
Appendix A: TU-Berlin collaboration: Practical isolation of elastic 

behaviour for measurement of Young's modulus 

 

The successful award of a DAAD short term research grant at the end of the PhD project 

enabled a collaboration with staff at the Technical University (TU-Berlin).  Financial 

support for this short project was also provided by the Royal Academy of Engineering, the 

Daphne Jackson Trust, and Heriot-Watt University (the Institute of Mechanical, Process and 

Energy Engineering, IMPEE, the school of Engineering and Physical Sciences, EPS). 

 

The short one month research trip made possible the development of procedures for sample 

manufacture and measurement of elastic modulus using mechanical tensile and, ambient and 

cryogenic temperature, dynamic acoustic test methods.  The use of a micro-tensile test 

machine and acoustic measurement equipment was kindly provided for these tests by 

Professor W.H. Müller at the Technische Universität Berlin (TU-Berlin). 

Although not essential to the core objectives of the PhD, the short research trip provided 

valuable supporting data.  The data reported here has already been discussed in Error! 

Reference source not found..  The work instructions developed have been described here in 

detail as a complete historical record of the work. 

 

Background 

Published measurements of SnAgCu unleaded solder Young's modulus, E, have been quoted 

over an unusually wide range of values, 15 to 69.3 MPa [ref MWS5 2010].  It has been 

suggested, Andersson [2005], [2008], that during static tension tests at very slow strain rates 

both elastic strains and unintended inelastic strains are being recorded.  SnAgCu lead-free 

solders are at a homologous temperature of around 0.6 at room temperature.  It is, perhaps, 

not surprising that authors have reported difficulty measuring Young's Modulus and have 

observed non-linear behaviour from the start of loading.  Given the finite time required to 

apply any load, it is possible that any ambient measurement of BGAs under load will include 



visco-elasticity and creep.  Assuming ideal Hookean behaviour may under estimate E of the 

solder and mask the influence of connected dissimilar materials within micro-electronic 

packaging. 

The objective was to investigate the strain rate effect on measured modulus with mechanical 

stress and temperature loading on micro-tensile samples ,[], with particular interest in the 

effect at low stress levels where linear behaviour would normally be expected.  The micro-

tensile machine had not yet been used with elevated or cryogenic temperatures (although the 

facility was present in Berlin). 

Typically it is assumed that engineering metals demonstrate perfectly Hookean behaviour 

over quite small strains and have a constant value of Young's modulus (independent of small 

changes in alloy, normal working temperature ranges, strain rate, cold work, thermal history, 

and microstructure), for example steel has a Young's modulus of 207 GPa.  Comparison of 

published empirical measurements of E for SnAgCu (SAC) lead-free solder (with particular 

interest in Sn3.8Ag0.7Cu) has shown significant variation, with some authors reporting 

significant scatter within their own measurements.  Figure 1 and Figure 2 show published 

values of E for SAC.  Measured values are shown with a solid fill marker, and values derived 

from published equations have been shown without marker fill. 
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Figure 1: Published SAC young's modulus, measured and calculated, with respect to strain 

rate at 20 to 35°C 

 

Figure 2: Published SAC young's modulus, measured and calculated, with respect to 

temperature 

The range of published values of Young's modulus are of particular concern as this value has 

a 'domino effect' when identifying initiation of and quantifying subsequent visco-plastic and 

time independent plastic effects.  As we have seen structural displacements often include 

several contributing deformation mechanisms. 

Previous authors have identified a proportionate increase in E with strain rate (see Figure 1), 

and an inverse relationship with temperature (see Figure 2).  High homologous test 

temperatures indicate that a plastic deformation component is present from start of loading.  

Unfortunately the published description of variation in measured elastic modulus is far from 

exhaustive.  Investigating origins of scatter in material property values has highlighted the 

lack of test standards and possible variations in test set-up that are often masked by limited 

test descriptions.  Many authors omit strain rate values in descriptions of empirical testing. 

It could be assumed that previous authors although aware of this, considered using an 

'apparent' modulus (measured at high homologous temperatures) to be adequate where large 

visco-plastic deformations are expected. 
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The current work has attempted to isolate elastic behaviour and identify E, by progressively 

increasing strain rate and reducing temperature in turn.  It was hoped to perform both together 

but time constraints did not permit this.  The objectives of the study were to, 

 Isolate elastic, plastic, and creep behaviour through manipulation of test parameters; 

strain rate and temperature (temperatures below 0.3Tm includes cryogenic testing) 

 Identify possible sources of disagreement in previously published measurements, e.g.: 

 variations in sample volume 

 loading arrangement 

 rigidity of load path and influence of parasitic strain (i.e. any measured 

strain that is not in the test sample, for example displacement or strain 

in grips) 

 gauge length (and influence of parasitic strain against gauge length) 

 assuming quoted strain rate is initial strain rate, is actuator speed linear 

? 

 material composition 

 material microstructure, thermal history 

 material homogeneity (flux content, inclusions, voids, surface finish, 

population of flaws) 

 sample mechanical preparation (cutting, abrasion) 

 homologous test temperature 

 

Experimental Set-Up 

Previous publications, Zhang et al. [2010], Shirley and spelt [2009a], and personal 

correspondence with other researchers, had highlighted difficulty in sample preparation and 

measurement.  Given the short time-scale for preparation and testing, it was decided to test 3 

sample designs.  Two sample designs were manufactured at Heriot-Watt University, 

Edinburgh and a third at TU-Berlin. 

 

Design 1: round tensile: 

This bulk solder sample design was previously manufactured by A. Svetley, at the University 

of Augsburg, and tested at TU-Berlin with results published [2010].  With advice from 

personal communication with Svetley, [2014], a new aluminium mould was manufactured at 

Heriot-Watt University.  Unfortunately the Heriot-watt round tensile samples removed from 



mould were incomplete.  The incomplete solder sample showed an excellent profile and 

surface finish.  It was thought the process could be refined to produce high-quality samples.  

Due to project time constraints it was decided to progress with the other sample designs. 

 

Figure 3: Round tensile sample of Design 1 

 

Manufacture of Design 1: round tensile 

The solder and mould were heated together as recommended by A. Svetly, until the solder 

melted and flowed into mould.  After observing solder melt (plunger drops into place), 

assembly was removed from the oven and allowed to cool in air (overnight).  The casting 

assembly was not held at temperature for further time to avoid possible solder oxidisation 

(oxidation in unleaded solder to a surface depth of 0.00002mm was observed by Cho et al 

2006), It is possible the mould was not heated throughout, and the solder solidified 

prematurely resulting in the incomplete sample. 

Attempts were made to allow the assembly to dwell at temperature after solder melted, this 

additional time at elevated temperature significantly reduced success of manufactured sample 



and risked solder oxidation.  Allowing the mould to dwell at temperature before laying the 

solder wire in place would have been difficult.  This would require heating the mould for a 

sufficient time to avoid a temperature gradient and maintaining mould temperature whilst 

laying the solder in place.  It would have been difficult to handle the small size and 

complexity of the mould when hot.  It was also difficult to get the solder to flow, with its 

relatively high angle of surface tension relative to the small scale of the mould. 

 

Design 2: Flat tensile 

The flat dog-bone micro-tensile design, taken from [Mueller 2010], has previously been used 

for steel and aluminium samples, not solder.  The in-house manufacturing procedure for SAC 

samples was developed during this project.  Due to the short lead time, the samples 

manufactured at Heriot-Watt University were of sufficient numbers, see Table 1, but variable 

quality. 

 

Manufacture 

All current samples were manufactured from Henkel Sn3.8Ag0.7Cu with flux (90-100% Tin, 

1-5% Silver, 0.1-1% Copper [data sheet]- rather large manufacturing tolerances).  No flux 

free material could be sourced.  The material was considered acceptable for measurement of 

E as the measurements were intended for use in modelling solder joints manufactured using 

the same Henkel Sn3.8Ag0.7Cu with flux. 

The oven was pre-heated to 250°C (tolerance up to +20°C, the oven was un-calibrated and an 

additional thermocouple/reader not available for use on this project) and solder placed on an 

aluminium plate inside the oven.  The solder was allowed to melt (approximately 5 minutes at 

elevated temperature).  A large quantity of flux separated from the solder, some formed a 

crust over the molten solder.  The molten solder was poured onto a second hot Aluminium 

plate.  Care ensured the visible flux crust remained on first platen. 

If solder formed into a regular smooth, fairly flat shape (<2mm in thickness), then a third 

platen was placed on top.  The form was allowed to 'settle' for 5 minutes at 250°C, then 



remove from oven and allow to cool by method stated in Table 1.  Aluminium plates are 

easily removed when sample is cool. 

This process required a number of repeats to obtain plates of fairly uniform thickness (0.8mm 

to 2mm) and smooth surface finish, raising concerns regarding possible variation in solder 

oxidation between samples.  Sample profiles were laser cut in the EPS, Heriot-Watt 

mechanical workshop and some required gentle filing by hand to remove laser induced burrs. 

 

Oven temperature (°C) Cooling method Number of samples 

350 Air 58 

250 Air 28 

250 Oven 5 

250 Ice 18 

Table 1: flat tensiles temperature histories 

 

Attempts were also made to cast individual solder samples and smaller 'plates' of solder using 

high temperature silicon moulds.  These attempts were unsuccessful due to both the solder's 

high angle of surface tension and the large amount of flux required to be removed. 

 

Design 3: Acoustic beam 

Beam samples, of height =2mm, width =4 mm and preferred length =20 times height, were 

manufactured using a mould designed and built by staff at TU-Berlin, as per the TU-Berlin 

in-house test method for acoustic measurement of fundamental natural frequency.  The 



measured fundamental natural frequency was subsequently used to calculate elastic modulus, 

Ratle et al. [1996]. 

 

Manufacture 

Samples were manufactured from each of three solder wires for comparison; Henkel 

Sn3.8Ag0.7Cu with flux, Stannol Wuppertal HS10 Sn95.5 Ag3.8 Cu0.7 with flux, and leaded 

Sn60 Pb40 2.2% flux source unclear. 

Solder material was placed on the upper platen (see Figure 4) heated in a similar temperature 

profile as used for the flat tensile.  Again the oven was uncalibrated but assumed sufficient 

for this short preliminary investigation.  Molten solder separated from large quantities of flux 

and flowed into the closed mould.  The samples were allowed to cool at room temperature. 

 

 

Figure 4: Manufacturing assembly inside TU-Berlin oven; Left Hand Side solder melting 

plate with directional spout to Right Hand Side design 3 acoustic beam sample mould 

Test Results: 



Design 2: flat tensile test 

To avoid clamping the soft material, load was applied to the flat tensile sample via two pairs 

of locating pins.  Figure 5 shows an FE model of the loading arrangement and a common 

failure position.  The FE modelling is discussed in section 0.  Each pin was fixed 2mm from 

its partner.  The base of each pair of pins was attached to a plate, the plates are parallel to the 

X-Z plane and free to rotate about the y-axis.  One plate is fixed in the x-direction, the other 

is attached to the actuator (X-direction displacement controlled).  Samples were tested at one 

of three actuator speeds.  Actuator speeds and respective initial strain rates are shown in 

Table 2.  These actuator speeds/initial strain rates were chosen to be representative of strain 

rates from literature shown in Figure 1 (0.1s
-1

 to 1E-5s
-1

).  The sample displacements were 

detected by laser extensometer.  Extensometer and test machine range are both described in 

Table 3. 

