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Effect of Microstructure on Rolling Behavior
of NiTi Memory Alloy
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NiTi shape memory alloy (SMA) ingots were produced by vacuum induction melting/casting unit. The effect of microstructure on the hot
(1000!C) and cold (room temperature) rolling workability of cast samples was investigated. Microstructure of the cast samples was related to the
type of crucible which used for melting and the average vacuum pressure of VIM furnace. Optical microscope, scanning electron microscope (SEM),
and energy dispersive technology (EDS) methods were used to inspect the origins of observed cracks after rolling processes. The results showed
that the formation of both Ti4Ni2O and TiC impurities formed due to inappropriate melting conditions had detrimental effects on workability of
the cast specimens and caused failure in the hot and cold rolled alloys.
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1. Introduction
Numerous SMA applications have been found during the

past two decades for different aerospace [1–4], bio-medical
engineering [5–9], and safety devices [10–12]. Facinating
future applications of SMA are envisioned to include
car/airplane frames and engines, electricity generators, and
control systems for fuel, heat, and lubrication [13–15].
Many of these applications require sever deformation of
cast ingot to fine circular, flat, and tube shapes. The bulk
alloy must be forged, rolled, and cold-drawn from within
carbide and diamond dies to convert into wires ranging from
0.075 to 1.25 mm in diameter. A substantial microstructural
change generally occurs during these processes which
greatly affect the physical properties and workability of
the NiTi alloy. Further deformation is confined with these
changes that must intelligently be controlled [15–18].
NiTi deformation behavior is greatly influenced by

history of production [17–19] which greatly affects
morphology of the sample [16–20]. Second phase
precipitation occuring due to the contamination and/or
inhomogenity of the alloy during the manufacturing
processes dramatically affects on shape memory behavior
and workability of the material [17–22]. Ultra-clean
NiTi alloys with minimum second phase intermetallics
have acceptable workability and can be thinned by all
deformation processes of forging, rolling, and wire drawing
processes. In spite of the importance of the methods of
production and subsequent deformation, few details have
previously been given on the effect of the procedures used
on morphological change and thermomechanical properties
of the NiTi memory alloys [21–25]. Because of the
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great importance of the deformation behavior, effects of
microstructural change on hot and cold rolling of the NiTi
alloy is discussed in greater depth in this article.

2. Experimental procedure
A medium frequency vacuum induction furnace (Lybold

AG of Germany) was employed to melt and cast the
NiTi shape memory alloy into steel molds. The nominal
capacity of the furnace was 10kg. It had an input power of
60kW, frequency of 4kHz, and voltage of 500V. Graphite
crucibles with isolating ceramic materials packed around
their periphery similar to those used by earlier researches
[18, 26] were employed to produce and hold the melt.
Four rectangular NiTi ingots were cast into the steel molds.
Each ingot weighed 200g. The casting temperature was
1450!C. The working pressure of the chamber during
melting and casting procedures was 5" 10#3 mbar.
Sponge titanium with purity of 99.95wt% and cathodic

nickel plates with purity of 99.9wt% were used for making
Ni-Ti melt. The nickel plates were ground to remove
the oxide layer off their surfaces and washed with 97%
pure acetone to remove any undesirable dirt. They were
then weighed with an electronic balance having ±0!001g
accuracy. The materials were then heated at 150!C to
remove any possible moisture and were wrapped into pure
aluminum foils to keep them away from humidity and
pollutants.
After charging the raw materials into the crucible and

evacuating the chamber to 8 " 10#5 mbar, heating was
started. The temperature of the crucible was gradually
increased up to approximately 1100!C. Reaching this
temperature, combustion reaction caused sudden melting
and splashing of the charge. The melt was kept inside the
crucible for 4 minutes to homogenize. It was cast then into
a steel mold [16–18].
Cast ingots were hot rolled at 1000!C. Thickness of the

sample was reduced to 1.5mm. Cold rolling resulted in
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Figure 1.—The microstructures of (a) an as-cast precipitate-free NiTi alloy
at magnification "1000 and (b) a cold-rolled precipitate-free NiTi alloy at
magnification "500. Both microstructures were produced from sample 1 by
etching in a 10ml HNO3, 2ml HF, and 10ml CH3COOH solution. Notice that
no crack initiation has occurred during rolling, and the martensitic and the
austenitic phases are highlighted with M and A, respectively.

further thickness reduction to as low as 1.1mm. Sample
1 was largely cracked during hot rolling. It was therefore
discarded. Cold rolling cracked other samples. Optical and
SEM micrographs of the rolled specimens were inspected
for determination of the origin of the cracks and their
relationship with microstructure.

