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Solder dip may be used as a peripheral leaded terminalstefigi process to
replace the original pure tin finish with eutectic tin-leadsinio mitigate tin-whisker
risk. Tin-silver-copper is an option of lead-free terminal finisbid&r dip is the way
to obtain tin-silver-copper finish. However, the reliability of solgénts formed with
these refinished terminals may be affected by the refinigiiocess. The solder joint
reliability of refinished components under temperature cycling tiondineed to be
determined to study the effects of refinishing on the solder joefifibility.
Tin-bismuth terminal finish is another tin-whisker mitigatiorattgy. The reliability
of solder joints under temperature cycling conditions formed witkbiimuth
finished terminals also needs to be determined before the implementation.
The microstructure and strength of solder joints formed with réfadigerminals
were evaluated by comparing with those of solder joints formddawigiinal pure tin
finished terminals. The reliability of solder joints formedttwioriginal pure tin

finished terminals, refinished terminals and original tin-bigmiinished terminals

were tested under temperature cycling.



Under temperature cycling test, solder joints formed with Sn3.0Ag0s6Cier
dipped terminals have shorter characteristic life for thindsmaline-packages but
longer characteristic life for 2512 resistors than those form#d tive original pure
tin finished terminals in both eutectic SnPb and Sn3.0Ag0.5Cu solder agsembl
Solder joints formed with eutectic SnPb dipped terminals have egaedaotéristic
life for thin-small-outline-packages, but longer characteribte for 2512 resistors
than those formed with the original pure tin finished terminals wh@awed with
eutectic SnPb solder. Solder joints formed with tin-bismuth Hedsterminals have
shorter characteristic life than original pure tin finishedrmirals for
thin-small-outline-packages for both eutectic SnPb and Sn3.0Ag0.5Cu solder
assembly.

If a 20% decrease in characteristic life of solder joints utedeperature cycling
conditions is acceptable, then the SAC solder dip process can be a potenteafahoic
refinishing purpose. SnPb solder dip process is a good choice of hreghirisess
without causing degradation to characteristic life under temperatycling
conditions. If a 25% decrease in characteristic life of sqtuets under temperature
cycling conditions can be accepted, then SnBi finish can be anagiter finish to tin

finish.
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Chapter lintroduction

The electronics industry has transitioned to lead-free electrditts to
comply with government legislations and to be compatible with sugiA
infrastructure [1]. Component termination finish transitioned froniet@d (SnPb)
finish to lead-free finish. Pure tin finish has been the most poginish in
lead-free electronics. However, the growth of tin whisker on parénish has
caused electronics to fail and resulted in substantial Ids$3]2 The use of
electronic parts with pure tin has been forbidden in most nyilaad aerospace
electronics [4] [5]. Tin finished terminals are typically rgedi to contain a
minimum of 3% lead by weight in these applications [5]. Howeverconeersion
to lead-free electronics by commercial and consumer electraiamatically
reduced the availability of electronic components with lead-contaitimghed

terminals [6].

To overcome the difficulty of getting SnPb finished components, thearyilit
and aerospace communities may seek help from a third party tbéerthe
original component manufacturer to refinish the component terminasmider
dip is a refinishing process that is being used to modify some canaine
off-the-shelf components in order to convert pure tin finish to ad-lignish that
is more resistant to tin-whiskering or other non-pure tin feaelfinishes which
may be also more resistant to tin-whiskering. Sn-Ag-Cu solder leasdre of the
most promising lead-free solder alloys. Although whiskers have blegerved on

solder joints formed with Sn-Ag-Cu solder paste [7], there allensuch less



reporting on whisker growth on Sn-Ag-Cu solder than on pure tin finishen t
literature. Solder finish formed by melting of the solder lsoabelieved to
decrease the tin-whiskering propensity [8].
1.1 Refinishing of component terminations

By refinishing the component terminations, the original pure tinHimas
replaced by another finish. During the refinishing process, the comgowdht
experience handling, heating, dipping, cooling and rinsing. These pescegmy
cause problems to the quality of the components and thus the itgliabsolder
joints assembled with these components.
1.1.1 Overview of solder dip process

Solder dip is the process of dipping component terminals in molten solder
coat the terminals with solder. It is used to finally finish the terlmioato replace
the original finish [6]. Solder dip may be performed manually yprabtomatic
robotic process. A robotic hot solder dip process consists ofegig,sts shown in
Figure 1. Flux is applied to the component terminals. It can be dfg@fere and/or
after preheat. The flux process removes oxide from the solderekhsasvthe
component terminals. Flux displaces the oxygen from the solder, yhereb
preventing re-oxidation of the surfaces [9]. To avoid damage to compaaersed
by thermal shock or differential heating during the solder dipgss, components
are preheated to a certain temperature at a relatowlydte. Preheating can also
activate the fluxes, since they become active at an elevaigettature, but they

must not be heated above 150°C since this will cause most fluxesato dwwn



prematurely and prevent from functioning properly during the solder digeps.
There are several types of preheating methods; the most@omnes are forced
hot air convection and infrared. Forced hot air convection is usuafgrpge, since

it can heat all of the surfaces evenly.

Flux —> Preheat — Solder dip
Dry < Cleaning o Cooling

Figure 1: Procedure of solder dip process

In the solder dip step, the terminations of the components are subrireeged
molten solder bath to replace the original finish. The terminasbasld be dipped
to the edge of the component body to ensure the complete removiaé of t
noncompliant finish. The dipping dwell time should fall within a centairge. The
time at submergence or dwell time is important. If the tiwele is too short,
wetting and complete removal of the original finish may not beeseli. If the
dwell time is too long, the component may be overheated and tesmmre)
corrode. The temperature of the molten solder bath is also impdtiarg too low
there can be non-wetting or artifacts. If it is too high, compomeajsbe damaged.
The solder bath may be dynamic or static. In a dynamic sbatbr an oxide-free
standing wave is produced by using a solder pump. In a static altfersome
provision is made to remove the solder dross. After the solder dipoitingooent
cool down temperature needs to controlled to minimize thermal shielcdbling

can be realized either by natural convection, forced air convectiargombination



of the two. As a last step, the components are cleaned to removedidues that
may cause corrosion. Hot de-ionized water is used as cleanimgosolAfter
cleaning, the components are dried to lower the moisture level.
1.1.2 Risks associated with solder dip process

During the solder dip process, thermal-mechanical damages may be caused to
the components due to thermal shock. Sengupta, et al., [10] found thatidhef r
die area to package thickness could be used to evaluate the pyopEnsi
thermo-mechanical damage of a package type during solderatipsst For the
same package type, a component with a larger ratio of dicogpaakage thickness
was at higher risk of suffering thermo-mechanical damage $ader dip than a
component with a smaller ratio of die area to package thicknessddition,
package types with larger ratio of die area to package thickness, such asniQPF a

TSSOP, are more vulnerable to thermo-mechanical damage during solder dip.

Solder dip process may also cause non-uniformity in the finish thiskh#k
The finish formed by solder dip process was found to have larg&néss in the
concave sections and to have smaller thickness at the conviexsedtthe leads,
as that observed by Sengupta [11]. The non-uniformity in the finish tlsslkamethe
bottom surface of the termination may result in conformity probtenthe
component terminations.

1.1.3 Solder joint assembly
The quality and reliability of solder joints formed with solder dgppe

components may be affected by the solder dip process. The chanfjesh



composition, the non-uniformity in finish thickness and the conformity of the
component terminations may affect the solder joint composition, nrigcobsre
and strength. Subbarayan, et al., studied the interfacial inalimgrowth and
strength of solder joints formed with solder dipped components [12]. Irstiely,
components with pure tin finish were converted to SnPb and leadufisbes
(Sn-3.0Ag-0.5Cu and Sn-3.6Ag) and components with SnPb finish were converted
to lead-free finish (Sn-3.0Ag-0.5Cu). Both original components and stijoleed
components were assembled with eutectic SnPb solder paste aificcéesolder
paste (Sn-3.0Ag-0.5Cu) on printed circuit boards with different suffatshes
(Organic solderability preservative (OSP), Immersion Ag (Iln&gd Eletroless Ni
Immersion Au (ENIG)). For the solder joints assembled on boardsQ@P finish,

the IMC layer thickness was found to be around 2¥8at the component/solder
interface and the solder/board interface. The pull strength cfollder joints was

found to be not significantly affected by the solder dip process.

The mixed solder assembly is another issue when a SnPb finishpdreamh
is assembled with a lead free solder paste or when a leaddiger finished
component is assembled with a SnPb solder paste. Many studies have bee
conducted on the mixed solder, microstructure and reliability [13] [[1=]] [16]
[17] [18] [19]. Zbrzezny, et al., [14] and Grossmann, et al., [16] fohatif the
reflow peak temperature or dwell time was not high enough duhiegdflow
process, the lead-free solder ball and SnPb solder paste did noetzynplix.

