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Abstract

The microgtructure-property relations of several Pb-free solders have been investigated in order
to understand the microstructure changes during therma and mechanica processes of Pb-free solder
joints. Pb-free solder dloys investigated include pure Sn, Sn0.7%Cu, Si+3.5%Ag and Sn-3.8%Ag-
0.7%Cu (in weight). To reproduce a typica microstructure observed in solder joints, the cooling rate,
ingot Sze and reflow conditions of cast dloys are carefully controlled. The cast dloy pellets are
subjected to compressive deformation up to 50% and anneding at 150°C, 48 h. The microstructure of
Pb-free solders is evduated as a function of dloy compostion, plastic deformation and anneding. The
changes in mechanicd property are measured by microhardness test. The work hardening in Sitbase
dloysisfound to increase as the amount of aloying e ements and/or deformation increases. The changes
in microhardness upon deformation and anneding have been corrdated with the microstructurd
changes, such as recrystdlization or grain growth in Po-free solder adloys.

Key Words. Phb-free solders, pure Sn, Sn-0.7%Cu, Sr+3.5%Ag, Sn-3.8%Ag-0.7%Cu,
microgructure, compressve deformation, annealing, mechanica property,
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INTRODUCTION

Subgtantia progress has been made recently toward a full trangtion to lead (Pb)-free soldering
technology owing to accderated R & D effortsin industry, universities and nationa |aboratories. Severd
promising lead-free solders to replace Pb-containing solders in microe ectronic gpplications have been
identified [1-13]. They include Sn+-3.5Ag, Sn+0.7Cu, Sn-3.8Ag-0.7Cu, Sn+3.5Ag-4.8Bi, S+8Zn-3Bi,
among others (in weight percent). These lead-free solders are al tin-rich with a mdting point between
190°C and 227°C. They are recommended for various soldering applications, such as surface mount
technology (SMT), plated-through-hole (PTH) joints, bal grid arrays (BGA), flip chip, and others.
Despite the R & D progress and proliferation in published technica findings on Pb-free solders, our
knowledge of these new solders is Hill a an infancy stage compared to Pb-containing solders.
Especidly, the fundamenta questions on the microstructure-property relations in Pb-free solders, the
microstructure evolution during thermomechanicad processes, thermd fatigue mechaniams, cregp and
fatigue interactions, corrosion behavior of solder joints are not well answered yet.

In this study, the microgructure-property relations of several Pb-free solders have been
investigated in order to understand the microstructure changes during therma and mechanical processes
of Pb-free solder joints. The microgructure of reflowed solder joints is mainly controlled by the
solidification process of a molten solder. Hence, it is strongly influenced by the solidification conditions
such as pesk reflow temperature, cooling rate, solder volume, package or substrate size, and others.
The resultant microstructure of solder joints is aso influenced significantly by the nucleation and growth
phenomena of condtituent phases. The microstructure evolution in solder joints upon thermomechanica
dressng is therefore even more difficult to predict since the complex interplays between the solidified
microstructure and thermal/mechanica variables are expected.

In this study, the microgtructure evolution of severa Pb-free solder aloys has been investigated
by applying thermd and mechanica variables independently.  The drain hardening of each dloy is
compared as a function of dloying eements as wel as plagtic deformation. The microgtructurd stability
of the cast dloysisaso sudied.



EXPERIMENTAL

Pb-free solder dloys investigated in this study include pure Sn, S+0.7Cu, Sn-3.5Ag, S+
3.8Ag-0.7Cu (in weight %). A chill-cast ingot (gpproximately 88 mm x 17 mm x 12 mm) of each dloy
composition was obtained commercidly. To reproduce a typica microstructure observed in solder
joints, the cooling rate, ingot size and reflow conditions of cast dloys were carefully controlled. A
graphite mold having multiple cavities was employed to cast each solder dloy into a smal pellet of
0.200" in diameter and 0.125” in height. After casting a molten solder into the graphite mold, solder
pellets were reflowed a 260°C for 2 min, and solidified at a cooling rate of 3-4 °C/s. This cooling rate
is somewhat higher than the typicd cooling rate employed in a conventiona reflow process, 0.5 to
1.5°C/s. Each cast dloy pelet was subjected to compressive deformation of 10, 20, 30 and 50%,
respectively, in a MTS universd testing machine. To study the effect of heat treestment, as-cast and/or
deformed solder pellets were subjected to an annedling treatment at 150°C, for 48 h, in a nitrogen ges.
The microstructure of deformed solder pellets was examined on its cross section parald to the direction
of deformation by optica and SEM microscopy. To revea the solder microstructure more clearly, the
Sn matrix was lightly etched in a solution of 5% HNOs, 3% HCI, 92% CH;0OH for several seconds.
Microhardness tests were performed using 50 gf load on a cross section parale to the direction of
deformation in case of deformed samples. Vickers hardness number (HVN) was reported as an

average vaue of 10 indentations or more.

