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In-situ synchrotron X-ray diffraction investigation on deformation
behavior of Nb/NiTi composite during pre-straining process
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Abstract: The mechanisms responsible for deformation behavior in Nb/NiTi composite during pre-straining were
investigated systematically using in-situ synchrotron X-ray diffraction, transmission electron microscopy and tensile
test. It is shown that upon loading, the composite experiences elastic elongation and slight plastic deformation of B19’,
B2 and S-Nb phases, together with the forward stress-induced martensitic (SIM) transformation from B2 to B19’. Upon
unloading, the deformation mechanisms of the composite mainly involve elastic recovery of B19’, B2 and -Nb phases,
compression deformation of S-Nb phase and incomplete B19'—B2 reverse SIM transformation. In the tensile
loading—unloading procedure, besides the inherent elastic deformation and SIM transformation, the (001) compound
twins in B19’ martensite can also be conducive to the elastic deformation occurring in B19'-phase of the composite.
Therefore, this composite can exhibit a large recoverable strain after unloading owing to the elastic deformation, and the
partially reversible and consecutive SIM transformation together with the (001) compound twins.
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and research on the materials with a superior
1 Introduction combination of good biocompatibility, near-linear
elasticity and large recoverable strain have been an

With the increase of the attention to health, important subject in the biomedical field [8—10].

people’s demand for biomedical materials is It has been well recognized that when NiTi
increasing progressively [1-3]. At the same time, alloys exhibit pseudo-elastic deformation, they
the increasingly strict requirements are proposed for could show large recoverable strain originating
the performance of biomedical materials. For some from the stress-induced martensitic (SIM)

certain biomedical devices (e.g. self-expansible transformation [11—14]. However, this type of large
stents, orthopedic sensor clips and temporary pseudo-elastic strain in the NiTi alloys is usually
orthopedic implants), biocompatibility, linear accompanied by visible stress-plateau on the
elasticity and recoverable strain are key stress—strain responses [11—13]. In the stress-
performance indicators [4—7]. Therefore, the design plateau stage, the NiTi alloys are unable to bear
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effectively the external loads any longer [11-13],
which is detrimental to practical applications.
Antecedent studies suggested that the existence
of stress-plateau in NiTi alloys is primarily due
to a localized SIM transformation proceeding
intensively over a small stress range [15—17]. And it
is also shown that by introducing structural factors
(including dislocations and grain refinement, etc.),
the extent and stress range of SIM transformation in
metallic materials can be tailored [18,19]. In this
context, through tuning carefully the martensitic
characteristics of NiTi alloys, the stress-plateau in
NiTi alloys could disappear and the NiTi alloys
might display a near-linear elastic deformation
behavior.

Referring to the biocompatibility of NiTi
alloys, some investigations revealed that the release
of detrimental nickel ions from the surface of
NiTi alloys might cause a of health
problems, e.g., allergy and carcinogenicity [20—22].
Recently, it has reported that the
biocompatibility of NiTi alloys can be effectively
improved through cladding the NiTi alloys with
non-cytotoxic alloy shells [23]. Based on the
aforementioned design concept, quite recently, a
shell-core Nb/NiTi composite possessing both
good biocompatibility and high near-linear-elastic
deformability (namely near-linear elasticity and
large recoverable strain) was designed and
fabricated [24]. Preliminary results suggest that the
achievement of high near-linear-elastic deforming
ability of this composite is closely related to severe
deformation in hot pack-rolling, cold rolling and
pre-straining  treatment [24]. However, the
deformation mechanisms in Nb/NiTi composite
during the pre-straining process still remain
unexplored, though clarifying this issue could
provide valuable information for designing the
metallic composites with near-linear elasticity as
well as large recoverable strain for biomedical
applications.

