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Introduction

Shape memory alloys (SMAs) have unique properties due to a stress- and temperature-dependent phase transformation between
martensite, the low-temperature, high-stress phase, and austenite, the high-temperature, low-stress phase. While this transfor-
mation is most widely utilized for actuation purposes via the shape memory effect and high-strain components through the
pseudoelastic response of initially austenitic alloys, this article investigates 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 stiffness tunability while transformation stresses can create axial
loads, both of which result in unique thermomechanical responses.

The specific focus of this article is on the thermally-induced strain response of nickel titanium-aluminum (NiTi-Al) composites.
Chief motivation is the development of SMA aluminum-matrix composites with a reduced coefficient of thermal expansion (CTE).
This is pursued via the stress developed in the SMA due to phase transformation and strain recovery. By creating a low-CTE,
aluminum-based structure, significant weight savings can be realized over traditional low-CTE components based on iron alloys.

Composites in this article are fabricated using ultrasonic additive manufacturing (UAM), a rapid-prototyping technology based
on ultrasonic metal welding. In ultrasonic metal welding, two workpieces are held together under a compressive load and
ultrasonically vibrated relative to one another. The motion disrupts surface oxides and shears surface asperities, creating nascent
surfaces on a microscopic scale (Graff, 2005). The compressive load applied to the pieces causes opposing clean metal surfaces to
form metallic bonds, thus joining the two components. During UAM consolidation, illustrated in Fig. 1(a), the ultrasonic
vibrations are generated by piezoelectric transducers and transmitted to the workpieces through tuned waveguides and a rolling
sonotrode which is specially textured to grip the top workpiece. The primary benefit of UAM is the low process temperatures;
pieces are consolidated well below the melting temperature of the participating alloys (Han et al., 2020).

UAM makes it possible to embed within a metal-matrix thermally-sensitive materials such as SMAs, electroactive PVDF, fiber
optics, and electronic components (Kong et al., 2004; Chilelli et al., 2019), which would not be possible with other metal-matrix
composite technologies that require high process temperatures. During the welding phase, the ultrasonic vibrations and com-
pressive stresses cause plastic deformation of the matrix material. The result is plastic flow of the matrix material around the
embedded objects, creating close contact, mechanical interlocking, and possibly solid-state bonding between the composite's
components (Yang et al., 2005, 2009; Zhang and Li, 2009). By way of example, fibers ranging from 76 pm, Fig. 1(b), to 381 pm in
diameter and ribbons up to 762 pm wide, Fig. 1(c), have been successfully embedded via UAM (Hahnlen and Dapino, 2014).

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, or stress-induced, martensite. When constrained and heated in the det-
winned martensite phase, SMAs generate a tensile recovery stress, or blocking stress, that is nearly proportional to temperature
(Vokoun et al., 2003; Tsoi et al., 2004a; Zak et al., 2003). During this heating cycle, as long as the SMA is perfectly constrained and
does not undergo 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 tem-
perature periods where the surrounding matrix will not provide enough constraint 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 tem-
perature prevents transformation and subsequent recovery of prestrain.

Experimental Procedure

Sample Fabrication

Three 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 characterize the
thermoelastic behavior of the composites. In fabricating the composites, two 152 um thick Al 3003-H18 tapes were first con-
solidated on an Al 3003-H18 base plate using a 9 kW Fabrisonic UAM system. Rectangular NiTi ribbons, 254 pm by 762 um, 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 dimensions and the base plate removed from the
underside of the composites. Composites 1, 2, and 3 have NiTi volume fractions of 5.3%, 15.2%, and 20.6%, respectively.

An additional build, composite 4, was created in a similar manner but with detwinned NiTi ribbons. This composite has a
similar volume fraction to composite 2, 15.2%. The NiTi ribbons were detwinned by applying dead weight resulting in a tensile
stress of 186 MPa, three times greater than the observed critical finish stress (Stress at which the stress-induced martensitic phase

Encyclopedia of Materials: Metals and Alloys d0i:10.1016/B978-0-12-819726-4.00134-4 1



2 Ultrasonic Additive Manufacturing of Metal-Matrix Shape Memory Composites

(2)

Normal Force

Sonotrode

LLLEL™ —
. —K'_:.—"‘ o

Fig. 1 (a) In the UAM process, successive layers of metal tape are consolidated to create metal composites with seamlessly embedded materials;
(b) cross section of a NiTi-Al composite with 76 pm diameter NiTi wire; and (c) 762 um by 254 pm rectangular NiTi ribbon embedded within an
Al matrix.

