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Abstract—Simulation tools such as FEA or CFD are widely 

employed to predict the thermal mechanical behavior of an 

electronic package based on the design and material attributes. 

Prediction accuracy and representation are highly dependent on 

the material model (visco-elastic, chemical shrinkage etc) and 

analysis approach especially for mold encapsulated packaging. In 

this paper, a basic evaluation was conducted using an arbitrary 

bi-material model to compare the material model of visco-elastic, 

time-temperature superposition shift factor and chemical 

shrinkage based on PVTC in both Moldex3D and FEA-A tools. 

The impact of visco-elastic constitutive property with 

temperature effects were included with a two steps shift factor 

model of Arrhenius and WLF functions. The implementation 

equations and analytical solutions are presented together with a 

detail discussion of the property model used. Transient heat 

transfer and structural analysis steps were incorporated to 

simulate the impact of visco-elastic property and shrinkage to the 

bi-material model. 
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I.  INTRODUCTION 

Electronic packaging technology is getting more complex 
and integrated in order to keep up to the lifestyle demand. One 
of the challenges for developing electronic package is to 
understand the dynamic warpage behavior of the package 
before having the real physical article. Hence, the industry 
relies on the use of simulation tools, be it the finite element 
model and analytical equation, to refine the design options to 
obtain a high confident prediction. The common simulation 
process flow can be presented as shown in Error! Reference 
source not found. However, this is never a consistently 
predictable because the widely used simulation tool loosely 
reflects the actual assembly process history and not to mention 
the incoming variation of raw materials shapes and properties. 
In order to improve the simulated package warpage with the 
measured data, it is very important to consider the process-
dependent constitutive behaviors of the packaging materials.  

A practical warpage prediction model should cover the 
visco-elastic nature of the package polymeric materials. For the 

visco-elastic properties of the molding material, it is essential 
to consider the constitutive behaviors of the materials by using 
time-dependent visco-elastic models for ensuring accurate 
warpage predictions. Lastly, the process and material variation 
sensitivity study should be included to capture the final 
package warpage population distribution [1][2]. 

Besides, some researchers found out that the cure-induced 
chemical shrinkage can influence the amount of warpage of the 
packed components. The chemical shrinkage is not widely used 
due to the difficulty of measuring this kind of shrinkage for 
molding compounds. The so-called pressure-volume-
temperature-cure (PVTC) measurements are used to describe 
this chemical shrinkage induced by the chemical reactions 
during the molding process. The simulation results also present 
that when the system was covered both thermal and chemical 
shrinkage, the warpage trend can be precisely predicted [3].In 
FEA method, chemical shrinkage is not applicable directly and 
results predicted without chemical shrinkage is not correlate 
with actual package warpage [5][6]. Therefore, FEA 
researchers apply pseudo chemical CTE to simulate the 
chemical shrinkage effect in their analysis. It was simplified 
and roughly estimated the package warpage due to the 
assembly process history.  Alternatively, PVTC model is 
engaged to approximate the dynamic shrinkage based on 
transient molding condition to predict the package behavior.  

In this paper, a basic evaluation was conducted using an 
arbitrary bi-material model to compare the material model of 
linear elastic, visco-elastic, time-temperature superposition 
shift factor and chemical shrinkage in both Moldex3D and 
FEA-A tools. The impact of visco-elastic constitutive property 
with time-temperature effects were included with a two steps 
shift factor model of Arrhenius and WLF functions. The 
chemical shrinkage governing equation is based on pressure-
volume-temperature-cure (PVTC) properties where the 
shrinkage is computed based on evolution of cure percentage. 
The implementation equations and analytical solutions are 
presented together with a detail discussion of the property 
model used. Heat transfer and structural analysis with transient 
steps were incorporated in the model to simulate the impact of 
visco-elastic property to the predicted bi-material model.  
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 Fig. 1 Typical modeling process steps 

