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Thermoelastic martensitic transformation 
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Thermoelastic martensitic transformation in a Cu-29% Zn-3% AI alloy has been observed with 
optical and electron microscopy, including 1.0-1.2 MV high-voltage transmission electron 
microscopy (TEM), and treated with the phenomenological theory suggested before. The 
observation showed that the transformation was conducted in three stages: parallel plates 
growing, self-accommodating variants advancing, and plates merging and/or tiny plates forming 
in carved-up parent phase areas. TEM showed that the martensite consisted of a huge number of 
packets with constant size and distinct interfaces. By using the phenomenological theory, the 
free-energy function as well as the friction quasi-enthalpy and friction quasi-entropy are obtained 
in SI units. Comparing with classical theory, the free energy can be broken into three parts: the 
chemical free energy, the interfacial energy and the elastic strain energy. In the range of 20-70% 
martensite in the alloy, the interfacial energy per unit of martensite formation is constant and the 
corresponding elastic strain energy is a linear function of martensite percentage. Some possible 
explanations for this energetics relating to the observation are given. 

1. I n t r o d u c t i o n  
In previous work by the authors [1, 2], electrical res- 
istance measurements showed three stages in the ther- 
moelastic martensitic transformation in Cu-29% 
Zn-3% A1 alloy. From Fig. 5 in Deng and Ansell [1], 
the transformation slope dm/d T of the cooling process 
(where m = martensite percentage) can be plotted as 
in Fig. 1. Then, the transformation can be roughly 
divided into increasing, constant and decreasing slope 
stages. This study is a further investigation into the 
micro-processes corresponding to the three stages, 
especially the second one. High-voltage transmission 
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Figure 1 Three transformation stages shown by the relationship 
between dm/dT and temperature during cooling. 

electron microscopy (TEM) (1.0-1.2 MV), with a cold 
stage down to 133 K, has been used among other 
measures to observe thicker foil morphologies which 
may be close to those in bulk samples. This investiga- 
tion would provide some basis for understanding the 
transformation mechanism and some clues to analys- 
ing the elastic strain energy and interfacial energy, 
both of which are related closely to the shape of the 
martensite. In order to analyse the free-energy change 
as well as the elastic strain energy and the interfacial 
energy, the phenomenological theory suggested before 
[1, 2] has been used and compared with classical 
theory [3]. Attention is paid to the relationship be- 
tween the energetics and the morphology observa- 
tions. 

2. Experimental results 
2.1. First stage of transformation 
The details of the sample preparation are described 
elsewhere [1, 2]. Metallographic samples and TEM 
foils were cut from single crystals of Cu-29% Zn-3% 
A1 alloy grown by the Bridgman method. Fig. 2 shows 
the first stage of the transformation on cooling. The 
transformation started with one variant of parallel 
martensite plates, and then the second variant ap- 
peared and was followed by the third one, and went 
on. The normal to the sample surface was measured 
by X-ray diffraction to be (1 1 1) of the parent phase. 
The horizontal tie-line between the pairs of black 
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The radial growth (elongation) of the martensite 
plate is thermoelastical. That is, during cooling, each 
temperature corresponded an equilibrium length. 
Stopping cooling stopped elongating of the plate, and 
heating led to shrinkage of the length of the plate after 
a certain hysteresis. Fig. 3 shows the martensite mor- 
phology under high-voltage TEM, which can show 
some features similar to that of bulk samples, i.e. 
three-dimensional. It can be seen that the shape of the 
plate is far from oblate spheroidal, which was assumed 
by some investigators [5, 6]. Moreover, the boundary 
of the martensite plate is not flat and smooth, but is 
very rugged. 

