JOURNAL OF MATERIALS SCIENCE 37 (2002) 2043-2051

Surface morphologies of composites based
on unsaturated polyester pre-polymer

M. VAYER, C. SERRE, N. BOYARD, C. SINTUREL, R. ERRE
Centre de Recherche sur la Matiére Divisée, CNRS- Université
d’Orléans, 1b, rue de la Férollerie, F45071 Orléans Cedex 2, France

E-mail: marylene.vayer@univ-orleans.fr

We report the study of surfaces of bulk molding compounds (BMC) based on miscible
polymeric thermoset blends (TB)—unsaturated polyester, styrene and low profile additive
(LPA)—containing fillers and glass fibers. In contrast to scanning electron microscopy
(SEM) that identified a continuous organic layer at the BMC surface, atomic force
microscopy (AFM) showed the existence of aggregates linked together to form a network at
the micrometric scale. This indisputably demonstrated that phase separation took place at
the surface of the BMC. The influence of TB was examined by comparing the surface
morphologies of BMC and corresponding TB. Several cases were distinguished as a
function of the TB composition. (1) Without LPA, the surface of the TB was continuous (no
phase separation took place during curing) and the surface of BMC revealed the presence
of aggregates resulting from a phase separation induced by the fillers. (2) For very low
molecular weight LPA, aggregates randomly spread on islands surrounded by large holes
were observed on the TB surface. These holes were shown to result from surface
deformations induced by absence of shrinkage compensation. The corresponding BMC
presented particles randomly spread on the surface. (3) The general case (higher molecular
weight LPA) corresponded to similar TB and BMC surfaces morphologies with aggregates
randomly spread on the surface. In this case, BMC roughness and morphology reflected
the TB roughness and morphology. These observations led to the proposal of some
considerations concerning the control of surface aspects of BMC.
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1. Introduction
Bulk molding compounds (BMC) are composite mate-
rials based on organic thermoset systems—15/25 wt%
of unsaturated polyester (UP) crosslinked by styrene
(ST)—containing mineral fillers and reinforcement
fibers. This kind of polymeric composites is widely
used for automotive and plumbing pieces because of
good surface finish (i.e. gloss or smoothness) and di-
mensional stability. To achieve this goal, low pro-
file additives (LPA) such as poly(vinylacetate) and
poly(methylmethacrylate) are used to prevent cross-
linking shrinkage [1] and to improve the surface qual-
ity. However the mechanisms of this improvement are
not clearly identified and despite intensive industrial
production, few academic works deal with thermoset
surfaces (either characterization or influencing param-
eter). Some parameters like fillers and fibers volume [2],
molding processing parameters—molding pressure and
temperature—are also determinant for a good surface
aspect [3] but their contributions are difficult to evalu-
ate. The BMC surface is consequently far from being
completely under control.

The volume morphology of these crosslinked poly-
meric systems is however largely documented [4]. This
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morphology after curing depends on the initial miscibil-
ity of the ternary UP/LPA/ST thermoset blend (TB) [5]
and its evolution during curing. For initially miscible
systems, the morphology is generally described as a co-
continuous structure with microparticles of cured UP
connected in a macro-network, and a continuous LPA
phase surrounding these microparticles [6]. Micropores
are also pointed out in the structure and generally ac-
count for the polymerization shrinkage compensation.
However, the mechanism of formation of these microp-
ores (thermal expansion of LPA [7] or stress relaxation
[8]) and even their localization (interfacial region be-
tween crosslinked UP and LPA phase [9] or inside the
LPA phase) are still controversial.

Concerning the surface, preliminary works based on
scanning electron microscopy and XPS analysis [10]
have demonstrated that the surface of BMC materials
molded by compression was composed of an organic
layer. Mineral fillers and glass fibers were shown to
be deeper localized beneath the surface (>0.4 m), the
glass fibers in a parallel position to the plan of the sur-
face [10]. In this paper, BMC surfaces were explored at
nanometrical scale by atomic force microscopy which
has been recently successfully used to investigate the
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morphology of thermoset materials [11]. The corre-
sponding TB surfaces were also studied and compared.
LPA used in this study were low molecular weight sat-
urated polyester (highly compatible with UP), rarely
considered either in the industry or even academically.

2. Experimental

2.1. Materials

The polymeric thermoset blends (TB) were composed
of (i) an unsaturated polyester prepolymer (UP) (ii) a
curing agent (styrene referred in the text as ST)
(iii) a polymerization initiator (ter-butyl perbenzoate;
1 wt%) (iv) a low profile additive (LPA). Different LPA
(saturated polyester, and urethane modified saturated
polyester) were employed (Table I) at various compo-
sitions (Table II).

