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INTRODUCTION

Sheet molding compounds (SMC) are fiber-reinforced ther-
mosetting semifinished products. They are produced in
thin uncured and thickened sheets between 1 and 3 mm
thick that can be handled easily. To a larger extent, SMC
is a generic term that designates such types of compounds,
together with the process to convert them into large com-
posite parts (average area of 0.7 m2, with a maximum area
of up to 4 m2), which mainly display shell-like geometry
(average thickness of 2.5–3 mm). This process is usually
achieved through compression molding. It is industrially
profitable for medium volume production. Also note that
SMC can be injected. Roll forming was also reported as an
interesting process to make SMC parts [1–3].

SMC compounds include short, that is, discontinuous,
fibers or fiber bundles that are impregnated between two
layers of a resin paste. Various types of fibrous reinforce-
ment can be utilized: glass fiber bundles, that is, a strand
of individual glass filaments, which are most common,
carbon fiber bundles, plant-based fibers, or hybrids. The
typical length of the reinforcement is about 25–50 mm.
The volume fraction of the fibrous reinforcement ranges
between 10% and 65%.

The resin paste, that is, the composite matrix, consists
of a mixture of thermosetting resin (usually polyester but
also vinylester and epoxy), fillers (calcium carbonate, alu-
mina, etc.), and additives such as initiators, inhibitors,
thickeners, mold release agents, and low profile addi-
tives (LPAs). The resin paste is thickened before molding:
the paste viscosity is increased so that the SMC is a
‘‘putty-like’’ material. This is a fundamental point of the
SMC technology concept, which allows the sheets to be
easily handled and the paste to drift the fibers during
compression molding. This feature makes a clear distinc-
tion between SMC and other comparable thermosetting
compounds such as bulk molding compounds (BMC) and
continuous impregnated compounds (CIC).

The SMC process comprises two major distinct steps:
compounding and compression molding.

Compounding or Manufacturing of SMC Sheets

The compounding process is a continuous operation where
several steps can be classically distinguished. The paste
ingredients are first mixed together. Using a specially
designed compound machine, this paste is doctored onto
a conveyor of polymeric carrier film. Then discontinuous
fibers are distributed onto the paste layer. This opera-
tion forms a dry bed, also called mat, of fibers which
is subsequently sandwiched between another carrier film
and layer of paste. The sandwich is then calendered: this

induces the compaction, the impregnation, and the wet-
ting of the fiber bed by the paste. Generally, the resulting
sheet is then wound onto a take-up roll (Fig. 1). Finally,
the compounded sheet is subjected to a maturation stage
for a period of time ranging from a few hours to several
days.

During the compounding, the viscosity of the paste is
kept low in order to facilitate the impregnation of the fiber
bed, but remains high enough to allow the sheet to be
wound up without adverse leakage of the paste out of the
fiber bed during maturation. At the end of maturation, the
compound viscosity has increased sufficiently so that it
can be easily handled and has a sufficiently low viscosity
to be malleable and easily molded.

Compression Molding of SMC

When the SMC compound has matured enough for mold-
ing, it is cut into pieces or charges that are stacked,
after peeling the carrier films, and put in a heated mold
mounted in a hydraulic or mechanical press. This charge
usually covers 30–70% of the mold surface. Therefore, it
is important to notice that during the forming of the part,
the SMC charge is not only stamped but flows: this is
actually a molding process. Furthermore, during its place-
ment into the heated mold (typical molding temperature
130–160◦C), the SMC charge is ‘‘cold’’ (at room tempera-
ture). This differentiates this process from the compression
molding techniques used for the thermoplastic analog of
SMC: that is, glass mat thermoplastics (GMT) where the
charge is preheated and the mold maintained at a low
temperature.

During the mold closure, two major stages can be seen.
First, the mold filling stage induces complex flow phe-
nomena of the SMC charge coupled with heat transfer
phenomena. Main mechanisms of SMC flow are plug flow
and preferential flow, which occurs at the charge–mold
surface interface. This differentiates this forming process
from injection molding techniques, where fountain flow
usually occurs. Such flow is accompanied by the orientation
of the fibrous reinforcement. However, in complex zones of
the mold, such as ribs, bosses, boss gussets, attachments,
or inserts, flow mechanisms are much more complex and
can lead to detrimental fiber–matrix separation. Mold fill-
ing lasts approximately 1–10 s depending on the shape
of the molded part. Second, the solidification stage results
in the curing or cross-linking of the thermoset resin of
the SMC paste maintained under high pressure. This is
a thermally activated phenomenon, which is induced by
the mold temperature. Once activated, the curing reaction
is exothermic and may be disrupted by the heterogeneous
temperature field in the mold. In most cases, it is accom-
panied by cure shrinkage, which can yield, together with
the heterogeneities of the thermal field within the part, to
adverse warpage of parts after demolding. Curing cycles
range from less than 1 min to about 5 min depending on
the used thermoset polymer and the characteristic thick-
ness of the part. Then, the mold is opened and the part is
removed. The finishing operation can then be performed.
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Figure 1. View of SMC rolls (a)
40-cm wide and (b) 1.20-m wide dur-
ing unreeling operation before mold-
ing. Source: Part (b), courtesy of Ino-
plast, Saint-Désirat, France. (a) (b)

Typical Applications/Industrial Fields

Early applications of SMC can be found in the European
and Japanese markets in the 1960s. SMC were introduced
in the US market in 1965. Today, they are used worldwide
and represent a major part of the world’s thermoset com-
posites. Globally, the compression molding of SMC is the
third most intensively used technique for the production of
polymer composite parts worldwide (behind the injection of
reinforced thermoplatics and the hand lay-up techniques).
It represents about 15% of the total of produced parts and
of the total of materials used by the composite industry.
There is a large diversity of fields of applications for SMC.
The automotive and truck industries remain the drivers
of the SMC technology, but SMC are commonly used in
the agricultural, rail and marine (interior and body parts,
watercraft parts, etc.), electrical (low voltage and medium
voltage energy systems, fuses and switchgear, cabinets
and junction boxes, encapsulation of wirings and elec-
tronic circuits, electrical components with reduced surface
resistivity, lamp housings) and energy (parts for wind tur-
bine and solar power applications, etc.), sanitary (sinks
and bath tubs, toilet seats, drain covers, etc.), domestic
appliance (blower housings, drain pans, and heating, ven-
tilation, and air conditioning (HVAC) systems, vent trims,
parabolic mirrors, swimming pool panels, etc.), building
and construction (drinking water tanks, panels, doors,
etc.), and medical (surgery equipment, dental medication
systems, antibacterial components) sectors.

In the automotive and truck industries, SMC parts
are used notably in exterior and interior body panels,
painted (class A parts) and unpainted, semistructural and
structural parts (cf. Fig. 2). Basically, class A means that

the surface finish has to exhibit an aspect of flatness,
smoothness, and light reflection similar to that of stamped
steels. A nonexhaustive list of automotive parts gives, for
instance, bumpers, fenders, trunk divider, hood and door
assemblies, deck lids, body panels, fenders, roof panels,
spoilers, step assists, back panels, wheelhouses, firewalls,
grilles, tailboards, cargo lids, stowage tubs, headlamp
housings, and supports. More recently, high temperature
underhood parts have been developed (e.g., valve covers).

SMC in aerospace are still rare. Nonetheless, allied with
carbon fibers, SMC are penetrating the aeronautic indus-
trial field for extra-wide-body commercial aircrafts (e.g.,
large window frames, secondary structures, and interi-
ors). Their performances are then between standard SMC
and a quasi-isotropic laminate and meet the requirements
of tight geometrical tolerances and weigh half as much
as aluminum alloys. Finally, SMC are also spreading in
sporting and leisure goods (bicycle components, etc.).

Major Advantages of SMC

SMC are versatile materials: their formulation can be
adjusted and tailored to meet the requirements of a diverse
range of applications. Compression molding of SMC allows
processing complex and large shapes on a rapid cycle time.
Features such as inserts, ribs, bosses, and attachments
can be molded in. This process needs little mold prepara-
tion and generates few scraps, thus reducing the cost of
trimming operations. Good surface finishes are obtainable,
contributing to lower part-finishing cost. This process can
also be automated.

Figure 2. Typical SMC parts used
in the automotive and truck indus-
tries (truck roof panel and wheel-
house). Source: Courtesy of Inoplast,
Saint-Désirat, France.
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Compared, for instance, to steels, SMC provide design
freedom and flexibility by accommodating shape complex-
ity and geometric details; reduced manufacturing com-
plexity through part integration in a single assembly; and
combining structural, assembly, and integration functions
(e.g., antennae embedment); substantial weight reduction
(∼20–35% lighter than equivalent steel parts); superior
corrosion resistance; and reduced tooling costs (40% less
than tools for steel stamping). SMC also offer enhanced
damage resistance from dents and dings, especially in
exterior cladding (body panels), as compared to aluminum
alloys and steels; good harshness properties; and good
noise and vibration properties. The benefits of using SMC
are also: in-mold coloring and powder priming for painted
parts with the requirement of high temperature resistance
from 150 to 200◦C for e-coat application.

Compared with injection molded parts, particularly
those produced using the BMC process, SMC parts have
better mechanical properties. For instance, equivalent
parts exhibit typically an average thickness of 2.5 mm
in the SMC case, whereas this thickness is about 3.5 mm
in the case of injection molded BMC to meet the same
mechanical requirements. This is due to the highest length
of the fibers used in SMC. Even if fibers having the same
length can be used in both processes, it is known that
injection processes have a clear tendency to damage the
fibrous reinforcement resulting in a drastic length reduc-
tion. This shows a limitation and an inefficiency in the
injection processes. On the contrary, compression molding
allows a lower freedom of design and complex geometry to
be molded. This can be seen as an advantage when com-
paring SMC with prepreg fabrics: the latter indeed offer
higher mechanical properties, but the parts have simpler
geometry.

For many applications, SMC compete with
fiber-reinforced thermoplastic materials. Those materials
can be injection molded or compression molded as GMT.
SMC parts have better mechanical properties, heat
resistance, better than usual dimensional stability and
environmental resistance, and cost-effective thermoplastic
composite parts. In contrast, fiber-reinforced thermoplas-
tics generate fewer scraps than SMC, thus lowering labor
costs. Furthermore, SMC have some disadvantages: the
continuous thickening of the paste, the variations of the
rheological properties, as well as the emission of styrene,
which impacts the curing reaction, the variations of the
basis weight, and the cooling of molding parts, which
may induce some geometrical distortions if not controlled
properly, still remain tricky to control at the industrial
scale. But there is no clear trend yet that SMC will be
replaced by composite thermoplastics. Indeed, assembly
can be manufactured from a subset of parts. SMC can be
used for the structural parts of the assembly, whereas
visible skins can be composed of thermoplastic composites.
This type of solution is currently implemented in the
automotive industry. Nevertheless, painted SMC body
panels are still being produced without major insoluble
industrial problems.

History and Current Research and Development Work

The concept of the SMC process appears to be simple. This
is, however, the result of a considerable amount of devel-
opment time. The concept of thickened glass-reinforced
polyester composites originated in the early 1950s through
an invention by Charles Fisk [4]. In the 1960s, the paste
formulation was refined to the form used at present.
Chopped glass fibers were used, and the technology of
the compound machinery was subsequently adapted and
defined close to the present form. In the 1970s and
1980s, development work focused on the improvement
of LPAs to avoid geometrical defects and on size formula-
tion to enhance the properties of the interfaces between
the fibrous reinforcement and the paste. The 1980s saw
large-scale use of SMC by the automotive industry, leading
to the development of Class A SMC. Research work focused
also on the description of SMC flow inside a mold and SMC
rheology and led to first-flow simulation numerical tools in
the 1990s. This effort was further strengthened in the late
1990s, the first decade of 2000, and still continues, today.
This description is, however, not exhaustive.

Today, current research and development work for
future improvement of physicochemical, thermomechani-
cal, optical, technological, environmental, and safety prop-
erties of SMC is focusing on the following:

• the development of low, mid-density, and high
strength SMC compounds, for instance, allowing the
mass in class A to be reduced and thinner exterior
parts to be molded for the automotive industry with
the requirement of no loss of physical properties and
no read-through;

• the increase of damage and impact resistance prop-
erties;

• the development of carbon reinforcement fibers for
high end car parts and civil aircraft applications;

• the development of high temperature SMC (>140◦C)
for powertrain system applications;

• the development of conductive SMC grades;
• the improvement of paintability for class A appli-

cations, for example, during the baking of powder
priming on the assembly line, by reducing the effects
of moisture, air, and volatile components that out-
gas from traditional SMC and create paint pops or
defects in parts;

• the formulation of UV-stable formulation, for
example, for mold-in color formulations;

• the formulation of SMC, which fulfill more rigid
requirements of safety properties such as flame,
smoke, and toxicity;

• the development of antimicrobial additives to address
water treatment application issues;

• the formulation of low volatile organic compounds
(VOC) recipes;

• the formulation of paste recipes utilizing factory
scrap and SMC using raw materials with reduced
costs for standard applications;

• the use of bio-based resins and natural fibers, which
will make SMC greener;
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• the reduction of maturation time from hours to min-
utes for in-line SMC compounding;

• the reduction of cycle time and the development of
rapid cycle process;

• the improvement of the assembly techniques of SMC
parts.

These further developments are mainly driven by the
needs of the automotive industry. The use of SMC in civil
aircrafts is, however, further opening new research and
development areas. This will confer SMC with enhanced
use properties, optimized process, and enhanced method-
ology of quality tests. This will also make SMC greener
and safer. These developments are necessary to compete
with steels, aluminum alloys, and thermoplastic-based
composite materials.

In the following, this short description of SMC is further
elaborated on. In particular, the sections titled ‘‘Materi-
als,’’ ‘‘Compounding,’’ ‘‘Compression Molding,’’ ‘‘Properties
of SMC Composites,’’ and ‘‘SMC Recycling’’ detail descrip-
tions of the materials used in SMC, the compounding
phase, the compression molding phase, the final properties
of SMC, and their recycling.

MATERIALS

The SMC Matrix or Paste

The SMC matrix, often termed the SMC paste in its
uncured state, is a complex organomineral multimate-
rial that is generally constituted by (i) a thermoset resin,
that is, a mixture of cross-linkers and linking agents,
(ii) their associated initiators and inhibitors, (iii) specific
thermoplastic polymers, also known as low profile addi-
tives, which are introduced in order to limit the shrinkage
of the thermoset resin during its curing, (iv) fillers aimed
at increasing some of the physical and mechanical prop-
erties of SMC, (v) thickening agents used to increase the
matrix viscosity after compounding and before molding,
and (vi) other additives (Table 1).

Depending on both the targeted final properties and the
price of produced parts, various types of thermoset poly-
mers can be used to constitute SMC resins. To date, the
most employed resins are based on unsaturated polyesters
(UPs) (see next subsection) but for applications demanding
higher mechanical or physical properties, vinylester (see
the section titled ‘‘Vinylester Resins’’), phenol formalde-
hyde (see the section titled ‘‘Phenolic Resins’’), or epoxy

Table 1. Classical SMC Formulation

Components wt%

Polyester resin + reactive monomer 25.00
Initiators 0.25
Inhibitors Trace
Low profile additives 4.00
Mineral fillers 40.00
Thickening agents 0.75
Other additives 1.00
Glass fibers 29.00

(see the section titled ‘‘Epoxy Resins’’) resins may be
preferred. The actual price increase of petroleum-based
products, together with the demand of more environ-
mentally friendly SMC, now yields to the development
of other bio-based thermoset resins (see the section titled
‘‘Bio-Based Resins’’) as potential substitutes of other ‘‘stan-
dard’’ resins.

Unsaturated Polyester Resins: the Most Used. Because of
their low cost, their good physical and mechanical proper-
ties in the solid state, their weatherability, and their short
curing time, UP resins are widely used in the compositions
of thermoset polymer composites [5]. In particular, they
are still the most employed resins in the SMC formula-
tions.

The UPs are the chemical products of a linear poly-
condensation known as polyesterification. This polycon-
densation takes place in reactors and usually involves
unsaturated/saturated acids/anhydrides and diols. As an
example, Fig. 3 depicts a typical polycondensation between
an ethylene glycol and a maleic anhydride, the products of
which are water and an UP. The resulting UP molecules
display a molecular weight around 2000 g/mol.

