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The annealing effect on the recovery of B2 — B19 and B19 — B19’ transformations of 40% cold-rolled TisoNigoCug is studied by
the differential scanning calorimetry (DSC) and dynamic mechanical analyzer (DMA) tests. The DSC test is only sensitive for mea-
suring the recovery of B2 — B19 transformation, while the DMA test is suitable for both transformations. The change of internal
friction values of these two transformations affected by annealing is due mainly to the difference in the rate of change of the trans-
formation volume between them, which is related to their different recovery behaviors and microstructures.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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TisoNiso_Cu, shape memory alloys (SMAs), with
x < 30 at.%, have been investigated extensively from
various aspects, such as the shape memory effect [1-3],
martensitic transformation behavior [4-7], mechanical
characteristics [8—10], microstructures [11-16] and inter-
nal friction (IF) [17-20]. The transformation sequences
of TisoNisg_,Cu, SMAs are B2 « B19’, B2 & B19 «
B19’ and B2 < B19 for x <5, 5<x <20 and x>20
at.%, respectively [21-24]. Here B2 is parent austenite,
and B19 and B19’ are orthorhombic and monoclinic
martensite, respectively.

Traditionally, differential scanning calorimetry
(DSC) has been employed to investigate martensitic
transformation behavior of SMAs. Lo et al. [17] and
Ren et al. [25] showed that the transformation shear
strain required in B2 < B19 transformation (~8%) of
TisoNigoCuyg is larger than that in B19 < B19’ (~2%).
Thus, the transformation enthalpy, AH, of B2 < B19
transformation is significantly larger than that of
B19 « B19’ transformation and the DSC technique is
suitable for investigating B2 < B19 transformation
[17]. Dynamic mechanical analyzer (DMA) is another
technique for investigating martensitic transformation
of SMAs. DMA measurement indicates that TisgNigg-
Cuyo exhibits two significant IF peaks corresponding
to B2 < B19 and B19 < B19’ transformations [17-20].
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Thus, DMA is useful for investigating both B2 <> B19
and B19 « B19’ transformations.

A cold-working process can generate high-density
defects, large residual stresses and distortion in cold-
worked alloys. These imperfections greatly affect mar-
tensitic transformation behavior and can be reduced or
released by annealing treatment. However, it is unclear
which between B2 — B19 and B19 — B19’ transforma-
tions will recover first after annealing treatment for
cold-worked TisoNigzgCujg SMA. In this study, the
annealing effect on B2 — B19 and B19 — B19’ transfor-
mations of 40% cold-rolled TisoNiggCug is investigated
by DSC and DMA. The different recovery behaviors of
B2 — B19 and BI9 — B19’ transformations under
different annealing conditions are also discussed.

TisoNiggCujg ingot was prepared by vacuum arc-
remelting (VAR) method in which high-purity Ti
(99.8 wt.%), Ni (99.9 wt.%) and Cu (99.99 wt.%) were
remelted six times in a high-purity Ar atmosphere. The
ingot was hot-rolled at 900 °C to a plate of 2 mm thick-
ness, solution-treated at 900 °C for 1 h and subsequently
quenched into water. The oxidation layer of the plate
was chemical etched by a solution composed of HF:
HNO3:H>O in a 1:5:20 volume ratio. After removing
the oxidation layer, the thickness of the plate became
1.9 mm, and the plate was cut into 90 mm x 20 mm
strips with the longitude along the hot-rolling direction.
Thereafter, the strips were cold-rolled along the hot-
rolling direction to 1.15 mm at room temperature. The
total reduction in thickness was about 40%. After
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cold-rolling, the strips were cut into 40 mm x 4.5 mm
specimens, sealed in evacuated quartz tubes and then
annealed at 500 and 650 °C for different time intervals.
Transformation temperature and enthalpy of cold-rolled
and annealed specimens were determined by TA Q10
DSC equipment with 10 °C min~' cooling/heating rate.
The IF peaks and their tano values of cold-rolled and
annealed specimens were determined by TA 2980
DMA equipment with 3 °C min~' cooling/heating rate
under constant frequency (1 Hz) and amplitude (2 pm,
with a strain of 2 x 107°). The testing temperature range
was from +150 to —150 °C in both DSC and DMA
tests. The abbreviations “tand;” and ‘“‘tand,” are em-
ployed to represent the IF peak values of B2 — BI19
and B19 — B19’ transformations, respectively.

