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Abstract The actuation response of NiTi-8Hf alloys with
low transformation temperatures was investigated. Four
alloys with Ni-rich COIIlpOSitiOIlS of Ni50V3Ti41_7Hf8, Ni51_
Ti41Hfg, N151_5Ti40'5Hf8, and Ni52Ti40Hf8 (at%) were
melted, and subjected to several aging heat treatments
between 450 and 550 °C. Transmission electron micro-
scopy revealed the presence of H-phase precipitates, which
varied in shape and size as a function of Ni content and
aging condition. When aged at 550 °C for 3 h, the lowest
Ni-containing alloy showed a preferential heterogeneous
distribution of the H-phase precipitates with elongated
lenticular shapes, while higher Ni resulted in a uniform
distribution of less elongated particles. Uniaxial constant
force thermal cycling experiments were used to reveal the
shape memory properties of each alloy. In many aged
conditions, no transformation peaks were observable in the
DSC data. This absence of peaks in the DSC is attributed to
the compounded effects of suppressed martensitic trans-
formation due to higher off-stoichiometric Ni, and the
strain fields around the precipitates that prevent transfor-
mation under stress-free cycling. However, these effects
can be overcome by undercooling or thermally cycling
under an applied stress. Thus, fully developed hysteresis
loops were observed in the thermomechanical data for all
aging conditions. The shape memory effect in compression
showed maximum recoverable transformation strains of
3.7% in the lowest Ni containing alloy, which decreased
with the addition of Ni to 1.7% in the 52Ni alloy. Inversely,
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the dimensional stability improved with added Ni, showing
nearly zero residual strain in the higher Ni-containing
alloys for stresses as high as 1 GPa.

Keywords NiTiHf - Shape memory alloy - H-phase -
Actuation

Introduction

For more than a decade, NiTiHf shape memory alloys
(SMAs) have been primarily examined for two target
applications—high temperature actuation [1], and tribology
[2-4]. The majority of the high temperature SMAs for
actuation consist of compositions with less than 50.5 at.%
Ni and 15 to 30 at.% Hf, while the NiTiHf superelastic
alloys for tribology applications are limited to small
amounts of Hf on the order of 1-3 at.% in a very Ni-rich
matrix (54-55 at.%). These two alloy categories have been
matured from laboratory-scale research to components and
devices [5-7], and are now commercially produced and
marketed. Only recently, this NiTiHf alloy family has also
been considered for medical devices [8, 9] and low tem-
perature actuation (below 0 °C) [10, 11].

In the Ti-rich and stoichiometric alloys, a steady
increase in transformation temperatures is typically
observed with the addition of Hf, where temperatures
remain mainly above 0 °C and can go as high as 622 °C
[12]. However, the Ni-rich compositions display a dip in
transformation temperatures around 5-10 at.% Hf, which
gets more severe with higher Ni contents [10, 13, 14]. This
latter category exhibits transformation temperatures in the
sub-zero range [10, 14], and displays a minima around 8
at.%. Other chemistries such as Ni-rich binary NiTi or
ternary compositions such as NiTiFe or NiTiNb also
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exhibit transformation temperatures below 0 °C, but the
temperatures continue to decrease with added Ni [15], or
Fe and Nb in the case of ternary alloys. Based on the
established properties of NiTiHf in the high temperature
range or superelastic range as described above, the mini-
mum in the NiTiHf transition temperatures can be expected
to render benefits in various low-temperature actuator
applications and, thus, warrants further investigation.

Historically, NiTiHf alloys with 8 at.% Hf content have
been studied by numerous researchers dating back several
decades, mainly focusing on Ti-rich or stoichiometric
formulations. Early reports by AbuJudom et al. [16] and
Angst et al. [12] examined Ti-rich NigoTis; Hfy (at.%)
alloys, where the 8Hf composition exhibited an austenite
peak temperature of 156 °C. Potapov et al. [17] examined
melt-spun Niyg gTisg o xHfx (at.%) using X-ray diffraction
and resistivity measurements, and reported an austenite
finish temperature of 142 °C for the 8Hf alloy. Similarly,
Dalle et al. investigated the same composition (Niggg.
Tiyp ,Hfg) produced via induction melting to make cigar
shapes [18] and twin roll casting to make strips [19]. The
actuation response of this Ti—rich Niyg gTis oHfg alloy was
first studied by Kockar et al. [20] and Simon [21] while
assessing the effect of severe plastic deformation via equal
channel angular extrusion on the thermomechanical
response. Wojcik [22] conducted work on a stoichiometric
composition of NisgTigyHfg produced using non-consum-
able vacuum arc melting. He showed the potential of
processing these alloys with useful shape memory prop-
erties. Tong et al. [23] examined TiyNis; _Hf, alloys with
Hf contents from 3 to 15 at.%, and determined transfor-
mation temperatures, which for alloys with 7 and 10 at.%
Hf exhibited austenite peak temperatures between 160 and
230 °C. Konig et al. [24] used high-throughput experi-
mentation techniques to produce Niy;TigsHfg and Nigg.
TiysHfg thin films, among others, and in their study, the
8Hf alloy showed an austenite finish temperature near
70 °C. Amin-Ahmadi et al. [9, 25] investigated a slightly
Ni-rich Niso3Tise 7 xHfx (x < 9 at.%) and reported on the
aging effects and the role of the H-phase precipitates on
mechanical stability and strength. Soares et al. [26]
reported on NisoTisoHfx (x =8, 11, 14, 17 and 20 at. %)
alloys, where the 8Hf alloy showed an austenite finish
temperature near 115 °C.

