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Orientation Dependent Compression Behavior of CossNissAlsg Single Crystals
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2Siberian Physical-Technical Institute, Tomsk Staéversity, Tomsk 634050, Russia.

Abstract

The shape memory effect (SME) and superelasticiy) (behavior of homogenized
CossNigsAlzgsingle crystals were systematically characterizedgathe [100], [110] and [111]
orientations under compression. The shape memdrgvioe of CoNiAl was found to be highly
orientation and stress/temperature dependent. Mamimompressive recoverable strains were
3.98 % in [110], 3 % in [100] and 0.30 % in [11X]emtations, respectively. The ghlizsAl3g
demonstrated a very high superelastic temperaturéow of more than 350 °C along the [100]
and [110] orientations. Moreover, two-way shape mgmeffect with very low thermal
hysteresis of about 6 °C was observed along th@][biientation. The large decrease of
recoverable strain and hysteresis with stress éorpérature) was mainly attributed to the

difference of elastic moduli of transforming phases

Keywords: Shape memory alloys; CoNiAl; Single crystal; Twaywshape memory effect;
superelasticity

1. Introduction

The magnetic shape memory alloys (MSMAS) receivatsiclerable attention since they
have the ability to show large reversible magniéid-induced strains (MFIS) [1, 2]. There are
two main mechanism for reversible shape changeamnareorientation as in NiMnGa alloys or
phase transformation as in NiMnColn alloys [3-5]ithdugh NiMnGa Heusler alloys can
achieve high MFIS with low magnetic field, theirtesme brittleness restricts their envisioned
applications as magneto-actuators, sensors, cataterials or energy harvesters. CoNiGa [6-9]
and CoNiAl [10-12] alloys were developed as anralitve MSMA and they demonstrated high
strength, stable behavior, low stress for varigdrientation, ability to alter transformation
temperatures with heat treatments and high resistém oxidation. The ductility of Co-based
alloys were found to be improved mainly due to éxéstence ofy-phase (disordered fcc Al)
[13]. The stress required for the onset dislocasigm of CoNiAl has been reported around 1100



MPa [11]. Comparing to other MSMAs, CoNiAl alloyave relatively inexpensive constituents
and their transformation and Curie temperatureseaaltered by composition alteration [14].

It is well known that shape memory response of SM#Aeshighly temperature, stress and
orientation dependent [15, 16]. Temperature dep@ndeiperelastic response of CoNiAl
polycrystals were studied under compression where stage phase transformation was
observed at room temperature with superelastitnsofa4 % [11]. The orientation dependent
behavior of CoNIAl single crystals were studiedi @has been found that transformation strain
is highly orientation dependent, a large superneldstnperature window of more than 150 °C
can be observed in [100] orientation and thereugehtension-compression asymmetry [10, 11,
17, 18]. Moreover, it was revealed that transforamatstrain decreases with stress and
temperature [10] [19]. The [100]-oriented 4gi3sAl 30 Single crystals were studied as a function
of temperature under compressive loading in satizexl and trained (cyclic loading) state
conditions [20]. It was reported that training iésun austenite stabilization and strengthening,
and consequently increase the amount of stresséddmartensite which is attributed to the
formation of fine coherent precipitates during rirag. Several studies suggested that the
morphology of precipitates and inter-particle spgcinfluence the martensitic transformation,
where the large inter-particle spacing (100-400ang surrounding stressed region in the case of
CoNiAl alloys [18, 21] favor the nucleation of manmsite, raising the Miemperature. During
superelasticity, a pronounced decrease of transfttomstrain with temperature was reported in
CoNiGa along the [100] orientation [22] which deratrates a large superelastic window of
more than 385 °C. The decrease in superelastia stti@ibuted to the single variant formation at
low temperature and the formation of multiple vatgaat high temperature. Although the
mechanical characterization in terms of thermallisgcand superelastic behavior of CoNiAl
alloys have been reported under compression arsibteipl0, 11, 17, 23, 24], orientation and
temperature dependent shape memory behavior of &@oys have not been systematically
studied.