Table 1 Dimensions and NiTi content of NiTi-Al composites

Composite Number of Cross-sectional Length NiTi Vol.
Ribbons Area [mm?] [mm] Fraction %

1 1 3.52 76.2 5.3

2 2 2.54 74.0 15.2

3 2 1.88 71.9 20.6

4 2 2.53 57.9 15.2

transformation is complete) of this alloy at room temperature. After design and construction, composite 4 was used for thermally-
induced strain characterization. A summary of the composites' characteristics is provided in Table 1.

Thermally-Induced Strain Testing

Thermally-induced strain was measured by heating the composites in a thermal chamber along with an Al 3003-H18 reference
sample for three cycles between 25°C and 100°C. During thermal cycles, the strain of both samples was measured with strain gages
matched to aluminum alloys, and the temperature was monitored with a thermocouple placed next to each strain gage.

The strain signal from the reference sample was used to remove the thermal dependency of the strain gages from the com-
posite's strain signal. To determine the composite's strain response, the strain measured from the reference sample was subtracted
from the strain measured from each composite and the calculated thermal strain of the reference sample was added to the
composite's strain measurement (Lanza di Scalea, 1998):

Ecomp = Esig/comp — Esig/ref + Oref X AT. (1)

Here, &g /comp is the non-compensated strain signal from the composite, &gy, is the strain signal from the reference sample, of
is the CTE of the reference material (23.2 ue/°C (Kaufman, 1999)), and AT is the change in temperature.

Results and Discussion

Thermomechanical Testing

The temperature versus strain plots of composites 1-4 are shown in Fig. 2(a)-(d). For each composite, the initial cycle is different
than subsequent cycles, however cycles 2 and 3 exhibit stabilized behavior. For clarity, cycles 2 and 3 for each composite are shown
in Fig. 3(a)-(d) without the initial thermal cycles.
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Fig. 2 Temperature versus strain plots for cycles 1 through 3 of NiTi-Al: (a) composite 1; (b) composite 2; (c) composite 3; and

(d) composite 4.

----- Cycle 2 &
15001 ... Cyele 3 f 1500

% 1000 (g‘f& % 1000 /
§ & : P
~ 2 — 6:?4
” 500 f’" “ 500 P
y/ @ / (b)
0 0
20 40 60 80 100 20 40 60 80 100
Temperature [°C] Temperature [°C]
1500 d 1500
el // el
P 1000 & P 1000
[y+] & ]
=] & 5 /
w wv - »
500 500 e
f'ﬁsy //' wf
C //’ d
L ©) . @
20 40 60 80 100 20 40 60 80 100

Temperature [°C] Temperature [°C]

Fig. 3 Temperature versus strain plots for cycles 2 and 3 of NiTi-Al: (a) composite 1; (b) composite 2; (c) composite 3; and (d) composite 4.
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Composite 1 has a sudden increase in strain in the initial cycle after which its behavior becomes nearly linear. The spike in the
initial cycle, seen at 42°C, is attributed to a stick-slip condition that developed between the ribbon and matrix, allowing the
embedded ribbon to contract slightly within the matrix. Under this condition, the matrix exhibits a momentary increase in strain
before being constrained again by the NiTi ribbon.

The temperature versus strain behavior of composite 2 is different than that of composite 1. After an initial linear region, the
composite recovers some strain as observed by the negative strain-temperature slope seen in Fig. 2(h). After contraction, the
composite again behaves linearly with a different CTE than the initial low temperature region. Upon cooling, the process reverses
with the exception of a hysteretic recovery of the thermal contraction. The strain recovery suggests that there is some amount of
prestrain in the embedded NiTi. Upon heating through the austenite start and finish temperatures, A; and Ay, the martensite to
austenite (M — A) transformation recovers the prestrain, causing the observed contraction. Upon cooling, the austenite to mar-
tensite (A — M) transition occurs over the martensite start and finish temperatures, M, and My, respectively, which produces the
observed hysteresis.

