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In this study, the hot deformation behavior of NiyTis;cHf;5 alloy was investigated. Compression tests were
carried out at temperatures ranging from 800 to 1100 °C and at the strain rates of 0.001-1/s. The peak stress
decreases with increasing deformation temperature and decreasing strain rate, a behavior which can be
described by plotting the Zener-Hollomon parameter as a function of stress. It was realized that dynamic
recrystallization (DRX) was responsible for flow softening. Most of the samples exhibited typical DRX stress-
strain curves with a single peak stress followed by a gradual fall down stress. Microstructure evolution
showed that new recrystallized grains formed in the vicinity of grain boundaries. The hyperbolic-sine-type
constitutive model of NiyoTi;cHf,5 alloy was obtained to provide basic data for determining reasonable hot-
forming process. The activation energy for hot deformation of the Ni o Ti;cHf,5 alloy was close to 410 kJ/mol.
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1. Introduction

In the most common group of shape memory alloys (SMA),
binary NiTi alloys, transformation temperatures hardly exceed
100 °C (Ref 1, 2). New NiTi-based high-temperature shape
memory alloys, with transformation temperatures above
100 °C, have been recently developed. These alloys include
NiTiX (X =Pt, Pd, Au, Zr, Hf) and have the potential of
meeting the requirements for high-temperature applications.
Among these alloys, NiTiHf alloys seem to be more practical
for engineering applications, primarily due to high transforma-
tion temperatures, good thermal stability, and lower price
compared with NiTiX (X = Pt, Pd, Au, Ref 1, 3-6). To date,
several features such as phase composition, shape memory
properties, martensitic transformation, mechanical properties,
and aging of NiTiHf have been investigated (Ref 1, 3-13). The
understanding of material behavior during hot deformation is of
great importance in terms of industrial manufacturing processes
such as hot rolling, forging, and extrusion. Furthermore, the
constitutive equations are important tools for analyzing metal-
forming processes. That is why many attempts have been made
for developing constitutive equations of materials using the
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experimental data to model their hot deformation behavior
(Ref 14). In spite of various studies conducted on the hot
deformation of NiTi alloys, no research has been published on
the hot compression behavior of the NiuoTizcHf}s alloy.
Therefore, the aim of the present research was first to study
the hot deformation behavior of NigeTi3cHf 5 alloy. The second
goal was to develop its constitutive equations which, to the best
knowledge of the authors, were the first models in this regard.

2. Experimental Procedure

NigoTizHf}s ingot was prepared by vacuum induction
melting (VIM) using 99.99% Ni, 99.7% Hf, and 99.97% Ti in
a graphite crucible under the vacuum of 10> mbar. Homoge-
nization of the ingot was carried out at 1000 °C for 20 h under
vacuum following by quenching into water. Then, the cylindrical
compression specimens with the diameter of 8 mm and the
height of 12 mm were prepared from the homogenized ingot.
Compression tests were carried out at temperatures ranging from
800 to 1100 °C, under strain rates of 0.001 to 1/s, by an Instron
testing machine. The specimens were deformed under compres-
sion at a true strain of 0.7 and water cooled after deformation. In
order to minimize the friction at the die-specimen interface, a
mica foil was inserted between the die and the specimen. The
load displacement data gathered from compression testing were
then processed to plot the true stress-true strain curves. The data
obtained from the stress-strain curves of hot compression tests
were then used to determine the activation energy and Zener-
Hollomon equation for the hot deformation of this alloy. The
microstructures were studied by optical microscopy and energy-
dispersive x-ray spectroscopy (EDS).

3. Results and Discussion

3.1 Flow Curves

The flow curve of NiyoTizcHfs alloy deformed at different
temperatures and strain rates is shown in Fig. 1. Itis obvious that
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Fig. 1 Typical flow curve for NigyTizcHf;s alloy under different deformation temperatures with strain rates of (a) 0.001/s, (b) 0.01/s, (c) 0.1/s,

and (d) 1/s

the true stress-strain curves exhibit single peaks at certain strains
and then gradually decrease or even stay constant. According to
Fig. 1, as usual, the flow stress decreases with increasing
temperature and decreasing strain rate. Figure 2 shows the
variation of peak stress with the strain rate at different
temperatures. According to Fig. 2, with increasing the strain
rate from 0.001 to 1/s, the flow stress increases from 446 to
776 MPa and 149 to 349 MPa at 800 and 1100 °C, respectively.
The increase of the flow stress in the initial stage of the test, as
expected, is due to work hardening. With increasing true strain,
softening occurred and the stress reduced. The appearance of the
peak stress showed typical characteristics of dynamic recrystal-
lization (DRX) (Ref 14), suggesting that DRX is the dominating
restoration mechanism during the hot deformation of Niyg.
TizgHf} 5. As was expected, the effect of temperature increases on
decline of flow stress was considerable. At higher temperatures,
DRX dominated upon the work hardening and, as a result, at
1000 and 1100 °C, the flow stress was significantly lower.

