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This work presents an investigation on the influence of the solder/under bump metallization (UBM)
interfacial reaction to the tensile strength and fracture behavior of Sn-3.5Ag/Ni-P solder joints under
different thermal aging conditions. The tensile strength of Sn-3.5Ag/Ni-P solder joints decreases with
aging temperature and duration. Four types of failure modes have been identified. The failure modes
shift from the bulk solder failure mode in the as-soldered condition toward the interfacial failure
modes. Kirkendall voids do not appear to affect the tensile strength of the joint. The volume change
of Ni-P phase transformation during the thermal aging process generates high tensile stress inside
the Ni-P layer; this stress causes mudflat cracks on the remaining Ni-P coating and also leads to its
delamination from the underlying Ni substrate. In general, interfacial reaction and the subsequent
growth of Ni3Sn4 intermetallic compound (IMC) layer during solid-state reaction are the main rea-
sons for the decrease of tensile strength of the solder joints. The current study finds there is an
empirical linear relation between the solder joint strength and the Ni3Sn4 intermetallic compound
(IMC) thickness. Therefore, the IMC thickness may be used as an indication of the joint strength.

I. INTRODUCTION

THE interfacial reaction between solder and solderable
base metal is often an indication of sound wetting and the
formation of a metallurgical bond. A solder joint consists
of the solder, the base metal, and the interfacial layer(s),
each with its own unique properties. The mechanical prop-
erties of the solder joint depend on each of the three pri-
mary structures. The thickness of the intermetallic compound
(IMC) layer, which is produced in most of the soldering
processes, ranges normally from 1 to 3 �m with different
process conditions.[1] It increases with the reaction time of
molten solder with the solderable coatings and further with
the progress of solid-state diffusion, after the solder joint
has solidified.[2–7] The excessive growth of intermetallic com-
pounds may be detrimental to the reliability of the solder
joint because of the brittleness of the intermetallic layer, and
the stress concentration generated from the volume change
or complete consumption of the solderable coating. Thus,
it is important to study the mechanical strength of the solder
joints in relation to the presence of IMCs.

Numerous studies have examined the IMC growth kinetics
and the fracture behavior of solder joints formed by Sn-bearing
solders and copper metallization.[4,5,8–11] For the Ni-based UBM
systems, Frear et al.[12] found that fracture occurred through
the interfacial Ni3Sn4 IMC layer formed between Sn-40Pb sol-
der and Ni substrate in all the IMC thicknesses investigated.
For Sn/Ni and Sn-0.7Cu/Ni solder joints, the joint tensile
strength decreased with extended reaction time, while the frac-
ture path shifted from the bulk solder toward the intermetallic
layer.[13] Owing to the presence of P, the reaction between Sn
and Ni-P is more complicated than that between Sn and pure

Ni. Besides the existence of the Ni3Sn4 layer, the formation of
additional layers, such as the Ni-Sn-P[3,14–16] and the Ni3P lay-
ers,[17,18] may influence the fracture behavior of the solder joint.
The residual stresses at the interfaces are more complicated
with the presence of these multilayers. In a solder/Ni-P joint
failure, shear test found that fracture initiation was either
reported to be inside the eutectic solder,[19] or inside the Ni3Sn4

and Ni3P layers,[20] or at the Ni-P/substrate interface.[19] Chonan
et al. reported that the cold bump pull strength decreased when
P concentration increased. Failure was reported to occur par-
tially inside the P-rich layer in the liquid state reaction
process.[21,22] Among these limited reports on solder/Ni-P joint
failure, the difference in strength and fracture path might be
due to the fact that different researchers employed different
process conditions in their studies. A thorough investigation
would require a wider processing window that corresponds to
a larger variation of the interfacial conditions.