BMC samples were composed of (i) 18 wt% of
TB (ii) internal mold release agent (calcium stearate;
1 wt%; particles diameters ranging from 2 to 13 um)
(iii) mineral fillers (calcium carbonate; 62 wt%; par-
ticles diameters ranging from 1 to 10 pum) (iv) glass
fibers (20 wt%; 12 um wide and 3 mm long). In the
BMC, composition of the organic blend was the only
fluctuating parameter.

BMC plates (120 x 250 x 3 mm) and TB cylindrical
samples (@ 50 x 4 mm) were molded by compression
using a Derek press in a stainless steel mold. Special
attention was paid to the level of polishing of the female
part of the mold since the BMC roughness is limited by
the mold roughness (5 nm) [12]. The polished female
part was heated at 150°C and the punching die at 135°C.
Pressure applied on composite was 10 MPa and the
curing time was 100 seconds.

2.2. Instrumentation

Scanning electron microscopy (SEM) was carried out
on a Hitachi S4200 device combined with an Oxford
analyzer controlled by Link Isis software. The electron
gun was equipped with a field emission electron source
and was operated at 1-2 keV.

TABLE I UP and LPA characteristics

Name Characteristics
Unsaturated Unsaturated polyester:
prepolymer maleic anhydride-propylene glycol

UP M, =1250 g-mol~' M,, =6790 g-mol~!

Low profile Saturated polyester:
additive adipic acid-propylene glycol-ethylene glycol
LPA-1265 M, =1265 g-mol~! M,, =2970 g-mol~!
LPA-1960 M, =1960 g-mol~' M,, =3930 g-mol~!
LPA-2250 M, =2250 g-mol~! M, =4830 g-mol~!
LPA-2685 M, =2685 g-mol~! M,,=6790 g-mol~!
LPA-U Urethane modified saturated polyester:

adipic acid-propylene
glycol-ethylene glycol-diisocyante
M, =5300 g-mol~! M, =13300 g-mol~!

TABLE II Thermoset blend (TB) compositions

Atomic force microscopy (AFM) was carried out in
air using Nanoscope III from Digital Instruments Cor-
poration in the tapping mode. The piezo scanner was
able to scan with a horizontal range of 150 um and
a vertical range of 7 um. Microfabricated Si 120 um
long cantilevers with integrated Si pyramidal tip (10 to
15 wm height) were used. Resonance frequency was in
the range 300-400 kHz. Vertical and lateral resolutions
were less than 1 x 1073 um.

Analyses (SEM, AFM) were performed on the sam-
ple side in contact with polished female part of the
mold, without any further preparation in the case of the
AFM observation and with a carbon-coating in the case
of the SEM analyses.

Volume shrinkage (Vs) and porous volume (1) per-
centages were estimated by measuring sample density
by immersion in pure water. V; and p are then given by
the following relations:

dexp - dl d2 - dexp
d 1 d2

where d; was the density of the sample before curing,
d;, the theoretical density of the sample after curing
calculated from the density and the weight fraction of
each constituent of the sample and dx, the experimental
density of the sample measured by immersion in pure
water.

Average surface roughness (R,) was estimated
thanks to AFM images by the relation

1 _
R, = — zZ—-7Z
a N2N;v| |

Vi = x 100 w= x 100

where N? was the image pixels number, Z was the
current height and Z was the average roughness.

3. Results and discussion
3.1. Surface morphology of BMC imaged
by SEM and AFM
When observed by SEM, the surface of a BMC ap-
peared to be continuous and homogenous, even at high
magnification (Fig. 1). The obtained images were prin-
cipally formed by the secondary electrons emerging
from the surface layers (maximum 0.02 pum) with a
contribution of the backscattered electrons, which in-
tensity and production depth depended on the accelerat-
ing voltage. This latter contribution was lowered by de-
creasing the acceleration voltage (at 2 keV the incident
penetration depth of electrons was 0.6 wm and the cor-
responding information depth was limited to 0.05 um
[10]. Under these conditions, the SEM images corre-
sponded only to the surface layers [13, 14].
Considering the organic nature of this surface layer,
SEM images constituted an unexpected behavior. A
morphology resulting from a phase separation (i.e. with
particles linked together to form a network) would be

Compositions 1 2 3 4 5 6 7
LPA type - LPA-2685 LPA-2250 LPA-1960 LPA-1265 LPA-2250 LPA-U
UP/LPA/ST (wt%) 60/0/40 49/18/33 49/18/33 49/18/33 49/18/33 47/12/41 47/12/41
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Figure 1 SEM image of a BMC surface at 2 keV. Magnification x 50000.

