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Ultrasonic Additive Manufacturing (UAM) is a new rapid prototyping process for creating metal-matrix
composites at or near room temperature. The low process temperatures enable composite materials that
have tailored CTEs through utilizing recovery stresses generated by highly prestrained Shape Memory
Alloy (SMA) fibers embedded within the matrix. The strength of the fiber-matrix interface, which is
the limiting factor in UAM composites, has not been characterized. In this study, we characterize the
shear strength of the fiber-matrix interface and study the bonding between the fiber and matrix in com-
posites fabricated with prestrained NiTi embedded in an Al 3003-H18 matrix. In heating the composite,
stresses develop due to the blocked behavior of NiTi and the difference in CTE of the matrix and fiber.
Differential scanning calorimetry is used to observe composite failure temperatures; an average interface
shear strength of 7.28 MPa is determined using constitutive models of the NiTi element and Al matrix.
The constitutive models describe the thermally-induced strain of the composite, showing an effective
CTE of zero at 135 °C. The models show that by increasing the embedded fiber length, interface failure
temperatures can be increased so that zero CTE behaviors can be utilized without irreversibly changing
the NiTi prestrain. Results from energy dispersive X-ray spectroscopy indicate that the bonding between
the fiber and interface is mechanical in nature with no evidence to support chemical or metallurgical
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1. Introduction

Shape Memory Alloys (SMAs) have unique properties that make
them attractive for creating multifunctional structures. SMAs are
commonly utilized for their characteristic strain recovery but they
can also generate significant recovery stresses when heated in a
constrained state [1,2]. By utilizing the temperature dependent
recovery stresses of a prestrained SMA element, it is possible to
construct an SMA composite that can offset the thermally-induced
strain of the composite matrix along the fiber direction. In this
composite, though both the SMA and matrix are subject to linear
thermal expansion, a compressive load is applied to the composite
matrix as recovery stress in the SMA increases with temperature.
Along a given direction, the total strain reaction of the composite
is dependent upon the elastic moduli and CTE of the matrix and
SMA fiber, the fiber volume fraction, and the prestrain level of
the SMA. The cross-sectional shape of the SMA fiber has an indirect
effect: given composites with identical SMA volume fractions but
with different cross sectional shapes, the interface area between
the SMA and matrix will be different. This will not impact the over-
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all behavior of the composite but will affect the load the interface
can withstand without failing.

This study considers metal-matrix composites consisting of an
Al 3003-H18 matrix and shape memory NiTi fiber fabricated
through Ultrasonic Additive Manufacturing (UAM), a rapid proto-
typing technology based on ultrasonic metal welding. In this pro-
cess, two workpieces are held together under a compressive load
and ultrasonically vibrated relative to one another. The motion cre-
ates a friction-like action that disrupts surface oxides and shears
surface asperities, creating nascent surfaces [3,4]. The compressive
load applied to the pieces causes opposing clean metal surfaces to
form bonds, thus joining the two components. During UAM, illus-
trated in Fig. 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. While metallic bonding is often ci-
ted as the bonding mechanism between workpieces of similar
alloys [3-9], the bonding mechanisms for dissimilar materials
joined via UAM have been identified as mechanical interlocking,
friction, and in some cases, metallurgical bonding [6,10-14]. The
primary benefit of UAM is that pieces are consolidated at room
temperature and macro-scale heating does not noticeably raise
the temperature of the bulk composite. This aspect is critical for
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Normal Force (a)

Sonotrode

Fig. 1. (a) In the UAM process, successive layers of metal tape are bonded together
to create metallic composites with embedded materials. (b) Cross section of an
NiTi-Al composite with 254 um by 762 pm NiTi ribbon.

SMA metal-matrix composites as excessive heating, such as in
powder metallurgy or casting processes, can change the prestrain
level via transformation and alter the stable characteristic behavior
of the SMA [15-18].

Both the recovery stresses generated by the prestrained NiTi
and relatively large CTE of the Al matrix cause significant stresses
to develop with increasing temperature at the interface of the fiber
and matrix. The strength of the interface is of particular signifi-
cance as if it fails, the NiTi fibers will be allowed to recover any in-
duced prestrain through the transformation from detwinned
martensite to austenite (M-A) and thus will not generate recovery
stresses upon subsequent heating cycles.

