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 

Abstract—Interconnection dimensions are becoming more 

important due to electrical signal timing requirements and stray 

effects, such as unwanted inductance, leading to increasingly 

denser packaging. One way to shorten the signal path is to use 

mirrored structures where the components are placed on 

opposite sides of the PCB. This article presents thermal cycling 

test results in a temperature interval from -40 to +125 °C and 

simulation results of plastic BGA components mounted on one 

side (single side configuration) and in different mirrored 

configurations on a PCB. Anand’s constitutive model is used in 

the finite element analysis software to calculate dissipated creep 

energy densities in the interconnections. Field lifetimes of the 

presented cases were also calculated on the basis of the dissipated 

creep energy densities and thermal cycling test data. In addition, 

supporting microscopic studies were done. The single-sided 

configuration had a longer lifetime than the mirrored 

configurations with components on opposite sides. The mirrored 

configurations had adverse simulated creep energies and TCT 

lifetimes, compared with the single-sided configuration. The 

simulations proved that the flexibility of the mirrored structures 

was hindered, thus increasing stress levels in critical 

interconnections. 

 
Index Terms—Finite element analysis, Lifetime estimation, 

Solder joint 

 

I. INTRODUCTION 

HERMOMECHANICAL stresses are among the factors with 

the most impact on the reliability of electronics in field 

conditions. These stresses are the result of temperature 

changes that cause dissimilar expansion of materials due to 

their different coefficients of thermal expansion (CTE). 

Temperature changes are caused by external and internal 

factors, examples being daytime/nighttime temperature 

changes and product operation (switching on and off). Among 

the most critical locations affected by this are second-level 

interconnections, i.e., solder joints between components and 

substrates. The stresses cause both reversible (elastic) and 

irreversible (inelastic) changes in the solder. The irreversible 

changes, comprising of creep and fatigue, finally lead to full-

length cracks and thus, electrical failures. [1] 
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 Increasingly demanding performance requirements are often 

synonymous with higher packaging density, adding up to 

challenges in thermal management. However, dense 

packaging is needed not only to compact the design and thus 

improve area effectiveness, but also to meet timing/speed 

requirements in electronics operating at high frequencies. 

These requirements may also force the use of risky solutions 

reliability-wise, such as mirroring of components on both 

sides of the substrate they are connected to, this often being 

FR-4 printed circuit board (PCB) material. The challenge in 

this is that the resulting increase in rigidity causes a 

concentration of stress in a smaller interconnection volume 

during (thermal) stressing.[2], [3] 

Of the vast amount of interconnection types, the ball grid 

array (BGA) has been proven to be a good compromise 

between signal path length and reliability. Interconnection 

dimensions are important because too long a route would 

cause timing problems and stray effects, such as unwanted 

inductance, whereas too short of an interconnection height can 

result in greatly reduced reliability lifetime. [4]-[6] 

 Mirrored structures, where similar components are located 

on opposite sides of a PCB, have been studied for chip scale 

package (CSP)/BGA modules, and some finite element 

modeling (FEM) data along with test results can be found in 

the literature [7]-[12]. Mirroring causes challenges in the areas 

of design and material, such as 

 Increased stiffness due to restricted warpage of the 

PCB  [7], [8], which can be considered the single 

major issue affecting the lifetime of interconnections 

in mirrored module configurations 

 Microstructural effects due to a second reflow 

process, i.e., extended growth of rigid and brittle 

intermetallic phases 

 Differing interconnection heights of mirrored 

components, depending on the number of reflows 

they have been through (top/bottom side) [9]  

 Irregular solder joint shape, voids, partial separation 

between the solder and the intermetallic layer [10] 

 

Some proposed solutions to mitigate the increased stress levels 

have been considered, those being 

 Offsetting the mirrored components [7], [8]  

 Using a thinner PCB [11] 

 Using more compliant materials and smaller 

components [8] 

 Redesigning the solder pad [12] 
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This article presents the results of thermal cycling tests (TCT) 

and simulations of plastic BGA (PBGA) components mounted 

on one side (single side configuration) and different mirrored 

configurations on a PCB. Anand’s constitutive model [13] was 

used in the finite element analysis software to calculate 

dissipated creep energy densities in the interconnections. 

