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ABSTRACT

An experimental methodology is presented to determine tool-part frictional interaction of
composite parts and the structural integrity of sandwich structures when subjected to
temperatures and pressures similar to those of autoclave processing. This methodology includes
the development of a testing rig that mimics the deformation mismatch between tools and parts,
and quantifies shear stress—that is, tool-part friction or shear stress of sandwich structures.
Discrete and continuous friction characterization was performed to validate this testing
methodology, and a semiempirical mathematical model was obtained to predict the tool-part
frictional interaction as a function of different manufacturing variables including temperature,
pressure, and part length. Moreover, a characterization of the shear strength of sandwich
structures is presented where results indicate a strength decrease when temperature and pressure
increase following an inverse-exponential trend for both cases.
Furthermore, an alternative methodology to measure thermal properties of composite
materials by radiation known as light flash analysis (LFA) is used to characterize diffusivity,
conductivity, and specific heat of composite materials tested at typical manufacturing
temperatures. Accordingly, this research portrays the mathematical considerations required for
the testing of anisotropic materials. Thermal properties of cured composite samples with three
different fabric weaves and two resin formulations were obtained, and results indicate that
conductivity, diffusivity, and density are strongly influenced by testing temperature, fiber
configuration, and fiber volume fraction.
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CHAPTER 1
INTRODUCTION

1.1

Motivation and Scope
Carbon fiber-epoxy composites and sandwich structures are widely used in the aerospace

industry due to their specific strength and stiffness, which represents a considerable weight
reduction in airframe structures compared with those made of aluminum. However, one of the
major setbacks of using these composites is the geometrical distortion of parts and the crush of
sandwich structures that is caused by residual stresses induced during manufacturing. In this
context, an important contributor to residual shear stress is the frictional interaction and the
mismatch in thermal deformation between tools and parts during autoclave processing.
Furthermore, irregular heat flow through parts, which is caused by the anisotropic thermal
properties of composite materials, might cause gradients in degree of cure and thermal expansion
that can result in residual stresses and uneven mechanical properties. As such, the study of toolpart contact shear stress and thermal properties of composite materials is crucial to predict
geometrical distortion in composites.
Composite parts manufacturing has been challenging due to part distortion resulting from
different deformation mechanisms and frictional interactions between tools and parts (Figure 1).
Deformation mechanisms are typically caused by resin cure shrinkage [1], different coefficients
of thermal expansion (CTE) within ply, and CTE mismatch between tools and parts [2], while
frictional interactions are developed due to high autoclave pressure. The tools used for
composites manufacturing are commonly made of isotropic materials including ferrous alloys
and aluminum where their CTE values range from 1.6 (INVAR) to 23.6 µm/(m·ºC) (aluminum)
[3]. For anisotropic materials like carbon epoxy composites, the CTE value depends on fiber
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orientation since composites have less thermal expansion in fiber direction (-0.5 µm/(m·ºC)) than
in transverse direction (32.0 µm/(m·ºC)) [3]. Additionally, thermoset composites develop
geometrical changes caused by chemical shrinkage of the resin, layup compaction, and thickness
reduction due to resin bleeding. The residual stresses induced by CTE mismatch and cure
shrinkage might result in geometrical distortion when the part is removed from the tool.

Figure 1. Factors that influence composite distortion
caused by tool-part interaction
Friction force between tools and parts is an important source of geometrical distortion,
which commonly induces part warpage [2, 4]. Due to the combined effect of elevated
consolidation pressure (around 550 kPa), tool-part deformation mismatch, and tool-part friction,
warpage is caused by a gradient of shear stress from the bottom layer in contact with the tool to
the top layer of the composite part (see Figure 2a). When the autoclave pressure is released, the
bottom layer contracts in order to liberate the elastic component of stress induced by the friction
force during cure, causing a concave distortion with respect to the bottom layer [5].
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(a)

(b)

