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Abstract — The mechanical and functional behavior of a Ni-iNiky 3Ti29 Hf20high temperature
shape memory alloy were investigated through coethéx situmacroscopic experiments aimd
situ synchrotron x-ray diffraction. Isothermal tensiand compression tests were conducted at
various temperatures, while isobaric thermomeclahrgcling experiments were conducted at
various stresses. Isothermal testing of the mateepbase revealed no plastic strain up to the
test limit of 1 GPa and a near-perfect supereldstitavior up to 3% applied strain above the
austenite finish temperature. Excellent dimensiatability with greater than 2.5% actuation
strain and no accumulation of residual strainssfetss less than -500 MPa) were observed
during isobaric thermal cycling experiments. Theeatte of residual strain development during
thermomechanical cycling was confirmed by thedat8trains, calculated from the x-ray spectra.
Even in the untrained condition, the material eitbiblittle or no history or path dependence in
behavior, consistent with measurements of the butkture through synchrotron x-ray
diffraction. Post deformation cycling revealed tmeited conditions under which a slight two-
way shape memory effect (TWSME) was obtained, witmaximum of 0.6% two-way shape

memory strain after thermomechanical cycling ur@ép MPa.
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Highlights (mandatory for this Journal):

NiTiHf HTSMA is resistant to plastic deformationsttess greater than 1 GPa.

NiTiHf HTSMA exhibits completely stable shape memdrehavior under 500 MPa
stress.

Thermomechanical stability confirmed through insynchrotron x-ray diffraction.

0.6% two-way shape memory strain developed throutffoMPa thermomechanical

training.
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1. Introduction

High temperature shape memory alloys (HTSMASs) heas potential in a wide range of
applications spanning from aerospace to automdtvenergy exploration industries, amongst
others. The majority of these applications demaiadge actuation capability, higher
transformation temperatures (above 100 °C) andestasponse, which restricts the existing
possibilities to a small group of alloys. Of thedleys, NiTi-based HTSMAs such as NiTiPd [1],
NiTiPt [2-4], NiTiZr [5, 6] and NiTiHf [6-10] haveshown significant scientific and
technological merit in the last few years. A conmamsive review of select HTSMAs can be
found in Ref. [11]. In particular, NiTiHf has beeleveloped as a low cost alternative when
compared to NiTi-X (X = Pt, Pd, Au), and just rettgnNi-rich NiTiHf alloys were found to
exhibit superior properties and dimensional stabihrough compositional and aging control [7-
10, 12, 13]. This was accomplished by developirglightly Ni-rich composition with 20 at.%
Hf, that is capable of being precipitation stremegid when subjected to an ageing heat
treatment to produce fine, nanometer size pretgstaThe precipitates strengthen the alloy
providing high resistance to dislocation motion hallowing a nearly unobstructed phase
transformation. Thus, it is necessary to charaebioth the macroscopic and microstructural
behavior of the Ni-rich NiTiHf to optimize the alloand its processing and to develop an
appropriate database to transition this matertal @mgineering components.

Previously, the shape memory and superelastiavi@ts of Ni-Rich Nig 3Ti29 Hf2o (at.%)
alloy were determined under tension and compression a limited number of
thermomechanical/mechanical cycles [10]. Similaclynpressive testing was performed on the
same alloy at temperatures above the austenithfiy) temperature to study the effect of aging

on the stress-induced transformation and plastibiy also only for a few cycles [8]. In single



crystal form, the effects of applied stress antdriggemperatures were evaluated along the [111]
orientation with stress levels up to 1000 MPa [Rjom a microscopic perspectiva situ
neutron diffraction was used to investigate the wfl the fine precipitates in developing texture,
internal strains, and other microstructural feagwtaring tensile and isobaric thermomechanical
testing [7]. In all cases [7-10], the alloy exhduit outstanding strength and stability (lack of
residual strain) during transformation under isaotied and isobaric conditions. The structure of
the precipitate phase, responsible for these ksnéfas recently been identified by Yang et al.
[12] using conventional electron diffraction, higesolution scanning transmission electron
microscopy (STEM) and three-dimensional atom prodeography to be a face-centered
orthorhombic lattice witla = 1.264 nmp = 0.882 nm¢ = 2.608 nm.

The promising results presented in the aforemeeatiaeferences are the motivation behind
the current effort to further examine the mechdracal functional limits of this alloy. The goal
is two-fold: first to perform thermochemical testsan extended number of cycles in isothermal
and isobaric modes to quantify the durability aétimaterial for use in longer-life applications,
and second to conduct compressive thermomechat@istihg usingn situ synchrotron x-ray
diffraction to assess changes in the alloy’s irdestate and microstructure. Special attention is
directed towards quantifying the microstructuratemsibility through texture and lattice strains

as a function of stress.

