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The purpose of this study is to understand and improve the interfacial shear strength of metal matrix
composites fabricated via ultrasonic additive manufacturing (UAM). NiTi—Al composites can exhibit
dramatically lower thermal expansion compared to aluminum, yet blocking stresses developed during
thermal cycling have been found to degrade and eventually cause interface failure in these composites. In
this study, the strength of the interface was characterized with pullout tests. Since adhered aluminum
was consistently observed on all pullout samples, the matrix yielded prior to the interface breaking.
Measured pullout loads were utilized as an input to a finite element model for stress and shear lag
analysis. The aluminum matrix experiences a calculated peak shear stress near 230 MPa, which is above
its ultimate shear strength of 150—200 MPa thus corroborating the experimentally-observed matrix
failure. The influence of various fiber surface treatments and consolidation characteristics on bond
mechanisms was studied with scanning electron microscopy, energy dispersive X-ray spectroscopy,
optical microscopy, and focused ion beam microscopy.

© 2015 Elsevier Ltd. All rights reserved.

1. Problem statement and introduction

Ultrasonic additive manufacturing (UAM) is a recently devel-
oped rapid prototyping process where thin foils of similar or dis-
similar metals are ultrasonically welded together in a layer by layer
process to form gap-less, 3D metal parts [1]. Along with welding,
periodic machining is utilized during the UAM process to imple-
ment complex designs, features, and to remove material for
embedding various objects into the structure, such as reinforcing
fibers. A schematic of the UAM process is shown in Fig. 1.

Due to the physics of ultrasonic welding, metallic bonding takes
place at temperatures far below metallic melting temperatures.
Thus, temperature sensitive materials such as nickel titanium (NiTi)
shape memory alloys can be combined or built into metallic
structures. Current UAM systems utilize 9 kW of ultrasonic power,
nearly an order of magnitude higher than early UAM equipment.
The increase in weld power allows for higher process down force
and higher quality interfacial properties between foils and between
foils and embedded fibers [2].
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Recently, UAM has been utilized to fabricate aluminum matrix
composites with embedded NiTi shape memory alloy fibers for
thermally invariant components. Specifically, when the composite is
heated, the strain recovery of the NiTi fibers counteracts the
expansion of the aluminum matrix. This combination creates a low
density, stiff, and thermally stable material for engineering appli-
cations. Previous efforts have shown a 60% reduction in the average
coefficient of thermal expansion for Al 3003 up to 100 °C [3]. Yet,
metallic bonding between the aluminum matrix and NiTi fibers is
not always observed. Instead, the interface is believed to be pre-
dominately supported by mechanical coupling in the form of a
friction fit [4]. Although it is desirable to achieve metallic bonding at
the interface, mechanical coupling may be sufficient if the interface
strength exceeds thermal blocking stresses generated throughout
temperature cycling. However, previous efforts have shown evi-
dence of interface failure when significant blocking stresses arise [4].

To further investigate the high temperature interface failure,
interfacial shear stresses of NiTi—Al 6061 composites are estimated
through single fiber pullout tests [5]. Understanding the strength
and failure characteristics of the interface is critical for designing
reliable and robust NiTi composites. Pullout testing has been found
to be effective in estimating interface strength and understanding
failure behavior in polymeric composites with embedded NiTi
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Fig. 2. Current 9 KW UAM system with sonotrode and ultrasonic welder assembly boxed in red. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

[6—13]. In addition to estimating strength, the influence of various
surface treatments on the NiTi fibers was investigated for possible
improvement of the interface strength and bonding behavior. The
surface treatments investigated are as-built oxide (past surface
finish of use and control), chemically etched, mechanically pol-
ished, and mechanically roughened. The chemically etched and
mechanically polished finish increase the likelihood that metallic
bonding may take place due to the as-built oxide layer being
removed. On the other hand, the mechanically roughened surface
would potentially increase the mechanical interlocking and in-
crease the likelihood of metallic bonding. To complement the fiber
pullout tests, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) were utilized to compare and
contrast bond type and quality for each NiTi surface finish. Addi-
tionally, optical microscopy and focused ion beam (FIB) microscopy
were utilized to analyze interface failure behavior and matrix
microstructure around embedded fibers.