In this study, UAM NiTi-Al composite samples are created with
highly prestrained NiTi ribbon. The composites are used to deter-
mine the interface failure and to study the nature of the bonding
mechanism between NiTi and Al. For the purpose of this paper
and the discussion herein, prestrain is defined as the amount of
strain the NiTi elements exhibit due to the detwinning of martens-
ite, excluding strain due to thermal expansion, elastic loading, and
plastic deformation. The prestrain is critical because it creates the
stress-induced martensite variant in the SMA. If the SMA element
is left unconstrained, the induced prestrain will be recovered as the
detwinned martensite transforms to austenite upon heating. If the
SMA element is constrained, the transformation is inhibited and
recovery stresses develop due to elastic loading of the constraint
as the restricted transformation recovers a small amount of the
prestrain [1,19]. If there is no initial prestrain in the SMA, the phase
at room temperature is twinned martensite, also called self accom-
modating or temperature-induced martensite. Transformation
from twinned martensite to austenite will not induce strain recov-
ery, as there is no detwinning strain to recover, and therefore will
not generate recovery stresses if the SMA element is constrained.
Since the matrix cannot support the full strain recovery of the
detwinned SMA, as much as 6%, interface failure is coincident with
the M-A transformation of the embedded NiTi.

The interface failure can be detected by Differential Scanning
Calorimetry (DSC), an established method for observing behavior
and failure in SMA-epoxy based composites [20-22]. The DSC mea-
surement can identify the temperature range over which the M-A
transformation occurs. This is observed as a negative power peak
since the M-A transformation is an endothermic process. Because

the transformation from detwinned martensite to austenite recov-
ers the prestrain induced by detwinning the martensitic phase, the
DSC transformation peak also signifies the recovery of the induced
strain in the SMA element. Due to the constraint of the matrix, the
strain recovery can only take place if the ribbon-matrix interface is
compromised, releasing the constraint on transformation, or if the
matrix or ribbon are stressed beyond their yield strength, allowing
the strain to be recovered through plastic deformation of the mate-
rials. Creep or stress relaxation is not considered as a mechanism
for strain recovery since the temperatures are relatively low as
are times during DSC tests. In this study, DSC is used to identify
the M-A transformation and concurrent strain recovery of the NiTi
ribbons in NiTi-Al composites. An SMA-composite model is then
used in conjunction with known material properties, composite
parameters, and temperature to determine stresses in the NiTi
and Al composite components at failure and to derive the interface
strength of NiTi-Al UAM composites. The determined interface
strength serves as an important design parameter in future NiTi-
Al composites and serves as a baseline value for future investiga-
tions in which interface strengthening methods will be studied.

The mechanism for load transfer across the interface is deter-
mined using Energy Dispersive X-ray Spectroscopy (EDS). EDS
allows investigation of the region near the NiTi-Al interface to
determine how material composition varies as a function of dis-
tance from the interface. If a solid-state bond exists between the
NiTi and Al, two indicators are expected: a removal of surface oxi-
des and possible diffusion of elements across the interface bound-
ary. Both of these are observable through EDS.

2. Procedures

Prior to embedding, the NiTi ribbon was first heated in a
stress-free state to transform any detwinned martensite in the
as-received material and allowed to cool stress-free to room
temperature to ensure the ribbon was fully twinned (tempera-
ture-induced) martensite. The ribbon was next fully detwinned
by applying a 36 N dead weight resulting in a tensile stress of
186 MPa, three times greater than the observed critical finish
stress, o, of this alloy at room temperature.

The critical finish stress and other material properties of the
SMA were obtained through thermomechanical testing on material
from the same lot as the embedded NiTi. Included in Table 1
are the austenite transformation temperatures (A; and Ay),
martensite transformation temperatures (M, and M), stress influ-
ence coefficient for the austenite transformation temperatures
(Cy), and the critical finish stress. The austenite start temperature

Table 1
Material properties used for composite analysis. Unless cited, values were found
experimentally.

