
TITLE: 

AUTHOR(S): 

SUBMITTED TO: 

Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

MECHANICAL PROPERTIES OF NITI-TIC SHAPE-MEMORY 
coMPosms 

M.A. Bourke, MST-5 
J.A. Roberts, LANSCE 12 

1996 MRS Meeting 

ASTER 

Los Alamos National Laboratory, an affirmative actlodequa1 opportunity employer, Is operated by the University of California forthe US. Department of Energy under contract 
W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-freficense to publish or reproduce the 
publlshed form of thls contribution, or to allow others to do so, for U.S. Government purposes. The Los Alamos National Laboratory requests that the publisher identify thls 
aNcle as work performed under the auspices of the U.S. Department of Energy. The Los Alamos National Laboratory strongly supports academic freedom and a researcher‘s 
rlght to publlsh; as an Instltutlon, however, the Laboratory does not endorse the viewpoint of a publication or guarantee fts technical correctness. 

F o n  No. 836 R5 
ST 2629 10/91 



I 

DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or 'any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



to be printed in Advances in Materials for Smart Systems (MRS 1996 Fall Meeting). 

MECHANICAL PROPERTIES OF NiTi-Tic SHAPE-MEMORY COMPOSITES 
4 

D.C. DUNAND*, K.L. FUKAMI-USHIROq, D. M W ,  J.A. ROBERTSO, M.A. BOURKE! 
* Department of Materials Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139,q Raychem Corp., Menlo Park CA 94025, #ACME, 1015 Lausanne, 
Switzerland, 8 LANSCE, Los Alamos National Laboratory, Los Alamos, Nh4 87545. 

ABSTRACT 

This paper reviews recent work on the mechanical behavior of martensitic NiTi composites 
reinforced with 10-20 vol.% Tic particulates. The behavior of the composites is compared to that 
of unreinforced NiTi, so as to elucidate the effect of mismatch due to matrix transformation, 
thermal expansion, twinning or slip, in the presence of purely elastic particles. The twinning and 
subsequent thermal recovery of deformed composites, measured both macroscopically (by 
compressive testing and by dilatometry) and microscopically (by neutron diffraction), are 
summarized. 

- 
INTRODUCTION 

The intermetallic NiTi plays a central role in the area of smart materials, because it is capable 
of large scale recovery after deformation upon heating (Le. the shape-memory effect) or upon 
mechanical unloading (Le. the superelastic effect), depending on stoichiometry and temperature. 
Both these effects are the result of the allotropic nature of NiTi and its unusual deformation 
mechanisms which, unlike dislocation motion, are reversible: twinning (leading to shape-memory 
recovery by thermally-induced phase transformation) and stress-induced transformation (leading 
to superelastic recovery by a stress-induced back-transformation). Recently, there has been 
interest in NiTi-based composites with shape-memory capabilities. Most of the research has 
focused on imbedding NiTi wires or foils within an organic [ 1-41 or metallic [5, 61 matrix. On 
the other hand, we have investigated metal matrix composites with a martensitic NiTi matrix and 
inert ceramic particulates as a second phase, with the aim to examine the effect of mismatch 
stresses between matrix and reinforcement upon the deformation and subsequent shape-memory 
recovery of the composites. Since the allotropic transformation responsible for the unique 
properties of NiTi is thermoelastic, these mismatch strcsses can be expected to strongly affect the 
mechanical response of the matrix. 

This review summarizes recent work done at htlT in the area of mechanical properties of Tic- 
reinforced metal matrix composites with a martensitic NiTi matrix. More details can be found in 
the original articles describing the thermal transformation behavior [7,8], the bulk mechanical 
properties in compression (91, the subsequent shape-memory recovery [ 101 and the study by 
neutron diffraction of twinning deformation and shape-memory ncovery [ 1 1,121. 

EXPERIMENT 

While the detailed experimental procedures can be found in the original publications r/-121, a 
brief summary is given in the following. Billets were fabricated by hot-pressing (followed in 
some cases by hot-isostatically pressing) of blended powders of prealloyed NiTi (51.4 at % Ti) 
and Tic  particles (between 44 pin and 100 pm in size) with volume fractions O%,lO% or 20%. 
Compression samples (respectively labeled in what follows NiTi, NiTi- lOTiC and NiTi-2OTiC) 
were cut from the billets by electro-diharge machining and annealed at 930 "C for 1 hour. 