II. IMPLEMNTATION DETAILS  

A. Modeling implementation approach 

The commercially available modeling software 

considered here were based on the Moldex3D R17 and a 

general FEA tool called FEA-A. The stress analysis was 

computed for post mold cure induced shrinkage and 

followed by time dependent thermal exposure loading to 

capture the evolution of warpage or deformation. After the 

molding process for wafer, panel, strip or package level, the 

molded assembly is ejected from the mold chase which 

concurrently experience both the thermal and cure shrinkage 

strain during the temperature and mold curing conversion 

rate is evolving. Hence, simulation tool that can capture this 

mold curing phenomena which based on thermal-cure 

dependent visco-elastic material properties and account for 

cure induced shrinkage, also known as pressure-volume-

temperature-cure (PVTC), is critical to obtain a reliable 

prediction.  

The typical modeling implementation involves the 

stress-strain constitutive properties coupled with non-linear 

function of time, temperature and other field dependent 

variables like cure conversion rate. The equilibrium 

equation with stress relationship is expressed as follows: 

 
(1) 

And the relation between stress and strain can be expressed 

as, 
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where is the stress; is a th4  tensor and a function of 

relaxation modulus E(t, T,  );  is the strain tensor and  is 

the displacement vector. The stiffness tensor could be 

expressed as: 
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where ν is the Poisson ratio, δij is the Kronecker delta. 

Thermal induced strain can be expressed in the following: 

 
(5) 

where  is CTE tensor. And the is computed based 

on implementation of CTE1, CTE2 and glass-transition 

temperature (Tg) for a given temperature range. The  is 

the cure induced shrinkage strain tensor which is computed 

differently based on PVTC or predefined function. 

B. Visco-elastic constitutive behavior 

Assuming the constitutive behavior of the epoxy molding 

compound is linear visco-elastic, the visco-elastic properties 

of epoxy molding compound are defined in the form of 

Prony series with time-temperature shift factor. A Prony 

series (also known as Generalized Maxwell model) was 

used to fit the master relaxation curve of the shear and bulk 

modulus of the mold as follows:  

 
 (6) 
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 (8) 

where  and  represents the equilibrium shear and bulk 

modulus after the molding compound has fully relaxed; , 

 and  are the Prony coefficient and relaxation time for 

each element, respectively. The shift factor a is determined 

based on time-temperature superposition principle (TTS), 

which assumed that visco-elastic behavior of polymer 

materials at a reference temperature (T0) can be related to 

the temperature T by multiplying the time or frequency 

scale aT. Generally, there are two models to describe the aT. 

They are Arrhenius type equation and WLF equation. The 

Arrhenius equation is indicated in Eq(9): 

 
(9) 

where  is chemistry activation energy and R is the gas 

constant. WLF equation is derived from free volume theory 

as described in Eq. 10 where  and  for 

many polymers: 

 
(10) 

 

The Arrhenius equation is used for temperature above the 

reference temperature, while WLF equation is used for 



 

temperature below reference temperature.  

The visco-elastic behavior of the mold compound 

property used in this study are depicted in Fig 2, 3, and 4. 

Fig. 2 is the time temperature superposition shift factor 

(TTS) based onT0 of 150℃. While Fig. 3 and 4 are the shear 

modulus variation with respect to temperature and time 

respectively for the mold material considered in this study. 

A two steps time-temperature shift factor in Fig. 2 was used 

in this study to compare the shift factor projection by FEA-

A and Moldex3D. Moldex3D has both WLF and Arrhenius 

functions to account the two steps shift factor while FEA-A 

only has WLF function. In order to incorporate the 

Arrhenius function in FEA-A, a user subroutine code was 

developed to incorporate the shift factor effect into the 

analysis. With the user subroutine implementation, both 

Moldex3D and FEA-A have the similar shift factor value 

applied in this analysis for validation. Fig 3 depicts the 

relaxation of shear modulus as a function of temperature and 

the modulus reduction plateau out beyond 150℃ . The 

increase of time function from 0.1s to 10s shows the 

reduction of shear modulus over prolong relaxation. Fig 4 

shows the reduction of shear modulus as a function of time. 

