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In this work, the microstructure and mechanical properties of rapidly solidified Tiso—,/,;Niso—,,Hf, (x = 0,
2, 4,6, 8, 10, and 12 at.%) and Tisg_,,»Niso—,»Si, =1, 2, 3, 5, 7, and 10 at.%) shape memory alloys
(SMAs) were investigated. The sequence of the phase formation and transformations in dependence on the
chemical composition is established. Rapidly solidified Ti-Ni-Hf or Ti-Ni-Si SMAs are found to show
relatively high yield strength and large ductility for specific Hf or Si concentrations, which is due to the
gradual disappearance of the phase transformation from austenite to twinned martensite and the pre-
dominance of the phase transformation from twinned martensite to detwinned martensite during defor-
mation as well as to the refinement of dendrites and the precipitation of brittle intermetallic compounds.

Keywords martensitic phase transformation, mechanical proper-
ties, microstructures, rapid solidification

1. Introduction

In recent years, many investigations have been focused on
TiNi-based shape memory alloys (SMAs) due to their extraor-
dinary shape memory effect, superelasticity, good biocompat-
ibility, and ductility (Ref 1-5). Up to now, TiNi-based SMAs
have been considered as one of the most candidates for
potential applications (Ref 1-4). By introducing a third element
such as Fe, Al, Hf, Cu, or Zr into nearly equiatomic Ti-Ni
binary alloys, martensitic transformation (MT) and the shape
memory effect (SME) can be effectively improved together
with adjusting the phase formation process (Ref 1-4, 6-18). For
example, the MT sequence in Ti-Ni binary alloys is B2 —

B19’, while it changes to be B2 — R — B19” in Ti-Ni-Fe
and Ti-Ni-Al alloys or B2 — B19 — B19’ in Ti-Ni-Cu alloys
(Ref 6-12). Furthermore, the MT sequence in Ti-Ni alloys can
also be changed to B2 — R — BI19” after thermal cycle
training, heat treatment after cold working, or aging treatment
in Ni-rich Ti-Ni alloys (Ref 3, 5, 6, 13). As a result, the MT
temperatures can be effectively tailored based on the industrial
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requirements in different TiNi-based SMAs (Ref 14-18), which
further promotes their widespread practical applications.

However, the yield strength of TiNi-based SMAs is
relatively low compared with other metallic materials such as
some Fe-based SMA alloys, even though their fracture strength
is quite high (Ref 5). Until now, a variety of methods have been
proposed to enhance the mechanical properties in the premise
of remaining their excellent shape memory effect (SME), e.g.,
(1) by introducing micro-alloying elements in order to induce
the precipitation of other intermetallic compounds, (2) by
thermal cycling training, (3) by cold-working, (4) by aging (Ref
3, 5, 19). It has been demonstrated that the microstructures of
metallic alloys tend to become finer after rapid solidification
(Ref 20, 21), which is useful for the enhancement of
mechanical properties. Therefore, it could be a good choice
to modify the grain size by adopting rapid solidification
together with considering compositional optimization. This is a
subject of the present work, in which TiNi-based SMAs with
additions either Hf or Si were prepared by rapid solidification
and the compositional dependence of microstructural features,
MT behaviors, and mechanical properties was systematically
investigated.

2. Experimental Procedure

Tiso_»Nisg_oHf, (x =0, 2, 4, 6, 8, 10, and 12 at.%) and
Tiso—,Niso—,»Si, (v = 1, 2, 3, 5,7, and 10 at.%) master alloys
were prepared by arc-melting appropriate amounts of the
constituting elements (> 99.9% purity) under Ti-gettered Ar
atmosphere. The master alloys were remelted at least four times
in order to achieve chemical homogeneity. Subsequently, rods
with a diameter of approximately 1.5 mm and a length of
80 mm were fabricated using a custom-made suction-casting
device under Ar atmosphere. Phase analysis of the as-cast
samples was carried out using x-ray diffraction (XRD, Rigaku
D/max-rB) in reflection geometry and scanning electron
microscopy (SEM, Gemini 1530) combined with energy-
dispersive x-ray spectroscopy (EDS). The MT behavior was
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determined through differential scanning calorimetry (DSC) at
a heating and cooling rate of 20 K/min for four times. Room-
temperature compression experiments were carried out with a
universal testing machine (CMT 5305, New SANS, MTS). The
surface features of the samples unloaded under different
compressive strains were also checked by the SEM.

