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Estimation of Water Diffusion Coefﬁcient into Polycarbonate
at Different Temperatures Using Numerical Simulation
P. Shojaee Nasirabadi, M. Jabbari and J.H. Hattel
Process Modelling Group, Department of Mechanical Engineering, Technical University of Denmark, Nils
Koppels Allé, 2800 Kgs. Lyngby, Denmark.
Abstract. Nowadays, many electronic systems are exposed to harsh conditions of relative humidity and temperature. Mass
transport properties of electronic packaging materials are needed in order to investigate the inﬂuence of moisture and
temperature on reliability of electronic devices. Polycarbonate (PC) is widely used in the electronics industry. Thus, in this
work the water diffusion coefﬁcient into PC is investigated. Furthermore, numerical methods used for estimation of the
diffusion coefﬁcient and their assumptions are discussed. 1D and 3D numerical solutions are compared and based on this, it
is shown how the estimated value can be different depending on the choice of dimensionality in the model.
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INTRODUCTION
More and more electronics are being used in climatically harsh environments. Therefore, the challenge of climateprotective packaging increases [1]. High humidity and condensation are responsible for several harmful effects on
electronic devices such as corrosion and short circuit failures which can seriously inﬂuence reliability and life time of
these devices. Despite the increased climatic load, as of today, long lifetime and high reliability of electronic devices
is expected [2].
In the electronics industry, polymeric packaging materials are widely used in integrated circuit packages and plasticencapsulated microcircuits to protect them against environmental effects. The hygroscopic and thermal stresses in
polymeric packaging induced by hot and humid conditions are important issues as they affect component reliability.
In the absence of heat, the direct effect of absorbed moisture in polymeric materials due to humidity includes
plasticization hydrolysis, swelling of the material, and reduction of the glass transition temperature as well as storage
modulus. In the presence of heat, these deleterious effects are exacerbated as heat accelerates the movement of moisture
[3]. Thus, water vapor sorption and permeation characteristics of polymers are important for packaging.
Polycarbonate (PC) is an amorphous engineering thermoplastic, widely used in electronics industry. PC has excellent clarity, toughness, and a high softening temperature [4]. It is known that humid environments can signiﬁcantly
alter the mechanical properties of PC including impact strength, fracture strain, and also thermo-physical properties
such as glass transition temperature and viscosity [3]. Therefore, it is important to investigate mass transport properties
of PC. In this work, diffusion coefﬁcient values and their estimation method, reported in different studies in literature
are discussed. Then, numerical simulations used for estimation of the diffusion coefﬁcients are investigated. Furthermore, water sorption into PC is numerically modelled in 3D because obviously, a 3D investigation is closer to reality
compared to a 1D one. However, choosing proper dimensions for the piece of PC as well as a proper conﬁguration
for the experiments, the transport phenomenon can reasonably be considered 1D. Then, the results are compared with
literature experimental data and it is shown how the choice of dimensionality can inﬂuence the estimated values.

THEORY AND METHOD
Different values for water diffusion coefﬁcient into PC have been reported in different studies. Table.1 is an overview of
these values. It is seen that these values range from 0.51 × 10−11 to 10 × 10−11 m2 /s for a wide range of temperature.
As expected, the diffusion coefﬁcient increases with temperature in each study. The relation between the diffusion
coefﬁcient and temperature (T (K)) can be described by an Arrhenius equation [5].
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D = D0 exp(−ED /RT )

(1)

where R (8.315 J/(mol·K)) is the universal gas constant, and ED (J/mol) is the activation energy. If the diffusion
coefﬁcients at two different temperatures are known, ED and D0 can be determined. Therefore, the diffusion coefﬁcient
at any arbitrary temperature can be calculated [6]. However, more data points can increase the accuracy. Moon et al.
[4] calculated ED and D0 using four data points with an R-squared of 0.9969; which showed good resemblance for the
Arrhenius equation.
Not surprisingly, the investigated PC in each of these studies had been provided from different sources. This can be
one of the reasons for the differences in the reported values. Another reason can be the estimation method used in each
of these studies.
TABLE 1.
(m2 /s)

An overview of water diffusion coefﬁcient into PC reported in different studies.