Choubey, et al., [19] observed that the Pb coarsening did not occur injeoitke



formed with lead-free BGA and SnPb solder paste. Choi, et al.cfhfifmed the
formation of a ternary eutectic phase Sn36.15Pb1.35Ag with a lower melting point
of 178C than eutectic SnPb solder when SnPb solder and SnAg solder or SnAgCu
solder were mixed.
1.2 Goal of the study

Although studies have been conducted on the effects of the solder dip process
on component quality, no studies have been conducted on the effect ofdsplder
process on the reliability of solder joints formed with solder dipgmedponents.
To determine whether the solder dip process is suitable for ¢mgveomponent
termination finishes, the reliability of solder joints formedhwgolder dipped
components should be determined under temperature cycling test conditions. After
the solder dip process, the original pure tin finish was replageshPb finish or
lead-free finish. Both the finish composition and distribution on thepoment
terminations were changed. The component termination conformity raight
have been changed due to non-uniformity in finish thickness. Theseeshang
would result in changes in the solder joints formed with solder dipped
components, such as solder joint composition, microstructure and Btréngt
solder joint’'s reliability is affected by its composition, naistructure and
strength. So the effect of solder dip process on the microstruatdrstrength of

the solder joints formed with solder dipped components should be studied.

SnBi termination finish is also being considered as an option fiogating

tin whisker risk, as SnBi finish has been found to be resistant-tehiskering



[20] [21] [22] [23]. To determine the suitability of SnBi finish agin whisker
mitigation strategy, the reliability of solder joints formedthwSnBi finished
terminal is also examined and compared to solder joints formtadovginal pure

tin finished components.



Chapter 2Component refinishing and assembly

2.1 Refinishing of TSOPs

Thin small outline packages (TSOPs) were refinished by dipping th®
molten solder to replace the original pure tin finish with SnPb soldeAC solder.
Before and after the solder dip process, a portion of the companemtsnspected
to study the effect of solder dip process on the quality of the components.
2.1.1 Components

Thin small outline packages (TSOPs) manufactured by Amkor Technology
were used in this study. Each component has 50 leads. The pitchG&enim. The
part body dimension is 20.95x10.36x1.00 mm. From X-ray images, it suneeha
that the die size is 3.70 x 3.00 x 0.14 mm. The lead-frame mat@sahlloy-42
(42%NiFe). The leads were electro-plated with pure tin finish mi2.8-4.0

wt.%)Bi finish.

2512 Resistors were also used in this study. The size of théoresis
6.35x3.05 mrh (0.25%0.12 if). The terminations of the resistors were made of
nickel with pure tin finish electroplated.

2.1.2 Solder dip process

In our study, the solder dip process was performed accordihg fwdcedure
introduced in chapter 1 section 1.1.1. The components were preheated to 125+25°C
before the solder dip. The preheating rate was lower than %@ils the
temperature was above 60°C to reduce the thermal stressl dausiferential

heating. During the solder dip, the dwell time of the componentrtetrans on one



side of the TSOP in the molten solder was controlled to be &tdesgo ensure
wetting and complete removal of the original Sn finish. The thaadll time for

both sides of one component was controlled to be less than 10 s tgassidle
damage to components caused by excessive heat. During the procgsseonl|
solder bath was used to dip the component terminations and the sdldevalsa
dynamic. For SnPb solder dip, the solder bath used molten soldmrtextic
Sn37PDb solder with a temperature of 280 For the SAC solder dip, the solder
bath used molten solder of Sn3.0Ag0.5Cu with a temperature o€23Gter the
solder dipping, the components were cooled down then rinsed with water. The

cooling rate was controlled to be less than 5°C/s, while the tatupemwas above

60 C. The process is shown in Figure 2

(c) Preheat

(d) Solder dip (e) Cool down (f) Clean
Figure 2: Pictures of solder dip process

The temperature profile of the solder dip process was measuedthblging a

thermocouple onto one component that went through the whole process. The



thermocouple was embedded into the molding compound by drilling a hodéetalos
the silicon die in the component, as shown in Figure 3. Thus the meastraim
temperature profile reflects the temperature experienceddysiticon chip as

closely as possible.

Figure 3: ATSOP component attached with a thermocouple

The measured SnPb solder dip temperature profile is shown in Biglihe
component was preheated to 14@.8vith a rate of 2.6C/s for 40 s. The peak
temperature experienced by the component was 1Z0a3 shown in Table 1. The
SAC solder dip temperature profile was almost the same &ntRk solder dip

temperature profile.
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Figure 4: Temperature profile of the SnPb solder dip process meased by a
thermocouple

Table 1: Temperature profile parameters of the SnPb solder dip pross

Profile Data Value
Preheat TemperatureQ) 149.8
Preheat Time (sec) 40
Preheat Rate C/sec) 2.6
Peak Temperature@) 170.3
Cooling Rate (C/sec) 3.5

2.1.3 Effect of solder dip process on the quality of components

Since the solder dip process may cause thermo-mechanical damtge
dipped components, part of the components were inspected before and a@der sol
dipping to investigate the effect of solder dip process on the qualithe

components.

X-ray inspection was conducted on 20 TSOP components to detect cracks,
voids or open circuit in the components before solder dip. No cracks, vagsor

circuits were found from the X-ray images of the componentsiaagrsin Figure 5.
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The wire-bonds were all correctly bonded to adjacent lead-frames.th@se 20
components were processed with SnPb solder dip, while the other 10 were
processed with SAC solder dip. After the solder dip process, Xisagction was

conducted again on these 20 components. No cracks, voids or open circuits were

found on any of the components.

.K&&// \g» 1

—

(a) Full view (b) Die
Figure 5: X-ray images of TSOP component before solder dip

Scanning acoustic microscope (SAM) inspection was also conductdg: on t
above mentioned 20 components, which experienced X-ray inspection. Before and
after solder dip process, SAM inspection was performed on those comptments
detect delaminations at the interfaces. Two interfaces waresd: the interface
between die top surface and molding compound and the interface between die

bottom surface and die attach.

No delamination was found on all the 20 components before solder dip
process. After solder dip process, some of the components were sddpdtave
delaminations from the C-SAM images. However, after croseseanalysis of

these suspected components, no delamination was confirmed.
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Figure 6: C-SAM image of the interface between die surface and molding
compound with 75Hz transducer

From X-ray and SAM inspection, it can be concluded that the sdliger
process did not cause any detectable damage to the components. Npvoialsk
open circuits, or delaminations at the interfaces were inducetietcsample

components by the solder dip process.

Conformity measurement was performed before and after sbjflen part of
the processed components. The measured conformity terms include doplana
offset, skewness, lead pitch, lead width and terminal dimension, whasiiales
are provided as diagrams, as shown in Figure 7. 234 TSOP componenys, 2 tra
were measured to determine the conformity. All components metethered
specifications, as shown in Table 2. Half of the measured components
processed with SAC solder dip, while the other half were processledSnPb
solder dip. After solder dip, all these components passed the conformity fast aga
So the effect of solder dip process on the conformity of componeaststidl within

the defined tolerance.
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(a) Coplanarity (b) Offset (c) Skewness
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(d) Lead pitch (e) Lead width (f) Termination
dimension

Figure 7: Diagrams of definitions of measured conformity terms

Table 2: Conformity specifications for TSOP 50 components

. . Lead | Terminal
Coplanarity| Offset | SkewnesgLead pitch width  IDimensior
Tolerance| +100 +75 +65 +75 +80 +200
( m) 0 -75 -65 -75 -80 -200

2.1.4 Lead finish characterization

After the solder dip, the volume of the solder finish on the lead changed since
the original pure tin finish was replaced by SAC solder or SraRters From
pictures taken under an environmental scanning electron microscope JE&EM
shown inFigure 8, it was found that after the solder dip, the lead finish lost its
uniformity both around and along the leads. The SAC or SnPb solder actadnula
at the corner of the heels and knees of the leads. The soldetHiolgtess at these
locations was sometimes over 30n. Since the solder finish volume and
composition changed after the solder dip, the mixing of lead finightine solder

paste produced different compositions in the solder joints that were formed.
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/ Finish

(a) Original Sn finished
lead
Figure 8: Lead finish before and after solder dip.

(b) SAC dipped lead (c) SnPb dipped lead

X-ray fluorescence (XRF) was applied to measure the finish catigpoand
thickness at different positions of the leads. The collimator usedeoXKRF was
0.1mm. The acquisition time for each reading was set at 60s. &IDE ¢omponent
of each type was measured. Three leads on each component and 4 |ocatiacts
lead were measured by XRF, as showFRigure 23 At each location, 3 readings
were obtained to calculate the mean value. The measuremens rfleswblder
finish composition are shown in Table 3. The lead finish composition ithaot
same as the solder bath composition. The solder bath composition fos&der
was eutectic 63%Sn37%Pb and for SAC solder it was Sn3.0%Ag0.5Cu.
Composition differences exist for both kinds of solder dip leadh@sis The
percentage of Sn was higher than expected. This was because tia &mgiinish
and the solder from the solder bath mixed and therefore increase8nthe

percentage. The dissolution of Sn might have caused a local coricentfatn
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element around the leads, which then formed the new finish compamititime

leads.

Location 1

Location

i
r

Location 3

Location 4

(a) Definition of measured leads (b) Definition of measured locations
Figure 9: XRF measurement sites on a TSOP component.