2. Material and methods
2.1. Material
The material used in this investigation was paradérger heat of Ni-rich Nj3Tizg Hf2o

(at.%) alloy produced by Flowserve Corporation, @ay Ohio. The cast ingots were vacuum



homogenized at 1050 °C for 72 h, followed by extmsat 900 °C. Mechanical test specimens
were machined from the extruded rods (HF202 andOdfand subjected to an aging treatment
of 3 h at 550 °C followed by furnace cooling to mpate the formation of a high density of fine

precipitate phase in the microstructure. Variougsptal and thermomechanical properties of this

heat-treated alloy are available in the litera{drd0, 12].

2.2. Microstructural characterization

Microstructure of the extruded and aged materias \&nalyzed using optical microscopy,
scanning electron microscopy (SEM), and transmissiectron microscopy (TEM) techniques.
Samples for optical and SEM were mounted, polisiredietched lightly using a mixture of 85%
H,0, 12% HNQ and 3% HF (by volume) solution to reveal grairesiZransmission electron
microcopy was accomplished using a double tilt Boid a FEI CM200 microscope operating at
200 kV. Samples for TEM were prepared from a 3 mameter cylinder that was electro-
discharge machined from the extruded and aged mlatB®isks of ~500um thickness were
sectioned from this cylinder, mechanically groumwd~130 um thickness, and then electro-
polished using a solution of 20% sulfuric acid &6 methanol (by volume) cooled to 0 °C in a
Struers Tenupol-5 twin-jet electropolisher. TEM ges, diffraction patterns, and energy
dispersive spectra were collected and analyzedoainrtemperature to assess the initial

microstructure of the extruded and aged material.

2.3.Ex situ mechanical testing
Ex situmacroscopic experiments were conducted using a8 BEFvohydraulic load frame.

Prior to any testing, cylindrical threaded specimén08 mm in diameter and 15.24 mm in gage



length) were subjected to two stress-free thermpeles between 30 and 300 °C, performed on
the test frame, to relieve any residual stressesitreg from the machining operations.
Macroscopic strains were measured using a 12.7 mugey high-temperature extensometer,
while heating was controlled using an Amerithernduiction heating system. In all the
experiments, a heating rate of 20 °C/min was used,cooling was achieved through the water-
cooled grips. The transformation temperatures: enaite start Nlg), martensite finish NJ),
austenite startAg), and austenite finishA{) were determined from the stress-free, strain-
temperature response and were 142, 126, 155, add B65°C, respectively. Isothermal tests
consisted of applying tensile or compressive séesp to 1 GPa at temperatures from 30 to 300
°C, in strain control at a rate ok10* se¢'. Specimens isothermally deformed and unloaded at
room temperature were subsequently (i) re-loadetlogyly to 1 GPa or (ii) heated and cooled
once through the phase transformation and re-loaded

Isobaric testing in compression consisted of tlaraycling between 30 and 300 °C at a
constant engineering stress of 0, -100 and -200 fdPap to 100 cycles and a least 10 thermal
cycles at stresses as high as -700 MPa. The loadiggnent was done at room temperature in
load control at a rate of 20 MPa/min. At the endeath series of isobaric strain-temperature
tests, specimens were subjected to stress-fremahercles to examine the extent of any two-
way shape memory effect (TWSME) that may have agpes. In this case, TWSME is defined
as the ability for the alloys to change and remamnshapes on both heating and cooling without
an external biasing force. Additionally, the sarpecsmens were then loaded to a different stress

level to examine the history dependence of thisensdt

2.4.1n situ diffraction and thermomechanical tegtin



In situ synchrotron x-ray diffraction experiments were fpened at the High Energy
Materials Science (HEMS) beamline at the Germah-bigjliance synchrotron radiation storage
ring PETRA l1ll, at DESY, Hamburg. Compression spgas, 5 mm in diameter and 10 mm in
length, were deformed using a BAHR DIL805 dilatoemetith a maximum load capability of 25
kN at temperatures up to 1500 °C [14]. Test specgmveere inductively heated using a heating
rate of 20 °C/min and cooled by flowing argon gasund the sample environment. Diffraction
measurements were performed with 100 keV photomggn@ = 0.12427 A) in transmission
geometry. A beam cross section of 3800 um was used with a sample-to-detector distance of
1.572 m. Debye—Scherrer diffraction rings were réed using a MAR345 image plate detector
(345 mm area diameter) with 1Q@n pixel size. A schematic of the diffraction setsghown in
Fig. 1.