RESULTS

Microstructure of As-cast Solders

Fig. 1 shows opticd micrographs of a typicd microgtructure of as-cast dloys (top 4
micrographs) as well as the corresponding microstructure after annealing (150°C, 48 h) of each dloy
(bottom 4). For pure Sn, a large gain sructure is observed in as-cast condition, while further grain
growth (or recrysalization) is noted in the anneded. For Sn-0.7Cu, Sn dendrites (light contrast) are
dispersed uniformly in the matrix of SnCu eutectic structure (dark contrast) in as-cast condition, while a
recrystalized, large grain structure is noted in the annedled condition. For Sn-3.5Ag, Sn dendrites are



well developed dong a certain direction in the matrix of S+ Ag eutectic microstructure (dark contrast) in
the as-cast condition, and some coarsening of Sn dendrites with random orientations is observed in the
annedled. For Sn-3.8Ag-0.7Cu, Sn dendrites of irregular shapes are surrounded by Sr+Ag-Cu eutectic
structure (dark contrast) in the as-cast condition, while further refining of Sn dendrites is noted in the
annedled. Large, pro-eutectic AgsSn plates, reported in StAg or SntAg-Cu dloys solidified & adow
cooling rate [14], are not observed here in Sn-3.5Ag and Sn-3.8Ag-0.7Cu aloys as-cast or annealed,
which were solidified a ardatively high cooling rate, 3-4°C/s.

Microstructure of Deformed Solders

Fig. 2, 3 and 4 show a typicd microgtructure of four different dloys with a compressve
deformation of 20%, 30% and 50%, respectively, (top 4). The annedled microstructure of each
corresponding aloy upon hesat treatment at 150°C, 48 h, is dso shown in Fig.2, 3 and 4 (bottom 4).
For pure Sh, thereis no sign of the plastic deformation accumulated in the as-deformed condition, but a
fully recrystdlized microgtructure for dl level of deformation is noticed. Upon annedling of the deformed
Sn, considerable grain growth occurs to produce a very large grain structure. For Sn-0.7Cu, the round
Sn dendrite Structure observed in the as-cast condition is significantly deformed according to the
amount of plastic deformation. Upon annedling, the deformed microstructure has undergone a dramatic
recryddlization process for each deformation level of 20%, 30%, and 50%. The resultant
microgructure is quite different depending on the anount of deformation; the more deformation, the
finer recrystalized microstructure. For Sn-3.5Ag, as the deformation increases, Sn dendrite Structure is
more squeezed and aigned. At the 50% deformation, the Sn dendrites are further refined and dispersed
uniformly, as shown in Fig.4 (top 3rd). Upon anneding of St3.5Ag at 150°C, the recryddlization is
only observed in the solder deformed 30% or more. For Sn3.8Ag-0.7Cu, the compressve
deformation has also caused the dendrite Structure to dign and to be refined dong the direction
perpendicular to loading. Upon annedling, the grain growth is observed in the 20% deformed solder,
while the recrydtdlization detected in the S+ 3.8Ag-0.7Cu solders deformed more than 30%.



Microstructure of Deformed/Anneded Solders

Fig. 5 compares the microstructure of pure Sn as-cadt, Fig.5 (l€ft), with that of 50% deformed
and anneded a 150°C, 48 h. In the as-cast condition, the microstructure of pure Sn has a grain sze
between 10 and 30 nm (about 20 mm in average). A Vickers indentation mark shown in Fig.5 (left),
corresponds to a microhardness number of about 8 (HVN). It is interesting to note the finer grain
dructure around the indentation mark, suggesting a possible recryddlization occurred at room
temperature during indentation. Upon annedling at 150°C, followed by the plagtic deformation of 50%,
the pure Sn becomes a well-developed, large grain structure of an average grain size of 120 nm or
more, Fg.5 (right). This microgtructure is atributed to the recrystalization process possibly during the
deformation as wdl as further grain growth during the anneding.

