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ABSTRACT

Assessing/predicting the riability of solder joints on dectronic components has traditionally
involved accederated thermal cycling. However, such testing can be time-consuming and
expensive since one cycle can be as long as an hour and it may take thousands of cycles before
failure of the joint. Any test procedures, say using computer modeling, to shorten this
evaluation period will therefore offer significant benefits to the industry.

This report presents the findings of an initial collaborative study of the use of a particular
software-model combination to predict trends in solder joint failures and compare them with
those observed experimentally. In the latter, the joints, which were made using two lead-free
solders, were stressed using four different thermal cycling regimes, including one typical of that
used in automative products and the other appropriate for military equipment. The results were
benchmarked against those obtained using conventional SnPb solder. The findings are
encouraging in that the modd successfully predicted the failure trends observed in the joints
and hence forms a good base for further stages of the work. Differences in the absolute
numbers of cycles to failure observed experimentally and predicted theoretically are attributed
to the sensitivity of the constitutive equations used and the fact that the modd (knowingly) did
not take crack propagation into account. The results indicate that the joints associated with a
simple 2512-type resistors provide a good test vehicle for this type of study. Moreover, the
findings demonstrate that a 3D modeling approach is essential to characterise the changing
stress and strain patterns experienced by the joint through each thermal cycle.
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1. INTRODUCTION

A conventional method for assessing reiability of solder joints is to use dectrical continuity
measurement. Although this method provides a technique in which a large number of joints can
be monitored, it is dependent on a complete eectrical open circuit occurring before any failure
is registered. This can be a severe handicap when over 5000 cycles (~6+ months experiment)
may be required to reach failure. To reduce the experimental time in assessing a solder alloy,
components are sdected which are known to be more prone to solder joint failure, often
referred to as “weak links’. Typically with these components the coefficient of thermal
expansion CTE mismatch is high, and in this study 2512-type ceramic resistors and large
BGAs were used.

These “weak link” components are the most likely to suffer solder joint failure in commercial
products. Thermal cycling drives the devdopment of cracks and structural changes that will
weaken a solder joint. Since dectronics assemblies are manufactured from various materials
with different CTES, shear strains are placed on the various components in the assembly asit is
taken through a thermal cycle. This is shown schematically in Figure 1. Temperature cycling
during service induces stresses due to the CTE differences between the mounted component and
base substrate, and it is a function of the materials used in dectronic assemblies that this strain
is reieved in the solder joint. The strain is rdieved by microstructural changes and the
development of cracks, which accumulate as a consegquence of continual cycling.

Resistor 6 ppm/°C
b

1

Solder 16.8-21 ppm/°C

Copper 17 ppm/°C

FR4 laminate 18 ppm/°C
Figure 1: CTE (X-axis) of materials used in SM assemblies

SnPb solders have been widdy used in the dectronics industry for a long time. However, their
toxicity gave rise to proposals for anti-lead legislation in the USA more than ten years ago.
These proposals, although rebutted at that time, have created a momentum for lead-free
dectronics, which shifted to Europe, and has led to the incorporation of lead-elimination
measures in the EU’'s WEEE Directive. This Directive aims firstly at the prevention of waste
from dectrical and dectronic equipment, secondly at the re-use, recycling and other forms of
recovery of such wastes, and thirdly at minimising the risks and impacts to the environment
associated with the treatment and disposal of end-of-life dectrical and eectronic equipment.
The identification and introduction of suitable |ead-free solders is now a major area of research
in the dectronics industry.
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Solder Termination

Copper Pad

Printed Circuit Board

Figure 2 Solder joint of 2512-resistor

2. OBJECTIVES AND TEST VEHICLE

In developing a successful mode for predicting the rdiability of solder joints it is important to
use materials data obtained from realistic solder joints i.e. from joints having dimensions and
geometries reflecting those in actual surface mount products. As part of a previous programme
NPL has developed an instrument for obtaining such data — the dectro-thermal mechanical
tester (ETMT — seereference 13) — and it is to be used for data collection in later stages of this
work. As a preliminary exercise, however, other data collected as part of alarger programme,
have been used to test this particular software-mode combination.

