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Abstract

Using in situ high energy X-ray diffraction study of austenite formation in hypoeutectoid
steel with three different initial microstructures (ferrite-pearlite, tempered martensite and
bainite), the lattice parameters of ferrite, cementite and austenite are examined on heating at
0.25, 10 and 100 °C/s.

The lattice parameters of ferrite, cementite and austenite do not vary linearly with the
temperature, especially, in the temperature range where the austenitization takes place. For

the austenite, it is suggested that the deviation from the linearity is mainly associated to the
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carbon content variation. Using Dyson and Holmesa#dqgn, the carbon content in
austenite is evaluated for any moment of the aisteformation for each initial
microstructure and all heating rates.

For the ferrite-pearlite microstructure heated @50C/s, the carbon content in austenite
after complete cementite dissolution correspondsh&d of pearlite. Moreover, a rapid
decrease in carbon content in the austenite isredbeduring the first stage of the
austenitization (simultaneous dissolution of ferrand cementite) followed by a slow
further decrease during the transformation of #maining ferrite. The obtained results are

discussed using thermodynamic calculations.

Keywords: Austenitization, In situ synchrotron Xrdiffraction, lattice parameter, carbon

content, Thermo-Calc

1. Introduction

The service life of crankshafts for automotive istly can be increased by surface
hardening via an induction heat treatment [1,2]ciSa local heat treatment leads to a
formation of austenite close to the surface whigtthier transforms into martensite upon
subsequent quenchingherefore, the resulting surface layer has a higtedness in
comparison with that of the bulk. In addition, ietd compressive stresses are generated in
the surface layer (mainly due to the martensiaagformation in that area), optimal for the
properties of crankshafts use [3].

The required heat treatment should be fast enoadimit the volume of the material
transformed into austenite (close to the surfaceeating. Typical heating rates vary from

30 to over 100 °C/s. In these conditions, the ahithicrostructure of the steel may affect



the austenitization kinetics due to differencesnterface migration and interstitial and
substitutional elements redistribution in differenticrostructures. Even for a fully
austenitic layer, the chemical composition may @nédocal heterogeneities due to initial
microstructure features leading thus to local défeces in final microstructure with
different local mechanical properties. It is wontbting, that most of investigations reported
in literature have been carried out on the auseation of steels with initial ferrite-pearlite
microstructure [4-14]. The analysis of austenitemfation for the same steel having
different initial microstructures and for differeeating rates is of technological and
fundamental importance. In this scope, our previsugly reported on the kinetics of
austenite formation considering three initial msgtractures (ferrite-pearlite, tempered
martensite and bainite) of the same hypoeutecteiel and five heating rates (0.25, 1, 10,
60 and 100 °C/s) [15]. The use of High Energy syothbn X-Ray Diffraction (HE-XRD)
[16] allowed to characterize the phase fractionl@ian of all phases and highlighted two
steps in the austenite formation [15]: i) the sitawskous transformation of ferrite and
cementite into austenite, and ii) the transforrmatd the remaining ferrite into austenite.
For a given heating rate, the kinetics of each atap shown to be dependent on the initial
microstructure.

In addition to the nature and amount of phases ddinthe Rietveld refinement of
diffraction patterns gives also information abobe tlattice parameters and widths of
diffractions peaks for different phases for any reainduring heating and the austenite
formation. To get insight into the transformati@atures, the present paper focuses on the
evolution of lattice parameters of austenite, ferand cementite to be able to estimate the

carbon content evolutions in the phases.



It is worth noting that a recent study attempte@nalyse the evolution of austenite lattice
parameter during austenitization of the same 50@rbteel having ferrite-pearlite and soft
annealed initial microstructures close to equilibristate [14]. In situ HE-XRD was used
on heating with the rates of 1, 10 and 100 °C/sleArease in austenite lattice parameter
was observed at the beginning of the austenitedtom until a minimum value followed
by further linear increase with temperature. Suathange in austenite lattice parameter
was qualitatively attributed to the evolution ofsgenite chemical composition. However,
any attempt was not done to quantify austenite azarbontent or lattice parameter
evolution of ferrite cementite and austenite, anly possible explanations were given.

In the present work an accurate analysis of X-rajads carried out using Rietveld
refinement. Different assumptions concerning thelwgion of lattice parameters of ferrite,
cementite and austenite are carefully analysedet@lide to obtain the austenite carbon
content at any moment of the transformation fofedent heating rates. Besides, non-
equilibrium tempered martensite and bainite mictmdtires are investigated together with

ferrite-pearlite initial microstructure.