3. Results and Discussion

3.1 Phase Analysis of the Rapidly Solidified Ti-Ni-Hf and Ti-
Ni-Si Samples

Figure 1 shows the XRD patterns of the rapidly solidified
Ti-Ni-Hf and Ti-Ni-Si rods with a diameter of 1.5 mm,
respectively. Although the diffraction peaks are rather wide,
no glass transition has been detected on the DSC curves (not
shown here), implying no any amorphous phase can be induced
during rapid solidification. From positions of the Bragg peaks
(Fig. 1a), the crystals in the present rapidly solidified Ti-Ni-Hf
rods can be indexed to be cubic B2 (Pm-3 m) TiNi austenitic
phase and monoclinic B19” (P2;/m) TiNi martensites together
with a little amount of Ti,Ni phase. With increasing Hf content,
the amount of B2 TiNi crystals gradually decreases while that
of B19” (P2,/m) TiNi martensites increases. B2 TiNi is a
dominant crystalline phase for Hf additions of less than 4 at.%,
while the B19” TiNi crystals start to be prevalent for the larger
Hf amount. Gupta et al. found that a continuous series of solid
solutions exists between the HfNi and NiTi phases at the high
temperatures (> 1448 K) (Ref 22), implying that Hf tends to
be dissolved into TiNi and Ti;Ni crystals. As a result, the
positions of the Bragg diffraction peaks shift to the left side in
the XRD patterns (see the dotted line in Fig. 1a) (Ref 22),
leading to the formation of B2 (Ti,H)Ni, B19” (Ti,Hf)Ni, and a
small amount of (Ti,Hf),Ni. On the other hand, for the present
rapidly solidified Ti-Ni-Si rods (Fig. 1b), the microstructures
are governed by B2 TiNi crystals together with a minor amount
of B19” TiNi crystals when the content Si is below 5 at.%. With
increasing Si content ( < 5 at.%), the content of B2 gradually
increases and then decreases. With further increasing Si content
(> 5 at.%), B19” TiNi and TizNi4Si; crystals become preva-
lent, while the content of B2 TiNi crystals becomes gradually
lower (Fig. 1b). Since the solid solubility of Si in TiNi crystals
is relatively small, the positions of the diffraction peaks do not
change (see the dotted line in Fig. 1b).

The morphologies of the crystals in the rapidly solidified Ti-
Ni-Hf and Ti-Ni-Si rods are displayed in Fig. 2 and 3,
respectively. (Only selected images are shown for clarity.) For
the rapidly solidified TisoNisq binary alloy, the B2 TiNi and
B19” TiNi martensitic crystals exhibit a cellular dendritic
feature, while not obvious other intermetallic compounds
precipitate in the matrix (Fig. 2a). When the content of Hf
changes from 2 to 12 at.%, the cellular dendrites gradually
become finer and develop into dendrites (Fig. 2). With
increasing Hf content in the alloys, Ti,Ni intermetallic phase
appears in the interdendritic regions. The compositions of the
present alloys are still far away from eutectic compositions, and
a large degree of undercooling should be induced during rapid
solidification, leading to the formation and development of
primary TiNi dendrites (see regions A and B whose compo-
sitions are listed in Table 1) followed by intercrystalline
segregation of (Ti,Hf),Ni crystals (see region C in Fig. 2). As

1006—Volume 27(3) March 2018

® TiNi (Cubic, Pm-3m)
¢ TiNi (Monolinic, P2,/m)
v Ti,Ni (Cubic, Fd-3m)

Ti, Ni, A =,

o SN A rA -
SR S S
© | wr oas s
AT 2.5 O PSR T
A A
£ TiNiHG :,. { .

