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ABSTRACT 
During compression moulding of sheet moulding 
compounds air bubbles are formed that can deteriorate 
several properties of the final composite. The story of 
such bubbles is directly set by the local pressure 
distribution during pressing. This pressure can be found 
from experiments or numerical simulations but it is 
however also necessarily to derive criteria for the motion 
of the bubbles as well as relationships for the dissolution 
rate of the gas enclosed in the bubbles. In order to full-fill 
the latter a number of experiments have been performed. 
The results follow neatly Henry’s law up to a pressure of 
6 bar and the rate of dissolution is very much dependent 
of the type of gas studied. When applying the results to 
the process in focus it is found that even very large 
bubbles can be dissolved into the liquid resin during 
manufacturing.  
 
INTRODUCTION 
Compression moulding of sheet moulding compounds 
(SMC) is often used in automotive industry to produce a 
number of parts including exterior panels with 
requirements of a, so called, class A surface. An 
additional area of application, of significance, is items for 
electrical power industry with requirements of insulation 
capacity and thus low void contents. SMC is a fibre 
reinforced polymer material consisting of a thermosetting 
resin, chopped fibres, fillers and additives (Kia, 1993). 
One of these additives is a thickener that considerably 
increases the viscosity of the compound at room 
temperature. During fabrication, it is therefore possible to 
form sheets of the compound that are placed in an open 
heated mould cavity which is closed with a certain rate to 
force the SMC to fill the mould. During the filling there is 
an extensive pressure built-up in the SMC due to its high 
viscosity. This pressure remains on the SMC after the 
mould is closed. Then curing takes place and when the 
mould is opened, the final SMC product can be removed. 
The procedure is well known and has been used 
effectively in a number of decades. Still some issues are 
unresolved such as the reorientation of fibres during 
processing, which strongly affects the strength of the final 
SMC component, and the formation of residual voids 
which can cause large surface defects after painting and 
impair the electrical insulation capacity of the part 
manufactured. The focus in this paper is set on these 
voids in general and how gases are dissolved into and 
evaporated out of resins used in SMC as a function of 
pressure and time, in particular.  
Voids located in the SMC during pressing may have 
entered the SMC via any of the constituents, formed 
when the constituents are mixed to form the SMC, being 
enclosed during the lay-up procedure or formed as the 
charge flow out in the mould during pressing as observed 
in (Odenberger, 2004). It may also happen that the 
pressure on the SMC charge becomes too low and 

constituents of the SMC such as styrene start to boil 
during pressing. Regardless of the mechanism for the 
formation of the voids, their final size and location are 
strongly affected by the fluid pressure in the SMC during 
the compression stage. Specifically, it has been 
observed that the formation, movement and amount of 
voids are strongly related to the temporal and spatial 
distribution of the pressure and the pressure gradients, 
where high pressures and pressure gradients generally 
gives a low residual void content (Lundström, 1996) and 
(Lundström, 1997).  
 
The simplest way of explaining this observation is by 
usage of the perfect gas law that states that  
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where p is the pressure, T the temperature, V the volume 
and 1 and 2 denote two conditions of state. For small 
bubbles the pressure within the void is larger than the 
local pressure in the resin and the following expression 
must be added to the pressure: 
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Hence, the liquid-vapour surface tension, γlv and the main 
radii of the void R1,2 become important parameters. In (1) 
molecule transport over the gas-liquid interface is also 
ignored. The dissolution of gas into the resin would, in a 
steady state situation, only be due to diffusion, a subject 
that has been dealt with in many papers focusing on the 
autoclave process (Loos 1983), (Kardos, 1986) and 
Wood, 1994). In brief, these reports indicate which 
variables that set the size of the bubble in the final part. 
Some important variables are the initial concentration of 
gas within the resin, the initial concentration of water 
within the resin, the processing temperature and the 
processing pressure. Interestingly, if the initial 
concentration of gas or water within the resin is high 
enough, the bubbles will grow instead of shrink [13]. The 
more moisture that is absorbed by the resin, the higher is 
the pressure that must be applied on the resin to prevent 
growth. In [16] the dissolution of gas into an epoxy resin 
as a function of pressure and temperature is studied by 
introducing small bubbles into a beaker filled with liquid 
epoxy. Without including capillary pressure it is found 
that the radius of a gas bubble changes as: 
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where R is the radius of the void, D is the diffusion 
coefficient of the liquid, ρ is the density of the gas C is 
the gas concentration in the liquid and t is time. The 
subscripts, 0, s and ∞ denote initial, saturated and infinity, 
respectively. For small bubbles the capillary pressure will 
also contribute to the reduction of bubble radius, and 
bubbles located in a fully saturated resin may collapse. 
Furthermore, it has been shown that the saturated 
concentration of gas within the polymer is directly given 
by the ambient pressure according to Henry’s law (Wood, 
1994): 
 