While these and other reports (summarized in Table 1)
have considered the 8Hf alloys in some capacity, the
potential of NiTi-8Hf alloys for actuation applications at
temperatures below ambient has not been explored.
Moreover, the majority of these previous studies were on
Ni-lean or stoichiometric alloys that had no potential for
precipitate strengthening. Only in recent studies of Ni-rich
NiTi-8Hf formulations [9, 25], has the role of precipitation
strengthening via the nanoscale H-phase precipitates been

explored. Hence, the current work was undertaken to
embark on examining actuation potential of precipitation
strengthened Ni-rich NiTi-8Hf low-temperature alloys.
Four Ni-rich alloys (50.3, 51, 51.5 and 52 at.% Ni) were
produced and evaluated for this purpose. The shape
memory properties were assessed using differential scan-
ning calorimetry (DSC), hardness and thermomechanical
testing, and the microstructures were evaluated using
transmission electron microscopy (TEM).

Experimental Methods

Four Ni-rich alloys with a nominal (target) composition of
Ni50'3Ti41.7Hf3, NiS]Ti4]Hf8, Ni51'5Ti40V5Hfg, and Ni52_
TiyoHfg (at.%) were produced from high purity elements.
The 51-52Ni alloys were vacuum arc melted (VAM) in a
water-cooled copper crucible under an argon atmosphere
using a non-consumable tungsten electrode (alloys desig-
nated C16-C18). For these alloys, a starting charge of 50 g
was melted, inverted and re-melted five times to ensure
complete mixing. The resulting buttons were then
homogenized in vacuum at 1050 °C for 24 h and gas
quenched. The 50.3Ni alloy was vacuum induction melted
(VIM) in a graphite crucible with a starting weight of
approximately 600 g. The molten metal was cast into a
25.4 mm diameter ingot, which was vacuum homogenized
at 1050 °C for 72 h and furnace cooled. The ingot was then
extruded at 900 °C with an area reduction ratio of 7:1
(alloy designated E266).

Cylindrical test specimens from the extruded rod and
buttons were fabricated using wire electrical discharge
machining, followed by centerless grinding to the desired
final diameters. Heat treatments were performed in a tube
furnace with flowing argon using various temperatures and
times as shown in Table 2. During these aging heat treat-
ments, specimens were double wrapped in tantalum foil to
limit oxidation. For brevity, heat treatments will be denoted
using a short hand notation of temperature, time and
cooling method (e.g., 550 °C/3 h/AC, refers to a sample
heat treated at 550 °C for 3 h and air cooled), with the
exception of two-step heat treat #4 (300 °C/12 h/AC +
550 °C/0.5 h/AC), which will be designated as 550 °C/
0.5 h/AC in the following sections.

Differential scanning calorimetry (DSC) samples con-
sisted of 5 mm diameter disks which were 1 mm thick.
Measurements were performed using a TA Instruments
Q1000 with a heating/cooling rate of 10 °C/min. Each
specimen was cycled multiple times between — 150 and
110 °C. Hardness measurements were conducted on
mechanically polished 5 mm diameter samples using a
Struers DuraScan automated Vickers microhardness tester
with 1 kgf load applied for 13 s.
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Table 1 Summary of NiTi-8Hf (at.%) alloys investigated. It is noted that this table represents the majority of prior work, but may not be
inclusive of all works not found

Year Authors Reference # Composition (at.%) As (°C) Af (°C) Ms (°C) Mf (°C)
1992 AbuJudom et al.* [16] NiyoTigzHfg - 156 86 -
1994 Tuominen Niyg oTi4r Hfg - - -
1995 Angst et al. [12] NiyoTigzHfg - 162 87 -
1997 Potapov et al. [17] Niyg gTiyn ,Hfg 111 142 69 50
2002 Dalle et al.** [18] Niyg gTiyp ,Hfg 111 141 74 49
2003 Dalle et al.*** [19] Niyg gTiyn ,Hfg 112 145 76 52
2006 Kockar et al. [20] Niyg gTiyn ,Hfg 122 164 94 70
2006 Simon [21] Niyg gTigr ,Hfg 118 157 90 65
2009 Wojcik [22] NisoTi4oHfg 94 138 72 43
2011 Konig et al. [24] Nigy_48Tigs.44Hfg range
2015 Frenzel et al. [15] Nigo gTign o Hfg 145 175 111 83
2018 Amin-Ahmadi [9] Nis 3Tiy; 7Hfg 1 13 -65 =73
et al.
2019 Soares et al. [26] NisoTigHfg 55 115 46 6
2019 Benafan et al. [10] Nisy_50Tigq-40Hfg - - - (-139 to -95)
2020 Mills et al. [4] Nis.3-56T141.7-36Hfg - - - -
2021 Benafan et al. This work Niso3-50Ti41 7.40Hfg range

*Ap and Mp values: refer to original work for more details
**30th cycle: refer to original work for more details
" Average value: refer to original work for more details

Table 2 Heat treatment temperatures and times used in this work

Heat treatment

NiSO,STi4 1 ,7Hf8

Ni5 1Ti41Hf3 (at%) Ni51A5Ti40A5Hf8 NiszTi40Hf8 (at%)

(at.%) (at.%)
HT1 1050 °C/24-72 h/GQ X X X
HT2 450 °C/10 h/AC X X X
HT3 500 °C/5 h/AC X X X x
HT4 300 °C/12 h/AC + 550 °C/0.5 h/ X X X
AC
HTS 550 °C/1 h/AC X X X
HT6 550 °C/3 h/AC X X X

GQ = Gas quenched, AC = Air cooled

Transmission electron microscopy (TEM) specimens
consisted of 3 mm diameter disks that were mechanically
ground to ~ 130 pm thickness, and then electro-polished
using a solution of 20% H,SO, and 80% methanol (by
volume) cooled to — 5 °C in a Struers Tenupol-5 twin-jet
electropolisher. TEM images and diffraction patterns were
collected at room temperature using a double tilt holder in
a FEI Talos F200S STEM/TEM microscope operating at
200 kV.