Supporting studies (cross-sectional imaging with optical and 

scanning electron microscopy (OM, SEM) and X-ray imaging) 

of mounted modules were also done. The field lifetimes of the 

presented cases could be calculated on the basis of the 

dissipated creep energy densities obtained from the 

simulations and existing accelerated thermal cycling data. 

II. EXPERIMENTAL & SIMULATIONS 

A. Test cases, thermal cycling tests (TCT), and inspections 

Daisy-chained plastic ball grid array (PBGA) modules were 

used in the study. The outer dimensions of the modules were 

15 x 15 x 1.2 mm3. The module's interconnection arrangement 

was of perimeter type, with the 208 BGA interconnections 

(pitch 800 µm) located in four rows on each edge of the 

module, i.e. virtually a 17 x 17 interconnection matrix without 

the innermost 9 x 9 interconnections. The nominal diameter of 

the PBGA’s Sn3.0Ag0.5Cu (SAC305) ball was 400 µm. The 

modules were mounted on 2.3 mm thick, eighteen-layer FR-4 

printed circuit boards (PCB) without underfill. The surface 

finish of the Cu-plated boards was immersion tin. Four 

configurations were manufactured: 

 

1) Single side (SS) 

One test module on one side of the PCB. 

2) Double side (DS) 

Two mirrored modules on opposite sides of the PCB, no 

interconnections in between 

3) Dog bone (DB) 

Two mirrored modules on opposite sides of the PCB, 

connected to each other by dog bone type through hole 

vias 

4) Through hole (TH) 

Two mirrored modules on opposite sides of the PCB, 

connected to each other by straight through hole vias with 

fill material ("plugged" vias).  

 

Figure 1a-d shows conceptual drawings of these 

configurations, and Figure 1e shows the SS module on PCB, 

with an inset X-ray image of the interconnection area. Four 

samples of each configuration were manufactured. Although 

this was statistically a relatively low amount, the results can 

still be considered indicative of the real situation. 

   

   
a)              b) 

  
c)              d) 

 
e) 

 Conceptual drawings of the four configurations used in the TCT and 
simulation, a) Single side (SS), b) Double side (DS), c) Dog bone (DB), d) 

Through hole (TH). e) SS module on PCB, inset showing X-ray image of the 

module on PCB. 

 

The sample sets underwent stress testing in a thermal 

cycling test (TCT) chamber. The recommended TCT profiles 

are defined in the IPC-9701 and JEDEC JESD22-A104 

standards, and the profile used for the current structures had 

been set accordingly ([14], [15]). In particular, the cycle 

profile was -40 to +125 °C, with 15 minutes rise, fall, and 

dwell times, resulting in one cycle per hour. 2 point daisy 

chain resistances were monitored during the TCT to observe 

the failure times of the samples. Doubling of the initial 

resistance was used as the failure criteria. The resistance of the 

whole daisy-chain was initially around 1-2 ohms, depending 

on configuration (single side versus others). 

After the TCT several samples were cross-sectioned and 

studied with optical microscopy (OM) and scanning electron 

microscopy (SEM). 

B. TCT simulation 

A Comsol Multiphysics model was constructed for each 

configuration presented above. Anand's viscoplastic model 

was used for the solder material in the simulations. The model 

accounts for strain-rate and its history, temperature, and strain 

hardening/recovery effects. As a result, stress and inelastic 

strain in the model were determined as a function of time. 

Further, the amount of energy causing inelastic deformation 

was calculated, namely dissipated creep energy density. 

Anand parameters for SAC305 were selected from Figure 25 

in [16] from a column listing the results for an aging time of 

120 h in 100 °C, as aging takes place also during thermal 

cycling. The corresponding parameter values are presented in 

Table I. 

