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a b s t r a c t

Presented paper describes the influence of imposed strain on the development of microstructure (sub-
structure) in Ni–Ti materials during the application of ECAE (equal channel angular extrusion). The
interrelationship between imposed strain and resulting transformation characteristics is in the main
point of interest while the chemical composition, namely the occurrence of secondary phases such as TiC
and Ti4Ni2O resulting from the technology used for the sample alloy preparation is also investigated. The
alloy Ni50.6–Ti (at.%) was prepared by melting in the HF vacuum induction furnace using a graphite cru-
eywords:
ntermetallics

etals and alloys
hape memory
EM

cible. The deformation was carried out via ECAE combined with prior rotary forging/swaging. ECAE was
carried out at 280 ◦C. The imposed strain had the value ∼2. The alloy was processed by deformation route
Bc. It was established the high dislocation density generated by the imposed strain stabilized the B2 and
R phases and shifted the transformation R ↔ B19′ towards the lower temperature region. Direct effect
of the deformation stress was demonstrated in samples after the second pass when the occurrence of
the deformation induced transformation B2 → B19′ was confirmed. Deformation induced transformation

ion to
also represents contribut

. Introduction

ECAE represents a very popular severe plastic deformation (SPD)
ethod applied to the metallic materials in order to improve

heir utility characteristics [1–3]. Introduction of large deforma-
ions during this process allows influencing the microstructure of
ure metals as well as alloys considerably [4–6]. Particular atten-
ion in this field has been paid to the investigation of the alloys
ased on the light metals Al, Mg [7–9] while relatively limited
ffort so far has been devoted to the complex alloy systems involv-
ng phase transformation or twinning during ECAE processing such
s in NiTi [10–12], Ti [13]. Depending on the phase stability, the
ominant deformation mechanism in �-titanium alloys can change
rom dislocation slip to twinning/martensitic transformation [14].
t has been demonstrated the interaction between the mechanisms
avorably contributes to the grain size refining process [15,16].

onventional forming technologies such as cold rolling can also
roduce nanostructure (grains less than 50 and 100 nm), as it has
een confirmed for �-titanium alloys [17]; however, nanostructure
roduced in this manner is thermally unstable and increase of the
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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the overall deformation of the samples during the process.
© 2010 Elsevier B.V. All rights reserved.

temperature above 500 ◦C brings a rapid grain size growth. Rel-
ative microstructure stability of materials manufactured via SPD
method justifies attempts to introduce this method on a macro
scale. For example, Stolyarov [18,19] combined multi-pass ECAE
and cold extrusion/cold rolling processes to produce an alloy-like
pure titanium material. In both experiments, a decrease in grain size
improved mechanical properties such as yield and tensile strength.

One of the characteristic features of Ni–Ti shape memory alloys
is that the martensitic phases R, B19 and B19′ produced by the
cooling of the cubic B2 phase display a lower crystalline symmetry
than the original B2 phase. Having defined crystallographic relation
between the parent phase (B2 austenite) and the product phases
(R phases or B19′), the lower symmetry of martensitic crystals can
lead to the formation of several crystallographic variants of marten-
site within one originally austenitic grain. Saburi [20] describes the
existence of 4 crystallographically equivalent variants for type R
martensite, 6 variants of B19 martensite and 12 variants for type
B19′ martensite. The crystallographic relation between the original
austenitic B2 crystal and the B19′ martensite is further complicated

by the process of twinning – a mechanism enabling the shape of
the martensitic crystal to be accommodated within the austenitic
matrix (via lattice invariant shear – LIS) [21]. It has been proved that
twinning mechanism in B19′ martensite is of the type II, with the
axis in 〈0 1 1〉 direction [22,23]. Considering the extensive transfor-

dx.doi.org/10.1016/j.jallcom.2010.12.003
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:radim.kocich@vsb.cz
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Table 1
Transformation temperatures and enthalpies for samples A, B and C – cooling.

Sample Rs [◦C] Rp [◦C] Rf [◦C] Ms [◦C] Mp [◦C] Mf [◦C] �H [J/g]

A 19 −17 −56 −56 −77 −100 14.6
B 13 −2 −29 −72 −88 −128 16.3
C – – – 7 −42 −99 6.9

Table 2
Transformation temperatures and enthalpies for samples A, B,and C – heating.

Sample RAs [◦C] RAp [◦C] RAf [◦C] As [◦C] Ap [◦C] Af [◦C] �H [J/g]
Fig. 1. DSC curves for NiTi samples processed by ECAE.

ation deformation accompanying the phase transition B2 → B19′,
he twinning process occurs within each martensitic crystal.

