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Abstract 

In order to analyze the compression molding of SMC (sheet molding compound) at room temperature, a three-dimensional 
finite-element program was developed based on the figid-viscoplastic approach. The accuracy of the program developed was 
tested by solving the a×i-symmetfic compression of a cylindrical specimen of SMC and the three-dimensional compression of 
rectangular specimens of aluminum alloys under various processing conditions. The simulation results compared well with 
experimental results obtained from compression tests and with data available in the literature. Based on these comparisons the 
program was proven to be valid and was further applied in the simulation of the compression molding of rectangular SMC 
specimens to investigate the effect of friction and molding speeds on the propagation of the flow front of the material and the load 
requirements in the present investigation. By coupling part of the program with thermal analysis, the currently-developed analysis 
program can be utilized in determining detailed information during three-dimensional deformation processes. © 1997 Elsevier 
Science S.A. 
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1. Introduction 

In recent years, owing to improvement in manufac- 
turing technology and reduction in production costs, 
the application of composite materials is increasing in 
various fields of industry. Amongst these composite 
materials, sheet molding compound (SMC) exhibits a 
combination of stiff and strong mechanical properties 
and good dimensional stability. In addition, SMC is 
easy to handle and its material and processing costs are 
relatively low. Thus, SMC has recently become a good 
candidate for replacing sheet metal parts in the auto- 
motive industry in an effort to produce light, stiff, 
strong and non-corrosive automotive outer panels. 

SMC is a variety of polyester-based thermosetting 
molding material reinforced with randomly distributed 
short fiber glass strands. Using the compression-mold- 
ing process, SMC can be manufactured easily. In a 
compression-molding t;yde, the mechanics of the com- 
pression molding of SMC are influenced by the mate- 

* Corresponding author. Fax: + 82 42 8693210; e-mail: 
ytim@eonvex.kaist,ac.kr. 

0924-0136/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved. 

PII S0924-0136(96)02845-2 

rial characterization, heat transfer, curing, and the 
contact boundary conditions between the molds and 
the SMC charge. Thus, it is very difficult to predict the 
flow mechanism in the mold, the temperature distribu- 
tion, the curing rate, and the distribution and orienta- 
tion of the fiber glass strands. 

Many studies have been carried out so far in deter- 
mining the propagation of the flow front based on 
isothermal lubrication theory. Recently, Lee et al. [1] 
extended their work to include normal stresses and 
heat-transfer effects in their simulation. Also, a trans- 
verse viscosity gradient was added by Lee et al. [2] in 
simulating the tbrmation of preferential flow. Experi- 
mental work done by Marker et al. [3] and Lee et al. [4] 
showed such preferential flow near to the mold surface 
when the SMC charge was compressed slowly. How- 
ever, Barone and Caulk [5] reported that preferential 
flow occurred only in thick SMC charges molded at 
very slow closing speeds. Based on experimental find- 
ings and due tc limitations of the existing analysis 
model, Lee et al. [6] tried to measure friction and 
investigated the effect of friction between the molds and 
the charge on the flow mechanism and the pressure 
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requirements during axi-symmetric and plane-strain 
molding using silly-putty ~ and an SMC charge without 
a curing agent. They assumed SMC to be a non-isother- 
mal and viscoplastic material. According to their analy- 
sis, the numerically calculated pressure was still lower 
than the measured experimental data, such discrepancy 
being partly due to difficulty involved in the characteri- 
zation of the material. 

In order to develop a three-dimensional finite-ele- 
ment program for the analysis of the compression 
molding of SMC, the non-isothermal deformation was 

"vided into two parts, the first being a deformation 
• ,rt and the second a temperature analysis, including 
curing analysis. As a first step in the development stage, 
a three-dimensional viscoplastic deformation program 
was completed, the program developed being tested by 
solving the axi-symmetric compression of a cylindrical 
specimen of SMC under various processing conditions, 
then being further applied in solving the compression 
molding of SMC at room temperature with two friction 
conditions and molding speeds, to investigate the effect 
of these values on the flow of the material. 

2. Finite-element formulation 

Since detailed information about the finite-element 
formulation for rigid-viscoplastic deformation analysis 
is available elsewhere [7], only the highlights of the 
formulation will be described here. The governing equa- 
tions for the solution of the mechanics of the plastic 
deformation of rigid-viscoplastic materials are summa- 
rized in tensorial notation as follows: 

Equilibrium equations: 

tro,j = O. (1) 
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Fig .  1. Initial cylindrical specimens used in the compression simula- 
tions. 

Silly-putty is a viscoelastic polymer and exhibits a flow behavior 
with strong temperature dependence. 
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Fig. 2. Comparisons of compression loads between simulation and 
experiment at various mold closing speeds: (a) v = 10 mm m i n -  '; (b) 
r = 30 mm rain-~; and (c) v = 50 mm m i n -  

Boundary conditions: 

ui=u* onSu,  and t i=t*  onSF. 

Yield criterion: 
, , -  

f(~rij) --- O, if--- J~(~r ij~ij) -- e(g, ~). 