Mechanical testing was performed in compression between graphite-lubricated carbide 
plattens with strain measured by strain gauges, a linear variable displacement transducer or an 
extensometer. Specimens were thermally recovered in air in a Orton dilatometer outfitted with 
quartz sample-holder and push-rod. Heating occurred from 20°C to a maximum temperature of at 
least 275OC at a rate of 1 Wmin., followed by cooling to 2OoC at the same rate. 



Neutron diffraction measurements were performed in time-of-flight mode at the pulsed neu- 
tron source of the Los Alamos Neutron Science Center. Two samples (NiTi and NiTi-20TiC) 
were deformed in compression up to a stress of -280 MPa, unloaded and subsequently recovered 
above Af and cooled to room temperature. Strains parallel and perpendicular to the loading axis 
were calculated from the shift of individual Bragg reflections at a series of stress values, using 
two detectors forming an angle with respect to the incident beam of -90’ (scattering vector Q pa- 
rallel to the load) and +90’ (Q perpendicular to the load). The unstressed, annealed bulk samples 
were used as a stress-free reference. Changes in the intensities of individual reflections, which 
correspond to changes in the fraction of NiTi variants in the diffraction condition, were quantified 
with a Normalized Scale Factor defined as the ratio of a peak intensities under load and prior to 
loading, The average material response was deterxpined using the Rietveld approach, where the 
intensities and positions of all Bragg peaks are predicted from an assumed crystal structure. 

RESULTS 

ression Behavior 

A typical stress-strain curve for NiTi is shown in Fig. 1 with compressive stress and strain 
given as positive values. Phases are identified as follows: p denotes the austenitic parent phase: 
M refers to the annealed martensitic phase consisting of the 24 possible variants; and the 
deformed, twinned martensite is labeled M’. Dominant mechanisms can be separated by the five 
regimes shown in Fig. 1. On loading in Region A, the martensite M deforms elastically. Region 
B corresponds to deformation by twinning (M + M). Deformation in Region C includes 
contributions of both Region B and Region D (elastic and plastic deformation by slip of oriented 
martensite M). Finally, upon unloading in Region E, elastic recovery and some reverse twinning 
of oriented M’ are responsible for strain recovery. Figure 2 shows the stress-strain curves of all 
samples deformed at room temperature far below Mf (Mf = 57-64 ‘C). 

e-Mernorv Behavior 

In dilatometric recovery experiments conducted on specimens deformed at room temperature, 
the recovery R was defined as: 

where L(T) is the measured length of the specimen as the temperature T, L A Q  is the length of 
the fully recovered austenitic sample and LM(T) is the hypothetical length of the deformed, 
unrecovered martensitic sample. Another recovery parameter directly comparable to the 
mechanical prestrain ep is the recovery strain e, defined as: 

where 
Figure 3 depicts a typical dilatometry curve which can be separated in regions with different 

slopes. Some strain is recovered during initial heating of the deformed martensite M’ in Region 
1. The main recovery by the (M’ -+ p) transformation is characterized by a large expansion in 
Region 2 between As and Af, while limited post-transfornation recovery takes place in Region 3, 
where most of the matrix consists of austenite. Upon cooling, negligible recovery is measured in 
Region 4, while the austenite p transforms back to martensite in Region 5 between Ms and Mf. 
The martensitic structure obtained after the first thermal recovery cycle is referred to as M ,  which 
is associated with a net contraction or expansion in Region 5, depending on the magnitude of the 
prestrain. 

is the initial specimen length. 
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Figure 4 shows the strain recovered upon heating for samples deformed to three different 
mechanical prestrains. It is apparent that (i) with increasing prestrain, the transfornation 
temperatures As and Af increase, and recovery strain e increases while recovery extent R 
decreases; (ii) with increasing Tic volume fraction, recovery strain e and recovery extent R 
decrease, and transformation temperatures As and Af decrease while the transformation 
temperature range Af - As increases. 

In Fig. 5 ,  the cooling behavior of NiTi-20%TiC is shown as a function of prestrain, with 
strains emanating from a value of 0% at a temperature of 100 "C for comparison purpose. The 
(p+ M') recovery is negative for all non-zero prestrains, indicating the Two-way Shape- 
Memory Effect (TWSME). A qualitatively similar behavior was found for NiTi-lO%TiC and 
NiTi. However, compared to unreinforced NiTi, the composites exhibit lower transformation 
temperatures Ms and Mf , wider transformation temperature range Ms - Mf and a smaller total 
strain recovery (Fig. 6 )  but larger TWSMEi strain (Fig. 7). 