Fig. 6 and 7 exhibit the microstructure evolution of Sn3.8Ag-0.7Cu in the as-cast condition,
Fig.6 (left), 30% deformed, Fig.6 (right), and deformed (30%)/annealed at 150°C, 48h, Fig.7 (right).
Due to the compressive deformation of 30%, a significant refinement of Sn dendrite structure has been
dready made in the direction perpendicular to the deformation as shown in Fig.6 (right). Upon
anneding a 150°C, 48 h, the deformed microstructure has undergone a recrystalization process to
yidd a finer microgtructure of random orientation, Fg.7 (right), resembling to a “wrought”
microstructure commonly observed in other dloy systems.

Microhar dness M easur ement

Table | ligs dl microhardness results obtained in this sudy as a function of aloy compaosition,
compressive deformation and anneding. They are aso graphicdly shown in Fg.8. In generd, the
hardness of Sn-rich, Pb-free solders strongly depends on the dloying dements, the more dloying
elements, the higher hardness. The plastic deformation to as-cast dloys has generdly caused a dtrain
hardening in each dloy, except in the pure Sn. This is conggtent with te observation of the fully
recrystalized microstructure in the pure Sn. The hardness of other deformed solders becomes
subgtantialy reduced upon annealing a 150°C, 48 h. The hardness reduction in the annedled soldersis
found to be more sgnificant in the solders with more deformation. But, in the pure Sn, the hardness

reduction upon anneding is not Sgnificant as in other solders. The hardness reduction in the



deformed/annealed solders generdly reflects well the microstructure changes observed during the

deformation and annealing processes.

DISCUSSION

Effects of Alloying Elementson Microstructure

The microgtructure of Sn-rich solders is strongly influenced by the presence of dloying
eements, such as Cu, Ag, or both. The dendritic growth morphology of the primary b-Sn crystd
dructure is unique in as-cast, Sn0.7Cu, Sn-3.5Ag, and Sn-3.8Ag-0.7Cu dloys, while no dendritic
dructure is observed in the pure Sn solder either as cast or deformed. The binary eutectic
microstructure ether in S+0.7Cu or Sn-3.5A¢g is a mixture of the intermetdlic particles, either CusSns
or AgsSh, in the matrix of b-Sn phase. The ternary eutectic microstructure in S+3.8Ag-0.7Cu is a
mixture of both Cu;Sns and AgsSn phases in the matrix of b-Sn. Both the binary and ternary eutectic
dructure are only observed in between the dendritic structure of primary b-Snh, suggesting the eutectic
gructure being solidified right after the b-Sh dendrite solidification. The volume fraction of the dendritic
structure appears to decrease as the amount of dloying dements increases. Among the three dloys
investigated, the volume fraction of the eutectic phase in the as-cast condition generdly increases in
order of Sn-0.7Cu, Sn-3.5Ag, and Sn-3.5Ag-0.7Cu, or roughly proportiond to the tota amount of the
aloying eements added in the solders. The as-cast microstructure of the three solder dloys, solidified a
the cooling rate of 34°C in this investigation, is Smply characterized as a mixture of primary b-Sn
dendrites and the eutectic phases. When a dow cooling rate is employed, the dendrite structure is
expected to become coarser as reported previoudy [14, 15]. The coarse dendritic microstructure is
aso found to have alower hardness value than the fast cooled, fine dendritic structure. Since the casting
and solidification conditions used in this sudy are identica with the four solders examined, the difference
in their microgtructure is mainly attributed due to the aloying effects.

In addition, large pro-eutectic AgzSn plates or CusSrs rods were observed in the near tenary
eutectic Sn+Ag-Cu dloys upon adow coaling in the previous investigation [14, 15], but not in this study
due to the rlaively high cooling rate. The formation of the large pro-eutectic intermetalic phasesin the
binary or ternary dloys would cause a deviaion in compostion sgnificantly from the eutectic



solidification, as wel as in their microgtructure. The propengity of forming the large intermetdlics was
explained by observing the large undercooling required for the b-Sn phase in the Sirrich eutectic dloys
[16]. In addition, the control of the large Ag:Sn plates has been discussed by optimizing the
compogtion of S+Ag-Cu dloys[15, 16].