 
TABLE I   
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ANAND PARAMETERS FOR SAC305 FROM FIGURE 25 IN [16] FOR AN AGING 

TIME OF 120 H (5 DAYS) IN 100 °C. PARAMETERS, DESCRIPTIONS, AND NAMES 

FOLLOW NOTATIONS USED IN COMSOL MULTIPHYSICS 

description  symbol value unit 

creep rate coefficient A 3960 s-1 

activation energy Q 77.49 kJ/mol 

stress sensitivity m 0.21 1 

multiplier of stress  4 1 

deformation resistance initial value sinit 13.5 MPa 

hardening constant h0 135.05 GPa 

hardening sensitivity a 1.98 1 

deformation resistance saturation coefficient s0 26.0 MPa 

deformation resistance sensitivity n 0.003 1 

 

 

The interconnection area of a DB sample is presented in the 

cross-sectional OM image in Figure 2, showing also the 

internal structure of the PBGA. The module consisted of many 

organic materials whose temperature-dependent material 

properties were also taken into account in the simulations. To 

some extent, their material parameters were readily available 

from the material library of the simulation software, whereas 

the parameters of the remainder were collected from material 

manufacturers’ data sheets and literature [17]-[22].  

 

 

 
 Inner structure of the PBGA module and the interconnection 

attachment. The mold compound consisted of SiO2 particles in a polymer 

matrix. The die attachment material is silver-based, whereas the solder mask 
is made of polymer. 

 

The PCB was simulated as transversely isotropic 

(orthotropic in the simulation software used) material 

consisting of a layered structure of 2116 RC 56% prepregs and 

0.15 mm thick 1 x 1500 copper clad laminates. In addition, the 

real PCB structure consisted of a 0.10 mm thick core laminate 

and 0.067 mm top prepreg layers having different resin 

contents. Their influence on the properties of the whole 2.3 

mm thick PCB was estimated to be negligible. The main 

material parameters, CTE and elastic modulus assuming 

transversely isotropic material, were calculated at different 

temperatures for each layer using an existing calculator [23]. 

The temperature dependence of the parameters of epoxy resin 

has been reported by Shrotriya [24], from which they were 

also adopted for the current study. Thereafter the transversely 

isotropic parameters of the entire PCB were obtained by 

simulating the two main laminate layers with the simulation 

software. The results are summarized in Table II. 

 
TABLE II  

YOUNG’S MODULUS E, SHEAR MODULUS G, POISSON’S RATIO , AND CTE 

(DENOTED AS ) OF THE TRANSVERSELY ISOTROPIC PCB MATERIAL 

(ORTHOTROPIC IN THE SIMULATION SOFTWARE) AT THE TEMPERATURE 

EXTREMES USED IN THE MODELING 

T Ex Ez Gxy Gyz xy yz αx αz 

°C GPa GPa GPa GPa 1 1 
10-6 

/°C 

10-6 

/°C 

-40 18.3 7.16 3.43 3.59 0.120 0.367 16.9 57.0 

125 16.8 5.31 2.56 2.74 0.096 0.380 14.7 58.6 

 

In the simulation, copper pads on the outer layers of the 

PCBs and through holes were used, whereas no copper layers 

were included within the PCBs. The size of the PCB in the 

simulation was 180 x 180 mm2 for the SS configuration and 

45 x 45 mm2 for the other cases.  

The symmetry of the PBGA module and the configuration 

allowed a 1/4th or 1/8th model to be used in the simulation, 

depending on the case. For reference, Figure 3a presents a 

1/8th global model of TH configuration. In the model there is a 

mirror plane in the middle of PCB. For this half model, a 

quarter periodic condition was used with cyclic symmetry 

resulting in a 1/8th model. The cyclic quarter model's non-

rectangular shape was chosen to allow using entire 

interconnections in the model. This was found to enhance the 

simulation stability.  

The global models were first simulated to obtain the most 

susceptible places for interconnection failure. After the most 

critical interconnections and the locations within the 

interconnections with the highest energy densities were found, 

more detailed and accurate sub-models were constructed, such 

as the one shown in Figure 3b. 

To compare different module configurations, creep 

dissipation energy densities in 25 µm thick slices from the 

upper and lower parts of the most critical solder balls were 

calculated for durations of four cycles. After four cycles the 

induced energy density within one cycle was noted to remain 

practically constant (see Figure 3c), and therefore that cycle 

could be used to calculate the energy density of all the 

configurations. 

 

 
a) 

     



> TCPMT-2016-439-R1 < 

 

 

4 

 
b) 

 
c) 

 a) 1/8th global model of TH configuration. b) A meshed sub-model, 

comprised of one interconnection, for TH configuration (left), and top and 

bottom slices of the interconnection’s solder area (right), and c) their 
cumulative creep dissipation energy densities for four thermal cycles, one 

hour each. 

