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Abstract. The goal of this paper is to propose a ev appoachtowards the ealuation of dilatometric resuts,
which are often enployed to analyse thphase trasformation kinetics in steel, especially irterms o
coninuous cooling rransformation (GCT) diagram A simple taskof dilatometry is deriving the start anand
temperauresof the phasetransformation. It canyield phase tansformation kineics provided that plenty
metall ographic investgations are peformed, whose aalysis is canplicated especially in case obverd
coexsting product phases. The newnethod is basel on the rumerical solution of a thernomechancal
identficaion problem. It is expeced that the phaserarsformation kinefcs can be devied by this appoach
with less netdlographic tasks. Tte first results are reankably promising althoughfurther investigations are
recuired for the rumerical simulations.

1. Introduction

Dilatometry is a neans to masure raterial poperties which are relateid the chage in
volume. A dilatoneter is able to masure tis volumetric change in one diemsion, which
is often relded to the change in tempenauStel dilaometry is ofspecial inportance ér
the investigdion of y/a-phase transforation kinetics [1, 2]as the differ-ent phases exhibit
different crystallograple structues The tenperatue, where the phase transfation
occurs, canbe detected preciselpy correating the terperatue armd the spcimen’s
change of length. The change of length aditg to temperate is fairly congant in
contrast with the one caused by phasadgfornation. During phase transfoation, the
specinen expands during coolg although the teperature dereases as a result of the
microstructure rearrangeamt. While the determmation of the start and end of a phase
transbrmation is rdative sinple, the detemination of phase transfomtion kinetics
requires adlitional metallograplhc investigations, in which the sges ae grinded,
polished, etched and observed under lightcaptiicroscope [3]By deriving different
phase fractions fromdifferent cooling rées in the experient, the entire phase
transfornation kinetics in terra of ontinuous cooling transfamation (CCT) diagram aa
be defined. The fractions of product phases geternmed fromthe netallographs by a
purely visual judgernt of the experirenter orwith the aid of inage aalysis software,
which work under a pixel based peiple, i.e.different phases are distuighed accaling

to thar colours. Nevetheless,in addtion to expeimenter’'s &perierce, the detenination

of phase fraction depends also on the bgemeityand phase distributioin the samplesa
the netallographic observed areas are notytinelpresetative for the entire speciem.

In a recehpaper [4], it as been shan that atleast incage d no nore than two coeisting
product phases, the infoation of the comiete transforration kinetics is already
derivable fromthe two tine-dependent valuesf length-change and temperature fram
single point neasurerant in the dilatonater. Thus it should be possible to avoid further
metallograjic investigtions in this case.

The purposeof this paper is to alidate tls finding for the case ofgeneral datometic
data and to develop a stratagyextract as mch information as pasible fromdilatometer
experiments.



2. Mathematical View on Dilatometer Experiments
2.1. Thedirect problem

A standard shape of dilat@er sgcimen is a cylinder with height. In the sequel, it is
assuned that radial and azithal variatons of the physical quantities: tparaturel and
displacerentu are negigible;z=(z,z,,z,,z,) stands for the vector of product phases, i.e.,
ferrite, pearlite, bainite andartensite.

One ofthe sinplest nodels to @scibe thernal expansion as illustratein Figure 1 is
taken by assumg a nixing rule for therral strain, i.e.

4
th th
=274,

i=0

where the tarmal strain in eaciphag is given by the linear mode! = 6(T-T"'), with a
thermal expansion coefficigns and a reference temperatlifé. Note that tk remaining
phase fraction of austenite is givenQy=1-z -z,-2, -z, .

For convenience, the followingpmenclatures are introduced

a,=6-8andfB =5T" -5 T fori=1,...,4
as well as

4 4
5(D=05+Y @, 2, (2)=0,T,"+3" B 7.
i=1 i=1
Then, the termal strain is given as
e"=02)T-n(2).

Assuning furtheran adlitive patitioning of the overall $rain into a trermal one and an
elagdic one, the dllowing quasi-&dtic, lineaized therno-elasticity sygemis obtaired:

(u,=6(2)T+7(2)), =0, (1a)
pCT, KT, +AS(2)u, T —pL-z,=y (T -T). (1b)
Since cooling happens all aroutind speciran, the distributedNewton type of cooling law
has been aisen with a heat transfer coefficientand a coolant teperatueT® ; p is the
density,c the heat capacity, k the thernal conductivity andL =(L,,...,L,) the vector of

latent heats of the product phasés=2A,+ A, is the bulk noedulus with the Lamé
constantsA,, A,.

The systenmhas to be aopleted with boundargnd initial conditionslt is assured that
the speimen is istated at its end pots x=0 andx=L, i.e.

