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ABSTRACT
Shape memory and superelastic NiTi are often utilized for

their large strain recovery and actuation properties. The objec-
tive of this research is to utilize the stresses generated by pre-
strained NiTi as it is heated in order to tailor the CTE of metal-
matrix composites. The composites studied consist of an Al 3003-
H18 matrix with embedded NiTi ribbons fabricated through an
emerging rapid prototyping process called Ultrasonic Additive
Manufacturing (UAM). The thermally-induced strain of the com-
posites is characterized and results show that the two key param-
eters in adjusting the effective CTE are the NiTi volume fraction
and prestrain of the embedded NiTi. From the observed behavior,
a constitutive composite model is developed based constitutive
SMA models and strain matching composite models. Additional
composites were fabricated to characterize the NiTi-Al interface
through EDS and DSC. These methods were used to investigate
the possibility of metallurgical bonding between the ribbon and
matrix and determine interface shear strength. Interface inves-
tigation indicates that mechanical coupling is accomplished pri-
marily through friction and the shear strength of the interface is
7.28 MPa. Finally, using the developed model, a composite was
designed and fabricated to achieve a near zero CTE. The model
suggests that the finished composite will have a zero CTE at a
temperature of 135◦C.

∗Address all correspondence to this author.

INTRODUCTION
Shape Memory Alloys (SMAs) have unique properties due

to a stress and temperature-dependent phase transformation be-
tween martensite, the low-temperature/high-stress phase, and
austenite, the high-temperature/low-stress phase. While this
transformation is most widely utilized for actuation purposes via
the shape memory effect and high strain components through the
superelastic response of initially austenitic alloys, this research
utilizes the phase-dependent modulus of SMAs and their ability
to generate transformation stresses when they are heated in an
initially prestrained state. By embedding SMA elements within
a metal-matrix composite, changes in elastic modulus allow for
variable matrix reinforcement while transformation stresses can
create axial loads, both of which are utilized to create unique
thermally-induced strain responses. An SMA metal-matrix com-
posite can be designed such that the stress that develops due to
phase transformation and strain recovery can be utilized to offset
the Coefficient of Thermal Expansion (CTE) of the matrix.

Composites in this research are fabricated using Ultrasonic
Additive Manufacturing (UAM), a rapid prototyping technology
based on ultrasonic metal welding. In ultrasonic metal weld-
ing, two workpieces are held together under a compressive load
and ultrasonically vibrated relative to one another. The mo-
tion creates a friction-like action that disrupts surface oxides and
shears surface asperities on a micro-scale creating nascent sur-
faces [1, 2]. The compressive load applied to the pieces causes
opposing clean metal surfaces to form metallic bonds, thus join-
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FIGURE 1. (a) IN THE UAM PROCESS, SUCCESSIVE LAY-
ERS OF METAL TAPE ARE BONDED TOGETHER TO CREATE
METAL COMPOSITES WITH SEAMLESSLY EMBEDDED MATE-
RIALS AND FEATURES; (b) CROSS SECTION OF AN NiTi-Al
COMPOSITE WITH 76 µm DIAMETER NiTi WIRE.

ing the two components. During UAM consolidation, illustrated
in Figure 1 (a), the ultrasonic vibrations are generated by piezo-
electric transducers and transmitted to the workpieces through
tuned waveguides and a rolling sonotrode which is specially tex-
tured to grip the top workpiece. The primary benefit of UAM is
the low process temperatures. Pieces are consolidated at room
temperature and macro-scale heating results in temperatures be-
low 195◦C [3].

UAM makes it possible to embed thermally-sensitive mate-
rials such as SMAs, electroactive PVDF, fiber optics, and elec-
tronic components within a metal-matrix [4–7] which would not
be possible with other metal-matrix composite technologies that
require melting or high temperature diffusion for fabrication.
During the welding phase, the ultrasonic vibrations of the work-
pieces and compressive stresses cause plastic deformation of the
matrix material. The result is plastic flow of the matrix material
around the embedded objects, creating close contact, mechan-
ical interlocking, and possibly solid-state bonding between the
composite components. To date, fibers ranging from 76 µm to
381 µm in diameter, Figure 1 (b), and ribbons up to 762 µm wide
have been successfully embedded via UAM [3, 8, 9].