Ni3Sn4 IMC growth kinetics in the solid state of the
Sn-3.5Ag/Ni-P joint has been extensively discussed in our
previous work.[3] The present work will focus on the mechan-
ical testing and fracture behavior of solder joints at different
thermal aging conditions. The objective is to establish a cor-
relation between microstructure and mechanical properties of
the solder joint formed between Sn-3.5Ag and electroless Ni-P
alloy. To this aim, the tensile strength of the Sn-3.5Ag/Ni-P
solder joint was measured under different thermal aging tem-
peratures ranging from 150 °C to 216 °C. Varying the aging
time at each temperature enables a wide spectrum of interfa-
cial microstructures to be produced: from the ones close to
production/usage to the extreme ones that are less often
encountered in reality. The fracture behavior of the solder
joint has been understood from the perspectives of microstruc-
tural evolution and its related interfacial stresses.

II. EXPERIMENTAL PROCEDURES

Nickel (99 pct) plates, measuring 12.5 � 8.0 � 2.0 mm,
were used as substrate for the plating of electroless nickel.
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The plates were polished to an optical finish on the 8.0 �
2.0 mm surfaces, and then solvent degreased and rinsed in
deionized water before subsequent electroless nickel plat-
ing. A Ni-P (7 wt pct P) layer of about 5 �m in thickness
was obtained with a commercial solution. A thin layer of
immersion gold (�0.03 �m) was plated on the Ni-P to pro-
tect the surface from oxidation.

The procedure to form the tensile testing specimens is as
follows. First, the surface of Ni-P coatings on each of the
Ni plates was coated with rosin mildly activated flux. A
Sn-3.5A9 solder wire was rolled into a rectangular-shaped
coil of area larger than the joint area (8.0 � 2.0 mm) of Ni
plates in order to supply a sufficient amount of solder for
the joining. Two pieces of Ni plates were fixed in a holder,
which maintains the opposite ends parallel to each other with
a 0.8-mm space between the plates. The specimen setup was
sent into a reflow oven and heated at 251 °C for 180 seconds
and then cooled in air. The excessive solder flowed out of
the solder joint area was carefully ground away. The as-sol-
dered specimens were cut into small pieces with rectangular
cross section in the dimension of 1.5 � 2.0 mm using a dia-
mond saw, thus completing the preparation of a tensile test-
ing specimen. The schematic of the tensile testing specimen
used in this study is shown in Figure 1.

The as-soldered Sn-3.5Ag/Ni-P tensile testing specimens
were thermally aged at 150 °C, 170 °C, and 190 °C for 100,
225, 400, and 625 hours, and at 216 °C for 21, 49, and
100 hours. Three samples from each condition were tested.

The tensile test of the solder joints was performed using
an Instron 5567 tensile tester (Instron, Boston, MA) at room
temperature with a constant crosshead speed of 0.5 mm/min
(8.3 � 10�3 mm/s) to a complete fracture. Force and displace-
ment were recorded during the tests. After the tests, one of
the three samples in each condition was mounted and polished
to observe the microstructure fracture path on the cross section.
A JEOL* JSM-6360A scanning electron microscope (SEM)

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

was used to observe both the cross section of the joint and
the top view of the fractured surfaces. The elemental com-
position of the fracture surfaces was characterized using
energy-dispersive X-ray (EDX) analysis with the SEM.

III. RESULTS

In the Sn-3.5Ag/Ni-P reaction, three interfacial layers are
formed, as shown in the schematic diagram in Figure 2.
Adjacent to the solder is the thickest layer of Ni3Sn4. Two

thinner layers, Ni-Sn-P and the Ni3P, are also observed. Dis-
cussion of their formation is made elsewhere.[3]

A. Tensile Strength of Solder Joints

The average ultimate tensile strength (UTS) of the as-
soldered Sn-3.5Ag/Ni-P solder joint was 76.3 MPa. Figure 3
depicts the tensile testing results of both as-soldered and
thermally aged Sn-3.5Ag/Ni-P solder joints. The tensile
strengths of these solder joints aged in different thermal
aging processes are also listed in Table I.