Constitutive equations: 

(2) 

t3) 
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Fig. 3. Initial workpiece geometry used in the block compression of 
aluminum alloys. 

to = Oa~ "~a a~., and =,3% 
(4) 

Compatibility conditions: 

~ = ~(u,., + u,) .  (5) 

Here, a~ represents the deviatoric stress tensor. By 
applying the weak form to the equilibrium equation 
and the divergence theorem under the assumption of no 
body and inertia forces, the following equation can be 

K ~ 6 ~ .  dV = O. 

(6) 

obtained: 

Here, K represents a penalty constant. By introducing 
the eight-node brick element, this equation can be 
discretized as follows: 

fv(o/~)BDrBVe dV+ fvK~cVcBVQ dV- fs NVtdS 
F 

=0. (7) 

Here, N and v matrices represent the shape function 
and the nodal velocity, respectively. The detailed com- 
ponent form of the B, c and D matrices can be deter- 
mined easily or found in Ref. [7]. The friction force 
between the dies and charge was modeled by the fol- 
lowing equation as a traction term: 

t "-  m f  tan-' ~ .  (8) 

Table 1 
Initial workpiece dimensions in mm and friction values (mr) used in 
block compression simulations 

Simulation No. 2a 2b a/b 2h mr 

1 19.05 19.05 1 9.525 
2 19.05 19.05 l 9.525 
3 38.10 19.05 2 9.525 
4 38.10 19.05 2 9.525 

0.1 (lub.) 
0.5 (dry) 
0.2 (lub.) 
0.5 (dry) 

Table 2 
Comparko~ ~,f deformed length at ~.he x and y axes for various 
block corai ,,~ssion c:~oes (a~ values in ram) between simulations and 
experiments a~.u:abte m [8] 

Simulation Experiment [8] (50% Simulation (52.5% reduc- 
No. reduction) tion) 

a b a b 

1 13.5 13.5 13.98293 13.98293 
2 14.1 14.1 14.57700 14.57700 
3 15.0 24.5 15 .51393  25.19647 
4 16.6 24.2 16 .13536  23.99101 

Here, a ( = 0.05) is a small positive number compared 
to v,, which represents the sliding velocity of a charge 
relative to the mold closing speed, and mr represents the 
constant shear friction factor between the dies and the 
charge. Considering the non-lineafity of the problem, 
the discrefized governing equation should be linearized 
and solved using the Newton-Raphson method. Based 
on these equations, the three-dimensional finite-element 
program was developed. 

3. Numerical results and discussion 

3.1. Axi-symmetric analysis of the compression test of 
cylindrical SMC charges 

Using the flow stress obtained by a compression test 
in the laboratory using grease oil as a lubricant, the 
axi-symmetric SMC compression molding of a cylindri- 
cal charge was simulated. The mold closing speeds used 
in the simulations were 10, 30, and 50 mm rain-1, and 
the friction factors were assumed to be mr= 0.1 and 
0.01. The diameter and height of the cylinder were 33.4 
and 9 mm, respectively. The geometry of the charge 
used in the simulations was tbe :~ame tbr all of the 
compression tests that were carried out in the experi- 
ments. Only one quarter section, as shown in Fig. 1, 
was used for simulations due to the symmetry of the 
problem. The following flow stress equation obtained 
from compression tests with grease and mylar sheet 
between the dies and the SMC charge was used in the 
present investigation: 

= c(r)~m~", 

/3732.2'~ 
cer)  = 4.5083 × e x p k - - T -  J, 

re(T) = 2.31634 exp • --  . 

Here, the stress is given in MN m 
absolute temperature. 

(9) 

- 2, and T is 
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Fig. 4. Comparisons of  forging loads between simulation and experiment in [8] for various loading conditions: (a) a/b = 1, m r = O. 1" (b) a/b = 1, 
mr --- 0.5; (c) a/b = 2, mr -- 0.2; and (d) a/b = 2, mr = 0.5. 

In Fig. 2, load-stroke curves obtained by experiment 
and simulatic, n are compared to each other. It can be 
seen from these figures that the predicted values were 
reasonably accurate for the compression molding con- 
ditions of both mold closing speeds of 10 mm rain- 
and 50 mm min-~, but they were considerably greater 
for the case of a mold closing speed of 30 mm rain - 
In general, the simulation results were higher compared 
to the measured data. This kind of over-prediction was 
due to difficulty in determining the rheological charac- 
teristics of the SMC material because of the incorpora- 
tion of glass fibers as a reinforcement. Accouating for 
this ,"actor, the accuracy of the program developed was 
acceptable, but more accurate simulation results would 
be obtained should more appropriate rheological data 
be available. 