The first cycle of composite 2 undergoes the strain contraction over a higher temperature region, approximately 65-70°C, than
subsequent cycles. Further, there is a strain offset of approximately 300 ue at the end of the first cycle. The stable behaviors of the
second and third cycles have the strain contraction starting at 50°C until approximately 55°C, as observed by the negative strain-
temperature slope seen in Figs. 2(b) and 3(b). Through this region, the composite recovers a consistent amount of strain which is
then reintroduced upon cooling between 57°C and 52°C. Further cooling results in a thermoelastic strain response bringing the
composite back to its original starting strain value. The initial transient behavior seen in the first cycle is attributed to a commonly
observed phenomenon with constrained SMAs (Tsoi et al., 2004a,b, 2002). In the initial heating cycle of a prestrained and
preloaded SMA, the M — A transformation occurs at higher temperatures due to the applied preload. Upon cooling, the stress
decreases linearly to a level below the initial preload. This is due to an intermediate “R-phase” transformation which slightly
reduces the amount of stress-induced martensite, allowing the ribbon to reach a lower stress level during cooling. The formation of
the R-phase and recovery of prestrain is stable; it occurs only during the first heating cycle and will not occur to a greater extent
unless new loading conditions are applied (i.e., higher stresses or temperatures) (Tsoi et al., 2004a; Vokoun et al., 2003). This
decrease in stress for subsequent thermal cycles lowers the effective A; temperature of the SMA embedded within the composite.

Composite 3 has linear behavior similar to composite 1 in its second and third cycles. However, since composite 3 has high a
higher NiTi volume fraction than composite 2, a similar response and larger magnitude of strain recovery would be expected. An
explanation for the behavior of composite 3 is in the strain response from the initial thermal cycle. In the first cycle, Fig. 2(c),
composite 3 exhibits an initial linear region followed by a strain recovery greater in magnitude than composite 2. After this
recovery there is a gradual decrease in slope which becomes negative before cooling begins. This gradual slope change and strain
recovery are attributed to plastic deformation of the Al matrix from the generation of recovery stresses in the NiTi ribbons.

A prestrained NiTi sample heated under constraint generates a recovery stress that increases with temperature. In being heated
to 100°C, the NiTi ribbons in composite 3 appear to generate enough recovery stress to yield the matrix, allowing the ribbons to
recover any induced prestrain. This scenario requires that the NiTi ribbons have an initial prestrain, similar to composite 2, as
indicated by its hysteretic behavior. In subsequent thermal cycles, composite 3 had no remaining prestrain and therefore behaves
in a piecewise fashion with two linear regions.

The behavior of composites 1, 2, and 3 suggests that although steps were taken to embed the NiTi ribbons without prestrain,
the NiTi ribbons did experience strain during ultrasonic consolidation. The rolling action of the UAM horn and plastic embedding
of the ribbons into the matrix likely induced detwinning of the martensitic structure of the NiTi thus creating a prestrain and non-
zero initial stress-induced volume fraction. For composites 1 and 3, the initial heating cycles appear to have removed the initial
prestrain through movement of the embedded ribbon in composite 1 or through deformation of the matrix in composite 3.

The first three composites each exhibit two linear regions corresponding to the martensite and austenite phases of the
embedded NiTi ribbons. The difference between the slopes of the two linear regions is small in composite 1, however, the effect
becomes more pronounced as NiTi fiber 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, tomp, to varying degrees
based upon the fiber volume fraction and phase dependent modulus (Clyne and Withers, 1993; Staab, 1999; Schapery, 1968):

(1 — v)(Eap)(oar) + v(Eniri) (opviri)
(1 —v)(Ear) + v(Eniri) '

()

Olcomp =

Here, E4j;, Eniri, #a1, and onir; are the elastic moduli and CTEs of Al and NiTi, respectively; v represents the NiTi fiber volume
fraction. At high temperatures, the modulus of the embedded 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.
A similar, yet less noticeable, effect is the decreasing modulus of the Al matrix with increasing temperature. As the Al modulus
decreases, the composite's CTE also decreases.