The prime objective of this work was to investigate whether the particular combination of
maodeling software (PHY SICA) and the modd for fatigue and creep behaviour developed at
Greenwich University could successfully predict the failure trends observed experimentally
using a proven test vehicle. The latter employed surface mount 2512-type resistors (used
extensively on PCBs in the dectronic industry) with joints soldered using two lead-free alloys
and stressed using four different thermal cycling profiles. Conventional SnPb soldered joints
were used to benchmark both the data collected and the application of the moddl.

The details of the resistor-PCB combination are shown in Figure 2. The resistor is connected to
the PCB at each end, where solder (either tin-lead eutectic or lead-free) has flowed up the side
of theresistor, and under the termination and between the pads on the PCB. Thefillet shape, its
curvature, and resultant stand-off height of the resistor above the PCB are dependent on solder
volume used, the termination solderability and surface tension of the solder. Different fillet
shapes for the two materials may affect the rdiability and hence impact on the successful
introduction of a lead-free solder for this component.

With only two connections to the PCB, resistors are reatively simple components to mode,
compared to multi interconnection components such as BGA (ball grid array) and FC (flip-
chip) packages. Nonethdess, the rdiability of these two resistor solder joints is by no means
less of a challenge to modd in terms of predicting thermal-mechanical fatigue of the solder
joints. Important parameters that influence the failure mode are solder volume, fillet shape,
stand-off height, and component material properties (i.e. Young's Modulus, coefficient of
thermal expansion, €tc).
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Because the resistors and the PCB are made from materials with different coefficient of thermal
expansion (CTE), cyclic temperature changes will produce cyclic stresses and strains in the
solder joints and these cyclic loads may lead to crack initiation and propagation. It should be
noted that other failure mechanisms could occur, such as resistor cracking or delaminating at
material interfaces. In this modeling analysis only solder fatigue damaging mechanisms are
considered.

In Figure 3 a micrograph of a typical cross-section of a 2512-resistor solder joint is shown.
This component failed during a thermal cycling test. Experimental observation of SnPb solder
interconnections indicates that cracks usually initiate in the solder between the resistor body
and the PCB. This crack then propagates through the solder fillet eventually to emerge on the
surface of the solder fillet to cause total detachment between the resistor and PCB. Solder joint
lifetimes are typically expressed as the number of thermal cycles that a solder joint experiences
when 62.3% of thetested joints fail, called N.

Figure 3: Micrograph of the cross section of a cracked 2512-resistor

Computational moddling is now acknowledged as an equal and long-term indispensable
partner, along with theory and experiment, in the advance of scientific knowledge and
engineering practice. Numerical simulation enables the study of complex systems and natural
phenomena that would be too expensive, or even impossible, to study by direct
experimentation. Stress predictions, using finite ement calculations, have been undertaken by
a number of groups to predict thermal stress and fatigue in solder joints for a number of
components [1]. These types of simulations are very dependent on the input they require. A
part of this data set is the physical properties of the materials being analysed - both thermal and
mechanical. In this study the same geometries have been modelled as tested in the experimental
work. These dimensional data and other materials data were fed into the models for SnPb and
SnAgCu solders
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3. MODELLING METHODOLOGY

The modelling software PHY SICA [8] solves partial differential equations, representing the
governing physics in a process, by dividing the 3D domain into a collection of related discrete
elements and approximating the continuous variables by finite number of discrete variables[9].
These eguations are then partitioned using appropriate methods to obtain a system of
equations, which with appropriate boundary conditions can be solved to provide thermal and
stress data across a component.