Forming properties of Ni–Ti alloys are strongly dependent on
he purity of the manufactured material; the mutual ratio of the
wo elements plays the key role in the micro structural behavior.
resented study aims to determine the effects of ECAE technol-
gy on the development of microstructure (substructure) in Ni–Ti
aterials. The progress of the transformation characteristics and

he influence of imposed strain on transformation paths during
CAE were evaluated and further related to the initial chemical
omposition.

. Materials and methods

.1. Alloy and processing

The alloy Ni50.6–Ti (at.%) was selected for the experiment. The alloy was smelted
n a HF vacuum induction furnace using a graphite crucible and casted into graphite
orm. Rods of diameter 5 mm and length approximately 150 mm were produced
sing rotary forging. To remove the effects of the prior processing, rods were subse-
uently submitted to heat treatment (annealing) at 800 ◦C/30 min. Annealed sample
marked A) was set aside for further analysis. Two samples were produced by extru-

ion using the ECAE method. In accordance with previous experience [24], two ECAE
asses were carried out. The working temperature of the extrusion itself was 280 ◦C,
ut the material was pre-heated to a higher temperature before extrusion, namely
00 ◦C, for a very short time (2 min), in order to prevent heat loss during the han-
ling. The forming method consisted of two passes; the samples for further analysis

Fig. 2. SEM images of pr
A −35 −21 −11 – −20 −17.5
B −64 −26 −4 −26 5 20 −17.9
C −75 −56 −12 – −34 11 −11.7

were set aside after each pass (sample after first pass was marked B, sample after
second pass was marked C). The deformation route Bc proved to be suitable namely
for the sample C which underwent more than one ECAE pass.

The benchmark composition of the experimental alloy was determined from
a surface measuring 30 �m × 20 �m using EDAX SEM analysis (JEOL-JSM-6460
equipped with an INCA Energy analyzer); the Ni content was found to be 50.4 at.%
(on average of 3 measurements).

2.2. DSC analysis

Transformation characteristics of the samples A, B,and C were measured using
the differential scanning calorimetry (DSC); the released and/or absorbed latent heat
associated with martensitic transformations is measured in predetermined trans-
formation temperature as principal of this method. The measurement was carried
out using DSC 204 F1 Phoenix/Netzsch equipment which enables for the output cor-
rection relative to the signal of an empty sample cell for any number of data points
within the studied temperature interval.

Selected heating cycle consisted of several heating/cooling segments. Initially
at room temperature, the sample was heated at rate 10 ◦C/min up to 150 ◦C and
exothermically held for 180 s, followed the cooling period at rate 10 ◦C/min to -
150 ◦C and a further 180 s isothermic dwell. After that, the sample was heated
again at the same rate back up to 150 ◦C and isothermically held for 180 s, than
cooled to the room temperature. The DSC signal gathered during the cooling
(150 ◦C → −150 ◦C) and heating (−150 ◦C → 150 ◦C) cycles was consequently ana-
lyzed.

2.3. SEM analysis

The grain size was evaluated on thin films using SEM. It should be noted observed
grain size was in range not detectable by standard metallographic methods including
light microscopy and/or SEM performed on bulk metallographic samples.
2.4. TEM analysis

Preparation of thin films from TiNi samples requires some additional attention
with respect to preservation of the original microstructure. It is important to ensure
sufficient heat transfer from the samples and also to control applied mechanical

ocessed samples.
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Fig. 3. (a) TEM image of sample A – dislocation boundaries after rotary forging
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nd subsequent heat treatment (800 C/30 min).(b) TEM – bright field with shut-
er position marking and corresponding SAD – zone 〈1 1 1〉B2 in sample A after
otary forging and following heat treatment (800 ◦C/30 min), high dislocation den-
ity (4.3 × 1014 m−2).

tress during the preparation process in order to prevent initiation of the stress
nduced phase transformations. Samples for TEM were cut from the bulk material
sing electric spark cutter in direction perpendicular to the rod axis, cut segments
ere mechanically ground and further electrolytically thinned. Thinning was carried

ut in the solution of 95% CH3COOH + 5% HClO4, at 60 V and in controlled tempera-
ure environment above +10 ◦C.