The strain responses of the three cycles of composite 4, Fig. 3(d), exhibit a hysteretic three-part response. First, the strain
increases linearly with temperature like the low-temperature regions present in composites 1-3. At temperatures beyond 54°C, the
strain response changes showing a region of significantly lower CTE. This response is due to the generation of blocking stresses in
the fully prestrained NiTi ribbons above the effective A; temperature of the composite. Beyond 70°C, there appears to be the start
of a second high temperature linear region that does not fully develop over the temperature range of the conducted thermal cycles.
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The second and third cycles of composite 4 are similar to each other, as observed in composites 1-3. The additional cycles are
generally similar to the first cycles except for an initial strain offset; in the first cycle, the strain returned to zero at 29°C, indicating
that there was strain recovery in the first heating. Similar to cycle 1, at approximately 70°C, the composite appears to enter into a
second linear strain region indicating that the recovery region is ending. This is hypothesized to be due to a non-linear blocking
behavior. If this behavior is occurring, then the composite may be completing the M — A transformation without recovering all of
the induced strain and ceasing to generate additional recovery stress. Without increasing blocking stress with increasing tem-
perature, the composite will exhibit a second thermoelastic region with additional thermally-induced strain governed by the CTE
given in Eq. (2).

Composite Modeling

To model the thermal strain response of the composites, a strain matching method, similar to models used for SMA-epoxy
composites (Sittner et al., 2002; Sittner and Stalmans, 2000; Sittner et al., 2000), 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 conditions include
consideration of only elastic and transformation-based strains and reversible transformation upon cooling; the model applies only
to the stabilized thermal cycles for each composite. The Al and NiTi strains can be expanded into their constituent components for
mechanical, thermal, and transformation strain, as applicable:

1
Al = — (A AT
el EAI( 1) + oa(AT) (3)
and

ENITi = EL (Aoniri) + aniri(AT) + eL(&s — &), (4)
NiTi
where Ao is the change in total stress from the initial state, & is the stress-induced martensitic volume fraction, &, is the initial
stress-induced martensitic volume fraction, and ¢; is the maximum recoverable strain of NiTi.
In the thermally-induced strain tests, no external load is applied; the composite is allowed to freely expand or contract as the
temperature changes. As such, force balancing is used to obtain the stress in the Al matrix in terms of the NiTi stress:

onitiANiTi + 0a1Aa =0
Aniri S
Al NiTi ( 5)
—y
OAl = m ONiTi;

OAl= —

where Aniri and Ay 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 matrix,
making the lengths of both components equal, Lyiri = La;. Assuming zero initial stress, the stress in the ribbons can be obtained as
a function of temperature, material properties, volume fraction, and NiTi transformation terms by substituting Eq. (5) into Eq. (3),
equating to Eq. (4), and solving for oniri:

(o1 — aniri) (AT)  ep(&s — &)

ONiTi = 1 1 T 1 _v - (6)
Eniti | Ear (1-v) Eniti © Ear (1)

This equation has two components: the first is the thermoelastic component which any composite exhibits if a CTE mismatch
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 (&, #0). If the embedded NiTi elements are not prestrained before fabrication, only the thermoelastic stress
component remains but this component is nonlinear due to the change in modulus as the NiTi ribbons transform between
martensite and austenite. Once the NiTi stress is calculated, it can be used in Eq. (4) to determine total composite strain:

| (oa —oiri)(AT) — enlés — &)
Enwi | 1 1 v r, 1 v
Eniti - Ex(1—=v)  Enii - Ea(1—v)

+ “NiTi(AT) + 5L(55 - éso)' (7)

Ecomp =

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

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

1 | (oar — oniri) (AT)
Eniri |1 " 1
Eniti Ea(1—v)

+ aniri (AT). (8)

Ecomp =
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Table 2 Material properties used in the composite model presented here. Unless cited, values were
found experimentally

