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Abstract

Major challenge for semi-solid processing incluéesadening the range of alloys that can be
successfully thixoformed and developing alloys #pely for thixoforming. One important
parameter is appropriate solidus-liquidus intervidie wider the solidification interval, the
wider the processing window. This study is relatiedhe experimental determination of this
critical parameter on eight different steel composs. This parameter was obtained using
Differential Scanning Calorimetry. This techniquéoas to obtain the solid fraction versus
temperature. The paper also presents the resultseoophysical properties determination
such as thermal diffusivity, heat capacity and rr@r conductivity. These properties were
measured from room temperature to semi-solid statene particular steel. The thermal
diffusivity was measured using the Laser Flash oektand the heat capacity using a DSC
calorimeter. The thermal conductivity was obtaineg calculation knowing the thermal
dilatation measured with a dilatometer. All theseeasurements were performed for
temperatures up to the liquidus. These parametersddficult to measure but they are
important to determine for the conductive heatihgge of a semi-solid forming (SSM) process.

Introduction

Thixoforming — or semi-solid processing — is thaghg of metal components in the semi-solid
state. Major challenges for semi-solid processimgjude broadening the range of alloys that
can be successfully thixoformed and developingyalkpecifically for thixoforming. For this to
be possible, the alloy must have an appreciabletilgerange and before forming, the
microstructure must consist of solid metal sphexdid a liquid matrix. Characterisation of
thermophysical properties of semi-solid steelstfiaxoforming are useful in two ways. First, to
study and optimise the behaviour of alloys to bedformed and secondly to obtain parameters
to be incorporated in numerical models.

A sufficiently expanded solidus-liquidus intervalrequired which allows the formation of the
desired microstructure under variation of tempestand holding time. As suggested by
Meuser [1], the most preferable structure is a wjitb solid phase in a liquid matrix with
decreasing viscosity during forming. Aluminium amngagnesium alloys are the focus of
numerous investigations, but research activitiesceming the thixoformability of steel alloys
have only been commenced recently. As suggestedtkipson [2], for thixoforming the
critical parameters must be as follows :



1) Appropriate solidus-liquidus interval : Pure material and eutectic alloy are not
thixoformable for want of a solidification intervalin general, the wider the
solidification interval, the wider the processingndow for thixoforming. For multi-
component systems thermodynamic software is availahich allows the calculation
of the maximum interval, provided basic data isilabée.

2) Fraction solid versus temperature : The liquid fraction sensmvny,%ﬁ), defined as the

rate of change of the liquid fractio(lfL) with temperature, is a very important
parameter for semi-solid forming; it can be obtdirexperimentally by differential
scanning calorimetry (DSC) and predicted by therynaghic modelling. This would
allow some systematic identification of suitablle®wahg systems.

Kazakov [3] has recently summarised the critical parametersthenDSC curve and the
associated fraction liquid versus temperature cuilee critical parameters as suggested by
Kazakov are :

* The temperature at which the slurry contains 50id : T;.

* The slope of the curve at fraction liquid= 50 % : dF/dT(T). To minimize reheating
sensitivity this slope should be as flat as possibl

* The temperature of the beginning of melting)(The difference (T— To) determines
the kinetics of dendrite spheroidization duringaaing.

* The slope of the curve in the region where thedgalation process is complete:
dF/dT(T), where Tis the temperature of end of melting. In Kazakox&sw this should
be relatively flat to avoid hot shortness problems.

These parameters will be studied on some ferrdagsain the first part of the paper.

The second part deals with thermophysical propert®mulation techniques show great
potential to acquire a good understanding of thmiSolid Metal forming (SSF) process.
These simulations are intended, on one hand, terrdete the optimal electrical and
geometrical parameters for the inductive heatingsplof a SSF process and on the other hand,
to obtain an estimation of the forging loads fag thixoforging. The basis of the simulation of
the inductive heating process is the solving of k&xwell’s equations, together with the
equation of heat transfer. The basis of the maugltf the forming process is the solving of the
deformation equations, taking into account theramal rate dependence effect. Some important
proportionality parameters needed are electricalstigity, calorific capacity and thermal
conductivity.