2. Material

The steel used in the present work is a 37MnCwi8¢ch provided by was manufactured
by Ascometal CREAS. The chemical composition wasra@tterized on forged bars using
optical emission spectrometry and combustion (LE@@3lysis for accurate measurements
of carbon and sulphur conten®&ble 1). The steel was made available as hot forged bars
of approximate diameter 40 mm. Details of the fedtion process have already been

reported in Ref. [15].



Table 1. Chemical composition (wt. %) of the 37M#&@Grsteel used
Fe C Si Mn S Ni Cr V Mo Cu Al
Bal. | 0.356| 0.253| 1.285| 0.024| 0.208| 0.652| 0.005| 0.065| 0.172| 0.018

To produce different initial microstructures, tloeged bars were austenitized at 850 °C for
1 hour and further subjected to different heatttnesmts. These thermal treatment have
already been detailed in [15], but will neverthelese summarised for ease of legibility. To
obtain ferrite-pearlite initial microstructure, tlsteel was air cooled from austenitizing
temperature down to 625 °C and held at this tenpexafor 1 hour. The tempered
martensite required oil quenching at room tempeediom austenite domain followed by a
tempering at 500 °C during 1 hour. The bainite ostructure was obtained during an
isothermal soaking in a salt bath at 450 °C duB@gninutes after austenitizing.

The samples used in this study were taken at tlieradius of the bars for each initial
microstructure in order to avoid decarburizatiormpdmenon at the surface of these bars.
These initial microstructures obtained by Scannkigctron Microscopy (SEM) are
presented Fig. 1.

Fig. 1a shows the initial ferrite-pearlite micrestture where black regions are the free
ferrite and grey regions are the pearlite. Volumetion of ferrite and pearlite can be
determined by image analysis based on contrasshbld The mean phase fraction
obtained for the free ferrite is 20% and that for pearlite is 80%. , The intercepts method
allowed us to estimate the size of mean pro-eutkftorite grains to be of 10 pum. For the
initial tempered martensite and bainite microsuites (Fig. 1b-c), it was not possible to
distinguish the different phases by SEM.

HE-XRD analysis revealed the presence of aboutn2% of cementite for the three initial

microstructures and 3 wt.% retained austenitearbinitic microstructure.



Fig. 1. Initial (a) ferrite-prlite, (b) bainitena (c)tempered artensite microstructures of ﬂwesitigted
steel as observed by SEM (standard metallograppapation and 2% Nital etching).

3. Experimental techniques

Experiments were carried out at the Deutsches iBle&h-Synchrotron (DESY, Hamburg,
Germany) on the beamline P07 of PETRAII. A DIL8@BD dilatometer from TA
Instrument was used to apply the thermal treatmdiisee linear heating rates (0.25, 10
and 100 °C/s) were imposed until 900°C followedyag quenching.

The samples were hollow cylinders of 10 mm lengtiose the external diameter was 4
mm and the thickness was 0.5 mm in order to redadial thermal gradient.

Induction heating was employed during the experisiand the temperature was controlled
using S-type thermocouple centrally welded at tnéase of the hollow cylinder. In order
to have a good correlation between the temperaitgaisition and the Debye-Sherrer rings
recorded during the thermal treatment, the X-ragnberossed the sample in the area close
to thermocouple. The Debye-Scherrer rings wereiddaby using a monochromatic beam
of 100 keV and 2D image plate detector situatedbaut 1.5 m away from the sample. A
preliminary calibration with Ce©powder was carried out to determine the valuesired
for further X-ray data analysis such as the disgtametween the sample and the detector or
the wavelength which was 0.123984 A in this cadee Beam size of 1.0 x 1.0 mm?
allowed getting a reasonably good resolution ast daquisition time for the high heating

rates. Indeed, two modes were employed to theadtifsn pattern recording: a slow mode



with an acquisition time of 3.5 s for the heatimgerof 0.25°C/s and a fast mode with an
acquisition time of 0.1 s for the heating ratesl®fand 100 °C/s. For the slow mode, the
acquisition time included the shutter opening aihoking, the acquisition of external
parameter as the temperature, and the data erfasimghe detector. In the fast mode, the
shutter opened at the beginning of the experimeandt @osed at the end; any external
parameter was not recorded during the acquisition
The fast mode led thus to an uncertainty in tentpegavalue which can be calculated as
, where \4 (°C/s) is the heating rate and 0.1 (s) is the sdtn time in
fast mode.
It is worth noting that for the present study thhesating rates were selected: 0.25, 10 and
100 °C/s while 1 and 60 °C/s heating rates werd asewell in the study on austenitization
kinetics in the same steel in Ref. [15].
The Debye-Scherrer rings give information on theaga crystallography at any moment
during the thermal path. The complete integratibthese rings leading to conventional 1-
D diffractograms were made using the Fit2D softwarken, the diffractograms were
analysed by Rietveld refinement [17,18] with thélfwf software [19].
The starting structures for the Rietveld analysissisted of ferrite and cementite for the
initial ferrite-pearlite and tempered martensitemstructures, and of ferrite, cementite and
austenite for the analysis of the bainitic microsture. More details concerning the
procedure of Retvield refinement can be found enRef. [15]
For each XRD pattern, the following parameters wefmed: scale factors, mass fractions,

