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Phenomenological description of thermal and isothermal
martensite formation in alloys

K. TANAKA (HINO/TOKYO)

A THERMAL and isothermal martensite formation in alloys is described at the subzero
temperature range from the phenomenological point of view. Transformation kinetics
for the athermal and isothermal martensitic transformation are presented. Numerical
simulation is carried out for such a process of the athermal martensite formation,
followed by the isothermal run in order to explain the effect of the holding temperature
and the initial athermal martensite on the subsequent isothermal martensitic formation.
The results explain qualitatively the experimental observations.

W ujeciu fenomenologicznym omoéwiono procesy atermicznego i izotermicznego po-
wstawania martenzytu w stopach utrzymywanych w zakresie temperatur ujemnych.
Przedstawiono kinetyk¢ przemiany martenzytycznej w warunkach atermicznych i izo-
termicznych. Wykonano symulacje numeryczng takiego procesu, w ktorym po przemia-
nie atermicznej nast¢puje faza izotermiczna, dla wyjasnienia wplywu temperatury
i poczatkowej fazy atermicznej na nastgpujaca po niej przemiang¢ izotermiczng.
Uzyskane wyniki pozwalaja wyjasni¢ w sposob jakosciowy rezultaty eksperymentalne.

B (denomeno:iorudeckoM moaxone obcykAeHhl MPOIECChl ATEPMHUHYECKOTO M M30Tep-
MUYECKOr0 BO3HMKHOBEHHS MAaPTEHCHTA B CIIaBax, MO;y4aeMbiXx B obJacTu oT-
puuaTeabHbx Temnepatyp. IlpeacTasiieHa KHHETHKA MapTEHCUTHOrO NMPEBpAllCHHS
B ATEPMHMYECKMX W H30TEepMHUYecCKHX yc;10BHAX. [IpoBefieHa YHCIEHHAS WMUTAlMS
TAKOro MPOIECCa, B KOTOPOM MOCIE aTEPMHYECKOr0 NMPEBPALIEHHS HACT YNAeT H30-
TepMudeckas (aza, [ BRISACHEHHS BIHMSHHS TEMIEPATypsl H HAYAILHOM aTrep-
MHYeckoil (a3bl HA CIeAyroLIee MOCiIe Hell H30TepMHYecKoe npespaluerre. [ToyyeH-
HbIE PE3YJIbTAT bl 03BOJISAIOT BHISCHAT b KA4eCT BEHHbIM 00pa30M JKCIIEPHMEHT a/1bHbIE
pe3y/bTaThl.

1. Introduction

THE RETAINED austenite in the metals, which gradually transforms to the
martensite even at the room or higher temperature and, as a result, often has
a negative effect on their thermomechanical behavior, can be reduced by
promoting the isothermal martensitic transformation at the temperature range
below zero [1]. The process is called the subzero treatment, and is often used in
the metal industries to achieve the stabilization of the micro-structures in the
hardened steels or the high speed steels [2,3]. The study on the ther-
momechanical transformation behaviors of metals in the process is, therefore,
one of the themes to be intensively investigated in the “Metallo-Ther-
momechanics [4]”.

The isothermal martensitic transformation in certain metals also attracts
attention since it induces a non-negligible superplastic deformation under the
condition of small applied load, even in the presence of residual stresses [5].
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The kinetics of isothermal martensitic trasformation was examined ex-
perimentally in such metals as Fe-Ni-Cr, Fe-Ni-Mn and Fe-Ni-C alloys [6-11].
Formation of the isothermal martensite is reported, as in the case of the usual
diffusion-type transformation, to be well pictured in the temperature (linear
scale) — time (logarithmic scale) plane with the fraction of martensite as
a parameter, which is called the time-temperature-transformation (T-T-T)
diagram or simply the C-curve. The martensite formed diffusionlessly, or
athermally in the terminology of metallurgy, has a strong influence on the
subsequent isothermal run. Some researchers reported that the applied tensile
stress promoted the isothermal transformation [1].