Fig. 1—Dimensions of the tensile testing specimen used in this study.
The dimensions are in millimeters.

Fig. 2—Schematic diagram of the interfacial layer structure in a thermally
aged Sn-3.5Ag/Ni-P solder joint.

Fig. 3—The degradation of tensile strength for thermally aged Sn-3.5Ag/Ni-P
solder joints.

Table I. UTS (MPa) of Sn-3.5Ag/Ni-P Solder Joints After
Thermal Aging

Sn-3.5Ag/Ni-P

Aging Time, Hours 150 °C 170 °C 190 °C

0 76.3 76.3 76.3
100 74.8 67.9 51.7
225 72.1 51.6 44.6
400 64.3 45.8 19.2
625 51.5 44.3 10.4
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From the UTS results in Figure 3, the strength of the
Sn-3.5Ag/Ni-P solder joint dropped with the increase of
aging temperature and time. The strength degradation was
very fast at the aging temperature of 190 °C. Additional tests
were performed for specimens aged at 216 °C. It was found
that the strength for 21 hours aging was only 7.8 MPa, and
further dropped to near zero for 49 and 100 hours of aging.

B. Fracture Surface and Fracture Behavior of Solder
Joints

The fractured surfaces were examined to investigate the
fracture mechanisms of the tested specimens.

1. As-soldered specimens
Figure 4 is the SEM micrograph showing the cross-

sectional view of the complete failure path of as-soldered
Sn-3.5Ag/Ni-P solder joint. There was an obvious necking
in the bulk solder. The fracture surface was inclined at about

45 deg to the tensile-stress axis. The fractured surface of the
broken solder joint is shown in Figure 4(b). Location B in
Figure 4(b) lies on the slant plane of the fracture surface
inside the bulk solder; therefore, it is not surprising that EDX
showed that Sn was the dominant element. Location A in
Figure 4(b) is close to the interface. The EDX spectrum in
Figure 4(c) verified that this location was also dominated
by Sn, indicating that the fracture path is still within the bulk
solder. Shallow dimples formed near the edge of the joint
were observed, as shown in Figure 5(a). The 45-deg slant
fracture surface in Figure 5(b) consisted of small quasi-cleav-
age facets with many shear lips, indicating a mixture of
microscopic brittle and ductile fractures. The EDX analysis
shows that the fracture surface contains predominantly Sn.
The entire crack is inside the bulk solder in the as-soldered
Sn-3.5Ag/Ni-P joint. This shows that the cohesive strength
of the interfacial intermetallic compound layer itself and
its adhesion to both solder and substrate are stronger than
the strength of the bulk solder in the as-reflowed condition.

(a) (b)

(c)

Fig. 4—Failure path and fracture surface of as-soldered Sn-3.5Ag/Ni-P specimens. (a) Cross-sectional view of the entire fracture joint. Notice that necking
has occurred in the bulk solder. (b) Fracture surface of the broken solder joint in (a). (c) EDX analysis reveals that Sn dominates at location A shown in (b).
An identical result is obtained, but not shown again, at location B. From (a) through (c), it is clear that fracture is completely inside the bulk solder.
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Judging from the amount of necking, the specimen has expe-
rienced quite a bit of ductile deformation before fracture.

2. Thermally aged solder joints
For the thermally aged specimens, a general trend was

observed for the fracture mode to shift from inside the bulk
solder to the interface of the solder joint.

With an aging time of 100 hours at 150 °C, the failure
path and fracture surface of the Sn-3.5Ag/Ni-P solder joint
were similar to the as-soldered specimens—ductile fracture
inside bulk solder. With further extension of aging time, at
the same aging temperature, to 225 and 400 hours, the frac-
ture path became a mixed bulk solder and interface failure,
and the percentage of failure inside the bulk solder decreased
with aging time. When aged for 625 hours, the fracture
was completed at the interface, as shown in Figure 6. At
150 °C, the Ni3Sn4 IMC thickness for the 625 hours aged
sample was 3.7 �m, compared with 2.1 �m in the as-soldered
condition.