TOY=T(L)=0 (Ic)

Moreover, it is fixed on the left-hand sided stress free on thight-hand side, i.e.



uoH=0 and u (L,t)—8@)T(L1t)+n(2)=0. (1d)

To conpute the phase fractions, one can add the Avtgpe kinetics [5-7] or rate laws as
in [8, 9]. Afterwards tle dire¢ prablem is completely defined and for a given set of
boundary ad initial corditions, the solution(u,T,z) can be comuted. However, in this
paper anther viewpoirt has leen orierted and will be explaned in the following
subsections.

Reletive elongation

Temperatura

Figure1: Schematic dilatation curves (A=austenite; F=ferrite; P=pearlite;
B=bainite; M=martensite) [SEP1680].

2.2. Theinverse problem

As described above, a dilateter experirant provides tw sets of tine-dependent data:
the length changd(t), andthe tenperature at themiddle point of the specien, z(t).
Paraneterizd with repect to time, thesedaa define the so-calledilatation curve (cf.
Figure 1), which allows the dermination ofthe trarsformation gart ard end. To btain
the reslting phase ractiors in case of several product plsas, an additional
metallographic examation by a ncroscope is required.

For a cooling curve with at ost two product prees, e.g., bainite andantensite, if it is
assuned that their phasfractions are spatig homogeneous within the speaim then
z(t) = (z(1),z(t)) is only a function of tira. Froma methematical point of view, it should

be possible to obtain these two @érdeendent functions fromthe measured
data(A(t),z(t)). Indeed it has been shown in [4] thhe tenporal evolution of the two

phase fractions is uniquely detened bythese two tire-dependent gasurerants.

In other words, in case of atost two coexisng product phases, it should be possible to
obtain all the inforration necessy to cndruct a CCT diagrandirectly from the
dilatometer experirants, thereby avoidingddtional metallagraphic invetigaions.

For thenumerical identification of the plasefractions z(t) = (z(t),z(t)) from dilatation
curves, the theroelastic systen{la-d) is dicretized with inite differences. The phase
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fractions are described asubic splines. Enforcing additional asqtions
Z(0)=Z(tz) =0, wheret. is the enthg time, the renaining spline coefficients cabe
uniquely represented in tesnof the z values ithe tenporal grid points, in the following
called «,,---,,. Then the inverse problem to find the valuesy,--,«, such that ta
overall dsplacenent u(L,t) is close to the masurerant A(t) and tle temperature in the
middle of the specien, T(L/2;t) is close to the masurerant ofz(t) concurretly. More

accurately, the followingnverse poblem has to be solved

min { % j;(u(L,t) — A(t)) dt+ % J:(T(L/z,t)— (1)) dt}

e

(IP)

suchthat (u,T) solves (la—d)

(IP) is a gadratic opimization problemwith linear equalityconstraints, which can be
solved, e.g., by the MATLAB Levenberg-Marquardutine. To obtairuseful results, the
equilibration of both termsin the cst functional is indispensable.

2.3. ldentification based on model data

In the frst step, the Jality of this gpproach was proven by ag model data fronthe
plain carbon steel SAE C 1080 §2C, 0.76%M. Thus, further technical difficulties
arising in connection with the evaluation eft dilatoneter experirants were avoided. To
generate the odel data, the theroelasticity sytem (la-d) coupledith two rate laws for
the phase fractions of pearlite andrtansite was solved (cf. [4]).

In this study, only an interasy case of maderate cooling ipresented, which yields two
product phases: pearlite an@mensite. Fulter details are referred again in [4].
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Figure 2: Moddl dilatometer curve for moder ate cooling.

Figure 2 shows the nodel dilgation curvefor the cae of moderate coling, exhbiting
two phase transforations. Figure 3 shows three itations and the iinal resit of the
optimization process inthis case.Starting fom the initid values z(0)=2z,(0)=0, the
correct final phase fractions wereesldy reached aft¢hree iteations.
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Figure 3: Four iterationsto compute phase fractionsfor moder ate cooling.

3. Experimental Setup

The dilatoneterteds wee aconplished by adeformation dildometer type DIL-88GA/D
fabricated by the copany Baehr Therwanalyse GroH (Figure 4). It dlows sinmulating
many themomechanical processes, as thadhine has the ability t@ontrol heatirg and
cooling rates up to 600 K/s, aarimum strainof 1.2 and a mximum strain rate of 13
Hence, it is possible to investitg the transirmation behaviour as a result of cooling rate
and prior defamation.

working cylinder

distance
measuring system

Figure 4: Schematic of the dilatometer.

load cell experimental chamber

From an elongation curve during continuotmoling as shown schetrcally in Figure 1,

the beginning of the phase transformatiomegined by the diversn of the elongation-
time-curve fronthe straight lie. The transfonation is fnished, when theurve tuns into
a straight line again. If there arecsessie phase traformations occurring in th steel,
the inflection points are to be detectedresboundary between the tramshation ranges.