2. Methods
2.1. Sample manufacture

In this study, Al 6061-H18" was utilized as the metal matrix for
the NiTi—Al UAM composites. Al 6061 was chosen due to its
frequent use in industry and strong compatibility with UAM.
Samples were manufactured on a 9 kW UAM system [ 14], Fig. 2. The
machine has a fully automated tape feed, a computer numerical
control (CNC) stage, and a laser machining stage to complement the
ultrasonic welder.

The NiTi fiber diameter utilized in this study, for all surface
finish types, was 0.28 mm (0.011”), as supplied by Nitinol Devices

1 6061-H18 foil as supplied by the vendor was fabricated by cold rolling 6061-0
stock material to an H18 temper.

Table 1

Ultrasonic welding parameters used in this study.
Parameter Value
Temperature 22 °C (70 °F)
Force 6000 N
Amplitude 32.76 um (70%)

Speed 84.6 mm/s (200 in/min)

and Components, Inc. The material was shape-set to be straight
and was super-elastic prior to embedding (Austenite finish tem-
perature above room temperature). Super-elastic fibers were
selected due to available material supply. Welding was performed
with a 7 micron Ra surface roughness sonotrode on 101.6 mm by
76.2 mm (4" by 3”) Al 6061-T6 base plates near 4.76 mm (0.1875")
in thickness. The base plates were constrained with a custom
metal matrix composite fabrication fixture and vacuum chuck.
Foils with a width of 23.81 mm (15/16”) and a thickness of
0.152 mm (0.006"”) were utilized. The welding parameters used in
this study are listed in Table 1. These parameters were chosen from
a statistical optimization study for UAM-welded Al 6061-H18
material [15].

To embed a fiber, a ball end mill was utilized to cut a slightly
oversized pocket to aid in fiber placement and encapsulation. The
pocket's depth was slightly less than the fiber's diameter to
enhance frictional scrubbing, help promote consolidation, and
minimize loads on the fiber. A similar 'no load’ fiber embedding
method has been presented [16]. Laser machining was not utilized
in this study to minimize aluminum oxide formation in the fiber's
pocket prior to embedding. To isolate a fiber, additional machining
operations were alternated with welding and fiber encapsulation to
ensure the embedded fiber was within a representative weld zone
of the UAM process. After machining and welding, samples were
removed with electrical discharge machining to minimize cutting
stresses on the sample and achieve small sample dimensions. Final
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Fig. 3. Sample details: (a) schematic of sample cross section with key fabrication details; (b) physical sample ready to test post manufacture.

samples were near 3.175 mm (0.125”) in thickness and 22.86 mm
(0.9”) in width with the NiTi fiber embedded close to center, Fig. 3.
The fiber length to pull out from the matrix was chosen to be 1 mm
(0.04") because fiber strain is transferred to the matrix near the
edge of the composite due to shear lag [5,17]. Additionally, this
length was chosen for feasible manufacturing and handling during
testing.

2.2. Fiber pullout testing

Although fiber pullout tests have been detailed in the literature
[5,18,19], no standard has been developed for this type of test.
A custom fixture was developed and built to fit into square tensile
test grips, Fig. 4. This test fixture design was inspired and
improved from previous interface strength testing of UAM com-
posites [20,21]. Key features and improvements of this test fixture
design are: (i) ability to load samples by sliding them to center,
(ii) close fit to a sample's thickness and the use of closely spaced
set screws to minimize sample misalignment, rotation, and
bending, and (iii) oversized hole drilled at center to minimize
fiber misalignment in the testing process. This fixture is made
with AISI 1018 Cold Worked Steel to avoid failure and minimize
test fixture deformation.

Testing was performed on a TestResources 131R1000-6 load
frame with MTS Advantage mechanical wedge type grips and an
environmental chamber. The load frame is equipped with a 2.2 kN
load cell with a maximum resolution of 1.3 N if all sensor errors are
considered. The displacement sensor has a resolution of 0.002 um.
A detailed test setup is shown in Fig. 5. A load rate of 1.27 mm/min
(0.05 in/min) was applied to the load frame controller once the
sample was secured and aligned within the grips. Due to the
somewhat fast load rate, a sampling rate of 250 samples/s was

Fig. 4. Custom fiber pullout test fixture used in this study.

utilized to acquire enough data points. The total travel distance was
selected to be 2.54 mm (0.1”) to ensure that the fiber had
completely pulled out of the test fixture before the test was
stopped. Measured data included time traces of force and distance.