[
- TI{‘.‘?N‘I“J‘”%J. A v ;e Y
. . ¢
it R R
Ti, Ni, Hf,, . Y
H 1 wwg‘!’ww
20 30 40 50 60 70 80
(a) 20(degree)
:  TiNi (Cubic, Pm-3m)
i ¢ TiNi (Monolinic, P2,/m)
i v TiyNi,Si;(Tetragonal, 14/mmm)

Ti49'5Ni49'SSi1 AM"&; “wu
S | Ti,Ni, Si )&
W- 49N 4932 i 4 te °
> Ti. Ni. Si
g 145 5N g 591 ot ve o
q’ - - -
= T"£7-5NJ47-5S'5. M 28 2

E46.5Ni4(‘5.58i7 ,m o "

DN e 3
Ti,Ni, Si;, ’M 3 RIS &% W
" 1 L | " 1 L 1 " 1 L

20 30 40 50 60 70 80

(b) 20(degree)

Fig. 1 XRD patterns of the rapidly solidified (a) Ti-Ni-Hf and (b)
Ti-Ni-Si samples

listed in Table 1, the corresponding compositions were deter-
mined to be (Ti,Hf),Ni by EDS, whose amount gradually
increases when the Hf content increases from 0 to 12 at.%.
Besides, some TiNi martensitic plates can be observed within
the dendrites (Fig. 2c, f), whose content gradually increases
with increasing amount of Hf.

For the rapidly solidified Ti-Ni-Si samples with the addition
of less than 3 at.% Si, the dominant crystals are still TiNi
cellular dendrites (Fig. 3a). With further increasing Si content,
the cellular dendrites gradually become finer and develop
dendrites in the present Ti-Ni-Si alloys (region A in Fig. 3),
whose corresponding compositions are listed in Table 1. When
the content of Si is more than 5 at.%, some TiyNiySi; crystals
start to precipitate at the interdendritic regions (see the region C
in Fig. 3b-d) since the extra Si cannot be dissolved in the TiNi
crystals. As shown in Fig. 3(e), (f), and (g), EDS maps clearly
reveal that the distribution of Si in the rapidly solidified Ti-Ni-
Si alloys is not uniform, but Si mainly exists at the interden-
dritic regions. As a result, the eutectic structure consisting of
some TiNi and TizNiySi; crystals forms (see the inset in
Fig. 3c). The compositions of the different phases were
determined by EDS and are listed in Table 1.
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P» martensites

Fig. 2 SEM images of the rapidly solidified (a) TisoNisg, (b, ¢) TisoNigoHf,, (d) TisgNiggHfy, and (e, f) Tig7Nigy7Hfg, (g) TiseNiggHfg, (h) Tigs.

