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The transformation behavior of near-equiatomic NiTi containing 0, 10, and 20 vol pct TiC particu- 
lates is investigated by dilatometry. Undeformed composites exhibit a macroscopic transformation 
strain larger than predicted when assuming that the elastic transformation mismatch between the 
matrix and the particulates is unrelaxed, indicating that the mismatch is partially accommodated by 
matrix twinning during transformation. The thermal recovery behavior of unreinforced NiTi which 
was deformed primarily by twinning in the martensite phase shows that plastic deformation by slip 
increases with increasing prestrain, leading to (1) a decrease of the shape-memory strain on heating, 
(2) an increase of the two-way shape-memory strain on cooling, (3) a widening of the temperature 
interval over which the strain recovery occurs on heating, and (4) an increase of the transformation 
temperature hysteresis. For NiTi composites, the recovery behavior indicates that most of the mis- 
match during mechanical deformation between the TiC particulates and the NiTi matrix is relaxed 
by matrix twinning. However, some relaxation takes place by matrix slip, resulting in the following 
trends with increasing TiC content at constant prestrain: (1) decrease of the shape-memory strain on 
heating, (2) enhancement of the two-way shape-memory strain on cooling, and (3) broadening of 
the transformation interval on heating. 

I. INTRODUCTION 

A s  reviewed recently by, e.g., References 1 through 11, 
the shape-memory behavior exhibited by many allotropic, 
ordered alloys is the result of the thermoelastic nature of 
their phase transformation. In near-equiatomic NiTi alloys, 
the low-temperature B 19' phase (martensite M) consists of 
equal fractions of 24 variants with different crystallographic 
orientations. The B19' structure deforms by twinning up to 
tensile strains of about 8 pct, resulting in a strong texture, 
as the optimally oriented variants grow at the expense of 
the less-favorably oriented variants. Upon heating above the 
Aj temperature and complete allotropic transformation of 
the twinned B19' phase (martensite M') to the untwinned 
high-temperature B2 phase (austenite /3), the strain accu- 
mulated by twinning of the martensite is recovered. If, upon 
subsequent cooling, the original martensite M with equal 
volume fractions of the 24 possible variants is formed, the 
recovered strain is retained. This shape-memory effect 
(SME) can be repeated if the martensitic sample is again 
mechanically deformed. However, if, upon cooling, the 
martensite M' with oriented variants is formed so as to relax 
internal elastic stresses, the transformation is biased, some 
of the strain recovered upon heating is lost, and the sample 
adopts a shape intermediate between those of the deformed 
and undeformed states. This so-called two-way shape-mem- 
ory effect (TWSME) can be repeated upon further thermal 
cycling between the austenite and martensite temperature 
ranges of the matrix. Both memory effects, SME and 
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TWSME, have been exploited in applications such as actua- 
tors, connectors, heat engines, control systems, active damp- 
ers, self-erectable structures, and medical devices, t4,u-ls] 

The TWSME relies on biasing the formation of marten- 
site by elastic stresses, which can originate from external 
or internal sources. For example, an elastic spring or a 
weight attached to a NiTi element can provide an external 
biasing force, resulting in a device with TWSME function- 
ality. Cl6'lT'xs] The extemal bias can also originate from an 
elastic layer applied as a coating on the surface of the NiTi 
element. Hombogen and co-workers [~9,2~ reported enhanced 
SME and TWSME for silicone-coated NiTi strips and 
springs. Finally, the biasing stresses can be intemal, for 
instance, produced by stiff particlesE2n or dislocations.t4] In 
the latter case, mechanical training for the TWSME in- 
volves slip deformation of the martensite and arrangement 
of the dislocations such that they are in equilibrium with 
the deformed martensitic structure. The stress field of these 
dislocations, which remain in the austenite phase after the 
phase transformation, biases the formation of the martensite 
upon cooling, resulting in the same equilibrium configura- 
tion of martensite variants as before the thermal excursion. 

The present article is the third in a series investigating 
the thermal and mechanical behavior of titanium-rich NiTi 
composites containing TiC particulates. In a first article,t22] 
we investigated by calorimetry the phase transformation be- 
havior of the undeformed composites as a function of the 
number of thermal cycles around the allotropic temperature. 
In a second article, t23] we examined the compressive me- 
chanical behavior of these NiTi-base composites. Defor- 
mations to large strains for composites with a martensitic 
matrix (at low temperature) or an austenitic matrix (at high 
temperature) were investigated to study the effect of mis- 
match between the elastic TiC reinforcement and the NiTi 
matrix deforming by twinning (below the allotropic tem- 
perature) or stress-induced transformation (above the allo- 
tropic temperature). A companion article [24] reports on 
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Table I. Linear Coefficients of Thermal Expansion a (10 6 
K 1) As Measured on Annealed, Undeformed Specimens and 

As Predicted by Equation [5] 

NiTi NiTi- 10TiC NiTi-20TiC 

Martensite 

Austenite 

measured 
heating 8.1 7.6 8.3 
cooling 8.9 8.3 8.2 
average 8.5 8.0 8.3 

predicted 8.5* 8.3 8.1 

measured 
heating 12.6 12.0 11.7 
cooling 11.5 11.6 11.0 
average 12.1 11.8 11.4 

predicted 12.1 * 11.5 10.9 

*Assumed equal to the measured  value.  

neutron diffraction measurements of internal stresses and 
crystallographic orientation during deformation and after 
shape-memory recovery of  these materials. In the present 
article, we examine the shape-memory recovery of marten- 
sitic NiTi and NiTi-TiC composites deformed at room tem- 
perature as functions of TiC volume fraction and 
mechanical prestrain. The SME and TWSME are discussed 
in light of the mismatch created by the inert TiC particles 
in the matrix, which, as explained previously, are expected 
to increase the elastic stresses stored in the composite. 