The key to tailoring thermally-induced strain with SMAs is
to prestrain the embedded elements prior to embedding, trans-
forming the twinned martensitic phase to detwinned martensite.
When constrained and heated in the detwinned martensite phase,
SMAs generate a tensile recovery stress, or blocking stress, that
is nearly proportional to temperature [10–12]. During this heat-
ing cycle, as long as the SMA is perfectly constrained and does
not under go plastic deformation, it will remain in its original
detwinned martensitic phase. Creating metal-matrix composites
with prestrained SMAs can be challenging as traditional methods
such as casting or diffusion based processes have high tempera-
ture periods where the surrounding matrix will not provide con-
straint against the transforming and recovering SMA elements.
Being a low temperature process, UAM is uniquely suited for
creating SMA metal-matrix composites as the low temperature
prevents transformation and subsequent recovery of the applied
prestrain.

Due to the difference in CTE of the Al matrix and NiTi el-
ements as well as blocking stresses generated by the embedded
SMA, the fiber-matrix interface is subject to temperature depen-
dent stresses. The nature of the interface between the matrix and
embedded SMA elements in UAM remains a critical issue in de-
signing and modeling smart UAM composites. If the interface
fails to maintain the constraint on the SMA elements, the initial
prestrain in the composite will be recovered upon heating, thus
irrevocably changing the unique thermomechanical behavior of
the composite.

In this paper, the thermally-induced strain of NiTi-Al UAM
composites is examined to develop a constitutive model of the
composite system. The interface between the NiTi and Al com-
ponents of UAM composites is also investigated through Energy
Dispersive X-ray Spectroscopy (EDS) and Differential Scanning
Calorimetry (DSC) for use in determining the nature of the NiTi-
Al coupling and strength of the interface. Lastly, using the com-
posite model, a thermally-invariant composite is designed and
fabricated.

EXPERIMENTAL PROCEDURE
Sample Fabrication

Three initial UAM composites were created to observe the
thermomechanical behavior of NiTi-Al UAM systems. In these
composites, the NiTi ribbons were heated in an unconstrained
state to transform them to austenite and allowed to cool to form
twinned martensite. While these composites were not expected
to display constrained NiTi behaviors, they were created to char-
acterize the thermo-elastic behavior of the composites. In fab-
ricating the composites, two 152 µm thick Al 3003-H18 tapes
were first consolidated on an Al 3003-H18 base plate. Rectangu-
lar NiTi ribbons, 254 µm by 762 µm, were placed on top of the
second tape surface and clamped into position. Two additional
Al tapes were consolidated over top of the ribbons to complete
the UAM build. The composites were next machined to final di-
mensions and the base plates removed from the underside of the
composites. Composites 1, 2, and 3 have NiTi volume fractions
of 5%, 15%, and 20%, respectively.

Two additional composites were created in a similar man-
ner with detwinned NiTi ribbons. The fabrication procedure
for composites 4 and 5 is identical to that of 1-3, however then
NiTi ribbons were fully detwinned by applying dead weight re-
sulting in a tensile stress of 186 MPa, three times greater than
the observed critical finish stress of this alloy at room tempera-
ture. Composite 4 was sectioned and polished for EDS analysis
to study the NiTi-Al interface while composite 5 was machined
to create a 15% NiTi composite and subsequently cut into three
samples for DSC testing to observe the strength of the NiTi-Al
interface. In both cases, the composites were cut to length using
a lubricated low speed diamond precision saw to avoid heating
and transformation of the NiTi ribbon at the cutting plane.
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Thermomechanical Testing
For composites 1-3, thermally-induced strain was measured

by heating the composites in a thermal chamber with an Al 3003-
H18 reference sample for three cycles from 25◦C to 100◦C. Dur-
ing thermal cycles, the strain of each composite was measured
with a strain gage matched to aluminum alloys and the tem-
perature of the composites was monitored with a thermocouple
placed next to the strain gages.

Since the CTE of the reference sample is known, the strain
signal from the reference sample was used to remove the thermal
dependency of the strain gages from the composite strain sig-
nals. To determine the composite strain response, the strain mea-
sured from the reference sample was subtracted from the strain
measured from each composite and then the calculated thermal
strain of the reference sample was added to the composite strain
measurements [13]:

εcomp = εsig/comp− εsig/re f +αre f ×∆T. (1)

Here, εsig/comp is the non-compensated strain signal from the
composite, εsig/re f is the strain signal from the reference sam-
ple, αre f is the CTE of the reference material (23.2 µε/◦C [14]),
and ∆T is the change in temperature.