2.3. Fiber pullout modeling

In conjunction with fiber pullout testing, a finite element model
(FEM) was developed within COMSOL Multiphysics to simulate fi-
ber pullout test conditions. The purpose of this model is to estimate
the stress loading in the composite prior to failure, i.e., quantify
interfacial stresses, bending loads, and deformation behavior. The
model does not incorporate the nonlinear transformation behavior
of the NiTi fiber, matrix plasticity, or any residual stresses from the
manufacturing process. The model therefore quantifies the inter-
facial stress behavior up to the point of failure initiation, but not
during the failure. It is safe not to incorporate the transformation
behavior of the super-elastic wire during pullout testing here
because (i) the material utilized experimentally has a high det-
winning stress and as such, it will begin to transform when the
matrix plastically deforms (see Fig. 6), and (ii) the material cannot
physically undergo enough strain to transform into Martensite [13].
Consequently, the NiTi material is modeled in the Austenitic state.
Material properties are listed in Table 2> while key details and as-
sumptions of the FE construct are shown in Fig. 7. Lastly, to effi-
ciently describe the deformation behavior, a graded mesh made
with tetrahedral elements was utilized within the fiber and matrix,
Fig. 8. Approximately 10 elements make up the fiber diameter
(perpendicular to the fiber's axis) while 40 are used for the axis. The
mesh was obtained by refinement until the averaged peak stress
(see Section 3) differed less than 2% in magnitude from the previous
magnitude over the first 0.12 mm in fiber length.

The FE calculations show that deformation is highly localized
around the fiber, as desired, to minimize unwanted bending loads.
Displacement around the fiber is large due to the high stress
experienced during testing. Localized bending around the fiber
does occur, yet the displacements from bending alone are near an
order of magnitude smaller than those from fiber loading. Conse-
quently, bending can be assumed not to influence test results.

2.4. Microscopy and microstructure characterization

In addition to mechanical testing and modeling, microscopy
analyses were performed to qualitatively and quantitatively study
the NiTi—Al interface. Electron and focused ion beam microscopy
were performed using a FEI Quanta 200 SEM with EDS capability
and FEI Helios NanoLab™ 600 DualBeam FIB/SEM, respectively
[22]. Optical images were acquired with an Olympus GX71

2 Material properties obtained from www.matweb.com and from tensile testing.
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Fig. 5. TestResources load frame used for testing with key specifications listed. The area boxed in red illustrates how the test fixture and sample are loaded into the machine. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Room temperature stress—strain curves of nickel titanium fibers utilized in this
study. Data was taken using ASTM F2516 - 07e2. The measurements show a high
detwinning stress and large elongation to form Martensite.

microscope. SEM imaging was done to evaluate consolidation
quality and examine the NiTi—Al interface while simultaneous EDS
line scans were performed across various interface regions to
quantify diffusion and oxide concentration. Optical and focused
ion-beam imaging were performed to analyze grain refinement and
failure behavior near a previously embedded mechanically rough-
ened fiber, i.e., the fiber had been pulled out prior to imaging.

SEM Imaging and EDS were done with an electron acceleration
voltage of 15—20 keV, a spot size of 4—5 nm, and a working distance
of =12 mm. EDS scan distance was near 15 um for all samples while
sample spacing was near 1 um. However, the resolution of the EDS
is near 4 um. Consequently, some data smearing occurs near the
interface. Finally, each EDS sample point was measured for 20 s to
fully measure energy states of pertinent atoms.

Initially, optical imaging was utilized after etching the
aluminum surface with an electrolytic Barker's solution, i.e., near
1% fluoroboric acid, to expose grains [23]. After etching, differential
interference contrast (DIC) was utilized to observe the grain

Table 2

FEM material properties.
Property Al NiTi
Modulus (GPa) 69 57.5
Poisson's ratio 0.33 0.3
Density (kg/m?) 2700 6450

structure around the fiber. In order to enhance imaging of small
grains formed near the fiber during the UAM process, focused ion
beam imaging was utilized to expose grain boundaries by etching
away a few nanometers of material at an oblique angle with an
accelerating voltage of 30 keV. lon beam etching works in a similar
manner to chemical etchants by exposing grain to grain contrast via
grain orientation, yet material removal is more controlled. Once the
material is etched away with the ion beam, small grains are more
easily imaged with the SEM.