Experimental Procedures

We studied different alloys named C38 Asco Modi€CB8 Asco modif 2, 100 Cr6 Asco modif

1, 50 Mn6 Asco modif 1, 45 Mn5 Asco modif 1 thatrevenodified for thixoforming properties.

As pointed out above the main critical parametens thixoforming must be as follows :

appropriate solidus-liquidus interval and fracti@olid versus temperature. These two
parameters are obtained from Differential Scanni@glorimetry (DSC). Secondly the

thermophysical properties of the alloys have taéermined.



1. Solidus-liquidus Interval and Fraction Solid ¥i@és Temperature Characterisation

The applicability of a material for processing iretsemi-solid state is defined by the solidus-
liquidus interval and the development of liquid plan the interesting temperature range. For
the evaluation of the solidus and liquidus tempeeta Differential Scanning Calorimetry
(DSC) was used. The development of the liquid phagé increasing temperature was
calculated using the values from the DSC-measurendine evaluation of the liquid phase
distribution is carried out by the application opeak partial area integration. The whole area
under the enthalpy-area curve is used to deterthmenelting enthalpy of the material. During
DSC measurement, the typical melting peak obtaimetiown in figure 1.

The peak characteristics are:
1) The changes of slope, jumps and peaks showing kieemal events (phase
transformations, chemical reactions, etc..)
2) The peak area is the enthalpy variation of thesfiamation
3) The specific heat is calculated from the baseline
4) Solidus-liquidus interval: T end of melting-T beging of melting (TF- Ty)

We admit that the liquid fraction is proportionab the absorbed energy during the
transformation. The sample is heated until totaltimg Therefore, the liquid fraction can be
calculated considering the peak area of the tramsftion, as shown in figure 2.
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Figure 1. Melting peak features. Figure 2. Determination of the liquid fraction .

The characterisation of the melting peak is redlisgh the following parameters:
1) Total area~ 100% of the liquid fraction
2) Beginning and end of melting
The liquid fraction is determined with the follovgmelation (1):

Area(T, - T.

% liquid = Area(l, ~T,) 1)
Total Area

2. Thermophysical Properties Characterization

Dilatometry

The dilatometry is a technique used to measurerdtative dilatationAL/L, of a material
submitted to a temperature prografh (s the difference between the length at tempeeaiu
and the initial length .at room temperature).




In our case, the sample holder for powder and psatyple is required because we carried out
the dilatation run tests for high temperatures, n@liee sample is in liquid state (figure 3).

'

o
Ilf i

=, sealing discs

Figure 3. Sample holder for powdery and pasty sasapl

Average Expansion Coefficient
From the dilatation values obtained and thankshéorelation (2), it was possible to calculate
the average expansion coefficient CTE-[E) for the temperature interval {+ T).

AL AL where, )
L. (T2) - L. (Ty) T,: upper temperature limit @)
CTE(T,-T,)=—2¢ 0 Ty lower temperature limit
T, -T
AL :length change relative tg L
I—O
Density
Densityo(T) was calculated from the expansion values accorirtige following relation (3).
2 3
o(T) = py] 143 AL(T) +3 AL(T) + AL(T) (3)
LO LO LO
where Po:- density at reference (mostly ambient) temperature

AL(T): expansion of the specimen under investigation
Lo: specimen length at room temperature

DSC-Cp Determination

DSC is a technique in which the difference in egdargput into a substance and a reference
material is measured as a function of temperatuhée the substance and reference material
are subjected to a controlled temperature progrémdividual Cp values at different
temperatures are determined using a sapphire tasidasd according to the following equation

(4).