FWHM (full width at half maximum) and lattice paratars.



4. Results

The kinetics of austenite formation as a functiébnndial microstructure and heating rate
was reported in details in Ref. [15]. We recall enéhe main results and conclusions
required for the further analysis of the latticegmaeters evolutions.

The temperature range of austenite formation otifgeéor different conditions is given in
Table 2 In order to obtain a good confidence on thesepé&ratures, the start of
austenitization (A1) is taken for a mass fraction of 3% of austenrgated and the ferrite

dissolution is considered as completeddj&or 95% of austenite formation.

Table 2. The temperatures of the staréjfand end (&3) of austenite formation on heating as well as the
temperature of the end of the first stage of autgtdarmation (%) according to the data obtained from HE-
XRD experiments in Ref. [15] for different initiaticrostructures and heating rates

Ferrite-pearlite Tempered martens Bainite
Heating Aci T1 Acs Aci T Acs Aci T1 Acs
rate | (°C) | (°C) | (°C) | (°C) | (°C) | (°C) | (°C) | (°C) | (°C)
(°Cls)
0.2t 74C | 755 | 79C | 73€ | 75€ | 774 | 73€ | 76% | 77C
1C 761 | 79z | 82z | 743 | 76 | 77S | 741 | 76S | 79C
10C 781 | 84: | 854 | 753 | 78E | 81C | 74% | 78¢ | 81C

The data reported imable 2 clearly evidence that the transformation kinett&cdepending
on the initial microstructure, mainly the size betdifferent microstructure constituents
[15]. The phase fraction evolutions show two stagethe kinetics of austenite formation.
The first one corresponds to the simultaneous Wigsa of ferrite and cementite; the
second one to the dissolution of the remainingtéeriThe temperature of the end of the
first stage (1) is recalled inTable 2 This temperature is dependent on the initial
microstructure and heating rate and its variati@s attributed to different size of cementite
particles in different initial microstructures [15]

Together with phase fractions, the results of Riletvefinement inform about evolution of

the mean lattice parameters of ferrite, cementitk austenite. Those are further analysed



and discussed considering the different origins lattice parameter evolution: the
temperature variation, the elastic strains andier vtariation of chemical composition of

different phases during austenitization.

4.1 Mean lattice parameters on heating

The variation of mean lattice parameters of feraibel austenite during heating with a rate
of 0.25 °C/s is given irFig. 2 for the three initial microstructures. For cemtmtithe
change in unit cell volume on heating is reportedrig. 3 for the same conditions. The
values of apparent coefficients of thermal expamsabtained in the temperature ranges

where no transformation occurred, are summarizaalbie 3 for all phases
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Fig. 2. Mean lattice parameters of ferrite and enigt on heating with a heating rate of 0.25 °®©fsiiitial
microstructures of ferrite-perlite (solid), bainfigashed) and tempered martensite (dotted): (ayé&efluring
and after austenitization and (b) zoom to the teaipee range where the austenite formation occurs.

The volume thermal expansion coefficients of celitentere measured in the temperature range
450-600 °C for two reasons: i) theses temperatareshigher than cementite Curie temperature
(T 227 °C) [20] (magnetic transition has a significaffect on the thermal expansion coefficient
in a temperature range of about 200°C arougd ii) for the initial bainite microstructure some
transformation of the retained austenite occuroeddmperatures lower than 450 °C and may affect
the apparent thermal coefficient of cementite.
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Fig. 3: Unit cell volume of cementite before andidg austenitization with a heating rate of 0.2%s°@r
initial microstructures of ferrite-pearlite (bludainite (red) and tempered martensite (black)

Table 3. Volume coefficient of thermal expansiorcementite in the temperature range from 450 to €00

and linear coefficient of thermal expansion of iferrand austenite in the temperature range where no
transformation occurs