There are numerous UP resin formulations that can
be used in polymer composites such as SMC [6]. These
resins can be classified on the basis of the chemical struc-
tures of the UPs: ortho-resins, iso-resins, bisphenol-A
fumarate resins, and so on. For instance, ortho-resins
are made up of glycols (the most used glycols in SMC
being the (di)polypropylenes, the (di)ethylene glycols, etc.),
orthophthalic anhydrides, maleic anhydrides, or fumaric
acids. Their cost is reasonable in general and they exhibit
rather good physical and mechanical properties. Iso-resins
are based on glycols, isophthalic acids, and maleic or
fumaric acids. Bisphenol-A fumarate resins contain aro-
matic groups that further improve the thermomechanical
properties of the cured resin, by bringing it, for instance,
enhanced resistance to corrosion.

Once produced, UP molecules are blended with a reac-
tive solvent, the functions of which are (i) to lower the
viscosity of the SMC paste before curing (especially for
both the paste impregnation of the fibrous reinforcement
and the SMC mold filling) and (ii) to react with the UP
molecules during the curing phase. Such solvents are com-
monly vinyl monomers, and for economic and reactivity
reasons, styrene is the most used in SMC with UP resins.

The curing reaction of UP resins processes through
free radical chain-growth cross-linking polymerization
between the vinyl monomers and the UP molecules
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Figure 3. Condensation between a maleic anhydride and an
ethylene glycol for the formation of an unsaturated polyester.
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Figure 4. Possible reactions during the cure of an UP resin:
intermolecular (a–b) or intramolecular (c–d) reaction with link-
ing (a–c) or without linking (b–d) through styrene, (e) styrene
branching, (f) styrene–styrene homopolymerization.

[7]. The UP molecules are the cross-linkers, whereas
the styrene monomers (for instance) act as agents to
link neighboring UP molecules. Such a reaction can be
sequenced in different steps [8]: initiation and inhibition
(see next point), propagation, and termination.

During the last two steps of the curing reaction, vari-
ous cross-linking mechanisms arise (Fig. 4), for example,
styrene–polyester vinylene, styrene–styrene, polyester
vinylene–polyester vinylene [9]. Thus, the formation of
the solid polymer network implies both intermolecular and
intramolecular reactions between UP molecules, with or
without linking through styrene monomers. Furthermore,
as the homopolymerization of styrene may also occur dur-
ing the curing reaction [10,11], and as loss of styrene can
also be recorded all along the SMC processing, styrene
is thus added in excess in the resin formulation in order
to ensure enough cross-links between the UP molecules.
Lastly, UP resins, because of their high number of viny-
lene groups per molecule, display a rapid gel conversion
[12–14].

Initiators and Inhibitors. The initiation of the curing
reaction requires an initiator that is able, after suitable
thermal decomposition, to induce free radicals in the UP
resin [15]. The decomposition of the initiator, which can be
enhanced by adding metals compounds, tertiary amines,
or mercaptan to the formulation [9], must not start during
the impregnation of the fibrous reinforcement or during
the maturation of the SMC paste, or during the mold-filling
phase. It must also have optimal performance just after
the mold filling, that is, when the mold is still kept closed
and the SMC temperature ranges between 80 and 160◦C,
in order to ensure the best conversion of the UP resin
within the shortest curing time. A large amount of organic
peroxides can fit such requirements. Among them, perox-
yesters and peroxyketals, with a 0.5–2 wt% of the base

resin and styrene are the most suited and most employed
peroxide classes in SMC formulations. In general, blends
of peroxides are usually formulated in order to attain
optimized cross-linkings for a given SMC process.

For a better control of the cure reaction of SMC UP
resins, the mentioned initiators are commonly associated
with inhibitors [15,16], their role being to prevent mea-
surable and undesirable resin gelation before the targeted
curing time. Indeed, by trapping the first free radicals of
the UP resin, they act as cure retardant until they are
consumed. Among the whole set of inhibitors, quinone,
hydroquinone, and their derivatives are the most used in
SMC.

Low Profile Additives. The compression molding phase
involves significant temperature variations inside the
SMC charges (100–130◦C). These temperature changes
induce thermal expansion and shrinkage of the compos-
ites. They also provoke the curing reaction of the thermoset
resin contained inside the paste, which is accompanied, in
the case of UP resins, by a noteworthy local negative vol-
ume variation of ≈ −7% [17], also known as polymerization
shrinkage. If not erased, the polymerization shrinkage can
yield to a ≈−0.3/−0.5% shrinkage of SMC, and hence
to several undesirable defects on produced parts, such
as warpage, poor surface appearance and surface defects
(sinks, waviness), internal porosity, cracks, and so on.
The solution to compensate the polymerization shrinkage
consists of including into the paste thermoplastic poly-
mers known as low profile additives [18]. Depending on
the quantity and the effect of these LPAs, various SMC
formulations can be obtained: standard SMC formulations
with no LPA and high shrinkage, low shrink SMC formu-
lations for which the shrinkage is between −0.05% and
-0.3%, and low profile SMC ones for which the shrinkage
is between -0.05% and 0.05%. The first two are preferen-
tially used for structural applications, whereas the last
are used for appearance parts (car panels) because of their
very nice surface properties. When required, the usual
amount of LPA is ∼2–5 wt% of the cured composite, or
7–20 wt% of the amount of organic compounds. They are
usually dispersed in a portion of the reactive solvent dur-
ing the resin processing. Typical LPA that can be used for
SMC with UP resins are polystyrene (PS), polyurethane
(PU), polymethyl methacrylate (PMMA), polyvinyl acetate
(PVAc), and styrene–butadiene copolymers. Compared to
the neat resin, changes of the curing kinetics of the UP
resins with LPA can be observed [19,20] and changes in
the resin viscosity and its mechanical properties in solid
state may also be expected. Good shrinkage control is usu-
ally obtained when the LPA is compatible with the resin
in the liquid state, so that the resulting blend forms a uni-
form mixture and becomes incompatible with the resin as
the curing reaction proceeds: under such circumstances,
a homogeneous and fine phase separation occurs between
two co-continuous phases [7,20–22], that is, the cured
microgels and an LPA-rich one (Fig. 5). Shrinkage control
mechanisms involve the thermal expansion of the LPA
and the unreacted styrene during the early stage of curing,
together with the formation of microvoids through the LPA
phase at later stages of the curing reaction (Fig. 5) [23,24].
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2 μm

Figure 5. TEM micrograph of nonetched samples containing
14 wt% of PVAc after curing at 110◦C, showing polyester globules
(darker gray phase) in a matrix rich in PVAc (other gray phase)
and microvoids (white phase) in the matrix rich in PVAc [20].

Various hypotheses have been established to explain the
formation of microvoids: internal thermomechanical stress
induced by the cured phase of the co-continuous structure
leading to microvoids and/or cracks in the LPA [25–27],
a mechanism which may be accompanied or enhanced by
the foaming or boiling of styrene entrapped in the LPA
[20].

Fillers. In combination with the fibrous reinforcement
(see the section titled ‘‘The Fibrous Reinforcement’’), fillers
are usually added to the SMC paste for different purposes.
First, fillers can be used to increase some of the final
physical or mechanical properties of the SMC (density,
fire resistance, conductivity, ultimate strength, etc.). Sec-
ond, they are also useful to tune the paste viscosity before
the thickening of the paste is achieved, that is, between
the paste mixing and just after the impregnation phase:
during this stage, the paste viscosity must be low enough
to ensure an optimal impregnation of the fibrous rein-
forcement, but at the same time, it must be high enough
so that once the sheet is processed, the paste cannot be
expelled from the fibrous network during its handling and
thickening. By increasing the paste viscosity, fillers also
contribute to better molding conditions (and hence better
surface and bulk properties of SMC parts), allowing the
paste to better drift the fibrous reinforcement during com-
pression molding. As their thermophysical properties are
often different from those of the polymer resins, fillers can
also change the cure kinetics during compression molding
[19,28] by changing, in particular, local heat transfers.
They can also limit the paste shrinkage at the macroscopic
scale. Lastly, cheap fillers are usually added into the paste
in order to decrease the SMC fabrication cost by lowering,
for instance, the amount of polymers in the paste.

The volume fraction of fillers that are put in the
SMC paste is usually very high and ranges between 20%
and 50%. The filler’ particles look like spheres, grains
with angular or rounded shapes, platelets, or fibers (see
examples given in Fig. 6). Their typical average size ranges
between 1 and 50 μm, with or without widespread parti-
cle size distribution. Accounting for such microstructural
parameters, the physical and mechanical properties of the
paste are strongly affected by the fillers. For instance,
its rheology in its uncured state may be significantly
increased by the filler content [29]; the paste rheology
is also affected by its particle shape, particle size distribu-
tion [30], and so on. Thus, the filled paste behaves like a
concentrated granular suspension, exhibiting a problem-
atic non-Newtonian rheology (shear-thinning effects, yield
stress, etc.) [29] that must be taken into account for a
better optimization of the SMC process.

SMC fillers are mainly mineral ones [31]. The most
used fillers are calcium carbonates. Extracted from
ground limestone, they reduce the fabrication cost, but
in turn, they increase the specific mass of produced
parts (density 2.7 g/cm3). Other fillers can replace them
partially or totally, such as alumina (good dielectric
properties), anhydrous calcium sulfates (granular or
fibrous, good properties at high temperatures), kaolin
clays (density 2.58 g/cm3, good properties at high temper-
atures, corrosion resistance), silica (stain and corrosion
resistance), nepheline syenite (density 2.6 g/cm3, stain
and acid resistance), barium sulfate (density 4.4 g/cm3,
X-ray opacity, acoustic properties), and so on. To decrease
substantially the specific weight of SMC parts, hollow
glass microspheres are used as attractive solutions (den-
sity 0.2–0.7 g/cm3). Alumina trihydrate fillers (density
2.42 g/cm3) are also used in SMC applications when
fire resistance is required, because of their interesting
endothermic decomposition at 220–320◦C

2Al(OH)3 → Al2O3 + H2O

which absorbs the heat of combustion and limits smoke
formation and combustion gases. In order to improve their
interface properties with the paste resin, most of the fillers
mentioned above can be subjected to a surface treatment.
As an example, for fillers containing aluminum/silicon
oxides or hydroxides surface groups, silane coupling agents
can be utilized [31]. Likewise, it is important to mention
that the moisture content of the fillers must be controlled
and kept at the weakest level, since the moisture content
drastically affects the thickening of the paste (see below),
and hence the subsequent compression molding stage.
Lastly, the current trend is to introduce in the SMC paste
finer fillers, such as nanoplatelets or nanofibers (e.g., exfo-
liated clays such as montmorillonite and graphene). These
nanofillers can enhance the surface (e.g., paintability) and
the bulk physical/mechanical properties of the SMC paste
[32,33].

Thickening Agents. Before molding, SMC are subjected
to several handling operations such as charge cutting,
folding, and placement in the mold. Such manipulations
would not be possible without a significant thickening of
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(a)

(c)

(b)

Figure 6. SEM micrographs of typi-
cal SMC fillers: (a) CaCO3, (b) hollow
glass spheres, and (c) Al2O3.

the SMC pastes, even filled. Similarly, during compression
molding, it would not be possible to induce the fibrous rein-
forcement flow within the mold without a high viscosity
of the SMC paste. For these reasons, but also to prevent
the phase separation within the resin itself after its pro-
cessing, it is necessary to thicken the SMC paste, such a
procedure being fundamental in the SMC process. For this
purpose, a thickening agent is added into the paste during
its processing [34]. It must be efficient enough for the pre-
requisite stated above: allowing for sufficiently high (but
not too high) viscosity of the paste before and during com-
pression molding. Its effect must also be delayed enough,
in order to ensure an efficient impregnation of the fibrous
reinforcement by the paste. Thereafter, the paste thicken-
ing should be rapid in order to speed up the productivity.
Several thickening agents can reach such requirements.

The most used in SMC formulations are Group IIA
metal oxides and hydroxides, such as oxide magnesium
and hydroxide magnesium. These agents are incorporated
(in the form of a dry powder or already dispersed in the
resin for better homogenization) in the paste with a nom-
inal concentration ranging between 0.5% and 3% based
on the resin and LPA. In doing so, the paste viscosity is
multiplied by approximately 3 or 4 orders of magnitudes in
a rather short transient regime (1–10 days) and it reaches
a plateau during which the viscosity slightly evolves (see
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Figure 7. Typical time evolution of the shear viscosity (at a shear
strain rate of 1 s−1) showing the thickening of a standard SMC
paste.

the example given in Fig. 7) and the handling together
with the compression molding are available.

Various mechanisms have been suggested in order
to explain the role of these thickening agents [34–38].
The first mechanism is an acid–base reaction between
the hydroxyl-terminated polyester molecules and the
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(hydr)oxides, which increases the length of molecules in
the paste and thus its viscosity. For instance, in the case
of MgO:

HO

+ H2O

C C OH

O

+ MgO2

HO C C O

O

O O

O C C O

O O

Mg

Other mechanisms involve the bridging of adjacent
polyester-modified molecules to form a network and
increase the paste viscosity: (a) bridging between carbonyl
and ether oxygens and (b) formation of complexes between
the polyester carbonyl oxygen and the metal atom coming
from the (hydr)oxide:
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The mechanisms involved during such a paste thicken-
ing are very sensitive to the temperature and to the mois-
ture content [36,39–43]. For instance, acid–base links
that are created during the thickening can be destroyed
by heating the paste, for example, during compression
molding, leading to a pronounced decrease of its viscos-
ity, which can facilitate the mold filling. However, at the
same time, any temperature or moisture content variation
recorded during the thickening phase should be avoided
in order to limit the variability of the paste viscosity dur-
ing the production: this is why the thickening is achieved
(i) in temperature- and humidity-controlled rooms and
(ii) by using raw materials (e.g., fillers, oxides, etc.) with
prescribed and limited moisture content. Lastly, it must
be pointed out that the thickening can affect the curing
reaction [37,38].

The SMC paste can also be thickened by producing
within its UP resin long polyurethane molecules form-
ing a network that is able to increase significantly the
paste viscosity (known as the ITP or interpenetrating
process) [44,45]. The presence of polyurethane molecules
also increases the toughness of the cured SMC parts.
Polyurethane molecules are processed by a linear polycon-
densation between some of the polyester molecules of the

resin and a diisocyanate. Usually, aromatic diisocyanates
such as methyl diphenyl diisocyanate (MDI) are used pur-
posely. Compared to the previous thickening method, this
chemical thickening is faster (few hours, less than one
day) and the resin is stable for a longer time. However,
the influence of the temperature on the viscosity decrease
is weak. If necessary, this can be tuned by functionalizing
the LPAs, for instance, in order to form thermobreakable
links with the diisocyanate [46].

Other Additives. Various additional components are
usually put into the paste formulation, such as mold
release agents, pigments, flame retardants, antistatic
agents, viscosity reducers, and so on. They can affect not
only the cure kinetics, the thickening of the paste but also
the mechanical properties of the SMC.

• The role of mold release agents is to avoid the pos-
sible sticking of the compression-molded parts on
demolding. Their amount does not exceed 3% of the
total compound. They are usually stearates—zinc,
calcium, or aluminum stearates—or stearic acid.

• Pigments (e.g., carbon black, metallic oxides, and
salts) are added into the paste for applications which
do not require a painting operation after compres-
sion molding. They are added (between 1% and 5%
by weight of the resin paste) into the paste in dry
(powder) or dispersed forms.

• In order to further improve the fire resistance of SMC
parts, additives such as halogenated components
can be put into the paste. Halogens such as chlo-
rinated paraffins, diallyl tetrabromophthalate, and
tris(2,3-dibromopropyl) phosphates antimony triox-
ide are incorporated as reactive monomers. However,
these components, because of the toxicity of the gas
and smoke they generate on combustion, cannot be
used any more today.

Alternate Thermoset Resins. Except the UP resins, other
types of thermoset resins can be used in SMC. A brief
description of the most utilized of them is given below:
vinylester, phenol formaldehyde, epoxy resins (Table 2),
and new ‘‘greener’’ resins.