Ni45Hf]0, (l) Ti44Ni44Hf12 samples

3.2 Martensitic Transformations in Rapidly Solidified Ti-Ni-
Hf and Ti-Ni-Si Alloys

In order to investigate the MT behavior of the rapidly
solidified Ti-Ni-Hf and Ti-Ni-Si samples, low-temperature DSC
measurements were taken (Fig. 4). As shown in Fig. 4(a) for
the Ti-Ni-Hf alloys, a two-stage phase transformation can be
observed when the content of Hf is less than 4 at.%. When the
content of Hf is between 4 and 8 at.%, the two-stage phase
transformation seems to change to a one-stage process. With
the addition of 10 or 12 at.% Hf, the two-stage phase
transformation behavior becomes obvious again. In contrast,
all investigated rapidly solidified Ti-Ni-Si samples Fig. 4(b)
exhibit a two-stage phase transformation behavior even though
it becomes weak with the addition of 3 at.% Si. Generally
speaking, TiNi-based alloys experience a one-stage MT, and a
multistage phase transformation can only be observed by
adjusting alloy compositions or after special heat or mechanical
treatment (Ref 14, 16, 19, 23-25). It has been shown that the
two-stage phase transformation paths can be classified into (1)
B2 — R — B19’ in some Ti-Ni-Fe alloys or aged Ti-Ni alloys
when equiatomic TiNi is subjected to thermal cycling or cold
working, and (2) B2 — B19 — B19” in some Ti-Ni-Cu
alloys (Ref 23, 24). After aging, solution treatment, or thermal
cycling Ti-Ni-Hf alloys usually show a one-stage phase
transformation path, which can be attributed to the B2 — B19’
transformation (Ref 14, 16, 19, 25). This finding is incompat-
ible with our investigations on Ti-Ni-Hf alloys. Nagarajan et al.
have shown that nanoscale T,Ni particles prefer to precipitate
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in the TiNi intermetallic matrix for rapidly solidified equiatomic
TiNi alloys (Ref 26). Moreover, Nam et al. also found that rapid
solidification can induce a large amount of crystallographic
defects such as dislocations, which strongly depends on the
applied cooling rates (Ref 24, 27). As a result, a two-stage
phase transformation path appears in TiNi-based SMAs (Ref 6,
18). In our case, Hf possesses a similar electronic configuration
in the outer shells as Ti, i.e., has a d* configuration. Thus, it is
expected that Hf tends to substitute Ti, leading to the gradual
precipitation of (Ti,Hf),Ni crystals. As shown in Fig. 1(a) and
2, the amount of (Ti,Hf),Ni precipitates indeed gradually
increases with increasing Hf content, which can lead to
variations in chemical composition and internal stresses in the
TiNi matrix (Ref 28, 29) close to and far from (Ti,Hf),Ni
precipitates. In fact, the dendrites consisting of B2 TiNi and/or
B19” TiNi crystals display a dark region inside dendrites
(region A in Fig. 2) and a gray region at the edges of dendrites
(region B in Fig. 2) for the present Ti-Ni-Hf specimens but not
for the binary TisoNisy sample. As shown in Table 1, the
compositions of both regions, which are associated with B2
TiNi and/or B19” TiNi phases, are Ni rich and the ratio of Ti
and Ni is almost constant. However, there is still a small
compositional difference between these two regions, especially
concerning the Hf content. Previous reports have shown that
even a small compositional difference can induce a change in
the martensitic transformation (Ref 1, 4, 30). Therefore, in our
case, the variations in the chemical compositions and internal
stresses in the TiNi matrix close to and far from the Ti,Ni
precipitates could be the main reasons for the appearance of the
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Fig. 3 SEM images of the rapidly solidified (a) TisoNig9Sis, (b) Tisg sNisg 5Si3, (¢) Tisy sNig7 sHfs, and (d) Tige sNige sSi; samples (inset: local
enlarged image of eutectic structures); distribution of elements (e) Ti, (f) Ni, (g) Si in the as-quenched Tize sNigg 5Si; samples

Table 1 Compositions of different regions in the as-cast Ti-Ni-Hf and Ti-Ni-Si samples

Compositions Different regions Ti (at.%) Ni (at.%) Hf or Si (at.%) Crystalline phases
TisoNigoHf, A phase 44541 532+1 23+1.5 TiNi

B phase 449 +1 533+1 1.8+£1.5 TiNi

C phase 60.1 1 37.6+1 23+1.5 Ti,Ni
TigsNigsHf o A phase 369+1 525+1 10.6 1.5 TiNi

B phase 382+1 51.7+1 10.1£1.5 TiNi

C phase 526+1 37.8+1 9.6+1.5 Ti,Ni
Tisg 5sNigg 5Si3 A phase 49.0+1 482+1 28+1.5 TiNi

C phase 447+ 1 453+1 10.0+1.5 TiNi + TisNi,Siy
Tige.5Nige 5517 A phase 493+1 476+ 1 3.1+1.5 TiNi