Thein situ experiments consisted of load-biased cycling betw&) and 300 °C at constant
engineering stress of 0, -100, -200 MPa, and batké unloaded condition at 0 MPa. At each
stress level (2 cycles each), diffraction data wastinuously collected during the heating and
cooling cycles, which were run at a rate of 20 °i@/rata processing was performed using the
Fit2D software [15], where spectra were integratedr azimuthal increments of 10° into 36
slices for better grain statistics. Variations #ak intensities and peak positions were obtained
by fitting individual diffraction peaks with a ps#orVoigt function. Lattice strains were
calculated from the peak shifts using the changd-gpacing where the initial d-spacing was
taken in the nominally unloaded condition. The R¥d method implemented in the Materials

Analysis Using Diffraction (MAUD) software was ustat texture analysis [16, 17].

3. Resultsand discussion



3.1 Microstructure — aged material

The microstructure at room temperature was matiengith an average grain size of
approximately 4Qum as revealed by optical microscopy (Fig. 2a). Fadiom of (Hf, Ti)C was
prevented by using a water-cooled copper crucilblend melting. However, due to a high
affinity of Hf for O, formation of HfQ particles (size< 1 um) could not be avoided (Fig. 2b-d).
In the TEM, general morphology of the martensites wkearly visible and consisted primarily of
two sets of twin variant plates at right angleg&ch other (Fig. 3a), with small areas of mosaic
zig-zag twin structure (Fig. 3b). Each primary sehtained variant plates that were related to
each other by {011} Type | twins (Fig. 3c). Thisitwing system has been reported earlier in
both Ni-rich [18] and Ti-rich [19] NiTiHf alloys. \thin each variant plate fine twins were
observed which were identified as (0&3) compound twins (Fig. 3d). In addition, the aging
treatment produced a high density of very fine ipitste phase (sizec 15 nm) distributed
uniformly throughout the matrix (Fig. 3e). This glawas confirmed to be the “H-phase” (Fig.
3f), as described in detail in recent papers bygvetnal. [12] and Santamarta et al. [6]. It is this
fine phase that is responsible for providing higdeisgth and stability in this alloy system, as

described in the remaining sections of this paper.

3.2Isothermal behavior — tension and compression

The stress-strain-temperature curves for thg fWli,g Hfyo alloy in uniaxial tension and
compression are shown in Fig. 4. For ease of casgarthe compression curves (Figs. 4c and
5d) were plotted on the first quadrant to diredthgerve the tension-compression asymmetry and
the corresponding differences in strain magnitugied ensuing strain recoveries. The testing

sequence consisted of) (loading to 1 GPa at room temperature (in eithemsion or



compression),ii) unloading to 0 MPa,ii{) heating to 300 °C, andvj cooling back to room
temperature, with the entire sequence repeatediXarycles. For both tensile and compressive
loading, room temperature stress-strain resporisgs.(4a and 4c) were identical after the first
cycle (Figs. 4b and 4d) and no plastic strain waseoved during the initial loading to 1 GPa.
This deformation strain, 3.7% in tension and 2.2%«compression at 1 GPa stress, note the
strong asymmetry, is a combination of elastic strand inelastic martensite variant
reorientation/detwinning, but no discernible strgdateau or demarcation between the two
mechanisms was observed.

This behavior is further quantified in Fig. 5 byiteg the first derivative of stress with
respect to strain @@de). The first derivatives, while a little “noisy,”xibit a non-zero slope
along the entire curve during both loading and ading, indicating the nonlinear stress-strain
response. Since this Ni-rich alloy is a two-phasgemal containing a fine dispersion of second
phase precipitates, an increasing externally agpB&ress is essential in continuing the
reorientation and detwinning process. Thus, ardistplateau is not observed as is the case of
some binary, equiatomic NiTi alloys [20]. In additi this isothermal deformation did not
generate any TWSME, likely due to the absence ofmpeent plastic deformation. While
acknowledging the non-linear loading response,iegpbn of a best linear-fit through the initial
loading and unloading portions of curves in Figs.afhd 4c (approximately through 100 MPa),
results in an estimated range for the “apparentingss modulus of 58-61 GPa in tension, and
61-75 GPa in compression over the initial loadind anloading sections of the stress-strain
curves.

Cyclic isothermal tests were also conducted at reemperature in tension and compression

as shown in Fig. 6. Specimens were cyclically loatte 1 GPa and unloaded (repeated for a



maximum of 100 cycles) to examine strain ratcheang instabilities if any. Two specimens

tested in tension both failed at the threads dutieg72° and 8%' cycle. Cyclic stress-strain data

in tension for the sample that failed at 72 cyecteshown in Fig. 6a. An image of the actual test
sample that fractured is shown in Fig. 6b. It sbooé noted that no localized deformation or
necking was observed in the samples’ gauge sectmm$ failure occurred due to defects
introduced during thread machining operations at igh stress concentration located at the
thread roots. On the other hand, samples testedmpression (using the same geometry), did
not fracture and the cyclic response is shown gn &¢.

