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Abstract Loading path dependencies and control mode

effects in polycrystalline shape memory NiTi were inves-

tigated using in situ neutron and synchrotron X-ray

diffraction performed during mechanical cycling and

thermal cycling at constant strain. Strain-controlled,

isothermal, reverse loading (to ± 4%) and stress-con-

trolled, isothermal, cyclic loading (to ± 400 MPa for up to

ten cycles) at room temperature demonstrated that the

preferred martensite variants selected correlated directly

with the macroscopic uniaxial strain and did not correlate

with the compressive or tensile state of stress. During

cyclic loading (up to ten cycles), no significant cycle-to-

cycle evolution of the variant microstructure corresponding

to a given strain was observed, despite changes in the slope

of the stress–strain response with each cycle. Additionally,

thermal cycling (to above and below the phase transfor-

mation) under constant strain (up to 2% tensile strain)

showed that the martensite variant microstructure corre-

lated directly with strain and did not evolve following

thermal cycling, despite relaxation of stress in both

martensite and austenite phases. Results are presented in

the context of variant reorientation and detwinning pro-

cesses in martensitic NiTi, the fundamental thermoelastic

nature of such processes and the ability of the variant

microstructure to accommodate irreversible deformation

processes.

Keywords Twinning � Mechanical behavior � Martensite

Introduction

Polycrystalline NiTi shape memory alloys (SMAs) have

the ability to recovery their pre-deformed shape against

external loads as a result of being heated through a rever-

sible solid-state phase transformation from a lower-sym-

metry B190 martensite phase to a higher-symmetry B2

austenite phase [1–3]. In the process of returning to the pre-

deformed shape, SMAs can recover a considerable amount

of deformation (e.g., up to 8% strain) against large stresses

(e.g., up to 500 MPa). This ability to do work while

transforming from one phase to another enables their use as

high-force actuators with both sensory and actuation

functions [4]. To facilitate the implementation of SMA

actuators in applications, a better understanding of the

relationship between the isothermal (mechanical deforma-

tion at constant temperature), isostrain (thermal cycling

under constant strain), and isobaric (thermal cycling under

constant stress) responses and the effects of the control

mode adopted (stress- or strain-controlled loading) is

required [5]. Recent examples of improving the under-

standing of the relationship between such thermomechan-

ical loading paths include investigations which highlighted

the ability to take different paths by either isothermal or

isobaric loading yet still obtain a similar microstructure and

actuation response [6]. This ability to obtain similar
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microstructures by various loading paths could be utilized

for designing loading paths which minimize the training

and processing required to obtain an optimized actuation

response [7, 8].

During isothermal loading of martensitic NiTi, defor-

mation mechanisms including elasticity, martensite variant

reorientation or coalescence and detwinning, and disloca-

tion-based plasticity have been shown to be active; how-

ever, the ability to decouple the contribution of each

mechanism to the overall macroscopic response remains a

challenge [9]. Progress in decoupling the contributions of

each mechanism included the determination of the aniso-

tropic elastic stiffness constants of B190 NiTi using ab ini-

tio calculations [10] and in situ neutron diffraction

experiments [11]. Initial tensile loading (up to 1%) is pri-

marily attributed to elastic deformation with limited variant

reorientation and detwinning. From neutron diffraction

experiments, it was shown that detwinning and variant

reorientation processes can occur at strains less than 0.2%.

As tensile strain is increased (to between * 1 and * 6%

strain), detwinning and variant reorientation becomes the

dominant deformation mechanism [11]. Inverse pole fig-

ures (IPFs) have previously been used to correlate changes

in texture to preferred selection of martensite variants in

Refs. [6, 8, 9, 11, 12]. Preferred tensile and compressive

variant selection was commonly observed (in IPFs, w.r.t.

the loading direction) as an increase in multiples of random

distribution (MRD) near the (010)M and (111)M crystallo-

graphic poles, respectively. Transmission electron micro-

scopy (TEM) investigations showed that [011]M type II and

(1�11)M type I twinning are the dominant twinning modes in

this region [13–15]. In these regions of loading, disloca-

tions in martensite twin plates [15] and both junction plane

areas [16] have been observed. At tensile strains greater

than * 6%, an increase of the slope of the stress–strain

response occurs as a result of (001)M and (20�1)M defor-

mation twins becoming active and increasing dislocation

density [17]. As tensile strain continues to increase in

tension (to between 6 and * 12% strain), an increase in

MRD near the (�150)M and (010)M poles occurs, as

observed in IPFs in Ref. [8]. At strains greater

than * 12%, MRD near the (�150)M and (010)M poles

decreases and increases near the (230)M pole, possibly as a

result of (001)M and (20�1)M deformation twins and dislo-

cation-based plasticity becoming the dominant deformation

mechanisms.

Previous investigations have included tension–com-

pression cyclic isothermal loading (up to ± 4% strain for

50 cycles) under strain control [15, 16]. Utilizing TEM, it

was shown that [011]M type II twinning was the primary

twinning system prior to cycling. Following cycling,

(11�1)M type I twinning was most frequently observed after

cycling and was attributed to reoriented martensite vari-

ants. It was also reported that after cycling a high density of

dislocations developed in both junction plane areas and

within the martensite twins. It was concluded that these

aforementioned deformation mechanisms contributed to

changes in the slope of the stress–strain response with

cycling.

Thermal cycling at constant strain of SMAs can be used

to limit strain to increase the engineering life of an SMA

actuator [7] in applications requiring large forces in com-

pact spaces [18], e.g., a static rock splitter for planetary

exploration [19]. Additionally, the shape-setting process

[20] is typically performed by thermally cycling to above

and below the phase transformation under constant strain.

