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ABSTRACT

The ubiquitous usage of polymer matrix composites in many applications demands a comprehensive
understanding of composite interfaces, which critically affect both the manufacturing processes and
the deformation mechanisms. Processing-induced defects in composite structures such as wrinkles and
delaminations are primarily a result of inter-ply interfacial movement during manufacturing. In this
paper, a new in-situ experimental approach and an ex-situ X-Ray characterization are proposed for
developing a fundamental understanding of ply interfaces during composite manufacturing. A carbon
fiber laminate is cured in a specially designed autoclave with viewports with plies laid-up on a
mold with cylindrical tooling setup to simulate the maximum movement of plies, resulting in the
formation of wrinkles and delamination. Three cylindrical tools of radius 9.5mm, 12.7mm and
15.9mm are used in preparing three different molds for the layup. Ply-movement is measured in-
situ using Digital Image Correlation (DIC) during the cure cycle through the viewports of the
autoclave. In addition, the resulting defects are characterized post-cure using X-Ray Micro-CT.
Results show that at wrinkle the maximum out-of-plane movement of 1.32 mm is happening for a
4-ply unidirectional laminate laid up on a mold with 15.9mm tool diameter.

1. INTRODUCTION

The pervasive usage of polymer matrix composites in aerospace [1], automobile [2], and other
applications [3] necessitates a comprehensive understanding of composite interfaces that critically
affect both the manufacturing processes and the deformation mechanisms in composites. Interfaces
are two-dimensional transition regions in materials and are typically associated with higher
entropy [4]. Because of this higher energy state, interfaces not only exhibit increased chemical
activity [4, 5] but also play a key role in limiting deformation processes (e.g., fracture) [6-8]. This
is especially true in composites where two dissimilar materials interact, for example, load transfer
to fibers and hence the mechanical behavior of composites is essentially defined by the well-
studied fiber-matrix interface [6-9]. A relatively less studied aspect of the composite interfacial
behavior is that of the evolution of the inter-ply interfaces during the manufacturing of aerospace
composites. Effective chemical bonding at these interfaces during fabrication would result in a
defect-free structure, while the movement of these ply interfaces leads to processing induced
defects, including porosity, wrinkles, and delaminations.
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As shown in the schematic in figure 1, defects such as porosity, debonding, voids, resin affluent
areas, foreign objects, broken fibers, wrinkling, matrix cracking, delamination, and blisters are
observed during composite processing [10]. Defects like delaminations and wrinkling which are
associated with the interfacial ply movement are common defects in composite manufacturing.
Manufacturing companies like Boeing [11] and Airbus[12] have suffered substantial economic
impacts due to these processing-induced defects in the manufacturing of airplane parts in the past.
Inter-ply friction and slippage are identified as responsible for both delamination and wrinkles.
This can either be observed in the manufacturing of parts with curvature or while trying to achieve
a specific shape by creating a mold with a foreign object underneath plies [13].

In this context, it is essential to understand the evolution of the interfaces between plies and related
processing defects like wrinkles and delaminations. Consider wrinkles for example; they are
studied in various fields such as skin wrinkles [14], thin films [15], sheet metal forming [16], and
fabrics [17], consequently theoretical developments such as scaling behavior [18], kinematic and
geometric modeling [19], shear locking behavior [20], etc. can be applied to composite wrinkles.
Processing-induced delamination and wrinkling are closely related. Inter-ply shear deformation
and restricted motion are responsible for wrinkles, while inter-ply interface displacement in the
normal direction causes delaminations. The formation of both of these defects, as well as other
processing-induced defects, are primarily defined by the inter-ply adhesion and slip behavior in
response to the processing conditions
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Figure 1. Schematic of ply layup showing all the defects in composites.

Published studies from literature focused on the effect of these manufacturing defects in reducing
both the strength and the stiffness of the composite structures [21]. Some of the studies predicted
and analyzed the formation of some of the processing-induced defects [22]. Despite these studies,
there is a further need to understand the fundamental behavior of ply interfaces to engineer
methods that reduce the occurrence of processing-induced defects like wrinkles and delamination.
This inter-ply behavior depends on both the evolution of chemical crosslinking between partially
cured polymer layers at the interface and the interfacial response to the thermomechanical loads
during processing. In many cases, a design requirement like double curvature of the molds [23]
can lead to these defects. Many of these studies are applied to the composite structure post-
manufacturing. Current research focusses on identifying the conditions that cause ply-movement



during manufacturing using 3D Digital Image Correlation (DIC). We quantify the interfacial ply-
movement during the composite processing to cure cycle, thereby observe the formation of defects.
Here we focus on the lateral movement of plies that leads to the formation of wrinkles.