Dislocation density was measured in accordance with Ham [25]; the thin film
hickness was estimated using stereo photography method [26]. It was utilized that
EM enables to combine the morphological information gained from the image
ormed in a light or dark field with the information from the diffraction images pro-
uced via selected area diffraction (SAD) or convergent beam electron diffraction
CBED). Thus the mutual disorientation (mutual rotation angle of crystal lattices) of
ndividual micro structural components (grains, dislocation cells) was characterized
sing the CBED method [27].

. Results

.1. DSC analysis

The characteristic temperatures of transformations (B2 → R,
→ B19′ and B19′ → B2) deduced from the DSC curves for all
amples are summarized in Table 1 and 2 (cooling and heating
espectively). The charts of DSC curves for all studied samples are
hown in Fig. 1.

Generally, it can be expected that the DSC curve capturing
artensitic transformation B2 → B19′ of the heat treated sample
Fig. 4. (a) Oxidic particle Ti4Ni2O in sample A – TEM image, corresponding SAD –
zone 〈0 0 1〉Ti4Ni2O. (b) TEM diffraction analysis of TiC particle in sample A, corre-
sponding SAD – zone 〈110〉TiC.

with the Ni content higher than 50.5 at.% would exhibit two steps
during the cooling process, including the formation of rhomboedric
R phase [19]: B2 → R and R → B19′.

However, the two-step transformation manner was observed
only in the case of samples A and B as it is demonstrated by the
DSC curves (Fig. 1) and summarized in Table 1. The DSC curves
attributed to the samples A and B embody two strong peaks cor-
responding with the partition of the transformation into the two
above-mentioned stages. The DSC curves attributed to the sample
C (previously subjected to two ECAE cycles) exhibits just one weak
transformation stage, which is apparent in relatively wide tempera-
ture interval from 7 to −99 ◦C. While the transformation enthalpies
of the complete transformation B2 → B19′ are comparable for sam-
ples A and B and attain values of approximately 15 J g−1, the total
enthalpy of the exothermic process in sample C reaches only about
a half of that value. Possible explanation of observed results can
include the assumption that B2 → B19′ transformation was par-
tially suppressed in the portion of the sample C. Such behavior can
be a consequence of the stabilization of the B2 or R phases due to
a dense dislocation structure and/or the presence of the residual
B19′ martensite after the second ECAE cycle.
The influence of dislocation structure on the stability of the B2
phase is also suggested by other features of the DSC curves of sam-
ples A and B. Considering the nominal composition of the studied
alloy (50.6 at.%), the temperature area of the R → B19′ transforma-
tion was expected to range between −10 and −30 ◦C [28]. However,
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estimated at 4.3 × 1014 m−2 (Fig. 3b). The area specified by the cir-
ig. 5. (a) Dislocation cells in microstructure of sample B after ECAE (1 pass) – TEM
mage. (b) Detail of dislocation walls in sample B after ECAE (1 pass) – dislocation
ensity ∼4.9 × 1014 m−2.

hese transformation temperatures were not observed in any case

f the studied samples. The values presented in Table 2 demon-
trate the temperature of the R → B19′ transformation has fallen
nto considerably lower region in all three cases. Comparison of
he results obtained for samples A and B also suggests that the

Fig. 6. Crystal lattices misorientation in neighboring dislocation cells of B2 aust
mpounds 509 (2011) 2716–2722 2719

increase of imposed strain with each additional ECAE pass is accom-
panied by a continuous decrease of the temperature area for the
transformation R → B19′. This observed trend is in accordance with
the conclusions reported by Morawiec et al. [29–31], where it was
established that increasing degree of deformation (with increasing
dislocation density) is accompanied by decrease in transforma-
tion temperature. The results obtained from the DSC images of
reverse transformation (during heating) are also in accordance with
the above mentioned interpretation. Results presented in Table 2
demonstrate the fact increasing ECAE deformation is accompanied
with a significant shift of the reverse transformation (R → B19′)
temperatures towards lower values. This again corresponds with
the process of the stabilization of R phase (destabilization of phase
B19′) as a consequence of the high dislocation density.

3.2. SEM analysis

Experimental results for an individual samples are presented in
Fig. 2 (sample A – Fig. 2a, sample B – Fig. 2b,and sample C – Fig. 2c).
Presented SEM images were produced using back-scattered elec-
trons (BSE), therefore more subtle contrasts corresponding with
diffraction on slightly disoriented dislocation cells within the grains
are revealed. The images well document that as the number of
ECAE cycles increases, the dislocation density accompanied by the
decrease in size of the dislocation cells increase.