II. E X P E R I M E N T A L  P R O C E D U R E S  

Specimens were fabricated by vacuum hot pressing, fol- 
lowed by hot-isostatic pressing of prealloyed NiTi powders 
(99.9 pct pure, 70-/zm average size, from Special Metals 
Corp., New Hartford, NY) and TiC particles (99.5 pct pure, 
with size between 44 and 100/~m, from Cerac, Inc., Mil- 
waukee, WI), as described in more detail elsewhere, tz3,25J 
The densified specimens of unreinforced NiTi, NiTi with 
10 vol pct TiC, and NiTi with 20 vol pct TiC (labeled in 
what follows as NiTi, NiTi-10TiC, and NiTi-20TiC, re- 
spectively) were cut by electrodischarge machining into 5 
• 5 • 10 mm right-parallelepiped samples, with tolerances 
within 5 /zm of the nominal dimensions and within 0.25 
deg of orthogonality. These samples were annealed in a 
titanium-gettered, 99.9 pct argon atmosphere at 930 ~ for 
1 hour, furnace-cooled to 400 ~ at an average rate of 4.5 
K.min 1, and air-cooled to room temperature at a rate of 
about 20 K.min -1. The samples were then deformed in uni- 
axial compression at room temperature to maximum strain 
values of 2, 3, 6, and 9 pct, as described in more detail 
elsewhere.t23, 25] 

Specimen strain after mechanical testing, determined 
from the average of multiple point-micrometer measure- 
ments of the sample length, was systematically less (by up 
to 0.5 pct) than the strain measured by the linear voltage 
displacement transducer (LVDT) during mechanical testing. 
This discrepancy could be due to mechanical strain recov- 
ery upon unloading at low stress values, for which the 
LVDT measurement is imprecise, or initial thermal recov- 
ery during specimen handling, as heat transferred from fin- 
gertips may have induced partial transformation. 
Dilatometry results presented in the present article indeed 
show that initiation of thermal recovery may occur at body 

temperature. In the following, we base our measurements 
on the sample strain measured by point micrometer just 
before the thermal recovery. 

Each specimen was thermally recovered in a dilatometer 
(from E. Orion Jr. Ceramic Foundation, Westerville, OH) 
outfitted with a quartz sample holder and a quartz push- 
rod, which exerted a constant negligible compressive stress 
of 39 kPa on the specimen. The samples were heated in air 
from 20 ~ to a maximum temperature of at least 275 ~ 
at a rate of 1 K'min -~, followed by cooling to 20 ~ at the 
same rate. During this temperature cycle, the sample length 
was measured by an LVDT at the cold end of the push- 
rod, and the sample temperature was monitored by a ther- 
mocouple glued to the sample, with an absolute accuracy 
of 1.5 K. Experimental data were corrected for the thermal 
expansion of the quartz holder (5"10 -7 K-l[26]). Because the 
maximum temperature at the end of heating varied between 
275 ~ and 325 ~ from specimen to specimen, the data 
above 275 ~ were not reported. The cooling curves were 
shifted along the length axis such that the sample lengths 
were equal at 275 ~ on heating and cooling. 

The accuracy of the system was tested with a 6061-T6 
aluminum sample, the coefficient of thermal expansion of 
which was measured as 25.4.10 -6 K -l between 20 ~ and 
300 ~ in good agreement with a literature value of 
25.5"10 .6 K -l for 99.6 pct pure aluminum (AI-1060) meas- 
ured in the same temperature range.t271 

III. R E S U L T S  

As reported earlier,t23.251 the TiC particles are well dis- 
tributed within the matrix and the particle-matrix interface 
is unreacted and pore-free. Densities of NiTi, NiTi-10TiC, 
and NiTi-20TiC are, respectively, 99.4, 98.8, and 90.6 pct 
of the theoretical rule-of-mixture values because of residual 
porosity in matrix and reinforcement.t231 In the following, 
we assume that the porosity has no effect on the shape- 
memory recovery of the samples, as discussed in more de- 
tail in companion articles.t22,23,241 

A. Undeformed Specimens 

Dilatometry experiments were first performed on an- 
nealed, undeformed samples to characterize both the coef- 
ficient of thermal expansion and the transformation 
expansion of the untwinned matrix. Coefficients of thermal 
expansion for the samples in their fully martensitic and 
fully austenitic phases were determined in the temperature 
regions straddling transformation. As listed in Table I, the 
coefficients of thermal expansion decrease with increasing 
TiC content. 

The phase transformation resulted in sharp departures 
from the linear thermal expansion slopes. As shown in Fig- 
ure 1 and as listed in Table II, the linear allotropic expan- 
sion AL/L for the transformation decreases with increasing 
TiC content. Furthermore, the transformation temperatures 
are shifted to lower temperatures and the temperature in- 
terval over which the transformation takes place broadens. 