Interface Investigation
The polished section of NiTi-Al composite 4 was analyzed

via EDS to observe composition across the NiTi-Al interface.
EDS line scans were conducted at the top and bottom interfaces
between the NiTi ribbon and Al matrix, shown in Figure 2, the
most likely sites for metallic bonding between the composite
components. If bonding between NiTi and Al does occur during
the UAM process, two key observations are expected. First, for
metallic bonding to occur, the oxide layers of both workpieces
must be removed. Second, diffusion also occurs with metallic
bonding and thus, elements from the matrix and embedded SMA,
namely Ni, Ti, and Al, are expected to migrate across the inter-
face if such bonding is present. In the conducted line scans, the
atomic percentage of Al, Ni, Ti, and O were recorded at each
point in the scan and plotted as a function of distance from the
interface.

In preparation for DSC analysis, each sample from compos-
ite 5 was placed in an Al test pan and a single empty test pan
was used as a comparative reference for all measurements. Us-
ing DSC analysis, the transformation of NiTi can be observed
by measuring the difference in power needed to heat the test pan
with the sample and the empty reference pan to the same tem-
perature. The martensite to austenite (M-A) transformation for
NiTi is endothermic and results in a well defined negative region
termed an “endothermic peak” [15–17]. Since the embedded

FIGURE 2. SEM IMAGE OF NiTi-Al COMPOSITE 4 SHOWING
LOCATIONS OF LINES FOR EDS ANALYSIS.

NiTi ribbon in composite 5 is highly prestrained, the M-A trans-
formation must be accompanied by a 6% strain recovery. The
surrounding Al matrix is unable to accomodate a 6% contraction
without plastic yielding or failure of the interface. As such, by
noting the temperature at which the endothermic peak occurs,
a failure temperature can be measured and used in conjunction
with the NiTi-Al composite models to determine the strength of
the NiTi-Al interface.

For each sample, two heating cycles were recorded dur-
ing DSC measurement. Temperature was increased at a rate of
10◦C/sec to 200◦C for the first cycle of each sample and up to
120◦C for the second cycle in anticipation of lower transforma-
tion temperatures. Cooling was augmented by compressed air
between cycles but was not recorded.

RESULTS AND DISCUSSION
Thermomechanical Testing

The temperature versus strain plots of composites 1-3 are
shown in Figure 3 (a)-(c). For clarity, only the repeatable cycles,
2 and 3, are shown as the initial cycle is different than subse-
quent stable cycles. This initial behavior is believed to be due
to a minute amount of residual detwinning and initial mechan-
ical loading of the SMA elements from composite manufactur-
ing. Similar effects have been observed in thermal cycling of
constrained SMAs [10, 11]. An in-depth analysis of this initial,
non-repeatable behavior has been discussed in previous work [3].

All three composites exhibit two linear regions correspond-
ing to the martensite and austenite phases of the embedded NiTi
ribbons. The difference between the slopes of the two linear re-
gions is small in composite 1, however, the effect becomes more
pronounced as NiTi volume fraction increases as displayed in the
behaviors of composites 2 and 3. Since NiTi has a lower CTE
than the Al matrix, the inclusion of NiTi elements will reduce
the total composite CTE, αcomp, to varying degrees based upon
the fiber volume fraction and phase dependent modulus [18–20]:

αcomp =
(1−ν)(EAl)(αAl)+ν(ENiTi)(αNiTi)

(1−ν)(EAl)+ν(ENiTi)
. (2)

Here, ν is the NiTi fiber volume fraction of the composite, EAl ,
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FIGURE 3. TEMPERATURE VERSUS STRAIN PLOTS FOR THE SECOND AND THIRD THERMAL CYCLES OF NiTi-Al: (a) COMPOS-
ITE 1; (b) COMPOSITE 2; (c) COMPOSITE 3.

ENiTi, αAl , and αNiTi are the elastic moduli and CTEs of Al and
NiTi, respectively. At high temperatures, the modulus of the em-
bedded NiTi increases, due to transformation to austenite, thus
reducing the total composite CTE. This results in a higher strain-
temperature slope at low temperatures and a lower slope at high
temperatures corresponding to the higher and lower composite
CTEs.