Coefficient of Initial microstructur
thermal expansion Ferrite— Bainit Temperec Literature data
(10° K™Y pearlite ante | martensite
Volume, cementi 54 56 54 46 [25, 58 [26
14-16 [20,21,
Linear, ferrite 16.4 16.2 16.1 | 16.3[23], 16.8 pure
iron [23], 16 [25]
Linear, austenii 24 24.¢ 24.4 20-23 [20, 24 [21

For the ferrite-pearlite and tempered martensii@alnmicrostructures that contain a
mixture of ferrite and cementite, the mean latpeeameter of ferrite increases linearly with
temperature up to 735 °C. Between 735 °C and ard@@d°C, in the first stage of the
austenite formation, the mean lattice parametdemwite slightly deviates from the linear
behaviour, with a decrease in the apparent Coeffi@f Thermal Expansion (CTE). Above
760 °C Fig. 2b), in the second stage of the transformation, dtiicé parameter of ferrite
decreases with a negative apparent CTE. For botitefpearlite and tempered martensite
microstructures, the unit cell volume of cemenititereases with increasing temperature: a

linear behaviour is only observed between 450 88%I°C §ig. 3). Above 735 °C where



cementite dissolution occurs, a decrease in theaetli volume of cementite is observed.
For the bainite microstructure, the initial statntains a mixture of three phases (ferrite,
cementite and retained austenite). During the hgabietween 240 and 410 °C, the
transformation of retained austenite into ferritel @ementite occurs. Between 410 and 735
°C, the amount of ferrite and cementite remainsstamt. Nevertheless, the mean lattice
parameters of ferrite and cementite have almosindas evolution than the one obtained
for ferrite-pearlite and tempered martensite micrasures.

For the evolution of austenite lattice parametevp ttemperature ranges should be
distinguished: (i) above 730 °C where a mixturefasfite and cementite transforms into
austenite (ferrite-pearlite, tempered martensitel dainite microstructures), and (ii)
between 240 and 410 °C where retained austenmsftians into ferrite and cementite
(bainite microstructure only).

A complex non-linear evolution of austenite lattgarameter with temperature is observed
during the ferrite+cementiteaustenite transformation whatever the initial mstrocture
(Fig. 2b). A significant decrease in austenite lattice paater is observed between 735 and
760 °C, during the first stage of the transformatidbove 760 °C, during the second stage
of the transformation, the austenite lattice pateméncreases. The CTE of austenite
increases until reaching a constant value of 2%xK¢ once the transformation is
completed.

For initial bainitic microstructure, the CTE of agted austenite obtained between room
temperature and 240 °C is equal to 21%K& which is lower than the CTE measured after
complete austenitization, could indicate that thined austenite is under a compressive
stress state [27Above 240 °C, the apparent CTE increases up to @41K1' where the

retained austenite transforms into ferrite and ceitaee



In the temperature ranges where no transformatemurced, the coefficients of thermal
expansion obtained for the ferrite, cementite argtemite are in good agreement with those
found in literature Table 3,[20-26]).

A similar evolution of ferrite, cementite and aumste lattice parameters with temperature
was observed for heating rates of 10 and 100 ®/thé different initial microstructures as

illustrated forferrite-pearlite microstructure iRig. 4.

Fig. 4. Ferrite (black) and austenite (blue) lattigarameters and cementite unit cell volume (gresn)
function of temperature in initial ferrite-pearlitgicrostructure on heating with different heatiates

The complex variations of mean lattice parametéreach phase can be due to several
factors: change in temperature (thermal expansiaktic strain and change in chemical
composition. As the temperature was measured ahgakhe experiment and thermal

gradients were negligible, those variations carfupier analysed subtracting the thermal

contribution using the data reportedTiable 3.

4.2. Ferrite and cementite lattice parameters betbe ferrite + cementit® austenite

transformation



First, the mean lattice parameter of ferrite ol#diron heating for the three initial
microstructures is compared with that of pure ifoeated on the same apparatus and in the
same conditiongHig. 5). The absolute values of ferrite lattice paramégethe three initial
microstructures are slightly different and are tdlig lower as compared to the lattice
parameter of ferrite in pure iron. Those differenaan be attributed to differences in
chemical composition of the ferrite as well asrteinal stresses.

The differences in CTE of ferrite in comparison twpure iron are within 3.6% above
450 °C (16.4x16 K1 in ferrite-pearlite microstructure, 16.2x4X* in the tempered

martensite and 16.1x$XK? in the bainiteFig. 5).