B. Deformed Specimens 

Figure 2 shows the stress-strain curves of NiTi and NiTi- 
TiC specimens for the largest maximum strain, ema x = 9 
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Fig. 1--Transformation strain upon heating and cooling for undeformed 
specimens. 

Table II. Linear Allotropic Expansion AL/L (10 -4) upon 
Phase Transformation, As Measured on Annealed, 

Undeformed Specimens and As Predicted by Equation [7] 

NiTi NiTi- 10TiC NiTi-20TiC 

Measured 7.81 7.40 7.25 
Predicted 7.81 * 6.86 5.95 

�9 Assumed equal to the measured value. 
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Fig. 2 ~ o m p r e s s i v e  stress-strain curves for the largest maximum strain 
em~ = 9 pct. Values for the other maximum strain e ~  (for which 
unloading starts) are indicated with dotted lines, and values for the 
corresponding prestrain ep (for which unloading is completed) are marked 
with arrows. 

pct. The stress is corrected for porosity by multiplying the 
macroscopic sample cross-sectional area by their normal- 
ized density, and the plots show both compressive stress 
and compressive strain as positive values, a convention fol- 
lowed throughout this article. Specimens deformed to lower 
maximum strains (ema x =-- 2 ,  3 ,  and 6 pct) exhibited stress- 
strain curves which overlapped with the curves shown in 
Figure 2 to within a stress of  about 30 MPa. The plastic 
strain upon full unloading, referred to in the following as 
prestrain ep, is also indicated in Figure 2. The stress-strain 
curves in Figure 2 are in good agreement with those re- 
ported in an earlier article, t23] except for the curve of NiTi- 
20TIC which shows lower stresses than the corresponding 
stress-strain curve in our earlier article t23~ at strains above 
3 pct. Because the specimen length in the present study is 
smaller than in the previous study, [23] the discrepancy may 
be due to errors induced by end effects. Because the stress 
state at the end of compression specimens is not uniaxial 
as a result of  friction with the platens, t/8J and because NiTi 
strain response is sensitive to stress triaxiality, t291 the strain 
near the sample ends was probably different from that in 
the middle of  the sample, where the stress is uniaxial. 

In dilatometric recovery experiments conducted on de- 
formed specimens, the sample thermal expansion was elim- 
inated by defining the recovery R on heating as 

L(T) - LM(T) 
R = [1] 

LA(T) - LM(T) 

where L(7) is the measured length of the specimen at the 
temperature T, LA(T ) is the length of the fully recovered 
austenitic sample, and LM(T) is the hypothetical length of 
the deformed, unrecovered martensitic sample: 

LA(T ) = Lo(1 + otAAT ) [2] 

LM(T) = Lo'(1 + aMAT ) [3] 

where a is the coefficient of  thermal expansion, AT = T 
- T o is the temperature excursion above room temperature 
To, L 0 is the length of the undeformed sample at T o, and 
L~ = Lo'(1 - ep) is the length of the deformed sample at 
To after mechanical testing. In the definition of the length 
LA (Eq. [2]), the strain associated with the phase transfor- 
mation AL/L = 7.2.10 -4 to 7.8 �9 10 -4 is neglected, because 
it is much smaller than the mechanical prestrain ep = 2.10 -2 
to 9"10 -2. While the recovery R is used to compare the 
recovery capabilities of  specimens with different prestrains 
ep and thus different degrees of  recoverable strains, the re- 
covery strain e, defined as 

L(T) - LM(T) 
e - [4] 

Lo 

is directly comparable to the mechanical prestrain ep. 
Figure 3 shows a typical dilatometry curve for a full 

temperature cycle, where the specimen strain e or recovery 
R is plotted as a function of temperature. The dilatometry 
curve can be separated in regions with different slopes. 
During initial heating of the deformed martensite 2kl" in re- 
gion 1, some strain is recovered. The main recovery by the 
(M' --)/3) transformation is characterized by a large expan- 
sion in region 2 between As and A~ while post-transfor- 
mation recovery takes place in region 3, where most of  the 
matrix consists of  austenite. Upon cooling from the maxi- 
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Fig. 4~Strain ep - e upon heating of specimens deformed to prestrains 
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mum temperature, negligible recovery is measured in re- 
gion 4, confirming that the small recovery measured upon 
heating in the corresponding region 3 is not an experimental 
artifact. In region 5 between Ms and My, the austenite /3 
transforms back to martensite. However, prior deformation 
may prevent the martensite from recovering its fully an- 
nealed, random grain structure. The martensitic structure 
obtained after the first thermal recovery cycle is referred to 
as M", which is associated with a net contraction or expan- 
sion in region 5, depending on the magnitude of the pres- 
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Fig. 5--Extent of recovery R upon heating for NiTi deformed to different 
preslrains %. 

100 

75 

R [%1 50 

25 

i I [ r 

d, ep=0% ep = 1.2 % 
- - - -  _ % 

/Ij / Y  ..... \ ep--,4 % 

I 

I .- ........... % .......... 
e,, : 7.0 % 

/ 

f 

? 