3.3. TEM analysis

3.3.1. Sample A
Quite unexpected result of TEM observation is the fact that the

microstructure of the alloy after rotary forging and heat treatment
at 800 ◦C (prior to the ECAE procedure) has already a relatively high
dislocation density. This is visible in Fig. 3a, which is representing
the microstructure after intensive deformation (rotary forging); the
microstructure has been only partially modified by the subsequent
heating to 800 ◦C. In addition to high dislocation density, Fig. 3a also
shows the presence of numerous boundaries which may attributed
to the initiation of slip bands during the rotary forging. The dislo-
cation density was determined using images produced at higher
magnification. The total dislocation density for sample A can be
cle on the TEM image indicates the area covered by the selected area
diffraction (SAD) determining the particular phase composition of
sample A; the axis of depicted zone is 〈1 1 1〉B2 (Fig. 3b). The fact that
the SAD pattern contains only diffraction traces of the austenitic B2

enite – sample B after ECAE (1 pass). CBED analyses in marked positions.
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Table 3
Chemical composition of secondary phases present at Ni–Ti processed by ECAE.

Phase Ni [at.%] Ti [at.%] O [at.%] C [at.%]

Matrix 50.4 49.6 – –

p
E
p

w
E
p
i
T
p
[
i
u
z
E
i
o
h
p
s

3

(
j
a
c
c
u
d
l
t
t
l
i
c
m
a
p
s
a

a
l
(
d
m
T
F
c
T
r
a
a
a
i

was also observed in sample C after two ECAE passes. In addi-
Ti4Ni2O 33.1 61.5 5.4 –
TiC 0.3 42.9 – 56.8

hase indicates that the original composition of the alloy prior to
CAE the material consisted mainly of austenite without a major
resence of phases Ni4Ti3, R or B19′.

However, relatively large number of secondary phase particles
as detected in the microstructure of sample A (in state prior to

CAE), these particles are most likely a products of metallurgical
rocesses during the preparation. Diffraction analysis of a typ-

cal oxide particle Ti4Ni2O is presented in Fig. 4a, showing the
EM image of the particle in a light field with marked shutter
osition and the corresponding diffraction image in the zone axis
0 0 1]Ti4Ni2O. The microstructure contained also TiC carbides, as it
s documented by the results of SAD analysis in Fig. 4b; this fig-
re also shows the TEM image with marked shutter position in the
one axis [1 1 0]TiC. In addition to the diffraction method (SAD), the
DAX method was used for the purposes of the secondary phase
dentification, providing information on the chemical composition
f matrix B2 and the phases produced during the preparation and
eat treatment. The results of EDAX analysis in STEM mode are
resented in Table 3 (composition of B2 matrix and composition of
econdary phases respectively).

.3.2. Sample B
The main difference between the sample in the initial state

sample A) and the microstructure observed in the samples sub-
ected to ECAE (samples B and C) is the presence of dislocation cells
nd walls in the latter. Fig. 5a shows TEM images of dislocation
ells and extended dislocation walls in sample B after one ECAE
ycle. The initiation of dislocation boundaries separating individ-
al cells can ascribed to the intensive deformation during ECAE. The
etailed images of dislocation boundaries in Fig. 5b show that dis-

ocations on the boundaries are not arranged into regular networks
ypical for sub-grain boundary structure. Thus, it can be surmised,
he cell boundaries were initiated during deformation at relatively
ow temperatures, which means it occurred during ECAE. Although
t is very difficult to exactly determine the dislocation density on the
ell boundaries, it is possible, based on the detailed images of the
icrostructure of sample B, to estimate the total dislocation density

s 4.9 × 1014 m−2. This value represents only a slight increase com-
ared to the initial state; however, detection of dislocation cells as
uch represents a qualitatively new element in the microstructure
fter ECAE.

The sequence of TEM images after one pass (Fig. 6) represents
n example of the measurement of the mutual misorientation of
attices in the individual dislocation cells. The TEM image in Fig. 6
in a light field) shows four areas of the microstructure separated by
islocation boundaries. At the marked point within each area, CBED
easurement of the orientation of crystal lattices was carried out.

he corresponding diffraction images are presented also in Fig. 6.
ollowing quantitative analysis showed that the boundary between
ells 1–2 displays a relatively high misorientation angle of 13.2◦.
he other two are low-angle boundaries with neighboring lattice
otation angles of 3.0◦ (boundaries 2 and 3) and of 1.4◦ (bound-
ries 3 and 4). It was established, based on described results and in

ccordance with [32], a hierarchical system of dislocation bound-
ries with varying disorientation angles of neighboring crystallites
s produced during the ECAE.
Fig. 7. TEM images of sample C – microstructure after ECAE (2 pass).(a) Dislocation
cells.(b) Slip bands.(c) Hierarchy system of dislocation boundaries in sample B after
ECAE (2 pass). CB1 – cell boundaries with lower misorientation angleand CB2 – cell
boundaries with higher misorientation angle.

