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Abstract. Mitigation of cure-induced defects in thermoset composite parts has always been a challenging
problem for manufacturers especially when it comes to high dimensional accuracy of components. Thus, it is
crucial to understand the evolution of the thermo-chemical properties of these materials during the totality
of the curing cycle. In this paper, a new methodology is presented to characterize the process-induced strains
throughout the cure. The investigation is based on the development of an existing laboratory bench named
as PvT-HADDOC. The tests were performed on an interlayer toughened aerospace carbon/epoxy prepreg.

Unidirectional laminate samples (105x105 mmz) of almost 6 mm of thickness were manufactured by hand lay-
up then debulked at room temperature under full vacuum. The PvT-HADDOC device allows a manufacturing
process following the recommended cure cycle of epoxy composites under 7 bars pressure and a temperature
up to 180°C. It enables the measurements of the process-induced strains, simultaneously, along two directions:
through-thickness and in-plane. Results show a complex behavior of an assumed unidirectional composite. It
exhibits a temperature and time dependent compaction behavior through the thickness only. The measured
thermal expansion coefficients are proved to be higher in the thickness direction for the uncured as well as
for the cured state of the material. Most of the chemical shrinkage occurs along the thickness direction. This
unexpected complexity is mainly attributed to the presence of interleaf layers of resin in the laminate structure.
Thus, the investigated M21/IMA material is considered fully orthotropic.
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1 Introduction

The composite manufacturing industry faces enormous challenges to understand and control thermosetting composite
behavior throughout the production processes. The curing stage is among the most critical step. Cure shrinkage in the
thermoset matrix is the major source of cure induced defects in composite parts. Due to its coupling with thermal
expansion or contraction, the linear chemical shrinkage is difficult to characterize when it comes to orthotropic
materials. The coefficients of chemical shrinkage and thermal expansion (noted CCS and CTE, respectively) are among
the significant parameters that are used for numerical simulation of residual stress development and final shape of
composite parts. Experimental investigations are usually conducted on partially or fully cured samples limited to single
plies of prepregs to estimate these parameters and lack reliable data about the total cure behavior. The aim of this
study is to obtain a further understanding of linear thermal expansion and chemical shrinkage developments during
the whole cure cycle of composite materials. Hence, a multi-axial investigation of the thermo-chemical behavior of an

epoxy/carbon laminate is conducted using a new experimental device.

2 Experimental

2.1 Material and samples

The studied material in this research is a unidirectional prepreg, HexPly® M21/34%/UD194/IMA-12K, made of M21
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epoxy resin and IMA carbon fibers with a nominal cured ply thickness of 0.184 mm. The M21/IMA system has the
particularity to include an extra layer of resin toughened with thermoplastic particles as a distinct interleaf between
plies as shown in Fig. 1. This technique of interleaving has been widely used as a solution to enhance cured laminate
toughness. It has shown to give significant improvements of the inter-laminar toughness and the mechanical properties

such as the static strength and fatigue resistance [1, 2].

Laminate samples used in this investigation were all prepared according to the same conditions. Each specimen is made

of 30 plies of the M21/IMA prepreg stacked into a unidirectional configuration by hand lay-up. Squares of 140x140

mm? were firstly cut from the prepreg, laid-up then placed on a flat aluminum tool and covered with a vacuum bag. The

removal of air forces the bag down onto the stacked laminate ensuring a debulking pressure of up to 1 atmosphere.

A 2-hours debulk at room temperature was performed on the 30 stacked plies all together. Samples of 105x 105 mm?

were finally cut from the debulked assembly and the average initial thickness based on 9 specimens was about 5.96
+ 0.05 mm.

Parosity

= Inter-layer

(M21 resin)

Toughening / IMA fibers
particles

Fig. 1. Micrograph of the thickness of the M21/IMA laminate cured sample

2.2 Experimental setup

In this study, the characterization of the process-induced strains throughout the cure of the M21/IMA laminate is
carried out using an already existing home-made device named as PvT-HADDOC. A more detailed overview of the
working principle of the first version of this device can be found in [3]. This bench consists of a mold cavity assembled
to an Instron ElectroPuls E10000 electrical press as presented in Fig. 2-left. The research presented in this paper is
based on the improvement of the first version of this bench to enable a homogeneous thermal and mechanical state

around the samples while curing.