5



The dilatometer tests were perfaanaccoring to SEP 1681 [10], while the results were
converted ito CCT-diaganms according to SEP 1680 [11].

In addition to the detection of the elongaticurves, raallographic characterization was
carried out in order to deteime the armuntof the different redting phase fractions.

4. Resultsand Discussion
4.1. Experimental procedure

A mediumcarbon steel with cheigal conposition shown ifrable 1 was chosen in order
to validate the nuerical approach.

C Si Mn P S Cr Mo Ni Al

0175 |{0.159 |1.133 |0.014 |0.022 |102 |0017 |[010 |0.02

Table 1: Chemical composition of the steel 16MnCr5in mass%.

Cylindrical dilaometer samles (=5 mm, L=10mm) were heated up to an austenitizing

temperature of 1200C at a heating rateof 200K/min, where the saptes were
austeitized for 10minutes and tn cooleddown to room teperature with different
cooling rates.

The phase transfomtion kinetics fromthe evaliation of the elongatioourves, assisted by
metallografic results, is prested in the CCT-diagramshown inFigure 5. The A; and
Acs tenperatures of the steel 16MnCr5 were detmed to be 740C and 835C
respectively,while the nartensite &rt tenperature M was deternmed to be 400C.
Additionally, the Vickers hardness test HVd@s perfornad for every cooling rate.
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Figure5: CCT-diagram of the steel 16MnCr5.

4.2. Input datafor thenumerical identification

Sone published therophysical data needed @guations (&,b) accorohg to the selected
chenical composition i.e. therah conductivity, density as well as heat capacity can be
found in [12, 13]. Nonetheless,is considerably coplicated to acquire the others; the
availability ofthe latent heatof the phase transfoation canes from few references e.g.,
[14, 15]. More difficulties were found in cagé thermal expansion coefficients and the
reference temperatures in thexmg rule ofthe thermal strain.

The data for the Newton-type coolingodel on the right-hand side of (1b) were also
identified at the end. A appropriée measurable coolartemperatureT® would be the
temperature at the inner boundary of the tgbierounding the specins in the dilatoreter
(cf. Figure 4). However, for prelirmary technical reassn T was assued to be
constant.

In case of the heat transfer coefficieat, its dimensionless formthe Nusselt-nutver,
many expressions for different geetnical confgurations exist, e.g., [16]. However, none
of themfit well with the dildometer bemng corsidered. Tyjpcally, the Nisselt nurber is
expressed as a product of further ewsionkess characteristic ndra's with empirical
exponents. For the cooling curves cl to c%igure 5, different cooling strategies were
used. For the highest coolingtes, i.e., coves cl to c3the coolant \as blown onto the
specinen (forced convection), while the coolingreas c4 to c9 were regarded as natural



convection. Hence, the heat transfer coefficlead to be dermned sgarately or these
cases.

To decelerate #h cwling in curves c5to c9, the speciems were heated by
electronagnetic inductia. Although the Nusselt nuser was unaltered, this effect had to
be taken into account by including an additiss@urce ternon the right hand side of the
energy balance ). The electric pwer was neasured foeach coling curve anda part of
it was absorbed by the speem However, a preciseadel of this effect requires further
studies which are beyond the scapb¢his paper. Therefore,dbe curvesvill be nedected
in the fquel.

At first, the dildometer dta needed swe nodificationn the dilatation curves
corresponding to cooling curves cl to c9 shdwdde been consistent at the austenitic high
temperature range. In other words, they &lbsld have had sihar slope. Nevertheless, it
was not the case asetldilatation ceves athigh cooling rates differed frortihe ones with
slow cooling rate. This observation can be intetgd as amertia effect of heatop The
temperature was easured at the dace of tle ecimen with a diarater of 5 mmf the
cooling rateis ratrer high, the temeratue can differ from the inner teerature of the
specinen. The terperature, T, becoes honmogeneous in the specan only under low
cooling rates.

Taking into account of this facthe data were converted snch a way that all cooling
curves had the sardisplacerant and slope in the high temperatuarge. As a reference,
the cooling curve with the Veest cooling rate was used. Thisthod should at least
reduce the error due to the radial infoweneous terperature distribution inside the
specinen.

