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A B S T R A C T

A hot forging process of an as-cast NiTi shape memory alloy was designed by processing maps and a finite
element method analysis. The NiTi alloy samples used in this study were made using a vacuum plasma arc
melting process. In order to analyze the microstructural change and flow behavior of the as-cast NiTi alloy
during the ingot breakdown process, high temperature compression tests were carried out at different
temperaturesandstrainratesuptoa truestrain levelof0.9. Deformationprocessing mapsweregeneratedby
using the dynamic materials model approach developed by Prasad to search for the optimum hot forging
process conditions. The flow instability criterion proposed by Ziegler was utilized to evaluate the unstable
deformation region in the processing map. The grain refinement was achieved by recrystallization during
high temperature deformation of the NiTi alloy. Finally, the optimum hot forging design to obtain a sound
NiTi billet without forging defects was identified with the actual ingot breakdown process.

ã 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Ingot breakdown is the most important process for achieving
good-quality wrought materials. The ingot breakdown of NiTi
shape memory alloys is mainly achieved by hot working processes
such as forging, rolling, cogging, and etc. In previous studies, most
hot workability analyses for NiTi shape memory alloys have
focused on NiTi alloy ingot prepared by vacuum induction melter.
Dehghani and Khamei [1,2] studied the hot deformation behavior
of a Ti-60.0 wt.% Ni alloy by a hot compression test carried out at
temperatures ranging from 950 to 1050 �C and at strain rates of
0.001–0.35 s�1. They reported that this alloy underwent dynamic
recrystallization. Morakabati et al. [3] studied the hot workability
of a wrought Ti-55 wt.% Ni alloy and suggested that dynamic
recovery is the dominant restoration phenomenon during hot
working of this alloy. On the other hand, researches on the hot
workability of as-cast NiTi alloys manufactured by a melting
process using water cooled Cu crucible techniques such as vacuum
induction skull melting (ISM) and plasma arc melting (PAM) are
very limited. In the present research, optimum conditions of hot

forging for a plasma arc melted NiTi alloy were established and
processing maps of a NiTi alloy were generated based on a
quantitative understanding of the dynamic deformation behavior.

2. Experimental procedure

The material used in this work was as-cast Ti-55.5 wt.% Ni alloy
samples (F65.0 mm � 13.0 mm) prepared by a plasma arc melting
(PAM) process. In order to analyze the high temperature
deformation behavior of the material with state variables such
as strain, strain rate, and temperature, hot compression tests were
performed at temperatures ranging from 800 to 1100 �C with 50 �C
intervals and at strain rates ranging from 10�2 to 10 s�1.
Compression test specimens of 12 mm height and 8 mm diameter
were machined. All the tests were carried out under vacuum
(�10�2 Torr) up to a strain level of approximately 0.9 using a
GLEEBLE-3800 testing machine. The flow stress curves obtained
from compression tests were corrected for deformation heating
effects based on the following expression [4]:

DT ¼ a
R e
0 sde
Cpr

(1)

where a is the fraction of plastic work converted to heat, taken
here to be 0.9. r is the density, s is the effective stress, e is the
effective strain, and Cp is the heat capacity of the target material.
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The flow curves are then plotted against T0 + DT, where T0 is the
nominal test temperature. The isothermal flow stress data can be
obtained by interpolating these plots [5]. Finally, the corrected
flow curve data were used to generate the deformation processing
map of the NiTi material.

3. Results and discussion

3.1. Method for evaluating hot workability of as-cast Ti-55.5 wt.% Ni
alloy

The dynamic materials model (DMM) [6–8] was developed
on the basis of the fundamental principles of continuum
mechanics of large plastic flow, physical systems modeling, and
irreversible thermodynamics. The DMM includes an important
dimensionless parameter called the efficiency of power
dissipation. The parameter h indicates the dissipating ability
of the workpiece as normalized by the total power absorbed by
the system. For an ideal linear dissipater, strain rate sensitivity
m = 1 and h = 1 [9].

h ¼ 2m
m þ 1

; m ¼ @logs
@log _e

� �
T;e

(2)

where s is the stress and _e is the strain rate. However, the DMM has
a limitation in expressing unstable conditions. In order to
overcome this limitation, the DMM was coupled with an instability
criterion developed by Ziegler [10]. According to Ziegler’s criterion,

deformation will be unstable when a dimensionless instability
parameter j becomes negative, as shown in Eq. (3).

j ¼ @lnðm=ðm þ 1ÞÞ
@ln _e þ m < 0 (3)

3.2. Flow stress curves and deformation process map

Fig. 1 shows a comparison of the corrected stress-versus-strain
curve and the raw data obtained from hot compression tests of the

Fig. 1. True stress-versus-strain curves before and after adiabatic heating correction.

Fig. 2. Deformation processing map of Ti-55.5 wt.% Ni alloy at a strain of 0.9.
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