 

 

Figure 5: Graphical representation of FE model of flat tensile 

 

 

Actuator speed (mms
-1

) Initial strain rate (s
-1

) 

0.005 0.000303 



0.05 0.00303 

0.5 0.0303 

Table 2: Current tensile test actuator speeds 

 

  



Function Range 

Force (N) +/- 250, +/- 0.125 

Maximum actuator displacement (mm) 100, +/- 0.002 

Laser extensometer measurement (mm) 50, +/- 0.001 

Temperature (°C) 400, +/- 1 

Table 3: Capability of TU-Berlin micro-tensile machine 

The tensile tests employed a 'looped displacement' method to ease identification of the elastic 

stress-strain curve.  Instead of pulling the sample using a monotonically increasing 

displacement, a looped displacement method requires the sample to be pulled until a pre-set 

load is measured, the actuator then returns to a very small stress level as the elastic strain is 

unloaded.  Only the proportionate elastic deformation is recoverable.  As the sample is 

reloaded the new stress-strain slope is assumed to represent proportionate elastic deformation 

only and by analysing this second/re-loaded slope determining the elastic modulus should be 

straight forward.  This method is particularly useful in soft materials where stress-strain 

progression is non-linear from the start as shown in Figure 6 sample 1a. 

Electronically captured stress-strain plots are shown in Figure 7, Figure 8 and Figure 9, for 

each of the three actuator speeds used.  Unexpected strain progressions, including apparently 

negative strains, can be seen (clearly illustrated in Figure 10).  Access to original bulk solder 

material stress-strain plots from previous TU-Berlin studies using design 1; round tensile 

show this negative strain is not unprecedented. 

 



 

Figure 6: Experimental results for bulk SAC solder tensile sample 1a, tested at 0.005mm/s 

 

Figure 7: Experimental results for bulk SAC solder tensile samples, tested at 0.005mm/s 
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Figure 8: Experimental results for bulk SAC solder tensile samples, tested at 0.05mm/s 

 

 

Figure 9: Experimental results for bulk SAC solder tensile samples, tested at 0.5mm/s 
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width profile.  It is also quite possible the imperfect symmetry resulted in one test pin 

applying load to sample before its partner, further exacerbating sample movement/ 

asymmetrical loading. 

When processing the current measurements to determine Young's modulus E, identifying the 

proportional limit is difficult and using this method determined E may be subjective. 

The Yield point is also unclear.  Previous identification of SnAgCu linear elastic region; 

[Vianco 2001 (as quoted by NIST)] reported a yield strain of 0.007, [Wiese and Rzepka 

2004], have stated the strain at initial plasticity is 1.4E-3.  [Wiese and Rzepka 2004] consider 

this yield strain value decreases with aging (6E-4 after 150°C for 1500 hours).  The current 

samples were stored at room temperature and tested within eight weeks (or 1344 hours).  

There appears to be some correlation between Wiese and Rzepka's lower yield strain value 

and current measurements (shown in Figure 7, Figure 8 and Figure 9). 

Closer inspection of the very low stress levels shows, even when using a 'loop' test procedure, 

it is difficult to identify a region of linear elasticity.  A close up of each of the samples at low 

stress levels is shown in Figure 6 and Figure 10 to Figure 18.  These individual figures 

illustrate the region assumed linear elastic with respective R
2
 value. 

The R
2
 values show a good fit for all data sets apart from in sample 2a (see Figure 10), where 

no region of linearity could be detected and therefore no E or respective R
2
 values are given.  

All other individual sample test actuator speeds, determined Young's modulus and UTS 

values are shown in Table 4.  Failure position, with respect to uage length orientation within 

the test machine has also been shown.  The most common failure positions correlate well to 

FE predictions as shown in Figure 5. 



 

Figure 10: Experimental results for bulk SAC solder tensile sample 2a, tested at 0.05mm/s 

 

Figure 11: Experimental results for bulk SAC solder tensile sample 3a, tested at 0.05mm/s 
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Figure 12: Experimental results for bulk SAC solder tensile sample 4, tested at 0.05mm/s 

 

Figure 13: Experimental results for bulk SAC solder tensile sample 5, tested at 0.05mm/s 
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Figure 14: Experimental results for bulk SAC solder tensile sample 6a, tested at 0.05mm/s 

 

Figure 15: Experimental results for bulk SAC solder tensile sample 8a, tested at 0.05mm/s 
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Figure 16: Experimental results for bulk SAC solder tensile sample 9a, tested at 0.05mm/s 

 

Figure 17: Experimental results for bulk SAC solder tensile sample 10a, tested at 0.05mm/s 
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Figure 18: Experimental results for bulk SAC solder tensile sample 11a, tested at 0.05mm/s 

A comparison of current measurements of E with published values, with respect to strain rate, 

is shown in Figure 19.  Comparison of our own data with the literature has shown; current 

measurements of E are below average but within the lower bound of previously published 

values and confirm the previously reported trend of increasing E with increasing strain rate.  

Elastic strains are likely to be in the region quoted by Vianco, and  Wiese and Rzepka 2004.  

As noted by other authors, there is a considerable scatter within current measurement of E. 

Perhaps unusually (with respect to other engineering alloys), Table 4 shows better agreement 

within current UTS data with respect to actuator speed.  Wiese and Rzepka quote a yield 

stress of 57.4MPa, which is higher than current UTS measurements and values quoted by 

other authors.  The work has also led to an improved understanding of the practical 

difficulties in mechanical testing of this soft material. 
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sample Actuator 

speed 

(mm/s) 

Measured 

E, (GPa) 

R
2 

Sample 

cross 

section 

area 

(mm^2) 

Measured 

UTS 

(MPa) 

Loop 

load 

Break 

1 0.005 16.2 0.91  20.66 yes  

7 0.005 3.37   21.01   

2 0.05    27.00 yes  

3 0.05 23.11 0.60  19.25 yes  

4 0.05 12.35 0.71  16.69 no  

5 0.05 19.69 0.86  20.71   

6 0.05 21.30 0.50  20.83   

8 0.05 9.29 0.96  23.03   

9 0.5 43.71 0.90 0.986 35.72  RHS 

10 0.5 36.44 0.76  25.20   

11 0.5 24.13 0.78  28.35   

Table 4: Tensile data 



 

Figure 19: Published SAC Young's modulus, measured and calculated at room temperature, 

with respect to strain rate 

 

Design 3: Acoustic tests 

The elastic modulus can be derived from the measured fundamental natural frequency, as 

described by Ratle et al [1996].  The measured fundamental natural frequency 'f', sample 

geometry and material density are all required to calculate an elastic modulus using Equation 

( 1 ).  Where L, b, t is sample length, width and height.  m is the material density.  Correction 

factor T is to account for the thickness and Length effect.  Time dependent effects are not 

recorded.  This method does assume a linear elastic material. 

 
           

       

    
 

 

( 1 ) 

To obtain an acoustic measurement of the fundamental natural frequency the beam samples 

were simply supported prior to dynamic impact and free vibration.  During the current work 

the method was extended to introduce a homologous temperature range of 0.16 to 0.6 (-
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196°C to room temperature) using liquid nitrogen.  The intention was to isolate the effect of 

temperature on elastic behaviour. 

It is thought that nonlinear effects recorded during static tensile tests could possibly be visco-

plastic.  It was hoped that comparison of the tensile measured Young's modulus to the 

acoustic measurement of elastic modulus could indicate the relative contribution of each 

effect on the recorded non-linear behaviour in the tensile samples at very low strain (where 

elastic behaviour is commonly assumed). 

Thermocouple readings showed that after removing from the liquid nitrogen and allowing to 

dwell at ambient temperature, the samples heated quickly.  Obviously a contact temperature 

measurement during frequency measurement would significantly dampen vibrations.  To 

circumvent this problem it was decided to separately record temperature rise with time for 

each sample.  Repeat measurement showed sample warming rate for each material was highly 

repeatable.  Sample descriptions and temperature with time 'curve fit' formulae are given in 

Table 5.  Original data plots of temperature with time are given in Figure 20 to Figure 25. 

The samples were then re-cooled in liquid Nitrogen, before recording frequency with time at 

ambient conditions (without concurrent temperature measurement).  This method was used to 

indirectly measure elastic moduli with respect to temperature (calculated E, using measured 

frequency, with respect to time/temperature with respect to time), down to a minimum 

homologous temperature of 0.16.  Original 'E with respect to temperature' data is shown in 

Figure 26 and a comparison with published values shown in Figure 27. 

Figure 20 shows the repeated temperature measurement during air warming of samples.  The 

tin based solder materials showed reasonable repeatability in heating temperature profile.  

The thermocouple was designed for temperatures as low as -200°C, however after prolonged 

exposure to cryogenic temperatures ( -196°C) a delayed thermocouple reaction time was 

observed.  After allowing the thermocouple to return to room temperature and dwell for over 

60 minutes, the cooling/heating procedure was repeated. 

The reaction time of the thermocouple appeared much improved.  Given more time it would 

be recommended to investigate this effect.  Some small difference in measurement could be 

also be attributed to operator reaction time in manual start of stop clock.  Figure 21 to Figure 

25 shows individual sample temperature warming profiles, with the relevant formula fitted to 

describe temperature with respect to time.  To enable the elastic modulus to be calculated 



with respect to temperature, as shown in Figure 26, frequency against time data is correlated 

with temperature against time data. 

  



 

sample Source Material  Dimms;Length, 

height, (mm) 

Temperature T (°C)  

with time t (s) formulae  

SnPb Sn60 Pb40 

2.2% flux,  

source unclear 

32.00, 2.20  

SnAgCu_TU Stannol Wuppertal 

HS10 

Sn95.5 Ag3.8 Cu0.7 

34.90, 2.06  

SnAgCu_I Henkel 

Sn3.8Ag0.7Cu 

44.91, 2.12 T=(0.00001029136*t
3
)-

(0.0089*t
2
)+(2.2407*t)-168.73 

SnAgCu_II Henkel 

Sn3.8Ag0.7Cu 

43.18, 2.13 T=(0.0000181614*t
3
)-

(0.01158128*t
2
)+(2.572025*t)-

196.9904 

SnAgCu_III Henkel 

Sn3.8Ag0.7Cu 

43.00, 2.18  

SnAgCu_IV Sample IV is 

Sample I shortened 

to remove end 

material with 

uneven surface 

finish.  It is thought 

uneven surface 

finish significantly 

effects recorded 

frequency f. 

35.90, 2.07  

Table 5: Acoustic samples with source and formula for time (t) dependent temperature 



 

Figure 20: Air warming profile of Design 3 Acoustic samples with time dependent 

temperature 

 

Figure 21: Ambient air warming data for sample SnAgCu_TU 
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Figure 22: Ambient air warming data for sample SnAgCu_I 

 

Figure 23: Ambient air warming data for sample SnAgCu_II 
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Figure 24: Ambient air warming data for sample SnAgCu_III 

 

Figure 25: Ambient air warming data for SnAgCu_IV 
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Figure 26: Measured Young's modulus with respect to temperature 

 

Examining calculated elastic moduli with respect to temperature for all samples, E was 

shown to decrease as temperature increased and, as expected, SnPb calculated E was 

significantly lower than for the SAC samples.  The data for both SAC material sources shows 

exceptional repeatability with the exception of sample SnAgCu_I.  E for sample SnAgCu_I is 

significantly higher than for all other SAC samples. 

It was thought that a poor surface finish significantly affected frequency readings of sample 

SnAgCu_I and consequently modulus calculation.  This was confirmed when the sample was 

significantly shortened, to remove the section with poorest surface finish, re-named 

SnAgCu_IV and tested again.  Although by removing the poor section the geometry was 

considerably changed, the agreement with other SAC samples was improved. 

Figure 27 shows current values compared to published values.  Current data, at room 

temperature, is within the bounds of previously published values.  Below room temperature 

there are few published measured values to compare.  Fink [2008] measured much lower 

values of E at similar homologous temperatures, but has doubted the validity of his own 
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measurements.  Current low temperature values of E appear to follow a common trend with 

higher temperature published values. 