In this work, the mechanisms responsible for
deformation behavior of Nb/NiTi composite during
systematically studied by
employing in-situ synchrotron X-ray diffraction,
transmission electron microscopy and tensile test,
with particular focus on clarifying the contribution
of SIM transformation to the deformation behavior
in Nb/NiTi composite.

series

been

pre-straining  were

2 Experimental

The starting materials employed in this study
were Nb sheets of 200 um in thickness and
commercial Niso3Tis7 (at.%) plate of 5000 um in
thickness. Two Nb sheets (serving as external shell)
and a NiTi plate (serving as internal core) were hot
pack-rolled into a shell—core-structured composite
plate of ~550 um in thickness. Then, the composite
plate was cold-rolled to a thickness of ~403 pum
without any intermediate annealing.

The FEI Nova Nano 450 scanning electron
microscope (SEM) equipped with the energy
dispersive spectroscope (EDS) was employed to
analyze the interface characteristics of Nb/NiTi
composite. The microstructure of this composite
was characterized using a FEI Tecnai F20
transmission electron microscope (TEM). The
specimen of 25mm in the gauge length and
~0.40 mm x 4.74 mm in the sectional dimension for
tensile experiment was cut along the original rolling
direction by employing electron discharge method.
Tensile experiment was performed using an
Instron-8801 mechanical testing machine (strain
rate of 1x107°s™') complemented by a strain
extensometer. In-situ synchrotron X-ray diffraction
(SXRD) investigation during tensile loading—
unloading was carried out at the 11-ID-C beam line
of the Advanced Photon Source at Argonne
National Laboratory in USA. The incident X-rays
(A=0.1173 A) with a beam cross-section of
0.4mmx 0.4mm were used to capture two-
dimensional (2-D) diffraction images. These 2-D
diffraction images were recorded on a Perkin—
detector and azimuthally integrated
employing the Fit2D software to acquire
one-dimensional (1-D) diffraction spectrograms, as
described in detail in Ref. [25].

Elmer

3 Results and discussion

3.1 Microstructures

Figure 1(a) displays the cross-sectional low-
magnification backscattered electron (BSE) SEM
image for Nb/NiTi specimen. It is observable that
Nb/NiTi specimen performs a shell-core structure,
consisting of the external Nb shell (~14 um-thick)
and the internal NiTi core (~375 um-thick). The
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high-magnification BSE-SEM image is displayed in
Fig. 1(b), where the EDS elemental distribution
map for Nb is shown as an insert. One can see that
no apparent precipitates are noticed at the Nb/NiTi
interfaces, which is similar with the case of a
previously reported NiTi—Nb system [26]. This
indicates that upon hot pack-rolling as well as
cold-rolling, a well bonded metallurgical interface
is formed in Nb/NiTi composite. Based on Fig. 1(a),
the volume fractions of Nb and NiTi components
can be determined to be 7% and 93%, respectively,
implying that the mechanical behavior of Nb/NiTi
composite depends largely on the dominant NiTi
component due to its high volume fraction.

6

(b)

2 um

Fig. 1 Cross-sectional low-magnification (a) and
high-magnification (b) backscattered electron (BSE)
SEM images for Nb/NiTi specimen (The EDS elemental
distribution map for Nb is shown as an insert)

Figure 2(a) shows the straightened Debye—
Scherrer diffraction rings, where the diffraction
rings corresponding to different crystal planes are
indexed. It is clearly shown that diffraction rings
from external Nb shell and internal NiTi core of
Nb/NiTi specimen, including mainly {110} b,
{110} and (001)zo diffraction rings, etc, are
detected due to the large penetration depth and high
resolution of the synchrotron X-ray diffraction
(SXRD) technique [27-29]. Figure 2(b) shows the
1-D SXRD spectrogram for Nb/NiTi specimen.
On the basis of the SXRD analysis, the phase
composition of the Nb/NiTi specimen can be

2611

recognized as S-Nb phase, and B19'-NiTi phase
along with a trace of B2-NiTi phase. Additionally,
one can see that the {110} NiTi peak is much
intenser than other B2-NiTi peaks, for example
{100}z and {200}z peaks, suggesting that a
(110)5, texture is prevalent in the present Nb/NiTi
specimen. The presence of (110)z texture can
contribute to the external macroscopic deformation,
because a large theoretical phase transformation
strain can be generated through a B2—B19' stress-
induced martensitic (SIM) transformation in the B2
texture [30].