Figures 1 and 2 show the DSC results of 40% cold-
rolled TisoNigoCuyy specimens annealed at 500 and
650 °C, respectively, for different time intervals. The
annealing conditions for Figure la—c are 500 °C for 1,
24 and 96 h, respectively, and those for Figure 2a-c
are 650 °C for 0.5, 24 and 72 h, respectively. After
annealing at 500 °C for 1 h, as shown in Figure 1a, the
B2 — B19 transformation peak clearly recovers while
the B19 — B19’ transformation peak is insignificant.
After further annealing, as shown in Figure 1b, the
B2 — BI19 transformation peak becomes sharper and
the B19 — B19’ transformation peak appears but is still
not clear. Finally, after annealing for 500 °C at 96 h, as
shown in Figure lc, both B2 — B19 and B19 — BI19’
transformation peaks become clear. Under 650 °C
annealing, both B2 — B19 and B19 — B19’ transforma-
tion peaks recover obviously within 0.5 h, as shown in
Figure 2a. Figure 3 plots the relationship of AH, versus
annealing time for the specimens of Figures 1 and 2, an-
nealed at 500 and 650 °C, respectively. Here AH, is the
transformation enthalpy of the DSC cooling curve.
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Figure 3. The relationship of AH, versus annealing time interval under
500 and 650 °C annealing.

Figure 3 shows that the AH, value increases obviously
within 1 h and then becomes saturated when the anneal-
ing time is prolonged to about 23.5J g~ under 500 and
650 °C annealing.

According to Figure 3, AH, values of specimens an-
nealed at 500 °C for 1 h and 650 °C for 0.5 h, and those
at 500 °C for 24 h and 650 °C for 1 h are almost the
same (about 21.6 and 23.4J g, respectively). Figure
4a and b shows the DMA results of these two pairs of
specimens. It is obvious that, even if the AH_ values
are approximately equal, the IF peaks of the B2 —
B19 (tand;) and B19 — B19’ (tand,) transformations
for different annealed TisgNizgCujg specimens are not
identical. From Figure 4, for specimens having equal
AH,, their tan§; values are almost the same while their
tan d, values are quite different. This is because the AH,
value is contributed mainly by the B2 — B19 transfor-
mation, rather than the B19 — B19’ transformation
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Figure 1. DSC results of 40% cold-rolled TisoNisoCu;q specimens annealed at 500 °C. (a) 1 h, (b) 24 h and (c) 96 h.
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Figure 2. DSC results of 40% cold-rolled TisoNigCujo specimens annealed at 650 °C. (a) 0.5 h, (b) 24 h and (c) 72 h.
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Figure 4. DMA results of cold-rolled and annealed TisoNigCuyg
specimens having the same AH, values. (a) Specimens annealed at
500 °C for 1 h and at 650 °C for 0.5 h, and (b) specimens annealed at
500 °C for 24 h and at 650 °C for 1 h.

[17]. In other words, the annealing effect on cold-rolled
TisoNigoCu;o specimens is not sensitive for the recovery
of the B19 — B19’ transformation, as indicated by the
DSC results.

The DMA results of 40% cold-rolled and annealed
TisoNigoCuyo specimens are shown in Figures 4 and 5.
After annealing at 500 °C for 1 h, as shown in Figure
4a, the B2 — B19 transformation peak recovers obvi-
ously while the B19 — B19’ transformation peak is not
so clear. After further annealing, as shown in Figures
4b and 5a, the B19 — B19’ transformation peak gradu-
ally becomes apparent but the change in the height of
the B2 — B19 transformation peak can be negligible.
Under 650 °C annealing, both the B2 — B19 and
B19 — B19’ transformation peaks recover obviously
within 0.5 h annealing, as shown in Figure 4a. After
further annealing, as shown in Figures 4b and 5b and
¢, tand, grows rapidly while tand; grows only a little.
From Figures 4 and 5, tan 0, and tan J, versus annealing
time under 500 and 650 °C annealing are plotted in
Figure 6. It is obvious that B2 — B19 transformation
recovers rapidly at first and tand, is saturated to about
0.09-0.1 under both 500 and 650 °C annealing. How-
ever, the recovery of B19 — B19’ transformation shows
quite different behavior. Under 650 °C annealing, tan d,
grows rapidly and is always larger than tand,, while
under 500 °C annealing, tand, grows slowly and is
always smaller than tand;.

Zu et al. [26] investigated the recrystallization behav-
ior of heavy ion-irradiation-induced amorphized
TisoNigiz3Cu; SMA by in situ transmission electron
microscopic observation. They pointed out that the
recrystallization of amorphized TisoNiszCu; started at
273 °C. Tsuji and Nomura [27] investigated the relation-
ship between hardness and annealing temperature of
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Figure 6. The relationship of tand, and tand, versus annealing time
interval under 500 and 650 °C annealing.