3. Results
Cast specimens were divided into two sets: one set for hot

and cold rolling and the other for cold rolling operations.
A number of specimens were successfully rolled to the
last required thickness. An example is given in Fig. 1
corresponding to sample 1. A few samples were cracked.
An example was specimen 2, which cracked in transverse
direction during hot rolling process. Continuation of rolling
then became impossible. The morphology of the cracks
produced in this sample is depicted in Fig. 2. Specimen 3
was another example. It was cracked during cold rolling
operation. Figure 3 represents its morphology together with
cracked regions.
There are spots observable on Fig. 3. They seem to

act as source of crack initiation. During deformation, they
joined together to produce elongated detrimental cracks.
Two other types of cracks were also observable. Figure 4
highlights these features. One type of crack was initiated
and grown across the hard precipitates. The other was
started from the weak locations in between the matrix and
the precipitates. They then passed through the precipitates.
The former cracks could divide the precipitates into two
pieces, while the latter could continue its way throughout
the matrix phase.

Figure 2.—Metallographic picture of sample 2 cracked after first hot rolling
step at magnification of "50. Etching solution contained 5/5/1 volume ratio
of nitric, fluoridric, and acetic acid, respectively.

For identification as a source of failure, SEM and EDS
analyses were made of the precipitates. The SEM image
showed sharp discontinuity with the matrix of the alloy
around the precipitates, as illustrated in Fig. 5. EDS analysis
of these precipitates (Fig. 6) indicted three elements with
respective atomic percentages of 59.98 titanium, 30.69
nickel, and 12.42 oxygen.
This composition corresponds with Ti4Ni2O, an oxide

phase that usually causes crack during deformation
processing of NiTi specimens. Another phase that causes
cracking of the NiTi alloy during rolling is highlighted in
Fig. 7. Elemental line-scan within this precipitate indicates
that its carbon concentration increases while it has no nickel
content.
EDS analysis was used to figure out the nature of

this phase. Results are shown in Fig. 8. The highlighted
precipitate contains 42.8 atomic percent carbon, 57.2 atomic
percent titanium, and no nickel. It is expected that the
precipitate have TiC composition. The approximate nature

Figure 3.—Cold rolled specimen 3 with cracks connected together during
rolling at magnification: (a) "200 and (b) "1000. The pictures were taken by
an optical microscope. The solution used for etching contained fluoridric acid,
nitric acid, and acetic acid with the ratio of 5/5/1. Polarized light was used to
take the pictures.
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Figure 4.—SEM of specimen 1 after hot rolling. Cracks within precipitates
and between matrix and precipitates are highlighted in the figure. Magnification
is "1200. The solution used for etching contained fluoridric acid, nitric acid,
and acetic acid with the ratio of 5/5/1.

of the EDS results can be attributed to the experimental
errors of the measurements.

4. Discussion
Cast NiTi samples are highly susceptible to the impurity

content. NiTi workability is well known to be influenced by
the alloy microstructure, specifically the presence of brittle
precipitates. Cleanliness and morphology are both related
to the manufacturing history and processing environment.
X-ray diffraction (XRD) analyses and microstructure of
sample 1 showed that the predominant phase produced
during melting and subsequent processing was the
intermetallic NiTi compound. No other impurity phases

Figure 5.—SEM photomicrograph of sample 1 after hot rolling.
The highlighted phase has discontinuity with the matrix. This indicates the
crack produced between the precipitate and the parent. Magnification is
"12000. Etching solution is nitric acid, fuoridric acid, and acetic acid with
the ratio of 5/5/1.