pHC ⋅=  (4) 
 
where H is assumed to be independent on the pressure 
and is therefore often termed Henry’s constant. A 
complementary method to the one described above was 
suggested in (Lundström, 1997). In this case the amount 
of gas entering a resin surface in a beaker is measured 
as a function of time by usage of a capillary tube, 
resulting in the following formula: 
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The relation show that the motion Δl of a liquid marker 
within the capillary is given by the quote between the 
open liquid surface in the beaker, Ab and the area of the 
capillary Ac, the difference between pressure during 
storage and measurements, Δp and some quantities 
already defined. We will now use this technique in order 
to investigate how some gases dissolves into a resin 
used in SMC. We will also investigate the time required 
for pores of different sizes to dissolve into the SMC.  
 
EXPERIMENTAL 
 

 
Fig.1. Small scale pressure vessel. 
 
The experimental procedure was as follows: A pressure 
vessel, see Fig.1, with an inner height of 150 mm and an 
inner diameter of 50 mm was filled with 272 g liquid resin 
to about 90 % of its inner height. The resin is a polyester, 
Polylite 650-000 from Reichhold AS, with a viscosity to 
temperature dependence according to Fig.2. After filling, 
the vessel was closed and a well defined gas, air, CO2, 
N2 or Ar was allowed to flow into the vessel through a 
small opening and then out of it through another opening 

both placed on top of the vessel. This continued for more 
than 2 minutes in order to replace most of the non 
specified gas that was enclosed in the cavity formed 
between the inner top of the vessel and the liquid surface 
when the vessel was closed. After this flushing the outlet 
was blocked resulting in a pressure built-up within the 
vessel and a corresponding transport of gas molecules 
into the liquid. The absolute pressure applied varied 
between 3 and 7 bar and the time the resin was 
subjected to this pressure varied between 1 and 15 hour 
for different experiments.  When the predefined time was 
reached the pressure was released and either a 
precision drilled capillary tube with an inner diameter of 
2.00 mm or a flexible tube with an inner diameter of 1.5 
mm were attached to the inlet of the vessel, see Fig.3. 
The latter solution was applied since the there was a 
massive release of gas for some of the experiments. The 
precision of the absolute results is however somewhat 
impaired when using the flexible tube. The tubes had 
been prepared with a small plug of water at the bottom 
end of them. As the, under pressure, dissolved gas then 
was released from the resin the position of the plug of 
water in the capillary was measured as a function of time. 
With knowledge of this relationship the product between 
the diffusion coefficient and Henrys constant, H can be 
found by rearranging Eq. (5) in the following manner 
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or with all material parameters on the left-hand side: 
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   where he right-wing quote in this expression was found 
by regression analysis of the data obtained. Of practical 
reasons it was decided that all measurements started 
two minutes after the pressure had been released. There 
are still some uncertainties with the first data point and 
hence it was excluded from the regression analysis and 
the linear curve was allowed to cross the y-axis at non-
zero values of y. It however turned out that this value 
was practically the same for all measurements as long as 
the pressure was unchanged. The ambient temperature 
during the whole set of experiments was within the 
temperature interval 21.5 - 23.5 °C while the maximum 
variation during each individual experiment was 0.2 °C.  
It is also important to notice that all tubes used in the set-
up were carefully flushed between experiments with 
different gases.  
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Fig.2. Viscosity of Polylite 650-000 as a function of 
temperature. 
 
Three experimental series were carried out. In the first 
the storage time was varied for pressure of 3 and 7 bars. 
In the second the number of pressures studied was 
extended and in a third the type of gas was varied.  
 
 
 
 

 
 

 
 
Fig.3. Sketch of the experimental set-up. 
 
RESULTS 
To start with the time required to fully saturate the 
polymer with purified air was investigated. The results 
for 1, 2, 5 and 15 hours are similar regardless if the 
pressure applied on the resin is 3 or 7 bar, see Fig.4. It 
is also clear that the results are in agreement with Eq. 
(5) since a linear relationship is obtained between Δl 
and the square root of t.  A detailed study of the slopes, 
however, yields that one measurement in respectively 
series deviates from the others. For the 7 bar series the 
slope of the curve when the resin is saturated for 1 hour 

differs from the others with 14 %. This is probably due 
to that the resin is not completely saturated which is 
also supported by the fact that this curve does not 
absolutely follow a straight line. For the 3 bar series it is 
instead the slope of the 5 hour case that deviates with 
about 14 % from the other three. This deviation is 
probably due to experimental errors. 
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Fig.4. Experimental data on the discharge of air at 
atmospheric pressure when the resin had been stored at 3 
at 7 bar for 1-15 hours. 
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Fig.5. Experimental data for the discharge of air at 
atmospheric pressure when the resin had been stored at 
the pressures denoted in the graph for 2 hours. 
 
