Weierstraß-Institut

für Angewandte Analysis und Stochastik

im Forschungsverbund Berlin e.V.

Preprint ISSN 0946 – 8633

Phase transformation modeling and parameter identification from dilatometric investigations

Piyada Suwanpinij^1, Nataliya Togobytska^2, Christoph Keul^1,

Wolf Weiss^2, Ulrich Prahl^1, Dietmar H ömberg^2, Wolfgang Bleck^1

submitted: 14th March 2008

1 Department of Ferrous

Metallurgy RWTH Aachen University Intzestraße 1 52072 Aachen Germany E-Mail: piyada.suwanpinij@iehk.rwth-aachen.de christoph.keul@iehk.rwth-aachen.de ulrich.prahl@iehk.rwth-aachen.de bleck@iehk.rwth-aachen.de

2 Weierstrass Institute for Applied Analysis and Stochastics Mohrenstraße 39 10117 Berlin Germany E-Mail: togobyts@wias-berlin.de hoemberg@wias-berlin.de weiss@wias-berlin.de

No. 1306 Berlin 2008

2000 Mathematics Subject Classification. 74N15, 35K05, 35R30, 35B30, 35K20.

Key words and phrases. Phase transformation modeling, dilatometry, parameter id entification.

The financial support from the Deutsche Forschungsgemeinsc haft (DFG) within the priority program 1204 “Algorithms for fast, material specific proces s-chain design and analysis in metal forming” is gratefully acknowledged.

Edited by Weierstraß-Institut f ür Angewandte Analysis und Stochastik (WIAS) Mohrenstraße 39 10117 Berlin Germany

Fax: + 49 30 2044975 E-Mail: preprint@wias-berlin.de World Wide Web: http://www.wias-berlin.de/

Abstrac t. The goal of this paper is to propose a new approach towards the evaluation of dilatometric results, which are often em ployed to analyse the phase tra nsformation k inetics in steel, especially in term s o f continuous cooling transformation (CCT) diagram. A simple task of dilatometry is deriving the start and end temperatures of t he phase t ransformation. It can y ield phase t ransformation ki netics provided t hat plenty metallographic i nvestigations are pe rformed, whose a nalysis is co mplicated especially in case of s everal coexisting pr oduct p hases. The new method is base d o n the n umerical solution of a thermomechanical identification problem. It is expected that the phase transformation kinetics can be deri ved by this approach with less metallographic tasks. The first results are remarkably promising although further investigations are required for the numerical simulations.

1. Introduction

Dilatometry is a m eans to m easure material properties which are related to the chan ge in volume. A dilatometer is able to m easure this volumetric change in one dim ension, which is often related to the change in temperatu re. Steel dilatometry is of special importance for the investigation of �/�-phase transformation kinetics [1, 2] as the differ-ent phases exhibit different crystallograph ic structu res. The te mperature, where the phase transform ation occurs, can be detected precisely by correl ating the tem perature an d the sp ecimen’s change of length. The change of length acco rding to temperatu re is fairly cons tant in contrast with the one caused by phase tr ansformation. During phase transform ation, the specimen expands during cooli ng although the tem perature de creases as a result of the microstructure rearrangem ent. While the determ ination of the start and end of a phase transformation is re lative sim ple, the dete rmination of phase transform ation kinetics requires ad ditional m etallographic investigations, in which the sam ples ar e grinded, polished, etched and observed under light opti cal m icroscope [3]. By deriving different phase fractions from different cooling ra tes in the experim ent, the entire phase transformation kinetics in term s of continuous cooling transformation (CCT) diagram ca n be defined. The fractions of product phases ar e determined from the m etallographs by a purely visual judgem ent of the experim enter or with the aid of i mage analysis software, which work under a pixel based prin ciple, i.e. different phases are distinguished according to their colours. Nevertheless, in addition to experimenter’s experience, the determination of phase fraction depends also on the hom ogeneity and phase distribution in the sample as the metallographic observed areas are not truly representative for the entire specimen.

In a recent paper [4], it has been shown that at least in case of no more than two coexisting product phases, the infor mation of the comp lete transform ation kinetics is already derivable from the two tim e-dependent values of length-change and temperature from a single point m easurement in the dilatom eter. Thus it should be possible to avoid further metallographic investigations in this case.

The purpose of this paper is to v alidate th is f inding f or the case of general d ilatometric data and to develop a strategy to extract as much information as possible from dilatometer experiments.

2. Math ematical Vi ew on Dilatom eter E xperi ments

2.1. The direct problem

A standard shape of dilatom eter specimen is a cylinder with height L. In the sequel, it is assumed that radial and azim uthal variations of the physical quantities: tem perature T and displacement u are negligible; z stands for the vector of product phases, i.e., ferrite, pearlite, bainite and martensite.