,' / N,T,-I0 o , T , c  

100 200 

Temperature [~ 

300 

Fig. 6~Extent of recovery R upon heating for NiTi-10TiC deformed to 
different prestrains % .  

train. Finally, in region 6, the martensite M" is cooled to 
room temperature. As the transformation temperatures are 
defined as the intersection of the slopes of adjacent regions, 
they are not directly comparable to values determined by 
calorimetry in companion articlesF 2,23,251 

Figure 4 shows the strain ep - e as a function of  tem- 
perature upon heating for all samples deformed to three 
different mechanical prestrains: ep = 2 + 0.05 pet (ema x = 
3 pct, at the end of  the twinning region of  the stress-strain 
curve, Figure 2), ep = 4.4 _ 0.2 pet (ema x = 6 pet, in the 
transition region), and ep = 7 ___ 0.1 pet (ema x = 9 pet, in 
the plastic slip region). The recovery R as a function of  
temperature upon heating for theses samples is shown in 
Figures 5 through 7. The following are apparent from Fig- 

19~-VOLUME 27A, JANUARY 1996 METALLURGICAL AND MATERIALS TRANSACTIONS A 



�9 100 

75 

R [%1 50 

25-  

0 

0 

I t f i 

e p = 0  % 
. . ~  ep=~1.2_% 

.-- ~ - - -  --~'--- ~ ep = 2.0% 
. . . . . .  r  . . . . . . . . .  

\ I/ , - "  e p = 4 . 4 %  

/i/ 
; . . -  ............ ~ e p  = 7.0 % 

NiTi-20% TiC 

I I 

100 200 300 

Temperature [~ 

Fig. 7--Extent of recovery R upon heating for NiTi-20TiC deformed to 
different prestrains ep. 

ures 4 through 7: (1) with increasing prestrain, the trans- 
formation temperatures A, and A I increase (Figures 8(a) and 
(b)), recovery strain e increases, and recovery extent R de- 
creases; and (2) with increasing TiC volume fraction, re- 
covery strain e and recovery extent R decrease, 
transformation temperatures A s and A I decrease, and the 
transformation temperature range A l to As increases (Figures 
8(a) and (b)). 

To facilitate comparison of the recovery behavior upon 
cooling in region 5, recovery strains e are adjusted in Fig- 
ures 9 through 11 to emanate from a value of  0 pct at a 
temperature of  100 ~ In Figure 9, the cooling behavior 
of  NiTi is shown as a function of prestrain. At prestrains 
below 2 pct, the (/3 ---> M') expansion in region 5 (shown 
in Figure 1 for ep = 0 pct) decreases with increasing pres- 
train and becomes a contraction for prestrains larger than 2 
pct, indicating that the TWSME increases with prestrain. 
Figures 10 and 11 show the cooling behavior for different 
levels of  prestrain for NiTi-10TiC and NiTi-20TiC, respec- 
tively. Compared to unreinforced NiTi, the composites ex- 
hibit lower transformation temperatures M s and My, a wider 
transformation temperature range M~ to My (Figures 12(a) 
and (b)), and, except for the prestrain of  ep = 4.4 pct, a 
smaller total strain recovery and larger TWSME contrac- 
tion. 

IV. DISCUSSION 

A. Undeformed Specimens 

Residual intemal stresses, created during cooling from 
annealing temperature by the thermal and transformation 
expansion mismatches between matrix and reinforcement, 
may influence the subsequent thermoelastic transformation 
and thus the deformation behavior of  the specimens. How- 
ever, these elastic stresses are small and isotropic, as cal- 
culated in an earlier articlet22J and as verified by neutron 
diffraction experiments in a companion article524j Further- 
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Fig. 8--(a)  Austenite start temperature A, and (b) Austenite finish 
temperature A f (measured by dilatometry) as a function of prestrain ep. 

more, as discussed later, accommodation by twinning of the 
matrix can further relax mismatch stresses. Therefore, we 
assume in the present study that differences in recovery 
behavior observed between specimens with different TiC 
volume fractions are not due to different levels of  elastic 
residual stresses before deformation but rather to differ- 
ences in deformation behavior. 

1. NiTi 
Coefficients of  thermal expansions are measured as a M 

= 8.5 �9 10 -6 K -1 for martensitic NiTi and a A = 12.1 �9 10 6 
K -~ for austenitic NiTi (Table I). These values are in rea- 
sonable agreement with those reported in References 2 and 
13 (aM = 6.6 " 10 -6 K -~ and aA = 11 �9 10 -6 K -~) but less 
so with values calculated from density measurements by 
Hsu et al. ~3~ (a~ = 15 �9 10 -6 K- ' ) .  
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The volumetric transformation strain was calculated as 
AV/V = 1.6 �9 10 -3 by Otsuka et al. oll from lattice para- 
meters determined by X-ray diffraction.t321 Direct measure- 
ments of  the volume change for the (/3 ---> M) 
transformation were performed by Hsu et al.,t3~ who found 
volumetric expansions of AV/V = 1.9 �9 10 -3 by hydrostatic 
weighing and AV/V = 2.2 �9 10 -3 by multiaxial strain gage 
measurements. Assuming isotropic transformation strains, 
the corresponding linear allotropic expansion AL/L 
(AV/V)/3 = 6.3 to 7.3 - I0 -4 is in reasonable agreement 
with our measurements by dilatometry for uureinforced 
NiTi (AL/L = 7.8.10 -4) and measurements by dilatometry 
for as-cast, stoichiometric NiTi (AL/L = 8 .10  -4) reported 
in Reference 33. 