\
A

300 F
250 F
200 )
150 F

100 F
s50f

oLl BT NS
1.5 20 25 30 35 4.0

d—spacing//ok

Azimuth/(°)

N

O i (001);,,

W
o

(b)

Q11) gy

(200) o

(200)
(200) g
(112) g1or

(111) g1

17 138

5
=)
S

13 14 15 16
d—spacing/f\

(I]O)ﬂth

(110) g,

11 g0

(020) po0

-T
|
|
|

15 20 25 30 35
d—spacing/zoA

40 45 50

Fig. 2 Straightened Debye—Scherrer diffraction rings (a)
and 1-D SXRD spectrogram (b) for Nb/NiTi specimen

Figure 3 displays the TEM micrographs of the
internal NiTi core for Nb/NiTi specimen. From the
bright-field micrograph displayed in Fig. 3(a), one
can see that the NiTi exhibits a fine microstructure,
where a number of dark areas generated by
high-density dislocations can be seen. It is evident
that the high-density dislocations are produced
in the hot pack-rolling plus cold rolling process.
This hot pack-rolling plus cold rolling process also
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(001);
(110), /
[110] 5,9

Fig. 3 TEM micrographs of internal NiTi core for Nb/NiTi specimen: (a) Bright-field micrograph and corresponding
selected area diffraction pattern (SADP) (inset); (b) Higher-magnification bright-field micrograph; (c) SADP of (b);

(d) Key diagram corresponding to SADP in (c)

results in remarkable grain refinement in the NiTi,
which is verified by the roughly continuous
diffraction rings in the selected area diffraction
pattern (SADP, displayed as the insert at the upper
right corner of Fig. 3(a)). Indexing of the SADP
suggests that the NiTi is composed of B19'-phase
and B2-phase, in accordance with the results of
SXRD (Fig. 2). Figures 3(b, c) show the higher-
magnification bright-field micrograph and the
corresponding SADP of NiTi, respectively. It is
observable from Fig. 3(b) that fine twins with
different orientations are found in the BI19’
martensite. Theses twins with different orientations
give rise to the superimposition of several sets of
diffraction patterns, as shown in Fig.3(c). A
careful analysis of SADP is shown in the key
diagram in Fig. 3(d), where three sets of dots
stemming from the matrices and twins are
presented and marked by different colors. It is
shown that the matrix and twin in every set of dots
show mirror-symmetric relationship about the (001)

plane of them, implying that the twinning
relationship in B19" martensite is in the (001)
compound mode.

3.2 Mechanical properties

The macroscopic stress—strain curve for
Nb/NiTi specimen under the tensile loading—
unloading procedure (i.e., the pre-straining process)
is represented in Fig. 4. It can be seen that during
loading to 8.0% strain, there exists a remarkable
change in the slope of the stress—strain curve at
~3.0% strain, indicated by the demarcation point in
Fig. 4. Upon unloading, the macroscopic stress
decreases linearly with decreasing macroscopic
strain and then decreases nonlinearly, with a large
recoverable strain of ~3.9%. During the subsequent
heating to 423 K for 5 min, most of the residual
unrecoverable macroscopic strain after unloading
can be recovered (as shown by the dotted arrow),
showing that the Nb/NiTi specimen possesses shape
memory effect during heating.
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Fig. 4 Macroscopic stress—strain curve for Nb/NiTi
specimen in tensile loading—unloading procedure (The
dotted arrow indicates the recoverable macroscopic

elastic recovery of the Nb/NiTi specimen.

The evolution in d-spacing for diffraction
peaks for Nb/NiTi specimen with respect to
macroscopic strain can be observed more clearly in

strain during heating) Fig. 6, where isolated diffraction peaks stemming
from B19’, B2 and f-Nb phases, including (001)zi9,

3.3 In-situ synchrotron X-ray diffraction {200} 3> and {200} v peaks, are chosen as targets
analysis to analyze in detail. As shown in Figs. 6(a, b),