Figure 7 reveals the fractured surface of the sample aged
for 625 hours at 150 °C. From the EDX analysis, failure
occurred at the interface between the solder and Ni3Sn4 IMC.

(a)

(b)

Fig. 5—Fracture surfaces of as-soldered Sn-3.5Ag/Ni-P solder joint. (a) The
part of the fracture surface in circle A in Fig. 4(b). (b) The part of the frac-
ture surface in circle B in Fig. 4(b).

Fig. 6—Failure path of the Sn-3.5Ag/Ni-P solder joint aged at 150 °C for
625 h. Necking and the formation of a shear band in the bulk solder are
clearly visible.

(a)

(b)

Fig. 7—Fracture surfaces of Sn-3.5Ag/Ni-P solder joint aged at 150 °C for
625 h: (a) substrate side and (b) solder side.

In this case, large, shallow dimples were present at the
IMC/solder interface. Figure 7(a) shows the dimpled surface
with the Ni3Sn4 IMC in the center of the dimples. Figure 7(b)
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shows the fracture surface on the solder side, where the solder
with Ag3Sn particles has been separated from the intermetallic
compounds. Further evidence of the interface cracking can be
seen from the cross-sectional view of the unbroken side of
the solder joint. Figure 8 shows the crack between the solder
and Ni3Sn4 IMC.

To sum up, in the specimens aged at 150 °C, the fracture
is completely interfacial and relatively brittle after 625 hours
of aging treatment. For a shorter duration, the fracture is
mixed bulk solder failure and interface failure. Necking in
the solder still exists in all aged specimens, but the extent
is less than in the as-soldered state.

When the Sn-3.5Ag/Ni-P solder joints were thermally aged
for 100 hours at 170 °C, failure was predominantly at the
solder/Ni3Sn4 interface with a small percentage in the bulk
solder. The entire fracture surface was relatively flat, indi-
cating macroscopic brittle behavior. When the aging dura-
tion was over 400 hours at 170 °C, the crack still propagated
along the interface, and at some locations, it turned into the
Ni3Sn4 layer, as shown in Figure 9. From the unbroken side
of the same solder joint in Figure 9, the crack inside the
Ni3Sn4 IMC layer could be observed, as shown in Figure 10.
Figure 11 shows the fractured surface between the solder and
IMC of the sample aged for 625 hours at 170 °C. The crack
path was similar to the 400-hour sample, but the interfacial
dimples were larger and shallower, indicating increased brit-
tleness at the microscopic scale.

The fracture pattern of the 190 °C aged samples in
Figure 12 was very flat, showing brittle failure in the macro-
scopic scale. Figure 13 shows the typical microscopic fea-
tures at the Ni3Sn4/solder interface. The difference with the
same interface failed samples aged at 170 °C is that the dim-
ples became even larger and shallower, which indicates a
further loss of ductility compared to the samples aged at
lower temperatures.

With further extension of aging time at 190 °C, the frac-
ture did not just stay at the Ni3Sn4/solder interface. At certain
locations along the broken interface, the crack propagates
through all interfacial layers and reaches the interface of
Ni-P coating and its underlying Ni substrate, as shown in

Fig. 8—Black arrows indicate unconnected cracks along the interface
between the solder and the Ni3Sn4 IMC in the unbroken side of the Sn-
3.5Ag/Ni-P solder joint.

Figure 14. Figure 15(a) shows the cross-sectional view of
the position labeled “A” in Figure 14. Kirkendall voids can
be observed inside the Ni3P layer. However, the failure path

(a)

(b)

Fig. 9—Fracture surfaces in Sn-3.5Ag/Ni-P solder joints aged at 170 °C
for 400 h: (a) substrate side and (b) solder side. Both show identical Ni3Sn4

IMCs, indicating that the fracture is inside the IMC layer.