Neutro n B  iffraction 

Figure 8 shows for NiTi-20TiC the residual strains for the most important planes under no 
applied stress after mechanical unloading and after shape-memory recovery. While the sign of the 
residual strains varies between these two states, their magnitude and average are similar. Also, 
residual strains for all measured planes are similar for NiTi and NiTi-2OTiC. Figure 8 also shows 
the average residual strain after unloading and recovery, calculated as the mean of the residual 
strains in the three cell directions determined from crystallographic constants. 

Figure 9 shows the normalized scale factors of the most intense reflections as a function of the 
plastic strain during loading. Because the scale factors are proportional to the integrated peak 
intensities, they are a measure of the volume fraction of variants with planes in the Bragg 
condition, and thus describe preferred orientation. The systematic increase or decrease of the 
scale factors indicates that a texture develops upon deformation as a result of twinning. The 
composite exhibits the same preferred orientation behavior as the bulk matrix, indicating that the 
Tic particles have only a small effect on the average twinning behavior of the matrix. 

Upon unloading however, the scale factors of NiTi and NiTi-20TiC evolve quite differently, 
as depicted in Figs. 10 (a,b). Moreover, in contrast to loading (Fig. 9), there is upon unloading 
no linear relationship between scale factors and plastic strain: in many cases, the scale factor 
/plastic strain curves exhibit a change of slope sign, indicative of a complex twinning behavior. 
In most cases, however, a trend to reversion towards the undefonned state is observed for the 
scale factors upon shape memory recovery, but not in the reversible fashion suggested by the 
dotted line in Figs. 10 (a,b). 

DISCUSSION 

Compressi ve Beha vioc 

Assuming that the Tic particles do not induce additional twinning in the matrix and that elastic 
load transfer from the matrix is operative, the composite stiffness tensor can be predicted by the 
Eshelby's theory [13]. With an apparent elastic modulus EM = 68 GPa for NiTi (incorporating 
both elastic and twinning contributions in Region A), theory predicts for the composites the elastic 
modulus values given in Table I, which also lists the experimental values measured by strain 
gauge. For an experimental error estimated at about st3 GPa, the measured elastic modulus for 
NiTi-lOTiC is in agreement with predictions from the Eshelby theory. This shows that stiffening 
results from load transfer to the Tic particles without creation of mismatch stresses exceeding the 
critical stress for twinning OM, which would induce significant additional matrix twinning and a 
lower apparent elastic modulus. However, the elastic modulus of NiTi-20TiC, is significantly 
smaller than predicted by the Eshelby theory, indicating that stiffening by load transfer to the Tic 
particles is partially canceled by the additional twinning resulting from relaxation of elastic 
incompatibility between matrix and reinforcement. Only a small twinning strain Et is needed to 
decrease the modulus from a theoretical value E = 94 GPa to an apparent macroscopic average 
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. Eapp = 79 GPa: for an applied stress (3 = -50 MPa, corresponding to the apparent macroscopic 
yield stress, this strain is less than 0.02%. Early twinning in NiTi-20TiC is similar to the 
continuous yielding behavior observed in metal matrix composites deforming by slip. Upon 
application of a small external stress, the yield stress is reached internally as a result of the elastic 
mismatch between the two phases, resulting in a plastic zone around the particulates. Upon 
overlap of these plastic zones, the composite yields at an applied stress much lower than the yield 
stress of the unreinforced matrix; and it may exhibit little or no measurable elastic deformation. In 
NiTi composites, localized matrix twinning, relaxing mismatch strains developed around the stiff 
T ic  particles will also lead to a low apparent elastic modulus at small strains. At large strains, 
localized twinning does not preclude load transfer from the compliant matrix to the stiff 
reinforcement,. 

This load transfer can also be calculated by the Eshelby method 1131 for the case of a matrix 
deforming by slip. Assuming that generalized yield in the composite occurs at an applied stress 
oyc for which the matrix average stress in the composite is equal to the yield stress of the 
unreinforced matrix, cy, strengthening is described by a parameter P : 

NiTi 
NiTi-1OTiC 
NiTi-20TiC 

OY 
Gyc = p 

measured predicted (Eshelby) measured predicted (Eq. 3) 
68 68* 180 180* 
78 80 180 197 
79 94 186 - .  215 i 

(3) 

P can be calculated from the Tresca yield criterion [ 131. For NiTi composites, the yield stress oy 
can be replaced by Ctwin, the stress for the onset of twinning. The measured twinning stress 
values in Table I confirms that additional twinning is taking place in the composites, because of 
relaxation by twinning of the mismatch stresses between matrix and particles. Indeed, the 
measured value CTMn is independent of the volume fraction Tic, in disagreement with the 
prediction of Eq. (A2) based on load transfer without relaxation. This is in contrast to the 
behavior of the metal matrix composites deforming by slip, whereby mismatch relaxation by 
dislocation punching strengthen the matrix and results in yield stress values higher than predicted 
by Eq. (A2). 