During in situ neutron diffraction shape-setting experi-

ments of polycrystalline NiTi (49.9 at.% Ni), tensile strain

(up to 7.3%) was held constant while the specimen was

thermally cycled (up to 450 �C) [20]. While heating,

blocking stresses were generated and reached a maximum

of 400 MPa at 200 �C and subsequently relaxed to near

zero as heating continued to 450 �C. At room temperature

following the shape-set, the specimen showed zero

macroscopic stress and a self-accommodated microstruc-

ture (observed in IPFs). Constant strain thermal cycling

(between 30 and 300 �C) in Ni50.3Ti29.7Hf20 resulted in

blocking stresses up to 1.5 GPa in the first cycle which

decayed and stabilized to 1.1 GPa following subsequent

cycles (up to 20) [18].

The objective of the current study seeks to provide

microstructural and macroscopic insight into loading path

and control mode effects in shape memory NiTi. This is

achieved using in situ neutron and synchrotron X-ray

diffraction wherein information representative of the bulk,

i.e., phase fraction and texture evolution, was followed

during stress- and strain-controlled, isothermal, reverse

loading and constant strain, thermal cycling of near-

equiatomic polycrystalline NiTi. Results are presented in

context of variant reorientation and detwinning processes

in martensitic NiTi and the fundamental thermoelastic

nature of such processes. Discussion of the results is

extended to include isobaric loading and inferences are

made regarding the behavior of shape memory NiTi under

general loading conditions.

Experimental Procedures

Material

The material used in this work was a binary NiTi alloy

(nominal composition 49.9 at.% Ni), produced by Special

Metals (now SAES Smart Materials, New Hartford, NY).

This alloy is part of a large material lot that has been
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extensively studied elsewhere [6, 8, 11, 20–23, 35, 36].

Ten-millimeter rods were produced in the hot-rolled/hot-

drawn and hot-straightened condition. The martensite fin-

ish (Mf), martensite start (Ms), austenite start (As), and

austenite finish (Af) transformation temperatures were

determined by differential scanning calorimetry to be 46,

71, 86, and 102 ± 2 �C, respectively.

In Situ Neutron Diffraction

The following experiments were performed in situ in

‘‘time-of-flight’’ mode using the Spectrometer for Materials

Research at Temperature and Stress (SMARTS) at Los

Alamos National Laboratory (LANL). The experimental

setup at SMARTS is only summarized here and additional

details can be found in Ref. [24]. Figure 1a shows the

detector coverage at SMARTS that was utilized in this

work. Figure 1a illustrates the physical location of the

detector banks w.r.t. the incident beam and specimen. The

loading axis forms 45� angle with the incident neutron

beam. Two detector banks are positioned at opposing 90�
angles relative to the beam which allows for reflections

from lattices planes parallel and perpendicular (indicated

by 1 and 2, respectively, in Fig. 1) to the loading axis to be

captured. A third detector bank (indicated by 3 in Fig. 1)

was positioned directly below the incident beam in a

backscattering geometry with a scattering angle of 155�.
Figure 1b shows the detector coverage of the three banks,

projected onto a pole figure. Results presented henceforth

will correspond to reflections from lattices planes perpen-

dicular to the loading axis unless otherwise stated.

Cylindrical dog-bone samples were machined to

5.08 mm gauge diameter and 15.24 mm gauge length with

threaded ends. Prior to all experiments, two no-load,

thermal cycles between room temperature and 200 �C were

performed after installation into the load frame in order to

ensure an initial self-accommodated microstructure. Com-

pression–tension (i.e., compression followed by tension)

and tension–compression (i.e., tension followed by com-

pression), reverse, cyclic isothermal loading was performed

in strain control to ± 4% for ten cycles at room tempera-

ture, on two different specimens. Neutron diffraction

spectra were acquired at 2% strain increments on the first,

second, and tenth cycle. Tension–compression, reverse,

cyclic, isothermal loading was performed in stress control

to ± 400 MPa for ten cycles at room temperature, on a

third specimen. Neutron diffraction spectra were acquired

at ± 400 MPa stress increments on the first, second, fifth,

and tenth cycle.

Thermal cycling at constant strain was performed on

two specimens at 1 and 2% tensile strain, respectively. The

specimens were loaded to their respective strains at room

temperature in strain control and then the strain was held

constant, while the specimen was thermally cycled between

40 �C (lower cycle temperature LCT) and 165 �C (upper

cycle temperature UCT) for ten cycles. Neutron diffraction

spectra were acquired between the LCT and UCT on the

first, second, fifth, and tenth cycle. To ensure adequate

statistics for analysis, a hold time of 30 min was used to

acquire each spectrum. Extensometry (10 mm gauge length

and strain resolution of 5 9 10-5) was used to report

macroscopic strain measurements. During strain and stress-

controlled experiments, a strain rate of 10-4 s-1 and stress

rate of 40 MPa/min, respectively, was maintained.