The present study was undertaken on the shape meandrsuperelasticity behavior of
CossNizsAl3g (at %) single crystals along the [100], [110] 4hdi1] orientations systematically.
The composition of CgNizsAl 3o was selected to have a low martensite start testyoerfor easy

single crystal growth [14] and observe supereldgtiat room temperature for practical



applications. The current study also presentshberetical transformation strain calculations of
CoNiAl single crystals for compression. For CoNgfloys, B2 austenite has a lattice parameter
of &=0.287, and L} martensite has lattice parameters of a=043®3d c=0.314 [10]. The
three orientations are selected due to the follgwacts: the activation of slip systems in B2
phase is difficult in [100] orientation upon loadidue to inhibition of the active slip systems of
[100] <001> and [110] <001>, [25-27], and the tfan®ation strain is large in [110] orientation

and very low in [111] orientation.
2. Experimental Procedure

CoNiAl alloy was cast to a nominal composition 06-85Ni-30Al in at. %. Single
crystals were grown by using the Bridgman technigua He atmosphere. The composition of
single crystal was determined to be Co-35.32Ni2&l§at. %) using a Zeiss EVO MA 10
scanning electron microscope (SEM) equipped witleaergy dispersive X-Ray spectroscopy
(EDX) microanalysis system. Compression samplesn(4m4mm x 8mm) were cut using
electro-discharge machining (EDM) such that thempression axes are along the [100], [110]
and [111] directions in B2 phase. Specimens watrliy homogenized at 1350 °C for 6 hours
in sealed quartz tubes filled with argon and fokomby water-quenching at room temperature.
CoNiAl single crystal alloys present a single Bagh at room temperature after annealing and it
transforms into a tetragonal dinartensite phase. The transformation temperatfrése two-
phase alloy were determined by using Perkin-ElmgisPl differential scanning calorimetry
(DSC) with thermal cycling rate of 10 °C rfinMechanical experiments were conducted using
an MTS Landmark servohydraulic test frame equippigd customized compression and tension
grips. The applied force was controlled by a 100ddgable load cell (precision: + 0.1 N), and
the axial strains were measured with a high-temperaTS extensometer. The heating/cooling
of the samples was achieved by conduction throoghpecession plates at the rates of 10 °C min
! during heating and -5 °C nitnduring cooling bysing a PID driven Omega CN8200 series

temperature controller.
3. Results

In this section, the compressive response of CoNiAgle crystals will be revealed along the

selected orientations. Two types of experiment weagied out; 1) thermal cycling under



constant load and 2) stress cycling at constanpéeature. Two-way shape memory effects were

also revealed in [100] and [110] orientations.
3.1.Shape M emory Effect

Figure 1 shows the DSC response of homogenizgeNGeAl 30 single crystal. It is clear
that during transformation, sharp peaks were olesenv CoNiAl alloys. It should be noted that
in NiTi alloys the transformation peaks are broaded smoother [28-30]. Upon cooling,
martensite start (M and finish (M) temperatures were -44.3 °C and -66.6 °C, respaygtiAs
seen in Figure 1, the transformation was quickatyt leading to high and sharp peaks. Further
cooling resulted in a gradual type transformatiatihwemall peaks. Upon heating, austenite start
(As) and finish (A) temperatures were -31.3 °C and 10.3 °C, respygtiihese sharp/narrow
peaks indicate “burst type” transformation wheree tQuick and sequential formation/

disappearance of martensite plates were obserwv@tydhermal cycling.
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Figure.l. DSC response of a homogenized4BlnzsAl 30 single crystal.

CossNigsAlgg single crystals were thermally cycled under sebtbcttress levels to
determine their shape memory effects and theiroresgs at selected stress levels are shown in
Figure 2. The maximum applied stress level was 6@ for [100] and [110] orientations, and

800 MPa for [111] orientation. The compressive ssrg) was isothermally applied when the



material was in the austenitic phase at a temperéteyond A and then the sample was cooled
down to below M and heated back to above Ander constant stress. In [100], the phase
transformation was gradual and the difference betwé and M was large, indicating large
elastic energy storage [31]. However, it seemsethee two types transformation during cooling
where the type | shows relatively sharp behaviantthe type Il shown in Figure 2a. Here, type |
behavior is defined as the burst type phase tramsfiton region while the type Il is the graduate
phase transformation after burst transformatiotergection method was used to determine the
strains of these two transformation regions as show Figure 3a. The transformation
temperatures increased with applied stress, wineréd/t and A were -40 °C and -10 °C under
25 MPa and increased to 109 °C and 149 °C undeiVB®#) respectively. A detail schematic in
Figure 3a shows how to determine the total strajf ) and irrecoverable strairifr;). &k
was determined at Mandelr. was measured as the difference between the coatiddneating
curves at temperature above+R0 °C. Theels; was calculated as the difference betwelgp
andellr .. Temperature hysteresis was determined graphiaglliye midpoint of the total strain,
and measured by the temperature differences bettheemeating and cooling curves. Figure 3b
is used to determine the compressive superelaséin st plateau regioref; ) and under zero
stress £J;) graphically, as well as the Young’s moduli of amite and martensite phases. The
critical stress €;) was determined by using the intersection methamve in Figure 3bedyz
was initially increased with stress from 1.53 % em@d5 MPa to 3 % under 75 MPa, and then
decreased to 2.18 % under 200 MPa. Thermal hysdaresally increased and then decreased

with stress, and a small amountsdf, of 0.2 % was observed under 300 MPa.