Property Description Value

Eym Martensite modulus 17.9 GPa
E4 [24] Austenite modulus 83 GPa
En(24°C) [27] Al modulus at 24 °C 68.3 GPa
E4 (100 °C) [27] Al modulus at 100 °C 65.5 GPa
o [27] Al 3003 CTE 23.2 ue/°C
ot [26] NiTi CTE 10 pe/°C
A Austenite start temp. 45 °C

As Austenite finish temp. 60 °C

Ms Martensite start temp. 45 °C

Mg Martensite finish temp. 41°C

Ca Stress influence coeff. 8.1 MPa/ °C
€ Max. recoverable strain —6%

o, Crit. finish stress at 24 °C 62 MPa
gym’ NiTi yield str. 816 MPa
gy [28] Al 3003 comp. yield str. 140 MPa
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is the temperature at which the M-A transformation begins when
the NiTi sample is under no stress. Similarly, Ay is the temperature
at which the M-A transformation is complete in the absence of
stress. Upon stress-free cooling, the A-M transformation occurs
over the temperature range between M, and M;. Since the cooling
behavior of the composites is not studied in this research, the
martensite transformation temperatures are provided only for
completeness. The transformation temperatures are generally
considered linearly dependent with stress through [23]

A? = A+ 7/Cy, (1)
and
A] = Ar +7/Ca. (2)

The critical finish stress is the stress at which all twinned martens-
ite has been converted to detwinned martensite at room tempera-
ture. For the NiTi ribbon used in this study, the critical finish
stress, yield strength (o), elastic modulus of martensite (Ey), and
maximum recoverable strain (¢;) were found through stress—strain
tests conducted at room temperature. The stress influence coeffi-
cient was found through blocked force testing and transformation
temperatures were found through a combination of DSC tests, elec-
trical resistivity tests, and thermally-induced strain tests. These
measurements are in agreement with manufacturers’ data as well
as that of other researchers [24-26].

A first NiTi-Al composite was fabricated by consolidating two
150 pm thick Al 3003-H18 strips onto an Al baseplate using a cus-
tom 9 kW UAM system. Next, a rectangular NiTi ribbon, 254 pm
thick by 762 pum wide, was placed on the surface and two addi-
tional Al tapes were welded over top, encapsulating the ribbon
as shown in the cross section in Fig. 1(b). During consolidation,
the NiTi ribbon was clamped in place outside of the weld area to
prevent ribbon movement. After consolidation, the composite
was machined to achieve its final width, 1.8 mm, and remove the
base plate. From the resulting composite, three samples were cut
to length for DSC testing using a lubricated low speed diamond
precision saw to avoid heating and transformation of the NiTi
ribbon. The finished samples have an average NiTi fiber volume
fraction of 15.1%. A second composite was sectioned and polished
for EDS analysis to study the NiTi-Al interface. This sample was
also sectioned using a low speed diamond precision saw. After
cutting, all samples were cleaned in methanol to remove any
contaminants.

In preparation for DSC analysis, each sample was placed in an Al
test pan while a single empty test pan was used as a comparative
reference for all measurements. Two heating cycles were recorded
during DSC measurement for each sample. During both cycles,
temperature was increased at a rate of 10 °C/min. Cooling was aug-
mented by compressed air between cycles but was not recorded.
DSC sample 1 was examined in a Scanning Electron Microscope
(SEM) after testing to observe the NiTi-Al interface.

The polished section of the second NiTi-Al composite was ana-
lyzed via EDS to observe compositions 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 Fig. 2, the most
likely sites for metallic bonding between the composite compo-
nents. Scans consisted of point measurements no more than
0.8 um apart with an electron accelerating voltage of 20.0 kV. 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. Sec-
ond, diffusion may also occur with metallic bonding and thus, ele-
ments from the matrix and embedded SMA, namely Ni, Ti, and Al,
are expected to migrate across the interface if such bonding is
present. In the conducted line scans, the atomic percentage of Al,
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Fig. 2. Image of NiTi-Al composite 2 showing locations of lines for EDS analysis.

Ni, Ti, and O were recorded at each point in the scan and plotted
as a function of distance from the interface.

3. Experimental results and discussion

The behaviors observed in DSC for all samples are similar. Both
thermal cycles of sample 2 are compared in Fig. 3, showing the dif-
ferential power needed to heat the composite and the reference
pan to the same temperature, as a function of temperature. The
endothermic peaks and associated decreases in differential power
observed in both cycles indicate the M-A transformation of the
embedded NiTi ribbons. Five key regions are identified in the first
cycle and are defined by either consistent behavior or transition
points between areas of different behavior. Region (i) is the initial
state, characterized by the stabilization of the differential power
measurement from the DSC system. Region (ii) is characterized
by a nearly horizontal power versus temperature relationship. Re-
gion (iii) is defined by the negative power-temperature slope prior
to the endothermic transformation peak. Region (iv) is noted as the
transition between region (iii) and the low temperature portion of
the endothermic peak at temperature T,. Region (v) is the intersec-
tion of linear interpolations of the high temperature portion of
the endothermic transformation peak and the consistent behavior
at higher temperature characterized by an approximately horizon-
tal power versus temperature curve.