Irrespective of the testing mode, the strain evofuiexhibited similar behavior, i.e., the
strain at the loaded condition (+1 GPa) shiftédl and“0.08% towards zero with cycling, and
the strain values at 0 MPa shifté@23 and“0.12% towards higher strain with cycling, where
superscripts 'T' and 'C' refer to tension and cesgion, respectively. This indicates that the
stress-strain slopes become steeper with increasingber of cycles, which is attributed to
stabilization of the favored martensite variantsidé from these small strain shifts, the cyclic
loops were repeatable with no accumulation of mastain. Post thermal cycling at 0 MPa of
the undeformed and the isothermally cycled compoassamples (Fig. 7a and 7b, respectively)
showed no difference in strain-temperature respdageher, this response was extended up to
100 cycles (not shown in Fig. 7b) and no TWSME wlaserved; the material performing similar
to an undeformed ‘virgin’ material with no priorstory.

Additional isothermal tests at temperatures betwdfeand 260 °C were conducted to assess
the effect of temperature on the mechanical respansd stress-induced transformation behavior
of this material. The results for tensile loadimg shown in Fig. 8. These tests were performed in

series, where after each load-unload cycle (Figsa® 8c) samples were heated and cooled

10



once through the phase transformation at 0 MPa(Big and 8d), before heating to the next test
temperature and re-loading. Below #hetemperature (Figs. 8a and 8b), the stress-straives
exhibited a lower hardening rate with increasinmgerature (Fig. 8a) and accumulation of
~0.2% total unrecovered strain after five load-adl@ycles at temperatures between 30 and 140
°C. This would be expected since the yield onsdtnewn to decrease with increasing test
temperature as was shown for other SMAs [21-23]iclviin this case resulted in minuscule
although permanent deformation. Above theemperature (Figs. 8c and 8d), the stress-strain
curves exhibited an initial linear elastic loadinfythe austenite phase followed by a stress
plateau associated with the stress-induced matite(SiM) transformation. Note that while the
curves in Fig. 8a were limited to 1 GPa, the cuimesig. 8c were limited to 3% strain, since the
primarily interest was in the superelastic respangais case. The unrecovered strains were less
than 0.02% (almost negligible) for samples deforrae@00 and 220 °C, 0.08% at 240 °C and
0.18% at 260 °C. The onset stress for the SIM egéichusing the 0.2% offset stress, increased
with increasing test temperature consistent witlausius-Clapeyron relationship. The average
elastic moduli for the austenite phase measuredeafsonvere 75 GPa in tension (from Fig. 8c)
and 80 GPa in compression (curves not shown).

A small TWSME was introduced, illustrated in Figd and 8d, as the material started to
accumulate unrecovered strains. Loading befqwr aboveAs where the deformation was not
fully reversible (e.g., 140 or 260 °C test tempaeas) is expected to result in the formation of
internal stress fields that can emerge from a nunolbesources including dislocation arrays.
However, the TWSME magnitude was less than 0.2%nwheginated through isothermal
deformation, which is an order of magnitude lesantlthat observed in binary NiTi under

comparable conditions [20].
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3.3lIsobaric behavior—-compression

Isobaric thermal cycles in compression are showRign 9. For all testing, an upper cycle
temperature of 300 °C (130 °C abo&¢ was used to ensure complete phase transformation
under load. Two cases were considered to examehigory dependence of this alloy: the first
case (labeled a-1 through d-1) consisted of sénesnal cycling under 0 MPa, -100 MPa, -200
MPa, and back to 0 MPa in this order. The secosé ¢abeled a-2 through d-2) consisted of
series thermal cycling of a new sample under 0 ME@) MPa, -100 MPa, and back to 0 MPa,
noting that the second and third loading sequera® reversed in the second case as compared
to that in the first case. At each condition, 196les were performed totaling 400 cycles on each
specimen.

From the stress-free strain-temperature respohsanartensite and austenite coefficients of
thermal expansion (CTE) were measured to BA0F/°C and 1k10°%°C, respectively. The
transformation strain of 0.17% associated withthdeformed sample (Fig. 9(a-1)) is due to the
combined Bain strain and lattice invariant shearaddition to a minor texture that developed
during the hot extrusion process [7].