Table 3: TSOP lead finish composition

Composition (wt%) r

Solder Element Standard deviation (wt%)
Sn (original) Sn 100
Sn 97.2r 1.0
SAC305 (dipped) Ag 1.6r 0.4
Cu 1.2r 0.6
_ Sn 71.5 8.2
Sn37Pb (dipped)
Pb 28.5 8.3
Sn(2.0-4.0)Bi Sn 97.2+0.5
(original) Bi 28+05

2.2 Printed circuit board assembly

The original pure tin finished TSOPs and the solder-dipped TSOPs were
assembled onto PCBs using the solder reflow process. The tebtlesaggn was for
temperature cycling test purposes, as shown in Figure 10. The baarthhnveas
FR4 with organic solderability preservative (OSP) finish applicde Tlass

transition temperature gYof the board material was 183

16



Figure 10: Optical picture of test board

2.2.1 Assembly matrix

There were nine assembly combinations with different componeningdrm

finishes, solder pastes and reflow profiles, as shown in Table 4.

Table 4: Assembly matrix and reflow conditions

Board Assembly ID (Termination

Part Lead Finish| Solder Paste Reflgw finish - Solder paste - Reflow pe
Profile
temperature)
Eutectic SnPIp I Sn finish - SnPb solder - 215C
Pure Sn —
Sn3.0Ag0.5Cy I Sn finish - SAC solder - 240C
Eutectic SnPb
dipped (original| Eutectic SnPIp I SnPb dip - SnPb solder - 215C
pure Sn finish)
Sn3.0Ag0.5Cul Eutectic SnPlp Il SAC dip - SnPb solder - 205C
dipped  |Eutectic SnPlh | SAC dip - SnPb solder - 215C
(original pure Sij Eutectic SnPlp v SAC dip - SnPb solder - 225C
finish) Sn3.0Ag0.5CY I SAC dip - SnPb solder - 240C
SHB Eutectic SnP I SnBi finish - SnPb solder - 215(

Sn3.0Ag0.5C

I

SnBi finish - SAC solder - 240C

2.2.2 Reflow process

No-clean flux was used on the board during the reflow processfoline

different reflow profiles were as follows:
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l. SnPb solder profile: 70~80 seconds above@8the peak temperature was

215°C, as shown in Figure 11;

ll. SAC solder profile: 50~60 seconds above %2l 7the peak temperature

was 246C;

lll. 205 peak solder profile: 70~80 seconds above °G83the peak

temperature was 265;

IV. 225 peak solder profile: 70~80 seconds above°@83he peak

temperature was 225.

Figure 11: Temperature profiles of reflow processes

2.2.3 Voids in solder joints

After assembly, one board of each type of assembly was inspatkd
X-ray to detect cracks or voids formed in the assemblies duss®grebly process.
No detectable cracks have been found. Voids were found in all nine ba#rds w
different levels, as shown in Figure 12 and Figure 13. There igafiffe in void

levels between the solder joints formed with SnPb solder pasteADd&der
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paste. Solder joints formed with SnPb solder paste have lower leveidsfthan

that formed with SAC solder paste.

(a) TSOP solder joints (b) 2512 resistor solder joints

Figure 12: X-ray pictures of TSOP solder joints and resistosolder joints: SAC
dip — SnPb solder — 215C

(a) TSOP solder joints (b) 2512 resistor solder joints

Figure 13: X-ray pictures of TSOP solder joints and resistosolder joints: SAC
dip — SAC solder — 240C

2.3 Conclusion

From inspection of the components before and after the solder dip $roces

can be concluded that the solder dip process did not cause angrierhanical
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damage to the components. No wirebond liftoffs, cracks or delaminatitive

components were caused to the components by the solder dip process.

The original pure tin finish was uniform around the leads. The leashfini
composition and distribution changed after the solder dip processeddhdinish
thickness was not uniform along the lead after dipping. The thickn#ss corners
of the heels and knees of the leads was larger than othepp®sifter solder
assembly, the solder joints reflowed with SAC solder had a higher density of voids

than the solder joints reflowed with SnPb solder.
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Chapter 3Microstructure of solder joints

After solder dipping, the original pure tin finish is repladgdthe Sn-Pb
solder finish or Sn-Ag-Cu solder finish. The resulting changeerminal finish
composition and distribution, however, may cause changes in solder joimts whe
these solder-dipped components are assembled with Sn-Pb solder paste or
lead-free solder paste. Mixed solder assembling is an iskea assembling a
lead-free component with Sn-Pb solder paste, which may pose w®ricethe
reliability of solder joints [13] [14] [15]. Reflow profileaffect the extent of
mixing between lead-free solder and Sn-Pb solder during reflow gr{icg416].
The mixing of Sn-Ag-Cu solder and Sn-Pb may produce solder joirtthdva
different microstructure and mechanical properties from purd-flee solder
joints or pure SnPb solder joints. The addition of Pb into Sn-Ag-Cu soidgr
produce a eutectic ternary phase of Sn-Ag-Pb with a lower médmperature of
178C than that of eutectic Sn-Pb solder [17] [18]. It is important tuaxe the
solder joint microstructure that can affect its function and by [24]. In our
current study, microstructure of solder joints formed with refidst@mponents
were compared with solder joints formed with original pure tin Hieds
components in order to understand the effects of the solder dip patdke
solder joints.
3.1 Sample preparation

Board segments containing the assembled TSOPs were cut caumnmpes

from the board for micro-structural analysis of the soldergoifihe samples were
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mounted in epoxy and cross-sectioned. After being polished with; Adlowder,
the solder joint surfaces were etched with a mixed acid solutiiaiaing 5% acid
(HNO3z:HCI=2:1) and 95% ethanol for 7 seconds. The solder joints were
investigated under an environmental scanning electron microscofeM{E®
characterize the microstructure.
3.2 Solder coverage on leads after assembly

After reflow assembly, solder joints formed with refinishedOPS had
thinner solder coverage on leads close to component body edges than those
formed with original pure tin finished TSOPs, as showrrigure 14. This was
observed on all 10 cross-sectioned solder joints formed with refiniB8&Ps,
including both SAC dipped and SnPb dipped TSOPs. These 10 solder joints were
from 5 assembly combinations, 2 solder joints on the same part dcdnmassembly
combination. They were compared with 4 cross-sectioned solder joimsdavith

original pure tin finished TSOPs, including 2 assembly combinations.

The thin solder coverage on refinished TSOPs was partly due tioithsolder
coverage at these locations after the solder dip process, as segurén8 (b) and
(c), compared with that of an original pure tin finished TSOHFgure 8 (a). Also,
during reflow assembly, not much molten solder climbed up to the locatrahs
solidified there to make up for the loss of solder during the soldgrdcess. Both
of these reasons resulted in thinner solder coverage at thoserecan the

refinished TSOPs compared with the original pure tin finished TSOPs.
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If the pure tin layer on the lead was not completely replaced tihenread at
these above mentioned locations, the residual pure tin layer mayticewsésker
risk in future service life because of the thin coverage of salffer assembly.
However, in our current study, the solder compositions at these locatoasiot
pure tin, as confirmed by XRF analysis. A SnPb dipped TSOP contained
higher Pb elements than 3% by weight, which is generally actéptbe the

minimum standard for lead-content to mitigate tin whisker risk [25] [26].

¥

Lead
Part bod Part Solde
Solde  lLeac
Solder Lead
Board Board
(a) Sn finish — SnPb solder — 215C (b) SAC dip — SnPb solder — 215C

Figure 14: Solder coverage on leads of TSOPs.

3.3 Pb-rich phase distribution

In SnPb solder paste assembled solder joints, Pb-rich phase paatiele
distributed in a Sn-rich matrix. No clear boundary has been obserixgeedethe
lead-finish layer and the SnPb solder, as showkigare 15 (a) and (b). However,
it has been reported in the literature [14] [16] that when a B@Aponent with

lead-free solder balls (SAC solder) was reflowed with ancéat8nPb solder paste
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in order to achieve complete mixing of lead-free solder batlsSmPb solder paste,

the reflow peak temperature had to be above a certain tempegaigeethat was
around the solidus temperature of SAC solder alloy. Also the dwellabove the
melting temperature of eutectic SnPb solder had to be long enoughwisé)e
clear boundaries were observed between the lead-free soldeaaticthe SnPb
solder alloy in the solder joints, or Pb-rich phase particle®e wistributed in the
solder balls unevenly. In our current study, 3 assembly combinatenesreflowed

with reflow peak temperatures of 205 and 208C, including Sn finish-SnPb
solder-215C, SAC dip-SnPb solder-205C, and SAC dip-SnPb solder-215C.
Although the reflow peak temperature was lower than the meltmpewature of

the SAC solder finish (22Z) and Sn finish (23Z), the solder finish material and
solder paste material were mixed during assembly, and nobxeadaries were
observed between them. This was different from the situation of BGA components

reported in the literature [14] [16].

Lead
Lead Lead
Solde Pb-rich phase
Solde dendrites
Copper pa Copper pa Copper pa Solde

¢

(@) Pure tin finished TSOP (b) SAC dipped TSOP - (c) SnPb dipped TSOP -
- SnPb paste — 216 SnPb paste — 296 SnPb paste — 296
Figure 15: Microstructure of solder joints assembled with SnPb solder paste.