An interpretation of the composite behavior at each region is
shown in Fig. 4. It is noted that the Al alloy comprising the matrix
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Fig. 3. DSC heating cycles 1 and 2 of sample 2.
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Fig. 4. Physical representation of DSC regions: (i) reference state; (ii) linear thermal
expansion of total composite; (iii) reduced expansion due to generation of recovery
stresses; (iv) NiTi-Al interface failure; (v) NiTi transformation complete; (vi) cool to
reference temperature (not plotted in Fig. 3).

does not undergo any phase changes over the test temperature
range and the samples were cleaned prior to testing. Any deviations
from a constant power versus temperature curve are related to the
transformation of the embedded NiTi ribbons. All behaviors are
described relative to the reference state in region (i). Through
region (ii), linear thermal expansion of the total composite is occur-
ring. In region (iii), the temperature has surpassed the composite
austenite start temperature, A ;. As the composite temperature in-
creases, the NiTi ribbon generates a recovery stress as a function of
temperature which is resolved as a compressive load on the Al
matrix. The elastic deformation of the matrix due to the recovery
stress allows a partial transformation to occur. This results in an
apparent reduction in CTE of the composite. At region (iv) the gen-
erated stresses overcome the shear strength of the NiTi-Al interface
and transformation of the detwinned martensite begins uncon-
strained. Once the constraint of the matrix is relieved, the M-A
transformation occurs more rapidly with respect to temperature
as indicated by the larger magnitude of the power-temperature
slope after region (iv). As the NiTi ribbon transforms it recovers
the induced prestrain, contracting within the Al matrix. In regions
where the interface has separated, the Al matrix is able to freely
expand via thermal expansion. At region (v) the NiTi transformation
and strain recovery are complete and the original interface between
the fiber and matrix has completely failed due to the strain recov-
ery. A new mechanical interface now exists at the new contact
points between the fiber and matrix. Further heating results in lin-
ear thermal expansion of the composite. Region (vi), not recorded in
the DSC tests, is thermal contraction of the composite during cool-
ing. While the NiTi ribbon has contracted within the Al matrix,
there is still friction between the ribbon and matrix which allows
load transfer, the friction governs the thermomechanical properties
of the composite in subsequent cycles.

Using the intersection of linear interpolations of the identified
regions, several important temperatures are determined. The inter-
section of regions (ii) and (iii) is taken as the initial austenite start
temperature, A7 ,, as previously noted. This temperature is higher
than the austenite start temperature of the ribbon, A, due to ther-
moelastic stress arising from the different CTEs of Al and NiTi as
well as a preload due to manufacturing to be discussed momentar-
ily. The temperature at region (iv), denoted T,, represents the onset
of the NiTi-Al interface failure. Region (v) denotes A}’q, the tem-
perature at which the M-A transformation is complete. At this
temperature all prestrain has been recovered and further increases
in temperature do not affect the NiTi phase. The presence of the
endothermic peak in cycle 1, ending at region (v), indicates
the M-A transformation has occurred, simultaneously causing
the recovery of prestrain. Once the prestrain is recovered, there
is no mechanism to reintroduce the 6% strain upon cooling; the
composite has undergone a functional failure.

The second thermal cycle in Fig. 3 shows a shift in the endother-
mic peak and transformation temperatures, A7 , and A7 ,, to nearly
the stress-free transformation temperature values for this alloy as
listed in Table 1. 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. Further, cycle 2 does not exhibit a temperature range
analogous to region (iii) in which recovery stresses were generated
in the initial cycle. As a result, Aj‘{z is significantly lower than A}’f]
due to the absence of blocking stresses generated at temperatures
above AY , [29]. This is supporting evidence that all prestrain was
recovered in the first cycle due to failure of the interface. The tem-
peratures of interest for all 3 samples are given in Table 2. Also pro-
vided in Table 2 are the transformation enthalpies for both cycles
of the samples. Cycle 1 in all cases has significantly more enthalpy
than cycle 2. This difference is attributed to strain transformation,
matrix constraint, and interface failure, all of which are present in
the first cycle and require more energy to complete the M-A trans-
formation. With no strain recovery in cycle 2 and very little con-
straint by comparison, the M-A transformation does not require
as much energy and as a result, has a lower transformation
enthalpy.