Composite 2 has an additional behavior unique among com-
posites 1-3. Starting at approximately 50◦C (∆T = 25◦C) a
negative strain-temperature slope is observed resulting in a con-
traction until approximately 55◦C (∆T = 30◦C) whereupon the
composite resumes a linear strain-temperature relationship. On
cooling, the recovered strain is introduced back into the com-
posite over a temperature range of approximately 50◦C to 40◦C
(∆T = 25◦C to 15◦C). This hysteretic behavior and strain recov-
ery are characteristic of the shape memory effect of NiTi. While
composites 1-3 were fabricated with twinned martensitic NiTi
ribbons, this behavior indicates that the ribbons in composite 2
are partially detwinned. This is likely an effect of the rolling ac-
tion of the UAM sonotrode applying tensile stresses along the
ribbons during the embedding process. The unique behavior of
composite 2 illustrates the significant effect detwinning of the
embedded SMA elements can impart on the total composite re-
sponse.

Composite Modeling
To model the thermal strain response of the composites, a

strain matching method, similar to models used for SMA-epoxy
composites [21–23], was employed. Under the condition that
the interface remains intact, the strain in the fiber direction is
identical for the Al matrix and NiTi ribbons. Further, the Al and
NiTi strains can be expanded into their constituent components
for mechanical, thermal, and transformation strain, as applicable:

εAl =
1

EAl
(∆σAl)+αAl (∆T ) (3)

and

εNiTi =
1

ENiTi
(∆σNiTi)+αNiTi (∆T )+ εL (ξs−ξso) , (4)

where ∆σ is the change in total stress from the initial state, ξs is
the stress-induced martensitic volume fraction, ξso is the initial
stress-induced martensitic volume fraction, and εL is the maxi-
mum recoverable strain of NiTi.

In the thermally-induced strain tests, no external load is ap-
plied; the composite is allowed to freely expand or contract as the
temperature changes. As such, a force balance is used to obtain
the stress in the Al matrix in terms of NiTi stress:

σNiTiANiTi +σAlAAl = 0

σAl =−
ANiTi

AAl
σNiTi

σAl =
−ν

(1−ν)
σNiTi,

(5)

where ANiTi and AAl are the cross sectional areas of the NiTi
ribbons and Al matrix, respectively. The variable change from
cross sectional area to fiber volume fraction can be made because
the NiTi ribbons provide long-fiber reinforcement of the Al ma-
trix and the lengths of both components are equal, LNiTi = LAl .
Assuming zero initial stress, the stress in the ribbons can be
obtained as a function of temperature, material properties, vol-
ume fraction, and NiTi transformation terms by substituting (5)
into (3), equating to (4), and solving for σNiTi:

σNiTi =
(αAl−αNiTi)(∆T )

1
ENiTi

+ 1
EAl

ν

(1−ν)

− εL (ξs−ξso)
1

ENiTi
+ 1

EAl

ν

(1−ν)

. (6)

This equation has two components: the first is the thermo-elastic
component which any composite exhibits if a CTE mismatch
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exists between the fibers and matrix; the second is due to the
transformation-induced strain recovery of NiTi if it is embedded
in a detwinned state (ξso 6= 0). If the embedded NiTi elements are
not prestrained before fabrication, only the thermo-elastic stress
component remains but is non-linear due to the change in modu-
lus as the NiTi ribbons transform between martensite and austen-
ite. Once the NiTi stress is calculated it can be used in (4) to
determine total composite strain:

εcomp =
1

ENiTi

[
(αAl−αNiTi)(∆T )

1
ENiTi

+ 1
EAl

ν

(1−ν)

− εL (ξs−ξso)
1

ENiTi
+ 1

EAl

ν

(1−ν)

]
+αNiTi (∆T )+ εL (ξs−ξso) .

(7)

The same result is obtained by calculating the Al stress and using
it in (3).