On loading to -100 MPa (Fig. 9 (b-1)), a charastaritransient response was observed on
the first heating cycle, followed by a larger strauildup on cooling. With the accumulation of
cycles, the end-strain in the austenite phase resdainearly constant over the 100 cycles, while
the end-strain in the martensite evolved to higladnes as more detwinning/reorientation of the
martensite phase occurred. This evolution resutedgrowing actuation strain, when calculated
by taking the difference between the martensite autenite true end-strains. Note that when

referring to the transformation strain as opposeddtuation strain, the former is calculated as

12



the relative true strain between the austenitestiinand austenite start intersections as
demonstrated in [1], which in this case also fobaive same trend as the actuation strain.

At the end of thermal cycling at -100 MPa strebkg, ¢ompressive stress was increased to -
200 MPa (Fig. 9 (c-1)), and an additional 100 thmmachanical cycles followed. Similar
behavior can be observed with regard to the fiestdient heating curve and the evolution of the
martensite end-strain, although much smaller eimiuthan the previous stress value was
attained. The specimen was then unloaded to 0 MBdhermally cycled (Fig. 9 (d-1)), where
all the strains that were generated throughoutigbkaric cycling were recovered on the first
heating cycle. The end-strain in the austenite @hess identical to the initial 0 MPa thermal
cycle (Fig. 9 (a-1)), but the end-strains in theterasite exhibited a different behavior displaying
a narrower transformation loop. Nonetheless, theme no TWSME developed at the end of
cycling in this scenatrio.

Similar observations were made from the second slasen in Figs. 9 (a-2) through 9 (d-2).
In this case, the -200 MPa stress was applied (kigt 9 (c-2) before the -100 MPa stress. The
results in Fig. 9 (c-2) indicate that strain rataig is taking place at both phases, but higher
evolution occurs in the martensite phase. Oncesthess was reduced to -100 MPa, the
thermomechanical response was stable without aojuton, though all SME values were
similar to those shown in Fig. 9 (b-1). Overallymgmaring the two cases, the strain-temperature
responses show similar behavior indicating thaepkéor stabilization in evolutionary behavior
at -100 MPa the shape memory response is essgitistbry independent under this range of
stresses due to the lack of permanent deformakarthermore, in either case, there was no

TWSME present after cycling with the current load aemperature conditions.
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Additional isobaric tests were performed at higbeesses followed by stress free thermal
cycles (Fig. 10). At each condition, the sample Weesmomechanically cycled ten times under
load, followed by ten stress-free thermal cycldsethe same sample was reloaded to the next
stress level and cycled again. Strain evolutioraistratcheting at both phases), while very small
in all cases, was noticeable starting at stresseés00 MPa and higher, and at those stresses, the
TWSME started to appear and grow with higher loaslgndicated in Fig. 10. In this testing
configuration, a maximum TWSME of 0.63% was obtdim®st cycling to -700 MPa. These
instabilities are attributed to plastic deformationost likely in the austenite phase, and the
possibility of retained martensite as was obseimekinary NiTi [24] and NiTiPd alloys [25].
However, relatively speaking, the load stabilitytlk alloy is highly remarkable, since the strain
evolution is over an order of magnitude less asstilevels twice as high as observed in other
shape memory alloys [24, 25]. In addition, a sigalfitly reduced TWSME due to
thermomechanical cycling was observed comparedh&d tleveloped in other NiTi-based
systems at a fraction of the stress [26].

A summary of the actuation strain is shown in Hify. Both the actuation strains on the first
and last cycle are plotted for comparison. It wastl that only a small variation from the first
to the last cycle was obtained, and the actuatiainsappeared to reach a limit at a maximum of
2.65% in compression.

The stress dependence of the transformation temopesais shown in Fig. 12. From 0O to -
200 MPa, the temperatures follow a non-linear biimawith an initial shift towards lower
temperatures followed by near constant behavidh@stress increases. At stresses higher than -

200 MPa, the transformation temperatures followeapected linear trend and shift to higher
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temperatures with increasing stress. Linear cdrosis were fit through the stress-temperature

data at stresses higher than -200 MPa as showg.idE

3.41n situ synchrotron x-ray diffraction results

Analogous to the isobariex situtesting presented abowe, situ testing was conducted to
mimic the loading sequence of the first case in §jdut for only 2 cycles at each load step. The
corresponding displacement-temperature resporgesented in Fig. 13. After two cycles at 0, -
100 and -200 MPa, successively, the sample wasdetbto 0 MPa and heated once through the
phase transformation where all the strains werevesed. Diffraction spectra corresponding to
the second cycle of each load step of Fig. 13 hosvs in Fig. 14 as the sample undergoes a
phase transformation from martensite to austeniteng heating. These patterns were obtained
by integrating the full diffraction ring over theimuthal angle ¢) defined in Fig. 1. Existing
phases were previously identified [7] as B2 austeai high temperature and B19' martensite at
lower temperature. The results indicate completasiormation with thermal cycling under all
conditions shown in Fig. 13. There is no evidentceetained martensite above the bdlkeven
under an isobaric stress of -200 MPa, in contragbinary NiTi where residual martensite is
noted even when cycling under stress free condit[@t]. In addition, there is no indication of
residual austenite below the measuk&dtemperature. The transformation is complete irh bot
directions at the representative martensite antkaitis finish temperatures.