 

 

Figure 27: Comparison of elastic modulus derived from current acoustic data to published 

values 

 

Table 6 gives a summary of measured modulus, using the acoustic method, at room 

temperature (RT), -5°C and -65°C for each sample.  The acoustic elastic modulus results are 

significantly higher than the tensile results.  Only one value of the tensile data set overlaps 

with the lower end of the room temperature acoustic data set.  This highest tensile value was 

measured using the fastest actuator speed.  This appears to support the suggestion that tensile 

strain measurements include creep, and therefore measured Young's modulus is low. 
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RT +5°C -65°C 

SnPb 35.53 ?, 40.9 40.9 45.8 

SnAgCu_TU 54.2 data data 

SnAgCu_I* 48.8 69.5 73.7 

SnAgCu_II 58.8 58.8 61.6 

SnAgCu_III 55.9 56.8 65.3 

SnAgCu_IV 47.9? 58.7 49.3 58.7 

Table 6:  Summary of Elastic Modulus with respect to temperature 

 

FE Modelling of flat micro-tensile specimens 

The investigation of possible origins of negative strain and stepped load measurement was 

supported by FE analysis.  The material properties shown in Table 7 were used.  The locating 

pins shown in Figure 5 were modelled as rigid surfaces.  A boundary condition was applied 

to prevent the lower surface of the sample moving in the Y direction, simulating the platens 

fixed under the pins.  A 3mm displacement was applied to the test arrangement shown in 

Figure 5, in a General Static step, as described in section 0.  The failure position shown in 

Figure 5 was consistent with most of the physical samples. 

 

Solder E (GPa) Yeild stress (MPa) Poissons ratio 

Sn3.8Ag0.7Cu 46 47.1 0.4 



Table 7: Material propertiies taken from [Puttlitz and Stalter, 2004] 

 

Figure 28 to Figure 30 illustrate the sample under increasing stress levels as the monotonic 

strain is applied via the Pins (Pins are not shown here).  Figure 28 to Figure 30 also show that 

the stress distribution (in the perfect FE sample geometry) is slightly asymmetric.  Figure 31 

shows the load displacement curve is stepped. 

In the physical samples, it is likely that the less than perfect symmetry, as seen by eye, could 

exacerbate this phenomenon with respect to how the load is applied and may have affected 

the measured load-displacement data. 

 

 

Figure 28: Sample under 0.083mm applied displacement 

 

 



Figure 29: Sample under 0.166mm applied displacement 

 

 

Figure 30: Sample under 0.224mm applied displacement 

Although the FE calculated force-displacement does not show negative values as in practical 

measurements, it has been shown that there are some inconsistencies in how the force is 

transferred via the pins.  In the Abaqus model, varying in turn type of contact command 

between sample and all four pins has shown a contact issue.  Keeping the Normal contact as 

the 'hard' default and varying the tangential contact behaviour from 'frictionless to smooth' 

(an Abaqus specific command); demonstrated stepped load transfer as shown in Figure 31. 



 

Figure 31: FE calculated displacement of flat tensile sample under applied monotonic force 

 

Discussion and Conclusions: 

Direct measurement of Young's modulus from flat micro-tensiles 

As expected our own mechanical measurements showed a trend of increasing E and UTS 

with increasing strain rate.  Although current values are around published bounds, they are of 

lower value than most authors (Figure 19).  The work has shown the difficulties in 

manufacturing high quality samples, and the challenge of applying a controlled displacement 

to such a soft material.  These problems have contributed to the recorded complex load - 

displacement curves, giving rise to difficulty identifying a region of proportionality. 

In future numerical modelling of BGA fatigue tests, based on the current looped tensile data, 

it is unclear if it is correct to assume elastic behaviour after the first load cycle and on 

reloading. 

FEA of flat micro-tensile sample 

FE Analysis of a flat micro-tensile sample under a monotonic load did not show the negative 

strains measured when loading the physical samples.  The FEA did indicate the most 
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common real life failure position.  The FE model, of perfect geometry, also showed 

unsymmetrical (Figure 28) and non-linear, stepped load transfer (Figure 31), suggesting that 

the load transfer at Pins is complex.  If sample is not symmetric (to within very small 

tolerances) initial load may be transferred on one side only causing the sample to rotate in XZ 

plane.  If the sample is hogged or sagged in XY plane prior to testing then it is possible gauge 

length markers will move in x direction before full load is applied.  Irregular real sample 

geometries may exacerbate the affect on stress/strain/failure. 

 

Elastic modulus from measured fundamental natural frequencies 

The current acoustic measurements confirm the time independent behaviour is sensitive to 

temperature.  The values of elastic modulus determined using this method are in line with 

published values.  The current data is remarkably in line with the trend of published empirical 

data at higher temperatures (Figure 27), showing elastic behaviour to be significantly 

stiffened by decreasing temperature.  With comparison to the few published values measured 

at similar low homologous temperatures that could be found, current values are higher 

(although Fink [2008] questioned his material's condition and the value of his own data, and 

the other low temperature values may have been calculated). 

Samples SnAgCu_TU, SnAgCu_II, and SnAgCu_III yielded reasonably repeatable values of 

elastic modulus, regardless of small changes in sample geometry and different material 

manufacturer (Figure 26).  The data has been shown to be sensitive to sample quality.  

Particularly interesting is our sample SnAgCu_I, which caused concern over effect of poor 

suface finish on frequency measurement, gave an elastic modulus value at room temperature 

close to the highest value published (measured using a tensile test by Müller et al [2010], see 

Figure 27).  The elastic modulus of sample SnAgCu_I was subsequently reduced when the 

sample section with poor surface finish was removed, the sample renamed SnAgCu_IV , and 

re-tested, as shown in Figure 26.  As expected, all of the unleaded samples gave significantly 

higher values of elastic modulus than the leaded sample (Figure 26). 

As the elastic modulus, calculated using the acoustic method, is sensitive to dimensions and 

density; it could be argued there is a need to measure dimensions and density with respect to 

temperature.  Acoustic data also could be improved by using a calibrated thermocouple 

(during manufacture and test), avoiding prolonged exposure to extreme temperatures during 



manufacture (and possible material oxidation), improvements in sample surface finish and 

standard sample dimensions with smaller tolerances.  During the calculation of elastic 

modulus from acoustic frequencies, there may be numerical errors due to truncation of 

numbers in calculations (multiplying very small numbers by very big numbers). 

 

Could the acoustically determined elastic modulus be used to calculate amount of 

proportionate plastic strain in measured micro-tensile tests ? 

  



Conclusions 

The current measurements have shown under tensile loading inelastic constitutive behaviour 

is recorded from the start and the elastic response of the beam sample is stiffened by 

decreasing temperature (independently of time).  This direct and inverse dependency on 

temperature not shown to saturation at 0.16Tm. 

The current measurements did not identify a single definitive value of E for the 

Sn3.8Ag0.7Cu solder alloy.  However numerical methods developed during the on-going 

study have shown, for the purposes of modelling BGA shear tests (at common actuator 

speeds and at room temperature, and where current FEA has shown most of global 

displacement is not in the solder material), any value of SAC solder Young's modulus 

between 14.8GPa and 65GPa may be used without significantly affecting total deflection of a 

BGA sample.  Best results may be obtained using values between 46 and 65GPa.  All of the 

moduli determined using acoustic samples fall within these values, apart from one sample as 

discussed above.  Therefore the value of 46GPa, used in the majority of in-house modelling, 

is satisfactory.  For modelling other unleaded solder micro-assembly tests further 

investigation would be required to determine a satisfactory value of E, but the current work 

suggests that an average of published values with respect to temperature and strain rate would 

be satisfactory. 

The current work has highlighted possible reasons for the large scatter in published empirical 

values (predominantly variation in manufacturing procedures and sample uniformity).  

Comparing test data from different sources introduces further unknowns in addition to the 

test variables documented.  (e.g. loading arrangements).  A full material characterisation 

would require a set of standard tests to investigate all test parameter ranges. 

  



Appendix B: Comparison with the Pang and Xiong shear lap test 

 

Pang and Xiong's shear lap test, [2005], appeared to have sufficient published data and a 

sufficiently clear test description to be a potential source of validation.  Predicted global 

deflections obtained using an FE model provided excellent agreement with the proposed 

approximate analytical method.  These calculations did not agree with published 

measurements.  Closer examination of the FEA showed large amount of bending in both 

substrates, unlike the BGA tests considered in the thesis.  Close examination of the published 

data showed unexpected shear strains of over 50%.  Although Pang's measurements were not 

useful validation, this was an interesting exercise in applying the developed methodology to a 

wider range of published test design.  Excellent agreement was shown between FE and 

analytical calculations using the proposed FR4 properties, and so the exercise has been 

included in Appendix B of this thesis. 

 

Comparison of FE and analytical calculations 

The ultimate goal of the current study was to develop a suitably validated analytical 

approximation of the mechanical phenomenon occurring in a FR4 on FR4, solder joint 

sample under shear.  It was intended that the proposed analytical method should be suitable 

for use with a wide range of test designs.  Error! Reference source not found. applied the 

proposed methods of analyses to BGA shear tests.  Figure 32 shows a different test set-up, the 

Pang and Xiong single joint shear lap sample [2005].  Both substrates consist of FR4 

composite.  A lateral load of 1N was applied to the right hand substrate.  In this annex, shear 

lap test data [2005] has been compared to calculations made using the proposed methods.  

Excellent agreement has been shown between FE and analytical calculations, but poor 

agreement with physical data. 



 

Figure 32: Abaqus FE model assembly of Pang and Xiong sample 

 

The left hand substrate is encastre on the lower surface, at the left hand end.  The right hand 

end of the right hand substrate underside is constrained in the Y direction only.  The joint 

Interface diameter is 0.45mm and solder joint height is 0.32mm.  For simplification of the FE 

model, the copper pads have been intentionally omitted.  The effect of this omission was 

considered negligible as previous modelling of the Park and Lee and Galeeh samples showed 

that the overall stiffness of this type of sample is dominated by the mechanical properties of 

the FR4, not the solder, nor the copper pad/pad metallisation.  The orthotropic FR4 properties 

used in the Pang and Xiong model were as per the proposed values, detailed in Error! 

Reference source not found. and obtained from fitting the Park-Lee 0° and 90° 

measurements.  The model was run as a linear-elastic calculation.  FE results are shown in 

Figure 33 along with analytical hand calculations, and excellent agreement is shown.  The 

analytical calculation also used the proposed through thickness shear modulus. 

 



 

Figure 33: FE and analytical linear calculations of Pang and Xiong shear lap sample 

 

Figure 34 shows the same FE calculation as Figure 33, along with FE calculations made with 

Lau's isotropic [2014] and Murai's [2000] orthotropic FR4 properties. 
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Figure 34: Comparison of FE calculations made using a range of FR4 material properties 

 

Figure 34 shows the wide range of predicted displacements obtained by using different FR4 

through thickness mechanical values.  As in other FR4 sample designs, the through thickness 

FR4 properties have the greatest effect on whole sample behaviour.  Unlike in the Park and 

Lee plots, the difference made by using the proposed and the Murai values is quite subtle.  

This may be as, unlike the Park and Lee tests, much of the Pang and Xiong sample appears to 

be loaded in the fibre direction. 

Figure 35 shows the deformed sample, using the display deformation scale factor (calculated 

values are unaffected).  Significant bending of the composite substrates is clearly observed in 

the FE model and despite the excellent agreement shown, it may not be entirely appropriate 

to apply the proposed analytical solution to the Pang and Xiong sample. 
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Figure 35: The deformed shape of model of Pang and Xiong shear test, Abaqus deformation 

scale factor X10 

 

To give an approximation of the proportion of total shear strain contributed by the solder, the 

maximum solder shear strain was extracted directly from isolated solder material in the FE 

model.  This proportion is very small compared to predicted total sample deformation, as 

with the Park and Lee and Gahleeh BGA shear samples.  The FE models were also run with a 

sensible range of solder moduli.  This variation in solder Young's modulus did not 

significantly affect whole sample behaviour, again this is as expected and as with the BGA 

samples. 