NiTi-Al DSC sample 1 was removed from the test pan, rinsed in
methanol, and placed in an SEM for a post-failure inspection of
the interface. Representative images of the interface are shown in
Fig. 5. Separation between the NiTi and Al matrix can be seen
around the perimeter of the NiTi ribbon indicating that there was
mechanical failure of the interface. Further, the insets of Fig. 5(a)
and (b) show a line in the Al matrix running parallel to the NiTi rib-
bon boundary. This line is the edge of the Al matrix; the region be-
tween the NiTi and the line in both images is the interior interface
surface exposed due to contraction of the ribbon during transfor-
mation and failure.

The change in atomic percent of elemental composition across
the NiTi-Al interface for EDS lines 1 and 2 are shown in Fig. 6.
While EDS line scan points were taken at intervals of approxi-
mately 1 pm, 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 interac-
tion radii for Al and NiTi of 2.6 pm and 1.2 pum, 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 pm, as a scan transi-
tions through a perfect, diffusionless interface between Al and NiTi.
In considering the EDS results, a transition region greater than
3.8 um will indicate the presence of diffusion while a transition
less than or equal to 3.8 pm will indicate that there is no measur-
able diffusion between the materials.

Line scan 1 shows the Al to NiTi transition occurring over
3.0 pm while line 2 has a transition of 3.3 pm, both of which are

Table 2

Transformation temperatures, failure temperature, NiTi stress at failure, and interface
shear strength for samples 1, 2, and 3. Note: g, and 7y are stresses calculated using (7)
and (11) presented in Section 4.

Parameter Sample 1 Sample 2 Sample 3
A7, [°C] 55.5 55.5 56.4
Af 4 [°C] 77.7 774 77.5
A7, [°C] 44.5 45.0 44.7
A7, [°C] 62.6 63.2 60.0

Ty [°C] 69.2 69.0 68.4

AH; [J/g] 18.6 24.0 23.6
AH; [J/g] 0.5 1.7 0.7

oy [MPa] 177 175 171

77 [MPa] 7.61 7.02 7.23




R. Hahnlen, MJ. Dapino/Composites: Part B 59 (2014) 101-108 105

Fig. 5. Representative SEM images of DSC sample 1 showing evidence of debonding and ribbon contraction: (a) NiTi-Al interface along flat region showing interface
separation and interior surface of the Al matrix; (b) NiTi-Al interface on ribbon corner showing interior surface of the Al matrix.
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Fig. 6. EDS results for NiTi-Al composite 2: (a) line scan 1; (b) line scan 2.

below the threshold for measurable diffusion indicating that there
is no diffusion based bonding between the NiTi and Al constituents.
Further, in both line scans there is a peak in oxygen content as the
Al and NiTi composition lines intersect. This indicates 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 ultrasonic vibrations
generated for the consolidation process were not sufficient to cre-
ate nascent surfaces at the NiTi-Al interface, thus making a metal-
lurgical bond unlikely. While metallurgical bonding between NiTi
and Al is doubtful, the SEM image in Fig. 2 shows very close contact
around the entire perimeter of the NiTi ribbon cross section indi-
cating that friction is the primary means of load transfer between
the matrix and ribbon. From the EDS results, it may be possible to
increase the strength of the interface by removing the oxide layer
on the Al tapes and NiTi ribbons prior to embedding as a way to
promote solid-state bonding. Further, by texturing the ribbon,
mechanical interlocking and additional surface area can be in-
creased leading to a subsequent increase in friction-based interface
strength.

4. Modeling

To model the response of the samples to temperature changes, a
strain matching method, similar to models used for SMA-epoxy
composites [30-32], 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. The Al and NiTi strains can be

expanded into their constituent components for mechanical, ther-
mal, and transformation strains,

1
=g (Aoa) + oa(AT), 3)
Al
and
1
Enin = (Aaniri) + oiri(AT) + €.(& — &), 4)
NiTi

where Ag is the change in total stress from the initial state, AT is
the total temperature change, E is the elastic modulus, o is
the CTE, & is the stress-induced martensitic volume fraction, &,
is the initial stress-induced martensitic volume fraction, and ¢, is
the maximum recoverable strain of NiTi.