Figure 6.—The energy dispersive X-ray microanalysis (EDAX) chemical
analysis of the phase highlighted in Fig. 4.

were observed. Astenitic and martensitic NiTi phases were
both observable in morphology of the sample (Fig. 1).
Specimen 2 contained, however, an oxide precipitate
(Ti4Ni2O). A vacuum pressure drop of the melting unit (to
10-2 mbar) resulted in the oxygen contamination, which
produced Ti4Ni2O phase embedded within the solidified
SMA phase. Another source of the rolling crack was the TiC
phase. Both EDS and line-scan analyses showed negligible
nickel in the highlighted TiC precipitates.
TiC carbon content seems to be originated from the

graphite crucible. Graphite crucible partly dissolves in the
molten phase and causes the formation of titanium carbide
phase [26, 27]. Reasons can be given to prove feeble
coherency and week connection of TiC and Ti4Ni2O with
the NiTi matrix. Based on the temperature of the sample, the
matrix can have austenitic or martensitic phase. The misfit
factor " is used in this research to evaluate the coherency
between matrix and the precipitates:

" = a1 # a2

a2
#

where a1 is the lattice parameter of the precipitated phase
and a2 is the lattice parameter of the matrix phase. Crystal
types, lattice parameters, and misfit factors of Ti4Ni2O, TiC,
B2, and B19$ are compared in Table 1. The misfit factors
of Ti4Ni2O and TiC phases seem relatively large numbers.

Table 1.— Phase structure and lattice parameters of investigated phases in
current research and matrix phase [28, 29].

Phase Lattice type Lattice parameter (Å) Misfit factor

Ti4Ni2O FCC a = 11!3 2.75
TiC NaCl a = 4!32 0.44
B2 (Austenite phase) CsCl a = 3!015 –
B19$ (Martensite phase) Complex a = 0!288 –

monoclinic b = 0!4120
c = 0!04622
$ = 96!8!
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Figure 7.—SEM of the cold rolled sample showing the line scan of (a) carbon
and (b) nickel. Crack between precipitated and matrix phase are highlighted
in the figure. Magnification is "9716, and the sample is etched by fluoridric,
nitric, and acetic acids with the ratio of 5/5/1.

They can, therefore, form incoherent interfaces with the
parent phase. Their totally different lattice structures with
the parent phase lead to weak bonds between the matrix and
the precipitates. These weak bonds can easily be damaged
during rolling and may hence be broken by the applied
external stresses. Sharp angled morphology of Ti4Ni2O
and TiC phases [17] can create stress concentration at the
corners and cause cracking of the deformed specimens.
The stresses applied during rolling can cause

disconnection of the joint between the matrix and the
mismatched precipitates. This phenomenon clearly causes
initiation and propagation of crack during any deformation
process. Growth of the discontinuities by Ti4Ni2O and TiC
precipitation causes a dramatic decrease in the workability
by initiation and growth of microcracks during hot and cold
rolling operation of the NiTi SMAs.

Figure 8.—EDAX chemical analysis of the highlighted phase indicated in
Fig. 6.

The fatigue life for cyclic elastic deformation of NiTi
is also of considerable importance. In order to develop
materials with a long fatigue life, it is important to know
the crack formation mechanism and the nucleation sites
for the cracks and their relationship with microstructure.
SEM observations of the fractured surfaces of the samples
studied in this research revealed that cracks can nucleate
at Ti4Ni2O and TiC edges in Ni-rich specimens. Without
Ti4Ni2O and TiC inclusions, crack nucleation will also be
delayed, and the lifetime of the alloy will be enhanced which
looks generally desirable.

5. Conclusions
l. Deformation processing of the NiTi alloy is greatly

influenced by its microstructure being influenced by
conditions of the manufacturing process.

2. The Ti4Ni2O phase is formed during melting operation
when unstable vacuum conditions prevail. Because of
incoherency and weak joint with the matrix, Ti4Ni2O can
cause crack initiation during the rolling process.

3. Dissolution of carbon from graphite crucible results in
TiC phase formation. TiC makes an incoherent interface
with the matrix and causes crack initiation during
the shaping process. This effect is similar to Ti4Ni2O
behavior.
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