 

Comparison with measurements 

The Pang and Xiong measurements were extracted manually by hand from enlarged copies of 

published plots [2005] and are shown, together with FE and analytical calculations in Figure 

36.  Unfortunately the expected good agreement with calculations is not shown. 



 

Figure 36: Pang and Xiong data shown against FE calculations made with a range of FR4 

elastic moduli 

 

Discussion 

This has been an interesting exercise which, for a different test, has shown excellent 

agreement between analytical and FEA predictions, the importance of through thickness 

composite properties, the frustrations of limited test description, and test measurement 

sensitivities.  The poor agreement with measurements is concerning.  Pang and Xiong's 

measured shear strains were much larger than those calculated using FEA or analytically, see 

Table 8.  The large quantity of measured shear strain is puzzling.  Pang and Xiong show an 

apparent shear strain of over 40% [2003, 2005].  A number of possible sources of 

disagreement have been considered here, but none give an adequate explanation. 
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( about 6.3MPa) 

Measured 0.12 0.034 

Analytical Calculation 0.008125 2.6x10
-3

 

FE Calculation 0.00875 2.8x10
-3

 

Table 8: Shear strains and lateral displacements, measured and calculated 

 

The FE model is 'quasi-static' and the hand calculation is linear.  Pang and Xiong conducted 

their tests with a range of actuator speeds and temperatures.  At 125°C, Pang and Xiong's 

published stress-strain data [2005] shows a very clear strain rate effect.  Pang and Xiong only 

published one plot at 25°C, obtained at their slowest strain rate.  This is the data used for 

comparisons with linear calculations shown in Figure 36.  At room temperature, solder is 

around 0.6Tm and FR4 epoxy resin is visco-elastic, some additional time dependent shear 

strain could be expected in the 'slow' measurements.  Additional time dependent strain does 

not account for the concerningly large disagreement with calculations, a factor of 10 for shear 

strain. 

To calculate shear strain from measurements, Pang and Xiong have used the simple rule of 

displacement over joint height.  A strain of 0.4 equates to a measured displacement is 

0.128mm.  Pang and Xiong have not described the arrangement for strain measurement and 

have not reported any method of extracting interface displacement from measured 

displacement.  It is assumed that measured displacement is the actuator displacement.  If so, 

using total sample displacement does not add to knowledge of solder joint behaviour, and 

may even include strain out with the sample (parasitic strain) in the actuator arrangement. 

 

If more time had been available it may have proved useful to pursue the following threads, 

although given the empirical data and published test description, it is thought unlikely that 

agreement and full validation with measurements could be achieved. 



Subsequent publications by JHL Pang, with regard to solder sensitivity to strain rate 

measurements include tensile, indentation and drop tests, but in no previous or subsequent 

FR4 on FR4, solder joint sample test measurements are included [2003, 2006, 2007, 2012].  

Pang and Xiong noted that their sample was similar to one published earlier [Pang et al 

2001], not sourced.  Examination of this data may indicate sources of discrepancies in values.  

The earlier study used leaded solder but FEA could again be used to isolate contributing 

material displacements, however there is potential for a great number of unknowns. 

The FE model used here was a preliminary one of simplified geometry, a coarse mesh and a 

linear-elastic calculation.  Although it was a coarse model, it was expected to adequately 

predict overall behaviour.  Had more time been available, a more sophisticated model might 

have shown if these model approximations were a significant source of disagreement (not so 

in the BGA sample designs), or shed light on other possible sources of the disagreement 

between calculations and empirical data. 

Extracting test details from the publication led to some ambiguity as to the exact area of 

sample encastre fixing.  The dimensions of exact areas of fixing were not given and the 

published sketch is not to scale [Pang and Xiong 2005].  A range of sensible fixing areas 

were modelled in the FEA.  These areas are thought to be sensible when compared to the 

published sketch of test set-up, although sketches provided were not to scale.  This work also 

puts into context (for this specific sample design), the effect of small changes in boundary 

conditions in comparison to the larger effect of incorrect FR4 properties and larger 

disagreement with measurements.  The FEA therefore gives a 'ball park' comparison of the 

proposed orthotropic FR4 mechanical values.  Without access to original data and test set-up 

details, further refinement is not possible. 

 

 

Conclusions  

Applying proposed properties to a different design with a different loading arrangement, FE 

again showed excellent agreement with the hand calculation of total sample behaviour, 

including isolated solder deformation and rotation, and FR4 shear. 



As in the BGA shear tests, comparison of FE calculations using a range of published 

properties showed through thickness FR4 properties dominate shear lap whole sample 

behaviour.  Again, a wide range of sample displacements were predicted when substituting in 

turn a range of published FR4 through thickness values. 

Comparison of calculations to Pang and Xiong measurements did not show the same 

excellent agreement shown in the Park Lee 45 test.  FE showed neither the proposed 

properties nor the published properties could provide good agreement with measured force 

displacement plots. 

As in BGA shear tests, classical mechanics theory confirmed predicted solder deflection is 

much smaller than total shear lap sample deflection shown by measurement and FE. 

  



Appendix C: Determining rotation correction factors for Park and Lee 

sample and the Ghaleeh sample 

 

For the wider use of O'Donnell's (OD) analytical description of rotation [1960], rotation 

correction factors have been determined here with respect to the 4 ball sample and the Park 

and Lee (PL) published sample designs.  Section 4.4.3 has shown that rotation is sensitive to I 

value, not beam shape.  For input into the Equation Error! Reference source not found., the 

true solder geometry is substituted with OD beam geometry.  That is a beam of the same I 

value as the original BGA solder joint under consideration and width, b, equal to 0.75 times 

beam depth, d.  Beam depth is referred to as h1 in the original publication.  Table 9 shows the 

substituted geometry that is used in the following calculations, along with true solder 

geometry. 

 

sample Length (mm) Average 

Diameter 

(mm) 

 (mm
4
) Substituted OD geometry 

Width, b 

(mm) 

Depth, d 

(mm) 

Park and Lee 0.52 0.672 0.01001 0.47451 0.63268 

4-ball 0.6 0.75 0.01553 0.529538 0.70605 

Table 9: Original and substituted geometry of samples 

 

The formulae shown below are used to calculate the required correction factors.  Descriptions 

of the correction factor formulae have been given in Error! Reference source not found..  

For the following calculations, the most precise numerical values available have been used 

for each of the component calculations.  The values used are both very small and very large, 

and consequently numerical rounding has a significant effect on the results (and ultimately 

the predicted solder deflections).  Reporting these values to three significant numbers, as in 



Error! Reference source not found., is a common expectation but not prudent for the very 

small calculated rotations shown here. 

 

C1: beam shape 

For beams of circular cross section and with values below 0.025mm
4
, the beam shape 

correction factor, C1, has a constant value of 1.083. 

 

C2: Beam length 

                                     

 

The calculated beam length correction factor, C2, for both samples is shown below.  Where x 

is beam length/beam depth or d. 

Sample x C2 

PL 0.8219 0.884 

4-ball 0.8498 0.886 

 

C3: Substrate X dimension 

                                              

 

The calculated substrate X dimension correction factor, C3, for both samples is shown below.  

Where x is substrate X dimension/beam depth or d. 



Sample x C3 

PL 1.2645 0.916 

4-ball 2.2661 0.982 

 

C4: Substrate Y dimension 

                                             

 

The calculated substrate Y dimension correction factor, C4, for both samples is shown below.  

Where x is substrate Y dimension/beam depth or d. 

Sample x C4 

PL 2.007 1.623 

4-ball 3.5408 1.042 

 

C5: Substrate Z dimension 

                                                       

 

The calculated substrate Z dimension correction factor, C5, for both samples is shown below.  

Where x is substrate Z dimension (pitch)/beam width or b. 

Sample x C5 

PL 2.676 0.734 



4-ball 4.721 0.749 

 

C6: End condition. 

The clamped other end condition effect, C6, is directly fitted to FE results for a specified 

beam length/beam depth geometry. 

Sample C6 

PL 0.569 

4-ball 0.565 

 

Analytical calculation of rotations 

O'Donnell proposed the following equation to predict the rotation in a beam due to flexibility 

in the support.  This was validated by his own experimental data obtained for a unique test-

piece design. 100% agreement was achieved when using FE to model the O'Donnell 

specimen. 

   
      

    
  

     

   
 

Taking into account the calculated correction factors, the following equation is intended to 

predict rotation in a BGA solder joint, within two FR4 substrates, per unit force. 

 

      
      

 
   

    
  

      
 
  

   
           

 



The values input into the calculation are shown in Table 10.  Where  is assumed to be that 

of the average solder diameter of the sample under consideration.  For input into the rotation 

calculation only, this value of is used to determine Beam Width (B) and Depth (D), (in a 

substituted O'Donnell beam geometry, B=0.75D).  M is Bending Moment per unit width (F x 

(L/2)]/B, for a clamped beam), V is Shear Force per unit width, E and   effective values 

representing the system. Ctotal is the product of all 6 correction factors. 

 

sample 4 ball PL 

 , mm
4
 0.015532 0.010014 

Pitch 2.5 1.27 

h1 or d, mm 0.706053 0.63268 

B, mm 0.52954 0.47451 

L, mm 0.6 0.52 

M per unit force 0.566529 0.547934 

V per unit force 1.8884315 2.107437 

Esystem , MPa 3329 3329 

 system 0.3 0.3 

Ctotal 0.416 0.594 

Table 10: Values as input to the O'Donnell equation 

 

Rotation of PL single connection 



A full description of the displacement due to rotation calculated for a single 'idealised' PL 

sample joint is shown here.  The dimensions of the substrate are equal to the pitch size and 

through thickness depth of the original sample.  The sample beam geometry is replaced with 

an OD geometry of equal I value ( as described above and only for use with the O'Donnell 

calculation). 
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=0.594*[0.0021818 + 0.0007004] 

=0.0017116 rad 

r per unit force =0.0017116*beam length 

r per unit force =0.890µm 

 

Rotation of '4 ball sample' single connection 

Here a full description of the rotation of a single beam of 'idealised' 4 ball sample geometry is 

given.  Again, for this calculation a Scale OD beam width and breadth geometry has been 

substituted, keeping constant
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= 9.8751173 X10
-4

 

deflection due to rotation, r, per unit force = 9.8751173 X10
-
4 X beam length  

r per unit force = 0.593 µm 



Appendix D : Methodology for modelling time dependent behaviour of 

Solder 

 

It is evident from the literature that many of the measurements both of solder mechanical 

properties and of BGA mechanical response indicate either time-dependent or non-linear 

behaviour, or both. In the majority of cases, this behaviour is classified as “creep”. 

Accordingly, this Chapter is aimed at selecting the most suitable numerical model to explain 

published non-linear stress-strain behaviour over typical solder test conditions and times.  A 

numerical model of a simple bulk tensile static creep test was used to examine the effect of 

using of a range of published creep parameters to reproduce published empirical data. 

It is assumed that different test conditions has led to the wide scatter in published solder creep 

parameters.  This led to an investigation of the original empirical source of published creep 

equations and parameters.  This investigation revealed measurements of limited 

load/temperature range and limited number of samples per load/temperature.  Some data sets 

appear to show one test sample per load/temperature.  Other sources with multiple test 

samples per load/temperature, show a wide scatter in measurements. 

 

Modelling creep behaviour in Abaqus: General approach 

Conventionally, FEA which includes creep is applied to high temperature alloys, such as 

turbine blade materials, to describe time dependent strain induced by constant stress.  In such 

applications it is normal to consider only secondary (steady-state) creep, although creep laws, 

and their associated parameters, may be used to describe both strain under load over time and 

stress relaxation over time where strain is constrained. 

The two-layer viscoplasticity method is recommended, when using Abaqus to model time 

dependent behaviour under cyclic loading, Abaqus Analysis Users Manual [2009a].  

