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ABSTRACT

This paper addresses the development of active metal-matrix composites manufactured by Ultrasonic Additive
Manufacturing (UAM), an emerging manufacturing process that allows the embedding of materials into seemingly
solid metal components. In the UAM process, successive layers of metal tapes are ultrasonically bonded together
at low temperatures to form a metal-matrix. Being a low-temperature process, UAM offers unprecedented
opportunities to create metal components with embedded thermally-sensitive materials, such as shape memory
alloys. In this study UAM is used to create composites with aluminum matrices and embedded NiTi ribbons.
These composites exhibit tunability of both the coefficient of thermal expansion and natural frequencies. These
effects are due to the phase-dependent modulus and transformation stresses developed by the prestrained NiTi
phase. Since the embedded NiTi ribbons are constrained by the matrix, thermally-induced transformation from
detwinned martensite to austenite will be accompanied by the generation of transformation stresses. The effect
of transformation stress and changing phase of NiTi on thermally-induced strain is observed and modeled by
combining strain matching algorithms with thermodynamic-based constitutive models. The composite model
accurately describes effects due to changing NiTi modulus and strain recovery due to initial stress-induced
martensitic volume fractions including a 200 με contraction with increasing temperature. The observed dynamic
behaviors include up to a 16.6% increase in natural frequency at 100◦C as compared to room temperature tests.
No substantial increase in damping ratio was observed relative to solid aluminum.

Keywords: NiTi, metal-matrix composites, active composites, ultrasonic additive manufacturing, ultrasonic
consolidation, variable natural frequency, coefficient of thermal expansion

1. INTRODUCTION

Shape Memory Alloys (SMAs) have unique properties due to a stress and temperature-dependent phase trans-
formation between 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 super-elastic response of initially austenitic alloys, this research
utilizes the phase-dependent modulus of SMAs and their ability to generate transformation stresses when they
are initially prestrained. By embedding SMA elements within a metal-matrix composite, changes in elastic
modulus allow for variable composite stiffness and matrix reinforcement while transformation stresses can create
axial loads, all of which are utilized to create unique thermally-induced strain responses and tune the dynamic
behavior of the composites. An SMA metal-matrix composite 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. Additionally, by varying the stress in a composite structure, the dynamic response of the
system can be drastically changed1–4 creating a tunable component controlled by changes in temperature.

Composites in this research are constructed using Ultrasonic Additive Manufacturing (UAM), a rapid pro-
totyping technology based on ultrasonic metal welding. In UAM, two workpieces are held together under a
compressive load and ultrasonically vibrated relative to one another. The motion creates a friction-like action
that disrupts surface oxides and shears surface asperities on a micro-scale creating nascent surfaces.5,6 The
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Figure 1. (a) In the UAM process, successive layers of metal tape are bonded together for creating metallic composites with
seamlessly embedded materials and features; (b) Cross section of an Al-NiTi composite with 76 μm (0.003 in) diameter
NiTi wire; (b) Cross section of an Al-NiTi composite with 254 μm by 762 μm (0.01 in by 0.03 in) NiTi ribbon.

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 gen-
erated 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 at room temperature and macro-scale heating results in temperatures
below 195◦C.7

UAM makes it possible to embed thermally-sensitive materials such as SMAs, electroacitve PVDF, fiber
optics, and electronic components within a metal-matrix8–11 which would not be possible with other metal-
matrix composite technologies that require melting or high temperature diffusion for construction. Embedding
materials through UAM is accomplished by placing the materials to be embedded in between the workpieces
being joined. Depending upon the size of the material to be embedded, pre-consolidation machining may be
necessary to create a cavity to partially accommodate the material. During the welding phase, the ultrasonic
vibrations of the workpieces 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 and mechanical
interlocking between the composite components. To date, fibers ranging from 76 μm (0.003 in) to 381 μm
(0.015 in) in diameter and ribbons up to 762 μm (0.030 in) wide, Fig. 1 (b) and (c), have been embedded
without pre-consolidation machining, utilizing only plastic flow of the matrix.7,12,13

In this paper, the thermally-induced strain of Al-NiTi UAM composites is examined for development of a con-
stitutive model for the composite system. The composites are also the subject of dynamic experiments to observe
how natural frequency and damping ratio change as a function of temperature for different boundary conditions.
The model developed from the strain behavior is utilized to describe the observed effects of transformation stress
and phase transformation of the embedded NiTi elements.