3.2. Analysis of the compression of rectangular 
specimens of aluminum alloys 

In Fig. 3 the geometry of the initial rectangular 
specimen is depicted. The various simulation cases are 
summarized in Table 1. Because of the symmetry of the 

geometry, only one quarter section was used in the 
simulations. For the material property data, the follow- 
ing data available in the literature [8] was used: 

# = 62.74(1.0 + 8/0.05205) 0.3 (MN m - 2 ) ,  (10) 

Comparisons between the computed and tested data 
in [8] are given in Table 2. It can be seen from this table 
the computed data was reasonably accurate, the errors 
between the two being 0.9 ~ 3.6%. 

In Fig. 4, the forming loads were compared for two 
different loading conditions: continuous and inter- 
rupted. From these figures, the predictions were more 
accurate for the interrupted cases, as reported in [8]. 
This was due partly, to the change of the friction 
conditions according to deformation levels in the con- 
tinuous loading cases, compared to the interrupted 
cases where the lubrication was updated when the 
deformation was interrupted. 

From these two numerical simulations, it was con- 
strued that the developed three-dimensional program 
was reasonably accurate in analyzing three-dimensional 
deformation at room temperature. 
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Fig. 5. Comparisons of the deformed shapes of compressed rectangdlar SMC specimens at 38.2% reduction of height at the x - y  and x - z  planes 
with different friction conditions: (a) v = 15 mm ra in-  I mr=  0.1 (in the x - y  plane); (b) v = 15 mm ra in-  ~, mr = 0.8 (in the x - y  plane); (c) r = 15 
mm ra in- I ,  mr=0.1 (in the x - z  plane); and (d) v =  15 mm rain-~, mr=0 .8  (in the x - z  plane). 

3.3. Analysis of the SMC compression molding of 
rectangular charges 

To investigate the effect of friction and compression 
speed on the deformation of SMC at room temperature 
during molding, the compression molding simulation of 
a rectangular charge was carried out under two friction 
(m~-= 0.1 and 0.8) and velocity (v = 15 and 45 mm 
m in - l )  conditions. Because of the symmetry of the 
geometry, only one quarter section was used in the 
simulations. The initial dimension of the SMC block 
was 76.7 x 101 x 11 (mm3). 898 brick elements and 
1188 nodal points being used for simulations. The 
material property used for the simulations was selected 
from Ref. [9], as follows: 

O" -- C (  T)~  re(T), 

f2182.3'~ 
C(T) --- 8.123 x 10 -4 exp~--- - -~) ,  

/5775.8'~ 
re (T)= 1 .45-2 .52  x 10-9 exp~,----f--]. (11) 

Here, the dimension is given in kgf mm -2 (1 k ~  
m m -  2 = 9.81 MPa) and T is in absolute temperature. It 
can be found from the comparison of Eqs. (9) and (11) 
that the material property data is different from that of 

each other because of difference in the batches and in 
curve fitting. Therefore, it is very important to deter- 
mine the proper material data in order to obtain rea- 
sonable simulation results, as mentioned earlier. 

Deformed shapes in the x - y  and x - z  planes at 
38.2% reduction of height with a mold closing speed of 
15 mm rain- l  under two different friction conditions 
are shown in Fig. 5. From this figure, it was found that 
as friction increased, the bulging increased. The simula- 
tion results are not shown here, since the deformed 
shape was almost similar to Fig. 5 in the case of a mold 
closing speed of 45 mm min-  ~. However, if the order 
of the closing speed is increased, the flow front becomes 
flat, like plug flow. 

The effective strain and its rate distributions at 38.2% 
reduction of height for various cases are given in Figs. 
6 and 7, respectively. These figures show that the 
distribution patterns are similar in general, with the 
maximum values of effective strain and its rate increas- 
ing as the closing mold speed and friction increase. 
From this observation, it was construed that the effect 
of friction on the deformation levels was more signifi- 
cant than that of the closing speed, under the present 
molding conditions. 

The forming load increased as closing speed in- 
creased as shown in Fig. 8. From this figure, it can be 
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Fig. 6. Effectivt strain distributions of compressed rectangular SMC specimens at 38.2% reduction of height for various cases: (a) v = 15 mm 
rain-I,  me= 0.1; (b) v = 15 mm min-m, mr= 0.8; (c) v = 45 mm min-~, mr= 0.1" and (d) v =45 mm m i n - ' ,  mf= 0.8. 

seen that both the effect due to friction and that due to 
closing speed play a significant role in influencing the 
forming loads. 

• ~ . ~  

4. Conclusions 

In the present investigation a three-dimensional 
finite-element program was developed successfully. 
From comparison of simulation results with experimen- 
tal data in terms of forming load and geometry 
changes, the accuracy of the program developed was 
reasonable under the present molding conditions. It was 
found that the friction effect is more significant in 
determining flow patterns during compression molding 
at room temperature, and also found that both the 
effects due to friction ~nd those due to closing speed 
are noticeable with increasing deformation and level of 
forming load. 

Since the compression molding process is non- 
isothermal, a temperature analysis program, including 
the curing reaction, should be developed and coupled 
into the next stage of investigation to complete the 
analysis. Once the coupled analysis program is avail- 
able it will be very useful for investigating the effect of 

the molding parameters and rheological properties on 
the flow of the material and its mechanical properties. 
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