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Bainitic precipitation and its influence on the martensitic transformation in the
Cu-11.9AI-56Ni-1.6Mn-1Ti (wt %) shape-memory alloy has been observed in situ using X-ray
diffraction and transmission electron microscopy. Bainite was observed to be precipitated
when the alloy was aged at 553-700K. The orthorhombic distortion of the precipitated
bainite decreased with increasing ageing temperature and time. The bainitic precipitation
strongly decreased the martensitic transformation temperature, and changed the martensite

from faulted M18R; type to twinned 2H type.

1. Introduction

Bainite formation is a highly controversial and widely
debated subject ([1] and references cited therein). In
copper-based Cu—Zn [2], Cu—Zn-Al [2-4], Cu—Zn—Au
[5] and Cu-Al-Ni-Mn-Ti (CANTiM) [6, 7] alloys,
the plate-shaped bainite has been found to be precipi-
tated from the matrix during the isothermal heating in
the mid-temperature range. Takesawa and Sato [2],
Wu et al. [4], and Tadaki et al. [5] believed that
bainitic transformation in these copper-based B-phase
alloys with B2 or L2, type ordering, like in carbon
steels, proceeds with characteristics of both marten-
sitic and diffusion-controlled transformations. The
study of bainitic precipitation is important, not only
to clarify the transformation mechanism, but also
from the view point of practical utilization of shape-
memory alloys (SMAs), because preliminary investiga-
tion has shown that it strongly influences the marten-
sitic transformation behaviour in the Cu—Zn-Al [3]
and CANTIM [6] SMAs.

As a result of modification of Cu—13.5A1-4Ni
(wt %) SMA, Cu—xAl-5Ni-2Mn—1Ti (wt %) system
SMAs were developed [8], where x =11.8-12.4. In
CANTiM alloys, the substitution of aluminium by
manganese and nickel suppresses the precipitation
of brittle vy, phase while maintaining appropriate
transition temperatures. Depending on the content, x,
of aluminium, CANTiIM alloys may be hypoeutectoid
(x < 12.7) or hypereutectoid (x > 12.7). Obviously,
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a hypoeutectoid CANTiIM alloy may precipitate
bainite under certain conditions, as already observed
by Itsumi et al. [6] and Zou et al. [7].

The present work aimed to study the process of the
bainitic precipitation and its effect on the transition
behaviour of the hypoeutectoid Cu—11.9A1-5Ni—
1.6Mn—1Ti (wt %) SMA by in situ high-temperature
X-ray diffraction and low-temperature transmission
electron microscopy (TEM).

2. Experimental procedure
Plate specimens of Cu—11.9A1-5Ni—1.6Mn-Ti (wt %)
CANTiM SMA were solid-solution treated at 1223 K
for 20 min, and then either directly quenched into cold
water (D Q) or step-quenched, i.e. quenched into an oil
bath at 408 K for 30min and then air-cooled. The
martensitic and reverse transition temperatures M,,
M, As and A; of the specimens, which are strongly
dependent on the thermal treatment, were measured
as A, ~ 455K, A; ~ 495K, M~ 440K and M; ~
415K for the specimen directly quenched followed
by thermal cycling. The surface layers of the treated
specimens were removed by mechanical polishing fol-
lowed by immersion in HCI-HNO3;-H;PO, solution
(volume ratio 1:4:5).

X-ray polycrystalline diffraction patterns were ob-
tained by using a copper target and a graphite mono-
chromator. In order to follow the continuous process
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of the reverse transformation, the diffraction pattern
from 26 = 50° to 20 = 38° was recorded repeatedly at
a given heating rate.

TEM foils were prepared by double-jet electro-pol-
ishing from 3 mm diameter discs of 0.1 mm thickness
using HNO;—-CH;OH solution (volume ratio 1:2).
TEM observation was carried out using a Philips
CM-12 electron microscope equipped with a Gatan
613/633 double-tilting cooling holder operated at
120 kV.

3. Results

3.1. Bainitic precipitation

X-ray diffraction and TEM observation confirmed
that the phases existing in the directly quenched speci-

men are M18R; type martensite and X-phase of L2,
structure type with a composition of (Cu, Ni),TiAl
[7]. When this specimen was heated to 573K for 2 h
and then cooled to room temperature (RT), stabilized
N18R; type martensite, retained parent phase of L2,
structure type, X-phase and also bainite precipitation
of disordered N9R structure-type, containing less
alloying elements [ 7], were observed. When heated to
623K for 2 h, at RT, basically the same constituent
phases were observed except that the stabilized mar-
tensite in this case was disordered N9R type compared
with the N18R; type in the at 573K heated specimen
[7].