Uniaxial constant force thermal cycling (UCFTC)
experiments were conducted in an MTS 810 servo-hy-
draulic load frame. Specimens, of 5 mm diameter and
10 mm long, were thermally cycled between lower and
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upper cycle temperatures of — 65 and 150 °C at constant
stresses from O to — 1300 MPa in compression. Cooling
was accomplished using a liquid nitrogen assisted refrig-
erated environmental chamber for achieving a constant
ambient temperature of near — 70 °C, while heating was
accomplished using an induction heater with coils placed
inside the chamber around the hot grips and platens. Strains
were measured using an MTS contact extensometer with
alumina extension rods. Thermomechanical tests were
performed in series, with the sample loaded to a given
stress, followed by two thermomechanical cycles. Then the
load was increased to the next level and the sample ther-
mally cycled again. Data from the second
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thermomechanical cycle at each stress level were used to
calculate the reported shape memory properties.

Results

Figure 1 shows a collection of DSC curves for the four
NiTi-8Hf compositions after various heat treatments at
different times and temperatures. For clarity, only the
second DSC cycle is shown for each sample. In the
homogenized condition (1050 °C/24 h/GQ), no transfor-
mation peaks were observed in any composition over the
temperature range used (limited to — 150 °C on cooling).
After aging, distinct martensitic transformation peaks
appeared in some conditions, but were still absent in others.
In the 50.3Ni alloy (Fig. 1a), aging at the lowest temper-
ature of 450 °C/10 h prompted a very broad peak on
heating, and an even broader and nearly undiscernible peak
on cooling as shown in the inset of Fig. la. Raising the
aging temperature to 500 °C/5 h promoted sharp and dis-
tinct transformation peaks on both heating and cooling.
Aging at 550 °C for 1 and 3 h resulted in relatively broader
peaks compared to the 500 °C aging but occurring at lower
temperatures.
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In the 5INi alloy (Fig. Ib), no DSC peaks were
observed, with the only exception being the sample aged at
550 °C/3 h. For this condition, the transformation peaks
exhibited an asymmetric enthalpy reaction where the peak
on heating was sharper than the peak on cooling, and dis-
played a very wide hysteresis of > 100 °C. The 51.5Ni
alloy (Fig. 1c) exhibited clear transformation peaks when
aged at 450 °C/10 h and 500 °C/5 h, with lower tempera-
ture peaks for the latter heat treatment. A very small and
uncharacteristic peak was also observed in the 550 °C/3 h
aged sample, but only on heating, as shown by the inset of
Fig. 1c. This peak was found to be reproducible with
cycling suggesting that a small amount of martensite might
be forming on cooling, but with a very small and broad
peak that cannot be easily identified. Finally, the 52Ni alloy
(Fig. 1d) showed transformation peaks in all five aging
conditions, with transformation temperatures decreasing as
aging temperatures increased, and for the 550 °C aging
conditions, transformation temperatures increased with
increasing aging time.

Figure 2 displays a summary of the transformation
temperatures taken from the second cycle DSC scans as a
function of Ni content for the austenite start (A;), austenite
finish (Ap) martensite start (M), and martensite finish (My)
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Fig. 1 Differential scanning calorimetry (DSC) measurements for different heat treatments corresponding to a Nisg 3Tis; 7Hfg, b Nis;Tiy Hfg,
¢ Nis; 5Tis05Hfg, and d Nis,TigoHfg (at.%) alloy. Only the second thermal cycle is shown
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Fig. 2 Characteristic transformation temperatures a austenite start (A,), b austenite finish (4,), ¢ martensite start (M), and d martensite finish
(Mp) as a function of Ni content, corresponding to the second thermal cycle of the DSC data

temperatures. In addition to the pointwise data, fit lines
were overlaid to help with data visualization and trends.
For a given aging treatment, the general trend is that the
transformation temperatures decrease with added Ni, reach
a minimum between 51 and 51.5 at.% Ni, and then increase
again at 52 at.% Ni. Overall, transformation temperatures
decreased with increasing aging temperature (i.e., inverse
relationship), such that the highest transformation temper-
atures were obtained after aging at 450 °C/10 h. However,
for a given Ni content, it was observed that at the 550 °C
aging temperature, the transformation temperatures
increased with aging time (i.e., direct relationship), such
that the lowest values were obtained after aging at 550 °C/
0.5 h. The exception to this trend was the 50.3Ni alloy,
which showed an A; in the 450 °C/10 h condition lower
than that for the 550 °C/1 h condition (Fig. 2a). Conse-
quently, a wide range in transformation temperatures could
be developed in a single composition using the various heat
treatments, e.g. in the 50.3Ni alloy, M, (Fig. 2¢) varied
from — 97 to — 24 °C, a change of 73 °C. It should be
noted that in this alloy, the measured M, temperature of —
65 °C in the 550 °C/3 h aging condition agrees well with
the one obtained by the DSC study reported earlier in [25].

