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Thermodynamics of the Displacive Mechanism

of oy Transformation in a #’ Copper-Zinc Alloy

’
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Thermodynamics of the displaci\}e mechanism of plate-shaped phase o, was analyzed in g'Cu-Zn alloys. It was
proposed that the displacive transformation of the o, plate took place in the solute-depleted region formed in the parent

phase during the incubation period. The thermodynamic analysis indicated that the driving force of «, transformation,
AG, increased with the reduction of Xy, the solute concentration of the depleted region. And, 4G could overcome the
transformation barrier with solute depletion to a certain degree. In addition, x; was higher than the equilibrium con-
centration in the phase diagram. Therefore, the shear formation of «, plate in the solute-depleted region was ther-

modynamically supported.
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1. Introduction

Garwood® first found the surface relief phenomenon
accompanying the formation of plate-shaped phase o
in B’ Cu-Zn alloys. Garwood® and Cornelis and
Wayman® revealed that the B’ —a; crystallography had
typical features similar to the martensitic transforma-
tion. The formation of «; plates exhibited a dual nature,
i.e., displacive and diffusional characteristics"®. The
mechanism of the «; transformation is closely related to
diffusion of solute atoms.

Ghilarducci and Ahlers® observed a relaxation inter-
nal friction peak near 473 K in a Cu-Zn-Al alloy, and
considered that this Debye peak be associated with solute
atoms. Shen et al.” and Kang et al.®?® further pointed
out that internal friction peaks are induced by diffusion
and segregation of solute atoms in ordered B’ matrix
before «; plate formation. Additionally, the concentra-
tion distribution of solute atoms during the incubation
period possesses a large fluctuation comparing with that
in the quenched sample™®. Therefore, it is suggested
that the solute-depleted region appear during the incu-
bation period. Takezawa and Sato!” implied that the
formation of solute-depleted regions be created by
stress-induced diffusion around defects.

At the early stage of a; growth, the change of the so-
lute composition near the interface of the o, plate and
matrix is strongly emphasized. Wu et al.""'? observed
the composition difference between «; plate and the par-
ent phase at a stage when the o, plate fully inherited both
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order and APD structures of the parent matrix. Yang et
al.® and Tadaki and Shimizu"? observed that the solute
composition of the «; plate is higher than the equilibrium
concentration of the phase boundary in the phase dia-
gram. And, the solute content in the matrix region ad-
jacent to the interfaces is lower than the average of the
matrix. This fact can be explained only by assuming a
diffusion process involved in the transformation. The
above results are well consistent with the other stu-
dies!-07,

The diffusion of solute atoms during growth of the o
plate may be caused by the stress field around pre-exist-
ing defects!®V, Schmitz et al."¥ suggested that elastic
anisotropy may play an important role in promoting so-
lute diffusion at defects. As a result, solute depletion may
continue to appear at the tip of the «; plate, where the
stress field may provide an effective driving force"®. Wu
et al." provided a direct experimental confirmation that
there appears the solute-depletion region near disloca-
tions adjacent to « plate. Meng et al."” observed
nucleation of the «; plate in discontinuous stress field at
the a, plate tip. Yang et al.® also confirmed the exis-
tence of the shear stress field accompanying the a;
growth. Thus, the combined effect of solute depletion
and increasing elastic anisotropy leads to the formation
of the solute-depleted region for «; shear growth.

As for the formation of the «; plate, three ex-
perimental conclusions may be drawn 1) the solute-
depleted region may appear during incubation period
and at the stage of o, growth; 2) the a; plate inherited the
ordering and antiphase domain structures of the_ parent
phase; 3) the «; plate had different solute composition
with the matrix. Therefore, the displacive mechanism of
o, transformation was proposed®®?. The solute deplet-
ed region appeared in the parent phase during the incu-
bation period and then, «; plate transformation took
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place in this region by martensite-like mechanism. The ¢
plate is not martensite of a diffusionless reaction, because
the composition of «, is different from that of the origi-
nal matrix"®. The transformation of the «, plate is a
diffusion-controlled shear process.