With increasing fractions of Tic  particles, the curves exhibit the following trends: increase of 
dG/dEtwin, and decreases of Aetwin, EM and bP. These observations can be explained by the 
stabilization of martensite M, as Tic particles prevent twinning (M + M) at strains above about 
2%. Because twinning is inhibited by dislocations exerting a friction stress on the moving twin 
boundaries 1141, dislocations created to accommodate the plastic mismatch between the matrix and 
reinforcement are expected to stabilize the martensitic matrix M. Finally, the significant decrease 
of the slip yield stress op exhibited by NiTi-2WiC can be understood if the yield stress for plastic 
deformation by slip of M, which exists in larger quantities in NiTi-20TiC, is lower than that of 
M'. This suggests that twinning of M, which also produces dislocations in the product My, 
induces subsequent hardening upon plastic deformation by slip of M. 

Table & Elastic modulus upon loading Ei0d and critical stress for the onset of twinning 
op,,,in, averaged for samples tested at room temperahm with strain gauges. 

I 

* assumed equal to the measured value 



S haue-Memory Recovery 

Mechanical strain in martensitic NiTi can be separated in three components: (i) plastic strain by 
twinning which is recoverable, (ii) plastic strain by slip which is unrecoverable and (iii) residual 
elastic strains, which do not on average contribute to the total macroscopic prestrain, but may be 
recovered by relaxation during phase transformation. These three types of strains affect the 
kinetics and thermodynamics of the transformation as follows: (i) twinning reduces the number of 
martensitic variants, thus facilitating their subsequent transformation to auste~te,  and may also 
induce residual elastic stresses, due to residual mismatch strains between twinned variants; (ii) 
dislocations introduced by slip both stabilize the deformed martensite and induce the TWSh4E by 
their elastic stress field; and, (iii) elastic stresses stabilize the martensite, as described by the 
Clausius-Clapeyron equation, and can also induce the TWSME. 

Figure 6 shows that the magnitude of the recovery R after a complete thermal cycle is 
significantly less than 100% for all materials. Incomplete recovery of about 50% was also 
reported by Johnson et al. [ 151 for NiTi samples fabricated by powder metallurgy after tensile 
prestrains of 2 to 10%. The lack of complete recovery after a complete cycle in our samples is not 
due to the TWSME, because the recovery at the maximum temperature is at most about 85 %. It 
thus appears that, upon compressive deformation, substantial unrecoverable deformation by slip 
occurs concurrently with recoverable deformation by twinning, even for prestrains as low as 1.2 
%. Plastic deformation by slip represents about 15 % of the total plastic deformation for prestrain 
values ep,between 1% and 4.4%, i.e. in a regime where twinning is expected to be the dominant 
deformation mechanism (Fig. 2). 

The mismatch between the NiTi matrix and the purely elastic Tic particles 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, thermal transformation of mismatch twins formed during 
mechanical deformation to accommodate the elastic particles is similar to thermal transformation of 
twins responsible for the overall shape change of the specimen. Thus, the overall shape-memory 
recovery behavior of the composite is expected to differ little from that of the unreinforced matrix. 
In the second case, where matrix slip relaxed the mismatch with the reinforcement, dislocations 
are expected to stabilize the deformed martensite and enhance the TWSME. Furthermore, if 
relaxation by slip or twinning. is incomplete after deformation, the resulting residual elastic 
stresses are also expected to affect the macroscopic recovery behavior by stabilizing the martensite 
and by inducing the WSME. Residual elastic stresses after deformation, however, are small on 
average as measured by neutron diffraction (Fig. 8). 

The effect of Tic particles can now be discussed in light of the mechanisms described above. 
First, enhanced slip deformation of the matrix to accommodafe the mismatching particles can 
explain the following observations: 

(i) With increasing Tic content, the extent of recovery Rmax decreases for prestrains larger than 
ep = 1.4%. This indicates that unrecoverable deformation by slip increases in the 
composites. 