C phase 45041 44.8+1 102+1.5 TiNi + TiyNi,sSi;
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two-stage phase transformation path. Only when the content of
Hf is between 4 and 8 at.%, the TiNi austenites gradually
transform into martensites, which can effectively release the
internal stresses in the TiNi matrix, resulting in the disappear-
ance and/or the fuzziness of the two-stage phase transformation
path. Such a change in the phase transformation path seems to
appear also in the present rapidly solidified Ti-Ni-Si alloys
(Fig. 4b) even though the precipitates in the matrix are
TiyNiy4Si; intermetallic compounds but not Ti,Ni phase.
However, as shown in Fig. 3(a), the dendrites consisting of
B2 TiNi and/or B19” TiNi crystals do not obviously display
both a dark region inside dendrites and a gray region at the
edges of dendrites for the present Ti-Ni-Si samples. In fact, the
gray regions mentioned for the Ti-Ni-Hf alloys appear in the
interdendritic regions (see Fig. 3d) together with dark TisNi4Si;
intermetallic compounds (Fig. 3¢) suggesting the formation of
a eutectic structure in these alloys. When the content of Si
gradually increases, this eutectic structure becomes more
obvious (Fig. 3), further corroborating the enhancement of
the variations in the chemical compositions and internal stresses
in the present Ti-Ni-Si alloys (Fig. 3e, f, and g). Hence, a two-
stage phase transformation paths also can be observed during
thermal cycling.

Usually, TiNi-based alloys undergo cyclic phase transfor-
mation between B2 structured austenite and B19” structured
martensite during service. Therefore, the stability of the phase
transformation behavior during cycling is of crucial practical
importance. As shown in Fig. 5(a), with increasing number of
thermal cycles the M, temperature decreases slightly with the
addition of a small amount of Hf and then rises with further
increasing Hf content for the rapidly solidified Ti-Ni-Hf alloys.
For the rapidly solidified Ti-Ni-Si alloys (Fig. 5b), the M
temperature also decreases upon thermal cycling when the Si
content is below 3 at.%. When the content of Si exceeds
3 at.%, the M, temperature remains almost constant. It has been
proposed that thermal cycling of SMAs can induce the
generation of a large density of dislocations and distinct
dislocation substructures (Ref 31-33). Dislocations are lattice
defects which can help to accommodate elastic stresses
associated with the formation of martensites, but they can also
act as obstacles (Ref 34, 35). Then dislocation-triggered
plasticity renders martensites difficult to form, leading to the
decrease in M temperature (Ref 31, 36). On the other hand, the
critical stress required to form stress-induced martensite
decreases due to the appearance of dislocation reactions, which
promote the MT (Ref 37, 38). When no substantial change in
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Fig. 4 Low-temperature DSC curves (heating and cooling rate 20 K/min) of the rapidly solidified (a) Ti-Ni-Hf and (b) Ti-Ni-Si alloys under

different thermal training cycles
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the microstructure occurs upon thermal cycling, then the M,
temperature can remain constant. It can be expected from our
results that the addition of micro-alloying elements such as Hf
and Si strongly affects the formation of dislocations in SMAs,
leading to a different thermal cycling dependence of the M,
temperature in equiatomic TiNi-based SMAs.

In order to clarify the role of Hf or Si addition on the M|
temperature, the phase transformation temperatures derived in
the present study together with data for reference alloys (Ref
25, 39-43) are plotted in Fig. 6. In general, it can be seen that
the transformation temperatures of the present Ti-Ni-Hf alloys
exhibit a rising trend with increasing Hf content (Fig. 6a).
However, the phase transformation temperatures of the inves-
tigated Ti-Ni-Si alloys decrease first and then increase again
(Fig. 6b). Until now, several parameters have been proposed to
evaluate the tendency and changes in the phase transformation
temperatures in SMAs based on the average concentration of
valence electrons (Ref 44, 45), among which the valence
electrons-per-atom ratio, e,/a, of ternary and quaternary alloys
is one of the most effective parameters (Ref 44, 45) which can
be calculated by the following equation:
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Fig. 5 Dependence of the M, temperature on the thermal cycles for
the rapidly solidified (a) Ti-Ni-Hf and (b) Ti-Ni-Si samples
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(Eq 1)

where £, 5, and f° are the atomic fractions of the different
elements (A, B, and C) and et e, and e are the number of
valence electrons of the different constituent elements. The
values of e,/a remain constant (= 7.5) for some SMAs, which
implies that other factors should be also considered (Ref 44,
45). The compositional dependence of the phase transforma-
tion temperatures of SMAs is suggested to be linked to the
variation of the average concentration of valence electrons
(cy) of an alloy. The ¢, value of an alloy can be calculated by
the ratio of the number of valence electrons to the total num-
ber of electrons of the alloy, ¢, = e,/e,, and is given by (Ref
44, 45):