Property Description Value
E4(24°C) (Kaufman, 1999) Al 3003 modulus, 24°C 68.3 GPa
E4(100°C) (Kaufman, 1999) Al 3003 modulus, 100°C 65.5 GPa
o (Kaufman, 1999) Al 3003 CTE 23.2 pe/°C
E; (Matthey, 2012) Austenite modulus 83 GPa

En Martensite modulus 17.9 GPa
oy (Lagoudas, 2008) NiTi CTE 10 pe/°C
M Martensite finish temp. 41°C

Mg Martensite start temp. 45°C

As Austenite start temp. 45°C

As Austenite finish temp. 60°C

Cny Martensite stress influence coefficient 8.1 MPa/°C
Ca Austenite stress influence coefficient 8.2 MPa/°C
I Maximum recovery strain —6.0%

The strain calculation is completed by finding the elastic modulus of the NiTi ribbons as a function of martensitic volume
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 (Kaufman, 1999). The elastic modulus of NiTi is found through a rule of
mixtures calculation between its martensite and austenite phases:

Eniti = Ea 4 £(Em — Ea) 9)

where E, and E, are the elastic moduli of austenite and martensite, respectively, and ¢ is the total martensitic volume fraction. The
martensitic volume fraction only decreases over the range defined by the austenite start and finish temperatures as composite
temperature increases. Conversely, martensitic volume fraction only increases over the martensitic start and finish temperatures
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 as shown in Table 2 along with other experimentally derived material properties. Even
in the thermoelastic 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 (Liang and Rogers, 1990, 1997;
Lagoudas, 2008). In the case of an initial stress-induced martensitic volume fraction (&, # 0), the transformation temperatures will
increase further due to additional stresses generated from SMA strain recovery.

The martensitic volume fractions are found through equations based upon the Liang and Rogers constitutive SMA models
(Liang and Rogers, 1990, 1997). For the M — A transformation, the volume fraction is:

éz%{cos[aA(TfAf)}Jrl}, (10)
where
T
= 11
aa Af ZA ( )
and
a
Al =As + i (12)
For the A — M transformation, the total volume fraction is calculated using:
1-4 . 1+&
&= 5 cos[aM(Tfo)] + 7 (13)
where
T
_ 14
am M, — Mf ( )
and
M;—:MIJFU[\]{T[/CM (15)

where Cy and C, are the stress influence coefficients for the martensitic and austenitic temperatures, respectively. The total initial
martensite volume fraction is denoted &,.

The thermally-induced strains were modeled for each composite using the material properties for the Al matrix and NiTi
ribbons given in Table 2. The model output can be seen for composites 1-3 in Fig. 4(a)-(c), respectively. For composites 1 and 3
the strain model closely matches the strain observed in the second and third thermal cycles of the experiments, including unique
high and low temperature linear regions and a small amount of hysteresis. However, the model does not describe the negative
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Fig. 4 Thermally-induced strain models for NiTi-Al: (a) composite 1; (b) composite 2; and (c) composite 3.
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Fig. 5 Modeled thermally-induced strain for composite 4 showing the effect of prestress on the embedded NiTi ribbons.

strain-temperature regions observed in composite 2. This confirms that the zero prestrain assumption is not valid when con-
sidering composite 2, and there is residual prestrain that was induced by the rolling action of the sonotrode during fabrication that
persists after thermal cycling. 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 consistent over multiple cycles. Because of this, the transformation is
assumed to recover and induce a repeatable amount of stress-induced martensite (Brinson, 1993) as the composite is heated and
cooled. To this end, an assumption is made that & = &, x & where ¢ is found from Eq. (10) and Eq. (13) for purposes of calculating
composite strain. Here, & denotes stress-induced martensite volume fraction and &, is the initial stress-induced martensite volume
fraction. By taking the average strain of the rising and falling high temperature linear regions at T = 65°C, a temperature slightly
beyond the M — A transformation region, and subtracting the modeled thermoelastic strain for composite 2 at 65°C, the total
composite recovery strain, eyri/x, is estimated to be 200 ue. To calculate the initial stress-induced volume fraction from the total
observed strain recovery, the thermoelastic strain component from Eq. (8) is subtracted from the total strain from Eq. (7),

1
ENITI/X = Exm (onimisx) + eL(é — o), (10)

where ay7i/x is equal to the second term of Eq. (6). Considering Eniri = Ea and & = 0 when the M — A transformation is complete,

1 _814(4:5 - fso)

+ £L(§S - é:sa)

ENITi/X Enirt 1 1 v
Eniti  Ea(1—v) (17)
1
= —tbo 1_ﬁ .

