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Abstract
This article, through an industrial-level case study, presents workflows employed for decision-making to mitigate cracking of
glass fibre reinforced polymer (GFRP) parts in tight radii corner locations, often resulting from displacement-controlled de-
moulding processes. Namely, using process simulation to evaluate the cure cycle of the GFRP composite parts, it was possible to
optimize the time of de-moulding and reduce the potential for part damage. It was observed that the most significant factors
influencing the corner defect were boundary conditions of the part during de-moulding, the workshop temperature and part
thickness. The poorest process design case was identified as hot workshop temperature, a laminate with thickness on the upper
end of tolerances and a boundary condition where most sides are free, allowing for the development of larger moment forces at
the tight corners. Further to this, a de-moulding time chart was developed to account for the changes in material properties as a
function of temperature andmaterial thickness, allowing for the in situ decision-making of technicians to reduce the occurrence of
corner cracks.
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1 Introduction

Glass fibre reinforced polymers (GFRPs) have become in-
creasingly popular materials of interest in construction, auto-
motive, marine, sporting goods and other manufacturing in-
dustries [1, 2]. These cost-efficient composites offer advan-
tages over classical material counterparts, such as metals and
pure plastics, by allowing for the manufacture of near-net
shape and lightweight parts with complex geometries [3, 4],
along with a high-quality, glossy surface finish that can be
resistant to corrosive environment during service. However,
there are still complexities associated with manufacturing
GFRP composite parts, due to the thermo-chemo-
mechanical nature of the process, where part properties are
developed (evolve) simultaneously with the geometrical form
of the part. This, combined with a poor process control, can
often yield non-conformant process outcomes and part

defects. Such complex and highly non-linear systems often
require heuristic-based approaches in conjunction with
white-box physics-based models [5, 6]. One known such ex-
ample is the stress-induced cracking of GFRP components
during the de-moulding stage, compromising structural integ-
rity of the part and perceived surface quality [4].

1.1 De-moulding process and its complexity

The de-moulding process in GFPR composite manufacturing
is highly mechanical, where there is a need to apply external
forces to the consolidated composite part, to remove it from
the mould. Manufacturers may, e.g. use a multistep process to
achieve this (Fig. 1) by (i) mechanically separating the
oversprayed flanges of the part from the mould using soft
plastic wedge, (ii) wedging an air-injection nozzle further be-
tween critical areas of the overspray flanges and striking the
part with a cushioned tamper (to encourage the flow of air to
separate a greater area of the two components) and finally (iii)
a horizontal winch attached to embedded plywood sections in
the composite part (which applies a displacement-controlled
tensile force to separate it from the tool). The compressed air
and wedges are not always able to fully separate the mould
from the part, as the local forces become too small, and hence

* Abbas S. Milani
abbas.milani@ubc.ca

1 Composites Research Network-Okanagan Laboratory, School of
Engineering, University of British Columbia, Kelowna, Canada

https://doi.org/10.1007/s00170-020-06141-9

/ Published online: 3 October 2020

The International Journal of Advanced Manufacturing Technology (2020) 111:711–723

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-020-06141-9&domain=pdf
mailto:abbas.milani@ubc.ca


the latter final stage of using the tensile force becomes neces-
sary for successful removal of the part.

As a result of the large de-moulding forces placed upon the
consolidated composite component, there is the potential for
incurring damage. This is particularly the case in sharp corner
radii areas, where the bending stresses are magnified [7] (see
also Fig. 3 for an example). The purpose of the present case
study is to use simulation and characterization tools and iden-
tify the root causes of corner cracking from process-based
sources and recommend some general solutions to the de-
signers, in order to assist in mitigating such cracking.