The thermal cycling response along the [110] oaon in Figure 2b is similar to the
behavior of [100] where the transformation tempees increased with applied stres&:
increased with stress up to 50 MPa and then desgleagth further increase in stress. The
maximumegyz of [110] was 3.96 % under 50 MPa, higher than wias observed in [100]
orientation. Thermal hysteresis increased to theiimmam value of 91.7 °C at 25 MPa and then
decreased with stresghr. of 0.18 % was observed under 75 MPa. Under logsst(<100MPa),
burst type transformation was observed where thkasuddenly transformed from austenite to
martensite (type 1). At high stresses (>100 MRambined type I+l transformation was
observed where the sudden transformation was felliolay gradual change in strain. The type |



(elyg) and type 1l €l,.) strains were determined by using the method shiowfigure 3a. The
total stain is the sum of those two strains. Thpeti#Il behavior in [100] and [110] can also be
correlated to the DSC response where the burst tsgresformation was followed by an
incremental transformation.

Figure 2c shows the thermal cycling response oli]Itientation. The transformation
strain was very low, of about 0.3 % under 300 MRimost negligiblesiir. of 0.05 % was
observed under high stress of 800 MPa. The behavas very stable and almost stress
independent as the transformation temperaturesegfjddid not increase significantly with
stress. Thermal hysteresis increased from 16 °@mub@0 MPa to the maximum value of 20 °C
under 300 MPa, and then decreased with stresseéxsia Figure 2c¢, incremental transformation

behavior was observed at all stress levels.
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Figure. 2. Thermal cycling responses of the homogenizegilgAl 30 alloys along the a) [100]
b) [110] and c) [111] orientations under selectechpressive stress.
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Figure. 3. Schematic of strain calculation from a) SME andug)erelasticity.

3.2.Two-way Shape Memory Effect

After thermal cycling under compressive stress arsps shown in Figure 2, an
additional thermal cycling was conducted underva tmmpressive stress of 5 MPa along the
[100] and [110] orientations to explore the TWSMI&e thermal cycling compression responses
before and after “training” along the [100] and (] brientation are shown in Figures 4a and 4b,
respectively. In [100], the two-way shape memorgist(ery syz) Was increased from 0.33 % to
2.85 % with training, which is almost equal to tmaximum strain observed during thermal
cycling responses shown in Figure 2a. Moreover,-stage transformation behavior was
observed. In [110], two-way shape memory strain weseased from 0.34 % (before training) to
3.58 % (after training) with a very narrow therntgjisteresis of 6.8 °C. Th#,,; strain was
measured as 2.83 % along the [110] orientation. [btetemperature hysteresis indicates the
good compatibility of transforming phases and idesired for actuator applications.s Mas
determined as -67 °C from Figure 1. After trainiMg,increased in both orientations to 0 °C for
[100] and 26 °C for [110]. However, after training, was 25 °C for [100] and 28 °C for [110],
which is close to the #of 10.3 °C (determined from Figure 1). The inceeaSM; with training
can mainly be attributed to i) the internal stressated during thermal cycling under high stress
and ii) the generation of plastic strain and reaidiresses during thermal cycling experiments
shown in Figure 2. These two factors may help theleation of martensite, increasing
compatibility and enhancing strength, leading te ithcrease of Mand decrease of dissipation

energy. Detail discussion can be found in the plésgram section.



(a) C045NizAl 5, [100] (b) C045NizsAl 5, [110]
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Figure. 4. Compressive two-way shape memory effect behavfi@ogsNi3sAl 30 single crystal
before training under 5 MPa and after training urd®Pa with orientation of a) [100] and b)
[110].