D
0.65 × 10−11
0.51 × 10−11
1.13 × 10−11
2.62 × 10−11
0.53 × 10−11

Temperature(°C)
23
25
40
60
75

Ref.
[7]
[4]
[4]
[4]
[6]

D (m2 /s)
5.34 × 10−11
6 × 10−11
1.03 × 10−11
10 × 10−11
8.7 × 10−11

Temperature(°C)
80
80
90
96
100

Ref.
[4]
[8]
[6]
[7]
[8]

In these studies, analytical solution of 1D form of Fick's second law was used to estimate the diffusion coefﬁcient.
Furthermore, in all these works, it is assumed that the diffusion coefﬁcient is not concentration dependent [4, 6, 7, 8].
In this study, 3D form of Fick's second law (Equation 2) is solved for a PC plate. All the six faces of the plate are
assumed to be in equilibrium with the ambient RH and initial moisture content of it is considered to be zero.
∂c
∂ 2c ∂ 2 c ∂ 2c
= D( 2 + 2 + 2 )
∂t
∂ x ∂ y ∂ z

(2)

RESULTS AND DISCUSSION
Considering 1D diffusion into a solid plate, mass transfer is only considered in one direction (thickness); however a 3D
approach also considers the two other dimensions. In fact, in the 3D approach all six faces of the plate are considered to
be in contact and equilibrium with the ambient RH; however, in the 1D, only the two big faces are taken into account.
Thus, the transfer rate is bigger in case of 3D compare to 1D and consequently, the 3D approach estimates a lower
value for diffusion coefﬁcient. Figure. 1 (a) compares 1D and 3D numerical solution of Fick's second law for a PC
plate studied by Golovoy et al. [8]. Figure. 1 (b) shows how one can make better estimation of the diffusion time using
a thinner PC plate. Generally, it seems more reasonable if the width and length of the studied plate are the same; so
that their ratio to the thickness are the same.
As expected, when the PC thickness gets smaller relative to the two other dimensions, the diffusion times which the
1D and 3D approaches predict, get closer (see Figure .1). Figure .1 demonstrates the importance of the dimensions of
the investigated piece of PC. In fact, in order to have a reasonable estimation using simpliﬁed 1D analytical equations,
it is essential to make sure that the thickness of the investigated PC is small enough compared to the width and length.
Using the 1D solution, the diffusion coefﬁcient was estimated to 6 × 10−11 and 8.7 × 10−11 (m2 /s) at 80 and 100 °C,
respectively [8]. The current 3D solution estimates lower values (2.5 × 10−11 and 4.5 × 10−11 (m2 /s), respectively).
Figure .2 compares experimental data from Golovoy et al.[8] s' work with 3D simulation results at 80 and 100 °C.
The diffusion coefﬁcients estimated by the present 3D solution show very good agreement with experimental data,
according to Figure . 2. The behavior of PC being in contact with RHs of 56, 73, 87 and 95% at 100°C is also simulated
using the new estimated diffusion coefﬁcients. Figure .3 compares these simulation results with experimental data
from Golovoy et al.[8] s' work. The agreement between the simulation results and the experimental data (see Figure
.3) shows that a 3D estimation of the diffusion coefﬁcient leads to more accurate results.
The water concentration in PC (c), in equilibrium with a certain amount of RH can be calculated by Equation (3).
c = s × RH(%)

(3)

030045-2
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP: 192.38.89.35 On: Wed, 22 Jun 2016 09:17:49

(a)

(b)
FIGURE 1. Comparison between 1D and 3D numerical solution of Fick's second law for two sizes of PC pieces

(a)

(b)
FIGURE 2. Comparison between 3D simulation and experimental data from Golovoy et al. [8] s' work

where s is water solubility in PC. Table.2 compares the predicted c with experimental values reported by Golovoy
et al [8]. Equation .2 shows only some minor error, (see Table .2). Thus, using these calculations seems reasonable for
estimating adsorption isotherms.
TABLE 2.
RH(%)
56
73
87
95

Comparison between predicted c and experimental data from Golovoy et al [8].
Equilibrium c (wt%) [8]
0.3211
0.4276
0.5108
0.5722

Predicted equilibrium c ((wt(%)) [this work]
0.3327
0.4337
0.5169
0.5644

Difference percentage (%)
-0. 580
-0. 305
-0. 305
0. 390

CONCLUSIONS
In this study, reported values from the literature for the water diffusion coefﬁcient into PC were investigated. It was
shown that it is very important to choose proper dimensions of the PC in order to estimate the diffusion coefﬁcient.
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FIGURE 3.

Behavior of PC exposed to different RHs at 100°C.

Most of the studies have used simpliﬁed equations based on 1D solution of Fick's second law. The 3D form of Fick's
second law could successfully predict water sorption into PC and the simulation results were in good agreement with
experimental data. Water solubility into PC values at different RHs can be used to predict isotherms.
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