However, no publications using this method to model unleaded solder behaviour have been 

found and so it was decided to conduct a comparison of all of the creep modelling options 

directly accessible in Abaqus.  The current modelling is validated against published data for 

constant load conditions (i.e. creep tests). 



For modelling visco-plastic behaviour (i.e creep and stress relaxation in metals), Abaqus 

[6.10] offers either a *CREEP command (with a choice of hyperbolic sine, time hardening or 

strain hardening laws), or the two-layer viscoplasticity method (*VISCOUS command, with 

either a strain hardening law or a time hardening law.  The time hardening law being 

recommended for constant load (as in a standard creep test), and the strain hardening law 

being recommended where the applied load is variable.  The time hardening and strain 

hardening laws are only recommended when there are no temperature dependencies and the 

stresses are low.  It is also possible to write a bespoke sub-routine, but such an approach 

would need appropriate parameters anyway and the purpose of the current work was more to 

find the appropriate parameters in the first place. 

Many of the studies aimed at determining time-dependent solder properties use the 

hyperbolic sine model, as originally proposed by Garafolo [1960], cited by Dieter [1988], 

presumably for its ability to describe steady-state creep rate under a range of loads.  

Therefore, the first FE creep models generated here included a *CREEP command with 

hyperbolic sine creep law analysis and were subjected to a constant load regime.  The initial 

intention was to use a set of published hyperbolic sine law creep parameters with these 

models, enabling validation with corresponding published empirical data.  To focus on the 

time dependent deformation, the *CREEP command FE models use no time independent 

plasticity (*Plastic) although there is of course no guarantee that the empirical data contain no 

such effects. 

Empirical creep parameters used in published analyses of solder assemblies, have typically 

been determined from bulk solder creep tests, e.g. Zhang et al. [2013], Schubert et al. [2003], 

although some measurement of creep behaviour of solder joint assemblies has been 

conducted. 

Xiaoyan and Xuefeng, [2010], determined creep parameters from room temperature 

nanoindentation measurements of solder joints.  Shin and Yu, [2005], conducted creep tests 

on BGA shear lap samples with copper pads, FR4 substrates.  Lee et al., [2013], conducted 

shear lap creep tests on pure tin joints using copper substrates.  Both Shin and Lee measured 

displacement using an LVDT positioned on or outside the grips, and no effort to isolate 

solder displacement was reported.  Creep and relaxation behaviour of glass reinforced/epoxy 

composites has been reported, Shrotriya and Sottos [1998]. 



The literature review showed that there is a wide range of published creep parameter values 

for Sn3.8Ag0.7Cu unleaded solder.  Before selecting creep parameters for the current FE 

study, it was useful first to show the effect (and potential error) of parameter set selection in a 

sensitivity study.  Next a selected set of hyper-sine creep parameters were used to generate 

stress-strain rate data using Excel.  A power law was fitted to this data, thus generating new 

power law parameters to run in both a *CREEP time hardening model and a *CREEP strain 

hardening model, in turn.  The calculated strains and strain rates were compared to the 

validated hyperbolic sine model calculations.  The derived power law parameters were then 

also directly employed in two-layer viscoplasticity models. 

To enable a comparison of the two creep law options available for two-layer modelling in 

Abaqus, both time hardening and strain hardening models were generated and run in turn.  To 

do this it was necessary to determine an appropriate value for 'the ratio of elastic modulus of 

elastic-viscous network to the total (instantaneous) modulus', f (an Abaqus specific 

parameter, Abaqus Analysis Users Manual [2009a]).  Again no published value of f with 

reference to Sn3.8Ag0.7Cu or any unleaded solder could be found.  Again by comparison to 

the previously validated hyper-sine creep predictions, it was possible to determine an 

appropriate f value. 

At the time of the work reported here, all of the Abaqus FE creep analysis menu options were 

intended to model secondary creep also known as minimum steady-state creep rate, Abaqus 

[2009a], Abaqus [2011], Abaqus [2013].  In conventional creep design, the steady-state creep 

rate is the main parameter of interest, hence its determination in most long-term creep tests.  

However, Darveuax and Banerji [1992], Déplanque et al. [2005], Shirley et al. [2008] and 

Kumar et al. [2012] have all suggested that primary creep is a significant component in the 

strain of lead-free solder under cyclic loading.  Some basic hand calculations, shown here and 

using data considered in the current study, support the suggestion that primary creep is 

significant in cyclic loading of lead free solder.  The fact that a transient creep function is 

available in the latest release of Abaqus, version 6.14, shows the high relevance of the current 

work to present industry concerns. 

The effect of using creep parameter values from different sources 

The intention of this part of the work was to enhance the value of published creep laws and 

data on solders through comparison and integration of published parameters in order to allow 



useful application to as wide a range of conditions as possible.  Each experimenter has used 

one of a number of published equations, usually derived from standard creep models, chosen 

to best fit the particular data set and, even then, the fit may or may not be good even within 

the experimental domain.  To enable suitable comparison of published measurements and 

analytical calculations, careful examination of equations and units was required, and, first, a 

sensitivity analysis to the selection of parameters was carried out. 

The Abaqus hyperbolic sine equation is based on Garafolo's equation to predict steady-state 

creep rate, as shown in Equation ( 2 ).  To enable a 'like for like' comparison, the values of 

parameters that have been published with sufficient description are shown in this standardised 

form in Table 11.  These parameter sets have been converted to the same units, where the 

universal gas constant, i.e. R = 0.00831 kJ/Kmol, C1 is an empirical constant, C2 is the 

multiplier of stress, C3 is the creep stress exponent and C4 is the apparent activation energy.  

Table 11 also shows the 'hand' calculated strain rates for each parameter set under moderate 

loading conditions (11.3MPa, 348°K).  This load condition was chosen as it was comfortably 

within the original load range for all of the parameter sources, see Table 12. 

 
                    

       
  

  
  

 

( 2 ) 

solder C1 (s
-1

) C2 

(MPa
-1

) 

C3 C4 (kJmol
-1

) Hand calculated 

strain rate (s
-1

) 

Ref. 

Generic SAC 2.78x10
5
 0.0245 6.41 54.2 6.12x10

-7
 Schubert 

et al. 

[2003] 

SnAg3.8Cu0.7 8.09x10
5
 0.115 5.02 83.9714 2.86x10

-6
 Shirley 

and Spelt 

[2009b] 

SnAg3.8Cu0.7 3.2x10
4
 0.037 5.1 54.2 3.13x10

-6
 Pang et al. 

[2004] 

Table 11: Selection of published hyperbolic sine creep law parameters, standardised 

 



As can be seen from Table 11, the values for each of the three parameter sets are quite 

different and calculated strain-rates vary by a factor of about 5, at the reference stress and 

temperature.  The values for strain rate calculated using Shirley and Spelt's, and Pang et al.'s 

parameters are within 10% of each other, despite obvious differences in the parameters.  

Shirley and Spelt and Pang et al. both used Sn3.8Ag0.7Cu solder alloy only.  The strain rate 

calculated using Schubert's parameters is a factor of five lower, despite apparently better 

agreement in C2, and C4 with Pang.  Schubert used Sn95.75Ag3.5Cu0.75, 

Sn96.5Ag3.5Cu0.5, and commercial Castin, in addition to Sn95.5Ag3.8Cu0.7.  Pang et al. 

[2004] showed that small changes in SAC solder alloy composition can have significant 

effect on creep parameter values.  Of the other relevant creep tests dependencies, only the 

applied force and temperature used have been reported in the selected publications, and these 

are shown in Table 12. 

The values for each of the three parameter sets shown in Table 11 are quite different, 

although two agree closely on the activation energy.  Shirley reported a much higher value of 

activation energy, but it was derived from the smallest range of temperature and stress.  Table 

12 shows the range of test conditions used to obtain the parameter sets shown in Table 11.  

The temperature determines the creep mechanism(s) activated, which in turn determines the 

strain-rate.  Apparent activation energy is therefore closely linked to test temperature range 

and can be determined empirically from measured creep strain rates, where the temperature 

range is small enough so that the dominant creep mechanism does not change, Dieter [1988].  

It has been suggested by Cottrell [1980] that, even when using a temperature compensated 

creep law, a single set of parameters is not sufficient to describe the temperature/stress/strain-

rate relationship over a wide range of loading conditions, as different creep mechanisms 

dominate. 

Similarly the stress multiplier, C2, is proportionate to applied stress with respect to material 

stiffness.  It seems reasonable to assume that the range of stress and temperature applied 

during testing will influence determined values of C2.  Shirley ,[2009b], reported the highest 

value of stress multiplier, but also used the lowest stresses.  Pang used considerably higher 

stresses and range of stress, to determine a very different value of C2 and the highest value of 

stress exponent, C3.  However these sets of parameters gave good agreement over the 

moderate temperatures and low stress levels. 



Another possible cause for disagreement between the measurements could be that all of the 

above strain rate equations, are designed to model the minimum (or steady state) creep rate, 

and do not account for transient creep strain.  Depending on the percentage of the creep life 

over which the experimenters observed the strain rate, the data may contain significant 

primary (or even tertiary) creep. 

The parameter sets in Table 11 were used to calculate corresponding creep strain rates for a 

the combinations of applied stress and temperature used by Shirley and Spelt's [2009b].  The 

results are shown, in Figure 37 to Figure 39 along with corresponding measured data 

extracted from Shirley and Spelt [2009b].  All of the load conditions selected for use here 

were also used during the Shirley and Spelt tests, and are therefore within original load 

ranges for the other parameter sets. 

 

  



Source Sample size 

 

Temperature (°C) Minimum 

Stress (MPa) 

Maximum 

Stress (MPa) 

Pang et al. [2004] Bulk sample, 

gauge 

length=15mm, 

Ø=3mm 

125 2 30 

75 4 25 

25 5 40 

-40 25 70 

Schubert et al. 

[2003] 

Sample size 

unclear, values 

taken from an 

enlarged plot 

150 5 30 

23 5 30 

Shirley and Spelt 

[2009] 

Bulk sample, 

size unclear 

100 3.9 12 

75 2.6 14.8 

25 6.5 20 

Table 12: Range of test conditions used in sources of parameter sets shown in Table 11 and 

used to calculate values shown in Figure 37 to Figure 39 

 

This comparison shows that predicted values for all three parameter sets fit the trend of 

rapidly increasing strain rate with increased stress, but with all (excluding those of Shirley 

and Spelt themselves) severely underestimating the measured strain rate at the highest value 

of stress for each of the three temperatures.  For the remaining two values of stress, the 

Schubert parameters fit best at 25ºC, although they give a substantial underestimate at higher 

temperatures.  The parameter set of Pang, gives a reasonably close fit to the data of Shirley 

and Spelt for all three temperatures at the lower stresses.  Pang's combined low stress-

temperature range is closest to Shirly's test regime. 



 

Figure 37: Measured and calculated creep strain rate with corresponding stress, at 25°C 

 

Figure 38: Measured and calculated creep strain rate with  corresponding  stress at 75°C 
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Figure 39: Measured and calculated creep strain rate with corresponding stress at 100°C  

 

It is clear from Figure 37 to Figure 39 that, even when comparing empirical creep parameter 

sets for the same material, the calculated strain-rates can diverge by nearly an order of 

magnitude. 

 

FE calculated creep rate using the hyper-sine creep law 

In this section an FE model of a published bulk tensile test piece, Schubert et al. [2003], is 

used to generate simulated creep data using a hyperbolic sine creep law with the parameters 

reported by the experimenters.  The simulated data are then compared with the published 

empirical data taken from the test under constant load to give a validation of the FE approach 

to creep modelling for solder.  Initially, Abaqus CPE4R elements were used in the model of 

isolated solder material giving a simple '2D' geometry (as the original sample size was not 

given, the FE model was given an arbitrary geometry of 6 by1mm), the material being 

clamped at one end and free to move axially at the other. 