Rietveld refinement [25] implemented by General

Structure Analysis System (GSAS) [26] was used to ana-

lyzed all neutron diffraction spectra. Details of the imple-

mentation of this approach as it is applied to analyzing

texture during heating and loading of NiTi-based alloys can

(a)

(b)

Fig. 1 Detector coverage at the SMARTS diffractometer at Los

Alamos National Laboratory: a schematic of physical location w.r.t

incident and diffracted beams, and specimen; and b projected onto a

pole figure. All axial distribution plots generated in this paper

correspond to the radial slice indicated by the dashed line between 1

and 2
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be found in Refs. [11, 27, 28] among others. Inverse pole

figures (IPFs) were generated from the refinements as

previously outlined [29] and plotted with generic mapping

tools [30]. IPFs represent the distribution of a selected

direction in the specimen relative to the crystal axes in

multiples of random distribution (MRD) with 1 corre-

sponding to a random distribution. IPFs presented hence-

forth were generated from diffracting planes perpendicular

to the loading direction, unless otherwise stated. Axial

distribution plots (ADP) correspond to a radial slice

(indicated by the dashed line between 1 and 2 in Fig. 1b) of

the pole figure (cylindrical symmetry in the specimen was

assumed) and provided a second representation of analyz-

ing and describing texture in this work. The ADP repre-

sents MRD (y-axis) of a specified crystallographic direction

oriented at an angle (u) between the normal to the specified

plane and a chosen axis in the specimen, in this case the

loading direction.

In Situ Synchrotron X-ray Diffraction

Additional thermal cycling at constant strain experiments

were performed using in situ synchrotron X-ray diffraction

at the High Energy Materials Science (HEMS) beam line at

the high-brilliance synchrotron radiation storage ring

PETRA III at DESY in Hamburg, Germany. Details of the

implementation of HEMS for investigations of NiTi-based

alloys can be found in Ref. [31, 32] and are only summa-

rized here. Measurements were taken with a photon energy

of 100 keV (k = 0.12427 Å) using a beam cross section of

500 9 500 lm2 with a sample-to-detector distance of

1.572 m. Debye–Scherrer diffraction rings were capture

using a MAR345 image plate detector (345 mm area

diameter) with 100 lm pixel size. Diffraction spectra were

generated by integrating diffraction rings over azimuthal

intervals of 10� to ensure adequate grain statistics.

Cylindrical compression specimens, 10 mm in length

and 5 mm in diameter, were loaded in displacement control

using a BÄHR DIL805 dilatometer. The specimen was

loaded in displacement control in compression to a strain

(measured at the grips) of - 0.6%, and then held at con-

stant displacement and thermally cycled between 40 and

165 �C (at a heating and cooling rate of 10 �C/min) for five

cycles.

Results and Discussion

Strain-Controlled, Reverse Loading

Figure 2 shows IPFs corresponding to the first cycle of

tension–compression (tension followed by compression),

isothermal, strain-controlled, reverse loading of B190

martensitic NiTi at room temperature. Initially at zero

stress and strain, a near self-accommodated microstructure

was established as indicated by a maximum intensity of

1.74 (this value is within ± 0.2 of previous work on this

alloy [6, 11]) in the corresponding IPF. Tensile loading of

the specimen to 4% strain resulted in preferred selection of

variants as indicated by an increase in intensity (to a

maximum of 5.06) near the 010 pole, observed in the

corresponding IPF at 4%. Upon load reversal (from 4 to 0%

strain), the selected variants reoriented back to that of a

near self-accommodated variant microstructure as indi-

cated by a decrease in intensity (to a maximum of 2.11)

observed in the corresponding IPF at 0%. Subsequent

compressive loading of the specimen to - 4% strain

resulted in preferred selection of other variants (those

favoring compressive strains) as indicated by an increase in

intensity (to a maximum of 2.64) near the 111 pole, as

observed in the corresponding IPF at - 4%. Upon subse-

quent load reversal (from - 4 to 0% strain), the variants

reoriented back to that of a near self-accommodated variant

microstructure as indicated by a decrease in intensity (to a

maximum of 1.92), again as observed in the corresponding

IPF at 0%. The ability to return to a near self-accommo-

dated texture following preferential selection of variants

demonstrates the isothermal reversibility of variant reori-

entation and detwinning in NiTi (within the limits inves-

tigated here). Overall, at 0% strain, both, initially and

following the first and second load reversals, a similar

texture was observed (as indicated by maximum intensities

of 1.74, 2.11 and 1.92, respectively) despite having sig-

nificant differences in stress (i.e., 0, - 299 and 268 MPa,

respectively). This result demonstrates that martensite

variant selection in NiTi correlates well with the macro-

scopic uniaxial strain and does not correlate with the

compressive or tensile state of stress (within the limits

investigated here). It is noted that there exists some rem-

nant texture at 0% strain in both tension and compression

paths (Fig. 2), but their strengths are small and overall the

texture is comparable to the starting self-accommodated

texture. The formation of residual texture was also noted

Ref. [6] and attributed to pinning (to a limited degree) of

compression and tension preferred variants by irrecover-

able deformation mechanisms.

At 2% strain during loading and unloading, the maxi-

mum intensity observed in the corresponding IPFs was

3.21 and 3.61 (observed near the 010 pole), respectively.

At - 2% strain during loading and unloading, the maxi-

mum intensity observed in the corresponding IPFs was

1.76 and 2.11 (observed near the 111 pole), respectively.

The observed hysteresis, i.e., difference in variant

microstructures during unloading and loading, at an

equivalent strain, can be attributed to elastic unloading of

martensite and the stress required to activate variant
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reorientation and detwinning processes upon load reversal.

Irreversible energy dissipation and irrecoverable deforma-

tion mechanisms also occur, and in some cases trap or pin

some of the preferentially selected variants, hindering their

reversal until adequate stress is applied.