 

C. Field condition lifetime predictions 

Existing TCT failure data for each case were contrasted 

with simulations of energy densities with a Morrow type 

relationship 

 

            Nf = C(dWie)n                                                    (1) 

 

where Nf represents the expected lifetime, dWie is the 

dissipated inelastic work of one cycle, and C and n are 

constants [25]. The obtained Nf from the TCT and each 

corresponding dWie from the simulation results were plotted 

on a log-log scale with a straight line fit to determine the 

constants in (1). Thereafter function (1) was used to estimate 

the lifetime of the modules in field conditions using the same 

procedure described for the TCT simulations. For field 

condition simulations, a temperature profile for telecom 

equipment in the IPC-9701 standard was used as a guideline 

[14]. The worst-case use environment, listed in Table 3-1 in 

the standard, states the absolute minimum (Tmin) and 

maximum (Tmax) temperatures in operation; however, as also 

mentioned in the standard, these do not determine the 

maximum temperature swing (ΔT) which is usually 

significantly less than the difference between Tmax and Tmin. 

For telecom equipment Tmin = -40 °C, Tmax = +85 °C, ΔT = 35 

°C, and the dwell time within each half-cycle tD = 12 hours. 

The higher end of the temperature scale was selected, resulting 

in a temperature swing between +50 and +85 °C. Compared 

with the standard, a shorter dwell time of four hours at both 

temperature extremes was used. The ramp times were set to be 

eight hours, thus resulting in one cycle per day as per the 

standard. 

The simulations in field conditions were done up to ten 

cycles, after which a steady-state condition in solder creep 

dissipation energy density per cycle was achieved. 

In addition to the four basic cases (SS, DS, DB, and TH), 

some supplementary configurations were simulated using the 

presented field conditions. Firstly, for the SS configuration, 

four different thicknesses of PCB were tested, namely 0.25, 

0.5, 1, and 2 times the original 2.3 mm thickness. Secondly, 

some placement variations of multiple modules on the PCB 

were tested in the SS configuration. The modules were placed 

in a matrix, with either the distance in between being ¼ or 1 

times the module width on one side, or every second module 

situated on the other side of the PCB. In the placement 

variations, movement on the plane of the PCB was allowed. 

These supplementary simulations showed the effect of 

different PCB thicknesses and module layouts on the PCB on 

the induced creep energies, compared with the basic SS case. 

III. RESULTS 

A. Microscopy 

The module’s inner structure for simulation was based on 

microscopic (Figure 2) and SEM investigations, Figure 4 and 

Figure 6, in addition to the data sheet. The dimensions of the 

inner structure of the module are given in Table III. Each layer 

was a square, so the width and depth were equal, except for 

the copper pads, for which the diameter is given in the table. 

 
TABLE III  

DIMENSIONS OF EACH STRUCTURE WITHIN THE PBGA MODULE 

 thickness width 

mold compound 700 µm 15.0 mm 

die 200 µm 11.2 mm 

die attachment 50 µm 11.2 mm 

solder mask 50 µm 14.2 mm 

carrier PCB 100 µm 15.0 mm 

copper pad 35 µm  400 µm 

 

It was observed in SEM imaging of the cross sections that 

the die attachment material had delaminated in the corner 

areas of the die, as seen in Figure 4a–d. This was observed 

with all four configurations.  

The most severe cracking was typically observed in the two 

outermost diagonal interconnections; refer to Figure 4 and 

Figure 5. Propagated cracks in an individual interconnection 

after 200 cycles of TCT are presented in Figure 6. On the 

module side, cracks in corner interconnection initiated and 

propagated from the side of the neutral point of the 

interconnection area toward the sample edge. On the PCB 

side, cracks initiated and propagated oppositely, at the edge 
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farther from the neutral point. In addition to the cracks 

observed in the interconnections' solder, rupturing of the PCB 

laminate was also observed, especially in the vicinity of 

interconnection pads situated under the die.   

 

 
a) 

 

 
b) 

  
c) 

  
d) 

 Diagonal cross-sectional views of the different configurations. 