� (z_1,z_2,z_3,z_4 )

One of the sim plest m odels to d escribe therm al expansion as illustrate d in Figure 1 is taken by assuming a mixing rule for thermal strain, i.e.

�^{th} � z_i �_i^{th}

i� 0

4 � ,

where the thermal strain in each phase is given by the linear model�_i^{th} � �_i (T � T_i^{ref} ), with a thermal expansion coefficient �_i and a reference temperature . Note that th e remaining phase fraction of austenite is given by

T_i^{ref} z_0 � 1� z_1 � z_2 � z_3 � z_4 .

For convenience, the following nomenclatures are introduced

�_i � �_i �_0 and �_i � �_iT_i^{ref} �_0T_o^{ref} for i=1,…,4 as well as . )(, )( 4

1 0 4

1 0 � �_� � � � � �_{i ii} ref o i ii z T z z z � � � � � � Then, the thermal strain is given as �^{th} � �(z) T � �(z) .

Assuming further an ad ditive partitioning of the overall s train into a th ermal one and an elastic one, the following quasi-static, linearized thermo-elasticity system is obtained: � � )1( ). ( )( )1( ,0 )( )( b T T z L T uz kT cT a z Tz u ext t xt xx t x x � � � � � � � � � � � � � �

Since cooling happens all around the specimen, the distributed Newton type of cooling law has been chosen with a heat transfer coefficient � and a coolant tem peratureT^{ext} ; � is the density, c the heat capacity, k is the thermal conductivity and �L� (L_1,� ,L_4 ) the vector of latent heats of the product phases. � � 2�_1 � �_2 is the bulk m odulus with the Lamé constants .

�_1, �_2

The system has to be co mpleted with boundary and initial conditions. It is assum ed that the specimen is isolated at its end points x=0 and x=L, i.e.

T_x(0,t) � T_x(L,t) � 0 ( c)1

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

u(0,t) � 0 and u_x (L,t) � �(z)T(L,t) � �(z) � 0. (1d)

To compute the phase fractions, one can add the Avrami-type kinetics [5-7] or rate laws as in [ 8, 9] . Af terwards th e direc t pro blem is completely defined and for a given set of boundary and initial con ditions, the solution u,T,z� � can be com puted. However, in this paper ano ther viewpoin t has b een orien ted a nd will b e expla ined in the f ollowing subsections.

Figure 1: S chematic dilatation cur ves (A=austenite; F= ferrite; P=pea rlite; B=bainite; M=martensite) [SEP1680].

2.2. The inverse problem

As described above, a dilatom eter experiment provides tw o sets of tim e-dependent data: the length change, �(t), and the tem perature at the middle point of the specim en, �(t) . Parameterized with res pect to tim e, these da ta define the so-called dilatation curve (cf. Figure 1 ), which allows the de termination of the transformation start and end. To o btain the resu lting phase f ractions in case of several product pha ses, an additional metallographic examination by a microscope is required.

For a cooling curve with at m ost two product pha ses, e.g., bainite and m artensite, if it is assumed that their phas e fractions are spatia lly homogeneous within the specim en, the n is only a function of tim e. From a mathematical point of view, it should be possible to obtain these two tim e-dependent functions from the m easured data z(t) � z_1(t),z_2 (t) � � �(t),�(t)

� � . Indeed it has been shown in [4] that the tem poral evolution of the two

phase fractions is uniquely determined by these two time-dependent measurements.

In other words, in case of at m ost two coexis ting product phases, it should be possible to obtain all the inform ation necess ary to c onstruct a CCT diagram directly from the dilatometer experiments, thereby avoiding additional metallographic investigations.

For the nu merical ide ntification of the ph ase f ractions z(t) � z_1(t),z_2 (t)� � f rom dilatation curves, the therm oelastic system (1a-d) is di scretized with f inite dif ferences. The phase 3 fractions are described as cubic splines. Enforcing additional assum ptions z'(0) � z'(t_E ) � 0, where t_E is the end ing tim e, the rem aining spline coefficients can be uniquely represented in term s of the z values in the temporal grid points, in the following called �_1,� ,�_n . Then the inverse problem is to find the values �_1,� ,�_n such that th e overall displacement is close to the m easurement u(L,t) �(t) and th e temperature in the middle of the specim en, is close to the m easurement of T L /2, t

� � �(t) concurrently. More

accurately, the following inverse problem has to be solved:

IP� �

�1,...,�nmin

�_1 2 u(L 0

E � ,t) � �(t)

� �^2 dt �^{�2}_2 t T L /2, t

� �_0 tE �^�

� �(t)

� �^2 dt � � � � � � such that (u,T) solves (1a � d)

�

� � � �

� � � � (IP) is a qu adratic op timization problem with linear equality constraints, which can be solved, e.g., by the MATLAB Levenberg-Marquardt routine. To obtain useful results, the equilibration of both terms in the cost functional is indispensable.