Phenolic Resins. In order to enhance both mechanical
properties at elevated temperatures and the fire resis-
tance, standard UP resins can be replaced by phenol
formaldehyde resins. Such resins indeed exhibit very good
resistance to fire, so that they are better candidates for
applications requiring, for instance, the security of people

Table 2. Typical Mechanical Properties of the Most SMC Used Thermosets Resins

Thermoset Resins UP Resins Phenolic Resins Vinylester Resins Epoxy Resins

Density 1.2 1.2 1.1–1.3 1.1–1.4
Young’s modulus (GPa) 3–3.5 3–3.5 3.5–4 3.5–4
Tensile strength (MPa) 50–65 40–55 70–90 50–90
Tensile elongation (%) 1.5 1.5 3 3
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(e.g., in buildings). Furthermore, their shrinkage on curing
is very small (0.05%).

Phenol formaldehyde resins are synthetic thermoset
resins which are obtained by the polycondensation of phe-
nols with formaldehyde. The resole forms of these resins
are often used in SMC: they are obtained by a base-catalyst
process with a formaldehyde to phenol ratio greater than
one. Before molding, they are liquids within which fillers
can be added. Similarly to UP resins, they can be thick-
ened with an alkali metal oxide or an alkaline earth metal
oxide. If an acid catalyst is used for the cure reaction,
calcium carbonate fillers are not appropriate. To increase
fire resistance properties of phenol formaldehyde SMC,
hydrated alumina are well suited, as shown previously.

Vinylester Resins. Vinylester resins are used for SMC
formulations that require higher physical and mechanical
properties, for example, for structural applications
[6]. They exhibit good thermomechanical properties,
approaching those of epoxy resins. At the same time, like
the UP resins, they display rather short curing times.
Their molecules are quite similar to UP molecules, except
for the double bound that is located in the terminal position
of the chain. They are usually processed by the addition of
an ethylenically unsaturated monocarboxylic acid (acrylic
and methacrylic acids) to epoxy (e.g., diglycidyl ether of
bisphenol-A, etc.). Vinylester resins can be diluted with
a reactive monomer such as styrene or vinyl toluene. The
acid–epoxide reaction can be initiated by appropriate
initiators such as tertiary amines, phosphine, alkalis, or
omnium salts. In order to be thickened before molding
by divalent metallic oxides or hydroxides, the vinylester
molecule used for SMC must be functionalized [6].

Epoxy Resins. For parts requiring high mechanical prop-
erties, and when the economic factor is not of first impor-
tance (e.g., in the aerospace domain), the SMC paste can
also be made up of epoxy resins, which exhibit higher
mechanical properties than UP resins. Hence, the matrix
is generally associated with a high content of glass or
carbon fibers, leading in the last case to a significant
improvement of specific mechanical properties (this is fur-
ther enhanced if the discontinuous fiber bundles are cut
from UD prepreg). To allow easy handling of the com-
pounds before compression and to allow the resin to drift
the fibrous reinforcement during compression, the epoxy
matrix can be thickened from chemical or thermal routes,
as usual epoxy-based prepregs. As for phenol formalde-
hyde resins, the shrinkage recorded during the curing
reaction is weak.

Bio-Based Resins. Most of the resin components men-
tioned previously (cf. see the sections titled ‘‘Unsaturated
Polyester Resins: the Most used,’’ ‘‘Vinylester Resins,’’
‘‘Phenolic Resins,’’ and ‘‘Epoxy Resins’’) are directly pro-
duced from the petroleum industry. With the increase of
the price of petroleum (induced by the finite limitation
of its reserves), together with the aspiration of limiting
the impact of fossil fuels on the global warming, many
studies are now focusing on the development of alter-
nate solutions to produce green polymer resins from other

natural resources. Within this context, new thermoset
resins, which exhibit mechanical properties similar to the
usual UP resins, can be synthesized from natural oils
with polymerizable functional groups and sufficient acid
functionality for SMC applications [47,48]. For example,
maleated hydroxylated soybean oil or maleated acrylated
epoxidized soybean oil can be synthesized, blended with
styrene to form a greener resin, thickened with standard
magnesium oxides, and cured with standard initiators
such as t-butyl perbenzoate [49].

The Fibrous Reinforcement

The SMC paste is usually reinforced with short or discon-
tinuous fibers or fiber bundles having a medium length.
Fibrous reinforcement is necessary to achieve the required
mechanical properties and dimensional stability of SMC.
The use of discontinuous reinforcement allows parts with
complex shape to be molded. Traditionally, SMC are rein-
forced with glass fiber bundles. This domain is currently
evolving quite rapidly as carbon fibers and plant-based
fibers are more commonly considered for use as reinforce-
ment materials for SMC. These trends will allow new
markets for SMC to be opened toward parts with higher
mechanical properties in the case of carbon fibers, whereas
the use of plant-based fibers could allow greener SMC to
be formulated.

Glass Fiber Bundles: the Most Used Fibrous Reinforcement.
Glass Fiber Bundles. Bundles of glass filaments are tra-

ditionally chosen to reinforce SMC (Fig. 8). These bundles
are obtained by chopping continuous glass rovings in-line
in the compounding machine (see the section titled ‘‘SMC
Machine’’ and Fig. 9). The mass fraction of the fibrous
reinforcement in SMC ranges typically between 10% and
65%.

As shown in the 3D micrograph of Fig. 8a, a bundle
exhibits a typical ribbon-like shape. It contains typically
about 200 glass filaments. Filaments have a constant
diameter from about 9.5 to about 16 μm. The typical
length of bundles is about 25–50 mm and their cross
section is often described as an ellipse having a minor
axis ranging classically between 60 and 200 μm and a
major axis between 500 and 1000 μm before impregnation
and molding operations [50–52]. The glass fiber volume
fraction in a bundle is on average 65%. The remaining
volume is occupied by entrapped air and sizing, that is,
a chemical composition applied onto the surface of the
filaments. The sizing amount is about 1.4–1.8% by weight
(measured by the loss on ignition technique) [53].

Filaments are traditionally formed of E-glass, although
other types of glass fibers could also be used in order to
improve, for example, mechanical properties of the fibrous
reinforcement. It is interesting to use glass filaments as
they exhibit far better properties than a bulk piece of glass
because of a convenient length of flaw versus filament
diameter ratio for strength properties. Furthermore, siz-
ing is known to increase the strength properties of glass
filaments. The strength of filaments depends as well on
their forming conditions [54].
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Figure 8. Partial views of a typical sized E-glass fiber bundle.
(a) 3-D micrograph (obtained from X-ray microtomography) show-
ing a typical E-glass fiber bundle. (b) View of a cross section
obtained after breaking the fiber bundle (SEM image).

Manufacturing of Glass Fiber Bundles. Filaments are
formed by attenuating streams of a molten glass mate-
rial from a bushing. After the filaments are drawn from
the bushing, the filaments are generally coated with an
(aqueous-based) sizing. The sizing is applied to the rein-
forcing fibers by various conventional methods, including
kiss roll, dip-draw, slide, or spray application to achieve
the desired amount of the sizing composition onto the
fibers.

The wet, sized filaments are then split and gathered
into bundles having a specific desired number of individ-
ual filaments (e.g., 200) at a gathering shoe and wound
onto a collet into forming packages or cakes. The form-
ing cakes are heated in an oven at a temperature from
about 100◦C to about 130◦C for about 15–20 h to remove
water and to cure the sizing on the surface of the fibers.
It is necessary to remove water and to control its amount
because it can lower the adhesion properties between the
glass reinforcement and the polymeric matrix. The dry-
ing and cure of sizing is a complex operation that can
induce migration phenomena of the sizing components,
coloring of the glass fiber, and deformation of the forming

Figure 9. Upper view of continuous glass fiber rovings.

packages. Once the cure is performed, forming packages
are put into a creel and a large number of bundles are
wound together into a ball of continuous roving (Fig. 9). A
roving resembles a large continuous ribbon in which glass
fiber bundles stick together. The roving can be heated to
promote the adhesion of the glass bundles. The roving is
used because it unwinds cleanly and can be easily trans-
ported through steel or plastic tubing to the choppers of the
SMC-compounding machine where the fibers are cut into
bundle segments (see the section titled ‘‘SMC Machine’’
and Figs 10 and 11). Ideally, all roving ribbons break up
into elementary bundles during this operation: this defines
a so-called 100% bundle dispersion. But dispersion can be
influenced by the sizing, the heat treatment of the roving,
and also by the chopping process [54]. For SMC, rovings
with a yield of 2200 Tex (g/km) and 4400 Tex (g/km) are
typically used.

Role, Ingredients, and Effects of Sizing. The sizing is an
organic coating applied to glass filaments. The role of siz-
ing is threefold: (i) to confer integrity to the glass fiber
bundles, (ii) to provide protection to the fibers from inter-
filament abrasion and damage through processing steps
(in the winding of the fibers and bundles onto a form-
ing package, drying of the sizing, rowing, unwinding, and
chopping), and (iii) to promote the chemical compatibility
in order to improve the adhesion between the glass fibers
and the polymeric matrix. Sizing is generally composed of
the following main ingredients [53,56,57].

For deposit onto glass fibers, the sizing ingredients
are dissolved or dispersed in water or solvent. The water
or solvent is added in a sufficient amount to adjust the
viscosity of the sizing to make it suitable for its application
onto the glass fibers and to achieve the desired solid
content on the fibers. A sizing before deposit may be
composed of 99% water. Therefore, this water has to be
removed by drying; otherwise it may affect, for example,
the SMC maturation stage.

Film formers are used to provide bundle integrity. They
act as structural binders that create adhesion between
bundle filaments. Film formers improve processability and
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Paste mixing
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Lower carrier film
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Figure 10. Oversimplified scheme of a typical compounding line (paste mixing + SMC machine).

Machine direction

Figure 11. Photograph showing chopped glass fiber bundles
falling onto the lower paste film [55].

provide protection to the glass fiber bundles. They allow
the reduction of broken filaments referred to as fuzz or fly,
for instance, during chopping. The polymeric materials
selected for sizing composition include polyurethane film
formers (blocked or thermoplastic), epoxy resin film for-
mers, polyolefins, modified or functionalized polyolefins,
PVAc, polyacrylates, saturated and UP resin film formers,
polyether dispersions, either alone or in any combination.
Film formers are present in the sizing formulation in an
amount from about 1% to about 10% by weight of the
sizing before deposit.

Coupling agents or compatibility agents are
silane-based products. The primary function of these
agents is to couple the glass fibers to the matrix or to
other sizing ingredients. This function confers to the
glass-fiber-reinforced composite an efficient stress trans-
fer between the fibers and the polymeric matrix, which
results in higher stiffness and strength [54]. Besides their
role of coupling the surface of the reinforcement fibers

and the SMC paste, silanes also function to reduce the
level of fuzz, or broken fiber filaments, during processing.
Examples of suitable silane coupling agents include
aminosilanes, silane esters, vinyl silanes, methacryloxy
silanes, epoxy silanes, sulfur silanes, ureido silanes, and
isocyanato silanes. The sizing may include one or more
coupling agents. When needed, a weak acid may be added
to the size composition to assist in the hydrolysis of
the silane coupling agent. The coupling agent(s) may be
present in the size composition in an amount from about
0.2% to about 1.0% by weight.

A Lubricant may be added to the sizing. The lubri-
cant facilitates fiber manufacturing and composite pro-
cessing and fabrication. The main purpose of adding
lubricants is to reduce broken filaments of glass fibers
known as fuzz and fly because of the abrasion when
in contact with other materials and with itself [54].
Various lubricants may be used in the sizing such as
water-soluble ethylene glycol stearates, ethylene glycol
oleates, ethoxylated fatty amines, glycerin, emulsified
mineral oils, organopolysiloxane emulsions, carboxylated
waxes, linear or (hyper)branched waxes or polyolefins
with functional or nonfunctional chemical groups, func-
tionalized or modified waxes and polyolefins, nanoclays,
nanoparticles, and nanomolecules. Typically, a lubricant
may be present in an amount from about 0.004% to
about 0.05% by weight of the total composition of the
sizing.

Additives such as pH adjusters, UV stabilizers, antiox-
idants, processing aids, antifoaming agents, thickening
agents, adhesion promoters, compatibilizers, stabilizers,
flame retardants, impact modifiers, pigments, dyes, and
colorants may be added in small quantities to the sizing.
Emulsifiers can be included to stabilize aqueous sizing
compositions. The total amount of additives that may be
present in the size composition may be from 0% to about
5.0% by weight of the sizing.

Antistatic agents may also be added to the sizing
ingredients or may be deposited in a second separate step.
In this latter case, the antistatic agents are referred to as
oversizing. Antistatic agents enable a correct dispersion
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of fibers during the chopping process. Quaternary
ammonium chloride or quaternary ammonium sulfate are
examples of antistatic agents [53].

Sizing exerts a crucial role on the chemophysical and
mechanical properties of fiber bundles:

• Sizing composition influences the wetting and the
adhesion properties of the glass fibers with the SMC
paste. These properties are closely related to the
surface free energy (and to its polar and dispersive
components) of the sized glass fiber [53,57–59]. These
properties are temperature dependent [59] and can
be modified by interaction mechanisms with styrene
[53].

• Solubility of sizing in styrene is also an impor-
tant phenomenon, which occurs during the
SMC-compounding phase. Styrene can induce
swelling and dissociation of the bundle. This change
in the bundle integrity affects, of course, the
mechanical properties and the rheology of the whole
compound [50].

• Sizing composition has a clear influence on the glass
fiber bending properties [51,53] and further on the
compaction properties of the glass fiber bed.

• Depending on the sizing composition, hard and soft
glass fiber bundles can be distinguished. Hard bun-
dles will not filamentize during compounding and
compression molding, whereas soft fibers are coated
with a soluble sizing (especially a soluble film for-
mer) and have a high degree of filamentation during
the molding process. Hard bundles are interesting in
order to ensure uniform glass fiber distribution and
minimum warpage of the SMC parts. The disper-
sion of glass bundle filaments is sometimes sought
in order to confer higher mechanical properties to
molded parts because of larger interfaces between
paste and fibers. Filamentation is also interesting
close to the surface of class A parts as it allows
the reduction of surface defects due to the reduction
of porosity by shear mechanisms. Nonetheless, this
dispersion is not desirable during the compounding
process as it will hinder fiber bed impregnation and
may cause incomplete mold filling due the formation
of fiber clumps.

• The curing kinetics of SMC paste can be modified
by the diffusion of sizing chemical species [60]. The
disruption or the premature termination of curing
reaction can result in composites having undesirable
chemical properties. To date, this point has not been
thoroughly investigated.

Other Types of Fibers.
- Carbon Fiber Bundles. Although not well documented,

chopped carbon fiber bundles are used for parts with high
complex geometries, requiring high mechanical properties.
Several ways exist for obtaining chopped carbon fibers. The
classical way consists in chopping nonimpregnated carbon
fiber bundles [61–63] and then impregnating the fibrous
bed with a resin. Another strategy consists in chopping
UD preimpregnated carbon fiber bundles [64–67]. In the
currently developed SMC, carbon fibers are blended with
epoxy resins, vinylester, and UP resins.

The various developed formulations show that it is
possible to obtain higher mechanical (tensile, flexural,
and impact) properties for SMC parts when using carbon
fibers than those obtained using conventional glass fibers.
Surface finish problems are nevertheless reported when
using these fibers.

Recycled carbon fibers can also be used as fibrous
reinforcement in SMC. This allows the use of low cost
carbon fibers. As recycled fibers are already chopped, the
SMC-compounding system has to be adapted: a specific
distribution system of fibers has to be developed. The use
of recycled carbon fibers induces wetting problems that
would have to be improved [68] by fiber surface treatment.

Hybrid reinforcements have also been developed, that
is, mixtures of glass and carbon by mixing together glass
fibers and carbon fibers or by alternating carbon-reinforced
or glass-reinforced SMC layers in the molded charge. The
way the charge is built seems to impact the surface finish.
These solutions open the way to tailored reinforcement
properties with respect to end-use specifications [63].