3.3.Supereasticity

Figures 5a shows the selected temperature depesdeetelastic response of [100]
oriented single crystal in compression. The supstig response was determined from 0 °C to an
elevated temperature of 350 °C. The single cry#t§l 00] was first loaded to a total strain of 4
% and then unloaded at a constant temperature QARGost perfect shape recovery was
observed upon unloading. Then, the temperatureiveasased by 20 °C up to 100 °C and 50 °C
afterwards where the loading/unloading was repeatatiermally. Perfect superelastic behavior
was observed for a very large temperature windovds °C. The critical stress for phase
transformation was increased while transformattosirs was decreased with temperature. Figure
5a clearly showed a strong temperature depend@etredastic behavior. The slope during the
transformation () was low at low temperatures (< 40 °C), and ineedavith temperature. This
behavior can be attributed to the increased ditfyctor phase transformation and detwinning
[32]. Moreover, the results are in good agreemetit the incremental shape memory behavior
observed in Figure 2a. The stress hysteresis wadRHL at 80 °C and substantially increased to
181 MPa at 350 °C. Perfect superelasticity was mbgeat 350 °C with maximum stress level
reaching to 1.2 GPa. A large superelasticity windmwd50 °C was revealed along the [100]



orientation which is more than two times largemtiadhat was reported before for CoNiAl alloys
[11] and similar to CoNiGa alloys [22].

Figure 5b shows the superelastic response alonfd 11 orientation with a temperature
interval of 20 °C. The sample was firstly loadedtam total strain of 4 % at 57 °C. After the
initial linear elastic behavior, a clear transfotioa occurred with a plateau like response at low
temperatures (<137 °C). At higher temperaturgsinereased considerably. At 57 °C, there were
three notable features: 1) very low stress hyste@sabout 16 MPa; 2) perfect superelasticity
where the unloading path followed similar behawigth loading curve; 3) stress dropped two
times during forward transformation and increased times during back transformation. The
stress required for phase transformation increas#d testing temperatures. The decrease of
stress in plateau region is related to burst tygabkior observed in shape memory effect test.
Since SE tests were conducted under strain cortreldecrease of stress is detected. If force
control was used instead of strain control, it vdosthow a burst type transformation behavior at
the plateau region similar to ones observed atefarantrolled SME tests. Stress hysteresis
increased dramatically from 16 MPa at 57 °C to RBta at 307 °C. Perfect superelasticity was
observed till 307 °C. At higher temperatures, snraficoverable strain was detected. At high
temperature of 407 °C, with a 2 % strain defornmtimaximum stress was reached to 1.2 GPa
and perfect superelasticity was again attained laite stress hysteresis. The SE temperature
window of [110] was found to be higher than 350 Moreover, high strength for plastic
deformation (>1200 MPa) was revealed in both [148] [110]

The transformation strain at the plateau regioSBfdecreased with temperature. Such a
behavior can be attributed to the formation of iplét variants which enhanced the variant-
variant interaction at high temperature [22] andrde in lattice parameters with temperature.
The methods used to determine Young’'s modulus efeaite (&) and martensite @, and
transformation strain under stress at plateau regi) and under zero stress){) were shown
in Figure 3b. The highest SE recoverable stainataat 3.4 % for the temperature range of 57-
137 °C, indicating the fewer martensite variantewgh at low temperature. However, the
recoverable strain reduced pronouncedly to abdu#®between 207-407 °C and it is attributed

to the growth of multiple variants at high temparat
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Figure. 5. Compressive stress-strain responses along tHe0@) &nd b) [110] orientations as a
function of testing temperature.

4. Discussion
4.1.Elastic Modulus

Figure 6 shows the elastic moduli during loadingl amloading for [100] and [110]
orientations as a function of temperature, extdadtem the results shown in Figure 5. Initial
elastic regions during loading and unloading weseduto determine the moduli of austenitg)(E
and martensite (), respectively. It should be noted that at low penatures, the end of plateau
and the elastic region where modulus of martensitained was clear. However, at higher
temperatures, it is not clear if the transformati®rfully completed. At high temperatures the
modulus determined during unloading might have moumtions from austenite, thus, the
modulus during unloading was marked ag*.Elt should be noted that the modulus of
conventional materials such as Al, Cu, Ti decreag@ increasing temperature due to the
material softening [33-35]. The modulus of shapemme alloys shows a highly temperature
dependence behavior. Temperature dependence @labic constants and anisotropy factors
were reported in NiTi-based alloys [36-38], whetlasgc constants decreases prior to the
forward martensitic transformation, mainly due ke tsoftening. Similar softening was also
observed in magnetic NiMnGa alloys [39, 40]. For @§#stals there exist three elastic constants
moduli (G, Ci2, C4s) Where ¢’ ((g1-C12)/2) and anisotropy factor A {gc’) are two important
factors in martensitic transformation. As shownHgure 6, & and E,* have similar trends
where their moduli decreased with decreasing teatpes for both orientations prior to the

martensitic transformation. The,Ein [100] decreased with temperature below 80 AG #en it



increased with temperature. The increase\f & higher temperatures can be attributed to the
change in lattice parameters with stress and teatyrer, incomplete transformation and
multivariant martensite formation. At all orientats, elastic modulus was higher during
unloading when it is compared to the elastic moslauring loading. At 100 °C, the modulus of
martensite was three times higher than the modflasistenite in [110] orientation. It should be
noted that k is higher than g in NiTi alloys [41].