Vickers microhardness as a function of heat treatment is
shown in Fig. 3. Each alloy was indented ten times at
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different locations and the mean, standard deviation, min-
imum and maximum values are reported in a boxplot for-
mat. When comparing the data across the Ni content, the
lowest hardness values were recorded in the 50.3Ni alloy
(Fig. 3a), while the highest values are observed for the
51.5Ni and 52Ni alloys (Fig. 3c-d). This is somewhat
expected given that added Ni in solution and any ensuing
second phase precipitates play a role in increasing the
strength of the material. The effects of specific heat treat-
ments are also apparent from these plots. The highest
Vickers hardness number (VHN) in the 50.3Ni alloy
(Fig. 3a) occurred after aging at 450 °C/10 h (HT2), with a
mean of 373, followed by a drop in hardness when aged at
higher temperatures. These values are lower than the pre-
viously reported values for the same alloy composition [4],
but the difference may be attributed to solutionizing or the
additional pre-aging heat treatment performed in [4] that
may have raised the hardness. The 51Ni alloy (Fig. 3b)
showed an increase in hardness from the homogenized
condition (HT1) with the highest value obtained after aging
at 450 °C/10 h (HT2), with a hardness of 534 VHN. Other
aging treatments resulted in a slight decrease or similar
values in some cases, when considering the data spread.
Alloy 51.5Ni (Fig. 3c) exhibited the highest hardness in the
homogenized condition (HT1) with a value of 584 VHN,
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Fig. 3 Vickers microhardness as a function of heat treatments corresponding to a Nisg3Tiq; ;Hfg, b Nis;Tig Hfg, ¢ Nis; sTigsHfg, and

d NiszTi40Hfg (at%) allOy

followed by a slight decrease with aging. Finally, alloy
52Ni (Fig. 3d) also exhibited its highest value in the
homogenized condition (HT1) with a mean hardness of 560
VHN that remained relatively unchanged by the subse-
quent aging conditions. For comparison purposes, these
latter values are lower than previously reported values [4]
of around 712 VHN on a similar alloy since their starting
condition, aging temperatures and times, and potentially
quench rates were different.

Figure 4 shows a series of TEM micrographs taken at
room temperature for the 51Ni alloy. In the homogenized
condition (Fig. 4a), the alloy consisted of single B2
austenite phase with a small amount of a secondary pre-
cipitate phase observed only near structural features. These
precipitates are believed to have formed during cooling
from 1050 °C, particularly at high-energy sites such as
low-angle and sub-grain boundaries (shown in Fig. 4a),
dislocations, or imperfections in grain boundaries, where
atoms diffuse more rapidly. This precipitate phase was
identified as the orthorhombic H-phase [27] via its char-
acteristic 1/3, 2/3 < 110 > g, extra spots (marked by
arrows) ina < 111 > g, zone axis selected area diffraction
pattern (SADP) shown in the inset of Fig. 4a. Aging at

450 °C/10 h (Fig. 4b) produced a high density of lenticular
H-phase precipitates with a very fine and uniform distri-
bution throughout the B2 matrix. The average precipitate
size in this condition was estimated to be 12 nm. Aging at
higher temperatures for different times resulted in similar
microstructures, but with coarser H-phase precipitates
reaching an approximate size of 25 nm for 550 °C/3 h heat
treatment. This coarsening of the H-phase precipitates is
clearly visible from 450 °C/10 h (Fig. 4b) to 550 °C/3 h
heat treatment (Fig. 4f).

Figure 5 is a comparison of the TEM microstructures for
all the alloys aged at 550 °C/3 h. This aging heat treatment
was selected based on previous studies on similar alloys
that provided the best overall shape memory properties.
The presented micrographs are shown in multiple magni-
fications to better visualize the microstructures and the
precipitate morphology, and to aid in comparison between
the various compositions. In the 50.3Ni alloy (Fig. Sal—
a3), the low magnification images show a heterogeneous
nucleation of the H-phase precipitates around dislocation
structures, subgrain boundaries and intermittently within
the grains. In this slightly Ni-rich composition, there is not
enough driving force to nucleate the H-phase uniformly,
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1050°C/24h/GQ

ZA.<}11>,B2

L——115001e ) 2

Fig. 4 Room temperature TEM micrographs for the Nis;TisiHfg
alloy in different heat treatment conditions. a 1050 °C/24 h/GQ,
b 450 °C/10 h/AC, ¢ 500 °C/5 h/AC, d 550 °C/0.5 h/AC, e 550 °C/
1 h/AC, and f 550 °C/3 h/AC. Inset of (a) represents a selected area

but rather only at energetically or chemically favored sites
within the microstructure. This microstructure is consistent
with similar low Hf-containing alloys aged at comparable
temperatures and times [9]. The high magnification images
show the overall shape of the H-phase precipitates within a
grain having a lenticular (spindle-like) shape with an
average size of 76 nm in the long direction and an aspect
ratio of approximately 4.

The 51Ni alloy (Fig. 5Sb1-b3) formed a different
microstructure after aging. Unlike the heterogeneous pre-
cipitation in the 50.3Ni alloy, the added Ni promoted
homogeneous and uniform precipitation throughout the
matrix. A higher volume fraction is observed with an
average H-phase precipitate size of 25 nm. The higher Ni
level in the 51.5Ni (Fig. 5c1-c3) and the 52Ni (Fig. 5d1-
d3) resulted in similar homogeneous microstructures, with
an increased average H-phase precipitate size of 40 and
68 nm, respectively. It is noted that the precipitate shape
remained spindle-like but the aspect ratio decreased from 4
in the 50.3Ni to approximately 2 to 3 in the 51-52Ni, due to
changes in the interfacial and elastic energies, which drive
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450°C/10h/AC

500°C/Sh/AC

diffraction pattern confirming the H-phase precipitates as indicated by
the 1/3, 2/3 < 110 > B2 extra spots (arrows) in the < 111 > B2 zone
axis. Precipitate average size (long dimension) are indicated on the
top-right corner of the images

the particle shapes and the ensuing particle growth and
coarsening.