Fig. 5. Comparison of ferrite mean lattice paramdiefore austenite formation for the three initial
microstructures and for the pure iron obtained eating with a rate of 0.25°C/s. Inset table giveREC
obtained from the experimental curves for the tenajpees between 450 °C and:A

Comparing cementite at room temperature in thrégalinmicrostructures and @ure
cementite powder [28,29], the mean lattice pararaetee quite similar (the differences are
within 1%, Table 4). Moreover, in the temperature range between 2@D 327 °C, the
volume CTE of cementite reported in Ref. [28] issd to 42x16 K1, which is in good
agreement with the CTE of cementite obtained fer ttiree initial microstructures in the

same temperature range: 42*%1K* for tempered martensite and lower than 48%Ko*



for ferrite-pearlite microstructure. For the tengiare range from 450 to 600 °C, the

obtained volume CTE of cementiféable 3)is in good agreement with literature data.

Table 4. Mean lattice parameters of cementite amréemperature for different initial microstructsref a
37MnCr4-3 steel in comparison with those for piementite powder [28,29]

Microstructure a (A) b(A)Y| c(A)
Ferrite-pearlite 5.0858| 6.7374 4.5202
Bainite 5.0860 | 6.7420 4.5301
Tempered martensite 5.0709 6.72D5 4.5484
Cementite powder [28] 5.0809 6.7530 4.5150
Cementite powder [29] 5.0901 6.7456 4.5262

4.3 Mean lattice parameters during the ferrite mestite® austenite transformation

In order to analyse the lattice parameter evolstionthe transformation temperature range
without the thermal contribution, the paramet@as DagandDVq were defined as follows:
for each phase, the contribution due to thermalaegn alone was extrapolated from
temperature regions where this phenomenon wasastilee or predominant, the difference
was then calculated between actual measurementhanahal contribution alone. This is
schematically illustrated iRig. 6. This was done assuming a constant linear CTIefoite
and constant volume CTE for cementite giveitable 3.

For austenite, the variations of lattice parametere calculated taking austenite in the
single austenite domain as a reference. This is #lgstrated inFig. 6, where the
extrapolated changes in austenite parameters asenskas a tangent line to the

measurements for the high temperature, austenitaitio



Fig. 6. Ferrite and austenite lattice parameters @mentite unit cell volume obtained for ferriteaplite
initial microstructure on heating of 0.25°CBg,, Da; andDV 4 are schematized by arrows.

The resulting variations dbag, Da, andDVq are plotted versus austenite weight fraction in
Fig. 7afor ferrite-pearlite microstructure and fig. 7b for all three initial microstructures
(Dag andDaa only).

Daa slightly decreases at the beginning of the ausefarmation and remains nearly
constant and equal to -1.5x4@ between 20 and 85 wt.% of austenite. A dropltel0

3 A is observed between 85 and 100 wt.% of austentiatever the initial microstructure.
The Dgg variations are opposite in sign to those of ferrédnd ten times largddag presents
the highest value at the beginning of the transétion (0.01 A) and then decreases as
austenite amount increases to reach 0 A onceadhsfarmation is completed whatever the
initial microstructure. The decrease is largehatlieginning of the transformation.

DVq decreases continuously with transformation progrélse maximal value is near -0.28

A3 corresponding to a relative volume change of 8:2 1



Fig. 7. Variations of mean lattice parameters ofitee and austenite without thermal contribution ( and
respectively) and unit cell volume of cementite () as a function of austenite weight fraction ontimga
of 0.25 °C/s for (a) ferrite-pearlite and (b) thiaitial microstructures

The decrease in the mean lattice parameter oftderand cementite during the
transformation, which is small but significant ca@ associated with the development of
compressive stresses [30] or with a change irhgsnical composition.

Since the austenite has a low yield stress indgihmgérature range where the transformation
occurs, the changes in its lattice parameters dhbel mainly associated with chemical

composition variation.

4.4. Austenite chemical composition during ausieaiiton
Considering only the solute elements in the studiedl, we used the relation proposed by
Dyson and Holmes [31], as done in Refs. [32-34] the lattice parameter of the austenite
as a function of chemical composition (in wt. %y@m temperature:
" # $
% 1)
where 3.5847 A corresponds to the austenite lafim@meter in the pure iron at room

temperature.



Using the composition provided in Table 1, the enisé lattice parameter can be calculated
to 3.59789 A. This is 0.01319 A greater than forepiron, with a contribution of
& due to carbon alone, and of & due to the substitutional elements. Given
that the carbon influence is therefore 10 timegdarthan that of the substitutional
elements, the variations Big, may be assumed to be mainly related to changearbon
concentration in austenit®\icg). This is explicited irEq. (2):
o 0

with' &+ , [31].