Normalized intensitiesl/{o) of select martensite peaks at room temperatude aastenite
peaks at 300 °C were determined as a function efatiimuthal angle integrated over 10°
segments, whergy= 0° is the compression axis. Intensity data watqa in normalized scale to

compare the intensity changes with cycling and glghmacroscopic stresses. Fig. 15 contains
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several martensite peaks plotted on radial #0%egments. The intensities of some of the
martensite planes, particularly along the loadimgation, varies as the sample was cycled under
load, indicative of the formation and reorientatiohpreferred martensite variants capable of
accommodating the applied strain that takes placeoostrained cooling. The intensities further
change from -100 to -200 MPa, which is macroscdlyicananifested by additional
transformation strains as shown in Figs. 9 andM#rostructurally, the (013), (111)s and
(103)y lattice planes preferentially orient with the loegl axis, while the (11@) and (030
planes display only a slight variation in intensi@nce the load was removed, the intensities of
the individual lattice planes return to their ialtvalues at 0 MPa before cycling, consistent with
the fully reversible macroscopic observations.

In a similar analysis, the normalized intensitié88 austenite at 300 °C are shown in Fig.
16. As opposed to the changing intensities of tletensite phase, the austenite intensities did
not vary with cycling or with changing load. Thisahanging austenitic texture is also an
indication that no new or additional deformationcimenisms ensue from thermal cycling under
the current conditions and that the underlying ostiucture has not been affected by prior
history. These microstructural results are fullynsistent with the lack of plastic deformation
under the current conditions and help explain whg $trains generated during the isobaric
thermal cycling were fully reversible.

Lattice strains for a select family of planes weaéculated usingh = 4d/dy, whered, is the
initial d-spacing of the starting material at 0 MRecroscopic stress. Lattice strains in the
martensite phase, shown in Fig. 17, exhibited asotmopy associated with the low symmetry
monoclinic phase. Al = 0, which corresponds to the loading axis, scattece planes exhibited

strains as high as -1.6% in the case of the (@3®0anes, while others developed an order of
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magnitude less strain such as the (f10anes. Moreover, there is large deviation in strai
magnitude over different azimuthal angles as itated by the (113) planes. Regardless of the
initial anisotropy or strain heterogeneity, all fa#tice strains were recovered after load removal
consistent with the macroscopic findings preseimegatevious sections.

In contrast to the martensite phase, lattice strém the austenite phase are isotropic in
nature as shown in Fig. 18. Nevertheless, simitmeovations were made regarding the strain
reversibility after load removal with no residualttice strain observed. The lattice strain
reversibility is also an indication of the lackioternal/residual strains that would otherwise help
drive the TWSME. Without any internal stresses, rttegerial, as demonstrated macroscopically,

exhibited no TWSME under the test conditions shawfig 14.

4. Conclusions

Basic mechanical, thermomechanical, and microstrattbehaviors of the precipitation

strengthened, Ni-rich Ny 3Ti»g Hf2 high temperature shape memory alloy were invesdyat

isothermal and isobaric conditions. From thesitumacroscopic anth situ synchrotron x-ray
diffraction results, the following conclusions dae& made:

1. Isothermal deformation of the martensite phaseoamrtemperature resulted in no plastic
deformation or other irrecoverable strains wherntettsto 1 GPa uniaxial tensile and
compressive stresses. In addition, extended cyaelirthis stress level did not introduce any
permanent deformation and all strains were transdtion related and recovered upon
heating through the phase transformation.

2. A near-perfect superelastic behavior, without gatie@n of significant residual strain, was

obtained at temperatures between 180 and 220 & r@doverable strains in the order of 3%
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upon unloading. Plastic deformation was apparefyt antemperatures higher than 220 °C,
resulting in a small ~0.2% TWSME.

3. Isothermal deformation in either the martensit@austenite phases did not yield a large and
stable TWSME, mainly due to lack of internal/resillstress fields, since plastic deformation
was not introduced under the test conditions ingattd.