3.3.3. Sample C
A strong tendency towards the formation of dislocation cells
tion to dislocation cells (Fig. 7a), slip bands are also present in
the microstructure (Fig. 7b). Image in Fig. 7c, taken at higher
magnification, suggests that the dislocation boundaries form a hier-
archical systems. The individual cell boundaries (CB1) merge to
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Fig. 8. Crystal lattices misorientation in neighboring dislocation cells of B2 austenite in sample C after ECAE (2 pass). CBED analyses in marked positions
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Fig. 9. TEM diffraction analysis of residual austenite B19′ in sample

he dislocation boundaries (CB2) characterized by a higher angle
f disorientation of neighboring parts of the B2 austenitic matrix.
omparing microstructure with the state of the sample after one
CAE pass, estimated dislocation density is slightly higher in the
ample after two passes, reaching the value of 5.3 × 1014 m−2.

The sequence of TEM images after two passes (Fig. 8) docu-
ents the evaluation process of the misorientation in areas of

he austenitic B2 matrix separated by a dislocation boundary. The
iffraction images (depicted in Fig. 8) were taken from the marked
ositions on the TEM image (CBED 1, 2). Results of the quantitative
ssessment show that observed dislocation wall is produced by the
otation of the neighboring lattices of the B2 phase by angle of 6.8◦.
uch characteristics determine the type of observed boundary as
ransition between a random incidental boundary [32] and a high
ngle boundary (HAGB).

Critical stress for the formation of the B19′ phase was reached
n several parts of the microstructure [20] due to intensive defor-

ation occurring during the second ECAE pass, resulting from
trengthening effect of high dislocation density. Thus, the trans-

ormation B2 → B19′ caused by mechanical stress contributes to
he deformation of the alloy during ECAE, and residual marten-
ite can be observed in the microstructure after the completion of
he process. The TEM images in Fig. 9 document the occurrence of

artensite in sample C after the second ECAE pass. The individ-
er ECAE (2 pass). SAD 1 – zone [1 1 1]B2and SAD 2 – zone [0 1 1]B19′ .

ual martensite crystals are shown also in Fig. 9, together with the
specific areas marking the SAD analysis spots. The corresponding
diffraction images are presented in SAD 1 (B2 matrix) and SAD 2
(B19′ martensite).

4. Conclusions

Based on the presented experimental results obtained using
DSC, SEM and TEM methods, the following conclusions can be for-
mulated for analyzed samples of binary alloy Ti–50.6 at.% Ni:

(1) Relatively high dislocation density, estimated at value
4.3 × 1014 m−2, was observed already in the samples after the
preparation and heat treatment of the alloy (prior to ECAE).
Such dislocation density values represent the upper limit of
detectability using the TEM method.

(2) Two main types of secondary phase particles were detected in
the sample alloy after the metallurgical preparation: (i) Ti4Ni2O
oxidesand (ii) TiC carbides.
(3) Estimated dislocation density raised slightly with increasing
numbers of ECAE cycles, up to 5.3 × 1014 m−2. After the first and
second cycle, incidental dislocation boundaries were detected
separating individual dislocation cells. These were evaluated as
low-angle boundaries with misorientation angles of neighbor-
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ing cells up to 3◦. However, it should not be completely ruled
out that the first and second cycle of ECAE also produce hier-
archically significant boundaries with higher rotation angles of
neighboring crystal lattices.

4) Deformation stress initiated during the second ECAE cycle was
likely to be sufficient enough to stress-induce B2 → B19′ trans-
formation contributing to the total deformation of the sample
during the process.

5) The characteristics of the phase transformations B2 ↔ R ↔ B19′

in sample TiNi alloy determined using above described DSC
method were in agreement with the observed state and evo-
lution of the microstructure. High dislocation density had
stabilizing effect on both R and B2 phases and the R ↔ B19′

transformation temperature was shifted towards lower values,
while this effect became more prominent with an increasing
number of ECAE cycles. Observed phase transformation had
single step character within relatively wide temperature range
after the second ECAE cycle.
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