%97 Co,,Ni, Al [100] and [110]
@ 50 - -
G
H N
o 40" - y n .
5.l T0el. -
0 307 °® s b
= P
2 20 b
0 i
I a A A Ea[100]
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1a M Ea[110]
i B Em[110]
0_

T T T T T T l T l T T T T T T T T T T T l
0 40 80 120 160 200 240 280 320 360 400
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Figure. 6. Young’'s modulus of austenite and martensite asnation of temperature in [100]
and [110] orientations. Elastic moduli during iaitioading and unloading were extracted from
Figure 5 by using the schematic in Figure 3b.

4.2 Transformation Strain

Theeglrr were extracted from Figures 2, and plotted as atiom of applied stress in
Figure 7. It shows that; for both the [100] and [110] orientations increaseth applied
stress at low stress region due to the increaskaneofraction of favored martensite variants.
The maximunel;; were measured as 3 % at 75 MPa, 3.96 % at 50 &fei).3 % at 200 MPa
along the orientation [100], [110], and [111], restively. After the peak value, the recoverable
strains decrease linearly with stress for all dagans. In [100] and [110] orientations s
decrease from 3 % to 1.78 % and 3.96 % to 2.18 ®nvgtress increases from 50 MPa to 300

MPa, respectively. The decrease in recoverablestni#h stress or temperature can be attributed



to the large changes in lattice parameters andielasduli with temperature and the difference

in Young’'s moduli of austenite and martensite phase

It should be noted that at the plateau region, lzatstenite and martensite phases are
compressed, thus they are elastically deformed.e difference between the, anded; is
increasing with the difference between the elastocluli of transforming phases, as in CoNiAl
alloys.&l, anded; along the [100] and [110]orientations were plotied=igure 7 by using the
critical stress for transformation and temperatireen superelasticity experiments shown in
Figure 5. For both orientations;}, anded; decreased considerably with stress. #heis in
good agreements wit{Z% in both orientations, especially in [110] oriemat Thes; exhibits
a relatively higher values than bat), and l&; which can be attributed to difference in moduli
of transforming phases. If th&.is known, calculated superelastic strain under tness €95

can be obtained by the equation below:

oy g,
g =t G- O

WhereE! is the Young's modulus of austenite afjglis the Young’s modulus of martensite,

anda, is the critical stress for phase transformation.

In [110] at 57 °Cg, is 145 MPagl; is 2.91 %, & is 13.3 GPa and\Eis 44.7 GPa. Thus, the
g8 can be determined as 3.67 % which is higher #fanof 2.91 % and close to the
experimental measurementagf. of 3.35 %. The error can attributed to inaccudagermination

of ef. due to the lack of flat plateau region. Similarthe superelastic strain equation, the

calculated SME strain under zero streg$ £) can be estimated as;

0c _ .rec o ___9c
&smE = Esme T (EA(T) EM(T)) (2)
Whereo is the applied constant stre8g(T) andEy(T) are the elastic moduli of austenite and
martensite, respectively, at the temperature whezel: . was determined:5, for [100] and
[110] orientations were added to Figure 7. It &aclthat the S is higher than thesl5; and the
corrected strains have linear fit in both [100] dadO] orientations. Thugggzat zero stress

level is named as “projected strain” and shownigufe 7. The projected strains of SME are



4.43 % and 4.85 % for [100] and [110] orientationsspectively. Furthermoregy sy »
determined from the TWSME responses of [100] add]Dbrientation shown in Figure 3, were
added to Figure 7. It is worth to note thaj}, 5,5 iS very close to the highest recoverable strains
observed for both [100] and [110] orientations.
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Figure. 7. The relationship of compressive strain vs. stfesghree orientations a) [100] and
[111], b) [110]. In detailelt is the recoverable strain measured from SME ustiess g5 is

the corrected SME strain under zero stre§sijs the strain measured from SE at plateau region,
&Jy is the strain measured from SE under zero stress.