2. METHODS

2.1 Composite Construction
Three Al-NiTi composites were constructed for thermomechanical testing. Each composite consists of four 152 μm
(0.006 in) thick Al 3003-H18 tapes with NiTi ribbons embedded between the second and third tape. NiTi ribbons
have 254 μm by 762 μm (0.01 in by 0.03 in) rectangular cross sections. Composite 1 has a single embedded
ribbon while composites 2 and 3 each have two embedded ribbons. Prior to embedding, the ribbons were
heated, inducing the martensite to austenite (M-A) transformation, to remove any previously induced detwinned
martensite. The ribbons were allowed to cool and assumed to be embedded in their twinned martensitic state.
The validity of this assumption is discussed in 3.1. Composites are consolidated on a sacrificial Al 3003-H18
baseplate which is machined away in post-consolidation processing. After consolidation, composites 1, 2, and 3
were machined to final dimensions to form beams with 5%, 15%, and 20% NiTi volume fractions, respectively.
Final dimensions for each composite are summarized in Table 1.

2.2 Thermally-Induced Strain
To measure thermally-induced strain, each composite was placed in a thermal chamber with an Al 3003-H18
reference sample and cycled three times from 25 ◦C to 100 ◦C and allowed to cool. During thermal cycles, the
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Table 1. Dimensions and NiTi content of Al-NiTi composites.

Composite Number of Ribbons Cross Sectional Area [mm2] Length [mm] NiTi Volume Fraction
1 1 3.52 76.2 5%
2 2 2.54 74.0 15%
3 2 1.88 71.9 20%

strain of each composite was measured with a strain gage matched to aluminum alloys and the temperature 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 signals. To determine the composite strain,
the strain measured 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:14

εcomp = εsig/comp − εsig/ref + αref ×ΔT. (1)

Here, εsig/comp is the non-compensated strain signal from the composite, εsig/ref is the strain signal from the
reference sample, αref is the CTE of the reference material15 (23.2 ppm/◦C), and ΔT is the change in temper-
ature.

2.3 Dynamic Testing

The composites and an Al 3003 H-18 reference sample were subjected to dynamic testing. Dynamic tests consisted
of applying a harmonic force to a clamping fixture while measuring displacement of the samples with a laser
displacement sensor and the applied force with a piezoelectric load washer. Two fixtures were used for dynamic
testing. The first fixture creates a cantilevered condition (C-F) consisting of a clamp on one end and leaving
the other end of the sample free. When installing beams on the C-F fixture, total length was set at 34.93 mm
(1.375 in) with displacement measurements taken at 31.8 mm (1.25 in) from the fixed end. The second fixture
holds both ends of the composite fixed with clamped boundary conditions (C-C). The distance between each
clamp is 38.10 mm (1.500 in) and displacement measurements were taken at the mid-span of the beams. Both
fixtures were constructed from Al 3003-H18 and can be seen in Fig. 2.

For each boundary condition, the fixtures were attached to an electrodynamic shaker using a stinger that
placed the fixtures and samples in a thermal chamber. Dynamic excitation consisted of 50 chirps over a range of
200 to 500 Hz for the C-F tests and 1500 to 3000 Hz for the C-C tests. Tests were conducted at nominal chamber
temperatures of 24◦C, 40◦C, 60◦C, 70◦C, 90◦C and 100◦C in both heating and cooling sequences. Between each
test, the thermal chamber was allowed to reach equilibrium to ensure that both the sample and fixture were at
the same temperature before recording data. Temperature was monitored by a thermocouple attached to each
fixture.