27% cold-rolled Tisy sNiggsCug SMA annealed at 450,
500, 550, 600 and 750 °C for 1 h. They suggested that
annealing temperature up to 500 °C allows 27% cold-
rolled Tisg 5sNigg sCug to recover, and that higher anneal-
ing temperatures can rapidly remove the internal defects
and distortion, and further cause recrystallization and
grain growth. According to these reports, we propose
that the recrystallization temperature of 40% cold-rolled
TisoNigoCujq is lower but close to 500 °C. Therefore,
only recrystallization occurs under 500 °C annealing,
whereas both recrystallization and grain growth occur
rapidly under 650 °C annealing.

The aforementioned results indicate that different
recovery behaviors of B2 — B19 and B19 — B19’ trans-
formations exhibit in between AH, and IF resulted from
different testing methods of DSC and DMA measure-
ments. In the DSC test, the driving force of transforma-
tion is attributed only to the change in temperature, and
the AH, value can be employed to estimate the total
transformation volume. In the DMA test, the driving
force of transformation comes not only from the tem-
perature change but also from the applied stress. The
IF of a first-order phase transformation can be predicted
by the De Jonghe-Delorme model [28,29]:

ld'P(Vm) ana_T ana_o (1)
dVa, oT ot 0o Ot

where o is the angular frequency of applied stress, V, is
the volume fraction of martensite, ¥(V,) is a monoto-
nous function associated with transformation volume
change or shape strain, 7" is temperature, ¢ is time and
o is the stress that induces martensitic transformation
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Figure 5. DMA results of 40% cold-rolled and annealed TisoNiygCu;q specimens. Annealing at (a) 500 °C for 96 h, (b) 650 °C for 24 h and (c) 650 °C

for 96 h.
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or reorientation of martensite variants. In this study, o
and the temperature changing rate are kept as constants
(1 Hz and 3 °C min !, respectively), and ¢ is in the order
of 1 MPa, which is not large enough to induce martens-
itic transformation or to reorient martensite variants. In
supposing that d¥(V,,)/dV,, is constant for all thermo-
elastic martensites [30], the De Jonghe-Delorme model
can be simplified as

Vi
tan d o< ﬁ (2)

The tand value is now simply determined by dV,./dT,
that is, the volume of martensite formation per unit tem-
perature. From Figure 4, AH, and tan §; of the annealed
specimens show almost the same values but their tan d,
values do not. This implies that, for these specimens,
their dV,,/dT of the B2 — BI19 transformation, (dV,,/
dT)p>_g19, can be regarded as almost equal, but that
of the B19 — B19’ transformation, (dV,/dT)gi9_.B19'
cannot be. The different values of (dV,,/dT)g>_p19 and
(dVw/dT)g19_.g1o are attributed to the different intrinsic
crystal structures associated with B19 and B19’ martens-
ites, that is, defect-free B19 and (00 1)g;o twinned B19’
martensites [4]. Under 500 °C annealing, only recrystal-
lization occurs, the grain size is small and grain size
distribution is not uniform, and thus B19 — B19’ trans-
formation is more suppressed. Under 650 °C annealing,
however, both recrystallization and grain growth occur
quickly. At this time, tand, also increases in the same
pace as the annealing recovery because the grain size
increases and the grain size distribution becomes more
uniform.

The annealing effect on the recovery of B2 — B19 and
B19 — B19’ transformations of 40% cold-rolled
TisoNigCuyq is investigated by DSC and DMA tech-
niques in this study. Experimental results show that
the recovery behaviors of B2 — B19 and B19 — B19’
transformations are different. The DSC and DMA
results of annealed specimens having equal AH. value
show that the AH, value of the DSC curve is mainly con-
tributed by B2 — B19 transformation and so the test is
not sensitive for measuring the recovery of B19 —
B19’ transformation. However, the DMA test is useful
for investigating both B2 «» B19 and B19 « B19’ trans-
formations. The recovery of B2 — B19 transformation
can proceed with annealing at 500 °C for 1 h, while that
of B19 — B19’ requires annealing at 650 °C for 1 h. The
recrystallization temperature of 40% cold-rolled Tisq.
NigoCuig is lower but close to 500 °C. The different
recovery behaviors of B2 — B19 and B19 — B19’ trans-
formations are due mainly to the different microstruc-
tures of defect-free B19 and (001)g9r twinned BI19’
martensites. The IF tand values of B2 — B19 and
B19 — B19’ transformation peaks are proposed to be
proportional to dV,,/dT values, which are different for
the B2 — B19 and B19 — B19’ transformations. This
causes the different recovery behaviors of B2 — B19
and B19 — B19’ transformations.
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