The longer the time exposure for a given temperature, the 

lower the shear modulus. The time taken to reach the 

plateau level reduces as the exposed temperature increases. 

 

 
Fig. 2 Shift factor projection by Moldex3D and FEA-A with WLF & user 

subroutine 

 

 
Fig. 3 Shear modulus versus temperature curves for the mold 

 

 

 
Fig. 4 Shear modulus relaxation master curves for the mold 

 

C. Pressure-Volume-Temperature-Cure (PVTC) 

The pressure-volume-temperature-cure (PVTC) equation 

can account for the chemical shrinkage during the molding 

process and the thermal expansion properties as well. In this 

study, the combined model was leveraged to investigate the 

curing kinetics of the given mold material. The combined 

model can be expressed as follows: 

( )( )nmkk
dt

d



−+= 121

    (11) 









−=

RT

E
Ak 1

11  exp     (12) 









−=

RT

E
Ak 2

22  exp     (13) 

where   is the conversion rate of the 

reaction, ,,,, 2121 EEAA nm,  are model parameters. The curing 

kinetics of the mold material at different temperatures is 

showed as Fig. 5. 



 

 
Fig. 5 Curing kinetics of the mold at different temperatures 

 

The PVTC equation can describe the historical profiles 

of volume shrinkage under specified isothermal and isobaric 

states for specified conversion rate. The two domain 

modified Tait model [2] is used to formulate the specified 

volume of resin as below: 

 

 

 (14) 

 

 

where
61 ~ bb are model parameters. 

 

The PVTC curves for the mold under different pressure 

conditions are shown in Fig. 6 where the uncured and cured 

specific volume changes with temperature. This PVTC 

implementation is accounted in the modeling to represent 

the mold curing state at isothermal condition and the 

subsequent cooling cycle. The uncured state is naturally 

have greater specific volume changes because of greater 

molecular movement. Once cured, as a result of 

polymerization, the molecular structure of the mold exhibits 

reduced specific volume changes.  

Besides the curing effect in PVTC, The temperature induced 

expansion and contraction also account for during the 

characterization of PVTC curve which should mimic loosely 

to the coefficient of thermal expansion behavior. However, 

the amount total volumetric shrinkage is based on the 

conversion rate which is not accounted in the general 

coefficient of thermal expansion measurement. The volume 

shrinkage under different pressure levels in any specified 

temperature can be approximated to predict the shrinkage 

behavior for a package during molding. This 

implementation of PVTC material model is applicable for 

Moldex3D but not for FEA-A tool. 
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Fig. 6 PVTC curves for the mold 

 

D. Bi Material Component Model: 

An arbitrary 10x10mm bi-material model was 

constructed for this study. The bi-material model consist of 

a layer of mold and silicon with respective thickness of 

200um and 100um. The model was meshed with 1600 

hexagonal elements as shown in Fig. 7(a) and 7(b). Property 

such as thermal expansion, modulus, thermal conductivity, 

density were taken into consideration for the simulation, and 

the material properties are shown in TABLE I. The ambient 

temperature change applied to the bi-material model is 

shown in Fig. 8. The stress free temperature at start of the 

analysis was set at 175ºC before it was brought down to 

room temperature of 25ºC and dwell for 100 second. 

Finally, the temperature was raise up to 260ºC for another 

100 second. The heat transfer coefficient of 20 W/m2/K was 

uniformly applied around all external faces. Moldex3D 

model is configured to handle both heat transfer and 

structural analysis as default. For FEA approach, coupled 

thermal-displacement analysis with transient step was 

employed. The analyses were conducted to demonstrate the 

effect of linear elastic, visco-elastic with and without TTS 

and lastly, the impact of PVTC. 
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(b) 

Fig. 7 Bi-material model which consist of mold and silicon (a) 

the geometry; (b) the mesh part  

 
TABLE I Material Properties 

Materials Mold Silicon 

Modulus (MPa) 18190 1172800 

CTE (ppm) 
14.5 (T < 443 K) 

5.36 (T≧443 K) 
2.3 

 

 
Fig. 8 Ambient temperature vs. time. 