3. Results
3.1. Fiber pullout testing

A representative fiber pullout force-displacement curve and
tested oxide surface finish sample are shown in Fig. 9. Key details
have been highlighted on the curve to explain test conditions,
material behavior, and failure progression. It is emphasized that
aluminum remains on the surface of the fiber post failure, which
implies matrix rather than interface failure.

Table 3 summarizes fiber pullout test results for the study. All of
the samples failed at a similar load level, though differences in the
average shear strength can be observed. The average shear stress
was calculated by dividing the peak pullout load by the shear area
(circumference multiplied by length). Several samples were tested
for each surface finish, exhibiting consistent results.

3.2. Fiber pullout modeling

Calculated interfacial shear stresses are shown in Fig. 10. A load
of 40 N was applied to the fiber since the experiments show that
this load consistently produces failure. Three sample thicknesses
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Table 3
Fiber pullout summary for all surface finishes.

Oxide Roughened Chem. Etched Mech. Polished

Number of Samples 8 7 3 9
Avg. Peak Pullout Force (N) 37.7 40.5 36.3 379
Stdev Peak Pullout Force (N) 5.8 10.7 125 9.0
Avg. Sample Length (mm) 1.22 1.02 1.35 1.45
Stdev Sample Length (mm) 0.11 0.20 0.15 0.07
Avg. Shear Stress (MPa) 35.8 453 31.1 299
Stdev Shear Stress (MPa) 6.7 82 124 7.5

were considered: 1.0, 1.2, and 1.4 mm. Shear stresses are concen-
trated near the edge of the sample but they drop off quickly away
from the edge due to shear lag between the fiber and matrix. Prior
FEM analyses of NiTi composites have shown similar stress profile
behavior [24]. As a consequence of the short distance over which
the load is transferred from the fiber to the matrix, called the
critical fiber length [5], very large localized stresses will be
observed, which, in turn, cause failure in a progressive fashion
down the fiber. Failure is thus expected to occur at the weakest
composite element. Due to the ultimate shear strength of NiTi
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Fig. 10. Shear stress analysis of fiber-matrix interface for 40 N load: (a) stresses were calculated on the line shown; (b) shear stress calculation along the thickness of the aluminum
sample, for the three different sample thicknesses considered. Peak stresses are observed to occur at the same depth in the aluminum sample.

(500 MPa) being much larger than the strength of the aluminum
tape (150—200 MPa), failure is expected to initiate at the matrix or
the interface rather than the fiber.

Table 4 shows the calculated average peak stress and average
stress for each sample thickness. The average peak shear stress was
calculated by averaging the 5 closest elements to the fiber edge, i.e.,
the first 0.12 mm of the sample, while the average stress utilized all
of the data points. The peak stress was averaged due to the exact
peak value being difficult to confidently estimate due to the edge
introducing a mathematical singularity in the FEM calculation.
Correlation with the experimental data was done by calculating the
average shear stress from the ratio of the measured peak pullout
force and the total shear area of the fiber. Because of machining
variability, each sample had a different thickness: the sample with
roughened fiber had a thickness of 1 mm, the oxide sample had a
thickness of 1.2 mm, and the mechanically polished sample had a
thickness of 1.4 mm. The resulting stresses are shown in the last
column of Table 4. The average peak shear stress is largely inde-
pendent of sample thickness, which, in turn, correlates well with
consistently observed failure loads for all samples and smearing of
the average shear stress for longer sample thicknesses. Addition-
ally, it is noted that the average peak shear stress is near or above
the ultimate shear strength of the aluminum tapes utilized in the
UAM process.

3.3. Microscopy and microstructure characterization

3.3.1. Consolidation quality and interface Composition

SEM images of sample cross sections for each surface finish are
presented in Fig. 11. These samples were not used in mechanical
testing, but were made separately with the same welding con-
ditions as the pullout samples. Tape interfaces cannot be identi-
fied easily, which illustrates the consolidation effectiveness of
UAM. Additionally, the Al 6061-T6 base plate material can be

Table 4

Fiber pullout comparison between FEM and empirical results. Average peak shear
stress was computed by averaging first 5 data points near fiber edge while average
shear stress averaged all data points over fiber length.