Uniaxial constant force thermal cycling results for the
four Ni compositions are shown in Fig. 6 through Fig. 9 for
the different aging conditions. The strain-temperature data
correspond to the 2™ thermal cycle at each stress level in
compression, and it is provided to better visualize the
macroscopic actuation response and the associated shape
memory properties. In the 50.3Ni alloy (Fig. 6), a negli-
gible response was obtained at 0 MPa, then the typical
hysteresis loops developed at 100 MPa and higher stresses.
Although aging at 450 °C/10 h resulted in very broad and
nearly unmeasurable DSC peaks, the hysteresis shape of
the thermomechanical response is clearly developed due to
the applied stress. Similar observations are made for the
51Ni alloy (Fig. 7) where no DSC peaks were observed in
most aging conditions. In the 51Ni alloy, however, higher
stresses of greater than 200 MPa were required to produce
a strain response for some aging conditions. The 51.5Ni
(Fig. 8) and 52Ni (Fig. 9) alloys exhibited similar behavior
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Fig. 5 Representative TEM
micrographs of samples aged at
550 °C/3 b/AC with different
magnifications.

a Nisg 3Tia; 7Hfg, b Nis; Tig Hf,
C Ni51'5Ti40'5Hf8, and

d Ni52Ti40Hf3 (at%) alloy.
Precipitate average size (long
dimension) are indicated on the
top-right corner of the high
magnifications images

1000 nm
—

Nis; Tiy, Hfg Nisg 3Tiyy 7Hfg

I\'i51.sffi40.5Hfs

Nisg, TigoHfs

irrespective of the presence or lack of DSC peaks in some
aging conditions.

A summary of the transformation temperatures as a
function of applied stress for the different alloys is shown
in Fig. 10 through Fig. 13 for the various aging conditions.
In the 50.3Ni alloy (Fig. 10), all temperatures increased
linearly with increasing stress up to 800 MPa, above which
the temperatures nearly leveled out, with the exception of
A which kept on increasing with stress. For comparison
with other alloys, 550 °C/3 h aging condition was chosen
and the initial linear slope for the A; was measured to be
0.13 °C/MPa in this alloy. The effect of aging followed a

200 nm

100 nm
—

Size & 76nm

comparable trend to that observed in the DSC data where
the highest transformation temperatures were obtained
when aging was conducted at 500 °C/5 h. Although hys-
teresis loops for the 0 MPa stress case (or minimum stress
of < 2 MPa to maintain contact between the platens and
sample) were not visible in the thermomechanical data (no
strain was measured), direct comparison with DSC is not
entirely practical, given all DSC measurements are per-
formed at zero applied stress. Moreover, the DSC curve
corresponding to the 450 °C/10 h sample was very broad
which makes interpretation of the characteristic tempera-
tures somewhat challenging. For these reasons, the strain-
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Fig. 6 Compressive constant
force thermal cycling responses

Nisg3 | 450°C/100AC
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ob oMRa
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b 500 °C/5 h/AC, ¢ 550 °C/1 h/ - 15[
AC, and d 550 °C/3 h/AC. Only -2f K

-200 Mpd
the second cycle from some
stress levels is shown
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temperature data presented in Fig. 6 provide a better rela-
tionship between aging and the resulting transformation
temperatures.

With added Ni, the transformation temperatures in the
51Ni alloy (Fig. 11) decreased compared to the 50.3Ni
alloy, in agreement with the DSC data. Additionally, the
temperature-stress sensitivity for all temperatures exhibited
a linear relationship even at stresses as high as 1300 MPa,
with a slope of 0.085 °C/MPa, measured at A, in the
550 °C/3 h aged condition, compared to 0.13 °C/MPa for
the 50.3Ni alloy. The highest temperatures in this alloy
were obtained after aging at 550 °C/3 h, whereas the
lowest temperatures were obtained at longer aging times of
450 °C/10 h, which did not follow the order observed in
the 50.3Ni alloy.

The 51.5Ni (Fig. 12) and the 52Ni alloys (Fig. 13)
exhibited an aging trend more analogous to their DSC data.
Lower aging temperatures resulted in higher transforma-
tion temperatures, and for a given aging temperature,
longer aging times also resulted in higher transformation
temperatures. Similar to the 51Ni alloy, the temperature-
stress sensitivity exhibited a linear relationship for all
temperatures with measured slopes of the A; in the 550°C/
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3 h aging condition of 0.074 and 0.064 °C/MPa for the
51.5Ni and 52Ni alloys, respectively. This trend suggests
that increasing the Ni content decreases the temperature-
stress sensitivity in these alloys.