The frequency response function displacement per force was created using the average of the transfer functions
from the 50 chirp excitations in each experiment. System natural frequencies and damping ratios were identified
from the resonant peaks and half-power frequencies.

Figure 2. Composite fixtures for dynamic testing: (a) Clamped-Free (C-F) fixture; (b) Clamped-Clamped (C-C) fixture.
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3. RESULTS AND DISCUSSION

3.1 Thermally-Induced Strain Behavior
The repeatable temperature versus strain plots, consisting of cycles 2 and 3, of each composites are shown in
Fig. 3 (a)-(c). For each composite, the initial cycle is different than subsequent cycles. This initial behavior is
believed to be due to residual detwinning and initial mechanical loading of the SMA elements from composite
manufacturing. Similar effects have been observed in thermal cycling of constrained SMAs.16 An in-depth
analysis of this initial, non-repeatable behavior has been discussed in previous work.7

In all three composites there are two linear regions corresponding to the martensite and austenite phases of
the embedded NiTi ribbons. While difficult to observe in composite 1, the effect becomes more pronounced as
NiTi volume fraction increases as seen in the responses 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.
The influence of the NiTi ribbons on the composite CTE is a function of their modulus, as holds true for a
typical long-fiber reinforced composite:17–19

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

(1− ν)(EAl) + ν(ENiTi)
, (2)

where ν is the NiTi fiber volume fraction of the composite, EAl, ENiTi, αAl, and αNiTi are the elastic moduli
and CTEs of Al and NiTi, respectively. At high temperatures, the modulus of the embedded NiTi increases,
due to transformation to austenite, further 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 all of the tested samples. Starting at approximately
50◦C (ΔT = 25◦C) a negative strain-temperature slope is observed resulting in a contraction until approximately
55◦C (ΔT = 30◦C) whereupon the composite resumes a linear strain-temperature relationship. On cooling, the
recovered strain is introduced back into the composite over a temperature range of approximately 45◦C to 40◦C
(ΔT = 20◦C to 15◦C). This hysteretic behavior and strain recovery are characteristic of the shape memory effect
of NiTi. Further, strain recovery is only possible if there is a prestrain or stress-induced martensite present in
the embedded NiTi ribbons.

To model the thermal strain response of the composites, a strain matching method, similar to that presented
by Sittner20–22 for SMA-epoxy based composites, was employed. The original model utilizes a phenomenological
basis for the transformation of the embedded SMA fibers and splits the transformation strain into the initial
prestrain, εc, the strain recovered through transformation of the SMA, εt, and considers elastic, εel, and thermal,
εth, strains in the SMA and matrix:

εNiTi = εel
NiT i + εth

NiT i + εt = εAl = εel
Al + εth

Al + εc. (3)

The strain for each component is expanded:

εNiTi =
1

ENiTi
(ΔσNiTi) + αNiTi (ΔT ) + εLξs (4)

Figure 3. Temperature versus strain plots for the second and third thermal cycles of Al-NiTi: (a) composite 1; (b)
composite 2; (c) composite 3.
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and
εAl =

1
EAl

(ΔσAl) + αAl (ΔT ) + εLξso (5)

where Δσ 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 maximum recoverable strain of NiTi.
By moving the initial prestrain term in (3), the NiTi strain can be expressed as an alternative constitutive
equation including elastic, thermal, and transformation strain terms:

εNiTi =
1

ENiTi
(ΔσNiTi) + αNiTi (ΔT ) + εL (ξs − ξso) . (6)

The corresponding alternative matrix strain equation now accounts for only thermo-elastic strains, an assumption
that is valid as long as the matrix does not undergo plastic deformation:

εAl =
1

EAl
(ΔσAl) + αAl (ΔT ) . (7)

In the thermally-induced strain tests, no external load was applied; the composite is allowed to freely expand
or contract as the temperature changes. As such, 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,

(8)

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 matrix and the lengths of both components are equal, LNiTi = LAl. Thus, a ratio of
cross sectional areas for these composites is equal to a ratio of fiber and matrix volume fraction. 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 (8) into (7), equating to (6), and solving for σNiTi:

σNiTi =
(αAl − αNiTi) (ΔT )

1
ENiT i

+ 1
EAl

ν
(1−ν)

− εL (ξs − ξso)
1

ENiT i
+ 1

EAl

ν
(1−ν)

. (9)

This equation has two components: the first is the thermo-elastic 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 was embedded in a detwinned state (ξso �= 0). If the embedded NiTi elements are not
prestrained before construction, the thermo-elastic stress component is non-linear due to the change in modulus
as the NiTi ribbons transform between martensite and austenite. In addition to a variable NiTi modulus, the
modulus of the Al matrix also varies with temperature, decreasing as temperature increases. Once the NiTi
stress is calculated it can be used in (6) to determine total composite strain:

εcomp = εNiTi =
1

ENiTi

[
(αAl − αNiTi) (ΔT )

1
ENiT i

+ 1
EAl

ν
(1−ν)

− εL (ξs − ξso)
1

ENiT i
+ 1

EAl

ν
(1−ν)

]
+ αNiTi (ΔT ) + εL (ξs − ξso) . (10)

The composites were 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 (10) becomes:

εcomp = εNiTi/TE =
1

ENiTi

[
(αAl − αNiTi) (ΔT )

1
ENiT i

+ 1
EAl

ν
(1−ν)

]
+ αNiTi (ΔT ) . (11)
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If the zero prestrain assumption is maintained, the strain calculation is completed by finding the elastic
modulus of the NiTi ribbons 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.15 The elastic
modulus of NiTi is found through a rule of mixtures between its martensite and austenite phases:

ENiTi = EA + ξ (EM − EA) (12)

where EA and EM are the elastic moduli of austenite and martensite, 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 composite temperature increases. Conversely, increasing volume faction only occurs
over the martensitic start and finish temperatures while the composite temperature is decreasing. The austenite
and martensite transformation temperatures are assumed to vary linearly with stress:23–26

Aσ
s = As + σNiTi/CA (13)

Aσ
f = Af + σNiTi/CA (14)

Mσ
s = Ms + σNiTi/CM (15)

Mσ
f = Mf + σNiTi/CM (16)

where As, Af , Ms, and Ms are the respective austenite and martensite start and finish temperatures at zero
stress; CA and CM are the stress influence coefficients, often assumed to be equal.26 For the NiTi ribbons used
in this study, the transition temperatures were found through electrical resistance tests and differential scanning
calorimetry; the stress influence coefficient was found from blocked force experiments. Blocked force experiments
only provide a value for CA. Attempts were made to find CM through iso-thermal load cycles, however it
is not possible to produce a super-elastic stress-strain loop with the given alloy. At temperatures above Af ,
the ribbons failed before the transformation to stress-induced martensite was completed. As such, the model
presented assumes CM = CA. Experimentally obtained properties can be seen in Table 2. 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. In the case of an initial stress-induced martensitic volume
fraction (ξso �= 0) the transformation temperatures will increase further due to additional stresses from SMA
strain recovery.