Figure 3a shows the evolution of the stress–strain

response for the first ten cycles of compression–tension

(compression followed by tension) isothermal, strain-con-

trolled, reverse loading (to ± 4% strain) of B190 marten-

sitic NiTi at room temperature. The stress increased at the

maximum compressive and tensile strains and decreased at

intermediate strains with cycling. Figure 3b shows the

evolution of stress at the minimum and maximum strains

for the first ten cycles of isothermal, strain-controlled,

reverse loading to ± 4% strain of B190 martensitic NiTi at

room temperature. Note, the mean stress, defined as

rmean = (r4% ? r-4%)/2, is also shown in Fig. 3b. Fig-

ure 3b shows similar changes in stress for both tension–

compression and compression–tension reverse loading,

indicating changes in the slope of the stress–strain curve

with the overall evolution being independent of the initial

loading direction. This change in the slope of the stress–

strain response observed here is consistent with Refs.

[15, 33, 34] wherein the observed behavior was attributed

to martensite variant reorientation, twin boundary move-

ment within martensite plates, formation of stacking faults

on (001) planes, shear along (110) planes, and the accu-

mulation of dislocations in both junction plane areas and

martensite twin plate. The mean stress did not change with

cycling, suggesting that the stress is changing at the max-

imum and minimum strains at a similar rate (with cycling)

and the overall response is not shifting w.r.t. stress.

Figure 4 shows the IPFs corresponding to the first ten

cycles of compression–tension, isothermal, strain-con-

trolled, reverse loading at room temperature. Note that the

IPFs shown in Fig. 4 correspond to the macroscopic

response shown in Fig. 3a. At the following strains: 0%

initial, - 4% compressive, 0% on the first load reversal

(positive stress), 4% tensile, and 0% on the second load

reversal (negative stress), the maximum intensities

observed in the corresponding IPFs were 1.76, 3.00, 1.93,

Fig. 2 Inverse pole

figures corresponding to

diffracting planes perpendicular

to the loading direction during

the first cycle of tension–

compression (i.e., tensile

followed by compressive),

isothermal, strain-controlled,

reverse loading of B190

martensitic NiTi at room

temperature. For clarity in

presentation, the scale chosen in

the inverse pole figures are

unique to this figure
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Fig. 3 Response of the first ten cycles of isothermal, strain-

controlled, reverse loading of B190 martensitic NiTi at room

temperature: a stress at ± 4% strain (indicated by r4% and r-4%,

respectively), for the tensile followed by compressive and compres-

sive followed by tensile loading. The mean stress defined as

rmean = (r4% ? r-4%)/2 is also shown
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5.18, and 2.30, respectively (comparable to 1.74, 2.64,

1.92, 5.06, and 2.11, respectively, at equivalent positions

w.r.t. the tension–compression response shown in Fig. 2).

This result again shows that martensite variant

microstructures were equivalent for the corresponding

strain whether the specimen was loaded in compression or

tension and the reversibility of isothermal deformation was

demonstrated when the preferentially selected variants

reverted back to that of the self-accommodated variant

microstructure when loading was reversed. Furthermore,

these results are independent of the initial loading direction

(i.e., similar in both, compression–tension or tension–

compression, reverse loading paths).

At - 4% strain during the first, second, and tenth cycles,

the maximum intensities (near the 111 pole) observed in

the corresponding IPFs were 3.00, 2.60, and 2.37, respec-

tively, and the corresponding stresses were - 515, - 588,

and - 646 MPa, respectively. At ? 4% strain during the

first, second, and tenth cycles, the maximum intensities

(near the 010 pole) observed in the corresponding IPFs

were 5.18, 4.98, and 5.02, respectively, and the corre-

sponding stresses were 385, 435, and 532 MPa, respec-

tively. At 0% strain during unloading in the first, second,

and tenth cycles, the maximum intensities (near the 010

pole) observed in the corresponding IPFs were 1.76, 2.30,

and 2.43, respectively, and the corresponding stresses were

0, - 234, and - 162 MPa, respectively. At 0% strain

during loading in the first, second, and tenth cycles, the

maximum intensities (near the 010 pole) observed in the

corresponding IPFs were 1.93, 1.99, and 2.28, respectively,

and the corresponding stresses were 330, 278, and

219 MPa, respectively. Thus, during cyclic, strain-con-

trolled, reverse loading the maximum intensities observed

in the corresponding IPFs decreased at the maximum

compressive strain, remained the same (within error) at the

maximum tensile strain, and increased (during loading and

unloading) at 0% strain with each cycle. Overall, the

relationship between the strain and the selected variant

microstructure, and the subsequent reversibility of the

selected variant microstructure was unaffected. The small

differences in variant microstructures during unloading and

loading, at a given strain, and the residual or remnant

texture observed at zero strain can be attributed to

(i) elastic unloading of martensite and the stress required to

activate variant reorientation and detwinning processes

upon load reversal as affected by irreversible energy dis-

sipation mechanisms (e.g., variant interface motion); and

(ii) compressive strain and tensile strain preferred variants

being pinned or trapped (to a limited extent) by dislocation-

based plasticity (which includes mechanisms described in

Ref. [15]) accumulated during cycling, slip, and/or the

early onset of deformation twinning. Note, it is well known

and also shown in Fig. 2 that the variants selected or pre-

ferred in tension and compression are different which give

rise to the tension–compression asymmetry in the macro-

scopic stress–strain response.

Stress-Controlled, Reverse Loading

In order to provide additional insight into the effects of

control mode on the deformation response during isother-

mal loading, stress-controlled, reverse loading was also

Fig. 4 Inverse pole figures corresponding to diffracting planes

perpendicular to the loading direction during the first ten cycles of

compressive followed by tensile, isothermal, strain-controlled,

reverse loading of B190 martensitic NiTi at room temperature at

a e = 0% during unloading; b e = - 4%; c e = 0% during loading;

and d e = 4% for the first, second, and tenth cycles, respectively.