I BL |

Figure 4 Definition of resistor model dimensions
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Table 1; Resistor model dimensions

L 6.21mm

Wy 3. T1mm {width)

TL 0.56mm (termination)
H 0.55mm (thickness)
=H 80 micons, (standcff height)
e 4.45 mm (gap)

FL 1.68 mm (pad length)
F 315 mm (pad width)
EL 16 mm

BV g8 mm

TH 20+5 microns

_H 35 microns

EH 1.6 mm

10




NPL REPORT MATC (A) 11

Based on the resistor's dimensions, shown in Figure 4 and Table 1, a three-dimensional
computer model was built. The outline and a cross section of this can be seen in Figure 5,
where the different materials are clearly illustrated. This modd uses experimental data such as
solder fillet shape and standoff height, which were measured. Because of the domain symmetry,
only one quarter of the resistor is represented in the modd. The rest of the resistor can be
accounted for by symmetry boundary conditions.

Symmetry plane

termination

solder

Resistor body |

Cu pad

PCB

Figure5: Top: Theoutline of a %2 model of the 2512-resistor.
Bottom: A cross section of the computer model of the 2512-resistor

The solder is assumed to behave as an isotropic easto-viscoplastic material and the board is
assumed to be orthotropic and dastic. Other materials in the domain are assumed to be
isotropic and dastic. The modd includes the most rdlevant parameters for the mechanical
behaviour of the assembly. The mechanical properties used in this analysis are listed in Table
2. The modd calculates the accumulated creep strain energy in the solder during a thermal
cycle and the number of cycles (N;) to 62.3% population failure rate is estimated for SnPb
solder.

11
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Table 2: The mechanical-élastic properties of the materials of the leadless SM resistor

E Poisson’s |CTE

Material elastic modulus ratio (ppm / °C)
(GPa)

60Sn40Pb 10 0.4 16.8-21
95.8Sn3.5Ag0.7Cu 50.3 0.4 28
Alumina (resistor) 282.7 0.22 6
Cu (pad) 121 0.35 17
FR4 (PCB) 22 0.28 18(xy), 70(z)
Ag (termination) 83 0.37 18.9

To modd the creep behaviour of solder, the following constitutive relationship (1) is used [11,
12]:

de . -Q
—9 =—yxsnh"(qao.)exp(— 1
w7 (ao,) p(RT) (1)

where:

de /dt is the scalar creep strain rate

T is absolute temperature in K

R=8.3 J.K™.mol™ is the gas constant

O. is the von Mises effective stress in Pa

y, a, nand Q represent material dependent parameters

For the near eutectic SnPb solder, y=9.62x10%s®, «=0.087 MPa'!, n=3.3 and
Q = 66884.471 J.mol™* according to Darveaux [11].

The eguation 1 is part of the tensor form of equation 2, which is used in the modeling creep

strain rate
de® .
L — E d‘E’cr i (2)
d 2 dt o,

where:

&;” is the creep strain tensor

s; isthe deviatoric stress tensor (stress without hydrostatic part [11])
O isthe Von Mises effective stress given in equation 3

o, =,/(3/2s;s; ©)

The correlation between plastic energy dissipation density during a thermal cycle and the
number of cycles to crack initiation in SnPb solder [11], N, thisis given by:

12
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N, =5.42x107 / AW @)

The crack propagation rate (5) can be expressed as:

A _ 1 745x107 AW ()
dN

where:

A isthe cracked area

N is the number of thermal cycles

AW isthe creep energy dissipation per unit volume accumulated over athermal cycle

The AW can be calculated as a function of the cracked area (length), so the number of cycles
for crack propagation through the solder area can be obtained from equation 5. The total
lifetime (Nf) for SnPb solder joint is estimated from joined equations 4 and 5 as shownin 6.

A
N, =N+
b0 1.745%107 AW

(6)

where:

A isthetotal areain which the crack can propagate

N is characteristic life-time (number of cyclesto 62.3% failure rate)

Nois number of cycles for crack initiation

AW isthe creep energy dissipation per unit volume accumulated over one thermal cycle

For expressing the damaging effect of accderated aging (thermocycling) the volume weighted
average (V.WA.) value of AW (Equation 7) is used [6].