The thermal hysteresis, measured as (A; -My), as a
function of applied stress is shown in Fig. 14 for all alloys.
In the 50.3Ni alloy (Fig. 14a), the hysteresis varied with
the different aging conditions, showing a decrease and then
increase in the 450 °C/10 h and 500 °C/5 h aging treat-
ments when evaluated from 0 to 1300 MPa. Referring back
to the strain-temperature data of Fig. 6, it is clearly
observed that the shape of the hysteresis loop changes with
increasing stress. The slopes corresponding to the forward
transformation (M, to M,) and the reverse transformation
(A; to Ap) are parallel and nearly vertical at low stresses,
then become flatter at higher stresses, requiring a much
higher temperature differential to complete the transfor-
mation. For example, the hysteresis in the 450 °C/10 h
aged 50.3Ni alloy starts at 39 °C at 100 MPa, reaches a
minimum of 32 °C at — 600 MPa, and then increases to
43 °C at 1300 MPa. The hysteresis for the 550 °C condi-
tions behaved similarly, but were ~ 25 °C higher overall
than that for the 450 °C and 500 °C conditions, exhibited
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Fig. 7 Compressive constant force thermal cycling responses for the Nis; Ti4 Hfg alloy aged at a 450 °C/10 h/AC, b 500 °C/5 h/AC, ¢ 550 °C/
0.5 h/AC, d 550 °C/1 h/AC, and e 550 °C/3 h/AC. Only the second cycle from some stress levels is shown

minimum values between 800 and 900 MPa, and increased
at higher stresses.

A different hysteresis behavior is found in the 51Ni
alloy as shown in Fig. 14b. The hysteresis decreases with
added stress, with minimal effect from aging, having only
about 10 °C difference from one aging treatment to
another. The average hysteresis starts at 35 °C at 200 MPa
then decreases to 13 °C at 1300 MPa. This behavior has
been reported in similar alloys [28, 29], and is common in
Ni-rich compositions. Similar behavior can also be
observed in the hysteresis for the 51.5Ni (Fig. 14c) and the
52Ni (Fig. 14d) alloys.

The transformation strains as a function of applied stress
are shown in Fig. 15 for all alloy compositions. The
highest strains were obtained in the 50.3Ni alloy (Fig. 15a)
with a maximum value of 3.7% at an applied stress of
500 MPa after aging at 550 °C/1 h. Other aging conditions
such as the 450 °C/10 h and 500 °C/5 h exhibited slightly
lower strains overall, but the maximum transformation
strain for these conditions occurred at higher stresses of
700 MPa. Nonetheless, in all aging conditions, the trans-
formation strain gradually decreased to ~ 1.5% at
1300 MPa after reaching their respective maximum value.

The additional Ni in the 51Ni alloy (Fig. 15b) resulted in a
different behavior as a function of stress. Unlike the 50.3Ni
alloy, strain did not peak at an intermediate stress level, but
rather gradually increased with stress in all aging condi-
tions and asymptotically approached the highest strain of
3.1% at 1000 MPa in the 550 °C/3 h aged condition. Thus,
while the maximum transformation strain was lower in the
51Ni, the alloy had significantly higher transformation
strain capability at the higher stress levels. Similar obser-
vations were made for the 51.5Ni (Fig. 15¢) and the 52Ni
(Fig. 15d) alloys—noting that the overall strain magnitude
decreased with added Ni, reaching a maximum of 2.3 and
1.7% in the 51.5Ni and 52Ni alloys, respectively. It is
interesting to note that for the 52Ni alloy, the transforma-
tion strains at each applied stress level were almost the
same, independent of the aging condition.

For a measure of dimensional stability, the residual
strains in martensite are plotted as a function of applied
stress in Fig. 16. In the 50.3Ni alloy, strain response is
most stable after aging at 450 °C/10 h and 500 °C/5 h,
which show nearly no residual strain up to 600 MPa. Then
strains accumulate gradually with increased stress reaching
near 0.5% at 1300 MPa. On the other hand, the other two
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Fig. 8 Compressive constant force thermal cycling responses for the Nis; sTisosHfg alloy aged at a 450 °C/10 h/AC, b 500 °C/5 h/AC,
¢ 550 °C/0.5 h/AC, d 550 °C/1 h/AC, and e 550 °C/3 h/AC. Only the second cycle from some stress levels is shown

aging conditions (550 °C/1 h and 550 °C/3 h) exhibited a
gradual increase in residual strains until leveling out at
around 0.25% at maximum stress. The other three alloys
shown in Fig. 16a—c exhibited a different, much more
stable behavior with little to no residual strains up to
stresses of 1000 MPa, followed by a small residual strain
development of less than 0.25% at 1300 MPa in all cases.

Discussion

Similar to the Ni-rich NiTi alloys, shape memory and
functional properties of the studied Ni-rich NiTi-8Hf alloys
are shown to be influenced by the Ni content. Increasing
levels of Ni lead to lowering and/or suppression of trans-
formation temperatures, provide a potential for solid
solution strengthening, and are the antecedent to the
chemical driving force for precipitation. Furthermore, low
amounts of Hf in Ni-rich NiTiHf alloys also lead to lower
transformation temperatures [10, 13, 14], while the addi-
tion of Hf overall contributes to the driving force for pre-
cipitation and promotes the precipitation of H-phase
instead of the NiyTi; seen in binary NiTi. The results
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presented above are affected by one or a combination of
these effects as discussed next.