2 Case study

Manufacturers of GFRP composite shower stall units (Fig. 2)
often use the spray-upmethod. This involves the deposition of
a thin layer (normally in the rage of 0.01–0.016″) of unsatu-
rated polyester-based gelcoat material (e.g. Maxguard LG-
33LE-2270W) to give a white and glossy surface finish, as
well as the deposition of both short, chopped fibres mixed
with resin on to a tool, which forms the bulk laminate and
shape of the final structure. For the gelcoat material, it is
preheated by the spray gun nozzle to ~ 100 °F (38 °C) prior
to ejection and deposition on the tooling surface, with the
temperature of the surrounding (manufacturing shop) airflow

being uncontrolled and seasonally varying between 77 and
100 °F (25–38 °C). The gelcoat polymerization reaction is
initiated, e.g. by the addition of Akzo Nobel ® C-50 Cadox
Methyl Ethyl Ketone Peroxide (MEKP) initiator at a concen-
tration ranging from 1.25 and 1.75% by volume, depending
on the daily conditions. This initial layer is left for typically ~
20 min to partially vitrify and have sufficient stiffness to sup-
port the following layers of material, while also being chem-
ically active enough to provide further bonding. In the bulk
laminate, the resin is chemically activated within the chop
spray gun, with the addition of the necessary chemical
agent(s). In the present case study, an unsaturated polyester
(UPE) resin (Polylite 33010 UPE) is used with the same
MEKP initiator as the gelcoat and at the same concentration,
to begin the polymerization reaction. The resin has various
filler materials added to it, for the purpose of modifying me-
chanical properties and lowering material cost. The E-glass
fibres are chopped to a length of approximately 3 in. from a
continuous roving and mixed with the aforementioned mate-
rials at the spray gun. Volume fractions of the constituent non-
reinforcement materials in the resin at room temperature are
46% resin, 49.25% calcium carbonate filler, 4.05% Featherlite
FL-4000 and 0.7% titanium dioxide. This distribution of ma-
terials is then combined with the fibreglass at a volume frac-
tion of 12.5%. The nozzle of the gun preheats the mixed ma-
terials to 38 °C and is deposited on to the partially cured

Fig. 1 A typical three-stage de-moulding process of industrial size GFPR
parts: (1) mechanically separating the overspray flanges of the part from
the mould using a soft plastic wedge, (2) wedging an air-injection nozzle

further between the overspray flanges and striking the part with a
cushioned tamper and (3) using a horizontal winch to separate the tool
and part

(a)                            (b)

Fig. 2 The spray-up
manufacturing process used to
make GFRP shower stalls in the
case study; (a) spraying gelcoat
on to a prepared mould and (b)
fibre/resin spray-up and roller
consolidation of the bulk laminate
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gelcoat layer, the temperature of which can vary depending on
a variety of parameters. Once the bulk laminate and stiffening
core sections are fully deposited and co-cured, the part is ready
to be de-moulded and undergo post-processing activities. This
typically occurs after a target cure time of 60 min for the bulk
laminate.

2.1 Corner cracking

For fibre-reinforced polymer composites (FRPCs), the de-
moulding process is necessary to separate the consolidated
part from the tooling used to form its shape. This process
usually requires an external load be placed upon the tooling
and part, in order to mechanically separate the two. This load
is not insignificant, as the chemical and electrostatic bonding

between the tool and part can be large, even when surface
preparation of the tooling prior to material deposition and cure
has been performed. The load induces stresses within the part
and can sometimes lead to local failure within the coated
GFRP laminate material (Fig. 3). This is especially problem-
atic for concave parts manufactured on a male tool, where it is
difficult to provide extra reinforcement to the structure while
de-moulding takes place. As such, excessive deflection can
occur within the part, especially since the stiffness of the
tooling is usually significantly higher than that of the part, so
the latter effectively provides all deformation needed to sepa-
rate the two surfaces.

