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Abstract 

Printed wiring boards(PWBs) have recently been experiencing higher thermal stress in car electronics and high current 

equipment, etc.  In this study, the effects of structural factors and material properties on thermal fatigue life of plated through 

hole (PTH) in multilayer PWB have been investigated by finite element method (FEM) based on Box-Behnken experimental 

design.  This methodology showed the effects of single factor and interactions of multiple factors of PWB on the strain causing 

an occurrence of cracks in copper (Cu) plating of PTH.  The simulation was conducted with obtained properties of thin Cu 

plating in previous research and a model of a simplified glass cloth equivalent to a cross section of a PWB.  It became clear that 

the effects of Cu plating thickness of PTH, CTE (coefficient of thermal expansion) and elastic modulus of PWB material were 

significant on inelastic strain range (⊿εin) in PTH during thermal fatigue.  PTH pitch, though, did not have a measurable impact.  

The influence of PWB material Tg was found to be so overwhelmingly strong in the experimental design that behaviours of 

other factors became too muted to be analysed, which means Tmax should be below Tg.  A formula of the ⊿εin, in consideration 

of the significant factors and its temperature-scaling factor related to ⊿T, was proposed.  In addition, the ⊿εin became large in 

accordance with shape and size of roughness of PTH.  When the Cu plating of PTH obeys Manson-Coffin rule, the thermal 

fatigue life of PTH in consideration of the structural and material factors, can be predicted by the proposed formula on ⊿εin and 

the low-cycle fatigue life prediction law of Cu plating obtained by previous research.  The acceleration factor (AF) equation was 

established and validated by test data using various PWBs and temperature conditions in temperature cycling test (TCT).  The 

calculated AF roughly agreed with the ratios of Weibull average of TCT results. 

 

1. Background 

The lifetime of the PWB in electrical products is very dependent on how long the PTH will last.  The PTH reliability is 

dependent on several variables such as the thickness of the PWB, the quality and plating in the PTH, the thickness of the Cu 

plating as well as connection interface between the inner layer and the PTH. 

 

The conventional approach to predict PTH lifetime is to perform an accelerated TCT which is very time consuming.  For a 

solder joint, the modified Coffin-Manson equation has been established to predict its lifetime.  For PTH, there is currently no 

such accelerated equation. Leveraging on results obtained from earlier study, this study aims to establish a popular equation 

to predict PTH lifetime, focusing on PWB used in the telecommunication equipment, computers and servers.  

 

By using the equation, PTH life and dominant factors of PWB and PTH from thermal cycling (TC), in both field and test, can 

be predicted with faster computation.  Critical design factors of PWB/PTH can be found at an early product design stage, 

allowing necessary design improvements to be made to enhance product life and reduce product warranty costs.  If a failure 

happens, the best parameter that should be changed and the best value that would be suitable for the parameter can be 

speculated on. 

 

2. Experimental plan 

PWB factors were simulated at three levels using Box-Behnken design applied as an efficient experimental plan used for 

tremendous combinations of multiple factors, cutting redundancy.  The first investigation with 2 sets of 62 runs analysed the 

effects of factors, PTH length, Cu plating thickness of PTH, PTH diameter, PTH pitch, PWB material CTE, PWB material 

Young’s Modulus, and PWB material Tg, and the various interactions between 2 factors.  Using the data analysed in the 1st 

investigation with 3 levels of 7 factors, the 2nd investigation with 3 levels of 5 refined the factors for a further 41 FEM 

simulation runs to better understand the effects and the interactions of the factors.  The relationships of these factors were 

then established and subsequently optimized to derive the equation for TC.  Concretely speaking, after these FEM 

simulations, from the result of Box-Behnken design, N, the number of cycles to failure, was established, followed by AF, 

acceleration factor. 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – 3 simulation models of PWB 

 

3.3 PWB materials Young’s Modulus 

Young Modulus of the PWB material was not a property of resin alone nor glass cloth alone.  The bending elastic modulus of 

the PWB material, at three levels, were computed from the values of the elastic modulus of composite and instantaneous 

elastic modulus of resin, and used in the simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Composite PWB material Young Modulus 

 

3.4 PWB materials CTE and Tg 

3 levels each of CTE and Tg produces 9 levels of these two combined parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – 9 levels of PWB material CTE and Tg  



 

4. First Investigation 

 

4. 1 First investigation parameters and conditions 

As simulation parameters, 7 basic factors of the PWB and PTH, comprised of 4 dimensional factors and 3 material property 

factors were given commonly used values at three levels for simulation, as shown in Table 1 below.  Level(-1) and level(+1) 

were set widely to see the effect of these factors clearly. 

 

Table1 – 1st investigation simulation parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two kinds of temperature profiles for the simulations were used, as shown in Figure 6 below. 

- Temperature condition 1: ⊿T=215 deg C ( -65 deg C to 150 deg C)  (following IPC-TM-650 2.6.7.2 E) 

- Temperature condition 2: ⊿T=165 deg C ( -40 deg C to 125 deg C ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – 1st investigation simulation conditions 

 

4.2 Simulation result (Center-point model) – 1st investigation 

The graph below shows simulation results of the center-point model having all level (0) of factors.  The rising black dots 

show an accumulated equivalent inelastic strain at the maximum point in Cu plating in PTH from the start of 0 cycle to the 

end of 2nd cycle. 