Transformation strain is generated from the crystalctural difference between
martensite and austenite phases. In this studsh@sn by Figure 7, the degree of the change of
strain with temperature in superelasticity and wdiness in shape memory response are
orientation dependent (the slope of #§8% and stress were -4.41R73 %/MPa, -6.50 x
1073 %/MPa for [100] and [110] , respectively, for thieess levels above 50 MPa), which had
already been reported in Cobalt based alloys [3D,Fowever, it should be noted that the strain
increases with temperature/stress in NiTi whilelecreases in CoNiAl [29]. Combined with
equation (1), a schematic is provided to explasdhacrease in transformation strain with stress
in Figure 8. The decrease 4f}, in CoNiAl alloys along the [100] and [110] orietitms is
mainly due to fact that the,Hs considerable lower thansEIn NiTi, the E is higher than fz,
resulting in increased?. with stress as shown by the schematic in Figurdt8thould be kept

in mind that critical stress of transformation eases with temperature and elastic moduli of



transforming phases change with temperature as Welis, the combined effects of those two
facts govern the change iff.. In CoNiAl, the difference in elastic moduli ofatrsforming
phases is very high butis low at temperatures close tos.MAs temperature increases, the
difference in elastic moduli of transforming phastecrease but.increases. Thugl, is
governed by those two competing facts. Lastlyhdwdd be noted that in all cases the corrected

recoverable strain decreases with temperature wbarh be attributed the change in lattice

parameters.
7 (a) cobalt based alloys 7 (b) NiTi alloys
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Figure. 8. A schematic of superelastic transformation stetimplateau region as a function of
increasing stress. a) CoNiAl wherg € By and b) NiTi where £> Ey.

4.3.Phase Diagram

Ms of three orientations are extracted from Figur@n@ plotted as a function of applied
stress in Figure 9. For all orientationss Mcreases with stress. Such a linear relation &etw

stress and temperature is well explained by thei@seClapeyron (C-C) relationship of;

Ao(T) _ AS AH

== ®3)

AT Etr Toetr

Aa(T) is the change in critical stregsT is the change in temperaturss is the specific or molar

transformation entropy change afnH is the enthalpy changey 1 the equilibrium temperature
that can be estimated in the usual fdimn= %(MS + Af), ande, is the transformation strain.

From the SME experiments, C-C slopes were detednisel.96 MPa °€ 1.25 MPa °C and
22.80 MPa °C along the [100], [110] and [111] orientations, pestively. From the SME



experiments shown in Figure 2, the maximgliffz are determined to be 3 %, 3.98 % and 0.3 %
along the [100], [110] and [111] orientation, respeely. It is clear from equation (3) that C-C
slope decreases with increased transformatiomsivaenAH/T, is constant which is the case
for this study of CoNiAl single crystals. In [11@;; is highest and C-C slope is lowest. The
maximum C-C slope of 22.8 MPa “Gvas observed in [111] orientation, which also tees
lowestegy of about 0.3 %. The conventional NiTi single caystwas reported to have C-C

slopes of 4-8 MPa °&in compression [42].

The critical stress for forward transformation dsiaction of temperature were extracted
from Figure 5 and added to the Figure 9 for [10@) #110] orientations. The maximum in
[110] orientation occurs at Mvhere testing at higher temperatures resultsastigl deformation
and decrease .. Figure 9 shows that [100] orientation has a lsgbngth of greater than 850
MPa and it is in good agreement with previous figgi [19, 43, 44]. The superelasticity C-C
slopes are 1.45 MPa “Gor [100] and 1.55 MPa °Efor [110] orientations. In [100] orientation,
the superelasticity is observed from -20 to 35&&Ghown in Figure 9. In [110] orientation, the
SE was observed from 57 °C to 407 °C. It is cléat in both orientation the SE is very large
(=350 °C) which is due to their low CC slope andghhstrength. The high C-C slope of [111]
orientation results in the lack of SE @sincreases rapidly with temperature and reachékeo

critical stress for plastic deformation at tempeares above A

According to the C-C slop from Eq (3), we can chdteithe stress chang&d) between

prior to the thermal cycling and after TWSME. Aoein in Figure 1 and 4, the M''%'= 25
°C-(-44°C) = 69 °C. Therefore, with SME C-C slop[b10] orientation, we have:

1.25MPa
————* 69 °C = 86.25 MPa

Agh10l _ colito] AMs[no] _ -

SME SME

Follow the same procedure for [100] orientation, wél get Ach) = 78.40MPa. The
observed stresses are the internal stress created) dhe thermal cycling experiments and can

be the main reason account for the cause ghttease in TWSME.
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extracted from the load-biased thermal cycling @Fég2) and superelastic tests (Figure 5),
respectively, by using the schematics shown inrfeil.

