et al. (Qiao et al., 2016). Fig. 5.5a shows that the volume fraction of retained austenite
decreases as the holding time increases, promoting the formation of martensite. It should be
noted that the volume fraction of retained austenite depends on both the carbon content and
the grain size. Therefore, increasing carbon concentration can be achieved when the fraction
of retained austenite is reduced (Qiao et al., 2016). It must be noted that for 5 and 12 h
holding times, the carbon partitioning between martensite and retained austenite (i.e. [Cy] -
[Ca] ) remains constant; however, this term is 0.2 wt% higher for sample held for 24h,
confirming that more carbon partitioning to austenite has taken place. For the same
condition, the volume fraction of martensite decreased and that of retained austenite slightly

increased. Similar findings have also been reported by Yi et al. (Yi et al., 2007).

Examination of Fig. 5.5a also indicates that the carbon content of austenite is much higher
for the zone with larger size PAGs. It decreases from 1.4 (5 h) to 1.3 wt% (24 h). However,

the partitioning of carbon between austenite and bainite remains constant for all the tested
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holding times. However, the hardness evolution, shown in Fig. 5.5b, revealed that the volume
fraction of austenite continuously increased while that of bainite decreased. In order to
identify the root cause for this behavior, a kinetic study of bainitic transformation becomes

essential and determinative, as described in the following section.

5.3.4 Kinetic study of bainite formation

The kinetics of bainitic transformation were investigated using dilatometry curves and the
lever rule (Handbook, 1990) for estimating the proportions of the phases and the results are

presented in Fig. 5.6.
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Figure 5.6. Volume fraction of transformed bainite for different soaking times
at 900 °C for regions with large PAGS

A typical ‘S’ pattern is obtained which indicates that the transformation is a nucleation-
growth-controlled process (Bhadeshia et Christian, 1990). The results reveal that the
austenitization time had no major influence on the phase transformation kinetics. It can also

be observed that the ‘S’ curve shifts slightly to higher temperatures, by about 10 °C, as the
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holding time is increased from 0.5 to 24 h. And therefore, the evolution of the transformed
bainite could be analyzed using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation
(Avrami, 1941):

V,=1—e k" (5.7)
Where:
¥y is the volume fraction of austenite formed upon phase transformation
t is the transformation time (s)

n is the Avrami constant

The Avrami exponent n reflects the nucleation and growth characteristics of the phase
transformation, and is determined from the plot of /nln/1/(1-V, )] as function of In t. Avrami
constants n and k were obtained from the slope and the intercept of the above curve and the
kinetic parameter values are summarized in Table 5.3. On the basis of the obtained values for
n, it appears that the nucleation of bainite has mostly occurred at the triple joints (Etesami,

Enayati et Kalashami, 2017; Lopez-Martinez et al., 2015).

Table 5.3 Kinetic parameters of bainite transformation for the larger PAG region

Time (h) 0.5 5 12 24
- 4.0 4.4 43
Kk - 1,4x1012 1,2x10° 4,0x10

It should be mentioned that for the shortest austenitization time (0.5 h), the dilatometric curve
showed two transformations, and therefore the lever rule could not be used. Hence, for this
condition, the kinetics of bainite transformation was not taken into consideration. In the
JMAK equation, k is representative of the growth rate and the obtained results show that its
value decreases by increasing the holding time. Similar observations were made by Umemto
et al. (Umemoto, Horiuchi et Tamura, 1982) in their study of transformation kinetics of
bainite during isothermal holding and continuous cooling. They related the decrease in the

rate of bainite transformation to the grain growth (from 80 to 600 pum) during the
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austenitization process. Therefore, the higher phase fraction of retained austenite, as shown

in Fig. 5.5b, could be related to slower growth rate of bainite by increasing holding time.

5.4 Summary and Conclusions

In this study, the influence of long austenitization time on phase transformation behavior
during cooling of a medium carbon low-alloy steel was investigated for two different prior

austenite grain sizes and the following conclusions can be drawn:

. Long austenitization times could have a significant influence on the evolution of the

microstructure and phase transformation products.

. For the samples with smaller PAGs, a clear transition, from fine laths to a
combination of thin and thick blocks was observed as the holding time was increased from 5
to 12 and then 24 h. In contrast, for the larger size PAGs, martensite and coarse bainite were
observed in the microstructure after the shortest austenitization time but the amount of
martensite continuously decreased for longer holding times and completely disappeared after

24 h.