2.3. Identification based on model data

In the f irst step, the va lidity of this approach was proven by usi ng model data from the plain carbon steel SAE C 1080 (0. 8%C, 0.76%Mn ). Thus, further technical difficulties arising in connection with the evaluation of real dilatometer experiments were avoided. To generate the model data, the thermoelasticity system (1a-d) coupled with two rate laws for the phase fractions of pearlite and martensite was solved (cf. [4]).

In this study, only an interest ing case of m oderate cooling is presented, which yields two product phases: pearlite and martensite. Further details are referred again in [4].

Figure 2: Model dilato meter curv e for moderate cooling.

Figure 2 sh ows the m odel dila tation curve f or th e ca se of m oderate co oling, exh ibiting two phase transform ations. Figure 3 shows three ite rations and the f inal resu lt of the optimization process in this case. Starting f rom the initia l value s , the correct final phase fractions were already reached after three iterations.

z_1(0) � z_2 (0) � 0

Figure 3: F our itera tions to comp ute phase fr actions fo r moderate c ooling.

3. Experimental Setup

The dilatometer tests were accomplished by a deformation dilatometer type DIL-80 5A/D fabricated by the com pany Baehr Therm oanalyse GmbH (Figure 4 ). It a llows simulating many thermomechanical processes, as the m achine has the ability to control heating and cooling rates up to 600 K/s, a m aximum strain of 1.2 and a m aximum strain rate of 13 s^{-1}. Hence, it is possible to investig ate the transformation behaviour as a result of cooling rate and prior deformation.

Figure 4: S chematic of the dilato meter.

From an elongation curve during continuous cooling as shown schem atically in Figure 1, the beginning of the phase transformation is defined by the divers ion of the elongationtime-curve from the straight line. The transformation is finished, when the curve turns into a straight line again. If there are su ccessive phase tran sformations occurring in th e steel, the inflection points are to be detected as the boundary between the transformation ranges.

The dilatometer tests were perform ed according to SEP 1681 [10], while the results were converted into CCT-diagrams according to SEP 1680 [11].

In addition to the detection of the elongati on curves, m etallographic characterization was carried out in order to determine the amount of the different resulting phase fractions.

4. Results and Discussion

4.1. Experimental procedure

A medium carbon steel with chemical composition shown in Table 1 was chosen in order to validate the numerical approach.

C Si Mn P S Cr Mo Ni Al

0.175 0.159 1.133 0.014 0.022 1.02 0.017 0.10 0.02

Table 1: Chemical composition of the steel 16 MnCr5 in mass % .

Cylindrical dilatometer samples ( =5 mm, L=10 mm) were heated up to an austenitizing temperature of 1200 °C at a heating rate of 200 K/min, where the sam ples were austenitized for 10 minutes and th en cooled down to room te mperature with different cooling rates.

The phase transformation kinetics from the evaluation of the elongation curves, assisted by metallographic results, is pres ented in the CCT-diagram shown in Figure 5 . The A_{c1} and A_{c3} tem peratures of the steel 16MnCr5 were determ ined to be 740 °C and 835 °C respectively, while the m artensite s tart tem perature M_s was determ ined to be 400 °C. Additionally, the Vickers hardness test HV10 was performed for every cooling rate.

Figure 5: CCT-diagram of the steel 16MnCr5.

4.2. Input data for the numerical identification

Some published therm ophysical data needed in equations (1a,b) according to the selected chemical composition i.e. therm al conductivity, density as well as heat capacity can be found in [12, 13]. Nonetheless, it is considerably com plicated to acquire the others; the availability of the latent heats of the phase transformation comes from few references e.g., [14, 15]. More difficulties were found in case of therm al expansion coefficients and the reference temperatures in the mixing rule of the thermal strain.

The data for the Newton-type cooling m odel on the right-hand side of (1b) were also identified at the end. A n appropria te m easurable coolan t temperature T^{ext} would be the temperature at the inner boundary of the tube surrounding the specimens in the dilatometer (cf. Figure 4 ). However, for prelim inary technical reason s, T^{ext} was assum ed to be constant.