Fig. la—c show optical micrographs of the speci-
mens directly quenched, DQ followed by heating at
573K for 2h, and DQ followed by heating at 623K
for 2 h, respectively. In Fig. 1(a) spear-like martensite
and elliptical white X-phase particles can be clearly
seen. Thin and broader bainite precipitates are ob-
served in Fig. 1b and c, respectively. Moreover, the
size of the X-phase particles increases with increasing
heating temperature.

Fig. 2 shows a set of X-ray diffraction patterns of
the DQ specimen. It can be seen from Fig. 2a that the
DQ specimen consists of M18 R; martensite and
X-phase at RT. By following the appearance of the
(220), peak of the parent phase when the temperature
is increased continuously at the heating rate of
20K min !, the reverse transition temperatures were
found to be A, ¥ 473K and A4; ~ 520 + 20K. Fig. 2b
shows the diffraction pattern when the specimen was
heated to 553-573 K as indicated in the figure. This
pattern reveals that all the 18R, martensite has
been reversely transformed into parent phase. When
holding the specimen at 573 K for 11 min, diffraction
peaks are observed nearly at the positions of M18R;

Figure 1 Optical micrographs of the CANTiM alloy photographed
at RT: (a) directly-quenched; (b) DQ followed by heating at 573 K
for 2h; (c) DQ followed by heating at 623 K for 2 h.
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Figure 2 X-ray diffraction patterns during the heating and cooling processes of the directly quenched CANTiIM alloy: (a) as-quenched
specimen; (b) heated to 553-573 K at a heating rate of 20 K min ~!; (c) held for 23-29 min at 573 K; (d) held for 50-56 min at 573 K; (¢) cooled
to 370-355K; (f) cooled at RT. In (c) and (d) the holding times are indicated, and in (b) and (e) the instantaneous temperatures are marked.

martensite peaks, but with smaller splitting of the line
pairs (122)-(202) and (1,2, 10)~(2,0, 10). These peaks
grew with increasing holding time; compare Fig. 2d
with Fig. 2c. This fact obviously shows a bainitic pre-
cipitation. By comparing the integrated intensities of
the bainite reflections after holding at 573K for 2h
with those of the 18R; martensite before heating
(Fig. 2a), it can be concluded that nearly 38% parent
phase was transformed into bainite. When the speci-
men was cooled, most of the retained parent phase
transformed to martensite, compare the intensity of
the (220); peak at RT (Fig. 2f) with that at 362K

(Fig. 2e), and the M, temperature was nearly
325 4+ 30K. The peak positions of the newly formed
martensite are different from those of the bainite and
hence cause broadening of some peaks in Fig. 2f.
Fig. 3 shows the bainitic precipitation when holding
the DQ specimen at 623 K for 2 h. Other experimental
conditions in this case were the same as those for
Fig. 2. By comparing Fig. 3b and c, it can be seen that
the incubation time of the bainitic precipitation at
623 K is less than 2 min, and the bainite reflection line
pairs possess smaller splitting compared with those
precipitated at 573 K. In this case, nearly 42% parent
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Figure 3 X-ray diffraction patterns showing the bainitic precipitation when holding the DQ CANTIM alloy at 623 K: (a) as-quenched
specimen; (b) held for 0-6 min at 623 K; (c) held for 35-41 min at 623 K; (d) held for 114-120 min at 623 K.

phase was transformed into bainite and the M, tem-
perature was almost 300 K.

On holding the DQ specimen at 533K for 2h, no
discernible bainite was found by X-ray diffraction,
while little bainitic precipitation was observed on
holding at 553 K.

Bainitic precipitation was also observed upon con-
tinuously heating the DQ and the step-quenched spec-
imens by in situ X-ray diffraction experiments and it
was found that bainite begins to precipitate when the
temperature of the specimen reached 650K at a heat-
ing rate of 20 or 10 K min~'. This precipitation con-
tinued to about 700 K. When the temperature reached
850K, all the reflection peaks belonging to bainite and
stabilized martensite disappeared and transformed
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into those of equilibrium o and B parent phases. The
line pair splitting of the bainite precipitated at
650-700K are so small that both the line pairs
(122)+202) and (1,2,10)+2,0,10) coalesce, see
Fig. 4c. Fig. 4a—c compare the diffraction patterns of
the bainites precipitated at 573, 623 and 650-700K,
respectively, showing clearly that the orthorhombic
distortion [9] of the bainite decreases with the increas-
ing precipitation temperature. Table I lists the split-
ting values A20 = 20(h,k,1;) — 20(h, k,1,) for line
pairs (122)—202), (1,2,10)+2,0,10) and (04 0)-320)
and the lattice parameters a, b, ¢, p and ¢ for M18R
martensites and 9R bainites formed under different
conditions where the lattice parameters are fitted from
the 20 values of the reflection peaks [9]. In Table I the