Mesh geometry and element shape is fundamental to the determined stiffness and stress 

variation across each element.  Element shape/density may significantly influence the 
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accuracy of calculations, Hellen and Becker [2013].  In order to demonstrate model quality, it 

is necessary to give sufficient detail of the mesh and elements used, in addition to material 

properties, load and constraints.  The geometry and mesh quality can be seen in Figure 40.  

CPE4R elements were used in the model for comparison to the analytical calculation.  

Reduced integration elements were used for computing efficiency and considered appropriate 

as there was no bending in the model.  To determine the creep strain response to an applied 

constant mechanical load and applied temperature, a quasi-static analysis step was prepared, 

with defined Abaqus *Elastic command and *Creep command (with a hypersine creep law).  

The data of Schubert were published in sufficient detail that the FE model could be compared 

in detail with the published measurements. For this reason, Schubert’s hypersine law 

parameters Table 12 were used with a test temperature of 398K and a stress of 10MPa.  For 

the applied stress of 10MPa to our plane strain FE model, the effective von Mises stress is 

8.845MPa.  For the '1D' hand calculation, equivalent to a plane stress condition, the stress 

value of 8.845MPa was used.  In Table 14 the calculated values are compared to Schubert's 

measurement for the '3D' real sample. 

 

 

Figure 40: Representation of 2D plane strain creep model extracted from Abaqus 

 

In the initial creep model, a temperature dependent Young's modulus, was used, the relevant 

values being shown in Table 13.  The values are arbitrary but representative of the range 

reported in the literature across the range of temperatures at which elastic properties have 



been measured.  They are used here to illustrate the effect of non-time dependent temperature 

effects. 

 E (MPa)   Temperature (°K) 

1 50000 0.32 293 

2 47000 0.32 373 

Table 13: Temperature dependent Elastic Properties 

 

The model was simplified by omitting a yield stress, hence avoiding the complication of 

plastic strain which is time-independent.  As discussed in the literature review, there is 

considerable confusion in the literature around elastic and plastic deformation in solders and 

this decision was taken in order to focus on time-dependent (i.e. creep) strain.   

An isotropic coefficient of thermal expansion (CTE) of 1.76E-005 was applied, with the 

reference temperature set at 0 (°K).  In Abaqus *EXPANSION, a CTE may also be specified 

as a function of other material behaviour field variables, e.g. temperature, or deirection. 

An initial uniform temperature of 273°K was applied, followed by a load step of 10MPa, and, 

finally, the temperature was instantaneously changed to a uniform value of 398°K.  Figure 41 

shows the FE calculated strain with respect to time.  The large strains and time to strain are 

unrealistic.  As a first attempt, and to isolate time dependent creep, the model was simplified 

by omitting a yield stress.  This approximation of course would not be reflected in reality.  

However reasonable agreement with Shubert's steady state strain rate values is shown in 



Table 14, for both FE and hand calculations. 

 

Figure 41: Strain with time for our own hypersine FE model showing approximately steady 

state creep 

Table 14 shows a comparison of hand calculated and FE predictions to the published steady 

state strain rate.  For the applied stress of 10MPa to our Plane Strain model, the effective von 

Mises stress is 8.845MPa, and this lower value was used in the hand calculation.  Reasonable 

agreement with Shubert's values was shown for FE and hand calculations. 

 Steady State Strain Rate (s
-1

) 

Shubert, as published by Ma [2009], 

experimental  

1.5 x 10
-6

 

Current Hyper-Sine, FE model 1.3 x 10
-6

 

Hand calculation 1.29 x 10
-6

  

Table 14: Comparison of predicted steady state strain rates 

The steady state strain rate value of 1.3 x 10
-6

 (s
-1

) was extracted from the current hypersine 

FE model.  Inspection of the FE calculations, see Figure 41, has shown that the unleaded 

solder did not reach a true steady-state strain rate.  The initial strain rate, of 0.00018 s
-1

 , 
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decreased rapidly to 8.09x10
-7

s
-1

 over a, relatively, very short period of time (1740s), then 

slowly increases at a near constant acceleration of about 2 x10
-8

s
-2

 until a strain rate of 

1.695x10
-6

s
-1

 is reached, after this the strain rate acceleration increases rapidly.  Therefore the 

steady-state strain rate will be within the range of 8.09x10
-7

s
-1

 and 1.695x10
-6

s
-1

.  The 

average is in the region of 1.3x10
-6

 s
-1

.  Where no true steady-state has been has been 

observed, an average or strain rates within 10% of the true minimum strain rate to be taken as 

the onset of steady state creep.  Our model was unclamped at one end and elongation was 

observed.  The change in strain rate could be associated with geometry changes. 

It is perhaps no surprise that using the same creep law and parameters in both FE and  

analytical calculation methods of calculation gave good agreement, and not quite so good 

agreement with the original source measured values.  As in the above section 0, using a single 

set of creep parameters to approximate strain-rate, is likely to give variable errors with 

respect to specific conditions over a range of loads. 

 

Effect of using different creep laws in a 2D FE model and determining corresponding 

parameters 

 

Using a Time hardening power law 

Abaqus [2009b] states that the time hardening law is suited to constant loads as in a standard 

creep test.  Where the  load applied is variable the strain hardening law should be used.  Time 

hardening and strain hardening laws should only be used where there are no temperature 

dependencies and the stresses are low.  This suggests that the time hardening law will not be 

suitable for our purposes.  However for completeness and comparison of methods it was 

decided to run the FE model, generated in section 0, using the time hardening law. 

The time hardening power law as described in Abaqus Analysis User's manual is the most 

basic creep power law with an additional t
m

 term.  For this Abaqus requires the parameters A, 

b, t and m (the power law multiplier, equivalent stress order, time and the time order 

parameter respectively), as shown in the Abaqus utilised time hardening law Equation ( 3 ). 



            
( 3 ) 

No published data could be found on the Abaqus required time order power law parameter, 

m, for Sn3.8Ag0.7Cu or any unleaded solder.  An appropriate value of m was determined by 

comparison of FE calculations, using the derived power law parameters and different m 

values, to measurements at different temperatures.  Section 0 showed that to properly 

compare creep modelling options, it is essential to use parameters valid for the same source 

data.  In this section appropriate power law parameters were determined using Shubert's 

hyper-sine parameters. 

 

Determining power law multiplier, A, and equivalent stress order, b 

Using Shubert's hyper-sine power law parameters, shown in Table 11, strain rate for a range 

of stress and temperature were calculated by spreadsheet using Equation ( 2 ).  These are 

plotted in Figure 42.  Fitting a power law equation to these curves gave us the first two time 

hardening power law parameters for the specified temperatures.  The temperature sensitive 

values of A and b (Equation ( 3 ) are given on the graph in Figure 42.  Later this process is 

repeated with the strain hardening law.  Using Shubert's original parameters to determine 

power law parameters would later allow validation, of values calculated using the power 

laws, by comparison to Shubert's measured values.  Note also from Figure 42, the equivalent 

stress order parameter, b, is independent of temperature. 



 

Figure 42: Fitting a power equation to strain-stress data (stress-strain data calculated from 

Shubert's parameters shown in Table 11 

Determining time order parameter, m 

To find an appropriate value for m, the time hardening model was first run with m=0.  That is 

time t
0
=1, strain rate is independent of time.  For the time hardening creep law to be 

meaningful -1 m  0. 

Strains were calculated using the 2D FE model, described previously, with A and b derived 

above applied in a time hardening model.  The results are plotted for the applied load of 

10MPa and 398°K in Figure 43 against the validated hypersine FE model calculations 

(described in section 0).  The time hardening model calculations, with m=0, shows poor 

agreement with the previously validated hypersine model calculations.  To get good 

behaviour the model's time order parameter was then adjusted until best agreement with the 

hypersine model was achieved. 
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Figure 43: FE model creep calculations using time hardening law shown with validated 

hypersine creep law FE calculation, T=398°K 

 

At m= -0.04, up to 1000000 seconds, excellent agreement with the Hyper-sine law was 

shown.  After 1000000 seconds, the agreement quickly diverges but this is possibly 

unimportant, as above 1000000 seconds unrealistic strains rapidly reach many times the 

original length (L0=6mm). 
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Effect of temperature on time order parameter, m 

To investigate the temperature sensitivity of parameter m, the process was repeated with a 

lower temperature= 323°K.  Agreement was achieved at the lower temperature with m= -0.02 

as illustrated in Figure 44.  With these load and material parameters, agreement is obtained 

for a longer time period.  The behaviour is linear for longer because of the lower applied 

temperature.  Over an initial 40000 seconds, the calculated displacements showed 

insignificant divergence.  The time order parameter, m, does not seem to be constant with 

temperature, although for very short cycle times this deviation effect is less significant. 

 

Figure 44: FE calculated displacement with time, at 323°K, using time hardening creep law 

with a range of values of m 

 

To further investigate the temperature dependency of m, the process was repeated using the 

temperature dependent parameters, A and m, identified in Figure 42 and Figure 44, detailed 

in Table 15, with a 'two stage' temperature profile.   Figure 45 shows the two stage 

temperature profile applied.  
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Temp. (°K) Power Law Multiplier Eq Stress Order Time Order, m 

273 4.6716E-016  6.5927  -0.02  

323 1.8646E-014 6.5927  -0.02 

383 2.7698E-013  6.5927 -0.04 

423 2.1741E-012 6.5927 -0.04 

Table 15: Time hardening power law parameters used to produce data shown in Figure 46 

 

 

Figure 45: Temperature profile used to produce data shown in Figure 46 

 

For the applied temperature profile shown in Figure 45, FE calculations made using the time 

hardening law with the temperature dependent m values, are shown, alongside the hypersine 

FE model calculations in Figure 46.  Excellent agreement was achieved during the first 

applied temperature field and reasonable agreement during the second.  It was noted that the 
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model showed better agreement with the hypersine model calculations than the single 

temperature and single m value model, see Figure 43 and Figure 46.  This could partially be 

due to the 398°K dwell time shown in Figure 46 'by eye' this looks longer than the time taken 

in to run the model shown in Figure 43, which shows more strain for same ultimate 

temperature. 

 

 

Figure 46: Displacement verses time for dual temperature loading 
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Use of Strain hardening power law 

For the assessment of the strain hardening law, the time hardening law was replaced with the 

strain hardening law.  The same equation parameters (see Table 15) were used with m set to -

0.04.  The strain hardening law is the time hardening law artificially numerically separated 

from time, and is recommended where load is variable.  All elastic and expansion material 

properties were unchanged.  Again, for simplicity, no yield stress was used.  A single 

temperature of 398°K was applied to the model.  Figure 47 shows that the strain hardening 

model gave the same excellent agreement with the Hyper-sine law model up to 1000000 

seconds, as previously shown with displacements predicted using the time hardening law.  

After 1000000 seconds, the agreement is much improved when compared to the time 

hardening model. Of course these very large displacements, calculated without a yield stress, 

should be considered somewhat unrealistic. 

 

Figure 47: FE calculations using strain-hardening, time-hardening and hypersine creep 

laws, at 398ºK 

To determine the sensitivity of the time hardening calculation to the time order parameter 

value, a range of arbitrary values were substituted (-1 m  0).  Figure 48 shows the strain 

hardening strain calculation is highly sensitive to the time order parameter, but less so at short 

times.  This is the effect observed in the time hardening calculations, but not shown. 
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Figure 48: Sensitivity of calculated displacements to varying the time order parameter within 

the strain hardening FE model, at 398°K 

 

Figure 49: Strain hardening FE model predicted U2 displacements with time(398°K), early 

phase time, under 1000 seconds 
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Use of Abaqus two-layer viscoplasticity model 

A comparison of a Two-layer model was made with the hypersine *CREEP model, using the 

same FE model geometry described in section 0.  This was to provide validation of the two-

layer model, as the hypersine *CREEP model had already shown good agreement to 

published strain rates.  The comparison is also intended to confirm the optimum two-layer 

model parameters.  The Abaqus two-layer viscoplasticity method required power law 

parameters not currently found in literature.  The parameters used were those derived as part 

of the current work for the strain hardening *CREEP model (shown in Table 15 and derived 

from Shubert's original parameters shown in Table 11, with the exception of an additional 'f' 

parameter and required inclusion of material plasticity properties.  In the Abaqus manuals f is 

defined as 'the ratio of elastic modulus of elastic-viscous network to the total (instantaneous) 

modulus' and in an Abaqus example is given a value of 0.25 for Aluminium. 