D AWY,
AW = —2——— 7)
tot
where:
Vit IS the total volume
V. is the volume of an dement
AW, is creep energy density within an eement
AW isthe creep energy dissipation per unit volume accumulated over athermal cycle

This is important for the calculation of AW, as strain and stress distributions may have peaks
or singularities at corners or material interfaces — especially in the solder. The mesh
dependency and stress singularity are well known throughout the modeling community and the
volume weighted approach provides results that avoid this effect.

The advantage of V.W.A. as compared with maximum value of the energy density in the
solder is demonstrated in Figure 6, which shows energy density changes in a simplified block of
solder material under cyclic thermal loading. Clearly as the mesh density increases, the peak
stress at the top right hand corner increases in magnitude. This is shown in the accompanying
graph where the energy density significantly increases with mesh density (1, 2, 3). For the
V.W.A. approach there is only a small increase in normalized energy as the mesh density

13
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increases from (1)—(2). A finer mesh (3) produces a very small change in volume weighted
average energy density as compared with maximal energy density.

Temperature ["C]

Temperature [*C]

16 ¢
— 14 - -m Volume Weighted Average Energy
© . C
= - & Maximal Energy
2 12 ¢
= - —a
3 10 - T
> L
S 08 | 1
C |
o g
8 0.6 ;
B2 .
© C
£ 0.4 :
S 02 - 5

00 ° LT

1 2 3
Mesh size

Figure 6: Energy density of a simplified solder block under shear load

Thermal cycle -35 to 125 °C with 5 min dwells

Thermal cycle -20 to 100 "C with 10 min dwells

o =] 10 15 20

Time [min]

25 a0 35

Thermal cycle -40 to 125 “C with 5 min dwells

40

Temperature [C]

&0
40
20 f---

o

o 5 10 15 20

Time [min]

25 30 35 40

Thermal cycle -20 to 120 °C with 3 min dwells

] 5 10 15 20 25

Tirne [min]

a0 35

Temperature [°C]

5 83 8

20
Tirne [min]

25

Figure 7 The temperature profiles of the thermal cycles
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3.1 Outcomes of the work

Four different temperature profiles were used as input data for the modelling, and these are
shown in Figure 7. The key parameters of these profiles arelisted in Table 3.

Table 3: The parameters of the thermal cycles

Temperatureprofile | MinT [°C] | Max T [°C] | Period [min]
A -55 125 40

B -20 100 40

C -40 120 40

D -20 120 7

In Figure 8 the stress distribution is shown across the resistor when an assembly is cooled to
the low dwdll region on the thermal cycle curve (A). As expected, due to the thermal mis-match
in the material property data, a high stress region has occurred around the termination and pad.
The highest stress is in the Cu pad and the metal termination region. The creegp energy
dissipation density distribution in the solder joint can be seen in Figure 9. The need for a three-
dimensional simulation is highlighted by the creep energy distribution in the volume of the
solder joint with a varying damage profile through the width of the solder. Such a variation
across the width of the resistor would not be evident from a 2D modelling approach. The region
displaying high damage (creep strain energy) is at the edge of the device - situated between the
termination and pad at the corner away from the symmetry plane. This predicted location of
high damage indicates the most likdly spot for crack initiation. The prediction is consistent with
experimental observations (microphotographs of cross-section Figure 3), and also appears to
suggest that this is the location for crack initiation. After initiation, the crack will first
propagate through the whole area between the pad and resistor, and then into the fillet mass -
eventually causing total failure of the solder joint.

