Interfacial Reactions in Model NiTi Shape Memory Alloy
Fiber-Reinforced Sn Matrix “Smart” Composites
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In this article, the microstructure properties of a novel Pb-free solder composite were examined.
A binary nickel-titanium shape memory alloy (SMA) fiber was used to reinforce the Sn-rich
matrix, to take advantage of the superelastic properties of the fiber. The objective of this study
was to understand long-term, high-temperature interfacial growth in a model NiTi fiber-rein-
forced Sn matrix composite solder system. The microstructure was quantified by scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and wavelength dispersive
spectroscopy (WDS). The mechanical properties of the interfacial zone, e.g., Young’s modulus
and hardness, were characterized by nanoindentation. The evolution of the reaction products
with time and the relationship between composition and local mechanical properties are dis-

cussed.
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I. INTRODUCTION

HEALTH concerns over Pb toxicity in traditional
Pb-Sn solders have prompted the need for Pb-free
solders in electronic packaging.!" ¥ In general, Sn-rich
solder alloys based on binary and ternary eutectics of Ag
and Cu exhibit significant advantages in creep and
thermal fatigue resistance over Pb-Sn solders.* ® How-
ever, these replacement alloys exhibit inferior ductility
to Pb-Sn alloys. When these solder joints are subjected
to mechanical stress during assembly, packaging, or in
service, the Poor ductility may result in failure of the
component.!

The damage tolerance of these solder alloys may be
improved by adding shape memory alloy (SMA) fibers
to the Sn-rich solder matrix. Shape memory alloys
exhibit excellent damage tolerance, up to strains as high
as 10 pct with no significant degree of permanent
deformation. This is accomplished via two-phase-trans-
formation mechanisms: (a) superelastic transformatlon
and (b) thermally induced transformation."” The su-
perelastic transformation occurs when the SMA is
strained above the austenite start temperature and
transforms from austenite to martensite. After the
sample is loaded above the critical transformation stress
of the alloy, strain can be recovered 81mp1y by unloading
and it reverts back to austenite.”"'” For the thermally
induced transformation, plastic deformation can be
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recovered upon the application of heat, as the material
returns to its original dimensions. A superelastic trans-
formation may be desirable in a Pb-free solder compos-
ite, because it does not require a heating cycle to recover
deformation. Thus, if the SMA/solder composites are
subjected to an external stress along the direction of
the wire, a superelastic transformation will occur in the
SMA fibers. When the external stress is removed, the
SMA fibers should return to their original dimensions.

The NiTi SMAs are a good choice as reinforcement in
composites due to their relatively low cost and unique
properties.'" %! Binary 50-50 at. pct NiTi alloys can
have transformation temperatures just below 0 °C and a
superelastic range between freezing and 250 °C, making
them excellent candidates for consumer -electronics.
When considering NiTi fiber-reinforced Sn matrix
composites, the microstructure and properties of the
interface between the solder and SMA fibers are very
important. Bond strength between the matrix and
reinforcement must be strong enough to provide load
transfer, which is directly dependent on interfacial
growth characteristics of the materials in the system.
Therefore, it is necessary to have an in-depth under-
standing of interfacial reactions that take place during
melting of the solder (liquid Sn) and NiTi.

The microstructure of NiTi ﬁber(solder composites
has not been studied in detail’”*! Dutta and
co-workers!?” fabricated Sn-3.8Ag-0.7Cu solder with a
single I-mm-diameter NiTi fiber and a fiber volume
fraction of about 11 pct, cast at 533 K. It was originally
reported that an intermetallic of NizSn, was observed at
the NiTi wire/solder interface for a Sn-rich sample held
at the reflow temperature of 533 K for approximately
3 minutes. This analysis was reversed in subsequent
articles,”'??! where they identified a small reaction zone,
via energy dispersive spectroscopy (EDS) line-scan
analysis, consisting of interdiffused Sn and Ti. A clear
understanding of the interaction between NiTi and Sn is
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required. The objective of this study is to understand
long-term, high-temperature interfacial growth in a
model NiTi fiber-reinforced Sn matrix composite solder
system. The microstructure was quantified by scanning
electron microscopy (SEM), EDS, and wavelength
dispersive spectroscopy (WDS). The mechanical prop-
erties of the interfacial zone, e.g., Young’s modulus and
hardness, were characterized by nanoindentation.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