The martensitic volume fractions are found through equations based upon the Brinson23 and Liang and
Rogers24,25 constitutive SMA models. For the martensite to austenite (M-A) transformation the volume fraction
is:

ξ =
ξ0

2
(cos [aA (T −Aσ

s )] + 1) , (17)

where
aA =

π

Af −As
. (18)

For the austenite to martensite (A-M) transformation the total volume fraction is calculated using:

ξ =
1− ξ0

2
cos

[
aM

(
T −Mσ

f

)]
+

1 + ξ0

2
, (19)

where
aM =

π

Ms −Mf
. (20)

The stress-modified temperatures were initially found using the thermo-elastic stresses considering marten-
sitic and austenitic phases of the embedded NiTi ribbons. The thermo-elastic stresses were plotted on the
stress-temperature phase diagram and the locations of intersection with the stress-dependent transformation
temperatures provide the stresses and temperatures when both the M-A and A-M transformations start and
finish. The stress-temperature relationship is illustrated for a single thermal cycle in Fig. 4 (a). Initially, the
stress will increase linearly as governed by the martensitic thermo-elastic equation until the temperature reaches

Proc. of SPIE Vol. 8342  83421J-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/12/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Aσ
s . Between Aσ

s and Aσ
f , the stress will change due to the changing modulus of NiTi, increasing to coincide

with the austenitic thermo-elastic stress. Upon cooling from temperatures beyond Aσ
f , the stress will decrease

linearly following the austenitic thermo-elastic equation until Mσ
s . Between Mσ

s and Mσ
f , the stress will decrease,

ultimately coinciding with the martensitic thermo-elastic stress at Mσ
f and from there it will decrease linearly

to zero.

The thermo-elastic strains were modeled for each composite using the material and composite properties found
in Table 2. The model output can be seen for composites 1-3 in Fig. 5 (a)-(c), respectively. For composites 1 and 3
the strain model closely matches the strain observed in the experiments, including a high and low temperature
linear region and a small amount of hysteresis. However, the model does not describe the negative strain-
temperature regions observed in composite 2. This confirms that the zero prestrain assumption is not valid when
considering composite 2 and there is residual prestrain that was induced by the rolling action of the sonotrode
during construction. The amount of stress-induced martensite is not directly known but can be 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 as the
composite is heated and cooled. To this end, an assumption is made that ξs = ξso× ξ where ξ is found from (17)
and (19) 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 beyond the M-A transformation region, and
subtracting the modeled thermo-elastic strain for composite 2 at 65◦C, the total composite recovery strain,
εNiTi/X , was estimated as 200 με. To calculate the initial stress-induced volume fraction from the total observed
strain recovery, the thermo-elastic strain component from (11) is subtracted from the total strain component (10),

εNiTi/total − εNiTi/TE = εNiTi/X =
1

ENiTi

(
σNiTi/X

)
+ εL (ξs − ξso) , (21)

where σNiTi/X is equal to the second term of (9). Considering ENiTi = EA and ξs = 0 when the NiTi ribbon is

Figure 4. Stress-temperature phase diagram for NiTi and overlaid stress-temperature load paths for composite 2 assuming:
(a) ξso = 0; (b) ξso = 1.9%.

Figure 5. Thermally-induced strain models for Al-NiTi: (a) composite 1; (b) composite 2; (c) composite 3.
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Table 2. Material properties used for composite stiffnesses model. Unless cited, values were found experimentally.

Property Description Value
EA

27 Austenite elastic modulus 83 GPa
EM Martensite elastic modulus 17.9 GPa

EAl(24 ◦C)15 Al 3003 elastic modulus at 24 ◦C 68.3 GPa
EAl(100 ◦C)15 Al 3003 elastic modulus at 100 ◦C 65.5 GPa

αAl
15 Al 3003 CTE 23.2 με/◦C

αNiTi
26 NiTi CTE 10 με/◦C

Mf Martensite finish temperature 35◦C
Ms Martensite start temperature 40◦C
As Austenite start temperature 45◦C
Af Austenite finish temperature 50◦C

CM , CA Stress influence coefficient 8.1 MPa
εL Maximum recovery strain -6%

austenitic,

εNiTi/X =
1

ENiTi

[
−εL (ξs − ξso)
1

ENiT i
+ 1

EAl

ν
(1−ν)