The concept of two-stage crack propagation is used to calculate total life-time in two steps. In
the first step, the modd has all the solder material in place and the average value of AW is
calculated for the solder volume between the pad on the PCB and the termination on the
resistor, V1 in Figure 10. In the second step a new modd is constructed with the solder (V1)
between the PCB and resistor removed. The creep strain energy, AW, is then calculated for the
solder volume (V2), which represents the region in which crack propagation will occur at this
stage. The total number of cyclesfor the crack to travel through the two regions (V1 and V2) is
then calculated. Thetotal life-timeis simply the sum of life-times from these individual regions.

15
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FEMGY 5.1-03.C Greenwich University 22 MAY 2000

MODEL: RES OEF = 20

CASELl: FHYSICA RESULTS
STEF: % TIWE: .10Z2E4
mobDAaL ESTRES I_SJ_ES
Med .487E% I 499
MIh .7B8EEB .4E9E9
.449E9
.429E9
.402ES
.388E9
.3E7ED
.347EQ
.327E9
.306ED
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.ZBEEQ
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I.1n3E9
LIS
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B 414E8
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Figure 8: The stress distribution of the resistor under thermal load. The unit of stress
isPa

FEMGY 5.1-03.C Greenwich University 22 MAY zZooo
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MAX = .305 23
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-
(%)
=
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m
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Figure 9: The creep energy dissipation density distribution at the end of the fifth cycle for
temperature profile A. The unit of stressis Pa
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N

Y772222222277222222222222222222222722%

Figure 10: Cross-section of computer model with volumes V1 and V2

The data presented in Figure 11 show that value of AW does not change much with the number
of temperature cycles. The difference between energies at the end of the first and the second
cycle is only 1.25% and that between the second and the third is 0.025%. This behaviour
suggests that solder stress rdaxes very rapidly compared to the time scale of the thermal cycle.
Thevalue of AW after the fifth cycle was used to calculate characteristic life-time (Ny).

7.5

7.4

7.3 |

1.2 = = -

AW per cycle [MPa]

7.1

7.0

1 2 3 4 5
Number of Cycles

Figure 11: AW as a function of number of thermal cycles.

The development of the accumulated cregp energy densities in region V1 over the first thermal
cycle are shown in Figure 12, Figure 13 and Figure 14 for each of the four thermal cycles and
three solder alloys. The last reading of each of the data series is defined as the AW of this

cycle

17
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Figure 12: AW between the pad and resistor body as a function of nor malized cycle time
for SnPb solder alloy and four different thermal cycles

8.0

ShAg D

7.0

6.0

5.0

4.0
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AW per cycle [MPa]

2.0

1.0
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0 01 02 03 04 05 06 07 08 09 1
Normalised cycle period

Figure 13: AW between the pad and resistor body as a function of nor malized cycle time
for SnAg solder alloy and four different thermal cycles
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8.0

SnAgCu
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Figure 14: AW between the pad and resistor body as a function of nor malized cycle time

for SnAgCu solder alloy and four different thermal cycles

In Table 4 there is the creep energy density AW s listed for three types of solder and four
different temperature cycles.

Table 4:
The Creep energy density AW/cycle of theresistor for four temperature profiles
Solder Volume Temperature profile
A B C D
sSnPb V1 7.19 4.27 5.89 7.60
V2 0.55 0.34 0.46 0.54
V1 7.55 4.51 6.22 6.79
SnAg
V2 0.60 0.36 0.50 0.56
V1 4.15 2.45 3.50 3.71
SnAgC
il BRYZ, 0.47 0.29 0.40 0.43

The predicted life-times for SnPb solder are summarised in Table 5. In all cases thefirst stage
of crack propagation (V1) accounts only for about 4-5% of the total life-time. The rdatively
short time for the crack to cross the solder between the resistor and PCB s the result of higher
stress and strain in this part of the solder material. The role of the stand-off height here is
important as it greatly affects the strain in this region. But since cracks spend much

19
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longer in crossing the fillet, the solder joint reliability is much more dependent on the
volume and shape of thefillet than on the solder material.