Commercial NiTi wire (Memry Corporation, Bethel,
CT), approximately 600 um in diameter, was used in
this study. The wire was cold drawn, guide wire
straightened, and annealed at 850 °C for 30 minutes
followed by a water quench by the manufacturer.
Differential scanning calorimetry was performed on
the NiTi fiber to determine transformation tempera-
tures. A schematic of the fabrication process for making
the model single fiber composites is shown in Figure 1.
The fiber was etched in an aqueous solution containing
4.8 pct HF and 10.5 pct HNOj for 5 minutes to remove
surface oxides. Pure Sn was melted in a tapered
porcelain crucible at 300 °C. The wire was dipped in a
phosphoric acid-based flux (Indalloy flux 2, Indium
Corporation, Utica, NY) and placed upright on a hot
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NiTi fiber etched and cleaned

Fiber coated with flux

plate for 1 minute to raise the temperature of the flux to
approximately 100 °C. The wire was then immersed in
liquid Sn and aged for up to 168 hours at 300 °C in a
furnace. After aging, the samples were removed from the
furnace and air cooled on an Al,O3 block.

In order to characterize the microstructure, samples
were sectioned perpendicular to the fiber direction and
polished to a final finish of 0.3-um alumina suspension.
Image analysis software (ImageJ, National Institutes of
Health, Bethesda, MD) was used to determine the area
fraction of small Ti-rich particles in the NiTi fiber.
Microstructural analysis was conducted using a field
emission electron microscope (Hitachi S-4700, Tokyo)
at a beam voltage of 15 kV. Backscattered electron
imaging was used to increase phase contrast, and EDS
point analysis was used to determine phase composition.
The WDS analysis was performed on an SEM with a
tungsten filament (JEOL* JXA-8600 Superprobe) at

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

15 kV. This was done to verify the EDS data and obtain
more accurate quantitative chemical analysis. The stan-
dards used for the quantitative WDS analysis were TiO,
for Ti, pure Ni for Ni, and pure Sn for Sn. A PET
crystal was used for analysis of Ti K, and Sn L, peaks,
while a ZnF crystal was used for Ni K,,.

. |g

Fiber heated to bring
flux to working temperature

|
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Fabricated composite

Composite removed
From mold

Immersion in
molten Sn

Fig. I—NiTi-Sn composites were fabricated by immersing etched and fluxed NiTi wire into a 300 °C molten Sn bath for 24 to 168 h in a
furnace. After samples were removed from the mold, they were cross sectioned and analyzed to characterize interphase growth.
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A commercial nanoindenter (MTS Nano XP-II,
Minneapolis, MN) was used to measure Young’s
modulus and hardness of the different phases. Indenta-
tions were performed with a Berkovich indenter (three-
sided pyramid) to a depth of 900 nm at a nominal strain
rate of 0.05/s. The properties of the NiTi fiber, Sn
matrix, and the reaction products between fiber and
matrix were examined. Approximately 50 indentations
were conducted in each component of the microstruc-
ture. In order to more accurately probe the mechanical
response of small microstructural features with limited
contribution from the surrounding microstructure, a
dynamic contact module (DCM) was used. The DCM
has an increased displacement resolution, which allows
for accurate measurements to be obtained at small
indentation depths (10 to 100 nm). These experiments
were also conducted with a Berkovich indenter to a final
depth of 400 nm. All indentations were performed usin
the continuous stiffness measurement technique.”
Here, a small high-frequency harmonic is superimposed
over the indentation load to continuously measure the
contact stiffness of the sample during loading. From this
contact stiffness, the Young’s modulus of the material
and the hardness can be determined instantaneously as a
function of depth. Calibration of the instrument was
performed on a reference sample of fused silica. Mod-
ulus and hardness data from specific locations were
correlated with compositions obtained via EDS and
WDS to determine the effect of atomic composition on
mechanical properties.