. A significant hardness drop was observed for the samples with the smaller size PAGs
which could be related to grain growth while it only slightly dropped for the larger PAG

region.

. Higher carbon partitioning to austenite for the sample held for 24 h was found as root

cause for the observed higher amount of retained austenite.

. The value of n is constant around 4 for 5, 12 and 24 h, indicating that the same
nucleation mechanism is encountered in this austenitization range and the nucleation of
bainite has occurred at the triple joints. However, bainite growth rate is reduced by
elongating holding time and could be considered as root cause for obtaining higher retained

austenite.
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CONCLUSION

L'objectif principal du présent travail est d’étudier I’évolution de la microstructure des pieces
de fortes dimensions durant le cycle thermique chauffage-refroidissement. Plus précisément,
I’étude de I’influence de différents paramétres du traitement thermique dans le but d’obtenir
une microstructure homogéne tout au long du volume utile de la piéce et déterminer les
conditions optimales du traitement thermique.
A la lumiére des différents résultats obtenus, les conclusions suivantes peuvent étre
déterminées :
1. En variant la vitesse de chauffage, la formation d'austénite pour l'acier étudié
s'est produite en une seule étape pour les deux vitesses de chauffage étudiées de 0.5 et
5°C/s.
Le changement de la vitesse de chauffe a montré un effet significatif sur les
parametres cinétiques n et k. Le facteur de vitesse k représentant la croissance de
l'austénite s'est révélé 10* fois plus élevé a la vitesse de chauffe supérieure. La vitesse
de nucléation accélérée dans la région de surface peut étre dominée par la taille plus
petite des grains, la stabilité de l'austénite retenue a la surface pendant le chauffage et
I'accumulation de carbures grossiers a la surface au lieu d'une distribution uniforme
dans le lingot. L'énergie d'activation de la formation d'austénite a été déterminée a
1698 kJ/mol, ce qui indique un mécanisme controlé par cisaillement de l'acier étudié.
2. La variation de la température d’austénitisation de 850 a 950 °C a montré :
Le mécanisme de transformation de la premiére étape de la formation d'austénite a été
identifi¢ comme étant induit par cisaillement tandis que celui de la deuxiéme étape
¢tait un mécanisme controlé par diffusion.
Les parametres cinétiques, n et k, ont ¢été calculés pour chaque étape de
l'austénitisation en utilisant 1'équation JMAK. Le changement de la vitesse de chauffe
et de la température d'austénitisation a des effets significatifs sur n et k. n augmente
avec l'augmentation de la température d'austénitisation pour chaque zone, alors qu'elle

ne dépasse pas 1 dans la seconde phase d'austénitisation. De plus, on a observé que k
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augmentait a mesure que la vitesse de chauffage passait de 0.5 a 5 °C/s. Pendant ce
temps, elle diminue a mesure que la température d'austénitisation augmente.
L'augmentation de la température d'austénitisation de 850 a 950 °C, ainsi que la
variation des vitesses de refroidissement dans le bloc, influencent la nature et la
fraction volumique des phases. Une température d'austénitisation plus élevée (950 °C)
entraine une plus grande quantité de martensite en surface et principalement de
bainite au centre.

La fraction de phase et les différentes morphologies de la bainite ont été identifiées et
ont été corrélées avec l'analyse de dilatation. On peut dire que dans la zone de
surface, la bainite est principalement la bainite inférieure avec un Bs d'environ 337 °C
alors que la bainite supérieure s'est formée dans les régions centrales avec un Bs de
490 °C.

3. Afin de déterminer le temps d’austenitisation optimal pour 1’industrie,

différents temps sont utilisés et les résultats obtenus sont comme suit :

On s'est rendu compte que le bloc de grande taille, qui a été austénitisé a 900 °C pour
différents temps d'austénitisation et refroidi a deux vitesses de refroidissement, avait
différentes microstructures : la zone centrale avait de la bainite et de l'austénite

résiduelle, tandis que la surface avait de la martensite et de I'austénite résiduelle.

La duret¢ diminue de 692 a 651 HV en surface avec l'augmentation du temps
d'austénitisation entre 0,5 et 5 h, et reste constante 614 HV lorsque le temps de
maintien est plus long entre 5 et 24 h. Pour le centre, de 455 a 446 HV et reste

constante 438 HV au-dessus de 5 h de maintien.