Figure 2 SEM image of a BMC surface defect at 1 keV. Magnification x 13000.

indeed expected, as it is usually reported for TB contain-
ing LPA. However, the presence of this continuous layer
on BMC surface based on other TB (UP/PVAc/ST) has
been already reported in other SEM works [14]. The
continuous nature of this layer has been then explained
by cross-linking at the surface without any phase sep-
aration [15]. During our SEM study, peculiar attention

was given to extremely rare defects due to lack of mold-
ing agent or defects of the mold. The surface layer was
then pulled out in the place of these defects. Example of
such phenomenon is illustrated in Fig. 2. These defects
pointed out the presence of an other type of morphology
originating from a phase separation beneath the surface
layer.
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(a)

Figure 3 AFM image of a BMC surface. (a) 2*2 pum (b) 10%10 pum.

In order to precise the nature of the surface layer, we
carried out an AFM study of the surface, which has been
recently successfully used to investigate the morphol-
ogy of thermoset organic samples [11]. In contrast to the
SEM observation the AFM imaging of the surface did
not revealed a continuous structure. This could be ob-
served in Fig. 3 where the surface layer appeared to be
discontinuous, and composed of aggregates (300 nm)
of smaller particles (60 nm) linked together to form
a bi-dimensional network. Consequently and already
demonstrated in the case of thermoset blends [11] AFM
imaged more precisely the surface layer than SEM did.
Up to now, BMC surface layer has been seen as a con-
tinuous layer [14]. From now it has to be considered
as formed with particles linked together where a phase
separation takes place during the cross-linking. In this
case SEM limitations could be related to the low rough-
ness of the surface, due to the contact with the mold.
This hypothesis was consistent with the fact that mor-
phology was easily revealed by SEM when the material
was highly rough (fractured sample which is a common
way of samples preparation for SEM observation, or
defects at surface as reported above).

3.2. Factors influencing the surface
morphology of BMC

As demonstrated above, AFM constitutes a pertinent
and convenient way to explore at the nanometric scale
surface layer of BMC thermoset composite. Conse-
quently, surfaces of BMC containing different LPA
at various concentrations were characterized by AFM
(Figs 4a,5a,6a,7a, 8a,9a, 10a). All the studied surfaces
exhibited small particles linked together in aggregates.
For each samples, the aggregate size and surface rough-
ness were evaluated from the images (Table IIT). BMC
and the corresponding TB surfaces morphologies were
then compared (Figs 4b, 5b, 6b, 7b, 8b, 9b, 10b). These
samples were also characterized in term of macroscopic
aspect, i.e. volume shrinkage, pores volume and aspect
of sample (Table I'V). For the latter, a TB translucent ap-
pearance corresponded to a small pore volume, which
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TABLE III Comparison of some BMC properties: aggregates size,
pore volume, roughness, visual appearance and volume shrinkage

BMC Aggr. size (nm) (%) R, (nm)
comp. (st.dev. = 10) (st.dev.=0.1) (st.dev.=1)
1 270 0 10

2 250 3.6 6

3 290 34 5

4 325 35 8

5 270 2.5 7

6 310 2.5 8

7 - 39 16

was associated with a relatively high volume shrinkage.
In contrast, a white opaque appearance was related to
a large pore volume and small volume shrinkage. Con-
cerning the BMC, all samples were opaque due to in-
tense light scattering of the fillers.

In the case of samples based on cross-linked UP/ST
without any LPA (composition 1), surface morpholo-
gies of the TB and the corresponding BMC (Fig. 4) were
very different. For TB (Fig. 4b), a continuous morphol-
ogy was observed without any particle and aggregate
indicating that no phase separation took place during
the cross-linking. This was expected since the binary
system (UP/ST) remained miscible during the curing.
This result was also consistent with the absence of pore
reported in Table IV and corresponding to a high vol-
ume shrinkage. Pore formation resulted from localized
stress relaxation at interfaces created during phase sep-
aration. In contrast, the corresponding BMC (Fig. 4a)
exhibited a discontinuous morphology on the surface
with aggregates. In this case, a phase separation took
place during cross-linking, that could be attributed to
the presence of fillers. Surprisingly, no pore was devel-
oped in this case in the volume indicating the formation
of a highly connected polymeric network. The result-
ing shrinkage (0.9%) was lower than the value reported
for TB (9%) because directly related to the weight frac-
tion of TB in the BMC (fillers and fiber glass volumes
were not modified during curing). However, and despite
this low volume shrinkage value, compositions without