Hsu and Zhou®® proposed a thermodynamic model
for o) shear formation. The formation of the o plate was
considered to be a diffusionless transformation, the same
as that of martensite. And, the composition of the a;
plate is the same as that of the parent matrix. The ther-
modynamics analysis denied the «; shear mechanism be-
cause the driving force is positive during the tempera-
ture range of «; formation.

The purpose of the present paper is to present a ther-
modynamic analysis to shear model of the o; formation
in the solute-depleted region in a 8’ Cu-Zn alloy.

II. Thermodynamic Model

The model for the shear mechanism of «; transforma-
tion in the solute-depleted region can be expressed as

B’ =i +Bi—~ai +Bi—~al + s (0))

where £’ is the parent matrix with x,. 8{ and B85 are the
solute-depleted and solute-enriched region with x4 and x.
respectively. «f is the embryo of the «; plate both with x;.
x represents the atomic fraction of solute zinc.

The solute atom has tendency of diffusion and segre-
gation towards crystal defects of the parent matrix, such
as grain boundaries and dislocations®. The energy
change during incubation period, AG; is

AG\=AG,+ AG# ~Fi+#s @)

where AG; is energy change of defects themselves and
AGPFi*P: ig the Gibbs free energy change attending
B’ — B+ p; respectively. AG; is the nonchemical driving
force for the formation of solute-depleted regions
whereas AG# #i*# is the energy barrier.

The critical condition for the formation of the solute-
depleted regions is

AG,=0 3)
AGP~Fi*Fi can be expressed as
AGPFHR=p[GF (x4) =GP (%0)] +[G* (xe) — G (x0)]
)

where n and N are the volume fraction of the solute-

depleted and solute-enriched region respectively. G#'(x)

is the Gibbs free energy of f” matrix with composition x.
It is obtained that

N (x.—xo)=n(xo=Xa) (5)
Substituting eq. (5) into (4) and dividing by n, in a
limited case, AG# ~Fi+hi ig
dG*

AGP Fi*hi=GF (x4) = G (x0) + (X0— Xa) 3

©)

G*(x) can be expressed as?®

1099
G =GP+GFr* @)
where
Gﬂ:(l _xZn)GCu +xZnGZn +EB(1 —_xZn)xZn
+RT[(1 —Xza) In (1 —xz4) + Xza In Xz,] ®)

G" % =—18425n*—RT[2(1 —xza) In (1 —Xz,)
+2xz, In xzo—(n+1—Xxz,) In (n+1—xz,)
= (Xza=1) In (Xza—1) = (Xza+7) In (Xza+ 1)
(1= n—xz) In (1 -9 —xz,)} ®

where R and T are the gas constant and absolute tem-
perature respectively. E#(—43014 J/mol) is the interac-
tion parameter in 8%, 5 is the order parameter and
defined as®

(n/0.32)*+(T/700)°=1
From egs. (6) to (10), AG# ~Fi*F: js obtained as
AGH# Fi+Bi= — 43014(xo— X4)?

+RT{0.66 In [(1—x4)/ (1 —Xo)]
+0.66x4 In [x4(1 —x0)/xo(1 — X4)]
+(1+n—x3) In [(1+7—x0)/(1+7—x4)]
+(xa—n) In [(Xo—n)/(xa—1n)]
+(xa+n) In [(xo+7)/(xa+7)]
+(1—7—xa) In [(1—n—x0)/ (1 —n—xa)1}
/1.34 (11)

The «, plate nucleates in the solute-depleted region by
shear mechanism. The free energy change attending this
process, 4G, is

AG,=AGH~ i+ AG=i~

(10)

(12)

where AG#i7* and AG*~* are the free energy change
attending B{ —ai and «f —«; respectively. AG# ™ is
chemical driving force for the «; nucleation whereas
AG~i~* js the energy barrier.