Images of interconnections from a) SS, b) DS, c) DB, d) TH configurations 

were combined from several SEM images. Cracks in the PCB are marked with 
blue color, whereas other cracks in interconnections are marked with yellow 

color. 

 

Figure 5a-b show the fractures in module and PCB sides of the 

solder joint, respectively, under chip corner in area pointed out 

in Figure 4b. 

 

 
a) 

 
b) 

 a) Fracture in solder in module side of DS, as pointed out in Figure 

4b. b) Fracture under pad in PCB side of DS, as pointed out in Figure 4b. 

 

 
 Cracks in a corner interconnection of a DS configuration, on both 

top and bottom sides of the interconnection area after 200 cycles. The main 
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image was taken with a secondary electron (SE) detector, the inset images 
with a backscattering electron (BSE) detector. The neutral point is toward the 

right. 

 

B. TCTs and simulation 

The expected lifetimes Nf in Eq. 1 of the module pair in the 

TCTs of each configuration are presented as  in Table IV 

together with shape factors β.  represents the characteristic 

lifetime (63.2 % of the population failed) in a Weibull 

distribution, and β shows the slope of the regressed line of the 

distribution, Figure 7. For the SS configuration, the 

characteristic lifetime reported in Table IV was corrected to 

present a module pair to correspond to all the other 

configurations consisting of a module pair. 

 

 
 Weibull chart representing cumulative failures of the different 

module configurations in TCT. 

 

The SS configuration had the longest characteristic lifetime 

  of 509 cycles, whereas the shortest , in the through-hole 

(TH) configuration, was 154 cycles. The β values ranged from 

1 to 4. The maxima of the average dissipated creep energy 

densities dWie for one cycle of the interconnection slices in the 

sub-models of the different module configurations and their 

places are presented in Table IV. The location of the highest 

dissipation energies in all cases expect for the TH 

configuration was found to be in the outermost diagonal 

interconnection. In the TH configuration, there were several 

interconnections with dWie in the same order of magnitude 

compared to the other configurations, as shown for reference 

in Figure 8 for the TH and DS configurations.   

 
TABLE IV  

CALCULATED CHARACTERISTIC LIFETIMES (𝜃) AND SHAPE FACTORS (𝛽) FROM 

TCT PER MODULE PAIR, AND MAXIMUM SIMULATED DISSIPATION CREEP 

ENERGY 𝑑𝑊𝑖𝑒 IN THE INTERCONNECTION FOR EACH CASE AND THEIR 

LOCATION IN THE INTERCONNECTION. 

 θ β dWie (kJ/m3) U/L* 

SS 509 2.45 64.4 top 

DS 327 2.19 204 top 

DB 289 4.00 320 bottom 

TH 154 1.03 452 bottom 

*upper/lower side of interconnection  

   

 
a)              b) 

  Interconnections from the corner areas of full models. The creep 

dissipation energies dWie are shown by colors; red meaning the highest and 
blue the lowest dWie. The numbers close to the interconnections with the 

highest dWie are from corresponding sub-models' slices. a) TH from the 

bottom side of the module, and b) DS from the top side of the module. 
   

 

 

 

Figure 9 shows the characteristic lifetimes observed in TCT 

as a function of their simulated creep energy densities in the 

different configurations, both in logarithmic values. A linear 

fit function and its equation are shown in the graph. On the fit, 

the constants in equation (1) are evaluated; n = -0.535 and C = 

105.31 = 2.04·105. Equation (1) was used in lifetime estimation 

of field test cases. 

  

 
 Simulated dissipation creep energy densities per cycle versus 

observed characteristic lifetimes. 

 

C. Field condition lifetime predictions 

For the field condition simulations the representative 

temperature profile described in chapter IIC was used, being 

+50 to +85°C, with 8h/4h ramp/dwell times, respectively, 

resulting in one cycle per day. The simulations in field 

conditions were done up to ten cycles to achieve a steady state 

condition in solder energy dissipation. In this chapter the 

simulation results for 1) the four basic cases (SS, DS, DB, and 

TH) and for the SS configuration with 2) different PCB 

thicknesses and 3) module placement variations are presented.   