In case of the heat transfer coefficient, or its dim ensionless form , the Nusselt-num ber, many expressions for different geom etrical configurations exist, e.g., [16]. However, none of them fit well with th e dilatometer being considered. Typically, the N usselt number is expressed as a product of further dim ensionless characteristic num bers with empirical exponents. For the cooling curves c1 to c9 in Figure 5, different cooling strategies were used. For the highest cooling ra tes, i.e., cu rves c1 to c3, the coolant w as blown onto the specimen (forced convection), while the cooling cu rves c4 to c9 were regarded as natural convection. Hence, the heat transfer coefficien t had to be de termined separately for these cases.

To decelerate th e co oling in curves c5 to c9, the specim ens were heated by electromagnetic induction. Although the Nusselt num ber was unaltered, this effect had to be taken into account by including an additiona l source term on the right hand side of the energy balance (1b). The electric power was measured for each cooling curve and a part of it was absorbed by the specim en. However, a precise m odel of this effect requires further studies which are beyond the scope of this paper. Therefore, these curves will be neglected in the sequel.

At f irst, the dila tometer d ata needed so me m odification; th e dila tation curves corresponding to cooling curves c1 to c9 should have been consistent at the austenitic high temperature range. In other words, they all s hould have had similar slope. Nevertheless, it was not the case as th e dilatation curves at high cooling rates differed from the ones with slow cooling rate. This observation can be interp reted as an inertia effect of heatin g. The temperature was measured at the su rface of the specimen with a diam eter of 5 mm . If the cooling r ate is rath er high, the tem perature can differ from the inner tem perature of the specimen. The tem perature, T, becom es hom ogeneous in the specim en only under low cooling rates.

Taking into account of this fact , the data were converted in such a way that all cooling curves had the same displacement and slope in the high temperature range. As a reference, the cooling curve with the lo west cooling rate was used. This m ethod should at least reduce the error due to the radial inhom ogeneous tem perature distribution inside the specimen.

4.3. Numerical results

In this procedure, the inverse problem algorithm was applied to the con verted experimental data. Owing to the conversion, the therm al expansion coefficient and the reference temperature for austenite stay the sam e for all the cooling curves and can be drawn directly from the dilatation curves. As shown in Figur e 5, the cooling curves c1 and c2 exhibit only one phase transform ation i.e. from austenite to m artensite. Hence, the thermal expansion coefficient and the reference temperature for martensite can be derived from the dilatation curv es. The two values f rom both curves coincid e with a relative error of merely less than one percent. Thus, all th e data necessary to solve the inverse prob lem (IP) are available. Figure 6 depicts the resulting evolution of martensite for c2.

Figure 6: Time evolutio n of marten site for coo ling curve 2.

A comparison with Figure 5 shows that the m artensite start and end tem peratures have been captured quite precisely. The non-m onotone behaviour at the beginning m ight be caused by the spatia l one-dim ensional m odel, which is particula rly in sufficient f or the initial stage of cooling.

The next example is cooling curve c4, by which the metallographic investigations estimate 80% bainite and 20 %.martensite. To apply the algorithm to c4, the thermal expansion data for bainite must be searched for as they c ould not be drawn directly from the dilatation curve corresponding to c4. However, a close in spection of the dilato meter data revealed that cooling curve c5 exhibited only one phase transformation, which wa s assumed to be contributed by bainite. Thus, the therm al expansion coefficient and reference tem perature for bainite could be drawn from c urve c5. Consequently, all the data required for the solution of (IP) for cooling curve c4 are available.

Due to the fact that two pr oduct phases exist, the optim ization procedure encountered additional difficulties. Therefore, some iterations of the con vergence history in th is case are depicted in Figure 7 .

Figure 7: S ome iterations to comp ute phase fractions for cooling curve 4 .

The final phase fractions obtained by the optimization procedure are 85 % bainite and 15% martensite, which roughly correspond to the metallographic investigation. The evolution of martensite shows a satisfactory monotonic behaviour.

Beside a small non-m onotonicity at the beginning of the bainite curve, there was also an overshooting before the approximately correct final phase fraction was reached. It was found that the residual of the cost functional in (IP) was smaller in this solution than the one corresponding to a m onotonic approxim ation of the bainit e curve. This m ay indicate further errors in the data u sed for the numerical simulations, especially the latent heat, and is subjected to further studies.

The algorithm applied to cooling curve c3 yiel ds 100% martensite with no bainite, giving the sam e error inte rval as the result f or cooling curve c 4. Table 2 lists the obtained numerical values for the therm al expansion co efficients an d referen ce tem peratures for austenite, b ainite and m artensite. The refe rence tem peratures dep end on the chosen reference which is the length at 1000 in this case. Only the dif ferences be tween the reference temperatures are material dependent. oC

phase _i� ^{ref}_iT

austenite 2.5156�10^{-5} 1000.3 ^oC bainite 1.5457�10^{-5} 996.0 ^oC martensite 1.3372�10^{-5} 1170.0 ^oC

Table 2: Thermal s tra in data for a ustenite, ba inite and martensite.