The process is highly variable and dependent on the actions
of the human operator. However, in this case study, the oper-
ators had in excess of 10 years of experience performing these

Fig. 3 Example of a corner crack
defect, seen in tub showers after
de-moulding

(a)

(b)

(c)(d)

Fig. 4 Workflow/best practice followed to investigate the corner cracking
issue. Here, the process begins with determining the relevant material and
processing conditions, as well as constructing a numerical cure simulation
to determine degrees of cure (a dotted line), followed by mechanical
testing of both GFRP laminate and gelcoat under the corresponding
cure conditions to determine the associated mechanical properties (b

long-dashed line), then incorporated into a 3D structural simulation of
the de-moulding process to assess which conditions result in cracking or
no cracking (c dot-dash line), finally yielding a process map as a
recommended safe operating envelope for the manufacturer and full-
scale validation testing of the model (d solid line)
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tasks. In previous internal studies performed by the company,
it was concluded that the highly skilled operators responsible
for this task were likely not a contributing factor in the gener-
ation of defects in this particular case.

2.2 Analysis procedure

It is recognized that there is a highly variable rate of corner
crack defects among different composite manufacturing sec-
tors, which can significantly reduce the efficiency of the over-
all manufacturing process and quality of final parts. Under
nominal conditions, in the setting of this industrial case study,
the defect rate can be typically 5%, yet in some instances, this
has increased to as much as 25%. It was hypothesised that the
development of composite mechanical properties during part
cure would be the main driver for corner cracks, and this
formed the basis for the modelling in this section.

Figure 4 shows the workflow used to investigate the occur-
rence of corner cracks. Based on initial engineering judge-
ment, it was believed that two major factors of the underlying
phenomenon are cure temperature and laminate thickness of
the composite part. By selecting realistic bounds for these
factors, it was possible to use cure simulation tools to evaluate
the range of degree of cure (DOC) for the gelcoat and bulk

laminate materials. By correlating this with mechanical tests
performed on laminate samples at different degrees of cure, a
predictive model was developed to relate DOC to mechanical
properties. As such, a variety of de-moulding scenarios were
simulated, to investigate the development of stresses and
cracks in the bathtub part, along with sensitivities between
the selected process inputs (laminate thickness, cure tempera-
ture) and design outputs (laminate modulus and ultimate ten-
sile strength).

Following phase/box (a) in Fig. 4, the next section
(Section 2.2.1) details the methods used to select the range
of curing temperatures andmaterial thicknesses for the gelcoat
and bulk laminates, which were then needed to be used for
performing numerical cure simulations (here in RAVEN®)

Table 1 Summary of the obtained DOCs for the four different
processing conditions, for both the gelcoat and bulk laminate

Cold cure (25 °C) Hot cure (38 °C)

Thin laminate (2.7 mm) Gelcoat: 47% Gelcoat: 83%

Bulk laminate: 72% Bulk laminate: 91%

Thick laminate (4 mm) Gelcoat: 55% Gelcoat: 87%

Bulk laminate: 77% Bulk laminate: 93%

Fig. 5 Graphical user interface of
the model in RAVEN, used to run
numerical model of the GFRP
laminate and gelcoat cure process.
Here, the material models are
combined with the configured
laminate and tool geometries, as
well as the thermal boundary
conditions, to perform the
simulation. Degree of cure as a
function of time is extracted from
the model, for selected regions of
the material
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where the degree of cure under each configuration is deter-
mined (Section 2.2.2). Following, with the degree of cure
estimated using the numerical tool, Section 2.2.2 covers the
mechanical testing of both GFRP laminates and gelcoat-
aluminium bi-material beams, to determine the bending mod-
ulus and strength of these materials, at the given manufactur-
ing conditions (i.e. towards box (b) in Fig. 4). This includes
describing how the gelcoat mechanical properties are numer-
ically decomposed from the global properties of the bi-
material beams. Further, Section 2.2.3 describes the structural
finite element modelling of the GFRP part undergoing de-
moulding, using the relevant material property, load and
boundary condition inputs, via a 3D model in Abaqus® (i.e.
box (c)). Here, the combination of material thicknesses and
cure temperatures is structurally assessed, to determine which
configurations result in peak stress that will in turn cause
cracking. Finally, Section 2.3 covers the creation of a process
map that empirically captures the combination of material
thicknesses and cure temperatures, as a recommendation to
the manufacturer for a safer process operating envelope.
This is also validated with a full-scale test in the manufactur-
ing plant (i.e. box (d) in Fig. 4).