 

1) Creep dissipation energy densities in the basic cases 

The highest simulated creep dissipation energy densities in 

field conditions in all four diagonal interconnections in the 

different configurations are shown in Figure 10; D1 represents 

the outermost and D4 the innermost one. In every 

configuration the highest creep dissipation energy densities 
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were found to be in the outermost diagonal interconnection 

ball D1. The energy densities of these interconnections 

together with their places (upper or lower side of the 

interconnection) are presented in Table V. Also, the 

corresponding energy densities in the TCT simulations 

together with the acceleration factors representing the 

proportions of field/TCT lifetimes are given as a reference. 

 

 
 Highest simulated dissipated creep energy densities per cycle in 

field conditions in all (four) diagonal interconnections in the different 

configurations. D1 = outermost, D4 = innermost diagonal interconnection.  
 

 
TABLE V  

LOCATIONS OF THE HIGHEST DISSIPATION ENERGIES IN THE OUTERMOST 

DIAGONAL INTERCONNECTION IN THE FIELD; CORRESPONDING DISSIPATED 

CREEP ENERGY DENSITIES IN THE FIELD AND TCT; CALCULATED 

CHARACTERISTIC LIFETIMES IN THE FIELD; CYCLE ACCELERATION FACTORS. 

 U/L* 

Dissipated 

energy density 

(kJ/m3) 

Calculated 

characteristic 

lifetime in 

the field 

(years) 

Acceleration 

factor*** 

field TCT 

SS U 4.86   64.4 6.0 4.0 

DS U 9.56   204 4.2 5.1 

DB L 18.4   320 2.9 4.6 

TH L 23.2  452** 2.6 4.9 

*     upper/lower side of the interconnection 

**   not the corner interconnection, refer to Figure 8a 

*** calculated using the linear equation presented in Figure 9 

 

2) Effect of PCB thickness in the SS case 

Bending of the top surface of the substrate PCB measured 

from module center to module corner in the SS and DS 

configurations according to the simulations are presented in 

Figure 11. The amount of bending was calculated by 

subtracting the dimensions at the cold and hot ends (+50 °C 

and +85°C) from each other. In the SS configuration the PCB 

bends more as a result of stresses compared with the DS 

configuration, in which the amount of bending is 

macroscopically non-existent. 

 

 

 
 Bending of the top surface of the substrate PCB, measured from 

module center to module corner in the SS and DS configurations. The places 
of the four individual diagonal interconnections are marked on the horizontal 

axis. 

 

Figure 12 shows the bending of the top surface of the PCB 

under the module from module center to module corner in the 

SS configuration with PCB thicknesses 0.25, 0.5, 1, and 2 

times the original (2.3 mm) thickness, according to the 

simulations. The thinner the PCB, the stronger the bending is. 

The inset image in Figure 12 shows the dissipation creep 

energy density in the most critical interconnection as a 

function of relative PCB thickness. As the dependence is 

linear, a linear fit function is used in the inset image. 

 

 
 Bending of the top surface of the PCB under the module from 

module center to module corner in the SS configuration with PCB thicknesses 

0.25, 0.5, 1, and 2 times the original (2.3 mm) thickness. The inset image 
shows the dissipation creep energy density of the interconnection as a function 

of PCB thickness and its linear fit equation. The places of the four individual 

diagonal interconnections are marked on the horizontal axis. 

 

3) Module placement 

Some placement variations of multiple modules on the PCB 

were tested. The modules were placed in a matrix formation, 

the distance between the closest edges of the modules being ¼ 

or 1 times the module’s outer dimension on one side. In yet 

another case every second module was situated on the other 

side of the PCB. Two cases with exaggerated z axis 

displacement at the hot extreme are presented in Figure 13 as a 

reference. The corresponding dissipation energy density ratios 

against the SS basic case are given in Table VI. 
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a) 

 
b) 

 Two of the additional configurations simulated with field 

conditions at the hot extreme (80 °C). Displacement in the direction 

perpendicular to the PCB plane is exaggerated by 300 times; the dimensions 
are in millimeters. a) Modules situated in a matrix on one side of the PCB, 

spacing: ¼ of the module’s outer dimension. b) Every second module situated 

on the other side of the PCB, the spacing being equal to one module’s outer 
dimension (15 mm).  