The present author has proposed kinetics of the athermal martensitic
transformation to describe phenomenologically the transformation-induced
plasticity (TRIP) [13], and of the isothermal transformation of metals, in
order to investigate the thermomechanical aspects of the transformation
superplasticity [13—15]. In this study the kinetics is applied to the martensitic
transformation under the general temperature history by decomposing the total
fraction of martensite into the athermal and the isothermal parts. The interaction
between the isothermal and athermal martensite formations is discussed.

2. Phenomenological model of martensitic transformation

We assume that the volume fraction of martensite 0S¢ 1 can be
decomposed into the athermal part £, and the isothermal part &, and that the
relation

2.1) E=8+¢&

holds during the whole process. Kinetics of each component may be first
expressed generally as [13]

éa =éa(£a: éi’ 01 0):
&9 b= & & 0, 0),

where 0 and 0 stand for the temperature and its time rate, respectively. The
argument ¢; in the kinetics of athermal transformation (2.2); and £, in the
kinetics of isothermal transformation (2.2), represent the fact that the athermal
and isothermal martensite formation may have influence on each other. The
effect of the stress or strain induced in the martensite [1, 16, 17] is not
considered here.

Experiments reveal that the athermal martensitic transformation is dif-
fusionless in nature [1]. Kinetics (2.2); should, therefore, be reduced for
a temperature history 0(t) to the form
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(2.3) o= E4(0),

if the dependence of &; is disregarded for simplicity. In this study we examine
a simple case in which Eq. (2.3) reads as [17 — 19]

(2.4) &, =C.J[1 — expla(Ms — 0)}],

where the material parameter a is assumed to be constant throughout the
process, while M, denotes the temperature at which the formation of athermal
martensite starts. The material parameter 0 < C, £ 1 is introduced to embody
the experimental fact that the martensitic transformation is not always
complete in the athermal process. It should be noted that kinetics (2.4) holds
under the condition

a(M,—-0) 0,

(2:5) £a=(C,— &)ab 20,

If we, as usual in metallurgy, understand that the transformation is almost
completed when &, reaches 0.99C,, we have a relation

099 = 1—exp {a(M,— Mf)},

where M, denotes the temperature at which the athermal martensite formation
is practically completed. The relation yields

(2.6) = — 2 (In10)/(M, — M,).

Since M, > M for the actual alloys, Eq. (2.6) means a < 0. This, together with
Eq. (2.5), shows that kinetics (2.4) holds only for the temperature history below
M, with 0 £0.

Contrary to the athermal process, the kinetics of isothermal martensitic
transformation (2.2), remains to be governed by diffusion-type equation.
Recently the present authors proposed a transformation kinetics in the
isothermal process [13, 19], which is written in the present context as

& = n{DI@O)} 1" (ln CL—‘.f)(n ) 1)‘,"(C: — &)

u_ A _ L
@.7) )~ V(TW,, 0) (0 W;_rz) |
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for T' < < T* wheren, T, T, W*, W' 2“and 2’ are the material parameters.
The material parameter V=1 [s™"] is introduced to convert the unit. The
upper and the lower bound temperatures T* and T determine the temperature
range where the isothermal martensitic transformation takes place. The
temperature ranges of isothermal and athermal transformations vary from the
alloy to the alloy. The contents of alloy is one of the important factors to be
considered. In fact, experiments [9] revealed that T* is lower than M, in
Fe-Ni-Cr alloys, when the content of Ni is small. The order is, however,
reversed when the Ni content becomes large. The material parameter D, which
has been introduced to evaluate the effect of applied stress, may be taken as
a unit in this study. The material parameter 0 < C; £ 1 represents, as C, in the
athermal process, the maximum value of the fraction attainable in the
isothermal process. According to the experimental results [6], the formation of
isothermal martensite is evidently influenced by the athermal martensite
formed so far. The material parameter C; may, therefore, be a function of the
fraction of athermal martensite, {,, We note that the parameters C, and
C; must always be chosen such that 0 < C, + C; £ 1 holds. The parameter
n represents the mechanism of nucleation [20]. In the isothermal martensitic
transformation its value is reported to be smaller than the values taken in the
Johnson—-Mehl transformation kinetics [8, 15]. Small value of n, together with
the introduction of the material parameter C;, enables us to describe the slow
rate of actual isothermal martensite formation. Validity of kinetics (2.7) has
successfully been shown by the same author for the A, -transformation in pure
iron [14, 15], as well as for the isothermal martensitic transformation in
Fe-Ni-Mn and Fe-Ni-Cr alloys [19].