The absence of enthalpy peaks in the DSC response
under some aging conditions (Fig. 1) is frequently indica-
tive of a lack of martensitic transformation. Such behavior
has been commonly observed in cold worked alloys
[30, 31] where deformed martensite along with processing-
induced dislocations and point defects result in a broad
transformation that is not detectable by the usual DSC
peaks. Strain glass alloys [32, 33] have also been reported
to have diminished DSC peaks due to disruption of the
long-range strain ordering of the martensitic transforma-
tion, resulting in martensite nano-domains with a glass
transition. This has been reported in NiTi-based alloys [34]
and other material systems [35]. However, in the current
work, cold working effects or strain glass phenomena are
not the cases observed here. The non-manifestation of DSC
peaks in some heat treatment conditions is associated with
chemical effects, and potentially internal strain effects due
to the precipitates [36]. The lack of perceptible forward and
reverse martensitic transformations in the DSC experi-
ments is mostly associated with suppressed transformation
temperatures due to Ni staying in solution, thus requiring
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Fig. 9 Compressive constant force thermal cycling responses for the Nis,TiyoHfg alloy aged at a 450 °C/10 h/AC, b 500 °C/5 h/AC, ¢ 550 °C/
0.5 h/AC, d 550 °C/1 h/AC, and e 550 °C/3 h/AC. Only the 2nd cycle from some stress levels is shown

further undercooling for the transformation to occur. This
is the case for the homogenized heat treatment (1050 °C/
24 h/GQ) for the 51-52Ni alloys. The low-temperature
limit of — 150 °C for the DSC instrument used was not
sufficiently low to promote a full phase transformation.
Hence, no peaks were observed in the DSC in the
homogenized condition as the transformation takes place in
a much lower temperature range unattainable by the DSC
instrument.

With aging heat treatments, the precipitation effects take
place and manifest in several ways. The H-phase precipi-
tates nucleate and grow, as revealed by the TEM micro-
graphs of Figs. 4 and 5. Generally, these precipitates result
in transformation temperature shifts due to change in the
chemical composition of the transforming matrix. The
H-phase precipitates are Ni and Hf rich, and as the pre-
cipitation occurs, they consume Ni from the matrix and
decrease the overall matrix Ni content, thus raising the
transformation temperatures. This effect is clearly seen in
Fig. 1 by the appearance/shift of DSC peaks to higher
temperatures after aging, ultimately substantiating the
occurrence of martensitic transformation. This is further
corroborated by the fully developed hysteresis loops of

Figs. 6-9, even for cases where the DSC curves showed
very broad and hardly discernable peaks (e.g., the 450 °C/
10 h aging condition of Fig. 1a). However, there are cases
where even after aging no peaks were developed in the
DSC. For example, the 51Ni alloy (Fig. 1b) showed only
one heat treatment condition (550 °C/3 h) with clear peaks
indicative of the martensitic transformation. The martensite
peak for this aging condition occurred at a low value of —
120 °C. It is possible that for other aging conditions this
peak occurs at temperatures even lower than this and was
not detected due to the lower limit of the instrument (—
150 °C). Thus, the material remained austenitic throughout
the DSC temperature range used. This plausible trend is
reflected in the thermomechanical data of Fig. 7 and
Fig. 11 where the maximum transformation temperatures
were obtained for the 550 °C/3 h aging condition, and all
the other aging conditions showed a lower value. The
reason for such low values of transformation temperatures
is the compounded effect of high Ni concentration in the
aged matrix and critical size, interparticle spacing and
volume fraction of the H-phase precipitates that were
observed in all aging conditions (Fig. 4). Particularly, the
strain fields created by the H-phase precipitates can inhibit
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Fig. 10 Nis 3Tis; 7Hfg transformation temperatures as a function of applied stress corresponding to the second thermal cycle from the constant
force thermal data. a Austenite start (A,), b austenite finish (Ay), ¢ martensite start (M,), and d martensite finish (M)
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the martensite from nucleating [25, 36—38] until a sufficient
undercooling or stress is applied (Fig. 7). This com-
pounded effect agrees with the aging study of Ni-rich NiTi
single crystals with NiyTi; precipitates [39], and warrants
further investigation to isolate the two effects.

The 51.5Ni alloy exhibited DSC peaks at the two lower
aging temperatures and none for the 550 °C heat treat-
ments. This depression of martensitic transformation at low
aging times or higher aging temperatures has also been
reported earlier in similar alloy families [36, 37]. Again,
once a load was applied (Fig. 8), the combined effects of
shifting the transformation temperatures and the stabiliza-
tion of martensite from the applied load resulted in full
hysteresis loops.

The role of the H-phase precipitates in strengthening is
also manifested in the hardness data of Fig. 3. In the 50.3Ni
low Ni content alloy, precipitation strengthening is not
effective since heterogeneous nucleation and a low density
of intragranular H-phase precipitates occur with aging
(Fig. 5al). This type of precipitate distribution results in
lower hardness which gets worse with aging at higher
temperatures (Fig. 3a) where coarsening of precipitates and
increase in the interparticle distance become less effective
for precipitate hardening. On the other hand, the 51Ni alloy
(Fig. 3b) exhibited a more typical precipitate hardening
behavior. The lowest hardness was obtained in the

homogenized condition (nearly no precipitates), followed
by rapid and apparent increase with aging due to the
nucleation of a high density of the H-phase precipitates
which grew with aging to an appropriate size for optimum
precipitate strengthening. Referring back to the TEM
microstructures in Fig. 4, there is only slight growth and
coarsening of the H-phase with higher aging time/temper-
ature, leading to near uniform hardness, with only a small
softening at the last aging condition. Clearly, as shown by
Figs. 3 and 5, uniform precipitation of the H-phase through
heat treatment requires an optimum (or minimum) (Ni +
Hf) content, which is satisfied by increasing the Ni from
50.3 to 51 at.%. Logically, this is reasonable and has been
observed in several other studies. Amin-Ahmadi et al. [9]
reported heterogeneous nucleation of the H-phase precipi-
tates in a 50.3Ni alloy with 6 and 8.5 Hf content (similar to
the current work), which then transitioned to a homoge-
neous precipitation by increasing the Hf content to 9 at.%.
In our work, the same effect is observed by adding more Ni
rather than more Hf. Other alloys with a much higher Ni
content were also studied by Hornbuckle et al. [40],
showing the effect of dilute solute additions of Hf on the
formation of the H-phase. In this work, adding more Ni
promoted the uniform precipitation, which resulted in
increased hardness. Adding even more Ni, as in 51.5Ni and
52Ni alloys, resulted in a near constant hardness (Fig. 3).
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This is attributed to solution strengthening and precipitate
hardening by dense uniform nm-size H-phase even in the
as-homogenized condition, with no significant change in
hardness with different aging heat-treatments.