To explore the underlying mechanisms one can see that upon loading, the evolution in

responsible for deformation behavior in Nb/NiTi
specimen, the in-situ SXRD investigation was
conducted on Nb/NiTi specimen. Figure 5 shows
the wvariation in 1-D SXRD spectrograms for
Nb/NiTi specimen corresponding to different
strain levels in the tensile loading—unloading
procedure. It can be seen that Nb/NiTi specimen
experiences a B2+>B19’ stress-induced martensitic
(SIM) transformation, which is verified by the

d-spacing of (001)g1 and {200}z peaks can be
divided into two stages. During loading in 0—3.0%
macroscopic strain range, the d-spacing of (001)z1o'
and {200}z peaks increases almost-monotonously
and sharply with increasing macroscopic strain,
showing that the B19'-phase and B2-phase are
elongated elastically. With further loading to 8.0%
strain, the d-spacing of {200}, and (001)g19 peaks
increases slightly, implying that besides the elastic
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Fig. 6 Evolution in d-spacing for diffraction peaks
stemming from B19’ (a), B2 (b) and S-Nb (c) phases for
Nb/NiTi specimen with respect to macroscopic strain

elongation, the B2-phase and B19'-phase also
undergo a forward B2—B19’ SIM transformation
and a slight plastic deformation for the sake of
accommodating macroscopic strain. Combining the
results shown in Figs. 4, 6(a, b), one can see that the
demarcation point on the macroscopic stress—strain
curve (~3.0% strain point, Fig. 4) corresponds well
to the critical point (~3.0% strain point) where the

slope of d-spacing begins to change significantly
in Figs. 6(a,b). Therefore, the presence of
demarcation point in Fig.4 can be reasonably
ascribable to the B2—B19" SIM transformation as
well as the initiation of the slight plastic
deformation of B19’-phase and B2-phase. During
unloading, the d-spacing of (001)zio and {200}z
reduces with reducing macroscopic strain and
returns to their respective original values at a strain
of 4.1%, revealing that an elastic recovery takes
place in the B19'-phase and B2-phase of Nb/NiTi
specimen.

Figure 6(c) displays the evolution in d-spacing
for diffraction peak stemming from f-Nb phase
with respect to macroscopic strain. It can be
observed that during loading at strains below 1.0%,
the f-Nb is elongated elastically, verified by the
continuous increase in d-spacing of {200} s, peak
with the increment in macroscopic strain. Within
the macroscopic strain range covering 1.0%—8.0%,
the {200}sno d-spacing stays approximately
constant irrespective of the consecutively increasing
macroscopic strain, indicating that a potential
plastic deformation takes place in Nb layers. In
the following unloading process, the {200}z
d-spacing decreases with reducing macroscopic
strain and the S-Nb experiences elastic recovery and
the subsequent compressive deformation.

Figure 7 shows the evolution in integrated
intensities for diffraction peaks stemming from
B19’, B2 and f-Nb phases for Nb/NiTi specimen
with respect to macroscopic strain. One can see
from Figs. 7(a, b) that upon loading, (001)z19 and
{200} 5> exhibit a complementary intensity change,
i.e., the increase in B19'-phase intensity and the
reduction in B2-phase intensity. This indicates that
the forward B2—B19" SIM transformation takes
place during loading. Upon unloading, with the
reduction in macroscopic strain, the (001)go
integrated intensity reduces (Fig. 7(a)), together
with the intensification in {200}z peak (Fig. 7(b)),
signifying the occurrence of B19'—B2 reverse
SIM transformation. Because of the existence of
B19'—B2 reverse SIM transformation, the Nb/NiTi
specimen recovers nonlinearly under unloading
(Fig. 4). From Figs. 7(a, b), one can also see that
the (001)p19r and {200}z integrated intensities do
not return to their respective original wvalues,
signifying that the reverse SIM transformation
from B19' to B2 is not completely reversible in the
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peaks stemming from B19' (a), B2 (b) and S-Nb (c)
phases for Nb/NiTi specimen with respect to macro-
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Nb/NiTi specimen. This incompletely reversible
B2—B19’ SIM transformation, together with slight
potential plastic deformation of B19’ and B2 phases
(Fig. 6), can account for the residual macroscopic
strain (~4.1%) of Nb/NiTi specimen after unloading
(Fig. 4).