 
TABLE VI  

DISSIPATION CREEP ENERGY DENSITIES RELATIVE TO THE SS FIELD 

SIMULATED CONFIGURATION OF ONE MODULE ON AN 18 X 18 CM
2
 SIZED PCB. 

DISTANCE REFERS TO THE DISTANCE BETWEEN THE MODULES’ CLOSEST 

EDGES AND ONE/BOTH SIDES REFERS TO THE PLACEMENT OF THE MODULES. 

distance 
dWie relative to SS configuration in the field 

one side both sides 

15 mm 1.23  0.95 

3.75 mm 1.41 1.16 

 

IV. DISCUSSION 

In TCT clearly distinguishable characteristic lifetimes were 

achieved for each configuration, as presented in Table IV. 

Overall, the lifetimes are quite short compared with the studies 

reported on similar assemblies [26]-[28], as even the SS 

configuration had a rather low characteristic lifetime 

compared to the often used qualification target of 800 to 1000 

failure-free cycles in -40 to +125 °C TCT [29]. However, this 

target may be excessively high, as is noted in the paper and 

discussed further in [30]. β values of Weibull distributions 

varied significantly between test configurations, suggesting 

different failure mechanisms. Nevertheless, it is difficult to 

specify the exact cause of this deviation due to the low amount 

of samples in each test configuration. 

As seen from the SEM cross-sectional images in Figure 4, 

the die attachment material had delaminated in the corner 

areas of the die. Delamination had occurred before, more 

probably during molding of the mold compound, based on the 

observation that the mold had been penetrated between the 

silicon die and the carrier PCB. As a result the carrier PCB 

had been bent so that the interconnection height was about 35 

µm (15 %) less in the outermost interconnection than in the 

innermost interconnection. The solder ball height variations 

and incomplete die attachment in the corner area of the die are 

supposedly to have affected the TCT results. Besides the 

larger distance from the neutral point, the smaller standoff 

height of the corner interconnection due to the bent carrier 

PCB of the module resulted in greater stiffness compared with 

the interconnections closer to the module center; and it is 

therefore expected to experience increased stress levels during 

TCT. 

The cracks propagated most often during the upward 

temperature excursion part of the cycle. This can be deduced 

from the typically observed crack locations, being on the 

opposite sides of the interconnection [31]: 

1) The CTE of the PCB is higher than that of the module. 

2) On the module side, cracks initiated and propagated from 

the side of the neutral point of the interconnection area 

toward the sample edge. On the PCB side, cracks initiated 

and propagated oppositely, at the edge farther from the 

neutral point. 

3) Cracks can propagate when there is no compressive stress 

present at the tip of the crack. 

 

 The expected lifetime of the SS configuration was over two 

times that of the TH configuration and almost one and half 

times that of the DS configuration in the field. Single sided 

and mirrored configurations reported by Chaparala et.al. [11] 

give a similar relationship, the mirrored configuration having 

close to a three times longer expected lifetime. Eutectic PbSn 

solder was used in that study.  

Although it is assumed according to the model used that C 

and n are temperature- and time-independent constants, the 

energy term derived via Anand's viscoplastic model accounts 

for these dependencies. This is an obvious requirement for 

structures placed in thermomechanical cycling, and it is 

included in some form in numerous models, such as in 

Engelmaier's creep fatigue model and its further modifications 

[32]-[34]. 

With generally used array type interconnections, the failure 

location can differ depending on the materials used. It is often 

reported that interconnections situated under the die corner 

area are the most prone to failure in both TCTs and FEM 

simulations, but also the corner interconnection of the whole 

package could be the most critical one [27], [35]-[37]. It can 

be observed in Figure 4 that in the places where rupturing of 

the PCB occurs, the solder ball is not cracked as much. The 

impact of PCB laminate cracks on TCT results have been 

studied by Tegehall and Wetter [26]. Concerning PCB 

laminate cracks they concluded that these cracks "increase the 

flexibility of the joints", and that "the larger the cracks, the 

more fatigue life will be improved". Still, it must be noted that 

often cracks in (non-conductive) module or substrate material 

are the most unfavorable ones. The risk of cracking the PCB’s 

laminate results in the need to replace the whole board instead 

of reworking the interconnection. Also, there is a lack of 

widely implemented solutions for monitoring the condition of 

non-conductive materials during field use. Further, there are 

challenges in detecting cracks in the laminate without 

ultraviolet light inspection combined with the addition of a 
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fluorescent agent to the molding resin during processing of a 

sample for OM. However, as the authors in [26] also mention, 

in a more benign environment the risk of laminate failures is 

reduced. The failure mode is expected to change in a field 

environment with the current test set, as well. 