2. EXPERIMENTAL SETUP

The new experimental approach devised in this paper uses a high temperature/pressure
autoclave (from ASC systems), instrumented with 3D digital image correlation (DIC) to measure
the surface ply deformations and strain during the composite processing. The autoclave is equipped
with a borosilicate glass viewport and a light, which enables this measurement while the autoclave
is operating on a cure cycle (typically 120 C and 100 psi pressure) for composite fabrication. The
DIC system from Correlated Solutions has two 6-megapixel high-resolution cameras and is
capable of measuring both in-plane and out of plane displacements and strains. Figure 2 shows the
autoclave with the camera setup. A speckle pattern is spray-painted on to the specimen. The DIC
is then used to capture timed pictures of the specimen during a cure. The relative movement of the
speckle pattern is analyzed in VIC-3D software to determine surface displacements and strains.
Results indicate that in the case of prepreg composites these surface displacements are directly
correlated to the kinematics of ply interfaces.

While there have been some methods for in-situ monitoring during processing that use
embedded piezoceramics [24], fiber Bragg grating sensors [25] or fiber optic sensors [26], these
are often limited to discrete points and alter the structure of the material, the in-situ monitoring
approach used in this research provides spatially and temporally continuous data and does not
modify the fibers or matrix, therefore does not alter the thermomechanical properties. Moreover,
this approach is based on a pressurized autoclave, which is the preferred manufacturing
environment for composites, therefore the understanding developed here can be translated to
practice more readily.

(b)
Figure 2. (a) Autoclave with 3D DIC. (b) Autoclave viewports and DIC cameras.

(a)

Composite specimens of dimensions 20.32x15.24x102 m (8”x6”) are prepared for fabrication
using four [90/90]s oriented plies of unidirectional carbon fiber prepreg from Fibre Glast



Corporation. A white speckle pattern is sprayed on the top layer of the layup as shown in figure
3(c) for creating high contrast, random speckle pattern for digital image correlation. The layup and
the tool configuration using cylindrical tools of three diameters in this research are designed to
maximize the inter ply-movement as shown in the schematic in figure 3(a). The plies are laid upon
these three molds and prepared for curing as seen in figure 3(b). The cure cycle by Fibre Glast
consists of a ramp up and ramp down temperatures of less than 5°C per min to a target temperature
of 120 °C at 690 kpa pressure. The hold time of 1hr along with other parameters was programmed
into the autoclave composite processing control (CPC).

Figure 3. (a): Schematic of layup; (b) Layup over the cylindrical tool; (c) Specimen after cure.

After transferring the layup to the autoclave, the DIC cameras are set up pointing at the composite
layup inside the autoclave through the viewport as shown in figure 2 (b). Both the autoclave cure
cycle and the camera system are started at the same time capturing pictures throughout the cure
cycle. Due to the ply-movement, the relative movement in the speckles on the top layer of the
layup is analyzed in VIC-3D software to determine surface displacements and strains as shown in
figure 4 (a). The results of this experimental approach provide an insight into the interfacial motion
between plies resulting in surface deformations like wrinkles Further, it will lead to the
quantification of the process conditions (temperature, pressure, cure cycle) and the tool geometry
that lead to the movement of plies and manufacturing defects.

(a) (b)

Figure 4. (a): DIC VIC-3D analysis capturing wrinkles; (b) Specimen installed in X-ray

The interfacial kinematics and the related defect formation post-curing will be validated and
characterized using SkyScan 1275 Desktop X-ray Microtomograph from Bruker. Due to the



sample size limitations of this X-ray machine, a new small specimen of dimensions 5.08x3.81x10-
2 m (27x1.5”) was taken from the original specimen. After installing the sample in the SkyScan
as shown in figure 4 (b), X-ray energy of 100kV is used to scan the samples from different angles.
The scan is then reconstructed using NRecon software to get the full structural detail of the
specimen. A variety of problems in materials research [27] applied X-ray Micro-CT with a few
recent studies reporting on polymer matrix composites [28,29]. X-ray Micro-CT in this research
will provide a 3D structural detail post-curing to correlate with the in-situ interface movement
measurements obtained during the processing.

3. RESULTS AND DISCUSSION

The pictures obtained from the DIC cameras for three different molds are analyzed in VIC-3D
software for change in displacements in the out-of-plane Z direction. These displacements are the
result of the interfacial ply movement happening due to the combination of the thermomechanical
loads during the cure as well as residual stresses generated due to the crosslinking of the polymer
bonds [24]. The average out of plane (Z) displacement at the end of the cure and the maximum
displacement at a wrinkle in Z-direction are plotted in figure 5. Shrinkage can be observed in figure
5 (a) with an average displacement of -0.058x107 m is observed for mold with a 9.5mm radius and
-0.046x107 m is observed for mold with 12.7mm diameter cylindrical tool. Even after shrinkage,
the average out of plane displacement for mold with 15.9mm diameter is 0.005x10~ m due to
wrinkles affecting the average.