The martensitic volume fraction, ¢, is a state variable that de-
scribes the phase of the SMA. When the SMA is fully martensitic
(either stress or temperature-induced), ¢ = 1. When the SMA is
fully austenitic, ¢ = 0. The stress-induced martensitic volume frac-
tion is a subset of the total martensitic volume fraction such that
[23]

E=&+4&n )

where ¢; represents the temperature-induced martensitic volume
fraction. In the context of this study, the fully prestrained NiTi rib-
bons have the maximum amount of detwinned martensite and
therefore have ¢ = & = 1 prior to the first heating cycle. If the pre-
strain is recovered after the first heating as hypothesized, the rib-
bons are fully temperature-induced martensite where & = ¢&; =1
(& = 0) prior to the start of the second heating cycle.

During heating, no external load is applied; the composite is al-

lowed to freely expand or contract as the temperature changes.
Force balance is used to obtain the stress in the Al matrix in terms
of NiTi stress,
Aoy = WAO'NiTiv (6)
where fis the fiber volume fraction. The stress in the ribbon can be
obtained as a function of temperature, material properties, volume
fraction, and NiTi transformation terms by substituting (6) into (3),
equating to (4), and solving for Acyiri,

ot — Onii ) (AT € —
AGuin _ Ai lzm)(f ) 1L(fs : és;) . 7)

This equation has two components: a thermoelastic component
which any composite exhibits if a CTE mismatch exists between
the fibers and matrix, and a component due to the transforma-
tion-induced strain recovery of NiTi embedded in a detwinned state
(& # 0). If the embedded NiTi elements are not prestrained before
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construction or if the temperature is below A7, only the thermoelas-
tic stress component remains. If Aoy is expanded to Gniri — Onirios
where ity i the initial stress on the ribbons, (7) can be rearranged
to provide

_ ((XAI - aNiTi)(AT) eL(és - 630) (8)

ONiTi = — ONiT,
NiTi 1 1 7 =+ ONiTio,

1 _f_
Eniri + Eq (1-f)

B T Eq 0D

indicating that any preload prior to heating can be treated as a
stress offset. This has implications regarding the preload due to
manufacturing as discussed below.

The martensitic volume fractions are found through equations
based upon the Brinson constitutive SMA model [23]. Since the
samples were in a detwinned martensite state for a single heating
cycle, only the M-A transformation is considered. For the M-A
transformation the martensitic volume fraction is given by

5:%(cos [aa(T — A)] + 1), (9)
where

T
ap = m (10)

This transformation only occurs when AY < T < A7 and as the com-
posite temperature is increasing. In the case of the test samples, the
total martensitic volume fraction, ¢, consists of stress-induced mar-
tensite with & = & = 1 assumed to hold true for the entirety of the
first heating cycle. The elastic modulus of NiTi is calculated using a
rule of mixtures as a function of the martensitic volume fraction.
The modulus of the matrix is calculated using linear interpolation
of the elastic modulus value at room temperature and 100 °C. For
the first and second heating cycles, the SMA is assumed to start
from a fully martensitic state, &, = 1. If a thermal cycle is initiated
when the SMA phase is in a mixed phase, 0 < &, < 1, there will be
minor effects on the thermoelastic response as the higher austenite
modulus will increase stress on the ribbon during heating, thus
slightly increasing the effective transformation temperatures
through (1) and (2).

Stress and volume fraction are calculated for a prescribed tem-
perature to obtain the stress—-temperature load profile for the ini-
tial heating cycle shown in Fig. 7(a). The plot shows two load
paths: a profile in which the embedded NiTi has no initial preload
and a profile that was made to intersect A} at the average A? ; tem-
perature of 55.8 °C. Both modeled cases have a stress-induced mar-
tensite volume fraction of 1, and therefore have the same amount
of prestrain. The varied preload takes into account the amount of
tensile stress applied to the SMA ribbon after it has been detwin-
ned. Due to the transformation temperatures of this alloy and
the stress-strain relationship of SMAs, the ribbon can be given a
6% prestrain and be unloaded to a zero preload condition while
maintaining the prestrain level due to the formation of detwinned
martensite. Further, once fully detwinned, additional tensile loads
will change preload without changing the prestrain value associ-
ated with detwinning. This model suggests that the NiTi ribbon
was under a 86.3 MPa preload during embedding. It is noted that
the zero preload profile begins the M-A transformation at
45.6 °C, close to the average A7 , temperature of 44.7 °C, indicating
that the embedded ribbons have recovered all prestrain and pre-
load after the initial DSC cycle. The Ar_, temperatures are also close
to the stress free A; temperature for the alloy given in Table 1, indi-
cating no initial prestress or significant generation of blocking
stress that would occur if stress-induced martensite was still pres-
ent. The stress—-temperature load profile with the 86.3 MPa preload
was used to determine the stress in the NiTi at interface failure,
when T = T,. The average interface failure temperature, 68.9 °C,
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Fig. 7. Model of NiTi-Al composites: (a) stress versus temperature; the asterisk
marks interface failure; (b) interface failure temperature as a function of embedded
fiber length; (c) strain versus temperature.

is marked by an asterisk in the phase diagram. The associated NiTi
stress is 174 MPa.