2.2.1 Process characterization and cure simulation

As previously stated, the two major processing factors
influencing the development of corner cracks are deemed to
be the laminate thickness and processing temperature. During
the cure process, both of these parameters influence the bulk
stiffness of the structure. This investigation required a simple
1D thermal analysis tool with cure kinetic modelling capabil-
ities, to observe how the laminate degree of cure develops
during the manufacturing cycle (as per part (a) in Fig. 4).
The RAVEN software [8] was employed for this purpose. A
simplified (1D) approach was used, as through-thickness heat
transfer is the dominant mechanism of thermal transport in
composite laminates of typical thickness [9]. In the
manufacturing process, the deposition of the gelcoat material,
preheated to 100 °F (38 °C), begins the cure process. This was
modelled for two separate conditions; thin (0.01″ or 2.45 ×
10−4m) gelcoat, cold (77 °F or 25 °C) workshop air tempera-
ture, and thick (0.016″ or 4.06 × 10−4m) gelcoat, hot (100 °F
or 38 °C) workshop air temperature. These values were all
within manufacturing tolerances, yet represented the allow-
able extremes. The two parings were chosen, as thin laminates

Fig. 7 Simulated cure response
for gelcoat cure for the thick
gelcoat (0.016″ or 4.06 × 10−4m)
and hot workshop (77 °F or
25 °C) temperature history

Fig. 6 Simulated cure response
for gelcoat cure for the thin
gelcoat (0.01″ or 2.45 × 10−4m)
and cold workshop (77 °F or
25 °C) temperature history
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have a lower exotherm capability and combined with a cold
air temperature, leading to a low temperature and low degree
of cure case. The inverse applies to the condition of thick
laminate and hot air temperature. Another important model-
ling parameter in the system definition is the heat transfer
coefficient at the part and mould surfaces, responsible for
the transfer of thermal energy between the system and its
surroundings. The 1D model of the system has been shown
in Fig. 5. A value of 10 W/m2K was selected for the part
surface, with higher air velocity due to its open nature and
the structure often being in close proximity to the plant’s
HVAC system. For the mould underside, 5 W/m2K was used,
as the air is expected to be much more stagnant in that region.
These values were selected based upon engineering judge-
ment and with comparisons with other case studies that bear
significant resemblances.

The fibre (12.5%) and filler volume fractions were includ-
ed in the material model, to properly scale internal heat gen-
eration from the resin cure reaction, the thermal conductivity,
diffusivity and specific heat capacities of the constituents,
hence properlymodelling the development, retention and flow
of heat. The cure kinetics of the resin was previously

characterized using a modulated differential scanning calorim-
eter (DSC) as part of a separate study [10]. As per manufactur-
ing specifications, the gelcoat layer was left to cure for 20 min
prior to deposition of the next layer. This action typically
occurs within a ± 1-min interval. The output degree of cure
and temperature at this time for each of the four conditions
was recorded from the RAVEN model, which was then used
as inputs for the gelcoat layer component of the system defi-
nition post-spray-up. Hence, as the bulk laminate layer
underwent its exothermic chemical reaction, it could heat it-
self and the gelcoat layer further, providing insulation for the
latter. Figure 5 provides a visual example of the RAVEN
software and the construction of 1D layers in the numerical
model.