Natural Fibers. There are many attempts to produce
composites with plant-based fibers and thermoset resins.
This has been extensively reviewed [69,70]. The advan-
tages of natural fibers over glass fibers, for example,
have been comprehensively described: low cost, low den-
sity, high toughness, acceptable specific stiffness and
strength (Table 3), carbon dioxide sequestrization and
biodegradability [71], and so on. Plant-based fibers are
also thought to provide some interesting physical proper-
ties such as good thermal insulation and sound insulation
properties. Nonetheless, there are few developed mate-
rials, which completely fulfill the concept of SMC, that
is, a fiber-reinforced thickened paste, which allows an
easy handling. Only a few SMC-like composite materials
that incorporate plant-based fibers have been developed.
Their production will certainly be industrialized soon.
Flax, hemp, sisal, jute, oil palm empty fruit bunch, and
big blue stem grass have been tested as candidates for

Table 3. Typical Properties of Standard and Plant-Based Reinforcement Fibers

Fibers Glass Fiber Carbon Fiber Flax Hemp Jute Kenaf Sisal

Density 2.5 1.8 1.5 1.48 1.3–1.5 1.4 1.45
Diameter (μm) 9.5–16 5–9 10–30 25–500 25–200 — 50–200
Young’s modulus (GPa) 70 235 40–100 20–70 10–30 21–60 19–22
Tensile strength (MPa) 2000–3000 3000 600–1100 270–900 393–800 284–800 468–640
Tensile elongation (%) 2.5 1.5 1.5–2.4 1.6 1.5–1.8 1.6 3–7
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plant-based fibrous reinforcements [71–75]. Hybrid rein-
forcements made up of a combination of natural fibers or
natural and glass fibers have also been tested [71]. These
fibers are generally impregnated in classical UP resins
[71–73, 75,76]. Bio-based epoxy resins have also been used
[74]. The wetting and adhesive properties of plant-based
fibers with the polymeric matrices can be improved by
using silane coupling agents [71]. Of course, lots of other
chemical or physical treatments could be applied to the
plant-based fibers in order to improve their wetting and
adhesive properties with polymeric matrices. To evoke all
these treatments is out of the scope of this article.

The compounding of plant-based fibers induces
several specific technological or manufacturing issues.
SMC-compounding lines have to be adapted for the use
of plant-based fibers. Specific feeder setups, for instance,
have to be developed to cut and evenly distribute natural
fibers onto the surface of the polymeric paste [71,76]
during the compounding phase. Needled or consolidated
mats of plant-based fibers may also be used on the
compounding line, but this solution increases the cost of
the plant-based reinforcement even if mats have generally
better mechanical properties than beds of dispersed fibers.
Furthermore, the plant-based fibers are prone to absorb
moisture, which may be detrimental in the compounding
process. The maturation of the SMC paste is, for instance,
inhibited by the water. Moisture can also be at the origin
of void formation because of off-gassing phenomena [76].
This problem has to be addressed by drying plant-based
fibers before compounding [73].

The impregnation of the plant-based reinforcements by
the SMC pastes does not appear to have been comprehen-
sively studied (although plant-based fibers are known to
soak up the polymeric resin), nor the rheology of these com-
pounds. Nonetheless, there are some indications that it is
possible to fill molds with complex geometrical features
and to also obtain parts with correct surface quality [74],
both these parameters being closely related to the rheo-
logical properties of the compounds and the reinforcement
mechanical properties.

Owing to the large distribution of their intrinsic prop-
erties, the plant-based fibers are in contrast to glass or
carbon fibrous reinforcements. They exhibit, for instance,
large variations of their geometrical (see, for instance,
Fig. 12) and mechanical properties. This dispersion of
properties has to be accounted for when designing a
plant-based reinforcement for SMC. Natural fibers have
generally lower properties than glass fibers, but their spe-
cific properties can be well compared. The same appears to
hold for the produced composite parts [71,74] at least for
tensile modulus and tensile strength. By contrast, impact
properties have been reported to be much lower than that
of glass fiber SMC [71,74]. By selecting the length of used
natural fibers, it was shown that these properties can vary
over considerably large ranges [73]. Furthermore apply-
ing surface treatment onto the natural fibers appears to
be a way to enhance these properties [59,71]. Interest-
ing fire-retardancy properties for natural fiber-reinforced
SMC have also been reported [72,74,75]. Weathering by
UV exposure or water, which induces the changes of color,

Figure 12. Flax fibers.

surface roughness, and the lowering of mechanical prop-
erties [76], is a major issue for these materials and should
be further investigated.

The use of plants as reinforcement material for SMC
is still in its infancy, but further enhancements of these
materials will certainly make them appear, in certain
circumstances, as good substitution candidates to glass
fibers. Moreover, their specific properties still have not
been completely explored.

COMPOUNDING

Compounding is the first phase of the SMC process-
ing. It consists in manufacturing semiproducts, that is,
≈1–3-mm thin continuous sheets made up of uncured and
thickened paste inside which the fibrous reinforcement
is dispersed and impregnated. A production line of the
most-used SMC, that is, with UP resins, is generally com-
posed of three units: the paste-mixing unit (see the section
titled ‘‘Paste Mixing’’), the SMC machine (see the section
titled ‘‘SMC Machine’’), where the fibrous reinforcement is
chopped (in case of continuous fibers or fiber bundles) and
paste-impregnated to form the sheets, and the maturation
unit (see the section titled ‘‘SMC Maturation’’), where the
thickening of the paste is ensured. The first two units are
schematized in Fig. 10.

Paste Mixing

In order to minimize possible sources of variability of
the paste formulation, a continuously controlled process
is adopted to manufacture the uncured SMC paste. Usu-
ally (Fig. 10), the paste is prepared by using at least
two distinct mixing reservoirs, which are continuously fed
with correct proportions of raw materials. One of them
(e.g., reservoir B) contains a precise dosage of the thick-
ening agents, apart from the resin, which is put in the
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other one (e.g., reservoir A). When sufficiently blended,
the resulting batches are then in-line combined to form a
complex non-Newtonian paste (with a steady-state shear
viscosity of ≈10–100 Pa s) that is next carried toward the
SMC machine. At this stage, the thickening of the paste
is initiated. Notice that because of the mixing process, the
paste may have some residual voids [57]. Furthermore,
it is of great importance that the paste constituents are
homogeneously blended in order to limit subsequent paste
properties gradients in the produced sheets.

SMC Machine

As shown in the scheme given in Fig. 10, the uncured and
unthickened paste is applied from the two doctor boxes
(equipped with doctor blades) of the SMC machine onto a
lower and an upper, continuous, impermeable and moving
carrier films (e.g., polyethylene, films; see Fig. 1). The
quantity and the thickness of deposited paste along the
width (≈0.5–2 m) of the carrier films can be tuned from
the doctor blades, the paste-feeding rate, and the velocity
of the carrier films along the machining direction.

A dry fibrous bed is then formed by letting the discon-
tinuous fibers or fiber bundles fall onto the lower carrier
film, as illustrated in Fig. 11. Such a fiber placement
is central and has to be achieved cautiously, because it
primarily contributes to the future architecture of the
fibrous reinforcement inside the undeformed sheets. Any
inappropriate fiber placement will produce heterogeneous
dry fibrous mats, then sheets, followed by unwanted het-
erogeneous flows during compression molding and finally
undesirable properties of produced SMC parts. Hence, the
fiber placement must produce the most homogeneous dry
fibrous bed, with prescribed and controlled fiber grammage
and fibrous microstructure all along the lower carrier film.
The microstructure and the height of the resulting dry
fibrous bed (fiber content, orientation, and connectivity)
strongly depend both on the processing conditions, such as
the carrier film velocity, the reinforcement feeding rate,
its height fall, the quality of the chopping (in case of initial
continuous fibrous reinforcement, see below), and on the
fiber properties, such as the fiber sizing (which can affect
tribological properties of fibers), the fiber or fiber bundle
geometry, and so on.

Figure 10 illustrates how such a fiber placement is
achieved in the case of initially continuous fiber bundles.
In this situation, roving rollers feed a chopper with a
prescribed network of parallel and continuous fiber bun-
dles. The chopper, which mainly controls the uniformity
of the fibrous reinforcement, is, for example, made up of
two steel cylinders, that is, a first one with an elastomer
skin, and a second one that is equipped with razor blades
(Fig. 11). Continuous fiber bundles, which are forced to
pass between the two cylinders, are severely bent locally
by the blades that compress the bundles and the elastomer
and then break. The distance between neighboring blades
controls the length of chopped bundles. The geometrical
and physical properties of the bundles, and in particular
their sizing (antistatic agents), contribute to the quality of
the chopping.

Thereafter, the dry fibrous mat is sandwiched between
the two resin-rich carrier films, and the whole stack

‘‘lower film + paste + fibrous mat + paste + upper film’’ is
progressively squeezed by crossing a series of calender-
ing cylinders to finally produce the sheets (Fig. 10). To
optimize the sheet forming, that is, the compression of
the dry fibrous reinforcement and its impregnation by the
paste, the calendering rolls usually display spline profiles
that depend on the considered roll. Such profiles can be
realized from grooves machined in the rolls. Chain belts,
which coat the rolls, also constitute interesting flexible
spline profiles. Ideally, the microstructures of the result-
ing sheets should look like a saturated two-phase mixture
within which the two phases, that is, paste and fibrous
reinforcement, are uniformly distributed, the fibrous rein-
forcement being mainly aligned in the principal plane of
the sheets, as shown in the 3D micrograph displayed in
Fig. 13a. However, ideal impregnation of the fibrous rein-
forcement, that is, ideal wet through and wet out, together
with homogeneous distribution of fibers (or fiber bun-
dles), still remains a difficult objective to attain. Indeed,
the fibrous reinforcement often exhibit fiber content gra-
dients along the sheet thickness (see, for example, the
micrographs displayed in Fig. 14), because of its too fast
consolidation and/or the too high viscosity of the paste
and/or the possible disaggregation or swelling of bundles
(because of the styrene-induced solubilization of the sizing
[54]). For similar reasons, it may not be well wetted, and
entrapped air may be observed, with a volume content
that can range between 3% and 15%, depending on the
studied SMC formulation [52,57]. Entrapped air in the
uncured state (see Fig. 13b), can also be induced by a
loft of the fibrous network after calendering [54], because
of the insufficient wet strength retention of the paste,
and/or its too low viscosity, and/or the too stiff fibers or
fiber bundles. All those imperfections can induce other
defects after compression molding, for example, residual
bulk and surface porosities [52,53,57], heterogeneous dis-
tribution of the fibrous reinforcement, internal stresses
leading to warpage, and so on. They are mainly due to the
intricacy of physical and mechanical phenomena involved
during the calendering operation, which are still difficult
to understand and model:

• The dry fibrous mat is severely consolidated, so
that the volume fraction of fibers is significantly
increased and the fibrous reinforcement aligns along
the principal plane of the future sheet. Such a
mechanical consolidation is a nonlinear and a com-
plex process [78–80]. It strongly depends on the
geometrical and elastic properties of fibers (or fiber
bundles [51]), the micromechanics of fiber–fiber (or
bundle–bundle) contacts, but also on actual connec-
tivity of the fibrous network. In case of slender
and straight fibers (or fiber bundles), this connec-
tivity can be estimated with the statistical geo-
metrical tube model, from the knowledge of the
fiber geometry, content, and orientation [81–85]. As
the calendering proceeds, the above consolidation
mechanisms become further intricate, being progres-
sively coupled with the impregnation of the SMC
paste (see below).
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Figure 13. 3D Micrographs (obtained from X-ray microtomogra-
phy) showing (in white) the architecture of the glass fiber bundle
network (volume fraction = 17%) [52] (a) and remaining porosi-
ties (volume fraction = 13%) [77] (b), after compounding typical
SMC formulations. The (e1, e2) plane is the principal plane of
the sheet. Source: Part (a) reprinted from Le T-H, Dumont PJJ,
Orgéas L, Favier D, Salvo L, Boller E. X-ray phase contrast
microtomography for the analysis of the fibrous microstructure
of SMC composites. Compos Appl Sci Manuf 2008;39(1):91–103,
with permission from Elsevier.

• The paste impregnates the consolidating fibrous bed,
expelling simultaneously a part of the air which is ini-
tially entrapped in the fibrous bed. Such an impreg-
nation is influenced by (i) the fibrous microstructure,
which continuously consolidates as the calendering
proceeds and leads to an increase of the fibrous
network anisotropy, an increase of the fiber con-
tent, and a decrease of the pore size; (ii) capillary
forces at the free surfaces of the paste within the

(a)

(b)

Figure 14. 2D micrographs (obtained from X-ray microtomogra-
phy) parallel to the principal plane of an undeformed and cured
SMC. This figure shows (i) the architecture of the glass fiber
bundles (clearer gray phase) and (ii) the various voids (darker
phase) inside the paste, the bundles, and at the paste–bundle
interfaces, both (a) in the core of the sheet (local volume fraction
of fibers ≈ 20%) and (b) just below its surface (local volume frac-
tion of fibers ≈5%) [52]. Source: Reprinted from Le T-H, Dumont
PJJ, Orgéas L, Favier D, Salvo L, Boller E. X-ray phase contrast
microtomography for the analysis of the fibrous microstructure
of SMC composites. Compos Appl Sci Manuf 2008;39(1):91–103,
with permission from Elsevier.

fibrous medium; (iii) physicochemical compatibility
between the paste and the (sized) fibrous reinforce-
ment; and (iv) the rheology of the paste itself. If
theoretical or experimental works have been carried
out to better understand and model such infiltration
process when the impregnating polymer resin is New-
tonian [86,87], much less is known when the fluid is
non-Newtonian, such as the SMC paste. In this case,
the problem is much more complex, even in simpler
situations: for instance, the generalized form of the
well-known Darcy’s law [88] that usually provides
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good description of the permeation of Newtonian
fluids through saturated anisotropic fibrous media
must entirely be recasted when the fluid exhibits
non-Newtonian effects [89–92].

At the end of the calendering, produced sheets are col-
lected by a take-up equipment for the continuous sheets
to be transferred toward the maturation unit. Generally,
the take-up equipment consists of (i) turret winders that
produced big rolls of uncured SMC (cf. Fig. 10) or (ii) in
festooning the SMC into bins. The in-plane tension and/or
the out-of-plane compression the sheets are subjected to
during this operation must be precisely adjusted and con-
trolled. Not enough in-plane tension and/or out-of-plane
compression may enhance the loft of the sheets (induced
by the elastic springback of fibers or fiber bundles), and
hence the formation of voids. If it limits this effect, too
much in-plane tension and/or out-of-plane compression
can nonetheless induce a migration of the paste out of
the fibrous reinforcement, along the free edges of the
sheets (sponge-like effect). Variation of the in-plane ten-
sion and/or the out-of-plane compression can also induce
detrimental local thickness variations of the sheets.

SMC Maturation

After the SMC machine, the produced and collected sheets
are often packed by a thin polymer film (e.g., cellophane).
This film limits the loss of styrene before the end of thick-
ening and compression molding, whereas the PE carrier
films also protect the produced sheets from humidity.
These two types of protection films, together with the
strict preconditioning of the raw materials (see under
the sections titled ‘‘Materials,’’ the subsections ‘‘Fillers,’’
‘‘Fibrous Reinforcement,’’ etc.) guarantee, in case of metal
oxides or hydroxides thickening agents, the best mat-
uration conditions and conservation of thickened SMC.
Furthermore, to ensure optimal thickening, packed sheets
are stored in a dedicated maturation area, where the tem-
perature (nominal value ranging between 20 and 30◦C)
together with the relative humidity (nominal value rang-
ing between 20% and 50% HR) are accurately controlled.
Under such maturation conditions, the thickening of the
paste is properly achieved until the paste viscosity reaches
a forming plateau (cf. Fig. 7). Beyond this maturation
time, the SMC can be preserved (in colder rooms) and
used for compression molding for several weeks or months
(depending on the paste formulation).

COMPRESSION MOLDING

Once the paste viscosity is sufficiently thickened to reach
its forming plateau, the SMC can be compression molded
inside a hot mold. For that purpose, hydraulic or mechan-
ical presses can be used, as illustrated in Fig. 15a. Their
loading capacity depends on the size of the part to be
molded (presses with a maximal load up to 40,000 kN
can be used for the largest parts). Dedicated molds are
mounted on these presses. They are made of cast, forged,
or machined metals (usually steel). Their surfaces are
hardened, polished, and at times, treated (chrome plated)

(Fig. 15b,c). Side cores, requirements for inserts, and other
refinements can be added. The molds can be heated by
using preferably, a thermal fluid (steam, oil) that cir-
culates inside the mold. Compared to standard heating
systems (e.g., electrical heating cartridges), this solution
can heat the mold and the SMC but it can also extract
the additional heat that is released during the exothermic
SMC curing. Various successive operations are required
for compression molding, the second and fundamental
step of the SMC process. Depending on the complexity of
the part to be produced, most of these operations can be
robotized.