UsingEg. (2) and considering that the austenite has the noroarabn content of the steel,
(). (Table 1), once the austenitization is completed, the meaibon content in the
austenite((, ) can be estimated at any moment of the transfeomaising the variation of

lattice parameter after subtraction of thermal gbation Dy :

O 5 (O 3)
The result of such estimation is givenHFig. 8 for ferrite-pearlite and tempered martensite

initial microstructures and for different heatireges.

Fig. 8. Mean carbon content in austenite and aitstémraction versus temperature during austenitpator
different heating rates and two initial microstiwets: a) ferrite-pearlite and b) tempered martensit



Whatever the considered initial microstructure &edting rate, a continuous decrease in
the mean carbon content in austenite is observedtiia end of the austenitization, when
the carbon content stabilizes and remains constarihg further heating. The carbon
content in the first 3 wt.% of austenite (“initiagdustenite mean carbon content) is equal to
0.59 wt.% for the initial ferrite-pearlite microgtiture and the lowest heating rate of
0.25 °C/s. An increase in the heating rate leadmtancrease in & temperature and to a
decrease in “initial” mean carbon content in fresistenite (0.54 wt.% for 10 °C/s and
0.44 wt.% for 100 °C/s). A similar behaviour is ebged for the initial microstructure of
tempered martensiteFig. 8b) with less difference between the “initial” meaartwon
content in austenite for the different heatingsate

Marking the end of cementite dissolution, differstages can be outline#ig. 8): a first
one with a sharp decrease in carbon content ireaistbetween the beginning of the
transformation and the complete dissolution of aaiteeand a second one with a smoother
decrease corresponding to the remaining ferritsotlision. Once the austenitization is
completed, the carbon content in austenite rem@onstant and equal to the mean carbon
content of the studied steel.

When the heating rate increases, the cementiteldism finishes at higher temperatures
and the corresponding mean carbon content in dtestdacreases since a higher ferrite
amount transforms in austenite before complete nataalissolution [15].

The mean carbon content evolution in austenitendutie two stages of the austenitization
in the ferrite-pearlite initial microstructure hedtat 0.25 °C/s can be further analysed.
From results shown ifrig. 8 the carbon content in austenite at the end oflipedi.e.

cementite) dissolution is about 0.45 wt. % corresjiog to the mean carbon content in the



initial pearlite. Indeed, the pearlite fraction iestted by image analysis from images
acquired on Scanning Electron Microscope (SHNY. 18 was found to be 80%.

Considering that there is no carbon in ferrite, tiean carbon content in pearlite can be

roughly estimated aé% wt.%, which agrees well with 0.45 wt. % estimated

from in situ experiment as discussed above.

From Fig. 8, we conclude that for the lowest heating rate @50C/s, the first formed
austenite has a higher carbon content (0.59 witPd) the mean carbon content in the
initial pearlite (0.44 wt.%). As temperature andtaunite fraction increase, the mean carbon
content in austenite decreases until reaching #@nncarbon content of the initial pearlite
at the end of the first stage of the transformatiburing the second stage of the
transformation, the dissolution of the remainingl2®f free ferrite with negligible carbon
content occurs and the mean carbon content inratestiecreases more smoothly.

In the case of bainitic microstructure, a decre@asaean carbon content in austenite is also
observed during the transformation. However, thiéaincarbon content in austenite
increases with the heating ratad. 9). Such a result, different from those obtainedtifer
two other initial microstructures should be expéarusing the microstructural differences
in different initial states of the studied steeldéed, a small amount of retained austenite
was found in the initial bainitic microstructurelilie the ferrite-pearlite and the tempered
martensite microstrutures. For the heating rate 0&5°C/s, the retained austenite
completely transforms into ferrite and cementitesMeen 240 and 410 °C. For the heating
rates of 10°C/s and 100°C/s, the retained austdmtial fraction of 3 wt.%) is not
completely transformed when reachingi:Atemperature and the transformed austenite
fraction decreases with increase in heating rateu@0.7 wt.% at 745 °C for 10 °C/s and

2wt.% for 100 °C/s). Keeping the assumption thed internal stresses are relaxed in



austenite at those temperatures, the higher carbotent in the austenite when reaching
Ac1 temperature for increased heating rate may beeckla the carbon enrichment of the
retained austenite during the bainitic transfororati35]. A partial transformation of the
retained austenite in ferrite and cementite (hgatate of 10°C/s) could thus lead to a
global increase in the carbon content in austatitbe first moment of austenitization (for
3 wt. % of austenite)Hg. 9). Once the A1 temperature is reached and austenite fraction
increases, the mean carbon content in austenitets sttb decrease due to

ferrite+cementite austenite transformation as for the other micrastmes.