Fig. 10—Cracks (indicated by black arrows) within the Ni3Sn4 layer in
the unbroken side of the same joint shown in Fig. 9.
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(a)

(b)

Fig. 11—Fracture surfaces of the Sn-3.5Ag/Ni-P solder joint aged at 170 °C
for 625 h. (a) substrate side and (b) solder side. Separation from the sol-
der/Ni3Sn4 interface is clearly identifiable.

Fig. 12—Cross-sectional view of the failure path in the Sn-3.5Ag/Ni-P
specimens aged at 190 °C for 225 h.

was between the solder and the Ni3Sn4 IMC. Figure 15(b)
shows the portion (labeled “B” in Figure 14) of the crack
that ran along the interface between the plated Ni-P coating

and its Ni substrate. Figure 16(a) is a top view showing the
transition of fracture from the solder/Ni3Sn4 interface (on the
top) to the Ni-P/Ni interface (bottom). Figure 16(b) reveals

(b)

Fig. 13—Aging for 225 h at 190 °C; the fracture surface through the interface
between the Sn-3.5Ag solder and Ni3Sn4: (a) substrate side and (b) solder side.

(a)

Fig. 14—Fractured surface in the Sn-3.5Ag/Ni-P specimens aged at 190 °C
for 400 h, substrate side.
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Fig. 15—Cross-sectional view of the magnified failure path in Fig. 14.
(a) The part labeled A is the failure between the solder and Ni3Sn4. Kirk-
endall voids are visible in the Ni3P layer. (b) The part labeled B is the
failure between the Ni-P and Ni substrate.

(a)

(b)

cracks on the broken Ni-P coating surface, which originally
joins the Ni substrate. From the EDX element mapping in
Figure 17 and compositional analysis results in Table II, it
is further verified that the crack propagates from the inter-
face between the Sn-3.5Ag solder and the Ni3Sn4 IMC
through the interfacial layers, including the Ni3Sn4, Ni-Sn-P,
Ni3P, and Ni-P coating, eventually reaching the Ni-P/Ni sub-
strate interface. From the cross-sectional view of the unbro-
ken side of the solder joint, cracks could be observed between
the Ni-P and Ni substrate, as in Figure 18. The EDX analy-
sis shows that all of the Ni-P had crystallized to Ni3P where
the crack was present. Comparing with the neighboring inter-
face, where the Ni3Sn4 and Ni3P layers are thin, the over-
grown interface indeed gives rise to weak strength.

After aging at 190 °C for 625 hours, the entire fracture
surface became very flat and shiny under optical microscope.
The SEM micrographs of the fracture surface on both the
solder and substrate sides are shown in Figure 19. The sur-
face had many “mudflat” cracks on the solder side, as shown
in Figure 19(b). From the EDX analysis results, it can be
concluded that the failure occurred between the Ni-P coating

layer and the Ni substrate. Aging at 216 °C produced sim-
ilar results. The strength declined to very low values when
mudflat cracks appeared.

IV. DISCUSSION

A. Effect of Thermal Aging on Solder Joint Fracture
Behavior

The fracture behavior of Sn-3.5Ag/Ni-P solder joints is
strongly influenced by the interfacial reaction during solid-
state reaction. The tensile strength of a solder joint is depen-
dent upon all structures in the joint, including the Ni3Sn4

intermetallic compound layer and other interfacial layers
such as the Ni-Sn-P, Ni3P, and Ni-P coating. From the obser-
vation made in Section III, four typical fracture patterns could
be summarized in Figure 20. They are mode I, ductile fail-
ure inside the bulk solder; mode II, the dimpled interface
failure between the solder and the Ni3Sn4 IMC; mode III,
failure through interfacial layers (Ni3Sn4, Ni-Sn-P, and Ni3P);
and mode IV, failure between the Ni-P coating and the Ni

(b)

(a)

Fig. 16—Fracture surface showing that crack propagates through all inter-
facial layers in the Sn-3.5Ag/Ni-P solder joint aged at 190 °C for 400 h:
(a) substrate inside and (b) solder inside.
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substrate. The general trend is that with extended aging time
and an increase of aging temperature, the fracture mode
shifts from mode I to mode IV with decreasing strength. In
many cases, mixed modes were observed. A detailed dis-
cussion of these failure modes is made subsequently.