C, = Msiandaras D> Csample ~ DSCeas - Sandard
mSampIe DSCStandard - DSCBas ’ (4)
where, Cp: specific heat of the sampkemperature T

Cp, standard tabulated specific heat of the standard at teatpes T
Mstandaramass of the standard
Msampie Mass of the sample
DSGsampis Value of DSC signal at temperature T from thegamurve
DSGitandara Value of DSC signal at temperature T from thedéad curve
DSGs,s value of DSC signal at temperature T from theebas



Thermal Diffusivity — Laser Flash

The front face of a cylindrically shaped piece @nogeneously heated by an unfocused laser
pulse (figure 4). On the rear face of the test g@ihee temperature increase is measured as a
function of time. The mathematical analysis of thesnperature/time function allows the
determination of the thermal diffusivity D(T) asepented in reference [4]. As we determined
diffusivity till liquid state, we used a specialaytz sample container.
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Figure 4. Laser pulse on the sample.  Figure 5. Laser flash apparatus schematic.

Thermal Conductivity
Knowledge of thermal diffusivity D(T), densitg(T) and specific heat {T) allowed the
determination of the thermal conductivg{T), calculated according the Laplace relation (5):

X(T)=D(T)*p(T)*Cx(T) (5)
Results

1. Solidus-Liquidus Interval and Fraction Solid $i@s Temperature Characterization

Some basic alloys are studied and compared tofi@ddilloys. The basic alloys are C38*%,
C80* and 100Cr6*. The modified alloys are C38 Asuodif 1* and C38 Asco modif 2*,
100Cr6 Asco modif 1*, 45Mn5 Asco modif 1* and 50MA8co modif 1*. All properties are
compared to the base alloy C38. The base alloywz&8used to study the effect of heating rate
on DSC curves. The 50Mn6 Asco modif 1 alloy wasduge study the homogeneity of the
billet. The results are presented hereafter. Fgares, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28 and
30 show the DSC signal of the melting peak andrégw, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27,
29 and 31 corresponding liquid fraction.

C38

The DSC signal and the liquid fraction of C38 dnewsn in figures 6 and 7. Different heating

rates were used (2°/min, 10°/min and 20°/min). D&C curves show that the DSC signals
increase with heating rate but the sensitivity d@nel peak separation decrease. For liquid
fraction evolution, the results are similar for d&@d 20°/min. All subsequent experiments were
therefore conducted with a heating rate of 20°/iaring melting of C38 we observed three

different peaks which are related to the transfdiona

* The composition follows euronorm DIN code. C38(carbon 0.38 %), C80 = (carbon
0.80 %), 100 Cr6 = (carbon 1 %, Cr 1.5 %), 50 Mn@arbon 0.5 %, Mn 1.5 %), 45 Mn5 =
(carbon 0.45 %, Mn 1 %).



1)y - y+ liquid,
2) peritectic transformatiop+ liquid - & + liquid, and
3) &+ liquid - liquid

1.6 1 D
1.414° 20°C/mn| 4 .
5 10 10°CHmn 3 2 0.75 o 20T/min ;
P 127 : 75 - |
S 1 1o 2ocmn i i - 10C/min g
i) ;
E 5 o5 14 2T/min
= 0.8 4 o 8 - &
c = &
2 0.6 4 Py o ‘e:"
o 04 V4 S02s
0] o —
8 02 Ff . D,
0 , ‘ 0 s
1350 1450 1550 1350 1450 1550
Temperature (T) Temperature ()
Figure 6. DSC signal of C38. Figure 7. Liquid fraction of C38.
C80, C38

The DSC signal during melting and the liquid frantof C80 are shown in figures 8 and 9. The
comparison between C38 and C80 is shown in figliesnd 11.
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Figure 8. DSC signal of C80. Figure 9. Liquid fraction of C80.
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Figure 10. Comparison of the DSC Figure 11. Comparison of the liquid
signal between C38 and C80. fraction between C38 and C80.

With regard to Kazakov parameters, C80 exhibitsebdtehaviour than C38. The beginning of
melting To is lower, T, is lower, the solidification interval ¢(F To) is larger (see table I), and
the slope of the curve dF/dT is flatter atahd .