From Ref. (23), it is obtained

AGPi«i=8738y2—7232.4+20874.32xs— 13967x}
+(3.14348 —3.94061x4)

X T—8.17x 107*xyT? (13)

From eqs. (11) and (13), the total driving force for the
o, transformation, 4G is

AG=A4G,+AGH = —AG" “P*F+ AGF ™ (1)

III. Results and Discussion

Figure 1 shows AG at various solute depletion con-
centrations (x4) in a Cu-42 at%Zn alloy (x0=0.42) in
terms of eq. (14). The temperature range of the «, for-
mation is 473 ~673 K. It can be seen that AG is posi-
tive when xq=x0=0.42. It is indicated that the shear
mechanism of the «,; plate the same as martensite is
thermodynamically impossible. However, with depleting
of solute atoms, i.e., xg<Xo, 4G will gradually change to
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negative from the high to low temperature. And, AG will
become wholly negative with solute depletion to a certain
degree. i.e., x4=0.376. Kang et al.®® obtained by
ATEM/EDAX that the zinc compositions of the deplet-
ed region is about 0.38 at pct at 543 K in the Cu-42
at%Zn alloy. From Fig. 1, it is seen that AG is negative.
Therefore, the transformation of the «; plate may take
place thermodynamically by shear mechanism in the
solute-depleted region.

The transformation resistance of «; plate is lower than
that of martensite®(219@2 The nonchemical energy for
the martensite transformation with a 9R structure is 10.4
J/mol®®. Letting AG= —10.4 J/ mol, the initial concen-
tration of the «y plate can be obtained as a function of
the reaction temperature, as shown in Fig. 2. The
equilibrium zinc concentration of the phase boundary in
the phase diagram is also listed. It may be seen that the
lower the transformation temperature, the -higher the
depletion degree. And, the solute concentration of the
depleted region is higher than the equilibrium one of the
phase boundary in the phase diagram. This means that
the o, plate has a partially supersaturated composition,
consistent with experimental results®-04,
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Hsu and Zhou® also proposed a thermodynamic
model of «; shear formation. The mechanism is £’(x,)
—aj(Xp). This means that #’ and «; possess the same
composition and that «; and martensite possess the same
shear mechanism. The calculation results showed that
the shear formation of «; plate is thermodynamically
impossible due to the positive driving force. In fact, both
o plate and martensite are products of shear transfor-
mation. However, it is the solute-depleted region where
o plate transforms by martensitic-type displacive mode.
As a result, the concentration of the «; plate is different
from that of the matrix. The «; plate only has a partial
supersaturation of solute composition, as compared with
the parent phase. Different from the martensitic trans-
formation, the formation of the «; plate consists of
continuous coupling of diffusion and shear. In other
words, the formation of the «; plate belongs to a
diffusion-controlled shear process. ‘

The present thermodynamic consideration is in agree-
ment with the thermodynamic treatment for bainite
transformation in Fe~C and Fe-C-X alloys*®”.

IV. Summary

The shear mechanism of the «; formation in the
solute-depleted region is thermodynamically analyzed in
a pB’ Cu-Zn alloy. The model is: B'=pi+
Bi—ail +B5—2>o+ps (B, Bi, B35, and «f: the parent
phase, the solute-depleted region, solute-enriched region,
the embryo of the «; plate). The transformation
mechanism consists of two steps. The solute-depleted
region appears first in the matrix, followed by marten-
sitic-type transformation of «; plate. The shear and
depletion take place simultaneously. Thermodynamic
calculations show that the driving force of the «; for-
mation increases with the reduction of zinc concentration
of the depleted region and may become negative corre-
sponding to a certain degree of ‘solute depletion within
the whole reaction temperature range. As a result, the
shear formation of the o, plate can be thermodynami-
cally realized.
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