]
+ εL (ξs − ξso) = −εLξso

[
1− 1

1 + EA

EAl

ν
(1−ν)

]
. (22)

Using 200 με for εNiTi/X , the initial stress-induced martensitic volume fraction is found to be 1.9%. For small
amounts of stress-induced martensite, the associated strain recovery is possible without causing failure of the
NiTi ribbon, Al matrix, or NiTi/Al interface. At the calculated prestrain, the NiTi stress-temperature load path
is shown on the phase diagram in Fig. 4 (b). Compared to the load path for the thermo-elastic response in
Fig. 4 (a), the transformation to austenite is accompanied by higher stress on the NiTi ribbons, thereby further
increasing the transformation temperatures. After the M-A transformation is complete, the stress increases
linearly as given by the austenitic thermo-elastic equation previously noted. The red dashed line in Fig. 5 (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 experimental data and exhibits
the negative strain-temperature slope region originally observed.

3.2 Dynamic Behavior

Results from the C-F and C-C dynamic tests are compiled in Tables 3 and 4, respectively. The change in natural
frequency, ωn, and damping ratio, ζ, relative to their respective room temperature values are shown in Fig. 6 (a)
and (b) for the C-F boundary condition and in Fig. 6 (c) and (d) for the C-C boundary condition. The percent
change is used to normalize the results with respect to sample geometry since cross sectional areas were varied
to obtain specific NiTi volume fractions. Further, solid trend lines in the figure represent the average of the
rising and falling temperature values for each nominal temperature test point. While there is likely hysteresis
in the responses of these properties due to the offset martensitic and austenitic transition temperatures, the
temperature resolution for these tests was not sufficient to observe such effects.

Table 3. Natural frequency and damping ratios of samples from C-F dynamic tests.

Temp [◦C] Natural Frequency [Hz] Damping Ratio (×10−3)
Solid Al Comp 1 Comp 2 Comp 3 Solid Al Comp 1 Comp 2 Comp 3

24 414.1 362.5 283.6 339.1 5.8 3.5 8.5 9.8
40 413.3 361.7 282.8 338.3 10.4 4.7 11.4 7.1
60 411.7 360.9 285.2 339.1 8.0 4.8 5.6 6.4
70 410.9 360.2 285.2 339.1 8.9 6.4 5.9 8.4
90 409.4 359.4 284.4 337.5 9.9 7.5 8.9 6.8
100 408.6 357.8 283.6 336.7 8.7 5.2 14.4 4.8
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Table 4. Natural frequency and damping ratios of samples from C-C dynamic tests.

Temp [◦C] Natural Frequency [Hz] Damping Ratio (×10−3)
Solid Al Comp 1 Comp 2 Comp 3 Solid Al Comp 1 Comp 2 Comp 3

24 2275 1939 1806 1850 4.3 6.0 6.9 7.3
40 2264 1941 1828 1859 5.4 7.4 7.8 8.1
60 2252 1974 1988 1959 7.4 9.4 10.5 13.5
70 2239 1984 2048 1989 7.0 8.9 7.6 11.0
90 2219 1995 2089 2013 6.7 9.4 8.8 12.0
100 2217 2003 2106 2028 6.7 9.9 9.0 10.2

Figure 6. Change in dynamic behavior as a function of temperature: (a) C-F test relative Δωn; (b) C-F test relative Δζ;
(c) C-C test average relative Δωn; (d) C-C test average relative Δζ.

For the C-F boundary condition, the Al sample exhibits a linear decrease in natural frequency as temperature
increases due to a drop in modulus, subsequently decreasing the samples bending stiffness. The largest relative
change in natural frequency was -1.32% at 100◦C. Composite 1 shows a similar decrease in natural frequency,
reaching a relative change of -1.29% at 100◦C. At a temperature of 60◦C and above, composite 1 has a smaller
relative decrease in natural frequency than the solid Al sample due to the M-A transformation of the embedded
NiTi ribbons; as a result of the transformation and higher modulus of the austenite phase, the loss in stiffnesses
of the Al matrix due to increasing temperature is partially offset. This effect is expected to increase as NiTi
volume fraction increases.