3.2 Microstructure Observations

The onset of DRX is generally characterized by the
appearance of a peak in flow curve (Fig. 1). This is the
principle of DRX, which has been suggested and accepted
widely by many famous scientists specializing in this subject,
the primary of whom being, Poliak and Jonas (Ref 15, 16),
Sakai and Jonas (Ref 16), and Luton and Sellars (Ref 17).
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Fig. 2 Peak stress under different deformation temperatures with
strain rates

However, the occurrence of DRX can also be shown by
microstructural investigation. Figure 3 shows the microstruc-
ture of specimens that deformed at 1000 and 1100 °C and strain
rates of 1 and 0.1/s. The figure clearly shows the new grains
formed by DRX. A few recrystallized grains are observed in the
vicinity of grain boundaries. Fine DRX grains nucleate almost
exclusively at grain boundaries.
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Deformation causes the initial grain to become elongated,
inhomogeneous, and produce irregular, sharply edges, or
toothed boundaries. By contrast, the recrystallized grains are
normally homogenous, equiaxed, and regular in boundary and
shape. Arrows in the figure show the new recrystallized grains.

Furthermore, as mentioned in the experimental procedure, the
ingot was homogenized at 1000 °C for 20 h following by
quenching into water. The performed heat treatment cannot result
in producing the fine grains. Therefore, the new homogenous and
equiaxed grains were the DRX grains which were smaller than
the initial grains. Because of these reasons, the smaller grains
shown by the arrow in Fig. 3 are DRX grains. Figure 4 displays
the result of EDS analysis, which was used to figure out the nature
of the second phase marked A, shown in Fig. 3. This phase
contained 32.9 at.% Nickel, 58.5 at.% titanium, and 8.6 at.%
hafnium. It was demonstrated that the second phase was close to
the chemical composition of (Ti,Hf),Ni.

3.3 Constitutive Equations

In order to further investigate the hot deformation behaviors of
NigoTizgHf;5 alloy, it was necessary to study its deformation
characteristics using constitutive equations. The data obtained
from the stress-strain curves of hot compression tests were used
for modeling the deformation behavior of NiyoTizcHfs. Consti-
tutive equations are commonly used to calculate the flow stress of
a material during deformation (Ref 18-21). The basic equation is
shown in Eq. 1. In this equation, the Zener-Hollomon parameter
(Z2) is the temperature compensated strain rate, Q is the activation
energy of deformation,  is the flow stress, and € is the strain rate.
Thus, far, three expressions of constitutive equations have been
widely reported for modeling the material flow behavior in the
literature. The power law (Eq 1) is preferred for creep; con-
versely, the exponential law (Eq 2) is only suitable for relatively
low temperatures and high strain rates. However, the hyperbolic
sine law (Eq 3) can be used for a wide range of temperatures and
strain rates, which is utilized in this research

A'c" (Eq 1)

Wexp(Po)  (Fa2).
Alsinh(ac)]”  (Eq 3)

Z = s exp(Q/RT) = /(o) =

where 4, A’, A7, n, n’, B, and o (=P/n’) are material
constants.

3.4 Determining Hot Working Constants

To determine the constants by taking the natural logarithm
from each side of the resulting equations, the following
expressions could be derived for the peak stress:

Ing’ + Q/RT = In4' + n'Inc, (Eq 4)
Ing + O/RT = In4" + o, (Eq 5)
Ing' + Q/RT = InA4 + nln[sinh(oo,)] (Eq 6)

At the constant deformation temperature, the partial dif-
ferentiation of Eq 4, 5, and 6 yields the following equations,
respectively:

n' = [0lng/Slnc, |, (Eq 7)
B = [Olne’ /6oy, (Eq 8)
n = [6lng’ /8In{sinh(acy) }| (Eq 9)

It follows from these expressions that the slope of the plot of
Ing” against Inc,, the slope of the plot of Ing" against &, and
the slope of the Ine against sinh (0c,) can be used for
obtaining the values of »n’, B, and n, respectively. These plots
are shown in Fig. 5(a), (b), and (c). respectively. The linear
regression of these data resulted in the average values of
10.9, 0.029, and 7.9 for »’, B, and n, respectively. According
to these data, the value of o = f/n” = 0.0026.