Composites 1-3 were assumed to be consolidated in a
twinned martensite state, having an initial stress-induced vol-
ume fraction of zero. As such, the initial models for thermally-
induced strain do not include the transformation strain recovery
components and (7) becomes:

εcomp =
1

ENiTi

[
(αAl−αNiTi)(∆T )

1
ENiTi

+ 1
EAl

ν

(1−ν)

]
+αNiTi (∆T ) . (8)

The strain calculation is completed by finding the elastic
modulus of the NiTi ribbons as a function of martensitic vol-
ume fraction and the Al matrix as a function of temperature. The
elastic modulus of the Al matrix is varied linearly using modulus
values at different temperatures as found in the literature [14].
The elastic modulus of NiTi is found through a rule of mixtures
between its martensite and austenite phases:

ENiTi = EA +ξ (EM−EA) (9)

where EA and EM are the elastic moduli of austenite and marten-
site, respectively, and ξ is the total martensitic volume fraction.
The martensitic volume fraction only decreases over the range
defined by the austenite start and finish temperatures as compos-
ite temperature increases. Conversely, increasing volume fac-
tion only occurs over the martensitic start and finish tempera-
tures while the composite temperature is decreasing. For the
NiTi ribbons used in this study, the transition temperatures were
found through electrical resistance tests and DSC and are shown
in Table 1 with other experimentally derived material properties.
Even in the thermo-elastic case, the increasing NiTi stress due to
thermal mismatch of the NiTi ribbons and Al matrix necessitates

using the stress-modified transformation temperatures which are
assumed to vary linearly with stress [24–27]. In the case of an
initial stress-induced martensitic volume fraction (ξso 6= 0) the
transformation temperatures will increase further due to addi-
tional stresses generated from SMA strain recovery.

The martensitic volume fractions are found through equa-
tions based upon the Brinson [24] and Liang and Rogers [25,26]
constitutive SMA models. For the M-A transformation the vol-
ume fraction is:

ξ =
ξo

2
(cos [aA (T −Aσ

s )]+1) , (10)

where

aA =
π

A f −As
(11)

and

Aσ
s = As +σNiTi/CA (12)

where CA is the stress influence coefficient for austenite transition
temperatures. For the austenite to martensite (A-M) transforma-
tion the total volume fraction is calculated using:

ξ =
1−ξo

2
cos
[
aM
(
T −Mσ

f
)]

+
1+ξo

2
, (13)

where

aM =
π

Ms−M f
(14)

and

Mσ
f = M f +σNiTi/CM (15)

where CM is the stress influence coefficient for the martensitic
temperatures and is assumed to be equal to CA [27].

The thermo-elastic strains were modeled for each compos-
ite using the material properties found in Table 1. The model
output can be seen for composites 1-3 in Figure 4 (a)-(c), respec-
tively. For composites 1 and 3 the strain model closely matches
the strain observed in the experiments, including unique high and
low temperature linear regions and a small amount of hystere-
sis. However, the model does not describe the negative strain-
temperature regions observed in composite 2. This confirms that
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TABLE 1. MATERIAL PROPERTIES USED FOR COMPOSITE
MODEL. UNLESS CITED, VALUES WERE FOUND EXPERIMEN-
TALLY.

Property Description Value

EA [28] Austenite modulus 83 GPa

EM Martensite modulus 17.9 GPa

EAl(24 ◦C) [14] Al 3003 modulus, 24◦C 68.3 GPa

EAl(100 ◦C) [14] Al 3003 modulus, 100◦C 65.5 GPa

αAl [14] Al 3003 CTE 23.2 µε/◦C

αNiTi [27] NiTi CTE 10 µε/◦C

M f Martensite finish temp. 40◦C

Ms Martensite start temp. 45◦C

As Austenite start temp. 45◦C

A f Austenite finish temp. 50◦C

CM , CA Stress influence coefficient 8.1 MPa

εL Maximum recovery strain -6%

the zero prestrain assumption is not valid when considering com-
posite 2 and there is residual prestrain that was induced by the
rolling action of the sonotrode during fabrication. The amount of
prestrain and subsequent stress-induced martensite is determined
by observing the amount of strain recovered as the NiTi ribbons
go through the M-A transformation.

The strain recovery region observed in composite 2 is con-
sistent over multiple cycles. Because of this, the transformation
is assumed to recover and induce a repeatable amount of stress-
induced martensite as the composite is heated and cooled. To
this end, an assumption is made that ξs = ξso × ξ where ξ is
found from (10) and (13) for purposes of calculating composite
strain. By taking the average strain of the rising and falling high
temperature linear regions at T=65◦C, a temperature slightly be-
yond the M-A transformation region, and subtracting the mod-
eled thermo-elastic strain for composite 2 at 65◦C, the total com-
posite recovery strain, εNiTi/X , is estimated to be 200 µε . To
calculate the initial stress-induced volume fraction from the to-
tal observed strain recovery, the thermo-elastic strain component
from (8) is subtracted from the total strain from (7),

εNiTi/X =
1

ENiTi

(
σNiTi/X

)
+ εL (ξs−ξso) , (16)

where σNiTi/X is equal to the second term of (6). Considering

ENiTi = EA and ξs = 0 when the M-A transformation is complete,

εNiTi/X =
1

ENiTi

[
−εL (ξs−ξso)
1

ENiTi
+ 1

EAl

ν

(1−ν)

]
+ εL (ξs−ξso)

=− εLξso

[
1− 1

1+ EA
EAl

ν

(1−ν)

]
.