Composites 2 and 3 show a non-linear relationship between temperature and natural frequency. From
Fig. 6 (a) both composites show a change in natural frequency similar to the solid Al sample and compos-
ite 1. However, at 60◦C composite 2 shows an increase in natural frequency relative to room temperature while
composite 3 completely recovers any loss in natural frequency due to the drop in modulus of the Al matrix.
Starting at 70◦C, both composites continue a linear decrease in natural frequency with increasing temperature
that is similar in rate to the Al sample and composite 1. The initial increase in natural frequency is due to the
transformation of the embedded NiTi ribbons; at 60◦C, the increase in bending stiffness of the ribbons is greater
than the decreasing stiffness of the matrix due to heating. The effect is relatively small because while the change
in NiTi modulus is significant, bending stiffness is also a function of the moment of inertia of all components.
The small cross section of the ribbons as compared to the Al matrix combined with their placement near the
neutral axis of the composite results in a relatively minute effect.
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It is noted that composite 2, with 15% NiTi, has a net positive change in natural frequency at mid-range
temperatures and no change in natural frequency at 100◦C while the natural frequency of composite 3, with 20%
NiTi, never exceeds the natural frequency recorded at room temperature. An examination of composite 2 showed
that near the clamped end of the composite, total thickness was greater than expected, 0.686 mm (0.027 in) rather
than 0.610 mm (0.024 in), indicating the presence of additional baseplate material that was not fully removed.
This extra material offsets the NiTi ribbons from the neutral axis causing the transformaton to austenite to have
a larger effect on the composite bending stiffness than if it were embedded at the neutral axis. This concept
could be used to create composites with large natural frequency shifts through strategic placement of embedded
SMAs rather than increasing the total SMA volume fraction.

The damping ratios of all composites are similar in magnitude to that of the solid Al sample. Both the solid
Al sample and composite 1 have similar increases in damping ratio with increasing temperature. Composite 2
shows an initial increase in damping ratio with temperature but exhibits a sharp decrease corresponding with
the M-A transformation at 60◦C. From 60◦C on, the damping ratio increases with temperature. Composite 3
exhibits consistently lower damping ratios relative to the room temperature value at all elevated temperatures.
When considering composite materials, the damping ratios are generally assumed to be higher than that of
isotropic materials. This is attributed to friction between laminate layers, the matrix and fiber, or damage to
the composite.28,29 However, in this study it appears that UAM composites do not exhibit this characteristic of
composite materials.

Dynamic test results from the C-C boundary condition show a significantly different composite behavior
than the C-F boundary condition. While the solid Al sample exhibits a linear decrease in natural frequency
with increasing temperature, all three Al-NiTi composites exhibit increasing natural frequency with increasing
temperature. Due to the C-C boundary condition, the lower CTE of the composites relative to the Al 3003 fixture
causes a tensile stress to develop thereby creating an increase in natural frequency as temperature increases.
According to the zero prestrain assumption, composites 1, 2, and 3 should have increasing changes in natural
frequency due to progressively higher NiTi fiber volume fractions creating progressively lower composite CTEs.
The lower CTEs cause greater stresses to develop as temperature increases due to CTE mismatch between the
sample and fixture. As observed by the thermally-induced strain study, composite 2 has a non-negligible prestrain
and a strain contraction as it is heated to 100◦C. As a result, composite 2 generates larger tensile stresses in the
C-C boundary condition than composite 3 even though it has a smaller NiTi volume fraction. This is reflected
in the larger increase in natural frequency that composite 2 exhibits at temperatures above 60◦C, up to 16.6%.
Composite 1 and 3 have maximum increases in natural frequency of 3.3% and 9.6%, respectively, while the solid
Al sample exhibits a change of −2.5%. In addition to the maximum relative increase in natural frequency, all
composites have a sharp increase between 40◦C and 60◦C. This corresponds to the phase transformation of the
embedded NiTi elements as the austenitic composites have a lower composite CTE, thereby creating higher
tensile stresses. Similar to the results for the C-F boundary condition, the composites have damping ratios
similar in magnitude to the solid Al sample. However, contrary to the C-F boundary condition, all samples have
increasing damping ratios with increasing temperatures.