Results of the cure simulation: effect of process factors
Figures 6, 7, 8 and 9 show the obtained model outputs for
degree of cure (DOC) for the gelcoat layer and for the bulk
laminate plus gelcoat. The initial gelcoat DOC was deter-
mined by a separate simulation step beforehand and used as
an initial condition. The target de-moulding time for the bulk
laminate was 60 min after deposition, which has been marked

Fig. 8 Simulated cure response
for gelcoat cure for the thin
gelcoat (0.01″ or 2.45 × 10−4m)
and hot workshop (100 °F or
38 °C) temperature history

Fig. 9 Simulated cure response
for gelcoat cure for the thick
gelcoat (0.016″ or 4.06 × 10−4m)
and hot workshop (100 °F or
38 °C) temperature history
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on the curves. Following completion of the four process sim-
ulation conditions (Figs. 5, 6, 7 and 8), the degrees of cure
were noted at the given de-moulding time and tabulated in
Table 1. The previously presumed trends on thin/cold lami-
nate leading to a low degree of cure and a thick/hot laminate
leading to a high degree of cure held true via the RAVEN
runs, per results in Table 1.

2.2.2 Test coupon fabrication and characterization
of mechanical properties

Having collected the process simulation results, it was next
necessary to tie these different degree-of-cure conditions to
how the material properties develop throughout the cure cycle.
For both the bulk laminate and gelcoat, experimental samples
were prepared with degrees of cure approximately reflecting
those obtained from the process simulation. Both materials
were deposited on to lab-scale flat moulds, at the industrial
manufacturing site, using their exact production material con-
figuration. The samples were then placed into an ice-filled
cooler with the appropriate physical protection, to avoid con-
tamination and to stop the advancement of cure. Three-point
bending (3PB) samples, adhering to ASTM D790 [11], were
then cut using an abrasive waterjet cutter (AWJ). The 3PB
condition was selected for testing, as it reflects the loading
condition for the laminate when it is de-moulded in full scale.
These samples were then cured in an environmental control
chamber to match the process simulation cure results and fi-
nally tested under 3PB immediately. A total of five specimens
were tested for each condition of the bulk laminate, for

statistical repeatability. From the load-displacement data ob-
tained from a universal testing frame with 50 kN-load cell and
extensometer, examples of the stress-strain responses are
plotted in Figs. 10 and 11. The degrees of cure of the 3PB
samples were determined using the same process simula-
tion methodology in RAVEN, based upon the temperature
history of the parts, from their manufacture, preparation
and testing. These results have been included in Table 2.
The obtained values were then applied to a scaling function
to approximate the modulus at other DOCs (Fig. 12),
where the scaling function is a bounded S-curve that cap-
tures the phase transition-based change in mechanical
properties [12]; please see Appendix for more fundamen-
tals on this transition.

Next, the same process was followed to determine the
DOC and mechanical properties of the gelcoat film material.
This process was more complex than the bulk laminate tests,
as the gelcoat could not be de-moulded and tested indepen-
dently. Hence, the gelcoat was cured on an aluminium 5052
mould, with a thickness of 0.05″ or 1.27 × 10−3m, and when
the samples were cut, the aluminium was kept together with
the gelcoat to make a bi-material beam for 3PB testing.
Figure 13 shows the end-of-test condition of the two bi-
material samples (partially and fully cured), as well as the
corresponding stress-strain curves.

The modulus and strength directly extracted from the ex-
periment are only effective values, as they are the sum of two
components (aluminium and gelcoat) with their own moduli
and geometries. Equation (1) [13] describes the effective stiff-
ness of the bi-material test beam as a function of the

Fig. 10 Stress-strain behaviour of
the bulk laminate 3PB samples
for the partially cured samples

Table 2 Results of mechanical
property characterization for
partially and fully cured bulk
laminates

Partially cured (DOC= 55%) Fully cured (DOC = 98%)

Modulus of elasticity (GPa) Eave = 3.882 Eave = 5.448

ESTD = 0.589 ESTD = 0.644

Ultimate bending strength (MPa) σave = 61.362 σave = 70.748

σSTD = 8.162 σSTD = 10.264
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component materials and geometries. By iteratively solving
for Ec, the modulus of the gelcoat can be isolated.