The thermomechanical responses present a consistent
trend with the above observations. First, the transformation
strains decreased with the added Ni (Fig. 15) due to aging
induced formation of non-transforming H-phase precipi-
tates, resulting in reduced overall transforming volume
(martensite to austenite) that contributes to strain genera-
tion (see Fig. 5). As a result, the maximum transformation
strains decreased by nearly 46% (strains decreased from
3.7 to 1.7%) by increasing the Ni content from 50.3 to 52
at.%. Second, the effect of aging heat treatments is more
pronounced for the lower Ni-containing alloys. Clearly,
both the 50.3Ni and the 51Ni alloys exhibited a range of
transformation strains depending on the aging conditions.
Commensurate with the hardness data, microstructural
changes that occur with aging in these two alloys alter the
phase fraction (matrix versus precipitates), precipitate size,
and precipitate spacing, which are reflected in the hard-
ening and softening behavior. On the other hand, for the
51.5Ni and 52Ni alloys, the effect of aging heat treatment
on transformation strain is diminished (Fig. 15c¢, d), likely
due to the H-phase fraction reaching a saturation point,
which agrees with the high hardness and limited change in
hardness with aging conditions (Fig. 3c, d).

Precipitation strengthening also play an important role
on stabilizing the actuation response. It is known that the
nanometer sized H-phase precipitates act as a barrier to
dislocation motion, resulting in stronger and more
stable alloys [9]. The 50.3Ni alloy, with ineffective pre-
cipitate strengthening (Fig. 5al-a3), exhibits maximum
transformation strains at stress levels around 500 MPa
followed by a transformation strain decrease at higher
stresses (Fig. 15). Such trend is typical in alloys with no or
insufficient strengthening mechanisms, where irreversible
mechanisms such as dislocation generation and retained
martensite take over at higher stresses at the expense of
reversible phase transformation. This is further illustrated
in Fig. 16a which shows a rapid accumulation of residual
strains past a critical stress of 500—-600 MPa. In the higher
Ni counterparts, the solid solution and precipitation
strengthening is enough to delay irrecoverable mechanisms
even at high stresses. Thus, there is nearly zero residual
strain up to 1000 MPa as shown in Fig. 16b—d, followed by
some residual strain development at 1300 MPa, but it never
reaches the high magnitudes that were obtained in the
50.3Ni. This strengthening results in transformation strains
that do not reach a maximum and then decrease due to the
activation of irrecoverable mechanisms, but rather increase
gradually with added stress as the stress produces addi-
tional favorable martensite orientation.

@ Springer

Finally, we note that the above mechanisms and trends
also translate to the hysteresis behavior. Thermal hysteresis
is shown to generally remain constant or increase with
added stress in the 50.3Ni alloy but decreases significantly
with stress in the higher Ni alloys (Fig. 14). This is com-
monly seen in similar alloys [28, 29], where Ni-lean or
stoichiometric alloys exhibit wider hysteresis with
increasing stress commensurate with buildup of residual
strains, while the relatively Ni richer alloys tend to exhibit
a narrower hysteresis with added stress.

Concluding Remarks

A set of NiTi-8Hf (at.%) alloys with varying Ni content
were evaluated for their shape memory properties. Four
alloys with a Ni content of 50.3, 51, 51.5 and 52 at.% were
produced and their thermomechanical behavior was
assessed using uniaxial constant force thermal cycling
(UCFTC) in compression and differential scanning
calorimetry (DSC), while microstructures were evaluated
using transmission electron microscopy (TEM). The fol-
lowing conclusions can be made:

e Aging NiTi-8Hf alloys at temperatures between 450
and 550 °C produced nano-sized H-phase precipitates.
These precipitates varied in size ranging from 12 to
76 nm depending on the Ni content and aging condi-
tions. A threshold Ni + Hf content was required to
transition from a heterogeneous nucleation of the
H-phase precipitates (e.g., in the 50.3Ni alloy) to a
more uniform and homogeneous distribution (e.g., in
the 51-52Ni alloys).

e DSC measurements were used as an initial procedure to
detect the martensitic transformation. However, some
alloy conditions did not show any enthalpy peaks in
DSC, but full hysteresis loops were present when the
alloys were tested under applied loads. In these
conditions, the effect of Ni-concentration in the aged
matrix, the precipitates size and volume fraction, and
the Ni/Ti ratios were responsible for suppressing the
martensitic transformation. The suppressed transforma-
tion was revealed by the application of a load during
thermal cycling and could possibly be revealed by
going to lower temperatures during cycling in the DSC.

e Thermomechanical responses show that (50.3-52Ni)-
Ti-8Hf alloy can be tailored to produce promising low
temperature actuation strains of as high as 3.7% at
500 MPa in compression. When thermal cycling under
load, dimensional stability was largely affected by the
H-phase precipitates, showing large accumulation of
residual strains in the alloy with heterogeneously
formed  precipitates, while  exhibiting  very
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stable response in alloys with a high density of fine and
homogenous precipitate distribution.
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