III. RESULTS AND DISCUSSIONS 

The bi-material’s z-displacement is affected by the 

temperature applied due to thermal strain mismatch between 

the mold and the silicon. In linear elastic case, the 

temperature and z-displacement results of the model are 

shown in Fig. 9 and Fig. 10. Both Moldex3D and FEA-A 

show good consistency results on displacement with 

transient thermal-stress implementations. When the model 

was brought down to a lower temperature, the model 

deformed into concave warpage shape with magnitude of -

100um because of the higher contraction thermal strain of 

the mold. On the contrary, the model deformed into convex 

warpage with magnitude of 220um as the temperature 

surged to 260ºC as shown in Fig. 11. 

 
Fig. 9 Transient temperature behavior of the model 

 
Fig. 10 Bi-material model displacement results with linear elastic 

assumption 

 

 
(a)  

 



 

 
 

(b) 

Fig. 11 Bi-material model displacement contour plot (10x scale) 

(a) concave warpage at 100 sec (b) convex warpage at 200sec 

 

For visco-elastic material model without the TTS, the z-

displacement reduced significantly compared to elastic 

model as shown in Fig. 12.The reference temperature 

considered here was 150℃  which promote significant 

reduction of modulus compared to linear elastic case. The 

concave warpage shows -30um while the convex warpage is 

60um. The displacement difference is due to the modulus 

relaxation by visco-elastic effect and stress relaxation which 

counters the thermal strain. With time-temperature 

superposition (TTS) shift factors added to the model, a 

different trend of z-displacement result was observed as 

shown in Fig. 13. The z-displacement curve has shifted 

downward in the chart where concave warpage increases to 

-80um while convex warpage reduces to 19.32um.This is 

due to the impact of material properties changes interpolated 

by TTS. As the temperature reduce during the initial cooling, 

the modulus increases and hence the warpage magnitude 

increases towards the linear elastic case. On the other hand, 

when temperature loading increases towards 260ºC, the TTS 

interpolated a lower modulus coupled with visco-elastic 

assumption that induced a lower warpage compared to both 

linear elastic and visco-elastic without TTS cases. This 

shows that time-temperature superposition dependent visco-

elastic properties play a key role in determine the model 

behavior especially these quantities are critical in predicting 

actual package assembly process impact to package warpage.  

 

 
Fig. 12 Bi-material model displacement results with visco-elastic model 

without TTS shift factor (VE-no TTS). 

 
Fig. 13 Bi-material model displacement results with visco-elastic coupled 

with TTS shift factor (VE-TTS) 

 

Subsequently, this bi-material model was used to simulate 

the effectiveness of the PVTC on the z-displacement. In 

order to know the effect of chemical shrinkage, two 

additional shrinkage values of 1% and 2% were considered 

as shown in Fig. 14 by shifting the uncured curve in the 

PVTC plot. The initial cure conversion rate is 75% after the 

molding and followed by the room temperature of 25ºC for 

100 second. The impact of the mold shrinkage factor is 

presented in Fig. 15. The chemical shrinkage of 1% and 2% 

induced higher z-displacement from -70um to -115um to 

become more concave. No significant difference in the z-

displacement between 1% and 2% mold shrinkage due to 

the conversion rate only increased by 1% during the first 

100 second.  