2.2. S e c o n d  s t a g e  of t r a n s f o r m a t i o n  
Fig. 4 shows the characteristics of the second stage. 
That is, self-accommodating variants formed and ad- 
vanced between the parallel plates which had de- 
veloped mainly in the first stage. The  transformation 
rate in this stage is the highest among the three stages. 
This is qualitatively consistent with the self-accommo- 
dating variants advancing which cause the lowest 
elastic strain energy in the parent phase. A quantitat- 
ive treatment is given below. Fig. 5 shows the high- 
voltage TEM morphology of the parallel plates and 
the initiating region of the self-accommodating vari- 
ants. In the figure, the top left pattern is a selected-area 
diffraction (SAD) pattern of the D03 parent phase and 
the bottom right is an SAD of the martensite. It can be 

Figure2 The sequence of different variants during cooling: 
(a) 240 K, (b) 237 K. 

diamond markers in Fig. 2 is [1 10 9]. The habit plane 
in the alloy was measured [2] to be the same as in 
Cu-Zn  alloy determined by Schroeder and Wayman 
[-4]. The appearing sequence of the variants and their 
indices are shown in Table I. This sequence must be 
related to that of the energy barriers from low to high 
associated with the different variants. 

TABLE I The appearing sequence of variants 

Angle M ~ Angle C a 
Sequence (deg) Habit plane Trace (deg) 

1st 90 (2 1-]- 12) [2-31013] 90.9 

2nd 110 (11212) [1019] 109.6 
3rd 57 (11 122) [1413 1] 58.4 
4th 42 (11 1~ 2) [14 9 23] 42.4 
5th 0 (211 12) [1 1-69] 0.0 
6th 22 (11 2 12) [10 23 13] 20.4 

a Angle M is the measured angle between the tie-line of the black 
diamonds in Fig. 2 and the trace of the martensite in degrees, and 
angle C is the corresponding calculated angle in degrees, 

Figure3 Martensite plate morphology under 1.2 MV TEM at 
243 K. 
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Figure 4 Self-accommodating variants advancing between parallel martensite plates: (a) 236 K, (b) 228 K. 

2.3, Third s tage of t ransformation 
Fig. 6 shows some features of the third stage of the 
transformation. It seems that two processes are im- 
portant. First, some parallel plates may merge into 
one plate. Secondly, in the smaller and smaller parent 
phase areas carved up by martensite plates, some new 
and tiny martensite plates nucleated and grew. This 
constrained growth is further shown by Fig. 7. It can 
be seen that the tiny plates may be grown in longitud- 
inal orientation (Fig. 7a) or in transversal (Fig. 7b). 
Both the merging of plates and the growth of tiny 
plates were conducted in limited and strained spaces, 
which required higher driving forces for transforma- 
tion. This explains qualitatively the transformation 
rate decreasing in the third stage. Fig. 8 shows the final 
transformed morpholgies without and with a shear 
stress of 17 MPa on (1 0 1) of the parent phase. Obvi- 
ously, the transformation was influenced very much 
by applied stress. 

Figure 5 Martensite morphology under 1.2 MV TEM at 238 K. 

seen how the self-accommodating variant plates bifurc- 
ate away from the main plate. The main plates are 
rather like thin laths in shape, as Dunne and Wayman 
assumed [7]. Furthermore, the growth frontier of the 
plate is some kind of bifurcated fork in shape. It is 
noteworthy that in the area of the self-accommodating 
variants, some parent phase still remained and was 
carved up further and further by the martensite plates 
into smaller and smaller areas. 
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2.4. Fine structures in the martensite 
Fig. 9 shows the morphology of the martensite over- 
etched. It can be seen that a martensite plate consists 
of several sets of a huge number of very tiny packets, 
just like matchsticks. After over-etching, the indi- 
vidual packets can almost be separated from each 
other. Fig. 10 shows the morphology under high- 
voltage TEM. By the high penetrative ability, the stick 
stack can be seen clearly. The size of the packets is 
transversely about 10 nm and the length depends on 
the thickness of the foil. There are obvious interfaces 
separating the packets. These interfaces and the asso- 
ciated interfacial energy must play some role in the 
transformation. Fig. 11 shows the boundary disloca- 
tions under high-voltage TEM. It can be seen that, 
besides the dislocation arrays in flat boundaries as 
reported by Chakravorty and Wayman 1-8] and 
Kajiwara and Kikuchi [9], there are dislocation ar- 
rays in a sawtooth-shaped boundary. 



Figure 6 Martensite merging and new nucleation in carved-up parent phase areas: (a) 213 K, (b) 193 K. 

Figure 7 New tiny martensite plates in carved-up parent phase area: (a) longitudinal, (b) transversal. 