As it is unclear from the literature how to determine this value for any other material, and as a 

technical query sent to Abaqus did not glean any further insight, this value was initially used 

in our own Sn3.8Ag0.7Cu model.  To compare the two layer model with the previous creep 

models (where no yield stress was set), the required yield stress was set at an unrealistically 

high 200MPa.  The same constant load of 10MPa and 398°K was applied, as used in the time 

hardening and strain hardening models. 

For comparison, Figure 50 shows calculations from the two layer, Hyper-sine and strain 

hardening *CREEP models.  The two layer model seriously underestimated deformation, U2, 

by a factor of about 2000.  Entering a more realistic yield stress of 20MPa did not resolve 

this.  Figure 50 shows how adjusting the time order parameter m from 0 to -0.04 similarly did 

not improve agreement.  f was the only parameter so far un-substantiated. 

 



 

Figure 50: Displacement Vs Time, for Hyper-Sine, Strain Hardening and 2 Layer FE models, 

at 398ºK 

 

Determining Abaqus parameter f 

The unknown value of parameter f must lie within the range 0 f  1.  Varying its value 

between 0 and 0.9 made no difference to the deformation, U2.  f values of 0.9999 and above 

showed deformations in the order of magnitude expected.  Ultimately a value of 0.99999 

gave the best agreement as shown in Figure 51.  This has shown the model behaviour to be 

highly sensitive to the value of the f parameter.  The FE model has a part length of 6mm and 

an artificially high yield has again been used.  This model calculated unrealistic 

displacements, very much larger than the original length but there appears to be good 

agreement with earlier FE models in strain rates. 
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Figure 51: Affect on displacement U2 with varying f parameter 

 

The data shown in Figure 51 was intended as a comparison to the previous *CREEP study, 

and therefore the *TWO LAYER visco-plasticity FE model calculations were made with the 

following load conditions; in the first step a mechanical load is applied, followed by a second 

step where the load is held constant and a thermal load is also applied. 

Usually when modelling thermo-mechanical load, it is desirable to  mimic real life scenarios 

where the loads are applied in parallel.  Accordingly the model was modified to apply the 

mechanical load and the thermal load in the same step.  All other conditions and parameters 

were unchanged.  The calculations from the two layer model are shown in Figure 52, along 

with the Hyper-sine and strain hardening models.  Figure 52 shows the only effect is a small 

time delay in the onset of exponentially increasing strain-rate but this was not considered 

significant, as calculated strains at this point were beyond realistic limits.  Figure 53 and 

Figure 54 show the earlier phase and confirms good agreement. 
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Figure 52: Comparison of calculations using *Creep and 2 layer *Visco-plasticity model 

 

Figure 53: Early phase of Figure 53 
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Figure 54: Displacement predictions from hypersine and two-layer FE models over 1000 

seconds, under 5MPa and at 398ºK 

Applicability of two-layer viscoplasticity creep parameters over load range 

To investigate possible creep parameter sensitivity to loading extremes, the loading was 

repeated at different stresses and temperatures, previously the two ayer model had only been 

loaded to 398°K with an applied stress of 10MPa.  Initially keeping all two layer model 

parameters constant, including m=-0.04, f=0.99999, the load was varied to investigate any 

effect on agreement. 

The agreement is reasonably preserved at realistic strains, Figure 55 shows about a 23% 

disagreement at about 0.09 strain and time=1x10
6 

seconds, with f=0.99999,m=-0.04.  When 

the load is reduced to 5MPa and the Temperature is reduced to 348°K, first in turn, see Figure 

56then together, see Figure 57. 

Having shown that with a constant value of m, agreement to the original hyper-sine FE model 

calculations varies with load condition, Figure 55, Figure 56, Figure 57, and that under set 

load conditions, varying m from -0.02 to -0.04 made a significant difference to agreements 

(Figure 53).  A basic study was conducted to investigate if agreement could be improved by 
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varying first m, then f, under a range of load conditions.  The range of load conditions 

investigated here is small but realistic. 

Under a reduced load of 5MPa, and by reducing the value of m to -0.02, agreement was 

improved, see Figure 58.  When reducing the temperature only, from 398°K to 348°K, 

agreement was reduced by reducing m, as shown in Figure 59.  When both mechanical load 

and temperature are reduced, as shown in Figure 60, similar results are observed.  Figure 58, 

Figure 59, and Figure 60 show that using a time parameter value of m= -0.04, in the *TWO 

LAYER visco-plasticity FE model (where mechanical and thermal load are applied in 

sequential steps) shows the best agreement to the HyperSine *CREEP FE model, for all load 

conditions examined.  However as the extent of deformation and time are not realistic, it is 

the initial time period/steady state extension that is of interest.  A close up of the initial phase, 

150000 seconds, is shown in Figure 53, and 1000s in Figure 54.  Figure 49, shows that at 

common BGA cyclic test time scales (1 cycle <1000 seconds), displacement is less sensitive 

to m. 

 

Figure 55: Comparison of HyperSine and 2Layer FE predicted creep, for 5MPa,398°K 
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Figure 56: Comparison of HyperSine and 2Layer FE predicted creep, for 10MPa,348°K 

 

Figure 57: Comparison of HyperSine and 2Layer FE predicted creep, for 5MPa,348°K 
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Figure 58: Effect of varying the time order parameter, m, in a 2 layer *Visco-plastisity FE 

model; load= 5MPa, temperature=398°K 

 

Figure 59: Effect of m, in a 2 layer *Visco-plastisity model; at 10MPa, and 348°K 
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Figure 60: Effect of varying the time order parameter, m, in a 2 layer *Visco-plastisity FE 

model; load= 5MPa, temperature=348°K 

 

In Figure 51 an f value of 0.99999 was shown to give the best agreement at load of 10MPa 

and 398°K.  Figure 61 illustrates the effect of varying the f parameter, at a reduced load 

(5MPa and 348°K), m is kept constant with a value of -0.04.  The model was run, first with 

f=0.99999, then f=0.999995.  Agreement to the Hyper-sine model calculations is unchanged.  

When repeated with f reduced to 0.9999, up to 0.005 strain at 4200000s the agreement is 

again unchanged.  However after this time agreement is improved and at maximum 

extension, t=10000000s, the agreement is about 4% (using f=0.9999).  At sensible 

displacements the change in agreement due to varying parameter f is insignificant, under 

10MPa and 398°K load. 
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Figure 61: Effect of varying parameter f, in a 2 layer *Visco-plastisity FE model; load= 

5MPa, temperature=348°K 
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AxiSymmetric FE model of experimental sample 

Moving on from the 2D plane strain model described in sections 0 and 0, and to further the 

FE creep modelling methodology, a 3D model of Shirley and Spelt's [2009a] dog-bone 

constant load creep test sample was generated.  This work was selected as particularly suited 

to an FE comparative study as; 

 Geometrically simple test-piece 

 Monotonic - Isothermal loading 

 Publication includes original measurements under constant tensile and thermal load 

for several load loading conditions of increasing severity. 

 Temperature compensated constitutive equations were provided by Shirley with 

corresponding unique parameters, as shown in Equation ( 4 ) to Equation ( 9 ), and 

Table 16.  To, respectively, predict apparent minimum steady-state creep rate, Sherby-

Dorn temperature compensated time, Zener-Hollomom temperature compensated 

strain rate, temperature compensated creep strain based on Garofalo creep strain, 

Saturated transient creep strain derived from temperature compensated steady-state 

creep rate, Normalised rate of transient creep exhaustion. 

 Shirley's temperature compensated constitutive equations included a transient creep 

term. 

 When using his analytical temperature modified constitutive model, Shirley showed 

remarkably excellent agreement when comparing calculated creep strain with time to 

measured values. 

 

It was hoped that using a temperature compensated method, such as published by Shirley, 

could allow suitable correlation of creep law parameters obtained from measurements at 

widely different temperature ranges, and collation of data from a number of sources.  This 

would be particularly useful in refining the constants required to accurately predict the 

minimum creep rate.  Shirley and Spelt's work also addressed the relative contribution of 

transient creep.  It was assumed transient creep would be more significant in systems under 

cyclic load.  Towards an ultimate goal of the PhD, to improve calculated creep values in 

BGA structures under cyclic load, the effect of the additional transient creep term was also 

studied later in this section. 
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solder C1(1/s) C2(1/Pa) C3 C4(K) C5 C6 C7 C8 

Sn-

3.8Ag-

0.7Cu 

8.09x10
5
 1.15x10

-7
 5.02 1.01x10

4 
8.36x10

-

5
 

2.46x10
-

1
 

4.02 7.12x10
-1

 

Table 16: Shirley's creep parameters used with Equation ( 4 ) to Equation ( 9 ) 

 

In the FE model, a constant mechanical load and an isotropic temperature field was applied 

with no ramp.  Creep strain was calculated for several published load conditions, both by 

hand and by FEA.  FEA calculations of steady-state strain rates for all loading conditions 

were, as expected, of the correct magnitude with respect to the corresponding published 

values.  Table 17 shows an example of measured and calculated strain rates for a set load. 

Load Shirley's Measured 

creep strain rate (s
-1

), 

[2009] 

FE calculated creep 

strain rate (s
-1

) using 

the *Creep Hyper-Sine 

menu option 

Hand calculated creep 

strain rate (s
-1

) using ( 

4 ) 

8.6MPa, 100°C 5x10
-6

 2.77x10
-6

 2.94x10
-6

 

Table 17: Comparison of strain rates; measured, FEA, and hand calculation 

 

Table 18 shows Shirley's measured creep strain rate and strain with time, along with FE  and 

analytical calculations of strain with time.  When comparing the calculated maximum strain 

with time to Shirley's measurements, the agreement for the medium load condition, 8MPa 

and 75°C, is good.  For the more and less severe load conditions, current calculations under 

predicted when compared to the published values.  Figure 62 shows measured steady state 

creep rate for 15MPa, 25°C is about 4 x10
-7

.  Equation ( 4 ) using Shirley's own parameters, 

predicts 2.33x10
-7

 (over 100% error). 

  



Load 

condition 

Measured 

creep strain 

rate 

Published max 

creep strain 

 

FE calculated 

maximum creep strain 

Hand calculated 

max creep strain 

using  

Equation ( 4 ) to 

Equation ( 9 ) 

    Time 

(s) 
  Time (s)   Time 

(s) 

15MPa, 

25°C 

4x10
-7

 4.7x10
-2

 1x10
5
 3.466x10

-

2
 

1.177x10
5
 3.15 x10

-

2
 

10x10
5
 

8MPa, 

75°C 

2x10
-7 

 

1.08x10
-

2
 

4x10
4
 1.134x10

-

2
 

40971 1.31x10
-2

 4x10
4
 

8.6MPa, 

100°C 

5x10
-6 

HS2.77x10
-

6 

HC2.94x10
-

6
 

1.2x10
-2

 2x10
3
 7.987x10

-

3
 

2571 5.88x10
-3

 2000 

Table 18: Current FE and hand calculations, shown with Shirley and Spelt [2009] measured 

strain rates, and calculated creep 

 

In an attempt to resolve the disagreement, Equation ( 4 ) Equation ( 9 ) decoupled from the 

temperature normalisation, and, using their standard forms, creep strains were recalculated by 

hand.  Again hand calculations predicted reasonable agreement for 8MPa, 75°C load 

conditions and under predicted creep strains for higher and lower load conditions. 