Following the initial study the release of air follows 
neatly Eq. (5) regardless of the pressure applied on the 
resin, see Fig.5. For the lower pressures Henry’s law 
applies resulting in principally the same value of 

DH ⋅  regardless of the value of p.  However for the 
highest pressure applied 7 bar, this value decreases 
indicating that Henrys law is not valid any more.  
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Fig.6. The product HD1/2 as a function of pressure.  
 
The most exciting result when testing different gases is 
that CO2 is discharged from the resin at an enormous 
speed as compared to the other gases, see Fig.7. The 
overall speed for the case of 15 hours storage in a 
pressure of 3 bars is more than 13 times higher than 
that for air, see Table 1 and the column to the right. The 
difference between the other gases is not as large but 
still significant, see Table 1. Also the storage time has 
large influence on the release rate of CO2 indicating 
that the diffusion rate is comparable low but that much 
gas can be dissolved into the resin, see Fig.7. On the 
contrary, the resin is saturated with Ar already after 1 
hour, se Fig.8. For the other two gases there is a rather 
huge spread in the results with no certain trend 
regarding the time for saturation. The spread in the 
results is, however, much smaller than the overall 
differences between the four gases.   

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

 t 1/2        [s1/2]

Δ
l  

   
[m

m
]

CO2 1 hour
CO2 2 hours
CO2 5 hours
CO2 15 hours
Air 1 hour
Air 2 hours
Air 5 hours
Air 15 hours
Ar 1 hour
Ar 2 hours
Ar 5 hours
Ar 15 hours
N2 1 hour
N2 2 hours
N2 5 hours
N2 15 hours

Fig 6. Experimental data for the discharge of gas at 
atmospheric pressure when the resin has been stored in 
contact with different gases at 3 bars during 1-15 hours. 
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Fig.7. Experimental data for the discharge of gas at 
atmospheric pressure when the resin has been stored in 
contact with different gases at 3 bars during 1-15 hours. 
The scale on the y-axis differs from that in Fig 6. 
 
Table 1. Tabulated data on ρ and the constant A from Eq. 
(10). In addition, values on the parameter defined in 
Eqs.(6) & (7) as derived from the experiments. 
Gas ρ  [kg/m3] A (H*D1/2)* (H*D1/2/ ρ)*
N2 1.165 2400 0.7 0.7
Air 1.204 1300 1.0 1.0
Ar 1.661 1300 2.2 1.6
CO2 1.842 1700 20 13

 
 
PRACTICAL IMPLICATIONS 
 

 

x R 

 
Fig.8. Model geometry of bubble.   
 
Based on the results it is of interest to investigate the 
time scale for the dissolution of different sized voids 
during compression moulding of SMC. This may be 
done by studies of a simplified model consisting of a 
cylindrical shaped bubble with radius R that is located 
between fibre bundles so that the gas within the bubble 
is only allowed to dissolve into the resin in the x-
direction on respective side of it, see Fig.8. Local 
stationary conditions are assumed and the liquid resin 
is assumed to be saturated with the gas at atmospheric 
pressure. By these assumptions Eq. (5) may now be 
written in the following form  
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Where td is the time for a bubble with initial radius Ri to 
dissolve into the resin. As obvious from Eq. (8) this time 
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is strongly dependent on the pressure applied, the gas 
within the bubble and the radius of the bubble. It is also 
well known that D and H are strongly dependent on the 
temperature according to the following relationships: 
 

( ) ( )TT

T
DTD T

T μ

μ
0

0
0

=    (9)               

 
 and   
 

( ) ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅−

⋅= 0
0

11
TT

A

T eHTH   (10) 

 
where the subscript T0 denote the value of the property 
at 25° C and where A is defined in Table 1. The latter 
Equation is a rough estimate since it is only valid for 
moderate temperature variations, (Smith 2007) and the 
constant A is derived for dissolution into water (Sander 
1999). Having this in-mind Equations (9) and (10) may 
be combined to form the following product 
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By doing a nonlinear regression to the results in Fig.2 
the viscosity may be expressed in term of the 
temperature according to: 
 

( ) ( )2)298(00092210)298(0952099826 −−= T.+T.-.eTμ , (12) 
 
where R2 and its adjusted form are equal to 0.999. 
These expressions may now be used to calculate which 
voids being completely dissolved under certain 
circumstances. In this context three cases are outlined, 
see Table 2.  
 