(ii) The strain recovery during the pre- and post-transformation (Regions 1 and 3, Fig. 3) 
increases with increasing Tic  fractions, and the recovery gradient de/dTmain during the 

. 'main recovery in Region 2 decreases. 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 stabilized) than the variants far from the 
particles. 

.(iii) The TWSME strain increases with increasing Tic content (Fig. 7), as expected if the 
' composites contain more dislocations, the elastic stress field of which biases the formation 

of oriented martensite. 

Second, stored elastic stresses can explain the following observations: 
(iv) All transformation temperatures A:, Af, Ms, and Mf decrease with increasing Tic  content, 

in agreement with the effect of elastx stresses on a thermoelastic transformation [16]. 
(v) The TWSME strain increases with increasing Tic content (Fig. 7). While this effect can be 

explained by plastic deformation (see (iii) above), elastic stresses due to incomplete 
relaxation in the composite can also have the same effect. 
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We note that plastic deformation in the composites lowers the total extent of recovery after a full 
' cycle Rtot (Fig. 6) by decreasing the magnitude of the recoverable plastic strain by slip (effect (i)) 

and by increasing the magnitude of the TWSME strain (effect (iii) or (v)). 
We thus conclude that all the trends observed in the recovery characteristics 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 
deformation. In most cases, however, the difference in recovery properties between reinforced 

, and unreinforced NiTi is relatively minor, indicating that most of the mismatch is accommodated 
by twinning. These conclusions,are similar to those drawn from the shape of the stress-strain 
curves, as discussed earlier. 

Neutron Diffraction 

. . ZM m a )  51 W a )  EM (- 106) EI fi 106) 

75 -302 182 ~ 416 
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53 -213 128 -293 - 

As for any metal matrix composite cooled from an elevated processing temperature, NiTi- 
20TiC is expected to exhibit residual thermal mismatch stresses due to the mismatch in 
coefficients of thermal expansion between reinforcement and matrix. Furthermore, additional 
mismatch stresses are expected due to the allotropic transformation of NiTi. These thermal and 
allotropic mismatch contributions calculated by the Eshelby method are given in Table II at room 
temperature for both phases. The expansion of the matrix upon allotropic transformation, results 
in room-temperature residual strains smaller by about 30% than if no transformation had taken 
place (Table II). We thus conclude that the residual strains are virtually the same in the 
undeformed NiTi and the undeformed NiTi-20TiC, since the value of the average matrix strain 
due to phase mismatch in the composite (E = 1.28.10-4, Table rr) is on the order of the diffraction 
measurement accuracy. 

Fig. 11 (a) shows for NiTi-20TiC the elastic behavior of the (100) planes, for which the 
measurement error is small and whose elastic gradient can be assimilated to 1/S11. For both 
directions parallel and perpendicular to the applied load, good agreement is found between the 
measured diffraction data and the elastic behavior of the matrix predicted from load transfer by the 
Eshelby theory. The matrix lattice strain for the highest applied stress seems to be slightly lower 
than expected if elastic load transfer were solely taking place. This indicates that additional load 
transfer may be taking place, as discussed later. Fig. 11 (b) shows the predictions for the Tic  
phase in the NiTi-20TiC sample, which are also in satisfactory agreement with diffraction 
measurement. We thus conclude that, whiie elastic load transfer is taking place in the NiTi-20TiC 
composite in quantitative agreement with predictions by the Eshelby theory (Figs..l l(a, b)), no 
macroscopic stiffening is observed in the apparent elastic region of the stress-strain plot, as 
described earlier, because of the enhanced matrix twinning needed to relax the mismatching 
particles. 

Plastic deformation of the matrix in the presence of elastic particles results in a plastic 
mismatch which is additive to the elastic mismatch contribution. Thus, load transfer should be 
enhanced compared to a case where both phases are elastic, with a concomitant increase in the 
gradient of the applied stress versus the lattice strain curve of the matrix'(Fig. 1 la). Respectively 

Table 8: Predicted mean internal stress 5 md mean internal strain E for NiTi (matrix M) 
and Tic (inclusion I) at room temperature due to thermal mismatch and 
transformation mismatch between the two phases of NiTi-20TiC. 
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Fig, 12: Two-dimensional illustration of the accommodation of a mismatching rigid particle within 
a martensitic crystal with 4 possible variants. 
(a) crystal with orientation C containing a hole, deformed by twinning to orientation A; 
(b) crystal with orientation C containing a rigid particle, deformed by twinning to 
orientation A with accommodation twins C and B for the undefomed particle. 

a decrease is expected for the elastic gradientof the reinforcement. These effects were observed 
by neutron diffraction in aluminum matrix composites deforming plastically by slip [13]. In the 
case of NiTi-20TiC deforming by twinning, these effects are much less than predicted by theory 
(Fig. ll), indicating that, unlike composites deforming by slip, NiTi-20TiC deforming by 
twinning relaxes very efficiently the plastic mismatch between matrix and reinforcement. 