Figure 8 Final metallography morphology: (a) no stress, (b) with 17 MPa shear stress. 
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Figure 9 Martensites consisting of tiny packets. 

Figure 11 Martensite boundaries, flat and sawtooth-like, 1.0 MV 
TEM. 

Figure 10 Martensites consisting of tiny packets under 1.0 MV 
TEM. 

3. Theoret ical  t reatment  
3.1. Free-energy function 
The authors have suggested a phenomenological the- 
ory for the thermoelastic martensitic transformation 
in Cu-29% Z n - 3 %  A1 alloy [1, 2], in which the free- 
energy function of the system is 

Fs = a + b m  + cm 2 + e o m  (1) 

where 

e 

a = a (T )  

b = 0.06451 T -  15.33 

c = 0.5 

7.393 x 10 -5 T - -  1.944 • 10 -2 (MPa)  -1 
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and m is the martensite percentage, and a the applied 
stress. Fs is a dimensionless free-energy function; in 
order to convert Fs into the free energy F ,  in SI units, 
the conversion factor N is introduced such that 

Fn = U Fs (2) 

According to classical theory [3], the flee-energy 
change caused by martensitic transformation is 

A G = Gch q- Gel -q- Gin (3) 

where Geh is chemical free energy change, Gel is elastic 
strain energy and Gin is interfacial energy. For one 
mole of material, when the martensitic transformation 
percentage is m, the free energy of the system is 

G = Go + Gem + Gem + Gim (4) 

where Go is the free energy for 100% parent phase of 
one mole; Go is the chemical free energy change caused 
by one mole of martensitic transformation, Ge is the 
corresponding elastic energy and Gi the corresponding 
interfacial energy. Obviously, G and F ,  are the same 
physical parameter, i.e. 

F~ - a (5) 

Furthermore, a N and Go are the molar free energy for 
100% parent phase, thus 

a N  = Go (6) 

From the measurements on Cu-29% Z n - 3 %  A1 alloy 
by the authors [1] 

Gr = 1.612 T -  409.5 J m o l -  1 (7) 

When the applied stress is zero, it is obtained from 
Equations 1-7 that 

[(0.06451 T -  15.33) m + 0.5 m 2 ] N  

-~ (1.612 T - 409.5) m + (Ge + Gi) m (8) 

Assuming that Ge and G~ are not apparent functions of 
T, then it is obtained by comparing the coefficients of 



the terms Tm in both sides of Equation 8 that 

N = 24.99 J tool - 1 (9) 

Thus 

F, = Ao + (1.612 T-383 .1 )m + 12.49m 2 

+ (1.847 • 1 0  - 3  T - 0.4858)om Jmol -~ (10) 

This is the molar free energy in the SI unit system, and 
it is also the free energy (density) function with dimen- 
sions. 

3.2. Elastic energy and interfacial energy 
Consider the case when the applied stress is zero and 
the transformation is driven only by temperature 
change. It is obtained from Equation 8 that 

Gem + Gim = 12.49 rn  2 Jr- 26.4m (11) 

that is 

G~ + Gi = 12.49m + 26.4 (12) 

Although there is no way to separate Ge and Gi thor- 
oughly, it is possible to discuss the functional relation- 
ships between either of them and m. For one mole of 
material, m is the volume percentage and is propor- 
tional to the marteniste volume. Becuase the inter- 
facial energy per unit area is constant, the total inter- 
facial energy for one mole of material, Gim in Equa- 
tion 11, is proportional to the total surface area of 
martensite. For an ordinary three-dimensional shape, 
the surface area is proportional to the volume to the 
2/3 power. For some special shapes, for instance a cy- 
linder with fixed bottom area or a disc with fixed 
height, the surface is proportional to the volume. In 
general, for an ordinary regular shape, the surface area 
is not likely to be proportional to the volume squared. 
Therefore, it could be deduced that the total interfacial 
energy Gim in Equation 11 is proportional to m, and 
the total elastic strain energy is a second-order power 
function of m. In other words, the interfacial energy 
caused by unit marteniste formation is constant 
and the corresponding elastic energy is a linear func- 
tion of m. 