In mode I, fracture is inside the bulk solder. Typical exam-
ples are shown Figure 4 for the as-soldered joint. The frac-
ture surface shows an obvious dimpled ductile fracture. In
this type of solder joint, the deformation is accommodated
by the bulk solder rather than the interfacial intermetallics,
because the adhesion between the solder and the intermetallic
layer is rather strong and can withstand the applied tensile
stress. When the solder is deformed, necking occurs with

(d)

Fig. 17—The EDX element mapping of the fracture surface in the Sn-3.5Ag/Ni-P solder joint aged at 190 °C for 400 h (substrate side). (a) SEM micro-
graph of the fracture surface, (b) element mapping of Ni, (c) element mapping of P, and (d ) element mapping of Sn.

(a) (b)

(c)

Table II. EDX Results Showing the Composition (Atomic
Percent) on the Fracture Surface in Figure 17(a)

Position in Figure Ni Sn P

A (Ni3Sn4) 44.45 55.55 —
B (Ni-Sn-P) 56.76 18.16 25.08
C (Ni-P) 78.65 — 21.35
D (Ni) 100 — —

Fig. 18—Crack between Ni-P coating and Ni substrate in the Sn-3.5Ag/Ni-P
solder joint aged at 190 °C for 400 h.

increasing plastic strain, and the work hardening around the
neck and dimension restrictions result in increasing resis-
tance to deformation. The strain energy is accommodated
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seconds,[3,7] and has not affected the fracture strength of sol-
der joint at this stage.

It is noted that, when the Sn-3.5Ag/Ni-P solder joint fails
inside bulk solder, the tensile strength is as high as 76 MPa.
Normally, the tensile strength of the bulk Sn-3.5Ag solder is
around 30 MPa at room temperature when the strain rate is
1 � 10�3 s�1,[23] 38 MPa when the strain rate is 2 � 10�3 s�1,
and 44 MPa when the strain rate is 16.7 � 10�3 s�1.[24] In
the present study, the strain rate was 10.0 � 10�3 s�1, so
the tensile strength of the bulk solder should be in the range
of 38 to 44 MPa. Based on the prediction by Cheng and
Siewert,[25] the strength of a free-standing Sn-3.5Ag solder
at the current strain rate should be around 40 MPa. How-
ever, the tensile strength of the Sn-3.5Ag solder joint is much
greater than that of the bulk solder itself. Such an increase
in the strength is due to the fact that the deformation of sol-
der in the joint was constrained by the adjacent stronger mate-
rial. (Note that the thickness of the solder was 0.8 mm on a
joint area of 1.5 � 2.0 mm).

In mode II, the failure path is at the interface between the
solder and the IMC layer for thermally aged solder joints;
examples are given in Figures 7, 11, and 13. The Ni3Sn4

IMC thickness ranges from �3 to �4 �m. Dimples appear
as a result of the Ni3Sn4 IMCs decohesion from the bulk
solder. The overall ductility is very limited since deforma-
tion is localized at the interface. The reason for the weak-
ening of the Ni3Sn4/solder interface could be due to the stress
generated between the IMC and the solder. The stress is
caused by the volume mismatch between neighboring lay-
ers; the thicker the IMC layer, the larger the stress. Besides,
the flattened solder/IMC layer interface in the thermally aged
solder joint may also be responsible for the failure path at
the interface between the solder and the IMC.[26] When the
IMC thickness exceeds a critical value, the interface becomes
weaker than the bulk solder.