First, several sheets or charges are cut from the thick-
ened SMC. Their carrier film is withdrawn, and sets of
2–10 charges are then stacked together. The surface of
the stacked charges usually occupies 30–70% of the total
surface of the mold (mold surface coverage). The time
required for this operation is concurrent and not taken
into account in the compression molding cycling time:
it is generally achieved during the curing of the previous
compression-molded part (see below). Special care must be
taken to cut, ply, and weigh the stacks respectively to their
prescribed shape and weight: their weights must equal
those of the final parts (for that purpose, and because of
the possible thickness irregularity of compounded sheets,
small pieces of charges are sometimes cut from the stacks
or added to them) and their geometrical shapes are usually
designed for optimized mold-filling conditions. It is also
important to notice that the charge stacking can induce
air entrapment between the charges [52]: if not properly
eliminated during compression molding, the entrapped air
can be a possible source of residual and unfavorable pores
in produced parts.

Second, the stacked charges, initially and usually at
room temperature, are then positioned onto the lower part
of the compression-heated mold (130–160◦C, depending
on the resin to be cured). During this charge placement,
which lasts approximately 10–20 s, particular attention
must be paid to the positioning of the stacks in the mold:
slight variations can induce drastic changes during mold
filling.

Third, the heated mold is progressively closed at typical
closing velocities usually ranging between 1 and 10 mm/s.
During the mold closing (duration: 1–10 s), the SMC
charges are continuously heated and forced to flow within
the mold cavity. Flow mechanisms occurring during this
phase are closely related to the rheology and the ini-
tial microstructure of SMC. They are very complex but
they are essential, since they considerably affect the final
microstructures of molded SMC parts (see the section
titled ‘‘Mold-Filling Phase’’), and so their end properties.

Fourth, the mold is kept closed under high pressure
(5–20 MPa) for approximately 30 s–3 min. Most of the
curing reaction of the SMC paste occurs during this phase
(see the section titled ‘‘Curing Phase’’).

After this curing, an in-mold coating (IMC) operation
can be achieved [93] in order to erase surface defects
that have been created during compression molding (sink
marks, pores, etc.) and to form a primer-like surface before
painting. This operation consists in opening the mold
slightly and injecting and curing a coating compound onto
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Figure 15. (a) Typical compression installation; (b) and (c) ejection and handling operations of
SMC parts after mold opening. Source: Courtesy of Inoplast, Saint-Désirat, France.

the external surface of the SMC (see the section titled
‘‘Finishing Operations’’).

Lastly, the mold is opened and the cured part is ejected.
It is then often positioned onto a cooling jig in order
to complete the cooling while maintaining its geometry
to defined dimensions. Thereafter, subsequent finishing
operations are usually performed: deburring, polishing,
insert placement, bonding, painting, and so on (see the
section titled ‘‘Finishing Operations’’).

During the above cycle, the SMC charges are subjected
to brutal thermomechanical loadings that induce their
heating, flow, microstructure evolution, curing reaction,
cooling, and internal stresses. Owing to the complexity of
the compression molding process (complex mold geometry,
spatial and temporal variations of the thermomechanical
loading), all the above mechanisms are strongly heteroge-
neous, coupled and play a major role on the final properties
of produced parts. However, considering the above process
parameters (rather thin charges, quick charge placement,
fast mold closing speed) together with the formulations of
the SMC pastes (elevated activation temperature of ini-
tiators, presence of inhibitors), it is usually admitted that
during the mold filling phase, the curing reaction is, in
general, rather weak and mainly occurs in curing phase
following the mold filling one [94,95]. These two crucial
phases are further detailed in the next two subsections.

Mold-Filling Phase

Flow Mechanisms and Microstructures. Owing to the
nature of their thermoset paste (organomineral and con-
centrated granular suspension, see the section titled ‘‘The
SMC Matrix or Paste’’), and owing to their high fiber
content, their preferential in-plane fiber orientation, and
their fiber length (that are much larger than the sheet
thickness), SMC exhibit a complicated rheology (see the
next subsection). During compression molding, such a rhe-
ology, when combined with thermomechanical loading the
SMC charges are subjected to, yields to very particular
flow mechanisms that are clearly different from those
observed, for instance, during standard injection of short
fiber-reinforced polymer composites.

As soon as the stacks touch the surfaces of the heated
mold, the temperature of their lower (in a first time)
and upper (in a second time) charges rapidly increases,
leading to a collapse of their viscosity. In opposition, the
temperature and the viscosity of the core charges remain
lower and higher, respectively.

When the compression starts, part of the entrapped air
that is induced by the charge stacking is expelled.

External portions of the upper and lower charges, that
is, principally those that are paste-rich (Fig. 14b), act
as lubricating layers which in turn enable the other
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charges, that is, the core charges, to deform uniformly
as plug flow [96–99]. Lubricating layers are strongly
squeezed and sheared, whereas core charges are sub-
jected to pressure-induced extensional flow (lubricated
compression). Such admitted flow mechanisms have led
to the development of several simplified shell-flow models
for the simulation of compression molding of SMC parts
[100–107] (see the section titled (‘‘Compression Mold-
ing Simulation’’). If such a plug flow well reflects the
SMC flow in some average sense, the flow of core SMC
charges seems nonetheless to be more complex. Indeed,
the paste-rich interfaces between the fiber-rich layers of
the initial stacked charges can entirely disappear after
compression [52]. This indicates noticeable paste migra-
tion along the thickness of the stacked charges during
the mold filling: the initial inner paste-rich layers may
be seen as paste ‘‘reservoirs’’ from which the paste is
sucked up during mold filling for the formation and the
feeding of the upper and lower paste-rich skins. Such
paste-migration mechanisms must have a central role on
the surface quality of molded SMC parts.

Under such flow conditions, fiber bundles (if they are
used as the fibrous reinforcement), which are in core zones,
rotate in order to align along the major in-plane flow
direction (this fiber orientation increases with the defor-
mation of the SMC) [108–111], remain rather straight, and
can significantly flatten [52,111,112] (compare Figs. 14a
and 16a). Their evolving orientation strongly affects the
properties of final parts [110,113]. Likewise, fiber bundles
can be disaggregated inside or close to lubricating layers
and their filaments are strongly bent (compare Figs. 14b
and 16b): such microstructures can play a role on sur-
face properties of molded parts. The mentioned flattening,
bending, and disaggregation of fiber bundles depend on
both the flow magnitude the SMC is subjected to (linked
with the initial charge surface coverage) and the fiber
sizing.

At the free surfaces of the flowing charges, more com-
plex flows are usually observed [96,97,99,114]: lubricating
layers follow preferential flow, being squeezed, expelled,
or squished out of the stacks, as shown from Fig. 17.
This squish flow is generally asymmetric, that is, more
pronounced for the lower lubricating layer since its tem-
perature (respectively, viscosity) is higher (respectively,
lower). Inside the squished SMC, fiber bundles may be
disaggregated/broken, entangled, the fiber content may
exhibit variation [106], boiling styrene can be expelled,
and detrimental voids can be entrapped during the flow
[99]. Such disorganized flow-front mechanisms depend not
only on the compression velocity and on the mold temper-
ature but also on the initial SMC charge microstructures,
which are induced during the compounding phase. They
can be minimized by vacuum-assisted compression mold-
ing [115]. Anyway, they constitute a real problem for knit
lines, which are common in compression molding [116],
since they reduce considerably the already weak knit line
mechanical properties.

The SMC flow becomes even more complex in other
situations such as high thickness variation zones, corners,
holes, openings, ribs, bosses, and so on. For these cases,
the characteristic size of the flow is often similar to the

(a)

(b)

Figure 16. 2D Micrographs (obtained from X-ray microtomogra-
phy) parallel to the principal plane of a compression-molded SMC,
showing the architecture of the glass fiber bundles (clearer gray
phase) in the core of the part and in the lubricating layers [52].
Source: Reprinted from Le T-H, Dumont PJJ, Orgéas L, Favier D,
Salvo L, Boller E. X-ray phase contrast microtomography for the
analysis of the fibrous microstructure of SMC composites. Compos
Part A Appl Sci Manuf 2008;39(1):91–103, with permission from
Elsevier.

fiber length, and undesirable flow mechanisms, which are
more or less weak elsewhere, may be enhanced: fiber
bundle bending and/or disaggregation, formation of voids,
and fiber–matrix separation leading to paste-rich zones
[117–119], and so on. Combined with the heterogeneous
curing reactions usually occurring in these zones, such
defects drastically affect the final property of the parts,
but also their surface properties (sink marks, cracks, etc.).

SMC Rheology. Together with the description of the
SMC flow kinematics, it is necessary to describe the
rheological behavior of SMC in order to predict, for
example, the mold closure force, the locations of knit lines,
the spatial distribution, and orientation of fibers during
mold filling. The rheology of SMC depends on processing
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Figure 17. Photographs of the flow front of a compression-
molded stack of five SMC charges showing the preferential flow
of the lower and upper layer, which are squished during the
compression [99]. Source: Reprinted from Odenberger PT, Ander-
sson HM, Lundström TS. Experimental flow-front visualization
in compression moulding of SMC. Compos Part A Appl Sci Manuf
2004; 35(10):1125–1134, with permission from Elsevier.

parameters such as the temperature, the strain, and the
strain rate—which are induced by the mold temperature,
the mold closure velocity, the mold geometry, and the
molding pressure—as well as on material parameters
such as the fiber or filler contents.

During flow, SMC can be seen as a highly concentrated
fiber suspension, that is, a suspension where the fibers
are in contact with each other. The suspending fluid is
the SMC paste having a non-Newtonian behavior. Under-
standing and modeling the strong coupling between the
mechanical behavior of such kinds of suspensions and the
evolution of their microstructural properties is a key prob-
lem toward a good description of their rheology. In the
SMC case, such work contributes to the improvement of
rheological models implemented in simulation software
(see below) and is beneficial to the optimization of parts’
manufacturing.

Experimental Characterization of the SMC Rheology. In
contrast with the high number of experimental studies
devoted to the SMC flow behavior during molding process,
references to the rheological properties of these compounds
have long remained quite scarce [120–128].

Difficulties Encountered During Rheometry Experiments.
• The SMC fiber bundles are relatively long. This

induces size-related effects and thus the need for the
use of large samples and consequently of large exper-
imental devices allowing high loads to be applied.

• SMC are prone to cure. This limits the range of
accessible temperatures for rheological tests.

• Styrene is a very volatile product that affects the
viscosity of SMC paste. Experimentally, precautions
have to be taken to prevent styrene evaporation. As
the viscous properties of SMC are highly dependent
on the styrene content, this latter has to be cautiously
controlled in order to get a good reproducibility of
experimental results.

• The SMC sheets are not devoid of any geometri-
cal defects due to the compounding and thickening
stages. This induces an inherent dispersion of rheo-
logical test results, which has to be accounted for in
the test interpretation.

Rheometers. If classical rheometers, capillary rheome-
ters, shear tests [121] can be used to study the rheological
properties of the SMC paste, the situation is different for
the SMC. Usual rheometers are inappropriate. As previ-
ously mentioned, in order to get meaningful results, the
dimensions of the tested samples have indeed to be chosen
in proportion to the size of the fibers. On the one hand,
this leads to the design of nonusual rheometers. On the
other hand, this implies the need to use a powerful testing
machine to carry out tests using large samples.

Several testing systems have been developed. They
allow samples to be subjected to different testing kine-
matics: squeeze flow [98,120,121], simple compression
[127,128] (Fig. 18), plane strain compression, or channel
flow [125,126,128] (Fig. 19), simple shear [127], and even
spiral flow [129]. Rheometers having transparent sides or
bottom plates [130] have also been developed to follow
in situ the flow of deformed samples during rheological
tests. This type of technical feature allows, for instance,
the assumption of incompressible flow kinematics to be
checked during elongational rheological tests.

The advantages of the squeeze flow test are twofold:
it is simple and it is possible to scrutinize the SMC
behavior for a wide range of strain rates. The princi-
ple of this test is as follows: it consists in squeezing an
SMC sample of a given shape between two parallel plates.
During squeeze tests, the squeezing force or the mold
closure velocity can be alternatively controlled. The force
and the sample height are recorded simultaneously dur-
ing test so as to analyze the material behavior. Tests
can also be performed using constant volume conditions
or constant radius conditions. During squeeze tests, it
is assumed that no slip conditions occur at the inter-
face between the sample and the compression platens.
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Figure 18. Example of a simple compression rheometer.
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Figure 19. Example of a plane strain compression rheometer
used in Ref. 128; this apparatus allows the axial force, as well
as the lateral force on the channel walls, to be measured during
compression tests.

Squeeze tests suffer nonetheless from a major drawback:
the flow kinematics is heterogeneous. Indeed, the sample
is subjected to a combined compression-shear stress state
with spatial gradient. This induces that the rheology of
SMC cannot be deduced straightforwardly from the test
measurements. For that purpose, a rheological law must
be assumed and its parameters must be identified using
an inverse method. This kind of approach can lead to erro-
neous results where the rheological functions depend on
the geometry of the tested samples [120]. The considered
models for the inverse analysis have been mainly based
on theories developed to describe the rheology of isotropic
fluids [104,120,131]. Notice also that the isotropy assump-
tion is not consistent with the anisotropic microstructure
of SMC and cannot consider the flow modifications induced
by the anisotropy of SMC. Notice that the experimental

difficulties raised using squeeze tests can be foreseen when
using, for instance, spiral flow tests.

On the contrary, lubricated compression tests of cylin-
drical or rectangular samples are interesting because they
allow an easier test analysis to be performed: some rheolog-
ical parameters can be directly obtained when analyzing
the measured force/stress and strain data.

Description of Typical Rheological Curves. Figure 20
gives some typical examples of stress–strain rheological
curves for an industrial SMC. These results were obtained
by Le Corre et al. [127] and Dumont et al. [128] using
lubricated simple and plane strain compression tests.
The axial compressive stresses measured during the
simple and plane strain compression tests exhibit some
typical features. Both axial stresses σ33sc and σ33ps first
exhibit a sharp increase. Then the curve usually reaches a
threshold. During the first stage, gases entrapped inside
SMC are expelled and the geometrical imperfections
(waviness of SMC layers) of the tested SMC charge are
flattened. Viscoelastic effects can also be at the origin of
this behavior. When the stress threshold is reached, it
is usually considered that SMC flows effectively inside
the rheometer. Then a slight increase can be observed.
In the case of simple compression tests, this latter may
be related to a progressive increase of friction forces
due to the degradation or the loss of the intercalated
lubrication layer between the SMC charge and the mold
surfaces. In the case of plane strain compression tests,
this increase may be also related to an orientation
evolution of the overall orientation of the bundles along
the channel axis [112]. This result illustrates that flow
and the SMC microstructure are highly intricate and
coupled.

A typical simple shear stress–strain curve is illustrated
in Fig. 21. This test was carried out by shearing an SMC
cylinder of large diameter using an annular shear rheome-
ter [127]. A sharp increase of the shear stress is observed
first. The stress then peaks up at a shear strain of 1.
Up to this limit, the shear deformation was observed to
be homogeneous through the sample thickness. Then the
shear stress decreases slowly. This phenomenon is related
to strain localization.

Principal Experimental Rheological Features. The influ-
ence of process parameters such as the temperature, the
strain rate, and the strain on the rheological behavior of
the SMC paste and on the SMC is now quite well known.
The rheology results available concern SMC with glass
fiber weight fraction comprised between 5% and 33% and
with length of glass fibers of 12.5–25 mm [120–128].

For all these materials, the SMC paste viscosity exhibits
a nonlinear evolution of the shear strain rate (power or
Carreau laws, see Fig. 22). Its viscosity is also an Arrhe-
nius function of the temperature (Fig. 23) in a range of
temperatures ranging from ambient temperature to 80◦C
[121,127,133]. This range most of the temperatures that
are attained by SMC during mold filling.

Similarly, the SMC exhibits power-law viscous
behaviors in a range of compression or shear strain
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Figure 20. (a) Simple compression tests: typical stress–strain curves (fiber volume fraction
of tested SMC φ = 14.7%, axial simple compression strain rate D33sc = 0.01 s−1, test temperature
of 23◦C) and (b) plane strain compression tests: typical stress–strain curves (fiber volume fraction of
tested SMC φ = 10.8%, axial plane strain compression rate D33ps = 0.01 s−1, test temperature of
23◦C). Pictures show that the sample deformation is quite homogeneous up to large compression
strains [128]. Source: Reprinted from Dumont P, Orgéas L, Le Corre S, Favier D. Anisotropic
viscous behavior of sheet molding compounds (SMC) during compression molding. Int J Plast
2003;19:625–646,, with permission from Elsevier.

rates comprised between 10−3 and 10 s−1 (Fig. 22)
[121,123–128]. This range covers most of the encountered
strain rates in industrial mold-filling operations. This
behavior is also highly anisotropic [128]. The extensional
viscous properties of SMC are much larger than the
(through-thickness) shear ones [121,127,128]. Similar to
the SMC paste, the viscous properties of SMC show also an
Arrhenius-like dependence with the temperature (Fig. 23).