100Cr6, 100 Cr6 Asco modif 1, C38

The DSC signal and the liquid fraction of 100 Cr@ld00 Cr6 Asco modif 1 are shown in
figures 12, 13 and 14, 15 respectively. The C38CI6 and 100Cr6 Asco modif 1 results are

shown in figures 16 and 17.

= N
(6] N (6] w
L L L
oo

DSC signal (mwW/mg)
=

0.5 1 DD‘E |

1250

1350 1450

Temperature ()

1550

Figure 12. DSC signal of 100 Cr6.
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Figure 16. Comparison of the DSC
signal between C38, 100 Cr6
and 100 Cr6 Asco modif 1.
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Figure 15. Liquid fraction of 100 Cr6 Asco modif 1.
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Figure 17. Comparison of the liquid
fraction between C38, 100 Cr6
and 100 Cr6 Asco modif 1.

With regard to Kazakov parameters, 100 Cr6 Ascoifrfoéxhibits better behaviour than 100
Cr6 and C38 one. The beginning of meltingig lower, T; is lower, the solidification interval
(Ts— To) is slightly larger (see table I) and the slopé¢haf curve dF/dT is flatter at.T



C38 Asco Modif 1, C38 Asco Modif 2, C38

The DSC signal and the liquid fraction of C38 Asuodif 1 are shown in figures 18 and 19.
The DSC signal and the liquid fraction of C38 Asuodif 1 are shown in figures 20 and 21.
The C38, C38 Asco modif 1 and 2 results are showigures 22 and 23.
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Figure 18. DSC signal of C38 Asco modif 1. Figure 19. Liquid fraction of C38 Asco modif 1.
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Figure 22. Comparison of the DSC signal Figure 23. Comparison of the liquid fraction
between C38, C38 Asco modif 1 between C38, C38 Asco modif 1
and C38 Asco modif 2. and C38 Asco modif 2.

With regard to Kazakov parameters, C38 Asco modéxBibits better behaviour than C38
Asco modif 1 and C38 ones. The beginning of meltihgis lower, T, is lower, the
solidification interval (T— To) is slightly larger (see table 1) and the slopé¢haf curve dF/dT is
flatter at T, and .
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45Mn5 Asco Modif 1 and C38

The DSC signal during melting and the liquid frantiof C38 Asco modif 1 are shown in

figures 24 and 25.
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The comparison between C38 and 50Mn6 Asco moddg ¢hbwn in figures 26 and 27. The
conclusions are similar to the other alloys, thieawsour of 45 Mn5 Asco modif 1 is better than

C38.
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Figure 26. Comparison of the DSC signal
between C38 and 45Mn5 Asco modif 1.
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Figure 27. Comparison of the liquid fraction
between C38 and 45Mn5 Asco modif 1.

In order to determine the ingot homogeneity, trsamples of 50Mn6 Asco modif 1 (named

surface, half-radius and center) were taken andiesiu These results are as follows (figures 28
and 29). They show that the behaviour of the ingatather homogeneous regarding liquid

fraction. This is of course important for industipaactice.
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The comparison between C38 and 50Mn6 Asco modifshown figures 30 and 31.
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Figure 30. Comparison of the DSC signal Figure 31. Comparison of the liquid fraction
between C38 and 50 Mn6 Asco modif 1. between C38 and 50 Mn6 Asco modif 1.

As regarding Kazakov parameters, the behaviourOoiM56 Asco modif 1 is better than C38
one. The beginning of melting,Ts lower, T, is lower, the solidification interval (F To) is
slightly larger (see table I) and the slope ofdheve dF/dT is flatter at;Tand .