This stress can be used to calculate the maximum stress in the
Al matrix using (6). Assuming an average NiTi fiber volume fraction
of 15.1%, the stress applied to the Al matrix is 31 MPa in compres-
sion. Comparing the 174 MPa NiTi tensile stress and 31 MPa Al
compressive stress to their respective yield strengths given in Ta-
ble 1, it is clear that the change in temperature during the DSC trial
was not sufficient to cause plastic deformation of either constitu-
ent. The only other mechanism to allow transformation and subse-
quent strain recovery of the NiTi in the first DSC cycle is failure and
separation of the NiTi-Al interface, which is supported by the post-
failure SEM observations.

Once failure is initiated at Ty, the NiTi and Al stress will imme-
diately begin to diminish as the constraint and thermoelastic stres-
ses generated by the Al matrix are no longer fully acting on the
ribbons. As a result, the effective austenite finish temperature, as
calculated through (2), drops after failure. If the composite did
not fail through prestrain recovery, the AF temperature would re-
main high due to the increasing blocking stress. This is visualized
by continuing to follow the stress-temperature load paths in
Fig. 7(a) beyond the asterisk. The load path will not intersect the
AJ‘E line until 597 °C and 4350 MPa. It is noted that reaching these
levels of temperature and stress is unlikely as other factors includ-
ing yielding of the materials would contribute to failure of the
composite prior to transformation completion. However, the fact
that transformation ends in the first DSC cycle at an average value
of 77.5 °C indicates that NiTi stress has been significantly relieved.
Further, the shift in transformation temperatures in cycle 2 indi-
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cates an irreversible change has occurred and the composite has
undergone a functional failure via prestrain recovery.

In considering the UAM samples, it is assumed that there is no
metallurgical bonding between the NiTi and Al as ultrasonic weld-
ing times are short and temperatures are not high enough to sup-
port diffusion [13]. This is supported by the EDS results that show
no measurable diffusion and a persistent oxide layer that would in-
hibit the formation of a solid state bond. Load transfer is believed
to be due to friction between the constituent components. The
shear strength of the NiTi-Al interface is calculated by

T = GXANiTi/Asheah (1 1 )

where oy is the NiTi stress at T, calculated from (7), Anir; is the rib-
bon cross sectional area, and Ay, is the interface surface area. The
average interface shear strength was found to be 7.28 MPa. The
maximum NiTi stress and interface shear strength for all samples
are presented in Table 2.

Interfacial shear strength due to friction between the fiber and
matrix is not dependent upon the fiber length [33] and neither is
the blocking force generated by the NiTi element. However, the
shear stress generated by the blocking force is dependent upon rib-
bon surface area which is proportional to fiber length. This implies
that as composite length increases for similar NiTi-Al composites,
so will failure temperature, eventually reaching a point where
composite failure may occur through yielding of the NiTi elements,
compressive yielding of the Al matrix, or buckling of the composite
rather than interfacial failure. The developed model is utilized to
calculate failure temperatures of similar composites based upon
the length of the embedded ribbon. Using prescribed lengths and
proportional shear areas, the NiTi stresses required to surpass the
interface shear strength are determined. The required stresses to
induce interface failure have unique failure temperatures which
are plotted in Fig. 7(b). The plot accounts for the effect of the pre-
load estimated in the DSC samples, however the difference be-
tween the failure temperature with and without preload is less
than 1°C. With 86.3 MPa preload, the minimum length is
1.2 mm. Below this length, the stresses applied by the elastic pre-
load are sufficient to cause interface failure without heating.