It is noteworthy that in the tensile loading—
unloading procedure, the changes in the (001)zio

and {200}z integrated intensities are consecutive
and proceed over a wide range of stress (the whole
tensile loading—unloading process, Figs. 4, 7(a, b)).
The above results reflect a consecutive SIM
transformation in Nb/NiTi specimen, in sharp
contrast with localized SIM transformation taking
place intensively in a small range of stress in
conventional pseudo-elastic NiTi alloys [15,16].
This may be interpreted through considering the
suppression effect of structural factors upon
B2+ B19" martensitic transformation. It has been
well acknowledged that the shear and atomic
shuffles are the intrinsic features of B2«B19’
martensitic transformation [30], implying that
some structural factors, e.g. dislocations and
grain boundaries, exert a significant
effect on the suppression of B2«<>B19’ martensitic
transformation [31-33]. In the present study, the
rolling process leads to the formation of
high-density dislocations and grain boundaries in
the internal NiTi (Fig. 3), which can obstruct the
progress of shear and atomic shuffles indispensable
for B2<B19' martensitic transformation, hence
retarding the SIM transformation. Consequently,
in Nb/NiTi specimen, a consecutive SIM
transformation occurs throughout the tensile
loading—unloading procedure.

As for the {200}pn peak displayed in
Fig. 7(c), it is seen that its intensity fluctuates
slightly within the margin of error in the tensile
loading—unloading procedure. This suggests that the
Nb layers do not experience any visible solid phase
transformation in the tensile loading—unloading
procedure, which agrees well with the antecedent
studies [34,35].

Figure 8 displays the straightened Debye—
Scherrer diffraction rings of Nb/NiTi specimen
under various strains in the tensile loading—
unloading procedure, so that an
demonstration with respect to the deformation
behavior of Nb/NiTi specimen can be obtained. It
is seen that the intensity of B19’ spots (labeled by
purple arrows) intensifies gradually as macroscopic
strain increases to 8.0%. At the same time, the
intensity of B2 spots (labeled by red rectangles)
weakens progressively with the increase in
macroscopic strain. Upon unloading, the B19’ spots
intensity weakens slightly, along with a slight
intensification in B2 spots. These results signify that

could
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Nb/NiTi specimen undergoes an incompletely
reversible SIM transformation, in agreement with
the results displayed in Fig. 7. Moreover, through a
comparison between the diffraction rings before
loading (at 0% strain) and those after unloading
(at 4.1% strain), one can see that the positions
of (001)z1o and {200} diffraction rings before
loading are almost the same as those after
unloading. The above result reveals that the internal
NiTi layer does not retain remanent lattice strain
after unloading. Unlike the internal NiTi layer, the
external Nb layers persist a compressive strain after
unloading, as verified by the fact that after
unloading, the {200}s.np diffraction ring exhibits a
slight left-shift from its initial position before
loading (marked by green dashed lines).

From the aforementioned analyses, the zones
of various deformation mechanisms in Nb/NiTi
specimen in tensile loading—unloading procedure

can be elucidated clearly, as shown in Fig. 9.
During loading, the internal NiTi layer is elongated
elastically in the 0—3.0% macroscopic strain range
(Figs. 6(a, b)). Besides the elastic elongation, the
internal NiTi layer also undergoes a slight plastic
deformation in 3.0%—8.0% macroscopic strain
range (Figs. 6(a, b)). Additionally, during the
whole loading process, the internal NiTi layer
experiences forward B2—B19’ SIM transformation
(Figs. 7(a, b)). Upon the following unloading, the
internal NiTi layer experiences a B19'—B2 reverse
SIM transformation (Figs. 7(a, b)) and elastic
recovery (Figs. 6(a, b)). Referring to the external
Nb layers, they undergo successively elastic
elongation at macroscopic strains below 1.0% and
plastic deformation in the 1.0%—8.0% macroscopic
strain range (Fig. 6(c)) during loading. Upon the
subsequent unloading, they first recover elastically
and then experience compressive deformation with
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further unloading (Fig. 6(c)). After unloading, the
residual strain of ~4.1% in Nb/NiTi specimen is
primarily ascribable to incompletely reversible SIM
transformation from B2 to B19' and the possible
plastic deformation of the B19’ martensite, B2 and
[-Nb phases (Figs. 6 and 7).