TABLE IV Comparison of some TB properties: aggregates size, pore volume, roughness

TB Visual Aggr. Size (nm) V(%) n% R, (nm)
Comp. appearance (st.dev.=10) (st.dev.=0.1) (st.dev.=0.1) (st.dev.=1)
1 Translucent - 9.3 0 5

2 White opaque 140 5.0 2.6 10

3 ‘White opaque 140 5.9 1.7 10

4 Cloudy translucent 140 7.3 0.6 29

5 Cloudy translucent 140 74 0.0 44

6 White opaque 170 6.0 3.6 12

7 Cloudy translucent 150 8.4 0.8 5

120.0 nm

(a)

Figure 4 AFM images of (a) BMC1 surface and (b) TB1 surface.

LPA led as expected to unusable compositions for in-
dustrial applications where volume shrinkage for BMC
low-profile must be less than 0.05%.

When LPA was added to the mixture, the AFM ob-
servation of the surface exhibited small particles linked
together in aggregates either in the case of the TB or
the BMC. Particles and aggregates were however found
to be bigger on BMC surface than on TB sample sur-
face (250/325 nm for BMC versus 140/230 nm for TB),
that can be explained by a variation of the cross-linking
kinetics of the outermost layer of BMC and TB. This
surface morphology was the result of a phase separa-
tion induced by the LPA, which allowed the creation
of pores within the samples either in the case of BMC
or TB, leading to a shrinkage compensation. However,
and despite a low content of polymeric phase (18 wt%),
it is worth noting that the pore volume was higher in
the case of the BMC samples (between 2.5 and 3.5%),
leading to a high shrinkage compensation. This behav-
ior was initiated by the presence of LPA but enhanced
by the presence of fillers known for their shrinkage
compensation effect.

The influence of LPA characteristics (molecu-
lar weight, amount and chemical nature) was then
considered.

3.2.1. Influence of the molecular weight

The influence of the molecular weight of the LPA
(with a given concentration of 18 wt%) was examined
with compositions 2 to 5 corresponding respectively

5.00

2.50

0
2.50 5.00

(b)

to M, =2685, 2250, 1960 and 1265 g-mol~!. AFM
images (Figs 5-8) showed different behaviours for the
BMC and the TB.

In the case of TB samples, homogeneous discontin-
uous structures were observed for the compositions 2
and 3 (corresponding to the higher molecular weight).
Measured roughnesses were in that case about 10 nm.
The lower molecular weight LPA compositions (5 and
6) exhibited aggregates randomly disposed on islands
surrounded by large holes. For these latter samples,
global high roughnesses were reported (29 and 44 nm)
although particles and aggregates were relatively small
with smooth surfaces between the holes (roughness be-
tween the holes 5 nm). These high values were thus re-
lated to the presence of this large holes at the surface that
contributed to increase the global roughness. This par-
ticular behavior was explained by the absence of pore
in the structure due to formation of a highly connected
polymeric network during the co-polymerization. This
was related to the high miscibility domain of the con-
sidered ternary blends (LPA/UP/ST) which increased
by decreasing the molecular weight of the UP or by de-
creasing the molecular weight of the LPA [16], leading
belatedly to a phase separation. Pore formation was then
not favored in the highly connected network, which was
consistent with the high volume shrinkage (>7%) re-
ported for these samples. An important stress was then
generated throughout the sample, leading to strong de-
formations at the surface which created the observed
holes. This phenomenon was not likely to occur with

2047



10.0

180.0 nn 100.0 nM

|j 2.5 5.0 7.5 10.0 0 2.5 . 5.0 2.5 10.0
LIl [T
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Figure 5 AFM images of (a) BMC2 surface and (b) TB2 surface.
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(a) (b)

Figure 6 AFM images of (a) BMC3 surface and (b) TB3 surface.
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(a) (b)

Figure 7 AFM images of (a) BMC4 surface and (b) TB4 surface.
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(a)

Figure 8 AFM images of (a) BMCS5 surface and (b) TBS5 surface.

increased LPA molecular weight (compositions 2 and
3). The miscibility domain of the considered ternary
blends decreased leading to a precocious phase sep-
aration and consequently to a less connected poly-
meric network where formation of pores was favored
(confirmed by the lower shrinkage volume and higher
pore volume reported in Table IV). These observations
illustrated the necessity for a polymerization shrinkage
compensation mechanism to relax the stress inside the
bulk by pores formation.