Alloys features during melting
Table | gives main characteristic temperatures slogdes of the liquid fraction curve during
melting at 20°/min. Alloys are classified followinlgcreasing d

Table I. Characteristic temperatures and slopes

Alloys To (°C)| T1 (°C)| T: (°C) |T; - Tp (°C)| Slope at T| Slope at T
C38 1430| 1500 1536 106 0.0200 0.0019
C38 Asco modif 1 1415 1478 1517 102 0.0185 0.001L7
45 Mn5 Asco modif 1 1411 1470 1501 90 0.0173 0.0020
50 Mn6 Asco modif 1 (surface 1389 1458 1509 130 0186 0.0002
50 Mn6 Asco modif 1 (half-radius)1386 | 1456| 1520 134 0.0127 0.000p
50 Mn6 Asco modif 1 (center) 1382 1456 1519 137 180 0.0002
C38 Asco modif 2 1379 1472 1520 141 0.0145 0.0007
C80 1361| 1450 1491 130 0.0114 0.0003
100 Cr6 1315| 1431 1487 172 0.0111 0.0004
100 Cr6 Asco modif 1 1278 140 1460 182 0.0097 1800

It is clear that for non alloyed steels the C38@&modif 2 gives the best results; dnd T, are
lower, (T; — To) is larger, the slopes at &nd T are lower than those of C38. It was used for the
simulation of heating. Regarding low alloyed stedls Mn 5 Asco modif 1 is not interesting.
On the contrary 100 Cr6, 100 Cr6 Asco modif 1 a®dMn 6 Asco modif 1 show good
behaviour.

2. Thermophysical Properties Characterisation

These properties were determined on the alloy C38oAModif 2 and was used for the
simulation of heating phase. The results of thaugition are shown in reference [5].

Dilatometry and CTE

The dilatation and CTE results are shown in figud2sand 33. Table Il gives values of the
relative dilatation.
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Figure 32. Evolution of the dilatation during bieg. Figure 33: Evolution of the CTE during heating.

Table Il. Relative dilatation during heating

Temperature (°C) Relative dilatation4L/L0)
100 8.39E-04
500 6.65E-03
1000 1.41E-02
1500 2.45E-02

Density
The figure 34 shows the evolution of the densityirdy heating in terms of temperature. The

peak observed at 750°C is due to the phase tranafmn austenite-ferrite.
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DSC-Cp Determination
The evolution of the specific heat versus tempeeaiishown in figures 35 and 36.
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Figure 35. Evolution of the apparent Figure 36. Evolution of the
specific heat during heating. specific heat during heating.

We can see a peak around 750°C. This is the phassfdrmation (austenite-ferrite) already
seen from the dilatometry. The dramatic increasauath400°C is due to the sample melting.
The specific heat is directly calculated from th8@ curves. Therefore if a transformation



occurs during DSC measurement, it influences alsan@asurement. Figure 35 gives specific
heat values if we take into account the quantitihiedtAH released during the transformations,
hence the y-axis title “apparent specific heathdgng the quantity of heatH, we obtain the
specific heat values shown in figure 36.

Thermal Diffusivity and Conductivity
The behaviour of the diffusivity during heating shown below, figure 37. The thermal
conductivity is shown in figure 38.
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Figure 37. Evolution of the thermal
diffusivity during heatinc

Figure 38. Evolution of the thermal
conductivity diring heatinc

The behaviour of the thermal conductivity is simita the thermal diffusivity. The values
decrease until about 750°C. When the phase tranaf@mn occurs, the thermal conductivity
increases until the beginning of melting. Thera dramatic diminution during melting, and the
more liquid, the smaller the thermal conductivity.

Conclusions

The DSC measurements and corresponding liquididractersus temperature were used to
study different alloys. For non alloyed steels, @880 modif 2 shows better behaviour as
regarding b, Ta, (T — Ty) and dF/dT (T, Tr) than C38. For low alloyed steels 100 Cr6, 100 Cr6
Asco modif 1 and 50 Mn6 Asco modif 1 show good b&ha. They could be chosen as
candidates for thixoforming. Thermophysical progsrtcharacterisation are obtained on C38
Asco modif 2 ¢, CTE, density, Cp, thermal diffusivity and thernm@nductivity). These
properties were used for the simulation of heaphgse as presented in reference [5]. As
regards to thermal conductivity, a dramatic dimionits observed during melting.
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