In mode III, fracture occurs in one of, or through all of,
the interfacial layers. Typical examples are shown in Fig-
ures 9 and 16. The Ni3Sn4 IMC thickness ranges from �4
to �5 �m. The weak interfacial layers may have several
causes. The Ni3Sn4 IMC is brittle. Therefore, when its thick-
ness grows too large, fracture of the layer itself may occur
(Figure 9). A similar observation in other IMCs has been
made by other researchers.[5,9] Stress may be generated due
to volume mismatch among the interfacial layers when they
grow. From Figure 21, the separation between the Ni3Sn4

layer and the layer underneath is clearly revealed. Residual
stress, generated by the lattice constant change during IMC
formation,[5] at the interface of the solder and the IMC might
also lead to fracture within the IMC.

Kirkendall voids have been cited previously to lead to
weakening of the interface by other researchers. The for-
mation mechanisms of Kirkendall voids have been discussed
in detail in our previous work.[3] Jeon et al.[27] used shear
testing with a SnPb solder ball on a Ni-P UBM and found
Kirkendall voids on the fracture surface after reflow at 250 °C
for 16 minutes. So, they attributed the decrease of solder
joint strength to the existence of Kirkendall voids. In the
current study, however, Kirkendall voids do not appear to
have much effect on the fracture of the solder joint under
tensile test. There were no Kirkendall voids observed on the
fracture surfaces. From the cross-sectional graphs in Figures
15 and 18, Kirkendall voids were clearly visible. However,

(b)

(a)

Fig. 19—SEM micrographs of the fracture surface through the interface bet-
ween the Ni-P coating and the Ni substrate. Sn-3.5Ag/Ni-P solder joint aged
at 190 °C for 625 h. (a) Ni substrate and (b) Ni-P coating layer in solder side.

Fig. 20—Schematic plot of the fracture surface in thermally aged
Sn-3.5Ag/Ni-P specimens. (a) Mode I: ductile failure inside bulk solder,
(b) mode II: dimpled interface failure between solder and Ni3Sn4 IMC,
(c) mode III: failure through interfacial layers (Ni3Sn4, Ni-Sn-P and Ni3P),
and (d ) mode IV: failure between Ni-P coating and Ni substrate.

(c) (d )(b)(a)

through deformation and eventual ductile rupture of the bulk
solder. The interfacial Ni3Sn4 intermetallic compound is rela-
tively thin, only around 2 �m after reflow at 251 °C for 180
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Fig. 21—Crack propagates through all interface layers, including the Ni3P
layer, which contains Kirkendall voids (shown by the arrows). The joint
was aged at 190 °C for 400 h.

Fig. 22—Failure modes and the relation between the tensile strength and the
Ni3Sn4 intermetallic thickness of thermally aged Sn-3.5Ag/Ni-P solder joints.

the cracks were at interfaces rather than inside the Ni3P layer.
Even in the extreme case shown in Figure 21, where they
are as large as 1 �m in their long axis, the voids did not
act as fracture origination sites. The revelation of the voids
was caused by the crack transition from one interface to
the other.

Mode IV describes the interface failure between the Ni-P
coating layer and the Ni substrate. Examples are shown in
Figure 19. The Ni3Sn4 IMC thickness is more than 5 �m.
When the aging duration is over 400 hours at 190 °C in the
Sn-3.5Ag joint, the fracture was by mixed mode III and
mode IV. With further increase of the temperature to 216 °C,
the entire fracture surface was solely by mode IV. The joint
strength was very low. Mudflat cracks could be observed
in the fracture surface on the solder side when the Ni-P coat-
ing layer peeled away from the Ni substrate, as shown in
Figure 19(b). The reason for the mudflat cracks is probably
due to the stress caused by the volume change during phase
transformation in the Ni-P layer. The density of the origi-
nal Ni-P (7 wt pct P) coating is 8.2 g/cm3,[28] and the den-
sity of Ni3P is 7.82 g/cm3.[20] After Ni-P crystallizes to Ni3P,
the shrinkage is �0.12 pct.[29] The large volume change
could generate high tensile stress in the Ni-P layer to cause
the mudflat cracks.[30] The same stress will also delaminate
the Ni-P coating away from the Ni substrate.