4.3. Numerical results

In this procedure, the inverse problealgorithm was applied to the cwoarted
experinental data. Owing to the conversiatie thernal expansion coefficient and the
reference temperature for austenite stay theedamall the cooling curves and can be
drawn directly fromthe dildation curves. As shown frigure5, the cooling curves cl1 and
c2 exhibit only one phase transfation i.e. from austenite to @rtensite. Hence, the
thermal expmnsion cefficient and tle referene tenperature for martensite came derived
from the dilatation curgs. The two valuesdm both curves coincelwith a relative error
of merely less thanonepercen. Thus, all tre dita necessaryo sdve the inverse prdem
(IP) are availablerigure 6 depicts the resulting evolution ofantensite for c2.
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Figure 6: Time evolution of martensite for cooling curve 2.

A comparison withFigure 5 shows that the artensite start and end tpematures have
been captured quite precisely. The nooAmibne behaviour at the beginningght be
caused by the spatiane-dinensional mdel, which is particuldy insufficient for the
initial stage ofcooling.

The next examle is cooling curve c4, by whidhe netallogaphic invedigations esimate
80% bainite and 20 Yartensite. To apply the algorithian c4, the thermal expansion data
for bainite must be searched for as thewld not be drawn directly frorthe dilatation
curve corresponding to c4. However, a clospattion of the dilatoeter data revealed
that cooling curve c5 exhibited only one phasesfornation, which wa assured to be
contributed by bainite. Thus, the thernexpansion coefficient and reference tpenature
for bainite could be drawn frorurve c5.Consequently, all the data required for the
solution of (IP) for cooling curve c4 are avaikb

Due to the fact that two pduct phases exist, the opiration procedure encountered
additional dffficulties. Therefore, sane iteratiors of the cowergencehistory in ths case
are depcted inFigure 7.
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Figure 7: Someiterationsto compute phase fractionsfor cooling curve 4.

The final phase fractions obtained by théimzation praedire ae 85 % bainite and 15%
martensite, which roughly correspond to timetallographic investigation. The evolution
of martensite shows a satéctory monotonic behaviour.

Beside a small non-omotonicity at the beginningf the bainite curve, there was also an
overshooting before the approxtely carect final phase fraction was reached.

It was found that the residual tfe cost functional in (IP) was sitfer in this solution than
the one corresponding to aonobnic approxination of the bainé curve. This may
indicae further errors inthe data sed forthe rumerical simulations, especidly the latern
heat, and is subjected further stuces.

The algorithm applied to cooling curve c3 viel100% rartensite withno bainite, giving
the same error inteval as the resultar cooling curve 4. Table 2 lists the obtained
numerical values for the therah expansion cefficients awl referege tenperatures for
austerte, bainite and martensite. The referce tenperatures desmd on the chosen
reference which is the length 4000°C in this case. Only the ddrences beveen the
reference temperaturase naterial dependent.

phase S T

austeite 2.515610° | 1000.3°C
bainite _ 1.5457.10° 996.0°C
martensite 1.337210° | 1170.0C

Table2: Thermal strain data for austenite, bainite and martensite.
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5. Summary and Conclusion

The goal of this paper is to review andesd the evaluation ehodology of dilatometer
experiments. A mathematical analysis othe underlying theremechancal nodel shows
that in the case of at most two product pbaskee corplete transforration kinetics of
these phases should be uniquely deteechby the two dilatorater nmeasurenents of
length-charge and terperatue evdution ina single poihon the specimen surface.

Stimulated by this conclusion, an inverse pgenbwas brmulated to i@ntify the evolution
of phase fractions via the solution of an opt@ation problem. Vienapplied to the mdel
data, the rethod exhibits a fastanvergence to the exact solution.

A dilatometer experirant for the steel 16Mn6G was conducted. Aided by additional
metallografic investications, a coplete CCTdiagramwas derived in a standard way.
Then the nurerical identification nethod wasapplied to this steel. In case of a single
phase transimation, the kingcs muld becompletely deternmed whilein caseof two
product phases, the final phase fractions coulddtierated with an absolute error of 5%
conmpared with tle metallograpic results.

Further investigation is stitheeded for the final judgeant on the advantages of the new
approach described in this papeheTresuls so far have clearlgenonstrdaed that the
dilatometric data contain plenty iofmation rather tlhn sinply the star and end
tenperatures of the related phase transabions. Furthermore, the improvent of the
mathematical nodel ofthe dilaometer experinents has been planned.

A refinement of the presented ethod includng a 2-stage optiieation algorithmfor the
consecutive coefficients identificatidfor the thernal strainmodel and the ideification
of phase transfonation kinetics probably allws excludng the netallographic aalyses in
the dilatoneter exeriment evalation conpletely.
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