4. Dimensionally stable responses were observed disoigaric thermal cycling, with no prior
training requirement. Maximum actuation strainsapproximately 2.65% were achieved in
compression. Finally, stability was also manifestedhe microstructure, which reverted
back to its original state after extended cyclinrg280 MPa, as demonstrated through
synchrotron x-ray diffraction measurements.

5. In situ diffraction spectra, collected during isobaricrthal cycling, revealed preferentially
oriented martensite variants that revert back te ¢hmiginal microstructure upon load
removal. No texture changes were observed in theeaile phase and no evidence for plastic
deformation was detected in the spectra when qyclinth stresses up to -200 MPa.
Similarly, measured lattice strains were foundultyfrecover after load removal and stress-
free thermal cycling, leaving no residual straimhibd. These findings are consistent with
the lack of macroscopic residual strains and tiseade of TWSME.

6. Isobaric thermal cycling at high stresses, excep800 MPa, resulted in slight dimensional
instabilities and a maximum TWSME of 0.6% after loyg at -700 MPa. Isobarically, a
higher TWSME was obtained compared to the intrddacbf isothermal deformation, but

neither case produced significant TWSME in thigyal
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Figures:
Fig. 1. Schematic illustration of the experimental diffran setup.

Fig. 2. Optical micrograph showing grain size and martenswins, (b) SEM showing HfO
particles in a martensite matrix, (c) EDS of thateviparticles showing enrichment of Hf angd, O
(d) EDS of nearby matrix for comparison to (c).

Fig. 3. (a,b) TEM showing general morphology of the twarignts, (c) analysis of twin variant
plates within a set, (d) analysis of twins withinaiant plate, (e) dark-field image showing fine
precipitate phase, (f) confirmation of precipitptease as H-phase. Projection of common planes
is marked by red lines in (c,d).

Fig. 4. Stress-strain-temperature curves for thegoNiiog Hf2o alloy in uniaxial tension and
compression. (a) Tensile stress-strain behaviod, @) corresponding unconstrained thermal
recovery after each tensile deformation in (a), q@inpressive stress-strain behavior, and (d)
corresponding unconstrained thermal recovery atteh compressive deformation in (c).

Fig. 5. First derivative of stress with respect to sti@o/de) for (a) tension and (b) compression
loading.

Fig. 6. Room temperature cyclic stress-strain respons@disggTi»g Hf2o in (2) tension and (c)
compression. The inset (b) indicates the specimamtufre site at the ?2cycle in tension.

Fig. 7. No-load strain-temperature response faf Biizg Hf20 Showing ten thermal cycles (at 0
MPa) for (a) an undeformed ‘virgin’ sample and &fter deformation according to Fig. 4b.

Fig. 8. Stress-strain-temperature curves for theoNiixg Hfzo alloy in uniaxial tension at
different temperatures. (a) Stress-strain behawbow As, and (b) corresponding unconstrained
thermal recovery after each deformation sequenca)iand, (c) stress-strain behavior absye
and (d) corresponding unconstrained thermal regoager each deformation sequence in (c).

Fig. 9. Isobaric strain-temperature response of thg 4Vli.g Hf for different loading histories,
i.e., a-1 thru d-1 and a-2 thru d-2. The consténesss level and cycle number are indicated for
each set of curves.

Fig. 10. Isobaric strain-temperature response of theg {Vi,g Hf,o alloy at different stresses.
After each ten isobaric thermal cycles at a coristress, ten stress-free thermal cycles were
applied before incrementing to the next load.

Fig. 11. Compressive actuation strain summary for the Ni»g Hf2o alloy for the first cycle
(solid symbols), and for the last cycle (open sylspo

Fig. 12. Transformation temperatures for thesdNli»g Hf2o alloy as function of compressive
stress.
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Fig. 13. In situ isobaric displacement-temperature response ofNiggsTizg Hf2o alloy at
different stresses.

Fig. 14. In situ synchrotron x-ray diffraction spectra correspogdim the second heating cycle of
each load step of Fig. 13. These spectra shom#reensite to austenite transition on heating.

Fig. 15. Normalized diffraction intensitied/[p) of select martensite peaks at room temperature
as a function of the azimuthal angle integratedr dM@ ¢ segments, where/ = 0° is the
compression axis.

Fig. 16. Normalized diffraction intensitied/[) of select austenite peaks at 300 °C as a function
of the azimuthal angle integrated over 1Segments, whergy= 0° is the compression axis.

Fig. 17. Lattice strains for a select family of planeshie martensite phase at room temperature
as a function of the azimuthal angle integrated 408 ¢ segments.

Fig. 18. Lattice strains for a select family of planeshe austenite phase at 300 °C as a function
of the azimuthal angle integrated over 1Segments.