To calculate the activation energy, the partial differentiation
of Eq 6 at a constant strain rate yields the following equation:

O = Rn[dIn{sinh(ac,) } /6(1/T)] (Eq 10)

It is obvious from this expression that the slope of the plot of
In {sinh(ac,)} against the reciprocal of the absolute tempera-
ture can be used for calculating the value of Q (this plot is
shown in Fig. 6). The linear regression of this data resulted
in the average value of 410 kJ/mol for the activation energy
from Eq 10. According to Fig. 7, analysis of the correlation
coefficient (R%) of this regression value reveals that Eq 10 is
a suitable fit with the experimental data. Therefore, the acti-
vation energy of hot working was considered to be
410 kJ/mol.

Fig. 3 Typical microstructure of the NigoTizgHf)5 alloy deformed at (a) 1000 °C and 1/s and (b) 1100 °C and 0.1/s
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Fig. 4 Typical EDS analysis of the second phase marked A, shown in Fig. 3
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Fig. 5 Plots used for calculation of (a) B, (b) n’, and (¢c) n

According to Fig. 3 and 4 and the EDS result of Ref 14, the
type of second phase particles of NiTi binary alloy was
different from that of the NiTiHf alloys. The magnitude of flow
stress achieved from the NiTiHf alloy was almost three folds of
that of Ref 14. The increase in flow stress of the NiTiHf alloy
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can be attributed to (Ti,Hf)2Ni second phase particles. The
presence of strengthening precipitates interacting with disloca-
tions is known to cause an increase of the activation energy and
stress exponent experimental values. In this sense, the higher
value of activation energy obtained in Ni49Ti36Hf15 in
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comparison with other NiTi alloys can be attributed to the
particle strengthening effect.

3.5 Peak Stress as a Function of the Zener-Hollomon
Parameter

According to Eq 3, the plot of In Z versus In{sinh(c,)} can
be used for finding the relationship between Z and o,. The
corresponding curve is shown in Fig. 7 and the resultant
regression equation with various constants is as follows:

InZ = In4 + nln sinh (ac,) |

Z = £'exp(410000/RT) = 2.66 x 10'*[sinh(0.00295)]"

(Eq 11)
In accordance with Fig. 7, the hyperbolic sinus equation
(Eq 11) has the correlation coefficient of 0.99. Therefore, the
hyperbolic sinus equation is the best constitutive equation to
describe the hot deformation behavior of NiugTizcHf;s. The

hot deformation behavior of NiyeTiz¢Hf;s can be expressed as
Eq 12, as a result of the rearrangement of Eq 11.

& = 2.66 x 10'[sinh(0.00296,)] "’ exp(—410000/RT)
(Eq 12)
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4. Conclusion

This study investigated the hot deformation behavior of the
NigoTizeHf;5 alloy as an attractive candidate for SMAs which
are used at high temperatures due to their high transformation
temperatures. The study was conducted to develop the consti-
tutive equations for the NiuoTiz¢Hf;s alloy. The constitutive
equations can be used for analyzing and studying the hot
workability of this alloy. The flow stress behavior of
NigoTiz¢Hf;s shape memory alloy was shown to be very
temperature- and strain rate-sensitive. The increase of strain rate
intensified the flow stress and the increase in temperature
significantly decreased the flow stress. Work hardening deter-
mined the rapid increase in flow stress observed in the early
stage of the experiments. With increasing the true strain, the
stress-stain curve reduced due to softening. The appearance of
peak stress and formation of new grain in the vicinity of grain
boundaries showed the typical characteristics of DRX. It was
explained that, to calculate the correct value of activation
energy during hot working, one of the three expressions of
Z, namely, the power law, exponential law, and hyperbolic sinus
law, could be used. For NiyoTizcHf} 5 alloy, the hyperbolic sinus
law was found to be the appropriate relation, which resulted in
the activation energy value of 410 kJ/mol. According to the
analysis of hot deformation behavior of NigTizgHf;s in this
work, the following hyperbolic sinus equation was achieved.

& = 2.66 x 10'[sinh(0.00295,)]"“exp(—410000/RT)
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