Figure 2. Autoclave force diagram for (a) prepreg and (b) sandwich structure
Additionally, these deformations mechanisms may induce transverse residual stresses
during manufacturing of co-cured sandwich structures [6]. As illustrated in the free-body
diagram of Figure 2b, residual shear stresses combined with transverse components of autoclave
pressure might cause core crush during manufacturing. Opposite forces corresponding to shear
stiffness of the sandwich structure and internal pressure of the core uphold the structural integrity
of the part [7]. As such, it is crucial to measure the shear strength of cores when subjected to
combined conditions of pressure and temperature in order to determine the manufacturing
parameters of sandwich structures.
This research is aimed at studying tool-part interaction during the curing of carbon fiberreinforced polymeric (CFRP) composites utilizing a customized testing rig that was developed to
mimic autoclave manufacturing. Using this testing rig, tests were performed to measure the shear
stress caused by friction while the rig reproduced the tool-part deformation mismatch
phenomenon. Experiments were performed with coupons of CFRP prepreg—carbon-fiber fabric
impregnated with epoxy resin—that were tested against an aluminum tool at different
temperatures, pull-out speeds, consolidation pressures, and tool surface conditions. These results
were used to determine the physical phenomena related to tool-part interaction, and to propose a
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semi-empirical friction model. Using the aforementioned testing rig, subsequently, a novel
methodology was implemented to determine the shear strength of sandwich structures and
aramid honeycomb cores during manufacturing. Lastly, the thermal properties—thermal
conductivity, diffusivity, and specific heat—of CFRP samples were measured using a radiation
technique known as LFA. These tests were aimed at studying the difference between autoclave
and out-of-autoclave prepregs made of different carbon fiber fabrics including plain weave,
eight-harness satin weave, and unidirectional tape. Accordingly, the mathematical considerations
required for thermal characterization of anisotropic materials by LFA method were portrayed, in
which the volumetric thermal expansion was calculated considering the CTE mismatch between
fiber and trough-the-thickness directions of the samples. The findings presented in this research
will provide a better understanding of the residual stress induced during autoclave manufacturing
that can compromise the quality of structural composite materials.
1.2

Objectives
The main objective of this research is to develop a mathematical approach to the

frictional interaction caused by tool-part deformation mismatch during autoclave manufacturing
of composites, with the aim of generating an expression that can be used in computational
simulations to predict process induced distortion.
Two secondary objectives were addressed to study important setbacks of processing
composite materials using autoclaves:


Implementation of a testing methodology to measure shear strength of sandwich
structures when subjected to combined conditions of temperature and pressure



Study of thermal properties of CFRP by the LFA method and the relevance of fiber
configuration
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These objectives were tackled as follows: In Chapter 1 an introduction and problem
definition is presented regarding to residual stresses that are induced in composite parts during
autoclave manufacturing, which might cause geometrical distortion or compromise structural
properties. Then, in Chapter 2 is provided a literature review, which includes studies related to
tool-part interaction, core crush during autoclave processing of sandwich structures, and thermal
properties of fiber-reinforced polymeric composites. In Chapter 3 is shown the development of a
customized testing rig, which was used to measure the tool-part shear stress of composite
samples and the shear strength of sandwich structures when subjected to pressures and
temperatures typical of autoclave manufacturing. Using this rig, in Chapter 4 are depicted the
findings corresponding to tool-part interaction during the cure cycle of a composite prepreg
when subjected to autoclave manufacturing conditions. In addition, this chapter shows the
development of a mathematical model to predict tool-part friction force. In Chapter 5 is
portrayed the shear strength obtained for sandwich structures when subjected to combined
conditions of temperature and pressure. Lastly, the characterization of thermal properties of
composite materials at different temperatures was performed in Chapter 6 using the LFA method
where composite samples with different fiber architecture and resin formulations were tested. In
addition, the experimental considerations required for testing anisotropic materials were
depicted.
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CHAPTER 2
LITERATURE REVIEW