 

The 2nd cycle was sufficient to represent the continuous strain range in a cycle.  The half value of the strain range of this 

cycle could therefore be adopted to have caused damage or cracks in the Cu plating of PTH.  This is ⊿εin.  ⊿εin of 

temperature condition 1 is about 17 times greater than that of temperature condition 2.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – 1st investigation center-point model simulation results 

 

 

Table 2 – 1st investigation center-point model strain range in 2nd cycle 

 Factor ⊿εin in 2nd cycle 

PTH 

length 

Cu plating 

thickness 

Drill dia. Pitch CTE Young’s 

Modulus 

Tg Temp. condition 

-65degC to 150degC 

Temp. condition2 

-40degC to 125degC 

Level 0 0 0 0 0 0 0 0.108 0.00626 

 

4.3 Single factor effect – 1st investigation 

The diagrams below show the single factor effect from the temperature condition 1.  The top factor was material CTE, the 

second Tg, and the third Cu plating thickness which was slightly more effective than Young’s Modulus.  PTH length, drill 

diameter and PTH pitch did not exhibit many effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 – 1st investigation single factor effect results (Temp. condition 1) 

 

The diagrams below show the single factor effect from temperature condition 2.  The top factor was Tg, the second was CTE 

and the third was Young’s Modulus.  In dimensional factors, contributing factors include Cu plating thickness, PTH length 

and drill diameter.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 – 1st investigation single factor effect results (Temp. condition 2) 

 

4.4 Mutual factor effect – 1st investigation 

The mutual factor effect charts below show interactions of two factors.  For example, the left contour figures with combined 

effects of Tg and CTE, as CTE increases, a larger Tg yielded proportionately smaller increase of ⊿ε.  In general, interaction 

effects of temperature condition 2 was greater than that of temperature condition 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 – 1st investigation mutual factor effect results 

 

In many simulation runs of temperature condition 1, -65 deg C to 150 deg C, with Tmax (150 deg C) exceeded Tg [ Level(-1) 

= 80 deg C, Level(0) = 130 deg C], the effects of Tg and CTE(α2) were so overwhelming that the effects of other factors  

could not be seen clearly.  To better see the effects, simulation results of temperature condition 2, -40 deg C to 125 deg C 

were therefore used for analysis. 



 

4.5 Consideration – 1st investigation 

The strength of effect of each factor was determined by the F value from an analysis of variance and the interactions between 

2 factors from the 7 factors.  The higher F value, the greater impact the factor had on the occurrence of PTH Cu plating 

cracking. Based on this value, ranking of the single and mutual factors from temperature condition 2 was tabulated below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – 1st investigation Factors effect ranking 

 

The top 3 single factors were material factors, Tg, CTE, and Young’s Modulus. In fact, Tg and CTE occupied significant 

parts of all the single factor effects.  PTH pitch can be ignored because its effect is negligible. 

 

The top mutual factor was the interaction between Tg and CTE.  The top 5 interactions were related to either Tg or CTE.  

From the results of Box-Behnken design by using FEM simulations, Tg’s effect was very large.  The acceleration 

characteristics differed greatly between when Tmax was below Tg and when Tmax was over Tg.  When Tmax exceeds Tg, 

the PTH life was shortened tremendously because dynamics changed with overwhelming influence of Tg ( CTE and Young’s 

modulus change at Tg ).  To match the acceleration characteristic of TCT to that of operation, TCT’s Tmax should be below 

Tg.  Therefore, temperature conditions of 2nd investigation were set below 125 deg C.  Thus, material Tg, CTE(α2) and PTH 

pitch were omitted in the 2nd investigation to better understand the equation structure for AF. 

 

5. 2nd Investigation 

 

5. 1 2nd investigation parameters and conditions 

FEM simulations were conducted in 2nd investigation based on Box-Behnken design with 5 factors (Table 3).  To get a more 

accurate equation, all levels of the factors were changed into realistic values used in the current PWB.  The values of CTE 

and Young’s Modulus were therefore slightly changed to bring them closer to the current laminate specifications. 

 

Table 3 – 2nd investigation simulation parameters 

 

 

 

 

 

 

 

 

 

To better study the effects of and dependency on temperature, the changes in strain with changes in temperature, or ∆T, were 

analysed by conducting FEM simulations under 3 temperature conditions which were set centrally symmetrical for clearer 

comparison. 