The in-situ neutron elastic and orientation measurements (Figs. 9 and 1 1) all indicate that .the 
addition of 20 vol.% Tic particles has little effect on the plastic behavior of the matrix over the 
strain range explored here. This is in contrast with the increased strengthening, rate of strain 
hardening and plastic load transfer between matrix and reinforcement observed in metal matrix 
.composites with a matrix plastically deforming by slip [13]. This insensitivity of the NiTi matrix 
to the presence of a large volume fraction of stiff, mismatching particles can be interpreted as the 
result of the greater ease, as compared to slip, for mismatch relaxation by twinning. When 
accommodation takes place by dislocation punching, strain hardening of the matrix and 
concomitant increase in strength result [17]. In contrast, complete relaxation of the mismatch 
between the elastic particle and the plastic matrix is possible by local twinning in martensitic NiTi 

crystal with 4 possible variants. If the crystal contains a hole and is deformed by twinning from 
variant C to variant A, a concomitant change in the shape of the hole results. However, if the hole 
contains a rigid particle and the crystal is again twinned from variant C to variant A, complete 
accommodation of the resulting mismatch is possible by retaining some of the variant C in contact 
with the particle and accommodating the A-C boundary by a B twin (Fig. 12(b)). The net result is 
an overall macroscopic deformation similar to that of the particle-free case (Fig. 12(a)), with a 
small volume fraction of accommodating variants (B and C in Fig. 12 (b)). Because such 
accommodating variants are expected to also exist for particle-free, polycrystalline NiTi to relax 
mismatch between grains of different orientations, the twins necessary to accommodate elastic 
particles in a polycrystalline composite sample may represent only a small fraction of the twins 
already existing in particle-free polycrystalline samples. This hypothesis explains the lack of 
significant difference between NiTi and NiTi-20TiC in terms of macroscopic behavior and 

I composites. This is illustrated schematically in Fig. 12, for an hypothetical two-dimensional 



Cverage variant orientation by twinning (Fig. 9). Furthermore, unlike relaxation by slip, no strain 
~ hardening is expected as a result of localized twinning relaxing the mismatch. 

Tic  particles do not significantly interfere with the shape-memory effect for prestrains less 
than about 495, comsponding to deformation by twinning. First, the fraction of strain recovered 
by shape-memory heat-treatment is only slightly smaller for NiTi-20TiC than for NiTi, as shown 
in Fig 6. This result confirms that the mismatching T ic  particles do not induce a significant 
amount of slip in the material during deformation, since the strain resulting from slip is 
unrecoverable. Second, comparison of Figs. 10 (a,b) indicates that the preferred variant 
orientation after shape memory recovery is similar for both materials, despite the differences in 
variant orientation before shape-memory recovery. Third, the residual strains for all planes are, 
within experimental error, the same for both materials. If martensite deformation occurs purely 
by twinning of variants, which also accommodates the mismatch of T ic  particles as depicted in 
Fig. 12, thermal transformation to austenite after twinning is indeed expected to be mostly 
unaffected by the Tic  particles. Upon heating to a temperature above Af, the composite is 
returned to the same state as before deformation, for which little thermal mismatch strains are 
expected (Table n). Subsequent cooling to room-temperature induces again small transformation 
mismatch strains, which can be minimized by self-accommodation through an appropriate 
combination of variants at the interface, similarly to the case of strain-induced deformation 
illustrated in Fig. 12(b). 

SUMMARY 

This paper gives an overview of recent work performed on martensitic NiTi composites 
containing 0, 10 and 20 ~01.95 Tic particulates. Mechanical deformation by twinning and 
subsequent strain recovery by shape-memory heat-treatment are investigated both macroscopically 
(by mechanical testing and by dilatometry) and microscopically (by neutron diffraction). The 
mismatch stresses between the elastic T ic  particulate and the NiTi matrix due to matrix 
transformation and thermal expansion (during thermal excursions) and due to matrix twinning or 
slip (during mechanical deformation) are discussed. 
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