Note, the IPFs presented in this figure correspond to the macroscopic

response shown in Fig. 3. For clarity in presentation, the scale chosen

in the inverse pole figures are unique to this figure
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investigated. Figure 5a shows the evolution of the stress–

strain response for the first ten cycles of tension–com-

pression, isothermal, stress-controlled, reverse loading

(to ± 400 MPa) of B190 martensitic NiTi at room tem-

perature. During cyclic, stress-controlled, reverse loading,

the slope of the stress–strain response increased as indi-

cated by decreasing (absolute) strain values at maximum

tensile (400 MPa) and compressive (- 400 MPa) stress.

To facilitate the following discussion, Fig. 5b shows the

strains at the maximum tensile and compressive stress

(indicated by, e400MPa and e-400MPa, respectively) for each

cycle. The mean strains, defined as emean = (e400MPa ?

e-400MPa)/2, are also shown in Fig. 5b. Similar to Fig. 3,

the mean strain did not change with cycling, suggesting

that the strain is changing at the maximum and minimum

stresses at a similar rate (with cycling) and the overall

response is not shifting w.r.t. strain.

Figure 6 shows the IPFs corresponding to the first ten

cycles of tension–compression, isothermal, stress-con-

trolled (to ± 400 MPa), reverse loading of B190 marten-

sitic NiTi at room temperature. The initial IPF (not shown)

at zero stress and strain at room temperature had a maxi-

mum intensity 1.75 corresponding to that of a self-ac-

commodated microstructure. During initial loading from 0

to 400 MPa, variants were selected as indicated by an

increase in maximum intensity in the corresponding IPF

(Fig. 6a, cycle one) to 6.83 (near the 010 pole) and cor-

responded to a strain of 5.8%. Upon reverse loading from

400 to - 400 MPa, variants reverted to an almost self-

accommodated microstructure as indicated by a decrease in

the maximum intensity observed in the corresponding IPF

(Fig. 6b, cycle one) to 1.76 and corresponded to a strain of

- 2.0%. The result that a near self-accommodated

microstructure (as indicated by minimum texture) was

observed near - 2.0% strain as opposed to zero strain

during unloading, after a load reversal, was also observed

in the previous section (see the IPF in Fig. 2 at - 2.0%

strain during unloading) during strain-controlled, reverse

isothermal loading. In both cases, this behavior was

attributed to elastic unloading of martensite and the stress

required to activate variant reorientation and detwinning

processes upon load reversal as affected by irreversible
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Fig. 5 Evolutionary response of the first ten cycles of isothermal

tensile followed by compressive, stress-controlled, reverse loading of

B190 martensitic NiTi at room temperature: a stress–strain response and

b strain at ± 400 MPa (indicated by e400MPa and e-400MPa, respec-

tively). The mean strain defined as emean = (e400MPa ? e-400MPa)/2 is

also shown

Fig. 6 Inverse pole figures corresponding to diffracting planes

perpendicular to the loading direction during the first ten cycles of

tensile followed by compressive, isothermal, stress-controlled, reverse

loading of B190 martensitic NiTi at room temperature at

a r = 400 MPa and b r = 400 MPa stress. Note, the IPFs presented

in this figure correspond the macroscopic response shown in Fig. 5.

For clarity in presentation, the scale chosen is unique to this figure
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energy dissipation mechanisms (e.g., variant interface

motion).

The corresponding IPFs at (a) 400 MPa and

(b) - 400 MPa for the first, second, fifth, and tenth cycles

are also shown in Fig. 6. At 400 MPa, the maximum

intensities (near the 010 pole) observed in the corre-

sponding IPFs were 6.88, 6.05, 5.64, and 5.52, respectively,

and the equivalent strain values observed were 5.8, 5.0, 4.5,

and 4.3%, respectively, for the first, second, fifth, and tenth

cycles. At - 400 MPa, the maximum intensities observed

in the corresponding IPFs were 1.76, 1.73, 1.78, and 1.88,

respectively, and the equivalent strains values observed

were - 2.0, - 1.4, - 1.0, and - 0.9%, respectively, for

the first, second, fifth, and tenth cycles. During cyclic,

stress-controlled, reverse loading, the maximum intensities

observed in the corresponding IPFs decreased (near 010

pole) at the maximum tensile stress (400 MPa) and

remained the same (within error) at the maximum com-

pressive stress (- 400 MPa).

During cycling, at the maximum tensile stress

(400 MPa) for each cycle, a decreasing maximum intensity

observed in the IPFs correlated well with decreasing

macroscopic strain. This result was consistent with the

correspondence between the variants selected and the

macroscopic strains observed during strain-controlled,

reverse, isothermal loading as presented in the previous

section. More specifically, the martensite variant

microstructure followed the macroscopic uniaxial strain

and did not follow the compressive or tensile state of stress

(within the limits investigated here) during stress-con-

trolled, reverse, isothermal loading.

Constant Strain, Thermal Cycling

While isobaric and isothermal responses of shape memory

NiTi have been extensively investigated, isostrain (thermal

cycling under constant strain) loading has been limited to a

few investigations [18, 20]. Thermal cycling at constant

strain was investigated here and results are presented in the

context of the isothermal loading results, presented in the

previous section. Figure 7a shows the macroscopic stress–

temperature response during thermal cycling between 40

and 165 �C under a constant strain of - 0.6 and 2%. The

- 0.6 and 2% cases were performed in situ using syn-

chrotron X-ray and neutron diffraction, respectively. For

the first case, initial isothermal loading from zero to 2%

tensile strain (from points 1 to 2) at room temperature

corresponded to a macroscopic stress increase of 261 MPa.