La teneur en carbone de la martensite en surface (0,47% en poids) et de la bainite au
centre (0,43% en poids) devient presque similaire pour les échantillons maintenus a
900 °C pendant 12 h. Par conséquent, un temps de maintien de 12 h a l'austénitisation

est approprié pour avoir moins de distorsion.

L'exposant d'Avrami local n en fonction du temps de maintien dans les conditions non

isothermes a ¢été obtenu. La valeur de n est constante autour de 4 pendant 5, 12 et 24
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h, indiquant que le mécanisme dominant de la transformation de la bainite dans I'acier
¢tudié est la croissance tridimensionnelle et que la nucléation est au triple joint des

grains.
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L’objectif de cet article est d’étudier I'influence de la vitesse de refroidissement dans la zone
de surface d’une piéce de forte dimension. La fraction volumique de martensite a été
déterminée a deux vitesses de refroidissements et comparé avec celle obtenue par 1’équation

Koistinen-Marburger.
Abstract

The influence of cooling rate on the kinetics of phase transformations is investigated in large
size forged ingots made of medium carbon low alloy steel. In particular, the volume fraction
of formed martensite after quenching is determined. Dilatometry tests were conducted on
Gleeble® 3800 thermomechanical simulator to determine the transformation temperatures
and to identify the phases after heat treatment cycle. The heat treatment tests were carried out
at 900 °C with a heating rate of 5 °C/s, followed by holding for 1800 s after which the
samples were cooled at 3 and 15 °C/s. Optical and electron microscopy, X-Ray Diffraction
and micro-hardness measurements were utilized to identify and quantify the volume fraction

of martensite and retained austenite for each condition. The measured volume fractions were



116

compared with those calculated by Koistinen-Marburger equation. The outcomes were

analyzed in the framework of classical nucleation theory.

Keywords: Dilatometry, Phase Transformation, Martensite, Koistinen-Marburger Equation.

1. Introduction

The utilization of ever large components made by plastic injection molding is continuously
increasing in the transport industry. This issue requires very large steel blocks that are
employed as moulds for the plastic injection molding process. The alloys which are essential
for these moulds, have to possess superior mechanical properties as well as good
machinability, wear and corrosion resistance (Mordike et Ebert, 2001; Wegman et al., 1990).
Specifically, homogeneous microstructure and uniform hardness are crucial requirements
needed to be considered in the final product (Beaudet et al., 2012; Chadha, Shahriari et
Jahazi, 2016). Ingot casting followed by open die forging, quenching and tempering are the
main manufacturing steps used to produce the moulds. Among these stages, the heat
treatment cycle (quench and temper) is critical as it largely determines the final mechanical
properties (Steels, 1991). However, in the case of large size ingots, the large temperature
gradients between the surface and the core, lead to important microstructural discrepancies
through the working volume of the ingot. The volume fraction of phases, grain size
(Serajzadeh, 2004; Sista, Yang et DebRoy, 2000) and precipitations (Maidorn et Blind, 1985)
are the most microstructural elements that can be affected by the temperature gradient. Such
variations may generate internal stresses, distortions and cracks (Steels, 1991). The focus of
this study will be on the martensitic transformations occurring mainly on the surface of large
ingots during hardening treatment. The kinetics of martensitic transformation will be studied
using a numerical method to determine the volume fraction of martensite and retained

austenite after quenching.

It is well-known that the transformation of austenite to martensite is associated with a volume
change that engenders distortion (Cayron, 2013; Deng, 2009; Steels, 1991). Many

investigations have reported on martensitic transformation in different steels and models



117

have been proposed predicting the volume fraction of martensite. Koistinen and Marburger
(K-M) (Koistinen et Marburger, 1959) have proposed an empirical equation for the volume

fraction of martensite:

fm =1 —exp{=b(Ms; —T)} (D

Where fn is the volume fraction of martensite, M is the start temperature for martensitic
transformation, 7' is a temperature below Ms and b represents the rate of martensitic
transformation varying with the chemical composition of the steel. Koistinen (Koistinen et
Marburger, 1959) considered the b value to be 0.011 for studying the kinetics of martensitic
transformation in carbon steels with different carbon contents. In this research, specimens
were heated to 960 °C and quenched to different temperatures (24 °C, -24 °C and -79 °C).
Seok-Jae (Seok Jae, 2013) evaluated different present models for studying the kinetics of
athermal martensite transformation and showed that the parameter b depends on chemical

composition (Van Bohemen et Sietsma, 2009).