Effects of Plastic Deformation on Microstructure and Har dening

The compressive plastic deformation applied up to 50 % in height reduction has produced a
progressive refinement of the dendrite structure in S+0.7Cu, Sn-3.5Ag, and Sn-3.8Ag-0.7Cu dloys,
while no sgnificant change is observed in the pure Sn. The microhardness measurements reflect well the
grain hardening behaviors of pure Sn and Srtrich dloys more deformation yields a higher hardness
vauein Snrich dloys, but practicaly no hardening in the pure Sn.
The gpparent no strain hardending is believed to be the recystdlization process occurred during the
plastic deformation, which is discussed further in the next section. Since the pure Sn does not harden
gppreciably upon plagtic deformation, the strain hardening of Sirrich aloys can be understood mostly
by the hardening of the eutectic microstructure in between the b-Sn dendrite arms. Hence, the volume
fraction of the eutectic structure would be the key factor to determine the sirain hardening behavior of
Sn-rich solder dloys. As discussed earlier, snce the volume fraction of the eutectic microdtructure
appears to increase as the amount of aloying eements, Ag, Cu, or both, the strain hardening of Srrrich
solders becomes more effective in the SAg-Cu over the binaries of S+Cu or Sn-Ag. Thistrend is
clearly noted in Fig. 8, where the hardness variations are displayed as a function of alying eements and
plastic deformation. It is interesting to note when the plastic deformation is excessve, like 50% for Sh,
Sn0.7Cu and Sn-3.5Ag, the hardness of each dloy becomes lower than those of the smdler
deformation. This may imply a microstructure change such as recryddlization has dready occurred
during the heavy plastic deformation of the alloys without any heet treatment.

Effects of Annealing: Grain Growth and Recry<allization

The as-cast, Srtrich solders, except for the pure Sn, are experiencing a considerable softening
upon annedling a 150°C, 48 h, as shown in Table 1 and Fig. 8. From the microstructure study, in the
annealed Sn+0.7Cu, the b-Sn dendrite structure has dready changed into a large grain structure



possibly due to both the recrystdlization and grain growth process, while in Sn3.5Ag and Sn+3.5A¢0-
0.7Cu, the b-Sn dendrites are gl persstent after the annedling, as noted in Fig. 1. This microstructure
changes upon annealing appear to be consstent with the hardness changes shown in Fig. 8, where a
very sgnificant reduction in hardness is observed in the annedled Sn+0.7Cu, compared with Sn+3.5Ag
or Sn-3.5Ag-0.7Cu. Intheaneded Sn-3.5Ag and Sn+3.5Ag-0.7Cu, the hardness reduction becomes
more pronounced in the solders with more deformation, as exhibited in Fig. 8. This suggests that for
Sn3.5Ag and Sn3.5Ag-0.7Cu the recrystalization process requires both a consderable amount of
plastic deformation, such as 30% or higher and the annedling condition such as 150°C, 48 h. In other
words, the microstructurd stability is much more with S+3.5Ag or Sn-3.5Ag-0.7Cu than Sn-0.7Cu or
pure Sn. The resstance to the microstructura changes in these dloys can therefore be understood by
the contribution of the uniform distribution of the eutectic microstructure and the b-Sn dendrites as well
asthe fine digpersion of intermetallic phases within the eutectic microstructure.

No appreciable strain hardening in the pure Shis congstent with the microstructural observation
of the plagticdly deformed Sh, where no sgnificant changesin grain Sze is detected. Thisis possibly due
to the recrysdlization process occurred in the pure Sn during the plastic deformation a room
temperature. In the literature, the recrystalization temperature of pure Snis reported to be below room
temperature, such as 25°F [17]. In the present investigation, we have observed small, recrystdlized Sn
gransdong scratch lines during the mechanica polishing of the pure Snh samples, as well as during the
microhardness indentation as shown in Fig. 5. Thelarge grains of Snh shown in Fig. 5 after the anneding
is therefore attributed to the grain growth of the recrystdlized grains.

CONCLUSIONS

Severd Pb-free solder dloys have been investigated to understand the microstructure-property
relationsin terms of aloying compaosition, plastic deformation, and annegling condition. From this study,
the following conclusions are drawn:



1). The microstructure of as-cast Sn-rich solder dloys is strongly influenced by the dloying dements,
such as Cu, Ag, or both. The b-Sn dendrites are commonly observed in the binary or ternary Srrrich
dloys, but not in the pure Sn.