For BMC, an homogeneous discontinuous structure
(with particles linked together to form aggregates ran-
domly disposed at the sample surface) was observed
whatever the molecular weight of LPA was consid-
ered. Corresponding measured roughnesses were low
and constant (ranging between 5 and 8 nm), in con-
trast with results reported for TB. This was explained
by the shrinkage compensation which occured even in
the case of low molecular weight LPA due to the pres-
ence of fillers and fibers that favored phase separation

(a)

Figure 9 AFM images of (a) BMCG6 surface and (b) TB6 surface.

500.0 nm

250.0 nmM

0.0 nm

2.5 5.0 7.5

and consequently pores formation. Stress relaxation oc-
curred then in the bulk, leading to the absence of surface
deformation (hole) that accounted for the high rough-
ness reported before. The resulting BMC surface mor-
phology was then not highly dependent with the LPA
molecular weight. This result confirmed the key-role
of fillers in the shrinkage compensation of BMC dur-
ing industrial proceedings, generally not considered in
most of the studies.

3.2.2. Influence of the amount of LPA

For a same type of LPA (M, =2250 g - mol~!) the in-
fluence of the amount of LPA is illustrated by AFM
images of compositions 3 and 6 (respectively 18 and
12% of LPA) (Fig. 6 and 9). A higher amount of LPA
led to a larger pores volume (corresponding to a smaller
shrinkage) either for the TB or the BMC, leading con-
sequently to a higher roughness. The variations were
however more significant in the case of the TB.

10.0

20.0 nu
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(a)

Figure 10 AFM images of (a) BMC?7 surface and (b) TB7 surface.

3.2.3. Influence of the chemical nature

For a constant concentration of LPA (12 wt%), we stud-
ied the influence of the chemical nature of the LPA
(saturated polyester and urethane modified saturated
polyester). It has been reported that urethane modi-
fied saturated polyester exhibit lower miscibility with
UP/styrene blends [17]. This can be explained by the
chemical modification of the LPA (due to the pres-
ence of the urethane function) but also by the increased
molecular weight (5300 g - mol™).

In the case of the composition 7 (urethane modified
LPA), AFM image showed an heterogeneous structure
in TB and BMC with aggregates and holes presenting
various sizes, randomly disposed all other the surface
(Fig. 10). Aggregates were clearly visible and consti-
tuted a loose network with many small holes. This mor-
phology led to a high roughness and could be correlated
to the high pore volume measured for the samples. This
was compared with composition 6 (saturated polyester)
characterized by a more connected network, with less
and smaller holes at surface, and a lower pores vol-
ume in the bulk. The corresponding BMC presented an
homogeneous surface, with aggregates well dispersed
all over the surface. The comparison of the morpholo-
gies of these two compositions was consistent with the
lower miscibility of the considered urethane modified
LPA which provoked a precocious phase separation,
and consequently a looser network where pores forma-
tion was favored. In this particular case, one observed a
good correlation between the surface roughness of TB
and BMC: an increased roughness of the TB led to an
increased roughness of the BMC.

Despite the presence of holes and aggregates, the
morphology of composition 7 was drastically different
that the one observed for a low molecular weight LPA
where holes size was bigger, aggregates size smaller
and network more connected (Fig. 8). It is important
to note that for these two compositions (5 and 7), the
origin of the holes at surfaces was completely different.
In one case (low molecular weight LPA—composition
5) the holes originated from strong deformations of the
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surface due to intensive volume shrinkage. In the other
case (urethane modified LPA—composition 7), holes
resulted directly from the high pore volume generated
in the structure.

4. Conclusion

Surfaces of miscible thermoset blends and of the cor-
responding BMC were compared by AFM. BMC and
TB surfaces were constituted by aggregates linked to-
gether apart from TB without LPA. The discontinuous
nature of these surfaces implied a phase separation at
the surface during cross-linking. TB surface morphol-
ogy (aggregates size and arrangement) and roughness
were governed by the initial miscibility and its evolu-
tion during cross-linking. BMC surfaces reflected the
morphology and the roughness of the TB surface. How-
ever, when the LPA molecular weight was too low to
allow the development of pores inside the bulk, large
holes were observed at TB surface. The BMC did not
present such holes since pores could be developed in-
side the bulk with the help of fillers.

A good shrinkage control needed a large pore volume
that corresponded to a rough surface of BMC since
some pores could intercept the surface. Surface aspect
and shrinkage control were then opposite properties,
for which a comprise should be found.
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