III. RESULTS AND DISCUSSION
A. Microstructure Evolution of NiTi in Liquid Sn

The microstructure of the as-received NiTi fiber was
characterized by SEM and EDS (Figure 2). The average
grain size of the fiber was approximately 5 yum. The EDS
analysis of the fiber showed the composition to be
similar to that reported by the manufacturer. Small
Ti-rich particles were observed within the NiTi fiber.
These had an average diameter of about 0.5 um. The
volume fraction of the particles in the fiber was
approximately 0.4 pct. The evolution of the microstruc-
ture of the NiTi fiber-reinforced Sn matrix composites
aged in liquid Sn at 300 °C for up to 168 hours is shown
in Figure 3. Two distinct phases are present: (1) a
continuous phase at the interface between the NiTi fiber
and molten tin, and (2) growth of a discontinuous phase
at the periphery of the first phase and in contact with
liquid Sn, after approximately 72 hours (Figure 4).

The EDS and WDS analyses were used to quantify
the composition across both interfacial layers. It is
instructive to use the Andersen—Hasler relation®* to
determine the interaction volume for both EDS and
WDS analyses. The X-ray generating radius for a given
element, R, is given by

0.064(EL — E!68)
R= .
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Fig. 2—(a) Microstructure analysis of NiTi wire reveals (b) binary
NiTi with a grain size of approximately 5 um in diameter and Ti-
rich particles on the order of 0.5 um in diameter and 0.3 to 0.5 pct.
(c) EDS analysis of a Ti-rich particle in the NiTi matrix. Note that
quantitative compositional calculations were not made due to the
small particle size.
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Fig. 3—Formation of NiTi/Sn interphases over 168 h immersion at 300 °C shows growth of two interphases, one beginning at 72 h and the

other beginning at 120 h.
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Fig. 4—Higher magnification of interphase growth over 168 h immersion at 300 °C shows formation of two interphases, a Sn-Ti-Ni ternary, and
Sn3Ti, visible after 72 h. Note that the micrographs at 120 and 168 h are at a lower magnification.

where E, is the electron voltage (keV), E. is the
characteristic X-ray energy (keV) of the element of
interest, and p is the density (g/cm?) of the material. This
estimation determines the electron range by combining
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effects of elastic scattering and energy loss due to
inelastic scattering. Clearly, the radius is dependent on
the density of the material being examined. Pure Sn has
a density of about 7.3 g/cm?, while SnsTi, has a density
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Fig. 5—Comparison of EDS and WDS data with a micrograph of the
interphases. The EDS and WDS analyses reveal a variation in compo-
sition within the inner Ni-Ti-Sn phase of the composite and a Sn;Ti,
intermetallic for the outer phase. Additionally, WDS microprobe
analysis shows Ni present in the first 20 um of the Sn-Ti-Ni phase.
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Fig. 6—Sn-Ti binary phase diagram showing Sn;Ti, intermetallic formation at 0.6 mol pct Sn.
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of 7.2 %/cm3 (calculated from data given in O’Brien
et al”®). Assuming a simple rule of mixtures, the
density of 62Sn-38Ti and 82Sn-18Ti is between 6.2 and
6.8 g/em®, respectively. Over this range of densities, the
Andersen—Hasler X-ray generation radii for Sn L,, Ti
K,, and Ni K, were calculated to be 0.76 to 0.89 um,
0.72 to 0.84 um, and 0.57 to 0.67 um, respectively.
Because the solid solution layer was at least 20-um thick,
and measurements on the Sn;Ti, were conducted on
particles about 20-um thick, the interaction volumes are
much smaller than the region being analyzed.