The microstructure of solder joints formed with SnPb dipped TS®OPs

different from the microstructure of solder joints formed withgioil pure tin
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finished TSOPs and SAC dipped TSOPs when assembled with the s&the S
solder paste. Solder joints formed with SnPb dipped TSOPs havesiaegeb-rich
phase dendrites inside, as showrFigure 15 (c), while other SnPb solder paste
assembled solder joints do not have such large-size Pb-rich phasiededier
aging at 125C for 350 hours, such a situation still existed. Large-size Plphiabe
dendrites were observed in solder joints formed with SnPb dipped TS0iRs,
they were not observed in solder joints formed with the origindihtstihed TSOPs

or SAC dipped TSOPs, as showrFigure 16.

Lead Lead Solde Lead
Solde x
Solde Pb-rich phase
Copper pa Copper pa & dendrites

(@) Pure tin finished TSOP (b) SAC dipped TSOP - (c) SnPb dipped TSOP -
- SnPb paste — 216 SnPb paste — 216 SnPb paste — 216
Figure 16: Microstructure of solder joints assembled with SnPb solder paste

after aging at 125C for 350 hours.

It was suspected that the solder joints formed with SnPb dippe@&3B5&l a
greater ratio of Pb element than the other solder joints. How#weygh EDS
analysis it was determined that they have the same ratith cflement in the
corresponding area of the solder joints, as showigimre 15, and inFigure 17. So
Pb concentration can not explain the difference in large-sizetti?phase. Solder
reaction is another possible reason for the difference. For SnPb difgfes,
during the reflow soldering the solder finish and solder paste were both melted and

the reaction propagated fairly completely, since the meltmgéeature of eutectic
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SnPb solder (188) was relatively lower than the reflow peak temperature
(215°C). The Pb-rich phase precipitated to form dendritic structure. tawer
original pure tin finished TSOPs and SAC dipped TSOPs, the Pb comttre
SnPb solder paste was diluted by the lead finish materials.nddse energy from
heating was needed to heat the lead finish materials thartheit8nPb dipped
TSOPs because of the relatively higher melting temperat@ss8Q for Sn and
217°C for SAC) to help the reaction with the solder paste than thatisih in SnPb
dipped TSOPs.

" 20
.18

16
14
12
10

Composition of Pb element (%)

O N M O ©
T

SAC dip-SnPb solder-215C  Sn finish-SnPb solder-215C  SnPb dip-SnPb 2bider-

Figure 17: Concentration of Pb element in TSOP solder joints assenda with
SnPb solder paste.

The Pb-rich phase is softer than the Sn-rich matrix afferxg and much softer
than the IMCs, AgSn and CgSrs. Pb-rich pahse provides ductility in SnPb solder
alloy [24]. However, large-sized Pb-rich phase dendrites may detii@dgiability
of solder joints. They may serve as crack propagation paths during

thermo-mechanical stress loading and cause the failure of the sold¢t4int
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3.4 Intermetallic growth

A typical TSOP solder joint was formed by soldering a TS&@ band copper
pad together. An IMC layer was formed separately on the coppesig@dnd the
lead side. IMC particles were also observed in the bulk soldeéeddlder joints.
AgsSn particles were dispersed in the bulk solder around Sn-richxnggéin
boundaries [27] in the solder joints formed with SAC dipped TSOPs addrsol
joints reflowed with SAC solder paste. During thermal agingntleeostructure of
the solder joints evolved. IMCs at the interface and in the bulk sbtatergrew
along with thermal aging. The thickness of the IMC layeh@topper pad side was
measured. IMCs of large size were investigated.

3.4.1 Large sized IMC growth

IMCs of large size in the bulk solder of solder joints are importa the
mechanical properties and reliability of solder joints [27] [28]. On one har@s IM
can increase the strength of solder joints. On the other hand, uedbamrcal
loading conditions, especially mechanical shock loading conditions, high local
stress concentration can occur at the boundaries of IMCs and-tigh$natrix due
to the different mechanical properties of these two phases. {gliaoks can be
formed in the local stress concentration area and propagate through the solder joint

and result in failures.
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Needle-shaped

IMC \

Needle-shaped

IMC
(a) Pure tin finished (b) SAC dipped (c) SnPb dipped
TSOP - SnPb paste —  TSOP - SnPb paste — TSOP - SnPb paste —
215°C 215°C 215°C
Figure 18: Microstructure of solder joints assembled with SnPb soker
paste.

In solder joints assembled with SnPb solder pastes, IMCs witthkeng to
about 20 m were observed in the bulk solder for solder joints formed withnaiigi
pure tin finished TSOPs and SAC dipped TSOPs, as shokMigure 18 However,
no such large IMCs were observed in the bulk solder of solder joimedowith
SnPb dipped TSOPs. After aging at 42%or 350 hours, IMCs with lengths up to
around 20 m were observed in all SnPb solder paste assembled solder joints,
including original pure tin finished TSOPs, SAC dipped TSOPs, and Sppédli
TSOPs, as shown iFigure 19. Based on EDS analysis and phase diagram, it was
determined that these Needle-shaped IMCs wegSiE(i27] [29]. Some Cgbrs

may have a small percentage of Ni dissolved into it to form (C¢SNi)
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Needle-shaped
IMC

N < N

Needle-shaped Needle-shaped
IMC IMC

(a) Pure tin finished (b) SAC dipped TSOP - (c) SnPb dipped TSOP -
TSOP - SnPb paste —  SnPb paste — 216 SnPb paste — 216
215C
Figure 19: Microstructure of solder joints assembled with SnPb soler paste
after aging at 128C for 350 hours.

In solder joints assembled with SAC solder paste, needle-shapesvilMiC
lengths up to around 20m were also observed in the bulk solder, as shown in
Figure 20. After aging at 12% for 350 hours, similarly sized IMCs were also
observed in the bulk solder, as showrFigure 21 It was also determined that

these IMCs were GOrE.

N\ N

Needle-shaped
IMC

Needle-shaped
IMC

(@) Pure tin finished TSOP - SAC paste (b) SAC dipped TSOP - SAC paste —
- 240C 240°C

Figure 20: Microstructure of solder joints assembled with SAC soldepaste.
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Needle-shaped
Needle-shaped
IMC

/ IMC \

(a) Pure tin finished TSOP - SAC paste (b) SAC dipped TSOP - SAC paste —
—240C 240°C

Figure 21: Microstructure of solder joints assembled with SAC soler paste
after aging at 128C for 350 hours.

From the above investigation, it can be seen that no larg8nAdendrites
were observed at the interface or in the bulk solder of soldes jfmnned either
with SAC dipped TSOPs or assembled with SAC solder paste.tAéienal aging,
the dispersed A&n particles did not grow to be large dendrites. So in the
assemblies of SAC dipped TSOPs with SnPb solder, the addition obigIAC
solder finish into the solder joints did not cause the occurrences;&nAdendrites,

which may pose reliability concern to the solder joints under mexdidoniading

conditions [28] [30] [31].

Fe and Ni elements from the Alloy-42 leads were detecteBS in the
solder joints. At the interface between the solder and the ldageraof IMC was
observed in solder joints formed with original pure tin finished TS@mr®
solder-dipped TSOPs. However, it was too thin to be analyzed by ED&s
reported in the literature that Alloy-42 can react with pureS8n-Ag-Bi solder

alloy to form FeSp IMC containing less than 10 at.% Ni as impurities at the
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interface after reaction at 2%D for 5 minutes [32] [33] while NBn, was not

detected at the interface, but in th&n matrix of the solder.

At the interface between the solder and the copper pad on thek didar a
layer of IMC was observed on all the 7 assembly combinationedBas the
element ratios obtained from EDS analysis and the phase diagranas
determined that the IMC layers on the copper pad on the board seEl€w8ns for
the 7 assembly combinations studied here [27] [29].

3.4.2 IMC thickness measurement

The thickness of the IMC layer on the board side of the sotdetsjwas
measured by dividing the area of the IMC layer by its lealythg the interface. Six
measurements were made at 3 different positions, as shoigure 22 The
average, maximum and minimum values were plotted to compare tle IM
thickness between the solder joints formed with refinished TS@Psraginal pure

tin finished TSOPs, as shownhkigure 23.

Under the toe
Outside the hee \ Inside the heel

\:D D/

Figure 22: Locations investigated for IMC thickness in a solder joint.
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non-aged 100°C @ 24 h 125°C @ 350 h

O Sn finish - SnPb solder - 2158 SnPb dip - SnPb solder - 213 SAC dip - SnPb solder - 205C
B SAC dip - SnPb solder - 215@ SAC dip - SnPb solder - 225@ Sn finish - SAC solder - 240C
B SAC dip - SAC solder - 240C

Figure 23: IMC layer thickness at the interface between th solder and the
board copper pad in solder joints formed with Sn finished SAC dipped and
SnPb dipped TSOPs.

In solder joints formed with SnPb solder paste, there was no difkera
IMC thickness between the original pure tin finished TSOP andesdipped
TSOPs (either SAC or SnPb dipping). In solder joints formed with Sél@er
paste, there was also no difference in IMC thickness betweemabrigure tin
finished TSOPs and SAC dipped TSOPs. After aging atl@@r 24 hours and
125°C for 350 hours, for solder joints formed with SnPb solder pastévie
layers in the original pure tin finished TSOPs and SnPb dipped T3@Rs
thicker than those in the SAC dipped TSOPs. The interfacial &W€r$ showed
slower growth in the solder joints formed with SAC dipped TSOResnakled
with SnPb solder paste than that in original pure tin finished TSQ8smbled

with SnPb solder paste. For solder joints formed with SAC soldde, ptse
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thickness of the IMC layers in the two assembly combinations stdken the

same range.