(17)

Using 200 µε for εNiTi/X , the initial stress-induced martensitic
volume fraction is found to be 1.9%. Using (7) with the cal-
culated value for ξso, the red dashed line in Figure 4 (b) shows
the thermally-induced strain model for composite 2 including the
transformation strain component. With the inclusion of the trans-
formation strain term, the model closely matches the experimen-
tal data and exhibits the expanded hysteretic region originally
observed.

Interface Investigation
The change in atomic percent of elemental composition of

EDS lines 1 and 2 are shown in Figure 5. While EDS line
scan points were taken at intervals of ~1 µm, the resolution of
the measurement is also dependent upon the electron interaction
radii of the material being scanned. A Monte Carlo simulation of
electron flight paths estimated interaction radii for Al and NiTi
of 2.6 µm and 1.2 µm, respectively. The result of the interaction
radii is that the EDS results will show a transition equal to the
sum of the radii, 3.8 µm, as a scan transitions from a perfect,
diffusionless interface between an Al and NiTi system. In con-
sidering the EDS results, a transition region greater than 3.8 µm
will indicate the presence of diffusion while a transition less than
or equal to 3.8 µm will indicate that there is no measurable dif-
fusion between the materials.

Line scan 1 shows the Al to NiTi transition occurring over
3.0 µm while line 2 has a transition of 3.3 µm, both of which
are below the threshold for measurable diffusion indicating that
there is no diffusion based bonding between the NiTi and Al con-
stituents. Further, in both line scans there is a peak in oxygen
content as the Al and NiTi composition lines intersect. This indi-
cates that at least one oxide layer is still present at the interface.
A key aspect to bonding via UAM is the removal of surface oxide
at the interface of the workpieces. From the EDS results, the ul-
trasonic vibrations generated for the consolidation process were
not sufficient to create nascent surfaces at the NiTi-Al interface,
thus making a metallurgical bond unlikely. While metallurgical
bonding between NiTi and Al is doubtful, the SEM image in Fig-
ure 2 shows very close contact around the entire perimeter of the
NiTi ribbon cross section. This indicates that the load transfer
necessary for the behaviors observed in the CTE testing is ac-
complished through a friction dominated interface.

Results from the DSC measurements are shown in Figure 6.
Only the plots from samples 2 are shown, though the behavior
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FIGURE 4. THERMALLY-INDUCED STRAIN MODELS FOR NiTi-Al: (a) COMPOSITE 1; (b) COMPOSITE 2; (c) COMPOSITE 3.

FIGURE 5. EDS LINE SCAN RESULTS OF NiTi-Al COMPOS-
ITE 4.

for all samples are similar. The endothermic peaks observed in
both cycles indicate the M-A transformation temperature range
of the embedded NiTi ribbons and display the change in temper-
atures between the first and second cycles. Five key regions of
interest are identified in the first cycle and are defined by either
consistent behavior or transition points between areas of differ-
ent behavior. Region (i) is the initial state and is characterized by
the stabilization of the differential power measurement from the
DSC system. Region (ii) is characterized by a nearly horizon-
tal power versus temperature relationship. Region (iii) is defined
by the a negative power-temperature slope prior to the endother-
mic transformation peak. Region (iv) is noted by the transition
between region (iii) and the low temperature portion of the en-
dothermic peak at temperature Tx. Region (v) is the intersection
of linear interpolations of the high temperature portion of the
endothermic transformation peak and the consistent behavior at
higher temperature characterized by an approximately horizontal
power versus temperature curve.