During the heating cycle, the warpage at 260ºC reduces in 

term of convexity as the shrinkage decreases coupled with 

visco-elastic effect. The heating cycle speeds up the 

chemical reactions to reach the 100% conversion rate. This 

is considered a fully cured mold. As depicted in Fig. 14, this 

vertical drop of specific volume at 260C was captured as 

post-mold chemical shrinkage. Fig. 15 shows that the 0% 



 

shrinkage model predicted higher z-displacement at 

19.32um for 260C compared to 11.78um and 6.07um for 

both 1% and 2% shrinkage level respectively. This show the 

significant of PVTC effect in prediction. Unfortunately, 

such PVTC of polymer implementation is not widely 

available in general FEA tools. Hence the PVTC effect is 

widely neglected or been simplified as part of the pseudo 

thermal expansion with some success in [5, 6]. 
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Fig. 14 PVTC curves for the mold with 1% and 2% chemical shrinkage 

 
Fig. 15 Bi-material model displacement results with 0%, 1% and 2% 

chemical shrinkage based on visco-elastic with TTS assumption. 

Conversion percentage of the mold indicates the level of curing. 

 

IV. CONCLUSIONS 

Modeling the molded package warpage requires 

significant consideration of the material model used. The 

use of bi-material system in this paper demonstrates the 

impact of transient thermal structural analysis coupled with 

the effect of the visco-elastic, time-temperature 

superposition (TTS) and the pressure-volume-temperature-

cure (PVTC) material model implementation.  

 

The structural and thermal solutions are consistent or 

closely match between a general FEA and Moldex3D for 

both linear and non-linear elastic cases. The convergence 

criteria used for both could induced some minor discrepancy.  

The visco-elastic implementation on the bi-material 

model captures the reduction of z-displacement compared to 

linear model. This stress relaxation can affect the outcome 

of the predicted value. Furthermore, the TTS principle 

which interpolated the material properties based on time and 

temperature field must be taken into consideration for the 

actual assembly process history.  

 

The PVTC which describes the volumetric shrinkage 

influences the bi-material model behavior z-displacement. 

Its impact should not be neglected as the predicted value can 

be highly influenced by conversion percentage of the mold. 

The implementation of PVTC is not widely used in general 

FEA tool but alternative of using pseudo-shrinkage CTE 

approached has been explored elsewhere with a different set 

of assumptions. 

The next logical step for this industrial project is to 

validate the effect seen on the visco-elastic behavior and the 

chemical shrinkage impact to the bi-material system and 

then extend it to wafer, panel and package level packaging 

technology. The organic substrate can be another area of 

interest too. 
 

ACKNOWLEDGMENT 

The authors would like to acknowledge the iNEMI sponsors 

for creating a conducive environment for cross sharing of 

knowledge to enhance the industry best known method in 

enhancing predictive modeling that mimic the real assembly 

process and material changes. 

REFERENCES 

[1] Lin, Wei, and Min Woo Lee. "PoP/CSP warpage evaluation and 
viscoelastic modeling." Electronic Components and Technology 
Conference, 2008. ECTC 2008. 58th. IEEE, 2008. 

[2] H. Sejin, et al. Integrated flow analysis during filling and post-filling 
stage of semiconductor encapsulation. TRANSACTIONS-
AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
JOURNAL OF ELECTRONIC PACKAGING, 2000, 122.1: 20-27. 

[3] Wang, Chen-Chieh, et al. "Investigation on the P-V-T-C property 
characterization and its importance on IC encapsulation material 
application", 2019 AIP Conference Proceedings  

[4] Yeh, Shu-Shen, et al. "A novel integrated warpage prediction model 
based on characterization of viscoelasticity in time domain and 
chemical shrinkage for molded underfill." Microsystems, Packaging, 
Assembly and Circuits Technology Conference (IMPACT), 2015 
10th International. IEEE, 2015. 

[5] Kelly, et al. "Importance of Molding Compound Chemical Shrinkage 
in the Stress and Warpage Analysis of PQFP’s" TRANSACTIONS 
ON COMPONENTS, PACKAGING, AND MANUFACTURING 
TECHNOLOGY-PART B, VOL. 19, NO. 2, IEEE, 1996. 

[6] Hu Guojun, Luan Jing-En and Chew Spencer. "Characterization of 
Chemical Cure Shrinkage of Epoxy Molding Compound With 



 

Application to Warpage Analysis" JOURNAL OF ELECTRONIC 
PACKAGING, 2009 131. 

 