4.4 Thermal and Stress Hysteresis

Figure 10 shows the thermal hysteresis of threentations as a function of applied
stress. The change in thermal hysteresis withsstias a similar trend as the recoverable strain,
where the thermal hysteresis increase at low steggsn and then decrease with stress. In Figure
10, thermal hysteresis of [100] orientation incesafom 35.4C under 15 MPa to 54°Z under
50 MPa, and then decrease to 3%8under higher stress of 300 MPa. The change inmikle
hysteresis is more pronounced in [110] orientatwamere it shows the sudden jump from 583
at 15 MPa to 91.7C at 25 MPa due to the burst type (Type I) phaaestormation during
thermal cycling experiments under low stress levBie thermal hysteresis then decreases to its
lowest value of 28.3C at 200 MPa, and then increases to 52@7at 300 MPa. For [100]
orientation, the transformation behavior happeisigally with a smooth transition at each stress
level, indicating stored elastic energy. Howevée transformation occurs in a very sudden
manner at low stress levels in [110]. This burgtetyesponse indicates the absence of stored

elastic energy where once the energy requireddoleation of martensite is achieved, a sudden



transformation is observed. The orientation depeoeleof thermal hysteresis can mainly be

attributed due to the difference of elastic eneaisixed during forward transformation [10].

The effects of lattice parameters on the thermatdrgsis were reported before [45]. It
was found that lattice parameters governs the cohilitgt between the transforming phases and
thermal hysteresis. In CoNiAl single crystals, tlhege decrease of thermal hysteresis with
temperature can be attributed to the effects operature and stress to lattice parameters and
crystal structure that govern the compatibilityt@nsforming phases. The increase in thermal

hysteresis at high stress levels is due to theasad plastic strain and dissipation energy.

Thermal hysteresis obtained from the TWSME respoo$¢100] and [110] orientations
are also displayed in Figure 10. It is notable thatthermal hysteresis reaches to an extreme low
value of 6.7°C along the [110] orientation under 5 MPa. Suclravarthermal hysteresis from
TWSME can be understood by some defects such agliglacation, stabilized martensite can
modify nucleation and growing martensite of TWSMiad this martensite can be very fine

compare with the initial created martensite.

It should be noted that GaissAlzpalloys shows the lowest thermal hysteresis reported
among Cobalt based SMAs. Low thermal hysteresislargkery, sz Make these alloys very

promising for actuator applications
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Figure. 10. The relationship of temperature hysteresis vesstifor three orientations [100],
[110], and [111].

Stress hysteresis can be extracted from Figure §L@®] and [110] orientations, where
the stress hysteresis decreases with temperatusedifficult to determine the stress hysteresis
of [100] shown in Figure 5a due to the lack of g@tat regions for both forward and backward
transformations. As mentioned before, at low terapges, stress decrease and increase abruptly
during forward and backward transformation, redpelyt, in [110]. The observation of the first
stress drop after reaching to the stress requedrédnsforming phases was also observed in
polycrystalline CesNis3Al g alloys at room temperature [11] and it is attrdzlto the differences
between the stresses required for nucleation amplagation [11]. The first stress drop can also
be attributed to the differences of the speed efphase front and cross head motion [46], where
the phase boundary moves faster than the cross tesadting the stress drop. The second drop
can be linked to the nucleation and propagatioanafther phase front and/or detwinning. The
stress drop in superelasticity can be correlatatl thie responses observed during the thermal
cycling experiments shown in Figure 2b. In [1104p€& | (burst type) deformation was observed
at low stress levels which corresponds to stresgpsdin Figure 5b at low temperatures.
Eventually, thermal cycling under stress becomegseTi+Il behavior at higher stress level in
Figure 2b where in SE, stress drops are observiedvaemperatures (10) and single plateau
is observed at mid temperatures,{if) and stress increased during transformationigiteh
temperatures (p»0). To be noted, if force control was used indte& displacement control,
burst type behavior would have been observed aerddemperatures during SE. The sudden
phase transformation or stress drops are not obdernv[100] to the extent observed in [110],
however clearly, transformation was fast at firstl &hen incremental with further cooling. Such
differences between [100] and [110] can be steminech the formation of only twinned
martensite along the [100] orientation and twinreedl then detwinned martensite along the
[110] orientation. The increase of stress hystsre$iboth [100] and [110] orientations with
temperature can be attributed to plastic deformats the critical stress for transformation
increases with temperature, plastic deformatiorumscand increases the dissipation energy and