The influence of various material parameters such as
the fiber volume fraction, the filler content and granulom-
etry, and bundle sizing, has been tested on the viscous
behavior of SMC.

The fiber content has a major influence on the rheology
of SMC [121,127,128,133,134]. This is illustrated in the
graph of Fig. 24 where the relative change of simple
compression SMC viscosity, plane strain viscosities, and
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Figure 22. Influence of the applied compressive strain rate
D33 on the (threshold) compressive stress σ33sct —see also
Fig. 20a—measured during simple compression tests for SMC
paste (φ = 0%) and a family of industrial SMC with various
fiber volume fractions (φ = 0%, 3.5%, 7.1%, 14.7%). The param-
eter n is the strain rate sensitivity of the fitted power-law (full
line) [128]. Source: Reprinted from Dumont P., Orgéas L., Le
Corre S, Favier D. Anisotropic viscous behavior of sheet mold-
ing compounds (SMC) during compression molding. Int J Plast
2003;19:625–646, with permission from Elsevier.

through-thickness shear viscosity are given with respect
to the volume fiber fraction for a family of industrial
SMC. Typically, the compression viscosities are quadratic
functions of the fiber volume fraction, whereas the
(through-thickness) shear viscosity evolves like a linear
function of the fiber volume fraction, see also Dumont
et al. [128]. It has to be noticed here that the interests of
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Figure 23. Variation of the viscosity η33sc = σ33sc/D33 measured
in simple compression measured for an axial compressive strain
rate of 1 s−1 of an SMC paste and a family of SMC (fiber volume
fraction φ of 0%, 7.1%, 14.7%, and 23.4%) with respect to the
temperature. Tr is a reference temperature of 296 K. Source:
Data extracted from Ref. 133.
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Figure 24. Typical rheological curves showing the influence of
the fiber volume fraction on normalized viscosities i.e. the viscos-
ity of the SMC divided by the axial viscosity of its paste in plane
strain compression of SMC measured in simple compression tests
(cs), plane strain compression tests (ps), and (through-thickness)
shear (s) [128]. Source: Reprinted from Dumont P, Orgéas L, Le
Corre S, Favier D. Anisotropic viscous behavior of sheet mold-
ing compounds (SMC) during compression molding. Int J Plast
2003;19:625–646, with permission from Elsevier.

such results lies in the large variations of fiber contents
that can be observed during mold filling, where the flow
conditions may be largely heterogeneous (see also the
previous section).

By contrast, very little data is accessible about the
influence of bundle properties on the SMC rheology. The
length of bundles is known to have a significant influence
[134]: the greater the length the higher the viscous prop-
erties. Some moderate differences have been observed by
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Comte et al. [57] for bundles having different sizing formu-
lations. This effect has been possibly related to variations
of bundle geometry and bending stiffness induced by the
sizing. This aspect should be nonetheless further stud-
ied as bundle properties are certainly determining for the
rheological behavior of SMC. The bundle geometry may
indeed evolve dramatically during mold filling as observed
by Mei and Piggott [111], Dumont et al. [112] and Le et al.
[52] as previously indicated.

It appears that the filler content also has a significant
influence on the SMC rheology [134]. The size distribution
of fillers at constant weight fractions has certainly a large
influence on the SMC rheology. Such kind of influence
has been tested on the rheology of BMC in Orgéas et al.
[30]. This result should be also valid for SMC as BMC are
known to have a quite close rheological behavior.

Notice also that the influence of the moisture content
of SMC on its rheology has not been reported in the
literature. This is all the more astonishing as moisture
may be possibly absorbed by mineral fillers. This point
should certainly be investigated in future work.

Rheological Models/Phenomenological Approaches. On
the basis of these experimental results, some phenomeno-
logical constitutive models for the rheology of SMC have
been built. They generally consider SMC as incompress-
ible viscous materials. Most sophisticated models are 3D,
anisotropic, and capture the nonlinear strain rate depen-
dency of the SMC viscous behavior. They can also account
for the influence of some parameters such as the tem-
perature and the fiber volume fraction. Examples of such
models is given by Dumont et al. [128] (see also Guiraud
et al. [107]), where SMC are seen as transverse isotropic
fibrous materials with a symmetry axis normal to the
plane of SMC sheets. This type of models was built con-
sidering the theory of representation of anisotropic tensor
functions [135,136].

These models consider only the relationships between
the strain rate state and/or the strain state and the stress
state. A most complete version of these models is obtained
when coupling them with additional constitutive equations
in order to predict the evolution of the fiber orientation
(see also the section titled ‘‘Mold-Filling Phase’’).

The models accounting for the fiber orientation usually
use orientation distribution function or orientation tensors
of second and fourth orders [137,138]. These latter mathe-
matical objects give a compact and efficient measurement
of the overall orientation of the fibrous network (typically,
the information given by the second-order orientation ten-
sor is the main orientation axis of the fibrous network and
the ‘‘intensity’’ of the fiber orientation around this axis).
Solving the evolution equation for the second-order orien-
tation tensor has been the subject of many studies of the
past decades.

The formulation of such type of evolution equation is
usually based on the Jeffery’s theory [139] for the motion of
a slender particle in an infinite incompressible Newtonian
fluid, see also Bretherton [140], Folgar et al. [141], Koch
[142], Rahnama et al. [143], Fan et al. [144], Petrie [138],
and Phan-Thien et al. [145]. Unfortunately, it raises the

difficult problem of choosing properly a closure approxi-
mation of the fourth-order orientation tensor in terms of
the second-order orientation tensor [137,146–152]. This
problem is still a difficult one as none closure approxima-
tion is shown to be relevant whatever the flow kinematics
and the orientation of fibers [137,138,149,153].

Despite the helpfulness of closure approximations to
roughly predict the orientation of fibers when being imple-
mented in simulation softwares, this strategy might reach
an impasse to predict in detail orientation phenomena as
can be inferred from some recent results [153]. It was
observed that the shape of the fiber-orientation function is
of primary importance on the fiber-orientation rate: rather
limited differences in fiber-orientation distribution can
lead to large differences for this rate. Work dealing with
the prediction of the fiber-orientation state will certainly
turn to developing solving strategies for the evolution
equation of the orientation distribution function. This
appears to be feasible using recent numerical discretiza-
tion techniques [154] that enable drastically reducing the
computing time. Nonetheless, it has to be stated that all
these evolution equations have been developed for fibers
immersed in Newtonian fluids, whereas SMC pastes are
non-Newtonian. This problem of the orientation of fibers
in non-Newtonian fluids seems to have been only sparsely
treated [84,155,156].

Moreover, in the previously described approach, the
coupling problem between the flow and the microstructural
arrangement of SMC is not completely treated. Indeed, the
stress–strain constitutive equations will keep fixed direc-
tions of their material symmetry axes (or anisotropy axes)
whatever the evolution of the SMC microstructure. In
order to get rid of such limitations, micro–macro rheolog-
ical models are currently being developed (see below).

Rheological Models/Micromechanical Approaches. SMC
exhibit several specific microstructural features. First,
fibers are mainly in-plane orientated. Second, their fiber
content is so high and the fiber network is so severely
entangled that each fiber is bent and in contact with sev-
eral of its neighbors. This latter particular characteristic
allows SMC to be classified in the family of concentrated
fiber suspensions as some other compression molded mate-
rials, for example, BMC or GMT. For this specific class
of suspensions, the interaction mechanisms in the con-
tact zones between fibers have a predominant effect on
the overall rheological behavior. This effect completes and
even overwhelms the contribution to the rheological behav-
ior of fiber–fluid hydrodynamic interactions that occur
during flow. The concentrated suspensions can therefore
be clearly distinguished from the dilute or semidilute fiber
suspensions. Indeed, in the case of dilute suspensions,
the fluid flow is affected by the presence of the fibers,
but there is no overlapping of these hydrodynamic pertur-
bations due to each fiber, on the contrary to semidilute
suspensions where such overlapping phenomena can hap-
pen. The behavior of dilute and semidilute suspensions
has been widely studied and modeled in the case of Newto-
nian fluid suspensions [139,157–169] and less extensively
in the case of non-Newtonian fluid suspensions [170–172].
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Experimentally, the mechanisms of interaction at
fiber–fiber contact within the concentrated regime have
been investigated for Newtonian fiber suspensions [173]
and non-Newtonian fiber suspensions [174–177]. In
Servais et al. [175,176] and Guiraud et al. [177], pull-out
tests of a continuous fiber or bundle immersed in the
suspension allowed the nature of the interaction between
contacting objects to be determined. Depending on the
fluid viscosity, Coulombic friction forces and hydrody-
namic or lubrication sliding forces or combination of both
can be observed. Lubrication forces seem to be related
to the shearing on a thin amount of entrapped fluid in
the contact zones between the fibers. Non-Newtonian
(power-law or Carreau-like) fluid effects, fiber content,
confining stress exerted on the suspension appear all as
being of primary importance on the interaction forces
between contacting fibers.

On the basis of these experimental observations, sev-
eral theoretical and particle-level simulation approaches
have been developed to predict the rheological behavior
of concentrated suspensions accounting for various con-
tact interaction laws or several types of fiber mechanical
behaviors; for example, rigid or flexible fibers. All these
approaches can be considered as upscaling methods aim-
ing at relating the rheological behavior of the macroscopic
concentrated suspensions to microstructural parameters
such as the fiber content, orientation, spatial distribu-
tion, or the mechanical properties of fibers. Most of them
have been devoted to suspensions where the fluid exhibits
a Newtonian behavior [144,168, 178–181]. For planar
fiber concentrated suspensions, which is the microstruc-
tural arrangement of SMC, Toll and Månson [182] have
proposed a theoretical modeling approach based on a sta-
tistical approach where the interaction between fibers
is represented by normal elastic and tangential viscous
forces. Later Le Corre et al. [183] proposed a theoretical
framework based on a homogenization technique for dis-
crete structures. Some applications of this model including
local Newtonian or non-Newtonian fiber–fiber interaction
forces and moments can be found in Le Corre et al. [84]
and Dumont et al. [153]. Despite their sophistication, these
approaches are still in their infancy. They appear nonethe-
less as the most promising in order to perform multiscale
analysis to bridge fiber and network scales and to optimize
SMC rheology during mold filling.

Chemorheology of SMC During Mold Filling. The
chemorheology of SMC does not appear to have been
investigated in the literature. This is, at first look,
coherent with the assumption that SMC is assumed to
start curing after mold filling during compression molding
(see the previous section). Nonetheless, this point should
certainly be more thoroughly investigated as the forming
of large parts can lead to consequent mold filling duration
and consequently to high heterogeneous increase of the
SMC temperature (see also the section below).

Curing Phase

Various physical phenomena are involved during the
curing phase: the curing of the polymer resin, which

leads to the development of internal stresses, shape, and
volume changes inside the produced parts, and the for-
mation/annihilation of voids. The next subsections briefly
describe these phenomena.

Phenomenology of the Curing Reaction. As the SMC tem-
perature rises, the thermal decomposition of the initiator
is activated and the curing reaction starts. Initially, it is
restrained until the SMC temperature is high enough and
the inhibitor is consumed. Thereafter, the curing reaction
of the resin is fully active. The SMC paste progressively
changes from a pasty fluid to a solid. The fluid–solid tran-
sition is recognized as the gel point, defined as the critical
degree of cure where a connected network is formed in the
resin paste. The evolution of the overall degree of conver-
sion (as shown previously, several types of cross-links may
be induced; cf. Fig. 4) depends on both the paste formula-
tion and the curing conditions, for example, heating rate,
curing temperature, and curing time. In general, the evolu-
tion of the conversion degree with the temperature and the
curing time is rather well reproduced by phenomenologi-
cal models [184,185] or by more physical mechanistic ones
[10,186–189]. Given the formulation, the curing behav-
ior can also be represented by using time–temperature
transformation (TTT) cure diagrams [190] that can be
useful to optimize processing conditions. These diagrams
show, for instance, that increasing the heating rate usually
increases the curing rate and too high curing temperature
and/or too high curing time can yield to a thermal degra-
dation of the cured resin. Other behaviors can also be
observed. For example, during the advancement of the
curing reaction, the movement of molecules in the resin
is progressively restrained and the glass-transition tem-
perature of the resin is shifted [191]. If this temperature
reaches the processing temperature, the cure reaction may
be strongly hindered.

Characterization of the Curing Reaction. The curing of
thermoset polymers is a heat release process that may
also be accompanied by shrinkage (as shown previously)
together with drastic changes of physical properties of
the polymers. It is a time-, temperature-, and pressure
(stress)-dependent process. Various techniques can be
used to monitor it and to obtain more or less precise estima-
tions of the conversion degree: thermomechanical analysis
[192–194], dynamic mechanical thermal analysis (DMTA)
or chemorheology [195], ultrasonic techniques [196,197],
dielectric ones [198,199], electron spin resonance (ESR)
spectroscopy [200], Fourier transform infrared (FTIR)
spectroscopy [20,201], differential thermal analysis (DTA),
or differential scanning calorimetry (DSC) [191]. Other
techniques can be used to monitor the cure-induced shrink-
age, such as dilatometers, for instance [200,202]. Usually,
the combination of those techniques is required to improve
the characterization of the curing reaction. Furthermore,
as shown previously for the rheology, if these techniques
are well suited for the study of the resin alone, some of
them fail when the resin is combined with mineral fillers
and additives, and this trend is unfortunately enhanced
when fibers are added into the paste: in this case, the size
of the samples their testing apparatus requires is often
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Figure 25. Curing reaction at a constant confining pressure
(8 MPa) of a BMC monitored with the PVTX apparatus. (a) Thick-
ness variation observed during the heating, showing its thermal
expansion and its shrinkage. (b) Heat release during the conver-
sion and time evolution of the conversion degree [204]. Source:
Reprinted from Boyard N, Millischer A, Sobotka V, Bailleul J-L,
Delaunay D. Behaviour of a moulded composite part: modelling of
dilatometric curve (constant pressure) or pressure (constant vol-
ume) with temperature and conversion degree gradients. Compos
Sci Technol 2007;67(6):943–954, with permission from Elsevier.

too small compared to the size of fibers. It is therefore
not straightforward to analyze properly the curing reac-
tion in compounded SMC. However, possible interesting
solutions, such as the PVTX apparatus, can be utilized
[203,204]. Indeed, it is thus possible to estimate with large
SMC or BMC samples (i.e., with representative amount
of fibers) and for various thermal loading conditions and
confining pressures, the heat release during the curing
reaction, the thermal expansion of the uncured or cured
compounds and their shrinkage, both along one direction
(the sample thickness). This is illustrated in the graphs of
Fig. 25.

Curing Reaction During Compression Molding. The cur-
ing reaction during compression molding is of course more
complex than what is observed with a quasi-homogeneous
experiment such as that given in Fig. 25, because of
the complex shape of the mold (nonconstant thickness,
ribs, bosses, holes, etc.), the thermomechanical loading the
SMC is subjected to, the microstructure of SMC charges
which display anisotropy and heterogeneities (e.g., fiber
orientation, fiber–matrix separation). In particular, heat
transfers are of major importance before and during the
curing phase. For example, together with the paste formu-
lation, heat transfers between the mold and the SMC must

be such that no gel point occurs during the mold-filling
phase, in order to avoid incomplete mold filling. Besides,
the heating/curing time must be sufficiently long in order
to avoid undercured zones with poorer mechanical prop-
erties. Conversely, the mold temperature must be high
enough to initiate the reaction and to speed up the curing
rate (and so the processing time). However, too high mold
temperature may cause too fast curing, that is, an impor-
tant quantity of cured-induced heat release that cannot
be extracted easily and rapidly from the mold. This may
then yield to heterogeneous curing conditions (especially
in thick zones), which can yield in turn to surface defects
such as cracks or voids. Sometimes, this may also result
in an overheating of the SMC [94], leading to its thermal
degradation. Lastly, it must be underlined that the control
and optimizing of heat transfers during compression mold-
ing is not trivial, because of the very intricate interaction
between the mold and the SMC charges. For example, the
mold temperature is cyclically disturbed during the suc-
cessive compression moldings [193]: it is lowered locally
when the cold stacks are put onto the mold and then
increased during their curing reaction.