During the experiment, the mold cavity is filled up with a CALSIL IP 50 silicon oil. The laminate sample is placed
between the piston of the machine and a plate that is attached to the lower heat exchanger of the cavity (see Fig.
2-right). The thermal cure cycle applied to the material inside the cavity is ensured by both heat exchangers that
are connected to a Vulcatherm thermo-controller unit that allows the heating/ cooling of the system by circulating a
fluid through these exchangers. The applied temperature can reach up to 200°C. The silicon oil circulates continuously
through both exchangers to provide the thermal homogeneity around the sample. A compressive hydrostatic stress is
applied around the sample throughout the whole cure cycle assuming that the friction on its surfaces is negligible.
Thus, it is simultaneously submitted to the compressive force applied by the piston along its thickness combined to
the lateral oil pressure. The latter is performed by an external piston allowing to reach 10 bars during the cure and

controlled by a local high temperature pressure transmitters 35X HTC inserted in the mold cavity.
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Thanks to this device it is possible to record the dimensional variations of an anisotropic thermoset composite sample
during the cure process simultaneously along two directions. The in plane measurements are provided by a laser
profilometer KEYENCE LJ-V 7080 placed in front of the glass window of the mold cavity to ensure the recording of the
lateral displacements of the sample surface variation as a function of time. The estimation of the in plane deformations
of the sample throughout the cure requires an optical correction of the raw data coming from the profilometer as it is
detailed and validated in [3] to overcome the refraction phenomena. The dimensional variations of the sample through
its thickness direction is measured throughout the displacement of the piston given by the Instron Press. This latter
is monitored in constant force mode during the total cure process which enables to follow the variation of the sample

thickness.

As presented in Fig.1-right, two heat flux sensors are inserted in the piston and the steel plate so that they are in
contact, respectively, with the upper and lower sample surfaces. Data treatment of these sensors, as it is described in
[3], provides information about the surface temperatures of the sample and the heat flux exchanged between this latter
and the device. It is then possible with this device to estimate the degree of cure of the sample by analyzing these fluxes

during the chemical reaction of the material.

INSTRON Press moving frame Presture Load

Metal bellows Throwgh-thickness
displacements

Upper heat exchanger

Pressure sensor
Silicone oil

In-plane
displacements

Piston

.......... +—— Glass window
P\-\il B JRCRORRE R (oS
T SRRt 2T Sample

Steel plate

Optical profilometer

Lower heat exchanger

INSTROMN Press fixed frame

Heat flux sensor

Fig. 2. Global overview of the PvT-HADDOC experimental setup. 3D conception (left) and a scheme of the mold cavity
(right)

3 Experimental results and discussion

3.1 Cure kinetics of the M21 resin

The manufacturer‘s recommended thermal cure cycle for the M21/IMA system based on the epoxy resin and according
to the thickness of laminate samples used in this investigation, consists of a heating ramp of 2°C/min up to 180°C
and an isothermal curing dwell for 120 min at this temperature before the cooling stage of the cured material to the
ambient temperature. As the crosslinking reaction of the epoxy resin being slow during the curing of the laminate
samples, it was not possible to estimate the degree of cure of the material using the HADDOC device. The same issue
was observed in previous investigations [3] conducted on a similar prepreg based on the M21 epoxy matrix. In order
to obtain a better understanding of the shrinkage development of the studied material during the manufacturing, it is
mandatory to well predict the cure kinetics of the matrix. Phenomenological models are generally preferred to study
the M21 epoxy system. Relying on the investigation conducted by Msallem [4] to model the cure reaction of the same
type of resin, the proposed autocatalytic model of Bailleul [5] was used in this research to estimate the degree of cure
of the studied material. It has been extended by Msallem [4] to consider the effects of glass transition temperature on

the cure kinetics (Eq. (1)). Model validity was verified on M21 resin samples during the cure for a given pressure and
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according to the manufacturer’s recommended thermal cycle using the PvT-a mold [4, 6, 7] that can simultaneously

measure the heat flux, the surface temperature and the volumetric change of the resin sample.
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Where o is the degree of cure, da/dt is the crosslinking rate, G (@) is a polynomial function, Ka (T) is the Arrhenius
law that describes the dependence of the cure rate on temperature (T) and Kp (Tg) is an exponential function that
describes the effect of glass transition on the diffusion of macromolecules and the cure kinetics rate. The values of the

constants are given in Table 1.