Mathematical equation is desired to be used. So, it is required to apply Eq. 1 to determine f
at any temperature below M;, in case that b and M, are known. For this reason,
Yamamoto(Yamamoto et al., 2007) developed a model to determine these two parameters
based on dilatation curve obtained from dilatometry tests. This model is based on the sum of
three variations (Yamamoto et al., 2007; Yamamoto et al., 2009):

e Shrinkage of retained austenite as the temperature decreases, associated with

reduction of volume.
e Shrinkage of newly formed martensite as temperature decreases.
e Expansion of austenite-martensite transformation caused by the difference in volume

between austenite and martensite.

Thus, Yamamoto’s model is described as the following equations:
disr = d; = (f o + £, )AT @

Eipy=diy + &, 0f,, (3)
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Where i is the i experimental point, d indicates the shrinkage induced by the expansion
coefficient, £ is the total dilatation at i temperature, am is the expansion coefficient of
martensite, a, is the expansion coefficient of austenite, €, is the strain due to the lattice
volume change between austenite and martensite, fn is the volume fraction of martensite
determined by K-M equation, f, is the volume fraction of austenite and AT is the change of
temperature between any two temperatures.

am and oy, can be directly obtained from the dilatometry curves. However, it is not feasible to
obtain unique values for b, Mg and &-m. This indicates the fact that various f» may exist for a
given material quenched under similar conditions.

Qiu et al. (Qiu et al., 2009) modified the above equation as follows:

E=E,+ (ey_m — amM; — M) + a,,T + (@ - Sy_m> e0(Ms™T) “4)
Where E is the total dilatation and Eo is the dilatation at Ms Temperature.
Taking the advantage of this equation, b, Ms and &)-» can be adjusted until accurate fitting of

experimental dilatation results.

The main aim of this work is to study the microstructure evolution and quantify the volume
fraction of martensite and retained austenite by using dilatation curves. The volume fractions
of phases are investigated at two different cooling rates. Empirical equations for martensitic
transformation, which described above, are also used and best equations are proposed for the

determination of the volume fraction of martensite.
2. Materials and Experimental Procedures

The composition of the medium carbon low-alloy steel used in this study is shown in table 1.

Table 1 The chemical compositions (wt %) of the investigated steel

C A% Mn Si Ni Cr Mo Cu
0.35 0.149 0.99 0.41 0.5 1.86 0.53 0.16
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The ingot (40 tonnes) was forged by open die forging at high temperature (1260 °C) and then
air cooled. Parallelepiped block (254%330x1265 mm) was cut from the ingot. Small bars
were then extracted near the surface region. Fig.A 1.1 illustrates the position and orientation

of each part. The circular block was machined to Smm in diameter and 84 mm in length for

dilatometry tests.
1265 mm
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Figure A 1.1 The position and orientation of the cut block from the forged
ingot, b Dimensions of the cylindrical block

The ISO-Q dilatometry module of the Gleeble® 3800 thermomechanical simulator was used
to carry out the tests. In the Gleeble system, the change in diameter was measured using the
C-gauge transducer. To control the temperature, type K thermocouples were welded to the
surface of each sample and the temperature variation was controlled within 1 °C. As shown
in Fig.A 1.2, the dilatometry samples were heated to 900 °C, at a heating rate of 5 °C/s and
then were held for 1800 s. They were then cooled to room temperature using cooling rates of
3 °C/s and 15 °C/s. After testing, samples were cut and polished following standard
metallographic procedures. Then, they were etched using the following etchant: NaOH (40 g)
+ H20 (60 g) + NaNO3 (15 g) (Gouné et al., 2012). The microstructures of the samples were
observed using the confocal microscope Olympus LEXT4100 and for detailed analysis, the

scanning electron microscope Hitachi SU-8230 was utilized.
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Figure A I. 2 Heat treatment cycle of dilatometer experiment

X-Ray Diffraction was used to identify and quantify the volume fraction of phases
(martensite and retained austenite), on X'Pert3 MRD PANalytical using Cu Ka radiation with
a step size of 0.0835. Microhardness tests were conducted according to ASTM E384—11

standard to determine the hardness of the phases.