Careful examination of Equation ( 7 ) and Equation ( 8 ) showed that, when using these 

equations, both transient and steady state creep are highly dependent on the minimum creep 

strain rate.  In the calculations Equation ( 4 ) was used to approximate steady state creep rate 

using the corresponding published parameters.  Figure 62 shows discrete measured values 

taken from Shirley and Spelt [2009 b] with plots of ( 4 ).  As this plot is log-log scale general 

agreement appears good.  For the specific load conditions studied here, ( 4 ) predicted a 

steady state creep rate which is low for 15MPa, 25°C and 8.6MPa,100°C and slightly high for 

8MPa,75°C.  This is comparable to the trend seen in our own calculations. 



Using the measured value of 4 x10
-7 

for
  

steady state creep rate, under load 15MPa, and at 

25°C. to estimate creep strain (strain rate  time) gives a strain of 4.93 x10
-2

 at 1x10
5
 seconds.  

Recalculating creep for other load conditions using measured creep strain rates also resolved 

disagreements.  Again highlighting that any creep model is only as accurate as the creep 

law/parameters used. 

 

 

Figure 62: Shirley's [2009] measured and calculated creep strain rate values with load 

  



Transient creep in bulk solder and micro-joint calculations 

So far, the current calculations only account for steady state creep.  From the literature, it has 

been shown that transient creep is a significant contributor to total creep strain in solder 

particularly under cycled or stepped load, Kumar et al. [2012], Darveaux [1992], Déplanque 

et al. [2005].  In typical BGA cyclic load tests, a single cycle is in the order of a few minutes 

and many load direction reversals are expected.  Clech [2005] and Déplanque et al. [2005] 

have both shown fitted transient creep parameters are specific to source measurements. 

In a preliminary study to indicate the relative contribution of transient creep, strain has been 

re-calculated by hand using Equation ( 7 ) and Equation ( 8 ), provided by Shirley [2009b], 

combined with determined parameters shown in Table 16.  For a load of 8MPa at 100°C.  The 

re-calculated strain is shown in Figure 63 with FE calculated creep strain, for both hyper-sine 

and two-Layer models.  FE predicted values of strain were significantly lower than those 

predicted by the new hand calculation, clearly showing the significance of the transient creep. 

In Figure 64, the exercise is repeated for the case of Shirley's dog-bone tensile sample loaded 

to 15MPa at 25ºC.  At first transient creep strain is nearly 3 times steady state creep strain 

(see Figure 65), falling to twice at 9,000 seconds and 1:1 at 30,000seconds.  Long after the 

full time shown in Figure 64 (2000 s) and after 100,000 seconds, transient creep although 

very small was not fully exhausted.  Figure 64 also shows both 2-layer and FE models 

seriously under predict creep strain.  Interestingly the hand calculation of steady state creep 

agrees very well with predictions from both FE models (not unexpected as all three methods 

used the same parameters shown in Table 15).  However hand calculations made using the 

published steady-state strain rate predicts significantly more strain than any of the other 

methods.  In Figure 65, FE calculated strains have been shown for a longer time, to show FE 

calculated hypothetical strain progression. 



 

Figure 63: Hand calculated creep strain compared to Hyper-sine and 2Layer FE model 

 

Figure 64: Comparison of predicted creep strains at 10
5
 seconds, under 25°C and 15MPa 
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Figure 65: Calculated steady-state strain against transient and steady-state strain for 15MPa 

and 25°C 

 

Shirley, [2008], was concerned that creep parameters obtained from bulk samples under 

constant load would not be representative of creep in solder joints under thermal fatigue.  He 

conducted a study of transient creep proportion using of Déplanque 's, [2005], combined 

transient and steady state model.  As per Shirley's calculations, as part of the current work 

Déplanque 's model was used for an initial study of transient creep in a FR4/solder micro-

joint sample, the Pang and Xiong [2005] shear lap test.  Pang and Xiong's test is further 

discussed in Annex B.  Calculations were made in Excel.  In Figure 66, calculated transient 

and steady state creep have been shown against measured total sample deformation, to 

indicate relative proportion.  The other solder and substrate deformations of the have not been 

included here. 
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Figure 66: Calculated transient and steady state solder creep, against total sample 

measurements 

 

Transient creep has not been modelled in detail here as it was of secondary importance to the 

main objectives of the current work, determining the effect of the elastic properties on the 

mechanical response of BGA samples, also published work has shown that the error in 

modelling using parameters from a different source is as much a concern as using a creep 

model with or without transient creep and at the time of the current work Abaqus Standard 

was not equipped with the correct tools, although it may be now (see future work). 
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Discussion and findings from the current creep modelling 

Creep is one of the identified constitutive deformations within solder joints.  Published 

empirical parameter sets describe creep strain rates under a prescribed range of temperatures 

and stress.  They have been shown to have variable accuracy even over this prescribed range, 

when comparing calculations to original measurements.  Applying empirical parameters to 

different designs and test conditions has shown greater disagreement with respective 

measurements.  This study showed to properly compare creep modelling options, it is 

essential to use parameters valid for the same source data.  Current modelling showed the 

importance of using appropriate creep laws with best suited corresponding parameter values. 

The accuracy of calculations made with any sophisticated analytical constitutive relationship 

is highly dependent on the suitability of the associated model parameters.  This study has 

highlighted that for accurate modelling of the behaviour of SnAgCu alloy, the exact original 

condition of the material is as important as correct detail of loading when selecting creep 

equations and respective parameters. 

The work here describes bulk solder samples under monotonic load, for creep of solder joints 

within assemblies,  

An important initial step in the validation of current FE modelling methods was achieved by 

comparing FE calculated displacements with time, under constant load to published data.  

Good agreement has been shown when comparing current calculations from both analytical 

and FE (using a single steady-state creep law, *CREEP Hyper Sine law model with Shubert's 

creep parameters), with Shubert's measured steady state strain rate values. 

FE methods were used to determine appropriate methods within Abaqus to simulate 

published steady state creep values, under monotonic loading, and separately under cyclic 

loading, for both bulk unleaded solder and BGA samples. 

In order to compare calculated creep using the most common creep laws, data from the above 

*CREEP Hyper-sine model (shown to be valid against published measurements) was used in 

excel to determine an equivalent power law.  The equivalent stress order parameter was 

shown to be independent of temperature (within the limits examined).  No published values 

for creep parameters m and f with respect to Sn3.8Ag0.7Cu or any other unleaded solder 



material could be found.  The proposed values for these parameters were fitted against 

measurements and suitably validated calculations. 

The *CREEP time hardening and strain hardening models' sensitivity to the time order 

parameter, m, was shown, as was the time order parameter's temperature dependence.  It 

appears m values are interchangeable between the two laws. 

Comparison of current FE and analytical calculations, to measurements, appears to support 

previously published suggestions that transient creep is significant under short monotonic 

load times (therefore all the more important under cycled load reversal).  The commonly used 

hyper-sinh model is a static command, unsuited to dynamic loading.  None of the other creep 

models commonly used in FE and considered here address transient creep.  Historically, use 

of a steady-states creep law only is likely due to the usual focus of earlier studies (of 

traditional structural materials) being exclusively that of minimum creep rate.  From the 

literature, Johansson et al. [2014], Zhang et al. [2009], Pang and Xiong [2004], Shirley 

[2009b] BGA fatigue tests with a cycle of 3,000 seconds or less are common as are cycle 

numbers in excess of 10,000. 

  



Appendix E : Summary of The Finite Element Method Theory 

 

The Finite Element Method (FEM) requires that the structure of interest is subdivided into 

discrete elements.  For each element, equilibrium equations are produced and solved.  

Element solutions are subsequently summed to determine the overall structure solution.   

Usually very many of these elements are created in order to increase the accuracy of the 

solution.  These large numbers of equations, in matrix form, are well suited for solution by 

computers.  The method was initially developed for structural analysis, but has been extended 

for use in many applications including; heat transfer and fluid flow.  An introduction is given 

here to some of the advantages of using FEM for stuctural analysis, model sensitivities and a 

brief summary of the method. 

FE is a numerical technique which is now widely used as a design tool but it can also make a 

valuable contribution to research applications, so long as strengths and limitations are 

understood.  The FEM can be applied to near limitless scenarios.  Within a single FE 

software package, installed on a desk top PC, users have the facility to accommodate any 

arbitrary of shape, boundary condition, and material, along with any subsequent changes to 

these.  The FE model is viewed in graphical pre and post processors resembles the real 

structure, not simply a numerical abstraction. 

Classical mechanics hand calculations, often with appropriate simplifications and 

assumptions, may of course be used to approximate constitutive behaviour.  Structural 

problems do not have to be very complex before analytical approximations produce 

inadequate results.  Empirical data is commonly used to provide data but this is a costly, time 

consuming source and is often highly design specific.   

FE generated data is rarely exact and is highly sensitive to manipulation of user defined 

parameters.  FE generated data is therefore inherently, heavily dependent on the user's ability 

to understand the physical problem and to sufficiently interpret this into an efficient FE 

model.  A comprehensive solution will be verified with analytical and experimental methods.   

The accuracy of a model may be increased by further subdividing the structure into smaller 

and smaller elements of regular shape and volume.  Improved accuracy may also be achieved 



by increasing the order of element type (i.e. increasing the complexity of the assumed shape, 

normally linear to quadratic).  However both modifications require increased computer 

memory and processing, increasing computational time and effort.  Accuracy is also 

dependent on limitations of hardware, e.g. round-off error, where numerical data is stored 

using a set number of digits, and theory;  

 discretisation error, where a finite number of degrees of freedom (d.o.f.) are used to 

describe a physical system with infinite d.o.f. 

 Ill-conditioning where very small differences in equations (see above: numerical 

errors) can result in a solution multiplied by several factors. 

The FE method as we know it today was first proposed by Courant in 1943 in a mathematical 

journal but the methodology was initially ignored.  Subsequent availability of digital 

computers and matrix methods led to the method being developed by engineers in the 1950's 

by direct application of fundamental structural analysis.  The method fundamentally relies on 

elasticity theory and therefore requires that three conditions be satisfied; equilibrium 

(analytical), compatibility (analytical), and a stress-strain law (empirical, the simplest of 

which is linear elasticity), Clough [1980].  More rapid development occurred in the 1960's, 

once the mathematical basis was established and computers became more widely available.   

Essentially FEM is a piecewise application of the classical Rayleigh-Ritz method - an 

approximate energy based solution, Cook et al. [1989].  The Principle of minimum total 

potential energy states 'of all possible deformations, that corresponding to stable equilibrium 

causes the total potential energy to be a minimum'.  Just as a ball will roll down a hill to 

minimise its potential energy, a loaded structure will also seek out an equilibrium 

configuration which  minimises its total potential energy.  In structural mechanics the total 

potential energy has a specific definition, 

 = U -PD 

where U - strain energy, PD = potential of external loads, note: P acts at full value 

Thus minimising i.e. setting 
 

  
  ,  gives equilibrium. 

The classical Rayleigh Ritz method assumes a shape e.g. a0 + a1x + a2x
2
 + a3x

3
 + a4x

4
 ...anx

n
, 

having n+1 degrees of freedom.  This shape must satisfy any boundary conditions. 



The method calculates U and PD (and hence  ) using the assumed shape. 

set 
  

  
   and solve for unknown 'ai' 

Having defined the equation shape and determined the solution,  the more terms then taken in 

the initial shape, the more accurate the answer.  This is a complicated solution for an entire 

structure.  Rather than add terms, as in the Rayleigh Ritz method, FE breaks the structure into 

small continuous pieces of simple geometry, where a simple shape solution will be 

sufficiently accurate.  These discrete solutions are subsequently summed to obtain a whole 

structure solution. 

 