 

 

-  Harsh temperature condition: ⊿T=165 deg C ( -40 deg C to 125 deg C) 

-  Middle temperature condition: ⊿T=100 deg C ( 0 deg C to 100 deg C ) 

-  Mild temperature condition: ⊿T=60 deg C ( 20 deg C to 80 deg C ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 – 2nd Investigation simulation conditions 

 

5.2 Single factor effect – 2nd investigation 

The 2nd investigation single factor effect for all 3 simulation conditions were shown below, separating the dimensional factors 

from the material factors.  The results showed that CTE, Young’s modulus and Cu plating thickness had strong effects on 

strain in a PTH.  PTH length and drill diameter had weak effects.  These lines are almost the same for the 3 temperature 

conditions in each factor, indicating that the temperature dependency is very small. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 – 2nd Investigation single factor effect results 



 

5.3 Mutual Factor Effect – 2nd investigation  

Three mutual factor effects, each from the 3 temperature conditions, pairing one with dimensional and material factors and 

another with both material factors, are shown in Figure 14.  They were the top 2 interactions of the 3 conditions.  The first 

interaction was CTE and Cu plating thickness, the other was CTE and Young’s Modulus.  The effects were almost identical 

in all 3 temperature conditions.  This demonstrated that the effects of the interactions were not dependent on temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 – 2nd investigation mutual factor effect results 

 

5.4 Consideration – 2nd investigation 

The ranking of the factors in the 3 temperature conditions is shown below.  CTE, Young’s Modulus and Cu plating thickness 

had a strong effect on strain in a PTH.  PTH length and drill diameter had weak effect.  The top 2 interactions were found that 

could be re-created to be used in deriving the equation. 

 









 

 
Figure 20 – N and AF Equations 

 

7.3 Lifetime Prediction 

The predicted lifetime can be derived from the formula shown in Figure 21.  Life (L) equals to N of field multiplied by Cf. Cf 

is cycle of temperature change in the field.  This temperature should be PTH’s temperature.  The predicted lifetime, L, equals 

to Cf multiplied by AF and N of test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 – Lifetime 

 

8. Validation 

The AF from the equation was verified by TCT results using real PWB without roughness only. 

 

8.1 TCT samples 

The board specifications and the number of sample (N) of PWBs having 660 PTHs connected in daisy chain loop are 

tabulated as shown in Table 5.  Type 2 is used as the base model, with which 

- Compare against Type 1 for effects on PTH length 

- Compare against Type 3 for effects on Cu plating thickness 

- Compare against Type 5 for effects on PTH diameter 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 – Weibull Plot for Harsh Condition TCT 

 

8.5 AF equation validation 

To validate the AF equation, the AF from the acquired equation by FEM simulation based on Box-Behnken design was 

compared to the AF from the normal average and Weibull average by TCT results using the PWBs in Table 6. The Weibull 

average of test seems to fit the equation best when resistance increased by 20%.  The best correlation would be at resistance 

30% (the table only shows 10%, 20%, 50% and 100%) increase, which is from 81% to 134%, range is 52%.  Some other 

aspects of this validation were listed below. In general, Weibull average of test seems to fit equation better than normal. 

 

 

Table 6 – Validation results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9. Conclusions 

1) FEM simulation based on Box-Behnken design is useful for understanding both single and multiple factor effects, 

knowing interactions of PWB key parameters, and reducing the number of simulations to calculate strain on PWB’s 

PTH causing an occurrence and propagation of cracks. 

 

2) By eliminating the overwhelming factors such as Tg, and negligible factors such as PTH pitch, and setting Tmax below 

Tg to better focus on the remaining factors and make their effects clear, the relationship of these factors can be 

established. 

 

3) Between the dimensional and material factors, the latter (CTE and Young Modulus) has greater impact. Cu plating 

thickness also has a great impact. 

 

4) The in equation can be derived from the relationship based on Box-Behnken design and an influence of ⊿T, then by 

using Manson-coffin rule, in can be converted into the number of cycle to failure.  Finally, the AF equation can be 

derived. 

 

5) The in equation can only be applied for cyclic strain.  If the in is small, damage would be from mainly creep strain 

which does not obey Manson-Coffin rule, and the acquired equation is not applicable. 

 

6) Regarding roughness on Cu plating of PTH, the in becomes large with convex features in the resin layer, potentially 

leading to a short-lived PTH. 

 

7) With land connection, maximum in position changes from the center of the stack-up. 

 

8) The validation for the AF equation was conducted by comparing the AF equation from various TCT results with AF 

from equation from simulation equation.  Most differences (AF of equation / AF from TCT) fell in the 67% (=1/1.5) to 

150% (=1.5), confirming that the equation is preferable. 

 

9) The larger differences would be suspected to be caused by the roughness and/or the creep strain of the Cu plating of 

PTH of PWBs. 
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Conclusions

■ FEM simulation based on Box-Behnken design is useful for understanding both 
single and multiple factor effect and reducing simulation runs to calculate strain.

■ Material CTE, Young’s modulus and Cu plating thickness have strong impact for 
an occurrence of crack in Cu plating of PTH.

■ Regarding roughness on Cu plating of PTH, ⊿ε becomes larger at convex on 
resin.

■ ⊿ε equation can be formed of effective factors then corrected by roughness 
influence and scaling factor. After that, PTH life can be calculated.

■ As the validation of comparing to TCT results, most differences of AF fell in 
between 67% (=1/1.5) to 150% (=1.5), confirming that the equation seems to be 
preferable.
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