1200 - 11 .
< . m__— )
: I |

8 : '
: |
26001 |
8 |
g : :
S 300 /! :
v :

: 1 ';

0 6 8

Macroscopic strain/%

Fig. 9 Zones of various deformation mechanisms in
Nb/NiTi
procedure (I—Elastic elongation of Nb; II—Elastic
elongation of B19’ and B2, together with B2—B19’ SIM
transformation; III—Tensile plastic deformation of Nb;
IV — Tensile plastic deformation of B19' and B2;
V—Elastic recovery and compressive deformation of Nb,
elastic recovery of B19’ and B2, together with B19'— B2
reverse SIM transformation)

specimen in tensile loading—unloading

Besides the above-mentioned inherent elastic
deformation and SIM transformation, the (001)
compound twins in B19" martensite (Fig. 3) can also
contribute to the elastic elongation and recovery
occurring in B19'-phase of Nb/NiTi specimen. In
fact, ZHENG et al [36] have reported that the (001)
compound twins in the B19" martensite can nucleate
and grow upon loading and then shrink and
disappear upon unloading, thus leading to the
super-elastic deformation of NiTi alloy. Hence, it is
reasonable to believe that the existence of (001)
compound twins (Fig. 3) can also be helpful for
elastic deformation occurring in B19'-phase of
present Nb/NiTi specimen, similar to that in
B19'-phase of NiTi [36].

4 Conclusions
(1) Under loading, the composite undergoes

the elastic elongation and slight plastic deformation
of B19’, B2 and f-Nb phases, along with forward

stress-induced martensitic (SIM) transformation
from B2 to B19'.

(2) During the wunloading process, the
deformation mechanisms in the composite primarily
include the elastic recovery of B19’, B2 and S-Nb
phases, and compression deformation of S-Nb
phase coupled with incomplete B19'—B2 reverse
SIM transformation.

(3) In the procedure of loading and unloading,
in addition to the inherent elastic deformation and
SIM transformation, the (001) compound twins in
B19" martensite can also be helpful for the elastic
deformation taking place in the B19'-phase of the
composite.

(4) The large recoverable strain of the
composite after unloading is attributable to the
inherent elastic deformation, and the incompletely
reversible and consecutive SIM transformation
coupled with the (001) compound twins in B19’
martensite.
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Nb/NiTi EERIMT R ZIEPRTRIT AR
[RLLEI ST X ST R

R, KEE!, Minkyung KWAK?, T B!, xk&!, & £, 3EE !, TR RFFS

L VLIRS MORRL 25 TRES ARG, BRI 2120135
2. Department of Materials Science and Engineering, Seoul National University, Seoul 08826, Korea;
3. AIRHEERIA IR AR AR AR AL AR AR, JE5T 100088;
4. PEAERY: MEERREES TRYEE R0 2211165
5. AL MR RS MRERE 25 TR RE, JEat 100191

WO i JE A F RS XA BN T BRI R R T, RAHTA No/NITi S5 RHE
AL R A LA SR T AT, No/NITi £ B19'. B2 Fl f-Nb A A3 e K A0
BB T, LA B2 13 BIOARII R 35 K B A AR . 7EBE 5 A ENEGL AR, Nb/NIiTi B &M EHI AR K
B3 ZAHE B19'. B2 F1 B-Nb AHMHMEWKE, B-Nb M0 R4 BT LA K ANTES: B19'—B2 1 5 [WARAHAR . FEFi
IME-E G FE A, BT A SRR T AR S K T A ARAR LLAN, E A MR B19' T [k Y EEHI(001) B A4
en A B T AR SEI M AT o (R, R TR L 0 AT BRI R A R T IR AR AR BL R (001) B A 2R
mm L EVER, Nb/NITi 2 AMRE BN e G Ae s S I KT AR & .

XH2IA): Nb/NITi EEMEL: ERMERIAT A KIOATIRE RS &, T IRAAAH AR
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