Fig. 9. Mean carbon content in austenite and aitetéraction on heating during austenitization rfial
bainitic microstructure for different heating rates

In addition to the mean carbon content in austerite chemical homogeneity can be
estimated using the FWHM (full-width height middi=)diffraction peaks recorded during
in situ experiments. According to Caglioti's eqoati FWHM varies with the diffraction

angle [36]:

5678 9:; +< T>? @ >?767? (5)
where U, V, W are the half-width parameters that loa obtained by Rietveld refinement.
First, the diffraction diagrams with the (13&nd (200) peaks are given iRig. 10for three
austenite fractions and ferrite-pearlite initial cnoistructure heated at 0.25°C/s. They

illustrate the larger FWHM at the beginning of thensformation (6 wt.% of austenite).



Fig. 10. Austenite diffraction peaks (111) and (R60rresponding to different stages of austenitenédion
on heating with the heating rate of 0.25 °C/s itiahferrite-pearlite microstructure: 6 wt.% (beging), 66
wt.% (end of cementite dissolution) and fully awmstie (end of the austenitization).

The FWHM evolution for (11%)and (200) peaks calculated using the Caglioti’'s equation
(5) are plotted versus temperatureFig. 11°. For ease of comparison, the mean carbon
content in austenite previously discussed is aponted. A strong continuous decrease in
the FWHM of (111 and (200) peaks is observed during the first stage of the¢eaits
formation followed by a plateau during the secotags (remaining free ferrite dissolution)
and later once austenite formation is completed.

An enlargement in diffraction peaks may be dueeteesal factors: small size of diffracting
domains, heterogeneities (chemical, interstaésses, local temperature). The decrease in
FWHM can be mainly associated with a homogenizatbrcarbon composition of the
austenite because stress and thermal gradiengdaustenite formation as discussed earlier
can be considered negligible. Indeed, gradientsambon content are present during the
transformation. The chemical homogenization beimgtolled by diffusion, is accelerated
with temperature. The FWHM of austenite diffractipeaks is thus maximal at the

beginning of the transformation due to a maximurancical heterogeneity. Moreover, it is

2 As the same evolutions of FWHM for different mistuictures with increase in heating rates wererobde
Fig. 11 reports the data for three microstructares three different heating rates.



worth noting that the maximum FWHM increases ashbating rates increase suggesting

increase in chemical heterogeneities in austenite.

Fig. 11. FWHM of (111) and (200Qydiffraction peaks of austenite compared to the meabon content
evolution during austenite formation for differanitial microstructures and heating rates: a) fergearlite at
0.25°C/s, b) bainite at 10°C/s, c) tempered maitieias 100°C/s

5. Discussion

Since any data for the chemical composition of edéht phases in different initial
microstructures were not available, several assiomptre required for further discussion.
Three initial microstructures were obtained at efiéht temperatures and for different
durations: 625 °C - 1 h for ferrite-pearlite, 425 © 30 min for bainite and 500 °C - 1 h for
tempered martensite. These three temperatures @nelsponding durations seem to be

disadvantageous for a significant diffusion dist@ot the substitutional elements (Si, Mn,



Ni, Cr, Mo and Cu). Indeed, the estimation of thekkdiffusion lengths in austenite for
these elements at the highest temperature of 62r°C hour annealing, indicate that it
does not exceed 10 nm for the fast diffusing eléaméke Cr and Mn [37]. However, the
cementite in pearlite can be significantly enricivetin even though the pearlite formation
takes place at low temperatures due to acceledsieddiffusion along the interfaces
[38,39]. Nevertheless, diffusion of substitutioe@ments during the formation of tempered
martensite and bainite should be sufficiently ledito be neglected.

Therefore, one can expect the same content ofistlmstal elements (the same u-fraction)
in ferrite in bainite and tempered martensite nstmactures while some Mn partitioning
could take place during the pearlite formation lrgdo cementite enriched by Mn. During
the austenitization, Mn partitioning can occur adlwhich depends on initial Mn content
in ferrite and cementite [40,41].

We now can analyze the formation of fresh austen#ig an isopleth phase diagram
obtained for the fixed content of the substituticglaments (according tbable 1), except
that of Mn, and varying carbon content (at the espeof iron) using Thermo-Calc
software and TCFE9 databagég, 12). In order to take into account possilslementite
enrichment by Mn during pearlite formation or dgrisiow heating rate of the three initial
microstructures, Mn content in cementite in thergmaimic equilibrium with austenite was
being varied when plotting isopleth diagram. Howewse can observe that different Mn
content in cementite (from 5 to 20 wt. %) in eduilim with austenite does not change
significantly austenite/cementite equilibrium asmpared to global content of Mn of
1.285 wt.% Fig 12). Therefore, the discussion can be limited tortbminal Mn content in

the studied steel of 1.285 wt.%.