An interpretation of the composite behavior at each region
is shown in Figure 7. At region (i), the composite is considered

FIGURE 6. DSC HEATING CYCLES 1 AND 2 OF NiTi-Al COM-
POSITE 5.

to be in a reference state to which all other regions are com-
pared. Through region (ii), linear thermal expansion of the total
composite is occurring. In region (iii), the temperature has sur-
passed the composite austenite start temperature, Aσ

s−1. As the
composite temperature increases, the NiTi ribbon generates re-
covery stress which is resolved as a compressive stress on the
Al matrix. The result is an apparent reduction in CTE of the
composite in this region due to the combined thermal and me-
chanical loading. At region (iv) the generated stresses overcome
the shear strength of the NiTi-Al interface and transformation of
the detwinned martensite continues unrestrained. As the NiTi
ribbons transform they recover the induced prestrain, contracting
within the Al matrix while, simultaneously, the Al matrix is able
to freely expand as governed by its CTE. At region (v) the NiTi
transformation and strain recovery is complete. Further heating
results in linear thermal expansion of the composite. It is noted
that while the NiTi ribbon has contracted within the Al matrix,
there is still friction between the ribbon and matrix which allows
load transfer and will govern thermomechanical properties of the
composite. Region (vi) is cooling of the composite. During cool-
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FIGURE 7. REPRESENTATION OF REGIONS IDENTIFIED IN
DSC CURVE: (i) REFERENCE STATE; (ii) LINEAR THERMAL EX-
PANSION OF TOTAL COMPOSITE; (iii) REDUCED/SUPPRESSED
EXPANSION DUE TO GENERATION OF BLOCKING STRESSES;
(iv) ONSET OF NiTi-Al INTERFACE FAILURE; (v) NiTi TRANS-
FORMATION COMPLETE; (vi) COOL TO REFERENCE TEMPER-
ATURE (NOT PLOTTED).

ing and in subsequent cycles, the samples will behave similar to
composites 1 and 3 due to the new zero prestrain condition and
thermally-induced strain can be described by (8).

Using the intersection of linear interpolations of differ-
ent identified regions, several important temperatures are deter-
mined. The intersection of regions (ii) and (iii) is taken as the ini-
tial austenite start temperatures, Aσ

s−1, as previously noted. This
is different than the austenite start temperature of the ribbon, As,
due to the thermo-elastic stresses generated by the different CTEs
of the Al and NiTi components, thereby increasing the transfor-
mation temperatures as a function of temperature. In a similar
manner, the initial austenite finish temperature, denoted Aσ

f−1,
is different than the austenite finish temperature of the material,
A f , however in this case it is due to generated blocking stresses
in addition to the thermo-elastic stresses. The temperature at re-
gion (iv) is denoted Tx and represents the onset of the NiTi-Al
interface failure.

The second thermal cycle in Figure 7 shows the shift in
the endothermic peak and transformation temperatures, Aσ

s−2 and
Aσ

f−2. The austenite start temperature of cycle 2 is lower than
that of cycle 1 indicating that there was a persistent preload on
the NiTi ribbon after embedding. This preload is likely due to
a combination of tension developed during the clamping process
and the rolling action of the sonotrode imparting a tensile load
during embedding similar to the load in composite 2 that created
the stress-induced martensitic volume fraction. Aσ

f−2 is signifi-
cantly lower than Aσ

f−1 due to the absence of blocking stresses
generated during heating above Aσ

s−2. Further, cycle 2 does not
exhibit a temperature range analogous to region (iii) in which
blocking stresses were generated in the initial cycle. This is sup-
porting evidence that all prestrain was recovered in the first cycle
due to failure of the interface. The temperatures of interest for

TABLE 2. TRANSITION AND FAILURE TEMPERATURES FOR
COMPOSITE 5 SAMPLES 1, 2, AND 3.

Temperature [◦C] Sample 1 Sample 2 Sample 3

Aσ
s−1 55.5 55.5 56.4

Aσ
f−1 77.7 77.4 77.5

Aσ
s−2 44.5 45.0 44.7

Aσ
f−2 62.6 63.2 60.0

Tx 69.2 69.0 68.4

all 3 samples are given in Table 2.
The NiTi stress in the DSC samples was calculated using (6)

assuming an initial stress induced volume fraction of 1. At the
average failure temperature of 68.9◦C, stress in the NiTi due to
thermo-elastic and recovery stresses is 174 MPa. Using the av-
erage tensile stress at failure, the ultimate shear strength at the
interface was calculated:

τ f = σx
ANiTi

Ashear
(18)

where σx is the NiTi stress at failure, ANiTi is the ribbon cross sec-
tional area, and Ashear is the interface surface area. The average
shear stress at failure is found to be 7.28 MPa. While the recov-
ery stress generated by the NiTi is not dependent upon ribbon
length, the interface surface area is proportional to the length of
ribbon embedded within the matrix. This implies that as compos-
ite length increases for similar NiTi-Al composites, so will the
shear area, reducing shear stress and increasing failure temper-
ature, eventually reaching a point where composite failure may
occur through yielding of the NiTi elements, compressive yield-
ing of the Al matrix, or buckling of the composite rather than
interfacial failure.