Dimensional Stability and Internal Stresses. Macroscopic
shrinkage (e.g., sink marks), warpage and cracks, as well
as microscopic defects such as surface waviness and micro-
cracks, are mainly induced by internal stresses coupled
with local shape and volume changes that are generated
during the curing phase. Internal stresses are associated
with the curing and the heating/cooling of SMC, that is,
with their curing shrinkage their thermal dilatation and
their viscoelastic properties (above the gel point), which (i)
depend on the SMC formulation and (ii) exhibit anisotropy
because of the SMC fibrous architecture [95,110,114].
More precisely, internal stresses are induced by differen-
tial thermal dilatation and/or differential shrinkage within
the parts. They are, therefore, closely linked with the vari-
ous heterogeneities involved during the curing phase of the
compression molding process: spatial heterogeneities and
anisotropy of the microstructures of the SMC (through
the thickness of the parts but also in their midplane,
both induced by the compounding and/or the mold filling),
time and spatial heterogeneities of (i) the mechanical and
thermal fields within the charges and (ii) the curing reac-
tion. Minimizing these heterogeneities all along the SMC
process would minimize the above defects, since internal
stresses could not be produced under the homogeneous
curing of a homogeneous SMC.

Void Formation/Annihilation. Combined with heat
transfers, the mechanical loading, which is applied during
the curing phase, also plays a central role, in particular, in
order to prevent parts from displaying too many pores or
voids. These pores often affect the properties of produced
parts by constituting, for instance, sources of cracks that
are initiated during or after the curing phase. As seen
previously, the stacked charges can display significant
amount of pores induced during the compounding (paste
mixing plus impregnation) and the stacking sequences
[52,57]. A part of these pores are transported during
the mold filling and others may also be induced during
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this phase, usually at the charges’ flow fronts [99]. The
reactive monomer and other constituents can also reach
their boiling temperature and constitute other possible
sources of pores that are induced during the compression
molding [99]. Lastly, during the curing phase, pores can
even expand in zones, for example, ribs, where the SMC
exhibit strong heterogeneities and/or the stress state
exhibit positive hydrostatic stresses (because of the curing
shrinkage and boundary conditions). Hence, expelling
some of the pore gases out of the SMC (with proper mold
venting), dissolving some of them inside the matrix [205]
and trying to subject the whole SMC part to a stress
state with negative hydrostatic stress (this is not trivial
in some zones such as ribs) are potential solutions. For
example, the significant mold pressure (5–20 MPa) that
is applied during the curing phase drastically diminishes
the void content in SMC parts (from 5–20% to less than
1%) [52]). Vacuum-assisted compression molding [115]
and/or preheating the charges at moderate temperatures
before compression [52] are solutions that can be used to
enhance this effect.

Compression Molding Simulation

As underlined in the previous subsections, the compression
molding phase appears as a key stage of the SMC process.
It has a very strong impact on the final properties and the
possible defects of produced parts. It involves very complex
phenomena (flow of a highly concentrated fiber suspension
with a complex rheology and evolving microstructure, cure
of the thermoset polymers, which thicken the paste rheol-
ogy and induce shrinkage and warpage, complex thermo-
mechanical boundary conditions, etc.) so that its efficient
optimization can unfortunately not be properly carried
out without computer-aided simulations. Thus, within the
past three decades, significant efforts have focused in this
direction by (i) building more and more relevant chemorhe-
ological models for SMC during the mold-filling and the
curing phases (see the subsections titled ‘‘Mold-Filling
Phase’’ and ‘‘Curing Phase’’) and (ii) implementing these
models into dedicated compression molding simulation
softwares. Most of these codes have been developed using
the finite volume or boundary or finite element methods.

Mold-Filling Phase. Many studies have been devoted to
the simulation of the mold-filling phase, because during
this phase, the architectures of the fibrous reinforcements
significantly evolve and therefore modify considerably
the final properties of finished parts. In most cases,
mold-filling models do not account for the paste curing,
which are simulated in a second step together with dimen-
sional stability aspects [94] (see below). Hence, usually, the
calculations only account for (thermo)rheological aspects
and for the flow-induced fibrous architectures. Within this
context, the mold filling is usually simulated by assum-
ing that SMC behave as one phase, incompressible (an
assumption that may be strong in regard to the initial
porosity of sheets; see, for example, Fig. 13), nonlinear
and purely viscous fluids, the viscosity of which may be
shear rate, strain, and temperature dependent (see the
subsection titled ‘‘SMC Rheology’’). Some of the simula-
tions incorporate additional constitutive equations, that

is, modified versions of Jeffery’s equation in order to pre-
dict the evolution of fiber orientation during mold filling
(see the subsection titled ‘‘SMC Rheology’’). Other types
of models also focus on possible flow-induced fiber–paste
separation observed in flow fronts, ribs, or in-plane obsta-
cles [206,207]. In these cases, the SMC is regarded as a
two-phase media, and additional balance and constitutive
equations must be used and solved in order to predict
the evolution of the fiber content in the mold and the
permeation of the pasty matrix: in this case, substantial
modifications of Darcy’s law are recommended in order to
model the flow of the non-Newtonian paste through the
anisotropic fibrous networks [89–92].

Among the numerous studies dedicated to the sim-
ulation of mold filling, two groups of studies can be
distinguished. A first group of studies focused on the
simulation of mold filling in complex situations such as
within ribs or at the flow fronts. In this case, the calcula-
tions are carried out by simulating the flow of the whole
SMC charges. As such calculations are time consuming,
only restricted zones of the mold are usually studied. For
example, some works focused on a better understanding
of the SMC flow inside ribs [118,123,208,209], whereas
others investigated the complex flow mechanisms at the
flow front [122,206,210,211].

For simpler flow situations, other approximations of the
SMC flow have been stated by a second group of studies,
taking advantage of the small thickness of the mold cavity
with respect to the other in-plane dimensions. They have
given rise to simplified and fast-computing descriptions
of the flow kinematics of compression-molded materials.
Among them, a first subgroup is based on the lubrication
approximation, mainly characterized by (i) the shearing
of the composite through the thickness of the mold cavity
and (ii) the perfect sticking of the composite with the upper
and lower parts of the mold. Such a deformation mech-
anism has been used to establish one-phase generalized
Hele–Shaw shell models [108,109,149,189,212]. A second
subgroup of descriptions adopt the ‘‘plug-flow’’ approx-
imation [100], characterized by (i) a uniform in-plane
shear and elongational deformation, (ii) the absence of
out-of-plane shear in the core of the stacked sheets, and
(iii) possible sheared boundary layers near the surface
of the cavity. This second type of deformation mecha-
nism has given rise to one-phase [102,103, 105–107] or
two-phase [207] plug-flow shell models. Also notice that
both approaches consider the SMC charge as a one-layer
sample and do not account for its stratified structure.
This point was studied for GMT materials in Ref. 213,
where a multilayer plug-flow model was developed. In
practice, both the plug-flow and the through-thickness
shear mechanisms exist, the predominance of the first
or second mechanism depends on processing conditions,
thickness of the sheets, length of fibers, and so on (see
the previous subsections). In the case of SMC or GMT,
where bundles are much longer than the thickness of the
mold cavity, experimental evidences show that within a
wide range of processing conditions, the plug-flow regime
leads to an acceptable approximation of the real flow pat-
terns (see the subsection titled ‘‘Flow Mechanisms and
Microstructures’’).
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Curing Phase. Once the mold is filled, the curing
reaction inside the mold can be simulated together with
complex heat transfers arising in the SMC [188] by
using the relevant curing constitutive models (see the
subsection titled ‘‘Curing Phase’’). This allows a better
understanding of the heterogeneous thermochemical
couplings arising during the curing phase and hence
an optimization of the heating processing parameters.
By combining heat transfer and curing equations with
a proper thermomechanical model, it is also possible
to determine the initiation and propagation of internal
stresses inside compression-molded parts during curing,
and so the induced geometrical defects of these parts,
such as, for instance, warpage. For that purpose, the
curing SMC is often seen as an anisotropic thermoelastic
body [95,114,214,215]. The anisotropic thermomechanical
properties of the SMC are usually approached by the
laminate theory [113,216,217] (but other micromechanical
theories could be used [218,219]), in which the fiber
orientation distribution predicted during the mold-filling
phase is directly involved as an input [113]. Besides,
the thermoelastic properties of the matrix can be seen
as functions of the conversion degree and the thermal
and chemical shrinkage of the matrix can be taken into
account.

Finishing Operations

In most cases, once the molded SMC part is cured, the mold
is opened and the part ejected (Fig. 15b,c). In this situation,
the part temperature is still high. To minimize warpage
phenomena during cool down to ambient temperature,
the part is maintained on a metallic frame/jig for some
minutes.

In some cases, just after the curing phase and before
the mold release, an IMC operation can be achieved
[93,220–224] in order to erase surface defects that have
been created during compression molding (sink marks,
pores, etc.) and to form a primer-like surface before paint-
ing or even to provide a paint-like coating appearance to
the part surface. IMC is a reactive compound (for recipes,
see Wieczorrek [225], Schlotterbek et al. [226], and Castro
and Griffith [93]) that is injected onto the surface of an
SMC molding and then cures and bonds. At least, two IMC
technologies are in use in the industry: the press opened
coating (POC) process and the injection opened coating
(IOC) also called high pressure IMC [93]. The IMC film
thickness is about 50–250 μm [221]. Work on IMC tech-
nology focused on the modeling of the flow and the curing
of the IMC coating [93], on the development of optimiza-
tion methods for the location of the injection nozzle, and
the minimization of the IMC cure time [222], as well as on
the modeling of the coating film thickness over the coated
surface of SMC parts [221].

Once the part is cooled down, trimming, drilling, and
machining [227] operations can be performed manually or
automatically. Then the part surface is thoroughly visually
examined using methylene blue to detect defects such as
pinholes. At this stage, metallic threaded inserts or clips
can be fastened to the SMC parts for further tightening,
holding, or fixing needs.

Then several SMC parts can be joined together to form
an assembly. Epoxy-based or polyurethane-based products
[228–231] can be used as adhesives between SMC parts.
To speed up the heating and the curing process of the
adhesive joints, high power radiofrequency heating sys-
tems have been developed. The modeling of their physical
principles is given by Malaczynski [232] and Malaczynski
and Cinpinski [230]. Relations between the curing time
of thermosetting adhesives, the adhesive-layer thickness,
and the input power can be drawn from these studies. The
strength and the fatigue behavior of the bonding joints
between two SMC parts have been the subject of sparse
studies in the literature [228,229,231,233] using classi-
cal tensile tests or ultrasonic and acoustic nondestructive
evaluation devices. In these studies, the influence of the
bond geometry (length and thickness), degree of curing of
joined SMC parts, surface pretreatments (degreasing and
abrading) or mold-release agents, and artificial weather-
ing was investigated. The geometrical properties of the
joints, the degree of cure of SMC parts, and the presence
of mold release agents were shown to be of primary impor-
tance on the bond mechanical properties and separation
modes.

The last finishing operations are the priming and the
painting of the assemblies. Liquid primers can be used
but now because of environmental regulations on VOC
emissions, the definite trend is to use powder coating
(without solvent) as primers [234–242]. First the powder
is sprayed onto the surface of the SMC parts. Then the
coated parts are heated in a bake oven where the powder
primer melts and forms a viscous liquid followed by poly-
merization and cross-linking to obtain a rigid film [239].
This film can eventually be painted. The powder primer
usage may induce a major cosmetic defect known as pop-
ping the origins of which have been studied recently (see
below).

If not controlled properly, molding operations can
induce a large variety of defects (blisters, contamination,
cracks, dull areas, knit lines, surface porosity, sink
marks, undercure, and warpage) in SMC parts. They
are extensively reviewed by Mellian [243] where some
‘‘troubleshooting’’ strategies to reduce these problems are
also discussed.

PROPERTIES OF SMC COMPOSITES

The final properties of produced SMC are of two types: the
bulk properties and the surface properties. The last type
is of particular importance for automotive SMC parts such
as car panels.

Bulk Properties—Overview

Table 4 gives typical averaged physical and mechanical
bulk properties of standard SMC formulations used in
the automotive industry. Of course, these properties can
be adapted functions of the targeted applications by tun-
ing all the parameters of the SMC process: selection of
the SMC raw materials, their conditioning and pretreat-
ments (see the section titled ‘‘Materials’’), compounding
and compression molding processing conditions (see the
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Table 4. Typical Properties of a Standard Automotive
SMC (Polyester Resin, CaCO3 Filler and 25 wt% of Glass
Fibers)

Specific mass ρ 1850 kg/m3

Tensile modulus Et 10 GPa
Bending modulus Ef 10 GPa
Tensile strength σt 75 MPa
Flexural strength σf 170 MPa
Izod impact strength 800 J/m
Elongation at rupture 1.2%
Thermal expansion coefficient 15 × 10−6/K
Specific heat 1300 J/(kg K)
Thermal conductivity 0.3 W/(m K)
Electrical resistivity 5 × 1012 �m
Dielectric constant 4.5
Dielectric strength 16 kV/mm

sections titled ‘‘Compounding’’ and ‘‘Compression Mold-
ing’’). For instance, for SMC components used in the
electric industry, (di)electrical properties may be adjusted
by replacing standard CaCO3 fillers with more suited ones
(e.g., Al2O3). Similarly, it has been shown previously that
changing the type of fillers or fibers could lead to substan-
tial decrease of the SMC specific mass. Changing the type
of resin, the paste composition, the type or the amount
of fibers, the fiber sizing, and so on, also represent rel-
evant means to adjust SMC mechanical properties: the
structural SMC part requires higher specific rigidities and
strength, other parts demand better impact strength (e.g.,
car grille opening panels), and others require high flex-
ibility and strength. At the same time, it is important
to notice that reaching such targeted properties demands
great efforts in controlling the SMC process parameters to
minimize and avoid processing defects and variability (see
previous sections).

Bulk Properties—Mechanical Properties

SMC parts are mainly used for structural or semistruc-
tural applications. Thus, their mechanical properties,
which have been extensively studied in the literature,
are of first importance. As for rheological measurements
(see the subsection titled ‘‘SMC Rheology’’), particular
attention must be paid to the experimental procedure
and to the sensitivity of the results with respect to
the size of specimens, in order to characterize properly
this solid-state behavior [244,245]. To summarize, SMC
usually behave as anisotropic viscoelastic ‘‘brittle’’ solids
undergoing damage that alters their mechanical proper-
ties until their rupture. The following subsections briefly
illustrate this.

Mechanical Response During Monotonic Loadings.
Figure 26 shows a typical monotonic stress–strain curve
recorded on a standard SMC during a representative
tensile test. Such a curve exhibits at least two stages: a
first one with a more or less linear stress increase during
which the SMC behavior is mainly elastic (characterized
by an initial tensile modulus Et) and a second stage that
is often nonlinear and where the SMC damage together
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Figure 26. Typical stress–strain curve observed during the ten-
sile test of a standard SMC.

with the elastic deformation of undamaged SMC zones
occur. At the end of this stage, the SMC failure occurs at
a tensile strength σt and an elongation strain εr.

Depending on the SMC formulation and the processing
conditions, the shape of the tensile stress–strain curved
plotted in Fig. 26 varies, and so the magnitude of the
tensile strength σt and the elongation strain εr. Among the
numerous parameters able to change the SMC mechanical
properties, those concerning the fibrous reinforcement are
the principal ones.

Influence of the Fiber Content. In first rank is the fiber
content. Figure 27 clearly illustrates this point, by showing
the evolution of structural performance factors of various
commercial and standard SMC (polyester or vinyl-ester
resins, glass fibers) with the fiber content: the specific
tensile stiffness Et/ρ, the specific tensile strength σt/ρ,
the bending stiffness performance factor E1/3

f /ρ and the
bending strength performance factor σ

1/2
f /ρ [246]. The two

first factors are relevant in case of SMC parts which are
mainly subjected to tensile loading conditions, whereas the
two others are more relevant when SMC parts are bent. As
evident from the graphs of this figure, noticeable increases
of these factors are observed as the fiber content increases.
For instance, the specific tensile strength goes from 2 × 104

to 18 × 104 Nm/kg when the fiber content is increased
from 10% to 60%. Besides, dotted lines also plotted in
these graphs correspond to the values of the structural
factors obtained for stampable steels and aluminum alloys
used in the automotive industry. Except for the tensile
rigidity, Fig. 27 shows that standard commercial SMC
formulations appear as interesting alternative solutions
compared to steels, and approach the specific properties of
aluminum alloys.