Table 1. Parameters of the kinetics model [4]

Gia) 2, =0.88, a;=1.8]1, a,=-5.48, a;=129.26, a, = 138.39, a; =-232.08
ag = 177.59, a;=-32.37

KuT) Tos=493.13 K, K =0001645", A=19113

Kn(T) K;=0335 ;=23 C,=60K

Tg=215°C, Tp=-4.15°C, A=0.551

3.2 Separation of thermal expansion, compaction and cure shrinkage

3.2.1 Preliminary curing cycle test

The M21/IMA prepreg system based on epoxy resin is typically cured following an autoclave curing process. The first
laminate sample was cured under a hydrostatic pressure of 7 bars applied in the mold cavity during the whole thermal
cycle. The sample was heated from 30°C to 180°C at a rate of 2°C/min then it was cured for 2 hours at 180°C and finally
cooled with the same rate to 30°C. The temperature program and the estimated degree of cure are presented in Fig.
3a. Raw displacements data recorded with the Instron Press were exploited and the through-thickness deformation
is calculated (Fig. 3a). The focus here is firstly made on the through thickness strain variation only during the whole
cure cycle. Three main phases can be then distinguished according to the material state evolution along the thermal
cycle (see Fig. 3a). Phase 1 corresponds to the heating step of the uncured laminate that proved to include more than
the thermal expansion of the material. This phase is further studied in the following paragraphs. During phase 2, the
material is isothermally cured at 180°C for two hours. The cure shrinkage is observed through the high drop in the
measured strain at the start of the isothermal dwell which is directly linked to the crosslinking reaction of the matrix.
The strain continue to decrease and remain rather constant during the rest of the isothermal step. In phase 3, the

material is thermally contracted while cooled to the ambient temperature with a rate of 2°C/min.

During the first phase, the material exhibits a complex behavior when heated at the uncured state. As it is highlighted
in Fig. 3b, during phase 1 the through-thickness strain is driven by three competing mechanisms. From t =1000 s until
almost t = 3000 s, the chemical reaction has not yet advanced (a = 0), thus, the chemical shrinkage does not occur

at this stage of phase 1. The two mechanisms observed until t = 3000 s during the heating are mainly the thermal
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expansion at the liquid state of the material and compaction. This latter dominates over the thermal expansion in this

zone where an important drop through the thickness of the material is observed.
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Fig. 3. Through thickness induced strain. (a) During the whole cure cycle (b) Focus on the phase 1: coupled

phenomena

The compaction behavior takes place at an early stage of the heating ramp and the induced strain starts to decrease
slightly when the temperature reaches almost 50°C. Around 90°C, the material is compacted about 1.7% and just after,
the measured strain starts to increase again mostly due to the thermal expansion of the sample. One can assume that at
90°C the material was completely compacted. The increasing of temperature reduces the viscosity of the resin that can
exhibit a strong variation up to five orders of magnitude when it comes to interleaved prepregs [8, 9]. The mechanism
of compaction prior to curing is a key step during the manufacturing process of thermosetting composite. In this case
of study, it is mostly driven by the flow mechanisms of the epoxy resin as a consequence of the thermal heating step
under a constant pressure. The compaction process is commonly linked to the impregnation of the fiber bed and the
elimination of the inter- and intra-ply air bubbles trapped into the prepreg laminate [10]. This mechanism continues
until the composite reaches the maximum compaction of the reinforcement. Starting from t = 3600 s, the cross-linking
reaction of the epoxy matrix is activated with temperature and the estimated degree of cure at the end of the heating
ramp is almost a = 0.3. Consequently, at this stage the cure induced strain is affected by a small amount of the chemical

shrinkage coupled to the thermal expansion of the material.

Obviously, the simultaneous occurrence of these three physical mechanisms: thermal expansion, compaction and
chemical shrinkage during the heating ramp prevents from analyzing the uncured state of the material. In order to
distinguish the relative contributions of the thermal expansion driving the through-thickness induced strain during the

cure cycle of the M21/IMA laminate, further analyses were performed to separate these phenomena.