hysteresis



4.5. Theoretical Strain Calculation

The transformation strain of SMAs is governed b ttrystal structure and lattice
parameters of transforming phases. The theoretreasisformation strain as a function of
crystallographic orientation can be calculated Bing the framework based on the “Energy
Minimization Theory” [47, 48]. For CoNiAl alloys, B austenite has a lattice parameter of
a=0.2874, and L} martensite has lattice parameters of a=0i38%d c=0.314 [10]. Table 1
includes the theoretical transformation strain wialtons along the [100], [110], and [111]
orientation for Correspondence Variant Pair (CVi) detwinned martensite formation under no
stress. CVP is the martensite plate which contavis compatible martensite variants. The
theoretical calculation of CVP is the strain chamgeised by the formation of CVP during
thermal cycling, while the detwinning is the grovathone variant within a martensite in expense
of the other [49]. The detwinning produces adduiorecoverable strain, especially in tension.
The maximum experimental recoverable strains olesenv shape memory and superelastic tests
are also listed, as well as the projected SMErsti&s shown in Table 1, the experimental SME
strains are very close to the maximum SE straind€uzero stress). The projected SME strains
measured from Figure 7 are 4.43 % and 4.85 % f00][land [110], respectively. In [100],
although the experimental SME strain is lower tlthe theoretical strain due to the stress/
temperature effect, the projected SME strain (883vhich is the corrected value at zero stress,
closes to the theoretical number in both CVP (84&)1and Detwinned (5.01 %). It is hard to
predict the transforming type by only comparing &xperimental and theoretical strain values
since they are very close. However, the inconspisugpe I+11 behavior compared with [110]
orientation shows that the transformation might ehasontributions from both CVP and
Detwinned. In [110], the projected SME strain (4.89 almost equals to the theoretical
Detwinned value (5.01) and the burst type straipd(tl) is close to the theoretical CVP number
(2.47 %), indicating the CVP and Detwinned transfations exist in [110] orientation.
Moreover, the SME/SE experiment also shows thosetypes transformation profoundly at low
stress/ temperature. The experimental SME straiflid] is almost negligible compared with

other two orientations, and it is reasonable whenpare to theoretical strains.

Table. 1. Experimental recoverable strains from SME and S¥ojected SME” strains,
theoretical strain calculations of CVP and detwthneartensite along the [100], [110], and [111]
orientations.



Experimental Strain (%) Theoretical Strain (O,k))
SME Projected SME SE CVvP Detwinn¢d
3

100 4.43 2.75 5.01 5.01
(100} 2.42 (Type )

3.98
110 4.85 3.35 2.47 5.01
[110] 3.54 (Type 1)
[111] 0.31 0.31 NA 0.03 0.03

Conclusion

In this study, shape memory characteristics ofsiigsAlso (at %) alloy single crystals were
investigated under compression. Transformation Wiehaunder constant stress levels, and
superelasticity as a function of strain and temjpeeawere studied as well as two-way shape

memory behavior. The conclusions can be listedvinelo

1. The shape memory behavior of CoNiAl alloys is hyghdrientation, stress and
temperature dependent. The maximum compressivergesiale strains in GeNissAl 3o
single crystal oriented in [100], [110], and [1HEtE 3 %, 4 %, and 0.31 %, respectively.
The recoverable strains decrease substantiallystriéss/temperature.

2. Perfect superelasticity is observed along the [1&%] [110] orientations. Low stress
hysteresis of 16 MPa is observed in superelastating the [110] orientation. The lack
of SE in [111] orientation is attributed to the ni§G-C slope. The SME response of [111]
orientation is stable and temperature independent.

3. The CasNigsAl3g single crystal oriented in [100] and [110] havéaae superelasticity
window of more than 350 °C, thus CoNiAl alloys gremising candidates for high
temperature applications. The burst type transfaomabehavior is observed in both
[100] and [110] orientations. Applied stress aféetite transformation behavior where
both burst and gradual shape change are obsertghaitress levels.

4. Two-way shape memory effect (TWSME) behavior widrywlow thermal hysteresis is
observed in [100] and [110] orientations.

5. The decrease in recoverable strain during SE anB &dts is mainly attributed to the

difference in Young’s moduli of austenite and masite phases.



6. Stress-temperature phase diagram under compressioanstructed for G@NissAlsg
single crystals. C-C slopes of 1.96 MPa/1.25 MPatC, 22.80 MPaC were obtained
along the [100], [110] and [111] orientations, resjvely.
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Highlights:

»  Shape memory and superelastic behaviors of single crystal CossNissAlsg aloys
have been explored under compression.

* Decrease of recoverable strain with stress was discovered along [100] and [110]
orientations.

» CoNiAl demonstrates two-way shape memory effect with narrow thermal
hysteresis after thermal cycling experiments.

» Phase diagram of CoNiAl shows awide range of superelastic window
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