Fig. 12. Isopleth phase diagram for the 37MnCr4eklisfor fixed content of substitutional elementsl a
varying carbon content (at the expense of ironpioled using Thermo-Calc software and TCFE9 database
Mn content was taken 1.285 wt.% (black lines) amdesponding to 5, 10 and 20 wt.% (dashed coldanes)

of Mn in cementite in equilibrium with austenite timke into account eventual Mn enrichment in ceiteent
during pearlite formation. Initial carbon content austenite obtained experimentally (points) is jparad
with the mean carbon content in austenite, whidh thermodynamic equilibrium with ferrite and cemtite
having the same content of substitutional elem@dtied green line).

The isopleth phase diagram for 1.285 wt. % of Madk lines) gives carbon content in the
austenite in equilibrium with cementite; cand ferrite ¢ having the same content of
substitutional elements as that in austenite.

Plotting the initial mean carbon content in audtebtained from the in situ experiments
(points inFig. 12), we observe that for the heating rate of 0.251@Is lowest austenite
start temperature), the austenite mean carbon mpmtethe start of austenitization, is close
to the eutectoid composition, but nearer to themusition of the austenite at equilibrium
with cementite. The carbon content of fresh autteriose to that of eutectoid composition
were reported in Refs [4,40,42] and suggested tcen Ref. [15] where austenite

formation is starting controlled by carbon diffusip@l0,41,43-47].



For different heating rates and ferrite-pearlitel @aempered martensite microstructures, a
decrease of the mean initial carbon content inesit&t is observed when heating rate (and

thus the austenitization start temperaturei(fincreasesTable 5).

Table 5. Austenite start temperaturec{fAand mean carbon content in austenite at the biegjnof
austenitization (€) (3 wt.% of formed austenite) for different hegtirmtes and initial microstructures

Heating Ferrite - Tempered Bainite
rate pearlite martensite
(°Cls) Aci | Co Ac1| GCo Aci1| GCo
(CC) | wWt%) | (°C) | (Wt%) | (°C) | (Wt.%)
0.25 740 0594 736 0.593 736 0.585
10 761 | 0.543] 742 0.58¢ - -
100 781| 0.442 753 0.554 - -

When we report all experimental values of initiatlwon content in austenite on the isopleth
phase diagram, we observe that increasing thengeatie, the initial mean carbon content
in austenite varies according to the average v&due+ c)/2 (Fig. 12). Such a result
suggests a linear gradient for carbon content énfitist austenite formed between ferrite
and cementite [48].

In the case of the ferrite-pearlite initial micnegtture and the rate of 100°C/s, a deviation
from the average value (c+ c)/2 is observed. Eventual partitioning of Mn during
austenitization and when forming initial ferritegote microstructure should be carefully
examined for fast heating rate. The assumptioroaflmear carbon profile in austenite can
be supposed. Experimentally, it requires additicanalysis of chemical composition of

phases in initial microstructures before austegiikim.

6 Conclusion
The influence of heating rate and initial microstire on the mean lattice parameters of

ferrite, cementite and, especially, that of auséeduring austenitization was investigated



by in situ HE-XRD in a 0.36C-1.3Mn-0.7Cr-0.07Mo %t.steel. The main results are
summarized below:

(1) Ferrite and cementite are under compression atrldeof their transformation into
austenite.

(2) During the austenitization, the mean lattice patemef austenite decreases; this
decrease is mainly associated to a change in the ogbon content.

(3) Assuming that the elastic strains in austenitenagligible, the variations in mean
carbon content in austenite are calculated usirgnaestenite lattice parameter for
each transformation condition. The first formed tange has the highest mean
carbon content; it decreases rapidly due to thelsameous transformation of ferrite
and cementite into austenite. Once cementite isoblied, during the ferrite
transformation, the mean carbon content in augtel@treases more slowly.

(4) The initial mean carbon content in austenite at lteginning of the austenite
formation is dependent on the heating rate: it eles®s as heating rate increases (as
clearly shown for ferrite-pearlite and tempered tenasite initial microstructures).
For the lowest heating rate, the carbon contethenfirst 3 wt.% formed austenite
is near the calculated eutectoid composition obtainy Thermo-Calc and TCFE9
database.

(5) Values of initial carbon content in the first auste formed are in good agreement
with thermodynamic calculations with or without @@oning of Mn in initial

cementite.
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