After the ramp-up stage of cure cycle and gelation, the interfacial ply slippage next to the
cylindrical tool slowly increases eventually forming wrinkles towards the end of processing.
Figure 5 (b) shows the height of the biggest wrinkle developed for all three molds. For the mold
with a cylindrical tool of diameter 9.5mm, the biggest wrinkle is measured to be 0.54x10 m. For
diameter 12.7mm, the wrinkle height is measured at 0.81x10~ m and the biggest wrinkle of all is
measured at 1.32x10” m for mold with a cylindrical tool of diameter 15.9mm. These results show
a pattern of higher ply-movement for mold with higher curvature resulting in the biggest wrinkle
observed for mold with a cylindrical diameter of 15.9mm.
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Figure 5. (a) Average out of plane displacement; (b) Biggest wrinkle height.



Along with mechanisms like buckling of fibers [30], internal residual stresses [31] and shear
between plies [32], the effect of cure cycle [33], tool geometry [34], part geometry [35] and layup
orientation of the plies [36] also play a key role in the formation of wrinkles and delamination.
Fernlund et al. [37] conducted experiments to understand the effect of tool geometry and curing
parameters on L and C shaped composite parts observing that high CTE tooling material gives C-
shaped parts more spring-in than L-shaped parts. They also found that thin parts have more spring-
in than thick parts. Tool-part geometry is highly considered in creating the mold used in this paper
to elevate the effect of curvature on the ply movement. Pandey and Sun [38] analyzed the
mechanisms of wrinkle formation during the processing of continuous-fiber polymeric composites
and found out that wrinkling is triggered by the buckling of one layer experiencing maximum
compression. They observed that the other layers in the layup provide support to the unwrinkled
part of the wrinkling layer. This analysis also supports the experiments conducted in this paper
creating three different compression forces on the same layup with three different curvatures of
the mold.

X-ray Micro-CT has been utilized in the literature to characterize various features in materials
research including fracture [39], fiber breakage [40], porosity [41], and crack growth [42] along
with fiber waviness [43]. Almost all of these studies are for metal-matrix composites but in this
paper, it is applied to polymer matrix composites. Figure 6 shows the 3D reconstruction of the
sample from X-ray Micro-CT with figure 6(a) showing wrinkles on the top surface along with
internal delaminations. The length of the wrinkle measured from X-ray as shown in figure 6(b),
internal sectional view, is 1.32x10” m, which is the same as the out-of-plane displacement at
biggest wrinkle measured from the DIC (figure 6) at the end of the cure. This independent ex-situ
measurement validates the in-situ experimental approach.
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Figure 6. X-ray Micro-CT showing surface wrinkles & internal delamination

Various modeling techniques have been used in the past to model wrinkles and delamination. Zhu
et al. [44] used theoretical modeling to model shear deformation and wrinkling of a plain-woven
composite. They formulated mathematical expressions to predict the shear energy and critical
shear angle of composite fabrics. Hasiao and Daniel [45] developed an analytical model for
investigating the effects of fiber waviness on stiffness and strength of unidirectional composites
under compressive loading. In their research, they modeled uniform, graded and localized
waviness patterns. Slippage coefficient [46], Reynolds equation [47] and power-law
approximations [48] are a few other methods used in the literature to model interply adhesion and



ply slippage. While these models effectively identified the effects of fiber wrinkling and
delamination, the in-situ capability presented in this paper can quantitatively identify the formation
of wrinkles during the processing of composites. From figure 6 it is evident that there are wrinkles
formed on the specimen after cure and from figure 5 it is also observed that curvature of the
tool/part geometry plays a key role in the generation of bigger wrinkles and higher delamination.
The experimental approach developed in this research can be utilized to understand how various
processing parameters affect the manufacturing of composite parts and approaches can be devised
to adjust these parameters to minimize processing induced defects like wrinkles and delaminations.

4. SUMMARY

In summary, a total of three mold configurations were developed using three different diameter
cylindrical tools. Composite samples were prepared by curing a four-ply layup upon these mold
configurations in an autoclave with viewports. Digital Image Correlation (DIC) cameras are set up
through the viewports to capture and measure the out-of-plane ply movement. Resulting defects
wrinkles and delamination are characterized post-cure through X-ray Micro-CT. The research
approach used in this paper can be used to understand the evolution of composite manufacturing
defects like wrinkles and delamination and device approaches to reduce these defects.
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