B. Relation between Ni3Sn4 IMC Thickness and Tensile
Strength of Solder Joints

From the analysis in Section A, it can be concluded that
during thermal aging, the thickness change of the Ni3Sn4

intermetallic layer and formation of other interfacial layers
greatly influence the tensile strength and fracture behavior
of the Sn-3.5Ag/Ni-P solder joint. A simple indication of the
extent of interfacial reaction could be the Ni3Sn4 IMC thick-
ness; the thicker the IMC layer, the less the tensile strength.
Figure 22 shows the relationship between the IMC thickness
and tensile strength of the Sn-3.5Ag/Ni-P solder joints under
different thermal aging conditions. The data of Ni3Sn4 IMC
growth kinetics were discussed in our previous work.[3] When

the fracture is inside the solder (mode I), the tensile strength
of the Sn-3.5Ag/Ni-P solder joint is always higher than
70 MPa and the thickness of Ni3Sn4 IMC is less than 3 �m.
When the failure path moves to the interface between the
solder and Ni3Sn4 IMC (mode II), the tensile strength drops
to around 50 MPa and the Ni3Sn4 IMC thickness increases
to about 4 �m. With mode III, when the failure occurs inside
Ni3Sn4 and through other interfacial layers, the fracture
strength drops significantly to less than 20 MPa. The corre-
sponding Ni3Sn4 IMC thickness is more than 5 �m. When
the fracture takes place entirely between the Ni-P coating
layer and the Ni substrate, the tensile strength is below
10 MPa and the thickness of the Ni3Sn4 IMC is more than
6 �m. In the Sn-3.5Ag/Ni-P solder joint, there is an approx-
imately linear correlation between the joint strength and the
IMC thickness (Figure 22). Therefore, the IMC thickness
inspection could be used as a reliability indication.

V. CONCLUSIONS

In this work, the tensile strength of thermally aged Sn-
3.5Ag/Ni-P joints was measured. Fractured surfaces and the
failure behavior of these solder joints were analyzed. The
effect of intermetallic compounds on the mechanical prop-
erties of these solder joints was investigated in detail.

The fracture behavior and failure path of the solder joints
change at different thermal aging conditions. Four types of
failure modes have been identified in thermally aged Sn-
3.5Ag/Ni-P solder joints. They are mode I, ductile failure
inside the bulk solder; mode II, dimpled interface failure
between the solder and the Ni3Sn4 IMC; mode III, failure
through interfacial layers (Ni3Sn4, Ni-Sn-P, and Ni3P); and
mode IV, failure between the Ni-P coating and Ni substrate.
The general trend is that, with extended aging time and
increased aging temperature, the fracture mode moves from
mode I to mode IV with decreasing strength. In many cases,
mixed modes were observed.

The tensile strength of the Sn-3.5Ag/Ni-P solder joints
decreases with the extension of aging duration, and the drop
becomes very prominent at 190 °C. The thickness of IMCs
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provides a good indication of the tensile strength. The rea-
son for such a good correlation is that the thickness varia-
tion closely relates to the interfacial reactions on which weak-
ening of the interface is dependent.

Kirkendall voids do not appear to have much effect on the
tensile fracture of the joint. This, however, does not rule out
possibilities of crack initiation by these voids under other
modes of loading, for example, cyclic loading. The volume
change of Ni-P phase transformation during the thermal aging
process generates high tensile stress inside the Ni-P layer to
cause mudflat cracks and delamination of the Ni-P coating.
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