3.2.2 Definition of cure cycles

Two different thermal histories were tested to cure the prepreg samples. The mechanical state of the sample remains
unchanged. Thus, 7 bars pressure is applied during the tested cycles. At this stage, we focused on adjusting the first
heating step of the thermal cure cycle. Therefore, during the first modified cycle, a laminate sample was heated from
the ambient temperature to 60°C with a rate of 2°C/min. This temperature was held for 10 min, thereafter, the sample
was cooled with same heat rate to the ambient temperature then re-heated again at 2°C/min up to 180°C. Phase 1

of the cure induced strain in the through thickness direction of laminate sample as well as the thermal cycle and the
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estimated degree of cure are presented in Fig. 4.
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Fig. 4. Focus on the phase 1: Through thickness induced strain during the firstmodified curing cycle

During the first heating ramp, the compaction mechanism starts to take place when the temperature reaches almost
50°C, as it was observed during the first curing cycle (Fig. 3b). The compaction process continues with a faster kinetics
rate during the isothermal dwell at 60°C and the sample was compacted through its thickness direction by 1.2 %. When
re-heated, the material exhibits a second compaction step that starts at 65°C with a lower degree of compaction (less
than 0.5%). As observed during the first tested cycle, this mechanism is likely to end when the temperature exceeds
90°C (see Fig. 3b). However, we cannot assume that the material reaches a limit of compaction during the heating
ramp. Therefore, after 90°C and before the start of the crosslinking reaction, the compaction mechanism could alter
the thermal expansion behavior of the material at its uncured state. To overcome this issue, a second thermal cycle was
tested (is not presented here for sake of simplicity). The isothermal dwell after the first heating ramp was adjusted
and fixed at 70°C during 30 min. Results showed that the compaction process started during the first heating ramp at
the same temperature level (50°C). The material was compacted by 1.4 % through its thickness until the end of the
isothermal dwell. During the second heating ramp the compaction of the material doesn’t take place and only thermal
expansion mechanism was observed. One can assume that the compaction process is an irreversible mechanism. When
the isothermal dwell is held for a sufficient time at a temperature level that is linked to a pronounced drop in the

viscosity of the matrix, the material was observed to reach a limit of compaction.

Based on these considerations and in order to investigate the whole thermo-chemical behavior of the material, the
standard manufacturing cure cycle (Fig. 3a) was modified. The adjusted one (see Fig. 5) consists in heating the prepreg
sample at a constant rate of 2°C then applying an isothermal first dwell at 70°C during 50 min. According to the
tested cycles, we assume that this duration is sufficient to ensure a compaction limit that does not affect the thermal
expansion of the material without inducing a chemical shrinkage of the matrix. Samples are then heated at a constant
rate of 4°C/min up to 160°C in order for the chemical reaction to start in the isothermal part of the second dwell. The

material is cured at this temperature for 210 min then cooled to the ambient temperature with a ramp of 2°C/min.

3.3 Thermo-chemical strains evolutions during curing

Three laminate samples of the M21/IMA prepreg were cured according to adjusted manufacturing cure cycle. Only
unidirectional configurations were tested in this study, the material was initially supposed to be transversely isotropic.

Displacements raw data were firstly measured on two specimens simultaneously along both transverse directions of

2067/6


https://popups.uliege.be/esaform21/docannexe/image/2067/img-6.png

ESAFORM 2021. MS12 (Polymer), 10.25518/esaform21.2067

the unidirectional material: through the thickness and in plane directions, whereas the third laminate sample was
tested through its thickness and along the axial direction of fibers. The estimated deformations of the three samples
along the three directions are presented in Fig. 5 together with the simulated degree of cure and the imposed thermal

cure cycle. Four phases can now be distinguished to characterize the thermo-chemical behavior of the material.
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Fig. 5. Comparison between the deformations along three directions together with the estimated degree of cure and

the thermal cure cycle

During phase 1 the material is still uncured. The first isothermal step is maintained at 70°C for 50 min. The compaction
step of the material prior to curing occurs separately from the thermal expansion phenomenon. The two first samples
undergo a maximal average compaction of 1.85 + 0.1 %. The comparison between the developments of the estimated
strains along the three directions reveal an anisotropic behavior. Both samples exhibit bigger thickness changes during
the compaction step compared to the in plane direction where the compaction effect is likely to be negligible. Along the
longitudinal direction, the material is contracted during the totality of the cure cycle due to the negative coefficient of
thermal expansion of carbon fibers and no compaction effect is observed. All the estimated strains were zeroed at the
end of the compaction stage to compare the thermo-chemical behavior of the material during the curing. During phase
2 strains are estimated along both directions while the material stills at the liquid state. The expansion through its
thickness is much higher comparing to the in plane direction. During phase 3 almost the whole crosslinking reaction
of the matrix occurs during the isothermal step. Strains are directly linked to the cure shrinkage of the material. A
large drop is visible in the through thickness direction while it is less important in the in-plane direction. Through
the longitudinal direction, the deformation is rather unaffected and it remains constant during the isothermal dwell.