3. Results and Discussion

The dilatation curves for the studied steel are shown in Fig. A 1.3 for cooling rates of 3 and
15 °C/s. Both conditions correspond to the formation of martensite. The transformation of
martensite occurred at 334 °C and 339 °C for 3 and 15 °C/s, respectively. The linear zone

represents the contraction of austenite during the continuous cooling. There is no

transformation in this zone.
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Figure A 1.3 Dilatometry curves showing change in diameter of samples during
cooling at 3 and 15 °C/s

The second zone corresponds to the expansion of austenite to martensite. It is characterized
by a deviation of the thermal expansion linearity. Finally, the third zone contributes to the
end of martensitic transformation and is characterized by the contraction of the samples. The
curves in Fig. 4 show the comparison between the experimental results and those obtained by
K-M equation. Using the least square method .(Qiu et al., 2009) the five variables, Eo, M ,
Om > &y and &,_,, in Eq. (4) were determined from the experimental dilatometry tests. The

values of these constant for both cooling rates are given in Table 2.
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Figure A 1.4 Comparison of dilatation curves between
experimental and calculated by K-M model (a) 3 °C/s, (b) 15 °C/s
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Table 2 Data employed for fitting experimental curves

Cooling M
b £ Mgcalculated
rate a &y o exp
o) ° ™ e 4 by model (°C)
(°Cls) (°0)
3 0,026 | -0,00099 | 6 E-06 0,00452 | 2,0125E-05 | 334 314
15 0,027 | -0,00158 | 6 E-06 0,00450 | 2,0000 E-05 | 339 317

The martensitic start temperature for 3 °C/s as obtained by experiments is 334 °C and
predicted to be 314 °C as predicted by the model. For 15 °C/s, M;s is found to be 339 °C
experimentally and calculated to be 317 °C.

It can be seen that the constant b for 3 °C/s is less than the one for 15 °C/s. It has been
reported by several researchers that the constant » depends on the chemical composition of
the steel (Seok Jae, 2013). However, the results obtained in the present work indicate that b is
also a function of the cooling rate; in accordance with those previously obtained by Ghasemi
Nanesa et al. (Nanesa, Jahazi et Naraghi, 2015) who also reported different » values as a

function of cooling rate in a high carbon tool steel.
3.1 Microstructure Examination

Fig. A.L5 (a) and (b) show the microstructure of the samples after the heat treatment cycle.
The presence of a martensitic microstructure can be clearly observed in both conditions.
Carbides are not observed in these microstructures as shown in the SEM images presented in
Fig. A.1.6 (a) and (b). Micro-hardness results confirmed the presence of martensite with a

hardness of 736 HV for 3 °C/s and 729 HV for 15 °C/s.
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Figure A 1.5 Optical images of studied steel at various cooling rates: (a) 3 °C/s, (b)
15 °C/s

“10.0pim - |l ETS:SU82 20.0kV 6.0mm x5.00k SE(UL)" 7

ETS-SU82 20,0KV.6.8mmx5.00K SE(UL)

Figure A 1.6 SEM images of studied steel at cooling rates of: (a) 3 °C/s, (b) 15 °C/s.
The microstructures show the presence of fully martensitic structure

XRD results did not show the presence of retained austenite in the microstructure (see Fig.
A.L7) indicating that the microstructure of the samples is 100% martensite after cooling to
room temperature. The volume fraction of martensite calculated by the K-M model is
represented in Fig. A.L.8. The best proposed models which described the martensitic
transformation for both cooling rates, 3 and 15 °C/s, can be written as:

Frnqrcss = 1 — exp{-0.026(314 — T)} (5)

Frasee s = 1 — exp{=0.027(317 — T)} (6)
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Figure A 1.7 X-Ray Diffraction for 3 and 15 °C/s
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Figure A 1.8 Volume fraction of martensite for 3 and 15 °C/s

The proposed models (Egs. 5 - 6) predict 99.94 and 99.96% of martensite for 3 and 15 °C/s,
respectively. Thus, the fraction of the retained austenite will be 0.06 and 0.04%. The low
volume fraction of retained austenite for both cooling rates, calculated by the K-M model,

could be related to calculation errors when compared with the XRD results.
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4. Conclusions

The effect of cooling rate on martensitic transformation of a medium carbon low alloy steel

was investigated in this study and the following conclusions can be drawn:

1. Kinetics study using dilatometry on Gleeble® 3800 showed only the presence of
martensite for 3 and 15 °C/s cooling rates.

2. The comparison between experimental results with those calculated by K-M model
did not show any difference on the volume fraction of martensite.

3. The best fits of the dilatation curves allowed determination of the constant » for both
conditions. This value is 0.026 for 3 °C/s and 0.027 for 15 °C/s, indicating that b

increases slightly with increasing the cooling rate.
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