It should be noted that for a constant temperature history 0(t) = T, Eq. (2.7)
with D =1 can be solved to yield

1/nn
28) fi(t)=Cf([1—exp[—{n(o)}”u+(1n o ) ])
Ci—odi

where (&; denotes the initial value of &

3. Numerical illustration

In order to demonstrate the applicability of the theory developed in the
previous section, some numerical illustrations are shown below.

The first example: The specimen is uniformly cooled from a temperature
above the values M; and T* to another temperature T below them, and then is
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Table 1. Material parameters.

°C

°Cc

Wl

l'

}'ll

°C

Oc-l

0.21 0.25 -0.8

310

350

10

1.2

-194.5

-30

-0.028
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exposed to the temperature. The cooling rate is chosen large enough to make
the amount of isothermal martensite formed in the cooling process negligibly
small. In other words, the isothermal process practically starts when the
holding temperature is reached.

The amount of fraction obtained in the cooling process is determined
as a function of the holding temperature by means of Eq. (2.4) with 0 = T.
And Eq. (2.7) governs the isothermal martensitic transformation at 0 =T
We examine the case in which the material parameter C; is simply expres-
sed as

(ERY Ci=a+f&

For the material parameters tabulated in Table 1, which are chosen to
simulate qualitatively the experimental observations in Fe-Cr-Ni alloy by
Kulin and Speich [6], the progress of martensitic transformaton is cal-
culated as shown in Fig. 1. The curve at t = Os is just a distribution of the
athermal martensite determined from Eq. (2.4). The fraction approaches its
maximum values C; + C, at t =7200 s, and the transformation almost
stops. At the temperature levels above M, only the isothermal martensite is
produced.
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Fic. 1. Effect of holding temperature on formation of martensite.

Progress of the isothermal run is sketched in Fig. 2. The temperature level
around -35°C, at which the highest fraction is observed at all times,
corresponds to the nose of the C-curve.
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FIG. 2. Effect of holding temperature on formation of isothermal martensite.

Figure 3 shows the total amount of martensite and its components as
a function of the holding temperature. The maximum amount of the iso-
thermal martensite, 0.25 in this case, is attained above M,, which, together with
the whole profile of the curves, agrees with the experimental result.

Figure 4 illustrates the result of Fig. 1 in the T-T-T diagram. The hori-
zontal lines on the shorter time side represent the formation of the athermal
martensite below M, As the time progresses, the isothermal part &; in-
creases, and the lines gradually rise up to join the isothermal C-curves above
M,

The amount of athermal martensite present at the start of isothermal
transformation varies from 0 (at M, point) to 0.208 (at —196°C), as illustrated
by the &,-curve in Fig. 3. The effect of this amount on the subsequent
isothermal transformation is estimated as the second example of the numerical
calculation. The specimen is first cooled to -196°C to produce 0.208 of initial
athermal martensite, and then up-quenched to a holding temperature T'to run
the isothermal test. It should be noted that the amount of initial athermal
martensite is larger than that in the first example at all levels holding
temperature. The fraction obtained after 7200 s of isothermal run is plotted as
a function of Tin Fig. 5. The maximum amount of £; is 0.083 in this case.
Comparison of Figs. 3 and 5 tells us that the theory confirms the experimental
observation that the initial athermal martensite restrains the subsequent
isothermal martensitic transformation.
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FIG. 5. Effect of initial athermal martensite on subsequent isothermal run.

Estimation of the thermomechanical variables: stress, strain and defor-
mation, induced in the alloys in the subzero process (during the thermal and
isothermal martensitic transformation) is a subject of further study.
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