The specimen was held at constant strain of 2% (in strain

control) and heated (from points 2 to 3) to a

UCT = 165 �C corresponding to a blocking stress of

440 MPa. In order to ensure adequate statistics for the

diffraction measurements, the specimen was held at the

UCT for 30 min during each cycle. During this hold time, a

relaxation of stress occurred as observed in Fig. 7a. The

specimen was then cooled (from points 3 to 4) to a LCT of

40 �C which resulted in the stress dropping to - 14.7 MPa,

thus completing the first cycle. Figure 7b shows the

blocking stress observed at the LCT and UCT for each

cycle during ten thermal cycles under a constant strain of

- 0.6, 1, and 2%, respectively.

Figure 8 shows the IPFs corresponding to thermal

cycling between 40 and 165 �C under a constant strain of 1

and 2% at the UCT. For the 2% case, the initial IPF (not

shown) at zero stress and strain at room temperature had a

maximum intensity 1.87 corresponding to a self-accom-

modated microstructure. Upon initial isothermal loading
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(from points 1 to 2) to 2% strain, preferred variants are

selected as indicated in the corresponding IPF by an

increase in maximum intensity to 3.57 (compared to 3.21

observed at 2% tensile strain on initial loading in Fig. 2)

near the 010 pole. Following the first heating and cooling

cycle, this martensite variant microstructure was not sig-

nificantly affected as indicated by a maximum intensity of

3.21 (near the 010 pole) observed in the corresponding IPF,

despite a significant relaxation in stress (from 261 to

- 14.1 MPa). This result demonstrates that the martensite

variant microstructure formed by isothermal loading cor-

responded to a given strain and the correspondence was not

affected by thermal cycling under constant strain, despite

large changes in the macroscopic state of stress. The

relaxation of stress and decrease in maximum intensity

observed in the IPFs can be attributed to martensite vari-

ants accommodating the applied stress state during cooling.

Overall, the response observed for thermal cycling at 1%

constant strain was comparable to the 2% constant strain

case in terms of the correspondence between the martensite

variant microstructure and the strain.

For the first thermal cycle, at a constant strain of 2%, a

blocking stress of 440 MPa was observed at the UCT.

During the next ten cycles, the blocking stress decreased

with each cycle. While the rate of decrease reduced with

each cycle, this behavior did not appear to stop for the

number of cycles performed here. To explore possible

mechanisms for the observed stress relaxation with cycling,

the texture in B2 was investigated in IPFs. Figure 9 shows

IPFs for B2 austenite taken at the UCT during thermal

cycling (up to ten cycles) between 40 and 165 �C at a

constant strain of 2%. For the first cycle, a maximum

intensity of 1.67 was observed near the 110 pole in the

corresponding IPF. The increased intensity near the 110

pole indicates a 110 fiber texture (assuming axial symme-

try) in austenite. The texture observed here most likely

Fig. 8 Inverse pole figures (for the B190 phase at 40 �C) correspond-

ing to diffracting planes perpendicular to the loading direction during

thermal cycling (up to ten cycles) between 40 and 165 �C under a

constant strain of a 1% and b 2%. For clarity presentation, the scale

chosen is unique to this figure

Fig. 9 Inverse pole figures (for the B2 phase at 165 �C) correspond-

ing to diffracting planes perpendicular to the loading direction during

thermal cycling (up to ten cycles) between 40 and 165 �C under a

constant strain of a 1% and b 2%. For clarity presentation, the scale

chosen is unique to this figure
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developed during metallurgical processing and was con-

sidered to be weak. The maximum intensity observed in the

IPFs on the first, second, fifth, and tenth cycles (with cor-

responding stress of 440, 406, 343, and 304 MPa, respec-

tively) at the UCT was found to be 1.68, 1.70, 1.75, and

1.79, respectively. Therefore, over the ten thermal cycles

under constant strain, the texture in B2 remained unchan-

ged (within error), despite a significant decrease in

macroscopic stress. The decrease in stress could still pos-

sibly be attributed to slip and deformation twinning which

is not expected to produce a noticeable change in texture

(for strains up to 10%) [35].

Thermal cycling at - 0.6% constant strain using in situ

synchrotron X-ray diffraction was also examined. A

smaller strain was chosen here in order to reduce the

contributions of variant and reorientation detwinning to the

overall response and subsequently reveal other potential

mechanisms. Additionally, synchrotron X-ray diffraction

provided adequate diffraction statistics on the order of

seconds as opposed to minutes compared to neutron

diffraction thus eliminating possible time-dependent con-

tributions, e.g., mechanisms contributing to stress relax-

ation observed at the UCT during neutron diffraction

experiments.

Figure 10 shows synchrotron X-ray diffraction spectra

from diffracting planes perpendicular to the loading

direction (azimuthal angle, w = 90�) at 165 �C acquired

during thermal cycling between 40 and 165 �C under a

constant strain of - 0.6% for select B2 peaks. Also, shown

are the spectra acquired from the second no-load thermal

cycle, at the UCT. Note, no significant hold time at the

UCT was required and therefore the stress did not dis-

cernibly relax. Results show a change in the lattice strain as

seen from peak shifts between the no-load thermal cycle

and subsequent thermal cycles. This was expected and can

be attributed to elastic loading of B2 austenite under the

blocking stress generated during thermal cycling under

constant strain. From the first to fifth cycles, no significant

changes in peak intensity and no peak broadening or peak

shifts were observed, despite a decrease in the stress from

- 149.8 to - 122.6 MPa over five thermal cycles (as

shown in Fig. 7b).