Thermally-Invariant Composite
Utilizing the same procedure as used for composites 1-5, an

additional composite was made with two 254 µm by 762 µm
NiTi ribbons embedded at the midplane of the composite. Prior
to embedding, the ribbons were detwinned by applying a dead
weight, similar to the ribbons used in composite 5. The final
composite is to be machined to have a NiTi volume fraction of
15%, similar to composite 2, however, due to the fully detwinned
NiTi ribbons, the behavior of the new composite is expected to
be substantially different.

Using the developed model, Figure 8 shows the predicted
thermally-induced strain of composite 6. In heating the com-
posite, prior to Aσ

s , the strain will be governed by linear thermal
expansion, however at temperatures higher than Aσ

s , the recov-
ery stresses are expected to nearly eliminate any strain in the

8 Copyright © 2012 by ASME



FIGURE 8. MODELED TEMPERATURE VERSUS STRAIN RE-
SPONSE OF NiTi-Al COMPOSITE 6 COMPARING EFFECT OF NiTi
FIBER VOLUME FRACTION.

composite due to additional thermal expansion. The increasing
blocking stresses completely offset the thermal expansion of the
composite at a temperature of 135◦C, after which the effective
composite CTE becomes negative. It is noted that this behavior
can be further tailored in future composites by selecting an SMA
with lower transformation temperatures to reduce the linear CTE
prior to the generation of blocking stresses and also by increasing
the SMA fiber volume fraction to adjust the shape of the block-
ing force curve. The effect of volume fraction is demonstrated in
Figure 8. While the composite as designed will achieve a zero
CTE at 135◦C, increasing the NiTi fiber volume fraction by 1%
causes the zero CTE to be realized at 91◦C with further heat-
ing causing the composite to under go relative contraction with
increasing temperature.

CONCLUDING REMARKS
In this research we have developed unique metal-matrix

composites consisting of an Al matrix and shape memory NiTi
ribbons. Composites were the subject of experimental character-
ization to determine their thermomechanical behavior and the na-
ture of the NiTi-Al interface to construct an accurate composite
model and ultimately create a thermally-invariant NiTi-Al com-
posite structure.

Investigation of the thermomechanical behavior focused on
the thermally-induced strain. It was found that while fiber vol-
ume fraction creates an increasingly variable bi-linear effect as
the embedded NiTi undergoes the M-A transformation, the pre-
strain level of the embedded NiTi ribbons creates larger changes
in the thermomechanical behavior and even allows for regions
of negative CTE. The observed thermally-induced strain behav-
ior was used to develop a model combining elements from strain
matching composite models with thermodynamically based con-
stitutive SMA models. The resulting model closely matches the
thermally-induced strain behaviors observed for composites 1-3.

The interface between the NiTi ribbons and Al matrix has
also been characterized through EDS and DSC. Using EDS, no

evidence of diffusion or metallurgical bonding was observed, in-
dicating that the primary mechanism of load transfer between
NiTi and Al is friction. Through DSC analysis, a failure temper-
ature of small composite samples consisting of 15% highly pre-
strained NiTi by volume was obtained and used to determined
the ultimate shear strength of the NiTi-Al interface, 7.28 MPa.
While the blocking force of the NiTi ribbons is not dependent
upon fiber length, the shear stress at the interface is, indicating
that beyond a critical fiber length the interface is not a likely
source of composite failure.

Based upon the behaviors observed and the model predic-
tions, an additional composite was fabricated. This composite
consists of 15% NiTi by volume which has been fully detwinned
prior to embedding. The model predicts that above the Aσ

s tem-
perature, the composite will have a drastically reduced effective
CTE and ultimately a CTE equal to zero at 135◦C. Continuing
work is focused on charcterizing the latest composite and devel-
oping new composites using SMAs with lower transition temper-
atures to attain zero CTE behavior near room temperature.
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