Earlier investigators [5, 6], based on Eshelby's elas- 
tic theory [10] and the assumption that the martensite 
plate is oblate spheroidal in shape, deduced that the 
elastic energy ge caused by unit martensite formation 
is proportional to y/r, i.e. 

ge = A(y/r) (13) 

where A is a constant, Yis the half-thickness and r the 
radius of the martensite plate. These investigators 
concluded that, for martensitic radial growth, y/r de- 
creased with increasing r and then ge decreased, there- 
fore the radial growth occurred spontaneously but not 
thermoelastically; and that the radial growth would be 
stopped only by grain boundaries or other strong 
obstacles. These conclusions are not consistent with 
the observed results in this paper and some other 
investigators [11] also did not agree with those con- 
clusions. According to the viewpoint of this paper, the 
elastic energy caused by unit martensite formation 

increases linearly with increasing martensite percent- 
age in the range of 20-70% martensite for Cu-29% 
Zn-3% AI alloy. Incidentally, to the authors' know- 
ledge, no report to confirm experimentally those 
earlier conclusions [5, 6] has been published yet. This 
question has been discussed further in another paper 
by the authors [12]. 

According to the result in this paper, the interracial 
energy Gi caused by unit martensite formation is con- 
stant. For this result, there are at least three possible 
explanations. First, that as assumed by Dunne and 
Wayman [7] the martensite is in a thin plate shape, so 
that the surface area is approximately proportional to 
volume. The second explanation is that the self- 
accommodating variants advancing between parallel 
martensite plates have a constant surface area per unit 
volume. The third explanation could be that the mar- 
tensites might have internal interfaces which contrib- 
ute to the main part of Gi. 

3.3. Friction quasi-enthalpy and 
quasi-entropy 

According to the authors' suggestion [1], the friction 
caused by phase interface motion was quantitatively 
described by a friction function F,, friction quasi- 
enthaipy Hr and friction quasi-entropy St; 

f r = H r  - T S r  (14) 

H,, S, and F, were expressed [1] with dimensionless 
values. All values in Equation 14 can be changed into 
SI units by the conversion factor N: 

Hr = N(-3.875 + 1.633 x 10-Z~)m 

= (-96.84 + 0.4081o)m Jmo1-1 
(15) 

S~ = N(0.01951 - 7.393 x 10-scy)m 

= (0.4785 - 1.847 x 10-3o)m J m o l - l K - 1  

where H, and S~ have the same units as those of 
enthalpy and entropy, respectively. Let F, be the (free) 
energy to overcome the friction caused by the interface 
motion, then Hr and S, are the corresponding friction 
quasi-enthaply and friction quasi-entropy, respect- 
ively. The direct physical meanings of these are the 
width of the hysteresis loop and the slope difference 
between the segments of cooling and beating, respect- 
ively. 

The thermoelastic martensitic transformations have 
two characteristics: reversibility and hysteresis. Some 
authors have introduced the concept of friction to 
explain the hysteresis [-5, 11, 13]. In this paper, the 
friction is treated by introducing H, and S,, which are 
irreversible thermodynamic functions and depend on 
the boundary structure, mobility, and the structures 
and states of the materials on both sides of the inter- 
face. The values of H, and S, may be deduced for 
a given boundary model and motion mode. 

4. Conclusions 
1. For Cu-29% Zn-3% A1 alloy, the free-energy 

function F,,  the friction quasi-enthalpy Hr and the 
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friction quasi-entropy S, in the SI unit system are 
respectively 

Fn = Ao + (1.612 T -  383.1)m + 12.49 m 2 

+ (1.847 x 10 .3  T -  0.4858)am Jmol  - i  

Hr = ( - 9 6 . 8 4  + 0 .4081a)m Jmo1-1  

Sr = (0.4785 - 1.847 x 10 - 3 or) m J m o l -  i K - i 

2. When the applied stress is zero, the elastic strain 
energy Ge and the interracial energy Gi caused by unit 
martensite formation in one mole of alloy are 

Ge + Gi = 1 2 . 4 9 m + 2 6 . 4  J 

Thus, Gi might be a constant and Gr is a linear func- 
tion Of m: 

G i = C  J 

G~ = 12.49m + (26 .4-C)  J 
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