The EDS and WDS analyses across the interfacial
region show that the inner phase contains approxi-
mately 60 pct Sn, 40 pct Ti, and 1 pct Ni at the fiber
surface and progressively becomes richer in Sn and
poorer in Ti and Ni with increasing distance from the
fiber (Figure 5). Thus, the inner layer appears to be a
solid solution of Sn-Ti-Ni. Indeed, the backscattered
SEM images show that the contrast varies continuously
in the first layer, being darkest close to the NiTi wire and
progressively getting lighter with increasing distance
from the fiber. The outer reaction layer had a different
morphology and a constant composition of approxi-
mately 63 pct Sn and 37 pct Ti. There was no Ni
detected in the outer layer by either the EDS or WDS
technique. Thus, based on these observations and the
Sn-Ti phase diagram, this outer phase appears to be a
stoichiometric compound of Sn;Ti, (Figure 6). Kuper
et al.?® discovered that a TiSn, phase forms between
liquid Sn and pure Ti and has a Sn to Ti ratio of
approximately 1.5. Further studies confirmed the com-
position of this phase to be Sn;3Ti».?”-** Note that at the
aging temperature, on the Sn-rich part of the phase
diagram, there is a two-phase region where SnyTi, and
liquid Sn coexist, in agreement with our observations.

1 1
Liquid -
v
X
v
Y
M
1 \
—
=
w
% -
1'0H%(_)«T
I 1 I 1
0 0.2 04 0.6 0.8 1.0

Mol fraction, Sn

(28]

METALLURGICAL AND MATERIALS TRANSACTIONS A



600

580

560

540

520

Diameter (um)

500

—&— Fiber

480 |- —e— Fiber + Sn-Ti-Ni

460 L —e—Fiber + Sn-Ti-Ni + Sn.Ti__|

| | 1 1 L 1 1 L

0 20 40 60 80 100 120 140 160
Time (h)

Fig. 7—Thickness of various aspects of Ni-Ti-Sn microstructure over
time at 300 °C show initial net diffusion into the wire, followed by
formation of Sn;Ti, intermetallic growing out into the liquid Sn.

The evolution of the diameter of the NiTi fiber and
thickness of each interphase gives additional insight
into the possible diffusion mechanisms taking place
(Figure 7). The NiTi fiber diameter decreases with
increasing aging time, while the thickness of the inner
and outer layers increases. A schematic illustrating the
proposed diffusion mechanisms during aging is shown
in Figure 8. Initially, Sn, Ti, and Ni interdiffuse to form
Sn-Ti-Ni solid solution. The growth front moves into
the fiber, so Sn diffuses faster into the fiber than Ti can
diffuse into liquid Sn. It is interesting to note that the
presence of Ni within the intermediate layer causes it to
remain as a solid solution of Sn-Ti-Ni. At the periphery
of this layer, as soon as the Ni concentration goes to
zero, SnsTi, is formed from the reaction between Sn
and Ti (as described by the binary Sn-Ti phase
diagram).

B. Mechanical Properties of Interfacial Products
by Nanoindentation

Nanoindentation was used to correlate the mechan-
ical properties of the interfacial layers with the mea-
sured composition through the microstructure.
Indentations in NiTi, Sn, Sn-Ti-Ni solid solution, and
Sn;Ti, intermetallic were conducted. A strong relation-
ship between composition and measured hardness/
modulus was observed. Figure 9 shows indentations in
the Sn-Ti-Ni solid solution layer. The Young’s modulus
and hardness vs indentation depth are also shown. The
modulus and hardness are essentially constant over the
indentation depth. Note that with increasing distance
from the NiTi fiber, i.e., an increase in the amount of Sn
(decrease in Ti), the Young’s modulus and hardness
decrease.