bond angle ¢ = 2tan~ ! [b/(2a)] is the angle between
lines connecting the nearest neighbours in the basal
plane of the martensite. The value of ¢ = 60° corres-
ponds to zero line-pair splitting and a larger ¢ indi-
cates larger splitting and also larger orthorhombic
distortion [9]. In order to simplify the description of
Table I, we utilize the indices (hkl) and lattice para-
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Figure 4 X-ray diffraction patterns showing the dependence of the
orthorhombic distortion of the bainite upon precipitation temper-
ature: (a) precipitated at 573K from the DQ specimen; (b) precipi-
tated at 623 K from the DQ specimen; (c) precipitated at 650-700 K
from the step-quenched specimen.

meters b and ¢ related to the 18R, structure type,
irrespective of 18R; or 9R structure type. Table I
shows quantitatively that the splitting of the line pairs
and also the orthorhombic distortion of the bainite,
are smaller than those of the quenched martensite, and
they decrease with increasing temperature at which
the bainite precipitated.

3.2. Martensitic transformation

As described in Section 3.1, the M temperatures of the
specimens held at 573K and 623K for 2h are nearly
M, ~ 325 + 30K and M, ~ 300K, respectively, much
lower than that (M, =~ 440 K) of the specimens which
were not held at high temperature for a long time.
Table IT lists the M, and M; temperatures of the DQ
specimens held at different temperatures for different
times, showing the fact that the bainitic precipitation
strongly decreases the martensitic transformation
temperatures.

Fig. 5a shows a bright-field (BF) image of the DQ
specimen after holding at 623 K for 2 h photographed
at RT. Bainite plate and retained parent phase
(regions A and B) can be clearly seen. By cooling the
specimen in the electron microscope to 110K, we
observed that regions A and B transformed into twin-
ned martensite (Fig. 5b). The selected-area electron
diffraction pattern (EDP) shown in Fig. 5c reveals
they are twinned 2H martensite with a (12 1),y twin
plane.

Fig. 6 displays a set of X-ray diffraction patterns
taken from the DQ specimen held at 623K for 2h.
When cooled to 295K, the pattern is principally the
same as Fig. 3d with a very strong (22 0); peak of the
parent phase. When cooled to 280, 263 and 77 K, and
then the X-ray diffraction patterns recorded at 290 K,
we obtain Fig. 6a—c, respectively. According
to our previous work [10], we know that there are
six peaks belonging to 2H martensite with the
lattice parameters of a =0.441nm, b= 0.527 nm,
¢=0423nm in the 20 range of 38°-50° i.e.
2012001 = 39.8°, 2000 = 40.9°, 26902m = 42.7°,
2001000 = 44.5%, 2032100 = 454° and 200, =
46.4°. Hence we can index the patterns shown in
Fig. 6. From Fig. 6 it is obvious that with deeper
cooling of the specimen, the quantity of retained par-
ent phase decreases, and the quantity of the 2H mar-
tensite increases. This fact confirms further that the
transformed martensite is 2H type with transition
temperatures M; < 260K and A4, < 290K.

Fig. 7 show an X-ray diffraction pattern of the DQ
specimen subjected to the experiment shown in Fig. 2,

TABLE I Orthorhombic distortion of bainite precipitated at different temperatures compared with that of M18R; martensite

Specimen A20(deg) a(nm) b (nm) ¢ (nm) B (deg) ¢ (deg)
(122)+202) (1,2,100+2,0,10) (040)~320)

DQ martensite 1.0 1.62 2.30 0.4438  0.5300  3.829 88.75 61.68

408 K step-quenched martensite 0.87 1.45 2.10 0.4445  0.5289 3.827 88.78 61.50

Bainite precipitated at 573K 0.67 0.85 1.10 04467  0.5242  3.826 89.38 60.80

Bainite precipitated at 623 K 0.5 0.72 0.8 0.4465  0.5217 3.828 89.59 60.59

Bainite precipitated at 650-700 K Coalesced
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and then cooled to 283 K with higher angular resolu-
tion, where the main peaks are indexed. By comparing
the peak intensities of the (220), parent phase and
those belonging to 2H martensite in Figs. 7, 2e and f,
we found that the parent phase to 2H martensite
transition began in the temperature range 355-295K
and was completed below 283 K.