The thickness of the interfacial IMC layer was also measaorethe board
side of the solder joints formed with SnBi finished TSOPSs, as shotigure 24.
From the results, it can be seen that the thickness of theam&rfiMC layer is
the same for the solder joints formed with SnBi finished TSQfeks pare tin
finished TSOPs for both eutectic SnPb solder assembly and SAC solder

assemblies.

)]
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IMC thickness (m)

© =
S o1 P o1 N

non-aged 100°C @ 24 h 125°C @ 350 h

O Sn finish - SnPb solder - 215C MW SnBi finish - SnPb solder - 215C
B Sn finish - SAC solder - 240C M SnBi finish - SAC solder - 240C

Figure 24: IMC layer thickness at the interface between th solder and the
board copper pad in solder joints formed with Sn finishedand SnBi finished
TSOPs.

3.5 Discussion

After SAC dipping of the TSOPs, the pure tin solder finish wascepl by the
SAC finish. The Ag and Cu elements were introduced into the sotdgn.fThey

were dispersed in the solder by forming IMCs with Sn [27].[BBlring reflow with
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SnPb solder paste, the SAC solder finish made contact with moltdn sBider
paste. From the microstructural analysis of solder joints itbeageen that even
though the reflow peak temperature was lower than the melting tetupeof the
SAC solder, the SAC solder finish still mixed with the SnPb sqgidste. This was
confirmed by the distribution of the Pb-rich phase and the absence ruddrtas
between the SAC solder finish and the SnPb solder paste. Although@hsoBker
finish could not be melted, it was able to dissolve into the moltenrsadget
mixed in with the SnPb solder. This is different from the mixegmbly of BGA
components, where clear boundaries were observed between the SAChablder
and the SnPb solder paste in the final solder joints [14] [16]. Theseliice may be
because of the relative amount of SAC solder compared to the Saebsadte in
those situations. Since the ratio of SAC solder finish to SnPb spdte was
smaller than that of the SAC solder ball to the SnPb solder, plastSAC finish

was able to dissolve into the molten SnPb solder within the reflow process.

Although the Ag element was introduced into the solder joints bys&ke
solder finish, it did not form large A§n IMC flakes with Sn in the solder joints,
which might cause reliability risk to the solder joints, espbciahder shock
loading conditions [30] [31]. Large A§n flakes may change the failure mode of a
solder joint to cause brittle fracture. It can act asaalkcmitiation site as well as a
crack propagation path [28]. The concentration of Ag element isdluker joints
studied here is not high enough to form larggJxgflakes, as shown Figure 25,

as it was reported that a minimum of 3.2 wt.% Ag was needednoldoge AgSn

34



flakes in the Sn-Ag-Cu solder [28]. Even after aging, the disdefgsSn IMC
particles didn’t grow to be large flakes. The reason wasthleafg concentration
was relatively low so that there was not enough material tm fibe large
structures. The Agpn particles were dispersed along the tin rich phase grain
boundaries, which increased the creep resistance of the solder [[@ijts
Needle-shaped G8ns IMCs with lengths up to around 20n were observed in all
solder joints assembled with SAC dipped TSOPs as in the solder gsisembled
with the original pure tin finished TSOPs. So in terms of large-#Cs, the SAC

dipping of the TSOPs did not make a difference to the solder joints.

15

0.5

Ratio of Ag element (%)

SAC dip-SnPb solder-205C SAC dip-SnPb solder-215C 8iSnPb solder-225C

Figure 25: The ratio of Ag element in the solder joints formed with S&
dipped TSOPs assembled with SnPb solder paste (Non-aged)

After SnPb dipping, the original Sn finish was replaced by the Salers
finish. During the process of reflowing with SnPb solder paste, tiftb Solder
finish was melted and mixed with the SnPb solder paste. IMGsgd size were

not observed in the solder joints formed with SnPb dipped TSOPs as¢heyn
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original pure tin finished TSOPs. The IMC growth on the interfaae tive same for

the SnPb dipped TSOPs and original pure tin finished TSOPs.

When the TSOPs were assembled with SnPb solder paste, the interfacial IMC
thickness was the same for all five of the assembly combinatimveever, after
aging, the interfacial IMCs in solder joints formed with SAiBped TSOPs were
thinner than those in solder joints formed with original pure tin finiSF@OPs and
SnPb dipped TSOPs. This IMC growth difference can be partlipattid to the Cu
concentration in the solder joints introduced by the SAC soldehfibisring the
liquid state in reflow process, the reaction between the moltenr ssoiddecopper
pad is about 4 orders of magnitude higher than that during solid gtatg[a7].
Although the addition of Cu element into the solder slowed the dissohitithre
Cu pad into the molten solder, the reaction between the solder and Seepaeld
to be not affected by the dissolution difference since the IM&viyr was not
dissolution controlled [38]. However, during solid state reaction in tiega
process, the dissolution rate of Cu pad into the solder slowed downrovin @f
IMCs was controlled by the dissolution of Cu pad. Thus, the IMC growth in solder
joints formed with SAC dipped TSOPs was slower than that in sjolicés formed
with original pure tin finished TSOPs.

3.6 Conclusion

Solder joints formed with solder-dipped TSOPs showed thinner solder

coverage close to the component body edges than those formed with qrigienal

tin finished TOPs. In the mixed solder assembly of SAC dipped $S@R SnPb
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solder paste, the solders were mixed and no boundaries betweenGhsoldAr

finish and the SnPb solder were observed in the formed solder joints.

Solder joints formed with SAC dipped TSOPs did not show largersM€in
the bulk solder of the solder joints than the original pure tin HedsTSOPSs.
However, the interfacial IMC layer on the board side showed a signoeith and
smaller thickness than the original pure tin finished TSOPsattag at 108C for
24 hours or at 12& for 350 hours, when the solder joints were reflowed with SnPb

solder paste.

Solder joints formed with SnPb dipped TSOPs reflowed with SnPb solder
paste had large Pb-rich phase dendrites, while other asseontlynations did not
have them. Solder joints formed with SnPb dipped TSOPs did not showracigé
in large-size IMC growth in bulk solder and interfacial IMC wgtio from solder

joints formed with original pure tin finished TSOPs.

Solder joints formed with SnBi finished TSOPs and pure tin finishedPES
had the same thickness for interfacial IMC layers both befudeafter aging for

both eutectic SnPb and SAC solder assemblies.
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Chapter 4Solder joint strength evaluation

Solder joint strength is an important metric for evaluatinggbality and
reliability of a solder joint. A solder joint should have enough strebtm ensure
reliable bonding of the component and the PCB. A shear test wasrnierngkd to
evaluate solder joint strength.

4.1 Testsetup

The shear test was conducted on a DAGE 2400 Bond-tester, as shown in
Figure 26. One part per assembly combination per condition was cut out of the
board for the shear test. Shear force was applied onto the leadhessigear tool.

The standoff height of the shear tool head is the distance frorappergpad on the
board to the lower edge of shear tool head, as showkigmre 27. It was
maintained at 30m, which was higher than the solder joint height between the lead
and the copper pad to ensure that the shear force was applied todérejcat
through the lead during the test. A gap between the vertical part of the lead and the
shear tool head was maintained to minimize the impact of thdrieae’s strength

on the test results of solder joint strength. The shear test was
displacement-controlled with a constant shearing speed of 20, in
consideration of the recommendations for the ball grid array (Bshagr test in
JEDEC Standard JESD22-B117A [34]. The test was stopped when theidead
sheared off of the solder joint. The maximum shear force duringestewas

recorded as the shear force for the solder joint. After ther kst the fracture
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surface area of the solder joint was measured. The solder joenigth was

calculated by dividing the shear force by the fracture surface area.

Force

§‘--.‘
Standoff %
B Gar
height of the | | Shear
shear tool % tool
head g head
S Solder
Copper pad
Board
Figure 26: Picture of shear test
setup on DAGE 2400 Figure 27: Diagram of shear test setup.

Bondtester.
4.2 Shear strength of solder joints formed with solder dipped TSOPs

Fourteen solder joints on each part were sheared. Average valuesratadct
deviations were calculated. Solder joints reflowed with SnPb splide had the
same strength, as shownHigure 28. For solder joints formed with SnPb solder
paste, there was no difference in solder joint strength betweenediffassembly
combinations both before and after thermal aging, including original jpure t
finished, SAC dipped, and SnPb dipped TSOPs. For solder joints assemthled
SAC solder paste, the strength of solder joints formed with SACdIipp®Ps was
higher than the original pure tin finished TSOPs. Even after #lexging at 12%C
for 350 hours, from analysis of variance (ANOVA) it can be detsed that the
strength of solder joints formed with SAC dipped TSOPs washggitler than that

of original pure tin finished TSOPs. Even with aging, the strengsioloer joints
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formed with SnPb solder paste did not change. However, the strengtider

joints formed with SAC solder paste decreased.
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Figure 28: Strength of solder joints reflowed with SnPb solder paste

4.3 Shear strength of solder joints formed with SnBi finished TSOPs

When assembled with SnPb solder paste, the shear strength ofjsivitter

formed with SnBi finished TSOPs was a little bit higher thHaat df solder joints

formed with pure tin finished TSOPs before aging based on AN@N&ysis.