2). The microstructure of as-cast Sn-rich dloys is controlled by the solidification condition. At a fast
cooling rate, the microstructure is composed of fine b-Sn dendrites surrounded by the binary or ternary
eutectic structure. At adow cooling rate, the coarse dendrites are mixed with the eutectic phase.

3). The drain hardening of Snrich solders is affected by the amount of aloying dements and plagtic
deformation. More plagtic deformation yields a higher strain hardening. The more dloying dements, the
higher strain hardening. However, the pure Sn does not show any gppreciable hardening regardless of

plastic deformation.

4). The recryddlization and (or) grain growth process have been observed in the deformed and
annedled, Sn-rich solders depending on its plastic deformation or annedling condition. The pure Sn has
undergone the recrystdlization and grain growth a room temperature during plastic deformation, while
in S+0.7Cu the recrystdlization occurs after annedling at 150°C, 48 h, without any deformation.

5). For Sn-3.5Ag and Sn-3.5Ag-0.7Cu, the recrystdlization requires both a consderable amount of
plastic deformation, such as 30% or higher and the annedling condition such as 150°C, 48 h.
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Tablel. Microhardnessof Pb-Free Solders as a Function of Defor mation and Annealing

Alloy Composition

Deformation % (&'d)

Annealing (150 ° C/48 h)

(Wt %) 0% | 20% | 30% | 50% | 0% |20% | 30% | 50%
100 Sn 73 | 78 8.1 7.2 71 | 70 | 63 6.6
(0.10) | (0.14) | (0.41) | (0.27) | (0.42) | (0.37)| (0.70) | (0.67)
Sn-0.7Cu 111 | 125 | 134 | 126 | 81 | 85 | 86 9.1
(0.38) | (0.37) | (0.19) | (048) | (0.49) | (058) | (0.79) | (1.2)
Sn-35Ag 134 | 137 | 150 | 146 | 125 | 126 | 121 | 107
(0.30) | (052) | (0.77) | (0.30) | (0.74) | (0.64) | (0.65) | (0.97)
Sn-38Ag-07Cu | 153 | 166 | 169 | 172 | 121 | 131 | 131 | 110
(0.55) | (0.61) | (0.53) | (0.73) | (0.43) | (0.82) | (0.87) | (0.78)
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Fig. 1. Optical micrographs of a typical microstructure of Sn and Sn-rich solder alloys
in as-cast condition (top 4) and after annealing at 150°C, 48 h (bottom 4).
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Fig. 2. Optical micrographs of a typical microstructure of Sn and Sn-rich solder alloys
20% deformed (top 4) and annealed at 150°C, 48 h (bottom 4).
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Fig. 3. Optical micrographs of a typical microstructure of Sn and Sn-rich solder alloys
30% deformed (top 4) and annealed at 150°C, 48 h (bottom 4).
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Fig. 4. Optical micrographs of a typical microstructure of Sn and Sn-rich solder alloys
50% deformed (top 4) and annealed at 150°C, 48 h (bottom 4).



Sn Sn

As Cast 50% Deformation
No Deformation 150°C/48 hrs

Recrystallization
1 O O ILt m From Deformation and Annealing

Fig. 5. The microstructure of pure Sn as cast (left) and 50% deformed/annealed (right).
The large grain structure in the deformed/annealed condition is attributed to
recrystallization and grain growth.



Deformation Effect on Microstructure of Sn-3.8Ag-0.7Cu

30% Deformation

7 AL ~ i Y 1 g
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Fig. 6. The microstructure of Sn-3.8Ag-0.7Cu as-cast (left) and 30% deformed (right).
The direction of the plastic deformation is indicated by arrows (right).



Annealing Effect on Microstructure of Sn-3.8Ag-0.7Cu

30% Deformation

. .
30% Deformation 150°C'/48 hrs

Optical Metallography Recrystallization

Fig. 7. The microstructure of Sn-3.8Ag-0.7Cu deformed 30% (left) and annealed (right).
The recrystallization is attributed to the microstructural change in the annealed.



Fig. 8. The microhardness measurements of Sn and Sn-rich alloys as a function of alloy
composition, plastic deformation and annealing. For each group, the hardness bars
are arranged in order of the plastic deformation (0, 20, 30, and 50%).
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