e _ fhel +/Pe} +/Ce
e _fANA +fBNB —l—fCNC’

where N*, NB, and N¢ are the atomic numbers of the ele-
ments in the alloy, respectively. Table 2 lists the values of e,/
a and c, of the present Ti-Ni-Hf and Ti-Ni-Si alloys. It can
be seen that the phase transformation temperature shifts to
higher temperatures with decreasing values of e,/a and c¢,
when the content of Hf lies between 0 and 12 at.% or the
content of Si is between 0 and 3 at.%. It has been demon-
strated that the decrease in both e,/a and ¢, implies a de-
crease in the number of valence electrons and/or an increase
in the atomic volume of the alloy due to a higher number of
non-valence electrons (Ref 44-46), leading to a reduction in
the valence electron densities in both austenite and marten-
site. Generally speaking, a lower valence electron density re-
sults in a lower bulk and shear modulus of an alloy (Ref 46,
47). In other words, the decrease in the valence electron den-
sity of TiNi-based SMAs is expected to result in lower elastic
and shear moduli. Since the elastic moduli decrease during
cooling and reach a critical value before MT (Ref 3, 44, 45),
the critical elastic constant can be reached at higher tempera-
tures, leading to the increase in the M, temperature. However,
when the Si content exceeds 3 at.%, the phase transformation
temperature gradually increases with both increasing e,/a and
¢y, which is contrary with the observations described above.
Recently, Marchezini et al. have proven that the strategy to
evaluate the stability of an alloy with respect to MT by con-
sidering e,/a or ¢, does not account for the influence of
microstructural features such as grain sizes, secondary phases,
ordering, and defect concentration (Ref 48). In our case, the
grain sizes of both TiNi-based alloy systems are gradually re-
duced with the addition of Hf and Si. However, the M, of the
present Ti-Ni-Hf alloys do not displace a monotone change
tendency with grain size reducing, implying that the decrease
in grain size should be not responsible for it. It is worth not-
ing that when the Si content is more than 3 at.%, some Ti4.
NiySi; intermetallics start to precipitate at the interdendritic
regions as one component of the eutectic microstructure,
which could be the main reason for the increase in the phase
transformation temperature for the samples with higher Si
additions.

e A A B B C C
Do el Pl 4L

cy = (Eq 2)

3.3 Mechanical Properties of the Rapidly Solidified Ti-Ni-Hf
and Ti-Ni-Si Samples

In order to check the mechanical performance of the present
rapidly solidified Ti-Ni-Hf and Ti-Ni-Si alloys, room-temper-
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Table 2 Values of e,/a and c, of the investigated Ti-Ni-

Hf and Ti-Ni-Si sample

s, respectively

Compositions e/a Cy

TisoNisq 7 0.28

TigoNigoHf, 6.94 0.26754
TisgNiygHfy 6.88 0.25595
Tiy7Nig;Hfg 6.82 0.24515
TigeNiggHfg 6.76 0.23505
TissNigsHf o 6.7 0.22559
TiggNigHf 6.64 0.21671
Tl495N1495S]1 707 028405
TigoNigoSis 7.14 0.28814
Tisg sNisg 5Sis 7.21 0.29226
Tig7.5Nig7.5Si5 7.35 0.30061
Tige.5Nige.5S17 7.49 0.30912
TigsNiysSigo 7.7 0.32218
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Fig. 7 Compressive stress-strain curves of the rapidly solidified (a)
Ti-Ni-Hf and (b) Ti-Ni-Si samples