5. Summary and Conclusion

The goal of this paper is to review and ex tend the evaluation m ethodology of dilatometer experiments. A m athematical analysis of the underlying therm omechanical model shows that in the case of at most two product phase s, the com plete transform ation kinetics of these phases should be uniquely determ ined by the two dilatom eter m easurements of length-change and temperature evolution in a single point on the specimen surface.

Stimulated by this conclusion, an inverse problem was formulated to identify the evolution of phase fractions via the solution of an optim ization problem. When applied to the model data, the method exhibits a fast convergence to the exact solution.

A dilatom eter experim ent for the steel 16MnC r5 was conducted. Aided by additional metallographic inv estigations, a co mplete CCT diagram was derived in a standard way. Then the num erical identification m ethod was a pplied to this steel. In case of a single phase transf ormation, the kine tics c ould be co mpletely determ ined while in case of two product phases, the final phase fractions could be estimated with an absolute error of 5% compared with the metallographic results.

Further investigation is still needed for the final judgem ent on the advantages of the new approach described in this paper. T he result s so far have clearly demonstrated th at the dilatometric data contain plenty inf ormation rather th an sim ply the star t and end temperatures of the related phase transform ations. Furthermore, the improvem ent of the mathematical model of the dilatometer experiments has been planned.

A refinement of the presented m ethod including a 2-stage optim ization algorithm for the consecutive coefficients identificatio n for th e thermal strain model and the iden tification of phase transformation kinetics probably allows excluding the metallographic analyses in the dilatometer experiment evaluation completely.

Referen ces

[1] R.F. Speyer: Thermal Analysis of Materials, Marcel Dekker, Inc., New York, 1994.

[2] C.García de Andrés, F.B. Cabellero, C. Capdevila, H.K.D.H. Bhadeshia: Scr. Mat., 39 (1988), 791.

[3] J. Eßer: Experim entelle und m odellmäßige Beschreibung der g-a-Phasen-umwandlungGamma-alpha-Phasenumwandlung in modernen Stählen, Dr.-Ing. Diss., RWTH Aachen, 1999.

[4] D. Hömberg, N. Togobytska, M. Yam amoto: On the evaluation of dilatom eter experiments, Preprint no. 1298, WIAS, Berlin, 2008.

[5] M. Avrami: J. Chem. Phys., 9 (1941), 177–184.

[6] W.A. Johnson, R.F. Mehl: Trans. Am. Inst. Min. Metall. Eng., 135 (1939), 416–45.

[7] A. N. Kolm ogorov: Izv. Akad. Nauk SSSR, Ser. Mat; Bull. Acad. Sci. USSR. Ser. Math, 1 (1937), 355–359. (in Russian) [8] D. Hömberg, W. Weiss: IEEE Trans. Control Syst. Technol., 14 (2006), 896–904. [9] H. Alder, D. Hömberg, W. Weiss: HTM Z. Werkst. Wärmebeh. Fertigung, 61 (2006), 103–108.

[10] Stahl-E isen Prüfblatt de s Vereins Deutscher Eisenhüttenl eute Nr. 1681: Richtlinien für Vorbereitung, Durchführung und Au swertung dilatom etrischer Umwandlungsuntersuchungen, 2.Ausgabe, Juni 1998, Düsseldorf.

[11] Stahl-Eisen Prüfblatt des Vereins Deut scher Eisenhüttenleute Nr. 1680: Aufstellung von Zeit-Temperatur-Umwandlungsschaubildern fü r Eisenlegierungen, 3. Ausgabe, Juni 1990, Düsseldorf.

[12] S.Serajzadeh, J. Mat. Proc. Tech. 146(2004), 311–317. [13] J. Miettinen: Met. Mat. Trans. 28B (1997), 281–297. [14] F. Hengerer, B. Strässle, P. Bremi: Stahl u. Eisen, 89 (1969), 641–654. [15] M.Wolff, et al.: Modellierung der Abkühlung von Stahlbrammen, Preprint No. 00-07, Universität Bremen, 2000.

[16] Hrsg.: Verein Deutsc her In genieure, VDI-Gesells chaft Verfahrenstechnik und Chemieingenieurwesen (GVC): VDI-W ärmeatlas; Berechnungsblätter für den W ärmeübergang, Springer, Berlin, 10. Aufl., 2006.