During phase 4 strains decrease due to the thermal contraction of the material.

In order to estimate the CTE along both transverse directions and in both uncured and cured state of the material,
the total induced strains were plotted versus the temperature. Such strains are directly linked to the temperature
increment (see (Eq. (3)). In Fig. 6a the evolution of the through thickness deformation is given as an example. During
the heating ramp, the slope of the linear zone represents the CTE of the material at its liquid state. The slope of the

curve during cooling gives the CTE in the cured state. The estimated CTE are recapitalized in Table 2.

Table 2. Estimated values of CTE for the M21/IMA
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The estimated average values of the CTE through the thickness are proved to be higher compared to the in plane
direction while the material is still at the liquid state but also when it is fully cured. The CTEs of the cured material
were also measured using a linear dilatometer Linseis L 75 HXLT. Both transverse directions were investigated using
specimens that were cut from the laminate samples after curing. The estimated values show a good agreement with
the CTE obtained by the PvT HADDOC. The M21/IMA unidirectional laminate investigated in this research is thus
fully orthotropic and does not have transversely isotropic properties. Such behavior is presumed to be related to the

presence of interleaf layers of resin [11, 12].
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Fig. 6 (a) Through- thickness strain as a function of the temperature (b) Measured chemical shrinkage of specimen 1

Chemical strains, on the other hand, are directly linked to the cure shrinkage of the resin that occurs during crosslinking.

chem

After the determination of the linear CTE, the variation of the cure shrinkage (& ) along both directions is deduced

therm tot:

by subtracting the thermal part (e ) from the measured total strains (¢ ) (Eq. (2)) to eliminate the thermal effect
during the isothermal step. The CTE dependence is assumed to be linear with the degree of cure following a mixture
rule between the uncured and the fully cured values of CTE (Eq. (4)). In order to estimate the CCS of the M21/IMA
material, the variation of the chemical strains is plotted versus the degree of cure incorporating the cure kinetics
model. Fig. 6b illustrates the dependence of the chemical shrinkage (of the tested specimen 1 as an example) on the
degree of cure and the different slopes before and after gelation. The slope changes greatly around the gel point of the
matrix that is estimated for the M21 system between 0.51 and 0.55 [4]. The average values of the estimated CCS in both
directions for the tested samples are presented in Table 3. It is clearly shown that the material behavior is anisotropic.

The total shrinkage through the thickness direction reaches -2.29% whereas it is only -0.5% in the plane direction.
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Table 3. Average values of CCS for 160°C isothermal cure for the M21/IMA

¥ CCS through thickness CCS in plane
Belore gel =3834£03 <027 £ 0,04
After gel -2.07+0.1 -1.4+0.09

4 Conclusions

In this study, the PvT Haddoc device was used to investigate the HEXCEL's M21/IMA prepreg behavior during
curing. The manufacturer’s recommended cure cycle for this type of material was adjusted in order to separate the
coupled phenomena taking place during the early stage of the curing process, i.e., thermal expansion, compaction and
chemical shrinkage. Thanks to this experimental set up, it was possible to follow the compaction mechanism prior to
cure. The material showed an anisotropic compaction behavior at the uncured state that occurred only through its
thickness compared to the in-plane transverse direction. The exact thermal expansion and chemical contributions were
calculated along both transverse directions of the unidirectional laminate. The CTE of the M21/IMA were estimated not
only at the cured state of the material but also when it stills uncured. Such information is quite important to prevent
to erroneous shape predictions and inaccurate tool compensation, as CTE data for this material was not available,
especially when measured on thick laminates and not simply on single plies. Finally, the CCS of the material were
estimated before and after gelation of the matrix. The large amount of the through thickness cure shrinkage took place
before gelation with a measured CCS of about -3.83 %. In the in plane direction, the measured chemical shrinkage was
lesser and varied inversely compared to the through thickness direction. Based on these considerations, the M21/IMA

material was shown to be fully orthotropic.
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