The dissipation creep energy density in the SS configuration 

was significantly lower, about one-third compared with the DS 

configuration in TCT. As presented earlier, the only difference 

between these two cases is that in the DS configuration there 

is a similar module on both sides of the PCB compared with 

the SS configuration, which has a module only on one side. In 

the mirrored configurations there is a mirror plane in the 

center of the PCB, which can be considered as rigid 

perpendicular to the PCB plane. In the SS configuration the 

PCB was allowed to bend. Although the bending can be only 

some micrometers, see Figure 11 and Figure 12, it decreases 

shear strain in the interconnection at the plane of the 

interconnection pad (i.e. the PCB), and thus reduces the 

dissipated creep energy caused by thermal cycling.  

There was some deviation in the simulated dissipation creep 

energy densities per cycle versus the observed characteristic 

lifetimes on the fitted line in each of the four configurations. 

This deviation, Figure 9, may be a consequence of the 

delamination of the dies, Figure 4. In addition, the number of 

samples tested was relatively low, thus adding to the statistical 

uncertainty. 

In the single-sided configuration, placing several modules 

close (1/4 module width) to each other increases the 

dissipation creep energy density of the solder joints by 41% 

compared with the basic SS configuration, i.e., one module on 

the PCB, see Table VI. By increasing this distance to one 

module width (15 mm), the energy increase drops to 23%, but 

is still significant. The closer to each other the modules are 

placed, the more the neighboring modules stiffen the PCB, 

preventing it from bending as much. Situating every second 

module on the other side of the PCB reduces this effect and 

seems to even reduce the dissipation energy compared with 

the basic SS configuration. The bending in this case is in the 

opposite direction at every second module. It is thus shown 

that module placement can significantly affect the reliability 

of its interconnections. 

 

V. CONCLUSIONS 

This article presented the thermal cycling test (TCT) and 

simulation results of plastic BGA (PBGA) components 

mounted on one side and different mirrored configurations on 

a PCB. Anand’s constitutive model together with Morrow’s 

fatigue equations was used in finite element analysis software 

to calculate energy densities in the component-PCB 

interconnections. Supporting studies (cross-sectional imaging 

with optical and scanning electron microscopy (OM, SEM)) 

were conducted. Critical factors affecting the reliability of 

interconnections were pointed out. The field lifetimes of the 

presented cases could be calculated on the basis of the 

obtained creep energy densities and existing accelerated 

thermal cycling data. The following conclusions can be drawn: 

 

1) The single-sided configuration showed a longer lifetime 

in TCT than mirrored configurations with components on 

opposite sides of the PCB 

2) Constructions with straight through-holes in the PCB had 

the highest simulated interconnection creep energies 

within the set solder volume and the lowest TCT lifetimes 

compared with the other configurations. Detailed 

simulations proved that mirroring reduced the flexibility 

of the PCB, which in turn increased stress levels in 

critical interconnections. 

3) Solder cracks were most commonly located on opposite 

sides, nearer rather than further from the module’s center 

in the top and bottom areas of the interconnection, 

respectively. This hints of crack propagation during the 

rising part of the thermal cycle. 

4) The most severe cracking was typically observed in the 

two outermost diagonal interconnections. 

5) Rupturing of the PCB laminate was also observed, 

especially in the vicinity of interconnection pads situated 

under the die. 

6) With the through-hole configuration, the simulations 

suggested a larger spread in the distribution of stress in 

the interconnections compared with the other 

configurations. 

7) The dissipation energy of the single-sided configuration 

was significantly lower than in the mirrored 

configurations, because in the mirrored configurations 

PCB bending is restricted. 

8) The calculated field lifetimes with T = 35 °C, one cycle 

per day, ranged from less than three years up to six years. 

The calculated acceleration factors were close to each 

other in all the configurations. 

9) Placement of modules with respect to each other affects 

the reliability of the interconnections. 
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