Sample thickness Avg. Peak 7 Avg. FEM 7 Avg. Empirical 7

(mm) (MPa) (MPa) (MPa)

1.0 177.6 46.5 45.3 (Roughened)

1.2 174.2 38.6 35.8 (Oxide)

14 168.4 32.6 29.9 (Mech.
Polished)

identified as the area with the slight contrast difference directly
below the fiber. Finally, it can be seen that all the fibers were
encapsulated well with some void character. Unexpectedly, some
of these voids occur near the bottom of the fiber in the oxide and
chemically etched surface finishes. This odd bottom of pocket
void characteristic could have originated from contaminants on
the fiber surface prior to consolidation, which could limit bonding
around the fiber. Alternatively, the contaminants could have
promoted a corrosive reaction with a chemical utilized in the
polishing process.

EDS line scans with corresponding SEM images for the surface
finishes of oxide and mechanically roughened are shown in Figs. 12
and 13, respectively. It was found that the mechanically polished
and chemically etched surface finishes had similar interface char-
acter to the mechanically roughened material, so they are not
included for brevity. Fig. 12 shows a uniform oxide layer near 2
micron in thickness that can be observed in the micrograph and in
the EDS line scan. On the other hand, no obvious oxide layer can be
observed visually or with EDS for the other surface finishes. How-
ever, some oxides do appear to become trapped in the surface
roughness of the roughened fiber, as seen in Fig. 13. Lastly, for all the
surface finishes under investigation, oxygen is observed within the
fiber. This oxide is believed to be titanium dioxide which formed
post sample polishing.

3.3.2. Microstructure characterization

To better understand matrix failure and consolidation character
around the fiber, the microstructure was analyzed around a pulled-
out mechanically roughened fiber. Optical images of an etched
surface using DIC optical microscopy are shown in Fig. 14. The tape
interface is observed to crimp around the previously embedded
fiber exhibiting large plastic flow. The original tape grain structure
consists of long flat grains which result from cold rolling fabrica-
tion. These grains appear to flow in and around the fiber due to the
circular geometries of the fiber and machined out pocket. Lastly, the
tape interfaces can be identified only due to the chemical etchant
attacking small grains of similar orientation [25].

The optical images in Fig. 14 give insight into the consolidation
microstructure, but the fine grain recrystallization observed at tape
[26,27,25] and fiber interfaces [28,29] in the UAM process cannot be
clearly distinguished. As a result, FIB imaging was utilized to better
characterize and observe this fine grain microstructure. In
Fig.15(a), the microstructure transitions from long flat grains to fine
equiaxed grains near the previously consolidated fiber. The flow of
aluminum around the fiber and into the pocket can be more clearly
seen, as highlighted with arrows, in Fig. 15(b). A crack is observed
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Fig. 11. SEM images of embedded NiTi fibers utilized in this study: (a) oxide surface finish; (b) mechanically roughened surface finish; (c) chemically etched surface finish;
(d) mechanically polished surface finish.
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Fig. 13. SEM image of top of mechanically roughened surface finish fiber with corresponding EDS line scan.
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Fig. 14. Optical images of etched sample at various magnifications using DIC to show grain structure around pulled out fiber: (a) overall view; (b) right top and side; (c) left top and
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Fig. 15. Focused ion beam etched surface: (a) grain structure without flow detail; (b) grain structure with flow detail.

along the tape crimp, which likely formed during mechanical
testing and was intensified once a chemical etchant was utilized.
No obvious cracks were observed in the pristine NiTi—Al composite,
see Fig. 16.