However, after aging at 180 for 24 hours, they became the same. After aging at

125°C for 350 hours, the shear strength of solder joints formed with fBified

TSOPs was higher than that of solder joints formed with purenishid TSOPS,

based on ANOVA analysis.

When assembled with SAC solder paste, the shear strength of wotder

formed with SnBi finished TSOPs was higher than that of sobdetsjformed with

pure tin finished TSOPs before aging. However, after agin@@&€ for 24 hours,
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they became the same. After aging at°@for 350 hours, the shear strength of

solder joints formed with SnBi finished TSOPs became higher again.

9000
~ 8000

Shear strength (
w
o
o
o

Non Aged 100C@24h 125C@350h

O Sn finish - SnPb solder- 215C W SnBi finish - SnPb solder- 215C
M Sni finish - SAC solder- 240C B SnBi finish - SAC solder- 240C

Figure 29: Shear strength of solder joints formed with SnBfinished TSOPs
and pure tin finished TSOPs.

From the results, it can be seen that before aging, the sthemagth of solder
joints formed with SnBi finished TSOPs was higher than that of sobdets
formed with pure tin finished TSOPs in both eutectic SnPb soldembisand
SAC solder assembly. After aging at ¥00for 24 hours, they became the same.
After aging at 12%C for 350 hours, the shear strength of solder joints formed with
SnBi finished TSOPs became higher again.

4.4 Discussion

When the TSOPs were assembled with SnPb solder paste, ditiesenbly
combinations had the same solder joint strength. Although the Ageetewas
added into the solder joint by the SAC finish from SAC dipped TSthBse solder

joints did not show higher strength than the solder joints formed with original pure
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tin finished TSOPs and SnPb dipped TSOPs. This was probably bedaugsbe
reflowing process, the microstructure of the solder joints did ewathr a state of
equilibrium state because of the incomplete mixing of soldersfastdcooling.
Although silver and copper from the SAC finish can form dispersed pisiGcles
that can strengthen the solder joints by increasing the stffolethe solder joints
[39], such effects may not be revealed in the non-aged solderljeicasise of the
uneven dispersion of IMC patrticles and the non-equilibrium state ohaberials.
However, after aging at 125 for 350 hours, the solder joint materials were
annealed to help the materials reach a state of equilibrioenIMC particles also
grew, became more evenly dispersed through diffusion, and were erdbedde
matrix with better adherence [40]. So the strengthening effebedMC particles
was manifested by the shear strength of the solder joints. Frusplder joints
formed with SAC dipped TSOPs had higher shear strength thawoltes pints
formed with original pure tin finished TSOPs and SnPb dipped TSOEs thiby

were reflowed with eutectic SnPb solder paste.

Along with aging, there were also microstructure coarsemdga increase in
the volume fraction of IMCs in the solder joints. These can as&rethe
embrittlement of the solder joints and cause faster crack papagSo the shear
strength of the solder joints decreased for original pure tirhgdiF SOPs and SAC

dipped TSOPs reflowed with SAC solder paste after thermal aging.
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45 Conclusion

When assembled with SnPb solder paste, solder joints formed withr solde
dipped TSOPs had the same shear strength as the original pure tin finished TSOPs.
When assembled with SAC solder paste, solder joints formed wi@ @pped

TSOPs showed higher shear strength than the original pure tin finished TSOPs.

Solder joints formed with SnBi finished TSOPs have higher sheamgsh
than those formed with pure tin finished TSOPs before aging aedagfing at
125°C for 350 hours in both the eutectic SnPb assembly and the SAC solder

assembly.
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Chapter 5Solder joint reliability under temperature cyclitegpt

Temperature cycling tests were conducted to determinelidiailiey of solder
joints formed with refinished components by comparing with solder jtontsed
with original pure tin finished components. Assemblies with TSQtek 2512
resistors were tested to obtain the time-to-failure of sotdetsjunder temperature
cycling.
5.1 Temperature cycling test

Three boards of each assembly combination were tested. Before the
temperature cycling test, the test boards were preconditionstbbgg them in
chambers at 10Q for 24 hours. The purpose of preconditioning was to anneal the
test boards. The annealing released the residual stress induced duringrttidyass

process and helped the microstructure of the solder joints to reach equilibrium.

The temperature profile was from “85to 125C with a 15 minute dwell at
each temperature extreme and 1 hour per cycle, as showigure 30. The
resistance of daisy chains (components) was electrically manitoatu by event
detectors. The failure criterion was defined according to dR@dard 9701: the
first interruption of electrical continuity (>30Q that is confirmed by 9 additional

interruptions within an additional 10% of the cyclic life [41].
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Figure 30: Temperature profile of temperature cycling test

5.2 Effect of solder dip on solder joint reliability

The failure data was obtained as time-to-failure. The tirfailore data was
plotted using Weibull ++ software. The time-to-failure distribntivas assumed to
follow the Weibull distribution. All the data was plotted using thpaPameter
Weibull distribution.

5.2.1 SnPb solder assembly

Original pure tin finished components, SAC dipped components and SnPb
dipped components were assembled with SnPb solder paste. The fahakildy
following the 2-parameter Weibull distribution is plotted Figure 31 The

assembly combinations plotted here were all reflowed with a {eearerature of
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215°C. The dwell time above the melting temperature of eutectib Soller was

70-80 seconds. It took 95 seconds to cool td@00

The characteristic life of SAC dipped TSOPs is 2052 cycleshas/n in
Figure 31 Itis 13% shorter than the characteristic life of original pure tinHeds
TSOPs, which is 2353 cycles. The characteristic life of SnPbdlip©Ps is 2213
cycles, which is very close to the characteristic life ofjingl pure tin finished
TSOPs. In addition, SnPb dipped TSOPs and original pure tin finishedslta©e
very close Weibull plot slopes, 9.4 versus 9.1. If the 90% confidenceatgere
considered and analysis of variance (ANOVA) is applied to ttvaseélistributions,
they are the same distribution. This means that SnPb dipped TS@Phésame
reliability as original pure tin finished TSOPs under the temperaturmgyelst in

our current study.
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Figure 31: Failure probability of TSOP solder joints reflowed with SnPb
solder paste under temperature cycling test

Most of the 2512 resistors reflowed with eutectic SnPb solder padtiiled
after 5146 cycles, as shown kiigure 32 47 out of 48 of the original pure tin
finished resistors failed. 20 out of 24 of the SAC dipped resisttosvied with a
peak temperature of 24 failed. 23 of 24 of the SnPb dipped resistors failed. The
characteristic life is 3763 cycles for the SAC dipped resistors reflowtachvpeak
temperature of 2P&. It is 77% longer than the characteristic life of originakpur
tin finished resistors, which is 2126 cycles. The charactefificof the SnPb
dipped resistors is 3107 cycles, which is 46% longer than the chaticide of
the original pure tin finished resistors. If the 90% confidenceniate are

considered and ANOVA analysis is performed, it can be seermth&AC dipped
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resistors and SnPb dipped resistors have the same charadttistieen they are

reflowed with a peak temperature of 2T5
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Figure 32: Failure probability of 2512 Resistor solder joints refbwed with
SnPb solder paste under temperature cycling test

From the above results, it can be seen that when the components were
reflowed with eutectic SnPb solder paste, the charactelifgtiof TSOP solder
joints under the temperature cycling test was decreased G\s8lder dipping , but
was un-changed by SnPb solder dipping. For the 2512 resistor components, the
characteristic life of solder joints under the temperatucingy test was increased

by both SAC solder dipping and SnPb solder dipping, based on the current data.
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5.2.2 SAC solder assembly

Original pure tin finished components and SAC dipped components were
assembled with SAC solder paste. The reflow profile had a pegetature of
240PC. The dwell time above the solidus temperature of the SAC solder was 50-60

seconds. It took 110 seconds to cool to°000

The characteristic life of SAC dipped TSOPs was 2430 cyclesh@sn in
Figure 33 This is 20% shorter than the characteristic life of the originee tin
finished TSOPs, which is 2941 cycles. Even if the 90% confideneevats are
considered, they have very little overlap. Thus, they are two diffdrstributions.

From the plots, it can be seen that they have similar slopes, 6.9 and 7.5.
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Figure 33: Failure probability of TSOP solder joints reflowed with SAC
solder paste under temperature cycling test
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16 out of 48 of the original pure tin finished 2512 resistors reflowdd SWC
solder paste have failed after 5146 cycles, as showigure 34. Only 2 out of 24
of the SAC dipped resistors reflowed with SAC solder paste hied fafter 5146
cycles. The characteristic life of the original pure tmshed resistors was 7164
cycles based on the current data. It is obvious that the SA€dIiggistors were

more reliable than the original pure tin finished resistors based on the acatant
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Figure 34: Failure probability of solder joints of 2512 Resistor eflowed with
SAC solder paste under temperature cycling test

From the above results, it can be seen that when the components were
assembled with SAC solder paste, the characteristic lifieeof SOP solder joints

under temperature cycling test were decreased by the sefder dipping. For
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resistor solder joints, the characteristic life of solder joimder the temperature
cycling test was increased by the solder dipping.
5.3 Effect of reflow profile on solder joint reliability

For SAC dipped components, there were three different reflow @aviten
they were assembled with eutectic SnPb solder paste. Thediflgoence among
these three different reflow profiles was that they had differeflow peak
temperatures, 206, 215C and 228C. The solidus temperature of SAC solder
finish is 217C. One of the reflow peak temperatures is lower {€)3han the
solidus temperature of SAC solder finish. Another one of thenoée (2 15C) to
the solidus temperature. The last one is higher’@pHhan the solidus temperature.
It was expected that the difference in reflow profileshhause a difference in the

reliability of solder joints under the temperature cycling test.