Our as-processed NiTi specimens, consolidated by hot 
pressing of randomly oriented powders, can be considered 
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Fig. l 1--Strain e upon cooling of  NiTi-20TiC deformed to different 
prestrains ep. 

near isotropic. However, as shown in Figure 5, twinning 
texture resulting from strains as small as 2 pct significantly 
alters the recovery behavior of NiTi. Therefore, comparison 
with other literature values measured on anisotropic speci- 
mens produced by extrusion or cold drawing {13,34,35] is not 
attempted. Not only does the deformation texture lead to 
anisotropic length change,t30~ but as discussed earlier, resid- 
ual internal stresses can also induce the TWSME which 
reduces the recovery R measured at room temperature after 
the first thermal recovery cycle (Figures 9 and 16). 

2. NiTi-TiC Composites 
While the transformation temperatures measured by dil- 

atometry and calorimetry are not directly comparable be- 
cause the sensitivity of these methods is different, we note 
that most of the trends observed in Figures 8 and 12 (lower 
transformation temperatures and broader transformation 
temperature interval with increasing TiC content) have also 
been observed in our earlier calorimetry study of  these tin- 
deformed materials.t/21 The interpretation of the effect of 
TiC particulates on the transformation temperatures is com- 
plicated by the rhombohedral R phase,tZ2j the presence or 
absence of which is not detectable by dilatometry. 

The coefficient of thermal expansion c L of an isotropic 
composite containing spherical particles can be calculated 
with the Eshelby technique as [361 

ac = fma,~ + L a p  + fJm(ap - am) 
- -  

[5] 
fpKp + f,~K m + 3KpKm/(4Gm) 

where f is the volume fraction, K is the bulk modulus, G 
is the shear modulus, and the subscripts m, p, and c refer 
to the matrix, particles, and composite, respectively. As 
shown in Table I, the measured values for the composites 
are in agreement (within experimental error) with values 
calculated from Eq. [5], using the elastic constants for TiC 
given by Chang and Graham, 1371 the average elastic con- 
stants calculated in the Appendix of Reference 24 from 
neutron diffraction and ultrasonic measurements for mar- 
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Fig. 12--(a) Martensite start temperature M s and (b) Martensite finish 
temperature M I (measured by dilatometry) as a function of prestrain % 

tensitic NiTi, and the thermal expansion coefficients given 
in Reference 38 for TiC and measured in the present work 
for unreinforced NiTi (Table I). The agreement between 
experimental and theoretical values indicates that thermal 
mismatch stresses in the matrix are not significantly relaxed 
by twinning (in the martensite) or formation of stress-in- 
duced martensite (in the austenite), since these mechanisms 
would alter the thermal expansion of the composite by in- 
ducing a twinning texture or by lowering the overall ex- 
pansion coefficient, respectively. 

In the following, we modify Eq. [5] to predict the length 
change occurring over the temperature AT = M s - M/due 
to the density change during the allotropic transformation. 
We set the linear allotropic expansion AL/L upon phase 
transformation equal to a fictitious thermal expansion over 

I I I i , t . i 

100- 
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Rto t [%1 

iC 
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Fig. 13--Total extent of recovery after a full cycle, Rtot, as a function of 
prestrain ep. Filled symbols correspond to data from a companion 
article.t241 
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Fig. 14--Extent of recovery at the end of the heating cycle, R .... as a 
function of prestrain % 

the temperature interval AT: 

( Ic -- [6a] 

(-~--)m = amAT [6b] 

(-~-)  = % A T = 0  [6c] 
P 

for the composite, matrix, and particles, respectively. Intro- 
duction of Eqs. [6a] through [6c] into Eq. [5] yields an 
equation for the linear allotropic expansion of the compos- 
ite (AL/L)c: 
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(--~)c=fm(--~)m[ fpl~p-l-fmgmq-3gtrKm/(4am)] 1 - fp (Kp - K , . )  [71 

Table II lists for both composites the predictions from Eq. 
[7], taking the measured value (AL/L)m = 7.81 " 10 -4 and 
the martensitic matrix parameters used for Eq. 5. Unlike 
the case of composite thermal expansion described previ- 
ously where experimental results and predictions from Eq. 
[5] are in agreement, the measured linear allotropic expan- 
sion of the composites is larger than predicted by Eq. [7]. 
Varying the shear and compression moduli of the matrix 
by 50 pct does not significantly alter the calculated values, 
indicating that the modulus anomaly at the allotropic trans- 
formation temperature cannot explain the discrepancies. 
Experimental accuracy is not responsible either, as the dis- 
placement differences between measured and predicted val- 

ues (0.6 /.Lm for NiTi-10TiC and 1.3 /.Lm for NiTi-20TiC) 
are higher than the measurement accuracy. We discuss in 
the following possible reasons for the preceding discrep- 
ancies. 

In an earlier publication,t2zl the transformation enthalphy 
of the matrix was found to decrease with increasing TiC 
content, as measured by calorimetry between - 1 0  ~ and 
140 ~ This observation was explained by proposing that 
part of the matrix is stabilized and does not transform dur- 
ing the temperature cycle due to dislocations produced by 
the mismatch between particles and matrix. Since the ex- 
pected effect, i.e., reduction of the linear allotropic expan- 
sion AL/L for the composites as compared to the prediction 
of Eq. [7], is opposite to the observed trend (Table II), we 
cannot retain this explanation for the previous discrepan- 
cies. 