+_
Ex(1—v)
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Fig. 6 Thermally-induced strain model compared to thermally-induced strain data for composite 4: (a) cycle 1 and (b) cycles 2 and 3.
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Fig. 7 Modeled stress-temperature load path of NiTi in composite 4 during heating, partial transformation, and cooling overlaid on the NiTi phase
diagram. At 100°C, the location between the A7 and A7 lines correspond to a martensitic volume fraction of 0.81.

Using 200 e for eniri/x, the initial stress-induced martensitic volume fraction is found to be 1.9%. With the calculated value for
& used in Eq. (7), the dashed line in Fig. 4(b) shows the thermally-induced strain model for composite 2 including the
transformation strain component. With the inclusion of the transformation strain term, the model closely matches the experi-
mental data and exhibits the expanded hysteretic region originally observed.

Using the strain modeling techniques used to describe composites 1-3, the behavior of composite 4 was modeled prior to
testing using a volume fraction of 15.2%. The resulting thermally-induced strain model is shown in Fig. 5. The linear thermoelastic
region was predicted to end at an A7 temperature of 45.6°C followed by a region of continuously decreasing CTE. The modeled
behavior is extrapolated beyond the expected 100°C maximum temperature, exhibiting a zero CTE at 118°C.

As compared to the thermally-induced strain data given in Figs. 2(d) and 3(d), effective austenite start temperatures, A7, at the
end of the thermoelastic response occur at 57.7°C, 54.7°C, and 54.4°C for the first, second, and third cycles, respectively. The
decrease in A? can be attributed to a tensile load applied to the ribbons during the embedding process, similar to those observed in
the initial heating responses of composites 1-3. Using Eq. (12) and the results from the steady-state behavior observed in cycles 2
and 3, the axial preload on the ribbons due to embedding is estimated to be 72.6 MPa. Using this preload and the NiTi fiber
volume fraction of 15.2%, the model is compared to the thermally-induced strain data for composite 4 in Fig. 6.

The thermally-induced strain model and data are in close agreement until approximately 70°C, where the composite appears to
progress further through the M — A transformation. This was not expected as even a modeled stress-temperature load path of the
NiTi ribbon within the composite, Fig. 7, shows a martensitic volume fraction of 0.81 at 100°C, corresponding to only a 19%
transformation. Fig. 7 plots the stress in the NiTi ribbon as calculated through Eq. (6) as a function of composite temperature.
There is an initial thermoelastic increase in stress until A7, at which point increases in transformation stresses are generated for
further increases in temperature. The compliance of the Al matrix allows a small fraction of NiTi to transform to austenite with
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Table 3 Comparison of experimentally observed strain at maximum temperature
and modeled strain for composites 1-4. The parenthetical value for composite 2
corresponds to the model with &, =1.9%

Composite Max. temp. Exp. strain Modeled strain
rel [ne] [ne]

1 99 1720 1653

2 100 1244 1549 (1327)

3 100 1560 1495

4 98 1059 742

Table 4 Material properties for NiTi pseudoelastic ribbons used in composite model. Unless cited, values were found
experimentally

Property Description Value

E, (Nitinol Devices & Components, 2012) Austenite modulus 75 GPa

Ey (Nitinol Devices & Components, 2012) Martensite modulus 41 GPa
oy (Lagoudas, 2008) NiTi CTE 10 pe/°C
M Martensite finish temp. —78°C

Ms Martensite start temp. —55°C

As Austenite start temp. 16°C

A Austenite finish temp. 18°C

Cn Martensite stress influence coeff. 3.6 MPa/°C
Cx Austenite stress influence coeff. 7.4 MPa/°C
g Maximum recovery strain —6.3%

increasing temperature. When the temperature reverses at 100°C there is an initial thermoelastic response until the load path
intersects the MY line. As temperatures continue to cool, the A — M transformation reduces the stress in the NiTi as any austenite is
transformed back to detwinned martensite. Transformation is complete at M7 and further reduction in temperature produces a
thermoelastic response.