ature compression experiments were performed. As shown in
Fig. 7(a), the yield strength of the rapidly solidified Ti-Ni-Hf
alloys raises from 277 + 5 to 1370 £ 5 MPa while their fracture
strength and plastic strain drop from 3880+ 10 MPa and
37.5+ 1% to 2407 & 10 MPa and 6.5 £ 1% with increasing Hf
content, respectively. According to the XRD and SEM results,
the dominant phase in the rapidly solidified TiNi-based alloys
containing a low amount of Hf is B2 TiNi austenite. During
deformation, the B2 TiNi austenite gradually transforms to
martensite after experiencing the elastic region (Fig. 8a). With
increasing applied stress, a large amount of twinned martensite
appears within the B2 TiNi austenite and the compressive
deformation curves enter a first plateau (marked by the arrows
in Fig. 7a). Afterward, the twinned martensite starts to be
deformed elastically and then yields due to detwinning
(Fig. 8b). It has been demonstrated that a resolved shear stress
acts on the twin planes of the twinned martensite during
deformation and drives the twin boundary to move apart when
it reaches a critical value by the formation and movement of a
high density of dislocations (Ref 30). At the same time, a large
number of slip bands appear around the grain boundaries and
gradually develop into micro-cracks with increasing applied
stress until failure (Fig. 8c and d). However, when the content
of Hf further increases, the yield strength before the first plateau
is enhanced while the plastic strain corresponding to the first
plateau decreases due to the decrease in the ratio of austenite

Volume 27(3) March 2018—1011



Fig. 8 SEM images of the as-cast samples unloaded at different compressive strains, i.e., (a) 2.2%, (b) 11.3%, (c) 33.6%, and (d) after fracture
for the as-cast TiggNigoHf, samples; (e) 2.3%, (f) 6.8%, (g) 11.0%, and (h) after fracture for the as-cast TiysNiysHfjo samples

and martensite (Fig. 7a). Besides, brittle Ti,Ni precipitates can
also strengthen the alloys and increase the critical stress for
plastic deformation. However, when the content of Hf is higher
than 6 at.%, the dominant crystals are not TiNi austenite but
TiNi martensite, resulting in the gradual disappearance of the
first plastic plateau. Then, the plastic deformation is strongly

1012—Volume 27(3) March 2018

governed by the deformation of twinned TiNi martensite but
not by B2 TiNi crystals (Ref 3, 49). As shown in Fig. 8(e), no
obvious microstructural changes can be observed compared
with the as-quenched samples, leading to a higher yield
strength. With increasing stress, some fine slip bands start to
appear around the interfaces around and within the TiNi
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Fig. 9 SEM images of the as-cast samples unloaded at different compressive strains, i.e., (a) 1.8%, (b) 10.1%, (c) 32.1%, and (d) after fracture
for the as-cast TiggNigoSi, samples; (e) 1.3%, (f) 3.6%, (g) 5.8%, and (h) after fracture for the as-cast Tigg sNigg 5Si; samples

martensite (Fig. 8f), respectively. These microstructural
changes gradually become more and more pronounced
(Fig. 8g) and finally evolve into micro-cracks, leading to the
failure of the samples (Fig. 8h).

For the rapidly solidified Ti-Ni-Si alloys (Fig. 7b), their
yield strength decreases from 277 £5 to 173 &5 MPa and then
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gradually increases to 970420 MPa when the Si content
increases from 0 to 3 at.% and then further to 10 at.%. When
the Si content is larger than 3 at.%, the yield strength gradually
increases while both the facture strength and the plastic strain
decrease  from 3880+ 10 MPa and 375+£1% to
2467 £ 10 MPa and 5 £ 1%, respectively, when the Si content
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increases to 7 at.%. When the Si content reaches 10 at.%, the
fracture strength is 2731410 MPa and the plastic strain is
about 2%. As shown in Fig. 1 and 3, the contents of B2 TiNi
austenite and TiNi martensite gradually increase and decrease,
respectively, with increasing Si content from 0 to 3 at.%.
Therefore, the samples with less than 3 at.% exhibit some
martensitic crystals within the TiNi austenite after experiencing
the elastic region (Fig. 9a). With increasing applied stress or
strain (i.e., unloaded at a strain of 10.1%), some fine micro-
cracks and slip bands appear around the dendrites together with
a larger amount of stress-induced martensite (Fig. 9b). When
the applied stress increases to 32.1%, a large amount of slip
bands together with obvious micro-cracks (Fig. 9¢ and d) can
be found in the matrix. At the same time, macro-twinned
martensitic plates become indistinct while some micro-twinned
martensite still can be observed (Fig. 9d). However, when more
Si is introduced into the rapidly solidified TisoNisq binary alloy,
the amount of B2 TiNi austenite appears to be reduced while
the amount of TiNi martensite as well as TiyNisSi; inter-
metallics becomes larger. The TiyNisSi; intermetallic com-
pounds precipitate at the grain boundaries while the TiNi
dendrites also become finer with increasing Si content. During
deformation, a few martensitic plates still can be observed
(Fig. 9¢) just after the elastic deformation regime and the
twinned structures become gradually less prominent with
further increasing applied stress (Fig. 9f). Subsequently, some
cracks start to appear and link with each other (Fig. 9g and h),
resulting in fracture. Hence, as mentioned above, both the yield
strength and the fracture strength first decrease and then
increase when the Si content increases from 0 to 10 at.%