Table 2. Typical values of processing parameters affecting 
the dissolution of voids during processing.  
Stage P  [bar] T    [°C] t [s] 
Manufacturing of SMC 1 35 20 
Pressing, filling 10 150 5 
Pressing, closed mould 100 150 120 
 
During manufacturing of the SMC only small voids are 
likely to be dissolved into the resin as long as the 
enclosed gas is air. However if the gas, of some reason, 
is CO2 relatively large voids can be dissolved in a 
comparative short time, see Figure 9.  
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Fig.9. The time required to completely dissolve a void with 
a certain radius during manufacturing of SMC, see Table 2. 
 
During pressing the temperature and the pressure are 
substantially increased, see Table 2. The result of this 
is that even large voids can be dissolved in a very short 
time, see Fig.10. Hence if the pressure is large enough 
within the resin most enclosed gas should be dissolved 
and SMC-products ought to be completely free from 
voids. It is however, well known that these kinds of 
items can have a high void content. There are several 
reasons to this. To exemplify 
 

• Henrys law does not apply at higher pressures 
as indicated in Fig.6. 

• The modification to Henrys law, Eq. (10) is not 
valid at higher temperatures. 

• The dissolution process is not perfectly 
receivable as assumed.   

• A substantial amount of gas is dissolved during 
the compression making the resin saturated 
much faster than predicted in the model. 

•  Low pressure zones are formed during 
pressing. 

• The SMC consists of fibers, chaulk and some 
additives that may considerably slow down the 
dissolution of gas. 

  
Regardless of these statements there is a potential for 
dissolving loads of gas into the liquid resin. It is also 
obvious that CO2 dissolves much easier than air.  
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Fig.10. The time required to completely dissolve a void 
with a certain radius during pressing, see Table 2. 
 
CONCLUSIONS 
The dissolution rate of four gases into a polymer resin is 
studied. The results follow neatly Henry’s law up to 6 bar 
and the rate of dissolution is very much dependent of the 
type of gas studied. In particular, is CO2 dissolved in a 
very fast rate as compared to air, N2 and Ar. When 
applying the results to the process in focus it is found that 
even very large bubbles can be dissolved into the liquid 
resin during manufacturing.  
 
ACKNOWLEDGEMENT 
The research in this article has been founded by the 
Swedish Agency for Innovation Systems (VINNOVA) and 
the participating industries in the FYS-project. The 
authors gratefully acknowledge valuable comments, by 
Hans Bernlind, at Polytec Composites AB, Kurt Olofsson 
at Swerea-SICOMP AB, Joakim Pettersson at ABB and 
Daniel Ståhlberg at Scania regarding the practical 
implications of the results. They also send their gratitude 
to Jim-Einar Karlsen, Reichhold AS for supplying the 
data on the viscosity of the resin. 
 
REFERENCES 
 
Kardos. J.L., Dudukovic, M.P. and Dave, R. (1986): 

“Void growth and resin transport during processing 
of thermosetting-matrix composites” Advances in 
Polymer Science 80, Springer-Verlag. Berlin. pp. 
101-123 

 
Kia HG. (1993): “Sheet Moulding Compounds” Science 

and Technology. Munich, Hanser Verlag,  
 
Loos. A.C. and Springer, S.G. (1983): “Curing of epoxy 

matrix composites” Journal of Composite Materials, 
Vol. 17, pp. I35-169 

 
Lundström TS. (1996): “Bubble Transport through 

Constricted Capillary Tube with Application to Resin 
Transfer Moulding” Polymer Composites,  Vol. 17 pp. 
770-79. 

 
Lundström TS. (1997): “Measurement of Void Collapse 

during Resin Transfer Moulding” Composites Part A, 
Vol. 28, pp. 201-14. 

 
Odenberger PT, Andersson HM, Lundström TS.  (2004): 

“Experimental Flow-Front Visualization in 
Compression Moulding of SMC” Composites Part A, 
Vol. 35, pp.1125-34. 

 
Sanders R, (1999) “Compilation of Henry’s Law 

Constants for Inorganic and Organic Species of 
Potential Importance in Environmental Chemistry” 
(version 3) available at www.henrys-law.org

 
Smith FL, Harvey AH, (2007): “Avoid Common Pitfalls 

When Using Henry’s Law” Chemical engineering 
Progress, Vol. 103, pp. 33-39 

 

Wood, J.R. and Bader. M.G. (1994): “Void control for 
polymer-matrix composites (1): Theoretical and 
experimental methods for determining the growth 
and collapse of gas bubbles”, Composites 
Manufacturing, Vol. 5, pp.139-147 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



The 19th International Symposium on Transport Phenomena, 
 17-20 August, 2008, Reykjavik, ICELAND 

  
  
  
  
 
 

 
 

 


	ABSTRACT 
	PRACTICAL IMPLICATIONS 
	 
	CONCLUSIONS 
	ACKNOWLEDGEMENT 
	REFERENCES 