Continuing work is focused on utilizing the model developed to describe thermally-induced composite strain
to determine the stresses on the composites for the C-C boundary condition. While differential thermal expansion
between the fixture and composites was the main contribution to the shifting natural frequency, the behavior of
composite 2 suggests that prestrain can create much more significant changes. With higher initial stress-induced
volume fractions, larger internal stresses can be generated with future composites creating tunable dynamic
systems which exhibit a broader frequency range.

4. SUMMARY

In this research, UAM has been used to create composites with shape memory NiTi embedded within an Al
matrix. The composites display unique behaviors due to a combination of NiTi fiber volume fraction and
prestrain which creates residual stress-induced martensite. Thermally-induced strain, natural frequency, and
damping ratio were measured for three composite with 5%, 15%, and 20% NiTi as well as a solid Al reference
sample.
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In studying the thermally-induced strain, it was found that embedding zero prestrain NiTi creates a com-
posite system with unique low and high temperature CTEs and a small hysteresis region corresponding to the
transformation between the martensitic and austenitic phases. As volume fraction increases, these effects in-
crease in magnitude. When the embedded NiTi element has a non-zero prestrain, it recovers the induced strain
causing a net contraction of the composite over a finite increasing temperature range. This was observed in the
behavior of composite 2 which contracts 200 με when heated from 50◦C to 60◦C. A model was created for the
thermally-induced strain behavior by equating the constitutive strain relations of the embedded NiTi ribbons
and Al matrix. Using an SMA transformation model, based upon the Brinson and Liang and Rogers models,
to account for NiTi prestrain and phase-dependent modulus, the composite model output closely matches the
behavior observed in all three composites.

Two different boundary conditions were considered in dynamic tests. For the C-F boundary condition,
composites mitigated the decrease in natural frequency with increasing temperature exhibited by the solid Al
reference sample. Composite 2 demonstrates the largest change, a 0.6% increase in natural frequency starting at
60◦C relative to room temperature, due to the transformation of the embedded NiTi ribbons and their location
slightly offset from the composite neutral axis. By placing SMA elements further from the composite neutral
axis, it may be possible to create larger increases in natural frequency with smaller volume fractions. In the
C-C boundary condition, all composites exhibited significant increases in natural frequency with temperature.
Composite 2 has the largest increase in natural frequency, 16.6% at 100◦C relative to room temperature, due
to the additional tensile stresses generated by the transformation of the embedded prestrained NiTi elements.
By increasing prestrain in the embedded elements, natural frequency shifts can be substantially increased. In
both boundary conditions, the damping ratios of the composites were found to be similar to that of the solid
Al sample. This indicates that neither the composite nature of the specimens nor stress-induced martensitic
transformations of the embedded NiTi ribbons cause a substantial change in damping properties over the parent
matrix material.

This paper enhances the understanding of the coupled thermomechanical behavior of SMA-Al composites.
With the presented model, the behaviors can be accurately modeled for different volume fractions, prestrain levels,
and boundary conditions allowing for the design of components with advanced capabilities such as thermal strain
invariance, solid-state actuation, tunable natural frequencies, and stiffness control. Continuing work is focused
on utilizing the developed model to design composites with highly prestrained and strategically located SMA
elements to achieve greater control over the thermally-induced strain and variable dynamic properties.
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