The high values for the composite linear allotropic ex- 
pansion can be explained if the mismatch from the trans- 
formation of the matrix in the presence of nontransforming 
particles is partially relaxed by twinning of the matrix. In 
the extreme case of a second phase exhibiting no mismatch 
during transformation (i.e., if the second phase consists of 
pores with Kp = 0), Eq. [7] predicts that the linear allotropic 
expansion for the composite is the same as that of the ma- 
trix, as intuitively expected. The same result would be ex- 
pected if the mismatch strains developed during the (/3 --~ 
M) transformation are completely relaxed by the formation 
of twinned martensite in the vicinity of the particles, a 
mechanism similar to self-accommodation between variants 
in unreinforced NiTi. We note that twinning alone, which 
is a volume-conserving operation, cannot accommodate a 
purely isostatic mismatch. While the average matrix stress 
is hydrostatic after the transformation, as calculated in com- 
panion articles, t22,~41 spatially resolved stress analysis indi- 
cates that the stress field in the matrix contains deviatoric 
components.t391 These deviatoric stresses can be partially 
relaxed by matrix twinning, resulting in a linear allotropic 
expansion of the composite larger than predicted by Eq. 
[7], for which no relaxation was assumed. 

B. Deformed Specimens 
1. NiTi 
Mechanical prestrain in martensitic NiTi can be sepa- 

rated in three components: (1) plastic strain by twinning 
which is recoverable, (2) plastic strain by slip which is 
unrecoverable, and (3) residual elastic strains, which do 
not on average contribute to the total macroscopic pres- 
train but may be recovered by relaxation during phase 
transformation. These three types of strains affect the ki- 
netics and thermodynamics of the transformation as fol- 
lows: (1) twinning reduces the number of martensitic 
variants, thus facilitating their subsequent transformation 
to austenite, and may also induce residual elastic stresses 
due to mismatch strains between twinned variants; (2) dis- 
locations introduced by slip both stabilize the deformed 
martensite and induce the TWSME by their elastic stress 
field, as described earlier; and (3) elastic stresses stabilize 
the martensite, as described by the Clausius-Clapeyron 
equation, and can induce the TWSME. Based on these 
three effects, the features of the NiTi dilatometric curves 
are discussed in the following. 

Figure 13 shows that the magnitude of the recovery R 
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after a complete thermal cycle is significantly less than 100 
pct for unreinforced NiTi. Incomplete recovery of about 50 
pct was also reported by Johnson et aL t4~ for NiTi samples 
fabricated by powder metallurgy after tensile prestrains of 
2 to 10 pct. On the other hand, Reference 13 reported com- 
plete strain recovery for cast and hot-worked NiTi rods de- 
formed to tensile prestrains of 6 to 8 pct and compressive 
prestrains of about 4 pct. Wasilewskit4~ measured a recov- 
ery of 94 pct upon heating in the austenitic phase for stoi- 
chiometric NiTi deformed to a prestrain of 4.3 pct but 
significantly less net recovery after subsequent cooling to 
room temperature because of a large TWSME. 

The lack of complete recovery after a complete cycle in 
our NiTi samples, however, is not due to the TWSME, 
because, as shown in Figure 14, the recovery in the aus- 
tenite at the maximum temperature of 275 ~ is at most 
about 85 pct. Another interpretation for the incomplete re- 
covery is that the twinned martensite is not fully trans- 
formed because the structure is stabilized by dislocations. 
While the positive slope de/dTpost of the postrecovery region 
3 of all dilatometric curves (Figure 4) indicates that some 
transformation is indeed taking place at temperatures as 
high as 275 ~ the fraction of M' transformed in region 3 
is very small (a few percent for the highest prestrain ep = 
7 pct, Figure 5). However, it seems unlikely that large 
amounts of stabilized martensite exist at a temperature more 
than 130 K above Ap Finally, we note that residual internal 
stresses after deformation are likely to be small on average 
because of self-accommodation by twinning during loading 
and unloading. This was verified by neutron diffraction 
measurements of NiTi samples deformed in compression to 
a prestrain ep = 1.6 pct, which indicated negligible average 
residual stresses, t241 

tt thus appears that upon compressive deformation of 
NiTi samples, substantial unrecoverable deformation by 
slip occurs concurrently with recoverable deformation by 
twinning, even for prestrains as low as 1.2 pct. Assuming 
that the unrecoverable strain (Figure 14) is equal to the 
plastic deformation by slip, the latter represents about 15 
pct of the total plastic strain for prestrain values ep between 
1 and 4.4 pct, i.e., in a regime where twinning is expected 
to be the dominant deformation mechanism (Figure 2). For 
a prestrain ep = 7 pct, where generalized slip occurs (Figure 
2), the extent of recovery further decreases by about ~d~ = 
20 pct to a value of about 65 pct (Figure 14). The corre- 
sponding irrecoverable strain is AR.ep = 1.40 pct, a value 
close to the plastic strain by slip of about 1.45 pct measured 
on the stress-strain curve (Figure 2) as the offset from the 
"elastic" loading line spanning the linear/he stress region 
between 600 and 1000 MPa. 