Indentations in the Sn;Ti, intermetallic are shown in
Figure 10. Note that the indentation is well within the
intermetallic particle (the small microcracks are due to
polishing and were not observed in all intermetallic
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Fig. 8—Schematic illustrating the diffusion characteristics of the
Ni-Ti-Sn system at 300 °C. Initial interdiffusion of Sn, Ni, and Ti
creates a ternary Ni-Ti-Sn phase with 1.0 at. pct solubility of Ni.
After 72 h, the amount of Ni at the growth front is low enough to
enable outward growth of the binary Sn;Ti, intermetallic.

particles). Particular care was taken to extract modulus
and hardness information at shallower depths (50 to
100 nm) where a “plateau” was present. The reason is
that at larger depths the intermetallic islands were
somewhat prone to ‘“sink” in the Sn matrix. This was
captured by sharp decreases in modulus and hardness at
larger indentation depths (>200 nm). Figure 10 shows
the location of indentations in the Sn3Ti, intermetallic.
Figure 11 shows the modulus and hardness as a function
of position, beginning at the NiTi fiber and ending in the
pure Sn region. Note that the evolution of composition
in Sn-Ti-Ni is directly related to the modulus and
hardness. It is interesting to note that the Sn;Ti,
intermetallic has a higher modulus and hardness than
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Fig. 9—(a) Indentations in Sn-Ti-Ni solid solution, (b) load displacement, (¢) modulus vs displacement, and () hardness vs displacement curves

for the locations shown in part (a). Note that, as Sn content increases, the modulus and hardness decrease.
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Fig. 10—Locations of nanoindentations performed on Sn;Ti, intermetallic. Indentations were performed only on the largest nodules and at very

shallow depths to reduce the effects from the surrounding matrix.
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Table I. Young’s Modulus and Hardness Measured by Nanoindentation

Young’s Modulus Literature Value of Hardness Literature Value of
Material (GPa) Modulus (GPa) (GPa) Hardness (GPa)
NiTi 68.3 £ 1.8 69 £ 51 34402 —
Sn 455+ 1.4 46.7 + 2.7 0.16 + 0.03 0.22 £ 0.03P"
Sn;Ti, 144.3 + 13.2 — 8.7+09 —
100
IV. CONCLUSIONS
°\T 80 We have studied the interfacial reactions between
J | NiTi fibers in a liquid Sn matrix. The relationship
€ between the composition of the interfacial phases and
g 60 - their mechanical properties was investigated. Based on
ﬁ 4 the results of this work, the following conclusions can be
- made.
° 40 . - S
5 1. Immersion of NiTi fiber in liquid Sn at 300 °C for
B up to 168 hours resulted in two interfacial reaction
E 20 layers. The EDS and WDS analyses show that the
first layer to form is a ternary solid solution of Sn-
Ti-Ni. At the periphery of this layer, where the con-
0¢ 0 20 40 60 80 cenftratiogl o{ 'Ni is close to zero, Sn reacts with Ti
: s v to form Sn3Ti,.
160 Dlstanc‘e from NITI ere‘ (em) 10 2. Nanoindentation revealed that the hardness and
modulus of the Sn-Ti-Ni phase are directly related
=140| to composition. The Sn3Ti, phase had a higher
o 18 modulus and hardness than the Sn-Ti-Ni phase at a
e = similar composition, suggesting that it is indeed a
2 120 6 'g'. stoichiometric intermetallic compound.
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Fig. 11—Correlation between the atomic composition and hardness/
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the Sn-Ti-Ni phase over the entire range of its compo-
sition. Furthermore, it is clear that this compound is an
intermetallic compound, because both the modulus and
hardness are higher than those of the region of the
nominally same composition in the solid solution layer.
Thus, it is quite clear that the first phase appears to be a
Sn-Ni-Ti solid solution and the second is the SnsTi,
intermetallic described by Kuper ez al.*® Table I shows
a comparison of the modulus and hardness measured
for Sn;Ti, in our study. A comparison of measurements
on NiTi and Sn, with that reported in the literature,
shows very good agreement, indicating that the nano-
indentation technique used here is quite accurate in
probing mechanical properties at small volumes.
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