TABLE II M, and M; temperatures of the DQ specimens held at
different temperatures

Holding Holding M, (K) M; (K)
temp. time

(K) (min)

537 0 440 420
553 20 420 370
533 120 390 360
623 20 380 330
553 120 370 > 300
573 120 325430 280
623 120 300 <260

4. Discussion

It is well known that precipitation of y, phase, which
is rich in alloying elements, or bainite phase, which is
poor in alloying elements, when holding a copper-
based SMA at higher temperature, changes the con-
tent of the alloying elements in the parent phase
[3,10]. As summarized by Wu [11], the marten-
sitic transformation temperature is very sensitive to
small variations in alloy composition, and there is
a linear empirical relationship for Cu—Al-Ni SMAs as
follows:

M(K) = 2293-45(wt % Ni)-134(wt % Al)

Moreover, Itsumi et al. [6] gave a similar relationship
for the Cu—xAl-5Ni-2Mn-1Ti(wt %) CANTIM alloys:
Aq(K) = 2013-135(wt % Al). Hence it is not surprising
that the bainitic precipitation strongly decreases both
M, and M, temperatures, as listed in Table I1. Usually
there is bainite precipitation in Cu—Zn—Al SMAs [3]
and vy, phase precipitation in Cu—Al-Ni SMAs [3, 10].
In CANTiM SMAs, either bainite or y, phase may
precipitate at higher temperature, depending on the
aluminium content [6]. For the hypoeutectoid
Cu-11.9A1-5Ni-1.6Mn-1Ti(wt %) CANTIM SMA
studied in the present work, bainitic precipitation and
a corresponding decrease of the transition temper-
atures were observed. In addition, a change of the
martensite type from faulted M18R, to twinned 2H
after bainitic precipitation was also noted, which is
consistent with the existing phase diagram of Cu-Al
binary alloys [12], the Cu—Al martensite has 18R,
type or 2H type structure when the aluminium content
is lower or higher than 13 wt %.

Figure 5 Transmission electron micrographs showing the trans-
formation from parent phase to twinned 2H martensite during
cooling. The specimen had been held at 623K for 2h before this
experiment. (a) BF image at RT where regions A and B were
retained parent phase. (b) BF image at 110K where the regions
A and B transformed into twinned 2H matensite. (c) [10 1],y zone
axis EDP take from the region B in (b) showing (121),4 twin
relationship.
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Figure 6 X-ray diffraction patterns of the DQ specimen held at 623K for 2 h: (a) cooled at 280 K and then recorded at 290 K; (b) further
cooled to 263K and then recorded at 290K; (c) further cooled to 77 K and then recorded at 290 K.
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Figure 7 X-ray diffraction pattern of the DQ specimen held at
573K for 2h and then cooled to 283 K, possessing higher angular
resolution by using a narrow (0.3 mm) receiving slit.

One of the advantages of CANTiM SMA is the
higher transition temperature [8], and hence it is very
important whether this alloy has a lower tendency for
bainitic precipitation. From the experimental results
reported in Section 3.1 and the data listed in Table II,
we can draw schematically a bainite incubation curve
and an M, temperature chart on the coordinates of

600

T (k)

10 10° 10 10
t(s)

Figure 8 Bainite incubation curve and (——-) M_ temperature chart
on the coordinates of ageing temperature, T, and time, t, for the
Cu-11.9A1-5Ni-1.6Mn-1Ti(wt %) SMA. (@) The experimental
data. Temperatures marked in the chart indicate M temperatures.

ageing temperature, T, and time ¢, for the studied
CANTIM SMA, as shown in Fig. 8. Fig. 8 shows that
when the holding time is shorter than 2h, then the
CANTIM SMA can be held at a temperature lower
than 520 K without discernible bainitic precipitation.
Comparing the incubation curve measured in the
present work with that for Cu-Zn-Al SMA [4,13], we
conclude that CANTIM SMA is more stable at high
temperature than Cu—Zn-Al SMA.

The orthorhombic distortion of the bainite in CAN-
TiM SMA as listed in TableI decreases and the
structure type of the bainite varies towards N9R, cor-
responding to ¢ = 60° and B = 90° with increasing
ageing temperature and time. This tendency is consis-
tent with the bainite in Cu—Zn—Al SMA observed by
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Wu et al. [13] who reported the variation sequence
of MI18R; —» ordered MOIR — disordered NI9R —
disordered fcc of the structure type of the oy
bainites when the ageing temperature and time are
increased.
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