EIð ÞEff ¼
w:t3st:tc:Est:Ec

12 tstEst þ tcEcð Þ 4þ 6
tc
tst

þ 4
tc
tst

� �2

þ Ec

Est

tc
tst

� �3

þ Ec

Est

tc
tst

 !

ð1Þ
where tst and Est are the thickness (m) and modulus (Pa) of the
substrate metallic layer respectively, tc(m) and Ec (Pa) are the
thickness and modulus of the gelcoat layer, respectively, and
w (m) is the width of the bi-material beam.

The same previous methodology of using the scaling func-
tion to approximately calculate the modulus for a given degree
of cure was used for the gelcoat (Table 3), and the estimated
values were compared with a similar gelcoat from the litera-
ture (namely, Scott Bader Crystic 44PA). The similarity in
mechanical properties provided more confidence in the per-
formed experimental characterization using the bi-material
beam method [13].

2.2.3 Structural simulation of the de-moulding

In order to effectively reduce the rate of corner crack occur-
rence in the open-moulded GFRP part, it was eventually nec-
essary to investigate how stresses in the corner locations de-
velop under different processing and design conditions. To
this end, a 3D structural finite element model was developed
to incorporate different material properties (cure/temperature
dependent), part thicknesses as well as de-moulding boundary
conditions and evaluate the influence of these three factors on
the development of the stresses. Next to material properties in
Tables 2 and 3, for the sake of a realistic numerical analysis, a
representative part was first cured in the manufacturer shop on
a mould of similar geometry to an actual bathtub product and
de-moulded with a load cell attached, i.e. with the maximum
load experienced during the actual process being recorded.
The part was cured on its mould with typical mould prepara-
tion procedures applied to it beforehand and was then de-
moulded at approximately 45° orientation. It was de-
moulded with no assistance from compressed air or mechan-
ical wedging, such that the full bonding characteristics could
be investigated. The representative part was approximately
rectangular in shape with dimensions of 72″ × 36″ and when
de-moulded with an overhead crane had a peak load of
1180 N, equating to an approximate bonding strength of
705.6N/m2. This value was then used in the subsequent nu-
merical analysis, as the bonding strength between part and
mould needed to be overcome for a successful de-moulding
action. It is worth noting that for a shape as complex as a tub
shower, the coupling factor between the mould and part de-
pends on the loading conditions very much. For example, a
surface being de-moulded in shear mode would have a differ-
ent net force for de-moulding compared with surfaces that are
perpendicular to the de-moulding load; i.e. in tension mode.

As boundary condition, a 60PSI pressure was applied to the
tub base and back wall (Fig. 14), originating from when the
operators first attach shop air lines at that pressure to the drain
and overflow sections of the tub shower. Next, the mould

Fig. 11 Stress-strain behaviour of
the bulk laminate 3 PB samples
for the fully cured samples

Fig. 12 Fitting the experimental points on to a scaling function; relating
the laminate elastic modulus and degree of cure. The S-curve scaling
function is typical for polymer-matrix composites, representing the
transition from liquid to crystalline phase [12]
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segments around the periphery were disbonded one by one, as
per the manufacturing procedure where a mechanical wedge is
moved around the perimeter to de-mould the edge sections.
Finally, an external load of 500 N was applied to the bottom-
front section as a distributed load (approximately 6.11 ft2 or
0.568 m2), simulating the final act of using a horizontal winch
to de-mould the part completely, as depicted in Fig. 14.

For the stage where the fixed boundary conditions were
sequentially removed, it was important to take into account that
in practice, there are points where the moulds are likely to
remain stuck to the parts. In most real de-moulding cases, only
a few faces on the back wall remain stuck if the compressed air
is not able to separate them (case 1). Conversely, a larger span
of the back and side walls can remain fixed (case 2). In the latter
case, this could be due to poor mould surface preparation prior
to the manufacturing cycle. Figure 15 shows an illustrative case
of these conditions (case 1: 100 °F cure, case 2: 77 °F cure, both
laminates have 0.01″ thickness), where the maximum stress is
experienced in the bottom corner of the structure, which was in
line with the actual location of the real cracking. Notice that due
to overcured material condition associated with higher process-
ing temperature, the maximum von Mises stress for case 1 is
higher and hence higher risk of corner cracking.