4. Conclusions

In this work, the microstructure, the martensitic transforma-
tion behavior, and the mechanical properties of Tisg_,/»Nisg_
2H£\, (X = O, 2, 4, 6, 8, 10, and 12 at%) and TiSOfy/ZNi507y/ZSiy
v=0,1,2 3,5 7, and 10 at.%) SMAs prepared by rapid
solidification were investigated. The results can be summarized
as follows:

1. With increasing Hf content, (Ti,Hf),Ni intermetallic com-
pounds gradually precipitate at the interdendritic regions
while the dendritic matrix is composed of B2 TiNi and
B19” TiNi phases. The amount of B2 and B19” phases
gradually decreases when the Hf content increases from
0 to 12 at.%. Minor Si additions stabilize the B2 TiNi
phase in the rapidly solidified Ti-Ni-Si alloys, but B2
TiNi crystals gradually transform into B19” TiNi marten-
sites for high Si additions. Besides, some TiyNiySi; inter-
metallic compounds and TiNi crystals gradually gather in
the interdendritic region as a eutectic structure.

2. A two-stage phase transformation path or/and a one-stage
process can be observed in the rapidly solidified Ti-Ni-Hf
and Ti-Ni-Si alloys, which can be attributed to variations
in the chemical compositions and internal stresses in the
TiNi matrix close to and far from Ti,Ni or TiyNisSi; pre-
cipitates. With increasing number of thermal cycles, the
M, temperature decreases slightly for small amounts of
Hf and then rises with further increasing Hf content for
the rapidly solidified Ti-Ni-Hf alloys. For the rapidly
solidified Ti-Ni-Si alloys, the M, temperature also de-
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creases with increasing number of thermal cycles when
the content of Si is below 3 at.%. For more than 3 at.%
Si, the M, temperature remains almost constant. Further-
more, the phase transformation temperature shifts to
higher temperatures with decreasing values of e,/a and ¢,
when the content of Hf ranges between 0 and 12 at.% or
the content of Si is between 0 and 3 at.%. However,
when the Si content exceeds 3 at.%, the phase transfor-
mation temperature gradually increases with both increas-
ing eJ/a and c¢,, which can be correlated with the
precipitation of some TizNisSi; intermetallics in the Ti-
Ni-Si alloys containing more Si.

3. The mechanical properties of the rapidly solidified
TiSO*X/ZNi507x/2fo (x = 0, 2, 4, 6, 8, 10, and 12 at%)
and Ti50_y/2Ni5()_y/zsiy (y: 1, 2, 3, 5, 7, and 10 at%)
SMAs were also investigated. The yield strength in-
creases, but the fracture strength and the plasticity de-
crease with rising Hf or Si content. The details of the
deformation behavior strongly depend on the ratio of B2
and B19” TiNi crystals as well as on the precipitation of
TipNi and TigNigSi; intermetallic compounds. During
deformation, austensites transform into twinned marten-
sites, and the twinned martensites become detwinned
with the help of a high density of dislocations while slip
bands appear at the interdendritic regions and gradually
evolve into micro-cracks. The present results show that
when the Si or Hf content is controlled well, good
mechanical properties, i.e., relatively high yield strength
and large ductility, can be achieved.
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