However, from the test results as showrrigure 35, it can be seen that the
difference in reflow profiles did not cause much differencehm reliability of
solder joints under the temperature cycling test for SAC dip&€Ps. The solder
joints reflowed with a peak temperature of Z15and 228C have very similar
Weibull plots. Their characteristic lives are close to eablerp2052 cycles and
1956 cycles. Their slopes are also similar, 5.6 and 6.0. However, alttioeigh
Weibull plot of the solder joints reflowed with a peak temperatur208tC has a
similar characteristic life which is 1920 cycles, it has @cimlarger slope (8.9).
From ANOVA analysis, it can be concluded that these three eliffeassembly

combinations have the same characteristic life. The charaictdiries of all the
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assembly combinations formed with SAC dipped TSOPs are longer tiiea

characteristic life of the solder joints formed with original piimeinished TSOPs

when reflowed with eutectic SnPb solder paste.
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Figure 35: Failure probability of TSOP solder joints formed with SACdipped
TSOPs reflowed with SnPb solder paste under temperature cyaoly test

Opposite to the test results of TSOP solder joints, the soldds jof SAC

dipped resistors all have longer characteristic lives than thosegufial pure tin

finished resistors. From ANOVA analysis, it can be concludedhieaAC dipped

resistors reflowed with different reflow profiles have #dame characteristic life

when assembled with eutectic SnPb solder paste. However, SAC dgsi&0rs
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reflowed with a peak temperature of 225have a bigger slope of the Weibull plot

than the other two.
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Figure 36: Failure probability of solder joints formed with SAC dipped 2512
Resistor reflowed with eutectic SnPb paste under temperatercycling test

From the above results, it can be seen that different reflow ggafid not
cause differences in the characteristic lives for SAC dippe@Ps and 2512
resistors when they were assembled with SnPb solder paste. Hp@&&@edipped
TSOPs reflowed with the lowest peak temperature had the ldamr & the
Weibull plot than the other two. SAC dipped 2512 resistors reflowed twéh

highest peak temperature have the largest slope of Weibull plot.
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5.4 Reliability of SnBi finished TSOPs

Original SnBi finished TSOPs were assembled with euteai®bSolder and
Sn3.0Ag0.5Cu solder as were the original pure tin finished TSOPs. [idi®litg
under the temperature cycling test was compared side by swiedpethe original

SnBi finished TSOPs and the original pure tin finished TSOPSs.

When assembled with eutectic SnPb solder paste, the charact#esof
SnBi finished TSOPs is 1771 cycles. It is 25% shorter than theathastic life of
pure tin finished TSOPs, which is 2353 cycles. When assemble®idthsolder
paste, the characteristic life of SnBi finished TSOPs iA25¢les. It is 12%

shorter than the characteristic life of pure tin finished TS®@Mich is 2941 cycles.
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Figure 37: Failure probability of solder joints formed with original pure tin
finished and original SnBi finished TSOPs under temperature asling test

From the above results, it can be seen that the solder joirdiligliaf SnBi
finished TSOPs is lower than that of pure tin finished TSOPs uedgrerature
cycling test for both the eutectic SnPb and the SAC solder asseagpecially
when assembled with SnPb solder paste, the characteristf tfie solder joints
formed with SnBi finished TSOPs was much lower than that of fpurnished
TSOPs.

5.5 Failure analysis of solder joints

After temperature cycling, electrical continuity test waaducted to confirm
the failure of each daisy chain with multi-meter. The eleaitriest results were
consistent with the monitoring results from the temperature ngydkst. X-ray

analysis was also used to inspect the possible failure of wireliorile daisy
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chains. No wirebond failure including lifeoff and break was observedeTias
also no copper trace break failure observed on the board. So the above test

confirmed that the daisy chain failures were due to the failure of solder. joints

The earliest TSOP failure of each assembly combination whkedmut for
failure analysis. The last TSOP failure and the first andréessstor failure on the
same board were also picked out for failure analysis. These bamidrsewith
failed components were cut out from the board with band-saw. To pitodestilder
joints from further damage from the mechanical shock and vibration dimeng
cutting process, the board surface with components was appliedtithiayer of
epoxy. After the epoxy solidified, the cutting was performed. Thward session
with failure components were then mounted with epoxy for crosseseugi and
polishing. Cracks with solder joints were searched for duringribes-¢ectioning
and polishing process. Pictures of the cracks and microstructure aneucit¢ks
were taken under ESEM.

5.5.1 Cracks within solder joints of SnPb solder assemblies

SAC refinished, SnPb refinished and original Sn finished TSOPs astbres
were analyzed in this section. It was found that the earkalsird and the last
failure on the same board had almost the same crack propagatiofterent
SnPb solder assembly combinations also had the almost the sakneropagation
path in the corner solder joints. The crack propagation path for T&@¥shown
in Figure 38 This is the typical form of cracks in the corner solder joofts

different SnPb solder assembly combinations. The crack propagatedttizee
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between the bulk solder and the alloy 42 leads and through part of thelolalk s

However, it was not clear that where the crack was initiated.
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Figure 38: Crack in TSOP solder joints: SAC dip-SnPb soldr-215°C-failed at
2216 cycles (corner solder joint)

Further cross-sectioning was performed to approach to the middl&SMB
component. Cracks with a slight different path were observed in sdnttee
non-corner solder joints, as showrFigure 39. The crack propagated totally at the
interface between the bulk solder and the leads. Although this dithe't ugp
complete proof of the crack initiation site, it reminded us thatthek might be
initiated somewhere at the interface between the bulk solder andait® The
crack initiation site might have the highest stress conceotrati the interface. A
void in the stress concentrated area would benefit the cradktiont and
propagation. There was residual Pb-rich phase around the crack pathvaBhis
clearer in the solder joints formed with SnPb solder refinished TSOPs, as shown in

Figure 40. There was a layer of residual Pb-rich phase layer ole#lteside. This
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layer of Pb-rich phase was accumulated because of the consuminricoform
IMC at the lead interface. During temperature cycling testSn from SnPb solder
reacted with metal elements (such as Ni or Cu) to form IM@isTthe Pb-rich
phase was precipitated at the interface to accumulate. Unebss dbading
conditions, the adhesion between the Pb-rich phase layer and the lidk sol
seemed to be weaker. So the crack propagated through the intefaeen the
Pb-rich phase and the bulk solder. This mechanism was more dieathated on
the board side of the solder joints as shown in the bottom left pictéigwe 38.
There was a layer of Pb-rich phase at the interface. Tdek @eparation was

between the Pb-rich phase layer and the bulk solder.
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Figure 39: Crack in TSOP solder joints: SAC dip-SnPb soldr-215°C-failed at
1136 cycles (non-corner solder joint)
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Figure 40: Crack in TSOP solder joints: SnPb dip-SnPb solder-2L&-failed
at 1366 cycles (corner solder joint)

The cracks in resistor solder joints for different SnPb assecolnhpinations
were also the same. As shownFigure 41, the crack propagated at the interface
between the nickel termination and the bulk solder. A layer oidPbphase was
observed at the interface on the nickel termination side. The sepekation was

between the Pb-rich phase and the bulk solder.
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Figure 41: Crack in resistor solder joints: SAC dip-SnPb solde215C-failed
at 1655 cycles

5.5.2 Cracks within solder joints of SAC solder assemblies

The cracks in SAC solder assemblies were basically the aatmose in SnPb
solder assemblies. In TSOP solder joints, the cracks propagatiee iaterface
between the lead and the bulk solder and through part of the bulk solder. The
difference was that there was no Pb-rich phase in SAC soldés. Particles of
AgsSn and Cgbns with much larger size than before temperature cycling were
observed in the bulk solder. However, there was not any observed prefefenc

crack propagation path to these IMC regions.