22



Fig. 1

Intensity

Integrated diffraction pattern

Debye—Scherrer
diffraction rings

[
|
|
/ b
|
|
[

2D detector




Fig. 2

av (€) a (d)

EDS: Particle EDS: Matrix
NiL Tik
Nik
HfL
HfL
Oﬁ Tik Nik i HfL



Fig. 3

500nm

(001)M.T




Fig. 4

Tension Compression
1000 L £ =s53GPa D o] 1000 F E, =61GPa (1)
[ load / ] [ load \
—~ 800 s Eun|oad:61 GPa 4 \ 3 — '800 -Eunload_75 GPa @
© [ ®©1 & 3
o ] o i
S 600 [ ] = -600 [
£ 400 | ] 8 -00f
200 [ . -200 | _
o (@) .4 (c) ;
0L 3y 0 b—pr——
strain (%o) strain (%o)
— 3 —4 ——— )3
O 100 | ] O 100
© [ Py :
5 =
I I S '
$ 200 1l 5 200
o | o [
= £
I3} [ s
300 | (b) 300 (d)




Fig. 5

150 ————
: Tension (@)1
‘< 100 | unloading:
SR toading P
() [ ]
o - ]
® . ]
s 0 M“M\"\”M\
00— Z00 a0 600 800 1000
stress (MPa)
150 ————
y Compression (b)1
unloading
—_ loading o ||
© 100 F| e ]
e ]
8 W !
_g 50 ' ““Ml. "“Uﬁ _
0

0 200 400 600 800 -1000
stress (MPa)



stress (MPa)

Tension

strain (%o)

0 1 2 3 4

stress (MPa)

-1000

-800

-600

-400

-200

strain (%o)

Compression
: I1obmbyém\L\J> I -
[ 1™ cycle ]
' e O
0 -1 -2 -3 -4



Fig. 7

strain (%o)

[ 1o cycle o [ ™ g cycle :
os | —— Heating ] 05 —— Heating ]
05 ¢ S Coollng: ;\3 ~F - Coollng‘:

1 F 1%heat ; '% 1E Theat ;

17 [

15 f ] 15 | ;

5 =0 MPa (undeformed) | (3 L & =0 MPa (Post 100 isothermal cycles) (b) ]
20 50 100 150 200 250 300 2T TR 00 B0 200 B0 30

temperature (°C)

temperature (°C)



Fig. 8

stress (MPa)

temperature (°C)

1000 |
800 |
600 |
400 |

200 |

300 &

100 |

200 | |

stress (MPa)

temperature (°C)

7260 °C ]

1000 |

[ 240 °C]
800 | 220 °C
600 | 200°c{
400 .
200 [ (©)

0 Lo 0.5 ] 5D e D5 3u e 35
strain (%)

—0-——0.5 ——1.5——+2-++—2.5—+3—35
100 |
200 £

: (d)
300 L. |k\ P R 1 — 1 ] M




Fig. 9

0 -
100" cycle Heating
Yyt —— Cooling ]
g
£
Zoap ]
=
-1.5 1
(a-1)
2 L L L s
0 50 100 150 200 250 300
temperature (°C)
o =0MPa
0 )——-“ L—'— E
100" cyele Heating
Yyt —— Cooling ]
g
£
Zoap ]
=
-1.5 E
(a-2)
2 L L L s
0 50 100 150 200 250 300

temperature (°C)

-1.5

o =-100 MPa
| — —
M Heating
101" eycle
—— Cooling |
~
200" cyele
(b-1)
50 100 150 200 250 300

temperature (°C)

o =-100 MPa

——— Heating

—— Cooling |

— |
201" eyele
cycle (b-2)
50 100 150 200 250 300

temperature (°C)

strain (%)

strain (%)

temperature (°C)

= -20‘0 MPa ‘ ‘ ' '
—— Heating
[ —— Cooling ]
[ 201" eycle ]
[
- . 300" cyc}e X . {l:-])
0 50 100 150 200 250 300
temperature (°C)
= -20‘0 MPa ‘ ‘ ' '
L
101" cycle —— Heating
[ —— Cooling ]
>
200" cycle -
i i L i i {c 2)
0 50 100 150 200 250 300

strain (%)

strain (%o)

a=0 ]VIIPa (Pnsti ' '
4
100" eyele S Healing_
/ —— Cooling
L f p
301" eycle /
L P o 4
[/ d-1)
. s . L L
0 50 100 150 200 250 300
temperature (°C)
& =0 MPa (Post)
> " / Heating
- 4007 eycle J" — Cooling
l—/—’d/‘/
~
[ 301" cycle 1
(d-2)
0 50 100 150 200 250 300

temperature (°C)
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