4. Discussion

In order to understand and improve the fiber—matrix interface
in UAM metal-matrix fiber composites, fiber pullout tests were
developed to estimate interfacial shear stress and study failure
behavior near room temperature. It was found that fiber surface
condition did not play a significant role in strengthening the
interface because plastic deformation occurred in the matrix prior
to the NiTi—Al interface breaking for each surface finish type.
Failure of the matrix was evidenced by adhered aluminum seen on

all samples after pullout. Further, failure occurred at very similar
load levels for each surface finish. In conjunction with fiber pullout
testing, a finite element model was developed within COMSOL to
analyze sample loading prior to failure. The FEM calculations sup-
port plastic deformation of the matrix due to stress levels being
above its ultimate shear strength. High shear stress occurs within
the matrix because of shear lag effects, i.e., the narrow region of
strain transfer from the fiber to the matrix creates a stress
concentrator. As a result of high shear loading for all surface fin-
ishes, the matrix fails before the NiTi—Al interface.

Microscopy analysis shows that all fiber surface finishes can lead
to consolidation with little void presence. For the oxide surface
finish, it is observed that little to no metallic bonding takes place
due to the consistent, unbroken, oxide layer on the fiber. Instead,
nearly all interactions between the matrix and fiber would come
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from friction or mechanical interlocking. On the other hand, the
other surface finishes show no observable oxide layer, which could
imply metallic bonding. However, no measurable diffusion is
observed at the interface due to the fast weld time and low for-
mation temperature of the UAM process. Consequently, it cannot be
confidently said what the exact bond constituents are for the me-
chanically roughened, chemically etched, or mechanically polished
surface finishes.

The microstructure of a failed sample was analyzed using opti-
cal, FIB, and SEM imaging to understand why the aluminum matrix
failed and not the NiTi—Al interface. It was determined that large
plastic flow of the aluminum matrix around the recessed
embedded fiber forced the tape interface to crimp and create a
large zone of recrystallized grains. Due to these characteristics, a
robust bond is formed around the fiber which entails micron and
submicron sized grains. Additionally, because micron and submi-
cron grains are formed around the fiber during construction, it is
likely that grains near in size compared to fiber surface asperities
were able to form. As a result, the matrix would fail via shear
because submicron grains would become trapped within the as-
perities of the fiber, which, in turn would lead to robust mechanical
interlocking and high resistance to shear at the NiTi—Al interface.
Similar to the EDS line scans, it cannot be confidently said that all of
the surface finishes failed via subgrain entrapment, but this idea is
consistent with the oxide surface finish due to the limited possi-
bility of metallic bonding.

5. Concluding remarks

In summary, interfacial shear stress and bond mechanisms were
studied as a function of NiTi fiber surface finish for NiTi—Al UAM
composites with the use of fiber pullout testing and microscopy.
This study was carried out to improve and understand the NiTi—Al
interface for improved design and modeling of NiTi—Al composites
due to previous work showing proof of interface failure and fric-
tional bonding between the matrix and fiber. With this study,
strong evidence is presented that the matrix is in fact the weakest
link in the composite for all surface finishes due to consistent
observation of remaining aluminum on pulled out fibers and
simulated peak shear stress being near or above the welded
aluminum tape's shear strength. Consequently, bond mechanisms
for all fiber surface finishes supersede the strength of the aluminum
matrix and show that there is no clear optimal surface finish.
However, with the use of stronger matrices or characterization of
the interface at elevated temperatures, surface finish may play a
larger role in failure.

It has also been confirmed from previous work that the UAM
process does not break up the oxide layer on the oxide surface
finish fiber and that the bond mechanism is largely a mechanical
interlock or a friction fit. The other surface finishes have no
observable oxide layer that would prohibit metallic bonding. Thus,
it is possible that metallic bonding may be taking place. Although
the exact bond mechanisms cannot be determined for each fiber,
the mechanically roughened fiber appears to be the best from a
potential bond strength perspective because it offers both
increased frictional coupling and the possibility of metallic
bonding.

Lastly, microstructure examination around a failed mechanically
roughened fiber was carried out to investigate why matrix failure
occurred. It was found that large plastic flow of the matrix during
the UAM process crimps the tape interface and provides a kinetic
path for dynamic recrystallization of the aluminum, i.e., favorable
grain refinement of the aluminum around the fiber. Due to the
matrix near the fiber recrystallizing, micron and submicron equi-
axed grains are formed, which are similar in size to the surface
asperities of the consolidated fibers. As a result, small grains could
become entrapped within these asperities which significantly
enhance the mechanical interlocking and pullout resistance for all
surface finishes.
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