2.3 Empirical optimization and in situ validation

Based on the developed material properties and stresses dur-
ing the process, the next goal was to determine an appropriate
de-moulding time to minimize the cracking. Conceptually,
this optimum should be based on the material properties being
partially developed and compliant enough during de-
moulding (i.e. not to be too brittle and cause cracking due to
the induced forces and moments), while also being stable
enough such that substantial postcure after de-moulding does
not occur, which is undesirable and can cause unrecoverable
residual deformations [10, 15–22]. Determining this exact
time point experimentally or analytically is complex and in-
volves significant non-linear analysis [16]. Hence, an
experience-based approach was opted herein. Namely, at a
typical de-moulding time of 60 min, Eq. (2) was graphically
applied to cure simulations to determine that the cure rate of
the bulk laminate was approximately 8 × 10−5 s−1 [15]. This
was then used as a benchmark to be applied to other cases of
workshop temperatures and laminate thicknesses, where the
preferred de-moulding timewould bewhen the cure rate of the
laminate decreases below that threshold of 8 × 10−5 s−1.
Figure 16 shows the plot generated from such empirical

Fig. 13 A visual example of the testing of two of the bi-material beams; (left) partially cured and (right) fully cured. Here, the partially cured condition
results in highly plastic deformation, whereas the fully cured condition results in a brittle failure

Table 3 Results of mechanical
properties for partially and fully
cured gelcoat layer

Partial DOC (68%) Full DOC (98%) Crystic 44PA [14]

Modulus of elasticity (GPa) 5.45 6.5 5.2

Ultimate tensile strength (MPa) Did not fail (120) 92.3 46
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approach, where de-moulding time is a function of the work-
shop temperature; the bands are given for the upper and lower
limits for the cases of thick and thin laminates.

dα
dt

¼ Kαm 1−að Þn
1þ eC α− αC0þαCTTð Þf g ð2Þ

K ¼ Ae −E=RTð Þ ð3Þ
where α is the degree of cure, K describes the Arrhenius func-
tion for the reaction, αC0 is the critical degree of cure at T =
0 K, αCT is a constant accounting for increase in critical resin
degree of cure with temperature and m and n are constants
obtained from a curve-fitting analysis.

Subsequently, a follow-up in situ experiment was run at the
manufacturing site, using results of the obtained empirical plot.
For a workshop temperature of 90 °F, a de-moulding time of
40 min was selected and applied to the manufacturing cycle.
This 40-min time was the mean value between the upper and
lower bound estimates for acceptable de-moulding time, based
on the structural simulation results. That is, given the

mechanical properties of the gelcoat and laminate that were
experimentally determined for the given laminate thicknesses
and air temperature, the structural simulation showed that any
more or less time will result in poor mechanical properties and,
hence, cracking of the structure. In the in situ validation exper-
iment, no corner cracking was present, and feedback from the
technicians indicated that the part stiffness was low enough to
provide sufficient displacement during the de-moulding
process.

3 Conclusion

This case study tackled a complex industrial manufacturing
problem related to corner cracking during de-moulding of
GFRP parts with 3D geometrical features. To this end, the
cure processes of the GFRP laminate and gelcoat substrate
layer were numerically simulated using RAVEN, based on
typical material thickness and workshop temperature condi-
tions. Following, experimental samples were manufactured
with the associated degrees of cure, to determine the associat-
ed mechanical properties of bending modulus and bending
strength. This was performed for monolithic GFRP laminates
representing the product bulk laminate, as well as the gelcoat
deposited on an aluminium sheet, forming a bi-material beam.
In the case of the latter samples, the gelcoat mechanical prop-
erties had to be numerically decomposed from the net load-
response curve of the combinedmaterials. Further, a 3D struc-
tural simulation was formed using these material properties,
combined with other process-specific load and boundary con-
ditions, to explore the design space for feasible configurations
of the model inputs of material thickness and workshop air
temperature. By performing mechanical testing on a set of
laminate materials (mimicking different processing condi-
tions) and developing a structural FEA model with boundary
and loading conditions reflecting the manufacturing practice,
it was determined that boundary condition case 1 (only a few