From Fig. 7(b), a composite with a length of 20 mm has a
sufficiently large shear area to be heated to 250 °C before interface
failure. The implications of increasing the fiber length, and there-
fore operating temperature range, are demonstrated in the mod-
eled strain-temperature behavior of these composites, shown in
Fig. 7(c). By substituting the NiTi stress calculated by (7) into (4),
a plot of strain versus temperature is obtained. Both the zero pre-
load and 86.3 MPa preload conditions are shown in Fig. 7(c). At
temperatures below A7, the thermally-induced strain will follow
a linear path while temperatures beyond A? will cause the effective
composite CTE to decrease substantially as a result of recovery
stresses generated by the detwinned NiTi ribbon. The strain-tem-
perature model indicates that if the NiTi ribbon is not embedded
under a preload, the strain will reach a maximum and have an
effective CTE of zero at 130 °C while a preload similar to the tested
samples will cause the strain maximum and zero CTE point to oc-
cur at 135 °C. By varying the NiTi fiber volume fraction, the pre-
strain level, and ribbon preload, the thermally-induced strain
response can be tailored to have a near zero CTE over a defined
temperature range. In addition, by selecting a shape memory alloy
with lower transformation temperatures, the linear strain region
can be eliminated at room temperature. While interface failure
can be avoided by increasing the embedded fiber length,
failure of the matrix or fiber is a concern as stress continues to
increase with temperature. With a sufficiently long embedded
fiber, the temperature at which the matrix or fiber fails will be
the limiting temperature of the composite. To illustrate, a compos-
ite of similar construction is considered, including a 15.1% fiber

volume fraction, 86.3 MPa persistent tensile preload on the fiber
at room temperature, and a length sufficient to avoid interface fail-
ure. Using (8) and (9) and the yield strength of NiTi provided in
Table 1, the stress generated within the composite will exceed
the tensile yield strength of the NiTi ribbon, 816 MPa, at 151 °C.
Similarly, using (6) to equate (8) to o4, the matrix stress will
exceed the compressive yield strength of Al 3003, 140 MPa, at
148 °C. Yielding of one component will allow the NiTi fiber to
recover a significant amount of prestrain, thus irrevocably chang-
ing the composite behavior upon further thermal cycling. In this
particular case, the yield strength of the Al matrix will be reached
first, limiting the low CTE behavior to below 148 °C. Note that
stress in the Al matrix and stress in the NiTi fiber are related
through (6) and therefore the component that fails first is deter-
mined solely by the fiber volume fraction.

If maximum service temperatures or composite lengths are se-
lected such that the matrix and fiber do not yield and the interface
failure temperature is not reached, the composites are expected to
have a repeatable thermomechanical behavior. For prestrained
shape memory NiTi, this would include a thermoelastic region fol-
lowed by a reduced CTE region due to the generation of blocking
stress. Upon cooling, the prestrain would be reintroduced into
the SMA as it cools between M; and My by loading from the Al ma-
trix. Below My, the SMA prestrain would be maintained and thus
further heating would produce similar results for subsequent cy-
cles. Such repeatable behavior is imperative if similar builds are
to be used as the basis of SMA composite components.

5. Conclusions

In this research, interface failure of NiTi-Al UAM composites
was observed through DSC and modeled using the known behavior
of the embedded SMA material. The nature of the NiTi-Al interface
bond was also examined through EDS analysis. Using the DSC re-
sults and composite model, the interfacial shear strength was
determined. Failure temperature was consistent between all sam-
ples with an average of 68.9 °C. Using the developed constitutive
composite model, the average shear strength of the interface was
found to be 7.28 MPa. While the interfacial shear strength and
the blocking force are not dependent upon length of the embedded
NiTi elements, the shear stress at the interface is inversely propor-
tional to ribbon length. This suggests that by increasing the com-
posite length the interface failure temperature is increased
significantly, avoiding irrecoverable composite damage. EDS analy-
sis indicates there is no solid state or metallurgical bonding due to
a persistent oxide layer and no measurable diffusion across the
NiTi-Al interface. This provides two additional avenues for
strengthening the interface. First, it may be possible to promote
metallurgical bonding through oxide layer removal prior to
embedding. Another possible way to increase interface strength
would be to increase surface area through a textured surface on
the NiTi ribbon. Ultimately, composite failure may not be limited
by interface strength, but instead by material yield strengths and
critical buckling loads. By increasing the failure temperature
through interface strengthening or increasing shear area, this pro-
cess can be used to create composite systems that have low effec-
tive CTEs over a wide temperature range. By having an aluminum
based structure with a low CTE, significant weight saving can be
made over structures created using iron based alloys with similar
thermal expansion properties.
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