Two hypotheses are put forth to describe the deviation between the modeled and experimentally observed behavior. First, there
may be a strain gradient through the thickness of the composite, allowing the SMA to contract further than predicted or observed
by the surface mounted strain gages. However, since the composite is relatively thin, this strain gradient is not likely to be large.
Second, high-temperature, high-stress blocking behavior of the SMA may start to deviate from the behavior portrayed in Fig. 7 at
temperatures above 70°C. If the blocking stress generated by the NiTi ribbon begins to reach a steady value, thermoelastic behavior
of the composite will continue as the blocking stress no longer increases. If the transformation is able to complete at lower stress
levels, this would result in additional hysteresis as there would be a larger thermoelastic response upon cooling prior to reaching
the MJ temperature.

A summary comparison of the maximum strains observed in the composites at their respective maximum temperatures and the
model output at each respective temperature is shown in Tahle 3. For low prestrain composites, the model results match well with
experimental results. Due to the deviation from linear blocked behavior of NiTi, composite 4 exhibits a significant discrepancy
between the calculated and experimental results.

Thermally-Invariant Composite

While in practice composite 4 will likely not attain a zero CTE behavior as described by the model, the lowest CTE found through
linear interpolation of the transformation regions is 4.9 u¢/°C in the blocking region of cycle 1. If only the repeatable cycles 2 and
3 are considered, the average CTE in the blocking region is 7.6 ug/°C, over a 2/3 reduction compared to the CTE of the Al 3003
matrix. With the results observed in these experiments, some considerations for future composites are given to obtain zero CTE
behavior. While composite 4 begins to deviate from the linear blocked behavior at higher temperatures, it is believed that this can
be avoided if the blocking behavior can be utilized at lower temperatures and stresses. By using a detwinned pseudoelastic alloy,
the beginning of the blocking behavior can be made to occur at a lower temperature due to the inherently lower A, values of
pseudoelastic alloys. A pseudoelastic alloy has been characterized, properties provided in Tabhle 4, in preparation for the next series
of composites. This alloy demonstrates the immediate generation of blocking stress upon heating beyond room temperature when
prestrained and constrained. The immediate generation of blocking stress effectively removes the linear thermoelastic region as
observed in composite 4 below 54°C. A model of thermally-induced strain for a hypothetical composite made with this pseu-
doelastic ribbon is compared to a similar composite made with shape memory ribbon in Fig. 8.
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Fig. 8 Comparison of modeled thermally-induced strain for different fiber volume fractions of a composite constructed with (a) shape memory
and (b) pseudoelastic alloys.

In addition to lowering the transformation temperatures in the embedded NiTi ribbons, the composite's CTE behavior can be
adjusted by increasing the NiTi fiber volume fraction. Small increases in the volume fraction cause the zero CTE behavior to occur
at lower temperatures, as shown in Fig. 8(a) for a composite similar to composite 4 and Fig. 8(h) for a composite made with the
pseudoelastic NiTi. While increasing the volume fraction does cause the zero CTE point to occur at lower temperatures, it also
hastens the occurrence of the negative CTE region. A composite that contracts upon heating is useful for actuation purposes,
however it may be as undesirable depending upon the design conditions. The effect of prestress on the NiTi ribbons is also
detrimental to achieving a zero CTE. The axial load effectively increases the temperature at which the blocking stresses are
generated, allowing the linear thermal expansion region of the composite to further increase the total strain after the stress-free
austenite start temperature. The estimated preload on composite 4 also causes the zero CTE point to occur at a higher temperature,
123°C versus 118°C, as shown in Fig. 5. Due to the UAM process, it is not likely that prestress will ever be fully removed, hence its
effect on ribbons needs to be quantified so it can be accounted for in composite design.