Fig. 15 Structural simulation of the de-moulding process, showing the location of the maximum stresses developed in (left, maximum stress 103.8MPa)
case 1 and (right, maximum stress 21.2 MPa) case 2, agreeing with the real case (see also Fig. 3)

Fig. 14 The region of the finite element model (light-shaded region)
where the 500 N external load was applied to simulate the de-moulding
process
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faces on the back wall remain stuck where the compressed air
is not able to separate them), higher material thickness and
higher air temperature combination could yield the highest
chance for the cracks to develop. When the process model
was further refined to account for the development of material
properties over cure time, a follow-up experiment was run at
an industrial scale to give evidence that the final model is
effective in reducing defect rates and potentially increasing
process productivity towards lean manufacturing.

Appendix: a closer look to the effect of resin
curing

The development of the resin modulus throughout the
manufacturing process primarily influences the bulk mechan-
ical properties of the composite laminate prior to de-moulding.
Specifically, once the initiator compound is added to the resin
mix, the generation of free radical particles begins and chem-
ical bonding between monomers into long polymer chains
begins, as depicted in Fig. 17.

As the chains grow longer with more monomers added, the
overall mobility of the molecules diminishes, and bulk rigidity
becomes higher. This leads to an eventual transition from a
liquid into a solid state, which becomes glassy as the available
mobility effectively reduces to zero. Similarly, as this pro-
gresses, so does the measurable modulus of the material.
Figure 18 shows both an example relationship between a cure
temperature, degree of cure and glass transition temperature of
an unsaturated polyester resin and the generic relationship
between degree of cure and developed elastic modulus.

It is important to note that the cure process is dependent on
not only temperature but also time, as the chemical reaction
has many factors that make the timescale great enough for de-
moulding activities to take place during material property
changes. The development of cure and hence material proper-
ties can be modelled in many ways, typically done empirically
using a differential scanning calorimeter (DSC) and then
curve-fitting the results to an assumed phenomenological
model. There are many that have been developed for particu-
lar material systems, each with their own mechanics. For a

Fig. 16 Best-practice process chart obtained to predict the de-moulding
time of the GFRP part. This chart acts as guidance for manufacturer on
de-moulding time, as a function of the laminate thickness and the
workshop temperature. The green (lower) data series represents the
lower threshold for acceptable de-moulding time. Conversely, the blue
(upper) data series is for upper threshold estimates. Outside of these

bounds, the de-moulding process is likely to result in cracking of the
GFRP product, based on the combined material properties and
boundary/load conditions investigated in the finite element simulations.
The red point represents an example point in the decision space, from the
in situ validation test. That is, the workshop temperature was 90 °F, and
the mean value between the upper and lower bounds for time is 40 min

Fig. 17 Illustration of how resin modulus develops due to lower molecular mobility as the cure cycle progresses
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chemical system with a heavy dependence on diffusion-based
mechanisms, Cole et al. [20] developed Eq. (4) shown below,
which has been effective in other published works [19].

dα
dt

¼ Kαm 1−að Þn
1þ eC α− αC0þαCTTð Þf g ð4Þ

K ¼ Ae −E=RTð Þ ð5Þ
where α is the degree of cure, K describes the Arrhenius func-
tion for the reaction, αC0 is the critical degree of cure at T =
0 K, αCT is a constant accounting for increase in critical resin
degree of cure with temperature and m and n are constants
obtained from a curve-fitting analysis.
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