The cracks in resistor solder joints with SAC solder wese tile same as that
in SnPb solder assemblies. The crack propagated at the interfaeeme¢he bulk
solder and the nickel termination, as showrFigure 43. Since there were also
survived resistor solder joints, cross-sectioning analysis waspaisormed on
some of the survivors. Partial cracks were observed in the surgsistior solder

joints, as shown ifigure 44. It shows that the cracks could be initiated at multiple
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sites, for example somewhere in the middle of the interfacé teaedge of the
interface. These sites should have high local stress concentration in ortacko
initiation. The initiated cracks propagated through the interfacéraaity linked to

each other to cause a failure.
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Figure 42: Cracks in TSOP solder joints: SAC dip-SAC solder-2400Q461
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Figure 43: Cracks in resistor solder joints: SAC dip-SAC solde24(FC-4182
cycles
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Figure 44: Partial crack in resistor solder joint: SAC dip-SAC soldr-24F°C

5.6 Discussion

The Weibull parameters of the failure data of different askemb

combinations can be summarized in the followladple 5.
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Table 5: Summary of Weibull parameters and number of failures under
temperature cycling test

Assembly TSOP 50 (Alloy 42) 2512 Resistor
(CTOeTrg'IEZ?Ig?] Re;g‘("’ Weibull | weibull ,
S P parameter, Sfample s paramete ngple Sde

finish —Soldeftemperatur (failures/total (failures/total
paste)

Sn finish —

215°C 2353 9.1 24/24 212¢3.8 47/48
SnPb solder

Sn finish —

SAC solder 240°C |2941| 7.6 24/24 7279 2.2 17/48

SPdib =1 510 2000 95| 2323 | 31644.6] 24124
SnPb solder

205°C |1920] 8.9 24/24 376%22.2 15/24

SAC dip — -

215°C 2052| 5.6 24/24 37632.4 20/24
SnPb solder
2250C | 1924 6.3 23/23 345(03.9 19/24

SAC dip —

SAC solder 240°C | 2430| 6.4 24/24 NA [NA 2/24

SnBi finish
—_SnPb soldet 215°C 177110.7 24/24
SnBi finish —

SAC solder 240°C |2594| 8.3 24/24

The comparison between different

summarized as in the followintable 6.

Table 6: Comparison of characteristic life with tin finished componets

. L SnPb Dip o
SAC Dip Refinishing Refinishing SnBi Finish
Solder Eutectic |[Sn3.0Ag0.5C| Eutectic Eutectic [Sn3.0Ag0.5C
Paste |SnPb Soldger Solder SnPb Sold€SnPb Solder Solder
0, 0,
TSOP 50 13% 20% decreage Equal 25% 12% decreas
decrease decrease
0,
25.12 . 7% Increase | 48% incredse
Resistor Increase

The characteristic life with 90% confidence intervals is ptbte inFigure

assembly combinations can

e

45. It shows that the fatigue life decrease of TSOPs adfignishing was small

and the increase in fatigue life of 2512 resistors waselafg20% maximum
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decrease in characteristic life can be accepted, then ther siifdés a good

potential choice for refinishing of tin finished components.

8500
# Sn finish-SnPb solder-215C
7500 B Sn finish-SAC solder-240C !
e SnPb dip-SnPb solder-215G
o 6500 SAC dip-SnPb solder-215C
% 0 SAC dip-SnPb solder-205C
£ 5500 @ SAC dip-SnPb solder-225C
2 ¢ SAC dip-SAC solder-240C
B 4500
)
Q @
®
c;rs 3500 ®
O [ ]
2500 &
: ¢
1500
TSOP 50 2512 Resistor

Figure 45: Characteristic life of solder joints with 90% confidencentervals

During the temperature cycling test, the change in tempereduised stress
between the component, the solder joints and the PCB due to theiatstisai
coefficients of thermal expansion (CTES). The stress causedgaato the solder
joints from cycle to cycle and finally caused failure. Foromponent that has
multiple solder joints on it, the solder joints at the corners ofdngponent tend to
fail early because of the highest stress or strain levelshibar strain range of the

solder joints, , can be defined as

L( ¢ b) T
h (1)

WhereL is the distance between the neutral point and the outermost joisti$ie
nominal height of solder joint,. and , are CTEs for the component and the PCB,

respectively; and T is the temperature range during the temperature cyclihg tes
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During the dwell at the high temperature extreme, stressateda happened within
the solder joints because of the creep properties of the soéderias, including

SnPb solder and SAC solder.

Yoon, et al., [42] studied the effects of the highest temperaheawell time
at the highest temperature and the component size on the fategoé $3hPb and
lead-free solder joints formed with leadless ceramic chipecafLCCCs) during a
temperature cycling test. They found that the highest tempeiattire temperature
cycling profile affected the stress relaxation in the sqgloiets. When the highest
temperature was changed from°@5to 125C, the fatigue life of solder joints
decreased for eutectic SnPb, Sn3.9Ag0.7Cu and Sn3.5Ag solder due to a tegher ra
of stress relaxation. Also when the highest temperature wa€ 1@Greasing the
dwell time from 15 minutes to 75 minutes did not help the strémsateon more
and the fatigue life of eutectic SnPb solder was close tovthietd-free solders, or
even longer. However, when the highest temperature W& #te fatigue life of
eutectic SnPb solder was much shorter than those of the two éesgbfders due to
the much lower rate of stress relaxation in the lead-frekesgints. The results of
our current study showed that under the condition used in the current a&umger
cycling test, the lead-free solder SAC performed better thaneutectic SnPb
solder. The characteristic life of the SAC solder was 25%s¢lotitan the eutectic
SnPb solder for solder joints formed with original pure tin finishe@HS This
means that due to the creep resistance of SAC solder, the retil@sation in the

SAC solder has not reach the maximum rate, perhaps due to thesmalter size
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of the TSOP than the LCCCs, which may have caused a lower &vai in the
solder joints. The characteristic life of the SAC solder Wessttimes as long as the
eutectic SnPb solder due to the much smaller size of the 25%freghan the

TSOPs.

When a SAC dipped TSOP was assembled with SnPb solder, the mixing
between the SnPb solder and SAC solder could form a new eutecte \pihin
the solder, which was Sn-36.15Pb-1.35Ag with a melting point diCL#gat was
lower than the melting point of eutectic SnPb [17] [18]. The famabf this
eutectic phase with a low melting point may degrade the pesfuzenof TSOP
solder joints. After solder dipping, the solder finish on the bottorheidad toe
seemed thinner than the original pure tin finish. After assemblyhelght of the
solder joints formed by the SAC dipped TSOPs may have been lingimethose
formed by original pure tin finished TSOPs. The decrease in smlohérheight
increased the strain in the solder joints during temperaturengya$ defined by
Equation (1). Thus the fatigue life of the solder joints decreaseihea strain
increased. Although the formation of small;8g particles can increase the creep
resistance of the solder joints, the limited amount of SACHingy not have
significant impact on the fatigue life of the solder joints. Wtiesn SAC dipped
TSOPs were assembled with SAC solder, the reason for the decreasai@litatig

was the same as that with the SnPb solder.

From the failure analysis, it can be seen that the IMCs ibulkesolder and on

the board side did not have direct effects on the crack initiation apegmtion.

66



The crack propagation path did not show any preference to these IMQitatex
regions. However, it doesn’t mean that the IMCs are not impoxasbfder joint
reliability. The IMCs as a harder second phase in the soldexrs@engthened the
solder material. Reliability of solder joints under mechanical lslvonditions is
more sensitive to IMCs. Under mechanical shock conditions, the sitairsivery
high. The solder alloy behaves as a strong material due to-igtta hardening
effect. The IMCs are brittle and have lower fracture toughnd@fe stress
concentrated in the IMCs and brittle fracture is very prone to Inapt@in the
IMCs [27][43].
5.7 Conclusion

The effects of the solder dip process on the reliability afesgbints formed
with solder dipped components are opposite for TSOPs and 2512 resistars unde
temperature cycling test. The SAC solder dip process decr¢las characteristic
life of TSOP solder joints for both the eutectic SnPb solder ddgdtB8% shorter)
and SAC solder assembly (20% shorter). However, the SAC dip priocesased
the characteristic life of solder joints of 2512 resistors for Hotheutectic SnPb
solder assembly (77% longer) and SAC solder assembly (unknown) based
current available data. The SnPb solder dip process did not dhengearacteristic
life of TSOP solder joints assembled with eutectic SnPb soldés.gdowever, the
SnPb solder dip process increased the characteristic life of reSiskor solder

joints assembled with eutectic SnPb solder paste (46% longer).
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Different reflow profiles did not change the characteristiediof the solder
joints formed with SAC dipped TSOPs and 2512 resistors reflowed wiiith S

solder paste.

The solder joint reliability of SnBi finished TSOPs was lovieart that of pure
tin finished TSOPs for both the eutectic SnPb solder assembiheu®AC solder
assembly under temperature cycling test. The charactdifistaf solder joints of
SnBi finished TSOPs was 25% shorter when assembled with eueétlz solder
paste and 12% shorter when assembled with SAC solder paste thafrptiat tin

finished TSOPs.

If about 20% fatigue life decrease is accepted, then the sofueadibe an
acceptable choice of solder refinishing process and SnBi cabhealso acceptable

alternative finish to tin finish.
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Contributions
1. Evaluated the solder dip (SAC/SnPb) refinishing process irstefnts effects
on solder joint strength, solder joint reliability under temperatyating test
and microstructure of solder joints.

(1) Refinished TSOPs (alloy 42 leads) had the same solder fm@ngth as
original tin finished TSOPs.

(2) Refinished TSOPs (alloy 42 leads) had slight shorter (<2@figue life
than original tin finished TSOPs. Refinished 2512 resistors (nickel
termination) had much longer (>48%) fatigue life than original tin finished
resistors.

(3) Refinishing did not increase the reliability risk of TSORo{a42 leads)
solder joint under mechanical shock conditions in terms of IMCs in bulk
solder and at the interface on the board side.

2. Proved that different reflow peak temperature (2050C, 2150C and 2250C)
didn't cause difference in  microstructure, solder joint stiermgid reliability
under temperature cycling test when SAC refinished TSOPs with4#ltsads

were assembled with eutectic SnPb solder paste.
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