Figure 11 shows the normalized intensities (I/I0) of

select B2 austenite peaks at 165 �C as a function of azi-

muthal angle w (in 10� increments) during thermal cycling

(up to five cycles) between 40 and 165 �C under a constant

strain of - 0.6%. The 110 fiber texture can be observed as

peaks in 110 intensity near azimuthal angles 90� and 270�,
both of which angles correspond to the longitudinal

direction in the specimen. No significant cycle-to-cycle

change in intensity over the range of azimuthal angles was

observed (for all crystallographic directions shown here)

which indicates that no B2 austenite texture changes

occurred during cycling, despite a significant relaxation in

the macroscopic blocking stress. Overall, no changes in

texture or peak broadening were observed despite a sig-

nificant relaxation in stress (at the UCT of each cycle)

during constant strain thermal cycling. These results pos-

sibly point to slip and deformation twinning in B2

austenite, among other possible irrecoverable mechanisms,

as was observed during isothermal loading and isobaric

cycling of shape memory NiTi in Refs. [35, 36],

respectively.

Texture Evolution and Crystallographic Theory

The purpose of this section is to discuss the results pre-

sented in previous sections, in the context of variant
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reorientation and detwinning processes in martensitic NiTi

and the fundamental thermoelastic nature of such pro-

cesses. Towards this goal, comparisons are made between

texture evolution observed during isothermal reverse

loading and crystallographic theory. Bain strains between

B2 austenite and B190 martensite structures were calculated

(as done previously in Refs. [1, 37–39]) using lattice

parameters obtained here by Rietveld refinement of neutron

data by employing crystallographic theory for this alloy.

The lattice parameters obtained by Rietveld refinement

were a = 2.91 Å, b = 4.65 Å, c = 4.13 Å, and c = 97.75

for monoclinic martensite and d100,B2 = 3.03 Å for cubic

austenite. The monoclinic angle is chosen to be between

the minimum and maximum lattice vector lengths. Typi-

cally in other literature, b is chosen as the diad axis making

b the monoclinic angle. To be consistent with the output of

the Rietveld refinements generated by GSAS and corre-

sponding IPFs, c was chosen as the diad axis making c the

monoclinic angle. The transformation strains obtained here

were mapped into an IPF in Fig. 12a to facilitate their

discussion w.r.t. texture measurements observed through

IPFs.

The maximum tensile (* 11% strain) and compressive

(* - 7% strain) transformation strains occur near the

- 120 and 210 poles, respectively. For convenience in the

following discussion, Fig. 12b additionally shows repre-

sentative IPFs (generated from lattice planes perpendicular

to the loading direction) with the selected martensite

variants under tension and compression (from Fig. 2).

Reference [40] showed that martensite variant conversion

occurs in a manner such that the correspondent variants,

which produce the largest conversion strains, will grow at
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the expense of others in order to maximize macroscopic

strain (under applied stress) in the polycrystalline aggre-

gate. This was later noted and demonstrated for NiTi in

Refs. [3, 38]. This can also be observed here in the IPFs

presented in Fig. 12. Tensile loading causes an increase in

pole density near the 010 direction (as shown in Fig. 12b)

and the maximum variant conversion strain (* 12%) was

observed near the - 120 direction (as shown in Fig. 12a).

Likewise, compressive loading causes an increase in pole

density near the 111 direction (as shown in Fig. 12b) and

the maximum variant conversion strain (* - 7%) was

observed near the 210 direction (as shown in Fig. 12a). The

slight rotation between the observed preferred direction in

the polycrystalline aggregate and that of the calculated

maximum variant conversion strains can be attributed to

intergranular interaction/constraints and the requirement to

satisfy strain compatibility in the polycrystalline aggregate.

Figure 13 shows IPFs corresponding to diffracting

planes with their plane normals at u = 46.3� relative to the

loading direction during the first cycle of isothermal, ten-

sile followed by compressive, strain-controlled, reverse

loading of B190 martensitic NiTi at room temperature. The

IPFs presented here were generated from Rietveld refine-

ments of diffraction spectra recorded by detector Bank 3

(as illustrated in Fig. 1). Tensile loading of the specimen to

4% strain resulted in an increase in intensity (to a maxi-

mum of 2.53) near the 141 pole, as observed in the cor-

responding IPF. This result is another example of the

correlation between the variant microstructure and strain

rather than stress, as martensite variants orient in a direc-

tion with low normal stresses to satisfy strain compatibility.

Of significance is the placement of the detector (Fig. 1),

data from which have previously not been reported for such

experiments with NiTi at this neutron diffractometer. The

magnitude of the strains near the 141 pole are intermediate

(as opposed to maximum tension or compression), as seen

in Fig. 12a. The evolving variant microstructure tracks the

strain despite the anisotropy in strain in the sample, e.g.,

maximum tensile strain in the direction of uniaxial tensile

loading and Poisson contraction in a direction 90 degrees to

this direction and vice-a-versa. This variant microstructure

evolution occurs in polycrystalline samples while satisfy-

ing stress and strain compatibility across variant

boundaries.