Further indications of slip deformation for all prestrains 
are the monotonic increase of the transformation tempera- 
tures A s and A I (Figures 8(a) and (b)) and the monotonic 
decrease of the temperatures Ms and My (Figures 12(a) and 
(b)) with increasing prestrain. The increasing transforma- 
tion hysteresis resulting from these trends can be explained 
by dislocations which oppose the transformation by exert- 
ing a friction stress on the moving interface during trans- 
formation and which therefore increase the undercooling 
and overheating required beyond the equilibrium chemical 
transformation temperature. We note that similar trends 
have been reported by Johnson et al.t4ol for NiTi deformed 

in tension, except for the weak increase of Ms with increas- 
ing prestrain reported by these authors. 

As depicted in Figure 15, the main recovery gradient 
de/dTmain in region 2 of the dilatometric curve increases lin- 
early with prestrain up to ep = 4.4 pct, above which it 
decreases abruptly. The initial increase of de/dTma~n can be 
explained as follows: with increasing prestrain, the number 
of variants decreases because of twinning, so the range of 
transformation temperature As to A~ is narrowed (a single 
crystal would transform at a single temperature). The de- 
crease of de/dTmain for ep = 7 pct can be explained by slip 
deformation at high strains (Figure 2). It is probable that 
some variants undergo more slip (and are thus more sta- 
bilized) than others, therefore, widening the transformation 
temperature interval. Furthermore, elastic residual stresses, 
which increase with prestrain, have the same widening ef- 
fect, because they increase the average transformation tem- 
peratures upon heating (Clausius~Clapeyron equation). 
Finally, the development of an inhomogenous distribution 
of elastic and plastic strains can also explain the increased 
strain recovered in the pre- and postrecovery regions 1 and 
3 observed with increasing prestrain in Figure 5. 

Upon transformation during cooling in region 5, the 
TWSME occurs abruptly for prestrains above 2 pct (Figures 
9 and 16), corresponding to samples exhibiting large-scale 
plastic deformation by slip (Figure 2). This is in agreement 
with reports that training for TWSME necessitates plastic 
deformation by slip of the martensite54,L~ However, the 
value of the TWSME strain evw = 0.4 pct at the maximum 
prestrain ep = 4.4 pct is significantly smaller than the value 
eTw = 1.5 pct reported by Wasilewskit41~ for stoichiometric 
NiTi deformed in compression at 0 ~ to a similar prestrain 
ep = 4.3 pct. 

A small TWSME is present for prestrains less than 2 pct: 
the dilatometric curves in Figure 9 show that the transfor- 
mation starts with an expansion (TWSME) and finishes 
with a contraction (SME). This behavior may be the result 
of inhomogenous deformation by slip: some variants were 
deformed by slip, resulting in the initial TWSME, while 
other variants were deformed by twinning, leading to the 
subsequent SME. This is in agreement with the observa- 
tions made previously that plastic deformation by slip is 
responsible for about 15 pct of the deformation of the com- 
posites, as shown by the incomplete extent of recovery 
upon heating (Figure 14) and as also reported in an earlier 
a r t i c l e . t  23] 

2. NiTi-TiC Composites 
The presence of a nontwinning second phase within a 

twinning NiTi matrix may affect the mechanical deforma- 
tion and the subsequent thermal recovery of the matrix in 
different ways, depending on the deformation behavior of 
the particulate second phase. If  the particles are plastically 
deformed by slip during mechanical prestrain, and if their 
yield stress is less than the critical stress for twinning of 
the matrix, they induce no plastic mismatch in the matrix 
during mechanical deformation. However, if the particles 
exhibit a yield stress which is higher than the critical twin- 
ning stress of the matrix but lower than the maximum stress 
experienced by the composite during prestrain, they pro- 
duce an elastic mismatch before deforming plastically by 
slip, which may alter the matrix microstructure and the 
level of residual elastic stresses. In both cases, the particles 
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exert a back stress by opposing the transformation upon 
subsequent thermal recovery, thus expanding the transfor- 
mation temperature hysteresis and reducing the recovery R, 
as demonstrated by Duerig co-workers [43,441 for NiTi con- 
taining a plastically deforming niobium-rich second phase. 

The mismatch between a twinning NiTi matrix and stiff, 
elastic reinforcing particles such as TiC cannot be relaxed 
by the reinforcement, provided it does not fracture in the 
bulk or at the interface. However, relaxation of the elastic 
and plastic mismatches between the two phases may occur 
by twinning or slip of the matrix. In the first case, trans- 
formation upon heating of mismatch twins formed during 
mechanical deformation to accommodate the elastic parti- 
cles is similar to transformation of twins responsible for the 
overall shape change of the specimen. Thus, the overall 
recovery behavior of the composite is expected to show 
little difference with that of the unreinforced matrix. In the 
second case, where matrix slip from mechanical deforma- 
tion relaxed the mismatch with the reinforcement, disloca- 
tions are expected to stabilize the deformed martensite and 
enhance the TWSME, as observed in unreinforced NiTi de- 
formed by slip. Furthermore, if relaxation by slip or twin- 
ning is incomplete after deformation, the resulting residual 
elastic stresses are expected to affect the macroscopic re- 
covery behavior by stabilizing the martensite and by in- 
ducing the TWSME. Residual elastic stresses after 
deformation, however, are expected to be small on average: 
as measured by neutron diffraction,t241 average residual elas- 
tic stresses in NiTi-20TiC were negligible after unloading 
from a prestrain ep = 2 pct, because the matrix accom- 
modated the mismatch by localized twinning. 