Utilizing the same procedure as used for composites 1-4, an additional composite has been fabricated with 178 um by
356 wm embedded NiTi ribbons. Prior to embedding, the ribbons were detwinned by applying a dead weight, similar to the
ribbons used in composite 4. The composite was machined to have a NiTi volume fraction of 17.2%. By further increasing
the NiTi fiber volume fraction, the temperature at which zero CTE is attained and the total composite strain are both reduced
regardless of the NiTi alloy used, as shown in Fig. 8. According to model prediction, the thermally-induced strain behavior of
a composite with 17.2% pseudoelastic NiTi by volume will follow the dotted line in Fig. 8(b) with a zero CTE point at 55°C.
In using a pseudoelastic alloy and designing the composite with a lower zero CTE temperature, the stress in the NiTi ribbons
at the zero CTE temperature are significantly lower than in the shape memory ribbons. This will avoid the high-temperature,
high-stress region that is the primary source of discrepancy between the current model and the thermally-induced strain
behavior exhibited by composite 4.

Summary

The thermally-induced strain behavior of four NiTi-Al UAM composites was experimentally characterized and modeled. The
composites have different fiber volume fractions of NiTi and different levels of initial stress-induced martensite or NiTi prestrain.
Two primary regimes are observed. The first is the variable thermoelastic strain behavior where the composites exhibit a linear
increase in strain with increasing temperature. In this regime, the NiTi ribbons provide different levels of constraint against the
thermal expansion of the Al matrix depending upon their phase. At low temperatures, the constraint is relatively minor due to
the low modulus of martensite while, at high temperatures, the lower modulus of the Al matrix and increased modulus of the
austenitic NiTi ribbons provide a greater restraint against the Al thermal expansion, leading to a reduced linear CTE of
the composite. The effect of the NiTi ribbons is dependent upon the fiber volume fraction: more NiTi fiber volume results in a
larger constraint and larger change in CTE.

The second regime in thermally-induced strain behavior is due to a non-zero initial stress-induced martensite volume fraction. As
the temperature increases, the NiTi ribbons begin to undergo a M — A transformation which recovers strain induced through the
stress-induced transformation to detwinned martensite. If this recovery is inhibited, a temperature-dependent recovery stress is
generated by the NiTi elements. In the case of composites 2 and 4, the stress-induced martensite created regions over which the
composite has a significantly reduced CTE. At the minimum, composite 4 exhibits a CTE of 7.6 pe/°C, more than a two-thirds
reduction relative to the CTE of the Al matrix. Using the developed composite model and properties obtained from characterization
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of a pseudoelastic NiTi alloy, a design has been created for a composite with a blocked strain behavior near room temperature,
eliminating the initial thermoelastic response of composites 1-4.

The composite model was developed based upon bivariant constitutive SMA and phenomenological SMA composite frame-
works from the literature. The SMA model is used to create a strain-matching framework to describe the thermomechanical
behavior of an SMA composite. The total composite model is dependent only on material properties, fiber volume fraction, and
SMA prestrain level and closely matches the thermally-induced strain data for composites 1-3. The model for composite 4 matches
well up to approximately 70°C, at which point, the assumed linear relationship between stress and temperature of the blocked
ribbons begins to become inaccurate. Further, the high temperature behavior of composite 4 suggests that the M — A transfor-
mation is nearly complete at 100°C, an unexpected result. Further study is required on the behavior of the SMA ribbons at high
stresses and temperatures to improve upon the current model. The model was used to design a composite with pseudoelastic NiTi
ribbons, currently under construction, that will exhibit zero CTE behavior at 55°C without the thermoelastic behavior observed in
composites with shape memory NiTi.

Both the experimental and modeling results show that it is possible to develop a lightweight structure with a tailored CTE. Such
structures could be designed to match CTEs in multi-material systems to avoid thermal stresses or to create thermally-invariant
structures that provide a significant weight savings over traditional iron -based low CTE alloys. Further, if the SMA volume fraction
and initial stress-induced martensitic volume fraction are sufficiently high, it is possible to create components with a negative CTE
to achieve structures that exhibit solid-state actuation. The work presented represents a construction and development metho-
dology that can be utilized to create such adaptable structures.
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