The aforementioned behavior is also seen in ADPs

wherein MRD (y-axis) of a specified crystallographic

direction are represented over a range of specimen

Fig. 12 a Bain strains calculated from crystallographic theory using

lattice parameters obtained from Rietveld refinement of neuron data

obtained in this work and b martensitic B190 NiTi inverse pole

figures for tensile and compressive loading corresponding to lattice

planes perpendicular to the loading direction. For clarity in presen-

tation, the scale chosen in the inverse pole figures are unique to this

figure

Fig. 13 Inverse pole figures corresponding to diffracting planes

u = 46.3� relative to the loading direction during the first cycle of

isothermal tensile followed by compressive, strain-controlled, reverse

loading of B190 martensitic NiTi at room temperature. Note, the IPFs

presented here were generated from Rietveld refinements of diffrac-

tion spectra recorded by detector Bank 3 (as illustrated in Fig. 1). For

clarity in presentation, the scale chosen in the inverse pole figures are

unique to this figure
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directions (typically between the longitudinal loading and

transverse directions). Figure 14a shows ADPs for the 010

direction corresponding to the first cycle of tension fol-

lowed by compression, isothermal, reverse loading of B190

martensitic NiTi at room temperature. The ADPs presented

here have three points of constraint, at u = 0� (loading

direction), 46.3�, and 90� (transverse direction) which

correspond to detector banks 2, 3, and 1, respectively. The

macroscopic response and IPFs corresponding to the

loading direction (u = 0�) and the IPFs corresponding to

(u = 46.3�) are shown in Figs. 2 and 13, respectively. In

Fig. 14a, the variant microstructure manifests as increasing

and decreasing intensities at u = 0� and u = 90�,
respectively, as the specimen was strained to 4% tensile

strain. This indicates the 010 crystallographic direction

corresponds to variants that favor tensile deformation and

the result is consistent with those observed in the IPFs in

Fig. 2. At 4% tensile strain, the decreased intensity at

u = 90� is caused by a reduction due to Poisson’s ratio in

the transverse direction. Upon load reversal (from 4 to

- 4% strain), variants that favor tensile deformation

reorient to variants which favor compressive deformation

as indicated by decreased and increased intensities at

u = 0� and u = 90�, respectively. Figure 14b shows the

ADP for the 111 direction which corresponds to variants

which favor compressive deformation (as seen previously

in Fig. 2). During this reverse loading (from 4 to - 4%

strain), variants which favor compressive deformation

grew at the expense of variants which favor tensile defor-

mation, as indicated by increased and decreased intensities

at u = 0� and u = 90�, respectively. Upon the second

load reversal (returning to 0 from - 4% strain), the variant

microstructure returned to a near self-accommodated state

as indicated by good agreement between 0% initial and 0%

final strain, in both Fig. 14a, b. Also note that in both

ADPs, corresponding to the 010 and 111 crystallographic

directions, negligible changes were observed near

u = 46.3�. Overall, results observed through the ADPs

provided additional evidence that variants, which maxi-

mize strain, are preferentially selecting to the direction of

applied stress at the expense of variants that are less

favorable (or those which produce less strain) in the

polycrystalline aggregate.

Conclusions

Loading path and control mode effects in polycrystalline

shape memory NiTi was investigated by recourse to in situ

neutron and synchrotron X-ray diffraction performed dur-

ing reverse mechanical loading and constant strain thermal

cycling. In situ neutron and synchrotron X-ray diffraction

provided information representative of the bulk, i.e., phase

fraction and texture evolution that was tracked during

stress- and strain-controlled, isothermal, reverse loading

and constant strain thermally cycling of shape memory

polycrystalline NiTi. Results were discussed in the context

of fundamental thermoelastic mechanisms in NiTi and the

following conclusions were made.

1. Reverse isothermal loading of martensite demonstrated

that the martensite variant microstructure correlated

directly with the macroscopic uniaxial strain and did

not correlate with the compressive or tensile state of

stress. Additionally, the isothermal reversibility of

texture and its correspondence with a given macro-

scopic strain was demonstrated when loading was

reversed and the strain returned to zero. This
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conclusion was first realized in Ref. [6] and was

demonstrated again here as the foundation for the

following conclusions. Of significance in this work is

the placement of the third detector, data from which

have previously not been reported for such experi-

ments with NiTi.

2. The evolving texture was independent of the initial

loading direction (i.e., the results obtained were similar

for both, compression–tension and tension–compres-

sion, reverse loading paths). While this can be

expected due to the reversible thermoelastic nature of

deformation in NiTi, this observation despite the

tension–compression asymmetry in irreversible pro-

cesses (seen in this work as remnant or residual

texture) is noteworthy and speaks to the ability of

martensite variants to accommodate these irreversible

deformation processes.

3. During cyclic stress- and strain-controlled, reverse,

isothermal, load cycling, a change of slope of the

stress–strain response was observed as maximum

strain values decreased and stress values increased,

with each cycle, in respective control modes. The

texture tracked the strain despite this evolution of the

overall macroscopic stress–strain response again due to

the ability of martensite variants to accommodate

deformation processes associated with cyclic loading

in either stress- or strain-control modes.

4. During thermal cycling under constant strain (up to 2%

tensile), the maximum stress values decreased to zero

at the LCT and gradually decreased with each cycle at

the UCT. Despite relaxation of stress in both marten-

site and austenite, the evolving texture again directly

tracked the strain during constant strain thermal

cycling. Additionally, no major microstructural

changes (specifically, of texture) were observed in

the B2 phase during cycling. This observation can be

reconciled with the direct correspondence that exists

between the austenite B2 and martensite B190 phases

and the ability of the variant microstructure to

accommodate any irreversible mechanism responsible

for the stress relaxation.

The preceding conclusions point to multiple loading

paths (which includes one or more of isobaric, isothermal,

or isostrain loading paths [6, 36]) over multiple cycles

under stress- or strain-control resulting in equivalent vari-

ant microstructures that directly correlate with the macro-

scopic strain. Thus, a training regimen that reduces the

number of training cycles in stress–strain–temperature

space in order to obtain the desired variant microstructure

has implications for increasing the engineering life of NiTi

components.
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