Of the three types of residual strains (twinning, slip, and 
elastic) resulting from the plastic mismatch between the 
TiC particles and the NiTi matrix, only the latter two are 
expected to influence the recovery behavior of the deformed 
composites, as discussed previously. First, increased slip 
deformation of the matrix can explain the following obser- 
vations. 

(1) The extent of recovery Rma x decreases with increasing 
TiC content for prestrains larger than ep = 1.4 pct (Fig- 
ure 14). This indicates that unrecoverable deformation 
by slip increases in the composites. 

(2) With increasing TiC fractions, the strain recovery dur- 
ing the pre- and post-transformation (regions 1 and 3, 
Figure 3) increases and the recovery gradient de/dTmain 
during the main recovery in region 2 (Figure 3) de- 
creases, as shown in Figure 1 5. These two phenomena 
broaden the recovery temperature interval, as expected 
if the martensitic variants close to the particles contain 
more mismatch dislocations (and are thus more stabi- 
lized) than the variants far from the particles. 

(3) The magnitude of the TWSME strain increases with 
increasing TiC content (Figure 16), as expected if the 
composites contain more dislocations, the elastic stress 
field of which biases the formation of oriented marten- 
site. 

We note that plastic deformation in the composites due to 
the presence of TiC particles reduces the total extent of 
recovery after a full cycle Rtot (Figure 1 3) both by decreas- 
ing the magnitude of the recoverable plastic strain by slip 

(effect (1), Figure 14) and by increasing the magnitude of 
the TWSME strain (effect (3), Figure 16). 
Second, residual elastic strains in the composites can ex- 
plain the following observations. 

(4) The transformation temperatures A,, A I, M~, and M I all 
decrease with increasing TiC content (Figures 8 and 
12), in agreement with the effect of elastic stresses on 
a thermoelastic transformation.C45~ 

(5) The magnitude of the TWSME strain increases with 
increasing TiC content (Figure 16). While this effect 
can be explained by plastic deformation (item (3) ear- 
lier), elastic stresses due to incomplete relaxation in the 
composite can also have the same effect. 

We thus conclude that the systematic trends observed in 
the recovery curves of the composites can be explained by 
an increase in plastic strains in the matrix and increased 
residual elastic stresses due to the mismatch between the 
matrix and the reinforcement during compressive defor- 
mation. In most cases, however, the difference in recovery 
properties between reinforced and unreinforced NiTi is rel- 
atively minor, indicating that most of the mismatch is ac- 
commodated by twinning. These conclusions reinforce 
similar conclusions reached in an earlier article E231 based on 
the shape of the stress-strain curves of NiTi-TiC composites 
and those in a companion papeg 24j based on neutron dif- 
fraction measurements of internal strains during and after 
deformation. 

V. CONCLUSIONS 

The shape-memory recovery behavior of NiTi was in- 
vestigated as a function of compressive mechanical pres- 
train and compared to that of NiTi composites containing 
10 and 20 vol pct particulates. The following points sum- 
marize the main findings of this study. 

1. For undeformed, unreinforced NiTi specimens, the lin- 
ear allotropic expansion for the (/3 --~ M) transformation 
is AL/L = 7.8 �9 10 -4, in reasonable agreement with hy- 
drostatic weighting measurements reported by Hsu et 
al.t30~ The coefficients of thermal expansion for marten- 
sitic and austenitic NiTi are, respectively, aM = 8.5 - 
10 -6 K l and a A = 12.1.10 -6 K -1, in good agreement 
with literature values. 

2. Undeformed NiTi-TiC composites exhibit linear allo- 
tropic expansion and linear thermal expansion coeffi- 
cients smaller than those of undeformed, unreinforced 
NiTi. The thermal expansion values are in agreement 
with predictions from a continuum mechanics equation 
assuming no relaxation of the thermal mismatch between 
the two phases. A simple equation is developed for the 
linear allotropic expansion of a composite. The observed 
expansion is larger than predicted by this equation, in- 
dicating that transformation mismatch elastic strains are 
partially accommodated by twinning of the matrix. 

3. In deformed, unreinforced NiTi, substantial plastic de- 
formation by slip for mechanical prestrains between 1.2 
and 4.4 pct (for which twinning is expected to be the 
main deformation mechanism) is responsible for the fol- 
lowing trends in the recovery behavior as the prestrain 
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increases: (a) an incomplete shape recovery of about 85 
pct, (b) an increase of the transformation hysteresis, (c) 
an increase in the temperature span over which recovery 
occurs, and (d) an increase in the TWSME. For pres- 
trains of 7 pct, where large-scale plastic deformation by 
slip occurs, these trends are also observed. 

4. In deformed NiTi-TiC composites, the mismatch be- 
tween the elastic TiC particles and the NiTi matrix must 
be relaxed by additional matrix plastic strain: unrecov- 
erable slip deformation or recoverable twinning. Both 
the SME and the TWSME are affected little by the pres- 
ence of up to 20 vol of ceramic particles, indicating that 
a major part of the mismatch is relaxed by matrix twin- 
ning. The thermal recovery behavior of the composites 
indicates that plastic strain by slip increases as the TiC 
content increases: the magnitude of recoverable strain 
decreases, the transformation is spread over a wider tem- 
perature range, and the TWSME is enhanced. The last 
effect and the decrease of all transformation tempera- 
tures can also be explained by the enhanced residual 
elastic stresses in the composites. 
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