Influence of the Fiber Type. It is important to notice
that by replacing glass fibers by carbon ones, SMC become
much more interesting from a mechanical standpoint (of
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Figure 27. Evolution of the specific tensile (a) stiffness, (b) strength and of the specific bending
(c) stiffness and (d) strength with the fiber content, for a set of commercial and standard SMC
formulations (glass fibers, polyester, or vinylester resins).

course, in this case, cost considerations are not taken into
account). Indeed, the above structural factors then become
higher: for example, with a carbon fiber bundles content
of 55 wt%, Et/ρ, σt/ρ, E1/3

f /ρ, and σ
1/2
f /ρ, respectively rise

to 29 × 107 N m/kg, 19.3 × 104 N m/kg, 2.17 N1/3 m7/3/ kg,
and 13.7 N1/2 m2/ kg, that is, up or very close to the values
reported for aluminum alloys.

Influence of the Fiber Orientation. As in the case of the
molding and curing phases of the compression molding
process (see the subsections titled ‘‘Mold Filling Phase’’
and titled ‘‘Curing Phase’’), the fiber orientation plays
a central role on the anisotropy of thermomechanical
properties of SMC. This orientation is first induced dur-
ing the compounding phase. It can substantially change
during the mold-filling phase (see the subsection titled
‘‘Mold-Filling Phase’’). Hence, the anisotropy of monotonic
tensile stress–strain curves of a structural SMC can be
markedly observed as a function of the initial mold cover-
age in Refs [62,113,247]. For example, Chen and Tucker
showed that the SMC mechanical response exhibited

nearly planar isotropy for SMC that were compression
molded with a 100% initial mold coverage, whereas the
tensile strength for sample compression molded with a
33% initial mold coverage was five time higher along the
main fiber orientation than along its perpendicular direc-
tion. Similarly, notice that Bechheim [248] observed an
increase of the anisotropy of the thermal expansion of
compression-molded SMC plates with the initial mold cov-
erage (and hence with increase of the fiber orientation
along the flow direction): for an initial mold coverage of
25% and a rather aligned fibrous microstructure, the ther-
mal expansion was observed to be twice lower along the
principal fiber direction than perpendicular to it [214].

Influence of fiberlength. As for the rheology, the length
of fiber or fiber bundles used has an influence on the
mechanical properties of SMC. For instance, increasing
the fiber length of standard glass-fiber-bundle-reinforced
SMC leads to an increase in their mechanical tensile
strength and modulus [61]. Similar conclusions can be
drawn when glass fibers are replaced by carbon fibers
[249].
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Influence of the Strain Rate—Creep Behavior. The mono-
tonic stress–strain response displayed in Fig. 26 can be
strain rate sensitive, that is, an increase of stress levels
can be observed when the strain rates of SMC specimens
are subjected to an increase. For example, by performing
tensile tests on a commercial SMC, a 50% increase of
tensile strength was observed when the loaded samples
were deformed with axial strain rates starting from 0.022
to 200 s−1 [250,251]. This strain rate sensitivity, which
affects the kinetics of damage micromechanisms, may be
induced by the various thermoplastic agents that are intro-
duced into the paste or sizing formulations, and/or by local
thermomechanical couplings. It must be pointed out that
this type of time-dependent response was also observed
by studying the SMC creep behavior, which is damage
dependent [252].

Cyclic Loadings/Fatigue Behavior. Numerous studies
have been devoted to the analysis of the cyclic behavior
of SMC, in order to investigate the durability of SMC
and to produce stress–life diagrams. For that purpose,
cyclic fatigue tests were carried out under various testing
conditions: tensile [253–255], flexion [256,257], and
shear [258,259] mechanical loadings. In general, these
tests emphasize the progressive loss of the mechani-
cal properties while cycling: decrease of the apparent
modulus and increase of residual strain (in case of
loading–unloading cycles). This degradation is related
to damage micromechanisms and can be accompanied
by thermomechanical couplings, which in turn affect the
SMC response [253,257]. In general, stress–life curves
show that in order to increase the targeted life, the
applied cyclic stresses must diminish. No clear fatigue
limit is reported. However, depending on both the applied
mechanical loading and the studied SMC formulation,
SMC can typically support 106 cycles, the magnitude of
which represent 20–50% of its initial monotonic strength.

SMC Damage Micromechanisms. Damage in elastic brit-
tle materials occurs when the magnitude of the mechanical
loading is increased above a threshold and/or during
mechanical cycling. It is usually initiated by surface or
bulk defects or local stress concentrations. It yields to
the degradation of the elastic properties of the mate-
rial. Such damage mechanisms are mainly responsible
for the monotonic and cyclic behaviors of SMC (some-
times, they are active in the early stages of the SMC
deformation). Consequently, numerous studies have been
conducted in order to better characterize them and to take
them into account in models aiming at predicting the SMC
durability.

The commonly used method to characterize and quan-
tify the SMC damage consists in following the evolu-
tion of the apparent elastic properties of the SMC dur-
ing loading [250,251,255,260]. The damage can also be
more or less correlated with other nondestructive mea-
surements, such as acoustic emissions [253,261,262] or
thermoacoustic emissions [249,263]. To better charac-
terize SMC damage and more particularly its induced
anisotropy, multiple extensometers positioned in various
directions and multiple mechanical loadings have also

been used [264,265]. Lastly, combined with the above
macroscopic measurements, microstructure analyses by
using optical microscopy or SEM are of great importance
in order to better understand damage micromechanisms
[250,251,254,255,258,260,262,263,265]. These microscale
analyses show that SMC damage is locally characterized
by the development of microcracks within the matrix,
fiber–matrix interfaces, and fiber bundles. The coales-
cence of those microcracks generally conducts to macroc-
racks and to the failure of SMC parts.

The modeling of these damage mechanisms is of great
interest. It has therefore involved several studies in order
to establish relevant constitutive damage models. For
example, by using the laminate analogy for randomly ori-
entated fibrous composites [217], Chen and Tucker [113]
developed an incremental macroscopic damage model in
order to predict the tensile behavior of SMC exhibiting
various orientation distribution functions. Other macro-
scopic damage models were built from continuous damage
mechanics theories in order to take into account the
strain-rate effects on the behavior of SMC (see the section
titled ‘‘Influence of the Strain Rate—Creep Behavior’’)
[266,267]. Lastly, another set of studies used theoretical
multiscale approaches in order to build macroscopic elas-
tic damage [268,269] and viscoelastic damage [270] models
from micromechanical considerations.

Influence of Environmental Conditions. When in use,
SMC parts can be subjected to variations of tempera-
ture and exposure to humid air, (salt) water, or to other
fluids such as motor oil, gasoline, and antifreeze solutions.

The mechanical properties (tensile, fatigue, creep,
vibration) of SMC with low profile UP resins, vinylester
resins, and epoxy resins have been tested when being
subjected to various aging conditions: thermal cycling in
humid air with controlled relative humidity [271–276],
and immersion in heated baths of water or other fluids
[275,277–283].

Various types of water sorption kinetics (Fickian and
non-Fickian kinetics) could have been observed depend-
ing on the type of resins, additives, and fillers used
[272,280,284]. This property has to be experimentally mea-
sured and remains too complex to be modeled by simple
approaches such as mixture law [284].

Generally speaking, it appears that high temperature
and high humidity and long-term aging tests have a severe
detrimental influence on a large set of mechanical prop-
erties: see, for instance, the extensive review of static,
fatigue, and creep of various types of SMC materials by
Springer [274], as well as Springer et al. [271] and Gibson
et al. [273]. Results appear to be more contrasted for quick
aging tests [285] or when considering liquids other than
water; see, for instance, Hoa et al. [282].

Later hydrothermal aging was shown to influence both
physical and chemical bonds in the structure of low pro-
file UP SMC and to create some partially reversible and
irreversible evolution phenomena [278,281]. The changes
in the size and morphology of microvoids were also par-
ticularly investigated in these studies. The type of LPAs
(hydrolyzable or not) was shown to have a clear effect on
the water sorption kinetics. Hydrolyzable LPAs may lead
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to detrimental effect on the durability of SMC materials
[280]. Degradation of the interfacial properties between
the polymeric matrix and the (glass) fibers was also
reported because of high humidity conditioning [275].

Surface Properties

Surface quality is comparable in importance to mechanical
properties in SMC compression-molded parts, particularly
in automotive applications (see Hu et al. [286]). Several
types of defects are frequently encountered such as surface
waviness, sink marks, fiber readout, blisters, and pores
[287–289].

Surface waviness is described by Dziewatkoski et al.
[288] as the texture on the surface of an SMC part that
is left by replication of an existing pattern on the surface
of the mold or from residual stresses in the molded parts
that remain after molding. Some of these defects can be
avoided by careful preparation of the mold surface.

Sink marks appear above ribs and bosses in molded
parts. These are caused by heterogeneous distribution of
fibrous reinforcement, fillers, and resin. This, in turn,
leads to nonuniform coefficients of thermal expansion or
shrinkage behavior during curing. Directly above ribs,
there may be a fiber-deficient area that exhibits a much
larger thermal expansion coefficient. When cooled, this
fiber-deficient area will shrink more than surrounding
areas, causing the sink [289]. Consequently, these phe-
nomena are very sensitive to the surface composition of
SMC parts which can be analyzed by infrared spectroscopy
(ATR) technique [290] or using SEM and atomic force
microscopy (AFM) techniques [291] and other spectroscopy
techniques [292].

Fiber readout phenomena (the deformation of the sur-
face with a texture similar to the underlying fibers) are
closely related to differences in thermal expansion coeffi-
cients that exist between the glass fibers and the polymeric
matrices (that do not contain LPAs: in that case fiber read-
out should not appear) [287]. Notice that a phenomenon
of visible surface deformation known as bond-line read-
out may appear in adhesive joined SMC parts. This
phenomenon is related a mismatch of thermomechani-
cal properties between the adhesive and the SMC panels
[293–295].

Surface porosity is defined as voids or pits on the surface
of the parts. Porosity results form air or gases (e.g., mois-
ture) that get trapped during compounding and molding
processes (see above) or subsequent process stages [241].
Blisters are porous regions that are concealed by thin
skins at the surface. The skin prevents gas evacuation
and causes bubbles on the surface of SMC parts, which
pop up after subsequent painting and high temperature
baking.

Paint-popping phenomenon that creates bubbles or sur-
face porosity such as pinholes or craters may also appear
on coated parts with powder priming. Comprehensive work
by Kia et al. [238,239], Kia [296], Basu et al. [241], and
Kia [242] on the role of absorbed moisture, gas entrapped
in microvoids, and heat rate allows a deep under-
standing of this phenomenon and to build strategies to
control it.

SMC RECYCLING

Recycling technologies of SMC have been investigated
for roughly the past 20 years. There is no doubt that
this aspect of the SMC process will gain further atten-
tion in the next decade as environmental regulations are
strengthened; particularly for the automobile industry, the
usage of SMC is massive, the cost of disposal in landfills
is ever increasing, and there is a justified public concern
about recycling issues.

From a technical point of view, SMC (and their relative
BMC) are difficult to recycle. This is, of course, due to the
presence of several phases such as fibers, fillers, and poly-
meric matrix, which make SMC significantly more difficult
to recycle than ‘‘monolithic’’ materials such as steels, alu-
minum alloys, or polyethylene as stated by Henshaw et al.
[297]. The presence of the reinforcing phase, which confers
their unique properties to composites, is also complicating
their recyclability [297].

Owing to the relatively recent developments of recy-
cling technologies for SMC, they are still mainly under
development [298]. Following the review of DeRosa et al.
[299], there are four major recycling technologies for SMC:
energy recovery, thermal recycling, chemical recycling,
and size-reduction methods. These methods can also be
combined [300,301]. Notice also that a fifth way of dealing
with SMC waste would be to use less material, that is,
SMC with improved performance properties [297].

Size-reduction techniques seem to be the only technol-
ogy being implemented industrially nowadays. The others
remain under development at the laboratory scale.

Most recycling tests of SMC waste have been performed
with classical SMC formulations: polyester resin filled
with calcium carbonate and reinforced with glass fibers.

Energy Recovery Routes or Incineration

Incineration is not a favorable method to recover energy
and to reduce the volume from the SMC waste because of
the high inorganic content in SMC [299]. However, some
advanced incineration concepts are discussed by Menges
[302].

Thermal Recycling Routes

There are two processes that aim at removing the resin
of the SMC waste by volatilizing it with heat: pyrolysis
[299,303–305] and fluidized beds [299,306,307]. These pro-
cesses deliver gases and liquids and the inorganic material
(fillers and fibers) as by-products.

In pyrolysis, which is the most studied thermal recy-
cling process [304,305], the SMC resin is decomposed into
gases and liquids that can be used as fuels or chemical
sources. Depending on the pyrolysis temperatures [299],
the inorganic matter of SMC, for example, glass fibers or
CaCO3, is unaltered and can be recycled into other compos-
ites. The analysis of the pyrolysis liquids was, for instance,
performed in Torres et al. [304]. After distillation, some
parts of this liquid could be mixed with commercial petrol,
and the other parts could be used as heating fuels. SMC
pyrolysis gases are sufficient to provide the energy that is
necessary for the pyrolysis process. The range of pyrolysis
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temperatures must be appropriately chosen (400–500◦C)
so that the process yields no decomposition of CaCO3, com-
plete decomposition of the organic matter, and apparently
no damage to fibers.

Chemical Recycling Routes

In DeRosa et al. [299], several types of chemical recycling
routes are distinguished: hydrolysis [308,309], glycolysis,
and solvolysis [309–311]. Chemical recycling routes seem
to be able to deliver excellent fibrous recyclate with excel-
lent morphological and mechanical properties [311], but
remain questionable because of the large amount of chemi-
cal waste produced in these processes although there have
been some attempts to reintroduce the used chemicals in
polymeric resins.

Size-Reduction Recycling Routes

These methods are mechanical ones. They can be imple-
mented in plants to recycle SMC scraps. They involve
size reduction (grinding) and separation steps. Grinding
involves four mechanisms: compression, impact, attrition,
and shearing of SMC waste [312]. Separation steps are nec-
essary to classify the recyclate by size and are performed
using sieves, screen classifiers, or cyclonic separators
[299].

Thinner Recyclate as Filler Materials

The thinner recyclate particles can be used to replace
mineral fillers or for adding as fillers in composite
materials: SMC, BMC, or thermoplastic-based composites
[299,300,310, 312–316]. It can be inferred from these
various studies that a moderate adding or replacement
of mineral fillers by filler-type recyclate (6–10% in
weight fraction for a BMC formulation for Petterson
and Nilsson [315], below 20% in weight fraction for an
SMC formulation for Inoh et al. [312]) has no important
detrimental effects on the mechanical properties of
the composites compared with their ‘‘virgin-material’’
counterparts. For high contents of reground materials,
some clear degradation of the surface aspect properties
can be observed [315] in BMC. Adding recylate particles
may affect the thermal properties of the composite and
thus its curing process, which results in surface quality
degradation [315].

Usage of Fibrous Recyclate

Very few studies have been performed to use fibrous recy-
clate as replacement for fibers or fillers in thermoset or
thermoplastic matrices [312,317,318]. Amid the observed
problems, a clear strength reduction is seen. This observa-
tion seems to be resulting from poor interface properties
between the recyclate and the polymer matrix [318]. To
date, fibrous recyclate of SMC are mainly used in civil
engineering materials [312].
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84. Le Corre S, Dumont P, Orgéas L, et al. J Rheol 2005;49:1029.
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130. Vassal J-P. Contribution á la modélisation des propriétés
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SHELLS—OPTIMUM BUCKLING LOADS OF
LAMINATED CYLINDERS
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INTRODUCTION

For reasons of weight, shell structures are often thin,
and these weight-critical applications often lead to
buckling-critical shell designs. See Fig. 1 for the applied
loads and geometry of a general shell under buckling
loads. Loadings can include (net) external pressure ‘‘p,’’
axial load N, bending moment M, and torsional load T.