Table5:
Mean number of cyclesto failure for SnPb solder and four different temperature cycles
Profiles A B C D
Nfl 220 | 478 | 398 | 201
Nf2 5182|9381 | 6508 | 5324

Nf(total) 5402 [ 9859 [ 6906 | 5525
Days to Failure | 150 | 274 | 173 | 26.9

4. COMPARISON OF MODELLING RESULTSWITH EXPERIMENTAL
DATA

The most common profiles used for rdiability evaluation are those based around the military
(profile A) and automotive (profile B) applications. Hence for temperature profiles A and B,
thermal cycling experiments have been carried to determine the mean life-time of the resistor
solder joints. By monitoring the eectrical continuity of the 2512-resistors in the oven and from
the failure analysis, a Weibull distribution was fitted (Figure 15) to the failure rate. N;, the
characteristic numbers of cycles for 62.3 % failure rate, was then estimated. It was found that
the mean numbers of cycles to failure are 2998 and 7837 cycles respectively (for A and B
profile) see Table 6.

The moddled life-times differ from experimental results as shownin Table 7. The main reason
for this discrepancy is perhaps the apparent underestimate of the creep energy dissipation in the
solder. As mentioned before, the energy dissipation averaged over V1 and V2, is inevitably
smaller than that around the crack tip in reality. To address this problem there should be either
new simulation carried out with a crack explicitly inserted, and then energy density calculated
along the crack path as the crack propagates, or modify the correlations between crack rate and
the dissipation energy.

10 ¢ 10
0 08 © o 0.8 [ SnPb/Cu
IS E IS Profile B
T o =~ SNPb/Cu X 06 -
g g Profile A g i
=04 ¢ =04
T : T :
e ),,Hl;/{ R IO a7 ¢4
0.0 s—e—eree—t Tt . | 0.0 s—e—s—ov
0 1000 2000 0 1000 2000 3000
Number of Cycles Number of Cycles
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Figure 15: Weibull distribution fit for 2512-resistors cycled with A and B temperature

cycle

Table6: 2512-resistor reliability from experimental testing

2512- Resitor
Temp. profile|Solder/Finish |N; (62.3%)
A SnPb/Cu 2998
SnAgCu/Cu 1873
B SnPb/Cu 7837

Table7: Comparison of moddling and experimental results for SnPb

Temp. profile A (-55 to 125°C) B (-20 to 120°C)
N; (Experiment) 2998 7837
FEA mOde”ing Nfl Nf2 Nf total Nfl Nf2 Nf total
220 5182 | 5402 478 9381 | 9859
Ratio Exp./FEA 13.63 | 0.58 0.55 16.40 [ 0.84 0.79

5.

CONCLUSIONS

The salient conclusions of thisinitial study are:

The combination of PHY SICA software and Greenwich modd was successful in predicting
the observed trends in creep behaviour (in terms of the number of cycles to failure) for the
two thermal cycling profiles explored.

This success is encouraging and forms a good foundation for further studies using
materials data from realistic solder joints using the ETMT approach. This stage should
involve ageing using different thermal cycling profiles, with the objective of understanding
how the accderation profiles alter the rate of failure.

The differences in the experimentally observed and predicted number of cycles to failure
are attributed to the sensitivity of the constitutive relationship used, and the fact that the
mode does not take crack propagation into account. However, the computing costs
associated with including crack propagation in the modd are enormous, and hence not
appropriate from this study.

The simple geometries of soldered joints on 2512-type surface mount resistors provide a
good test vehicle to progress further work on rdiability prediction.

The moddling results have indicated that, keeping the cycling temperature range constant,
the faster the thermal cycling, the fewer the number of cyclesto failure. However, this does
require experimental validation.

21
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The modédling results also confirm the findings of earlier work that a 3D moddling
approach is essential to characterise fully the changing stress and strain profiles in the
solder joints throughout a thermal cycle.
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