2.1

Tool-Part Interface

2.1.1 Experimental Methodologies Used to Measure Tool-Part Friction
Previous studies used customized devices to measure friction at pressures and
temperatures typical of autoclave manufacturing of composite materials [5, 8-13]. Martin et al.
[13] proposed a method to characterize the friction resistance of carbon fiber-epoxy prepregs that
are commonly used in sandwich structures. In their approach, a customized device was used to
quantify the friction interaction of prepreg-prepreg and prepreg-tool at different temperatures and
constant pressure. The authors found that prepregs with high resin content had the lowest friction
values and therefore were prone to cause core crush. Ersoy et al. [5] presented a method to
characterize friction-induced shear stress at prepreg-prepreg and prepreg-tool interfaces by
continuous pulling of overlapping plies during the ramp-up of the cure cycle of carbon-epoxy
unidirectional composites. With this method, the authors identified the interfacial shear stress
during cure and established a gel point-stress relationship. Kaushik et al. [12] measured the static
and dynamic coefficient of friction as a function of degree of cure and implemented a
computational model to predict the distortion of composite parts. Furthermore, the researchers
studied the failure modes at the tool-part interface in which they identified adhesive bonding and
cohesive failure of resin.
Twigg et al. [14] presented an alternative method to quantify the shear interaction at the
tool-part interface using a tool instrumented with strain gages. The authors used modulations of
temperature in the cure cycle to study changes in tool thermal strain due to interaction with a
composite part. By analyzing the strain readings, the static and sliding frictions were identified
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since the free thermal expansion of the tool was constrained due to tool-part adhesion when static
friction occurred. In a different work, Twigg et al. [15] proposed an analytical model, which was
experimentally validated, to predict the maximum part warpage as a function of modulus of
elasticity, geometry (length and thickness), and manufacturing conditions (pressure and tool
surface conditions) of composite parts. In their approach, they found that the maximum part
warpage was affected by geometry, but it was independent of surface conditions when a release
agent and a fluorinated ethylene propylene release film were used.
2.1.2 Release Materials
Materials such as fluorocarbon-based release films and polymeric release agents have
been used to reduce friction between tools and parts during composite manufacturing [16].
Release films are used for simple geometries such as flat panels, while release agents are utilized
in complex geometries where release films are impractical due to wrinkling. These materials
reduce frictional interaction because the high rigidity and stability of fluorocarbon-based
polymers like PTFE lead to small contact areas with most of the surfaces [17]. Researchers have
studied the rigidity and microstructure of PTFE films with respect to temperature, showing that
change in the film hardness with respect to temperature could vary the frictional interaction
between tool and part [8, 18, 19]. Fote et al. [20] studied the friction behavior of PTFE as a
function of temperature and indicated that the friction force decreased as temperature increased
due to the change in hardness of the polymer.
2.1.3 Tool-Part Friction Modeling
In another perspective, mathematical models and computational simulations of tool-part
interface are commonly used to predict the distortion of composite parts. Due to the complexity
of developing a mathematical expression for tool-part contact, researchers have approximated

7

this frictional interaction using different alternatives. Johnston et al. [21] assumed perfect
bonding conditions between tools and parts to simulate composite distortion. Zarrelli et al. [4], in
a similar approach, simulated part warpage assuming that deformation mismatch of composites
was equivalent to that of a bi-material strip made of resin and aluminum. Ferlund et al. [22]
implemented in their simulations a thin body between the tool and the part where the mechanical
properties of such body were changed to mimic bonded or sliding conditions. Zeng et al. [23]
used a simplified friction model where the pressure-friction relation was assumed linear. Finally,
Kaushik et al. [12] preformed simulations of part distortion where the frictional tool-part
interaction values were obtained experimentally. Other studies predicted manufacturing-induced
distortion of flat, L, and U shaped parts [24-26] where their computational models included a
database of diverse properties of composite materials comprising thermal expansion during cure
[27], thermal properties of composites and release materials [30], and an analysis of stress
relaxation [28, 29].
Note that the modeling of tool-part frictional interaction is an incomplete area of
research, which is crucial for computational simulations aimed at predicting process-induced
composites distortion [9]. Therefore, herein was included an experimental study of tool-part
contact and an analysis of the physics behind this frictional interaction in order to develop a
mathematical model of the tool-part frictional phenomena (see Chapters 3 and 4).
2.2

Sandwich Structures
In the literature were found methodologies that can reduce or prevent core crush during

autoclave manufacturing of sandwich structures. These studies mainly addressed three design
parameters: the formulation of resins and skin-core adhesive layer, the implementation of fabric
tie-down systems, and the development of high friction fabrics. Research was also performed to
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characterize the shear strength of cores, which is the design parameter that determines what
methodologies are required to avoid core crush.
2.2.1 Influence of Resin Formulation on Core Crush
Grove et al. [31] implemented the Taguchi’s orthogonal design of experiments (DOE) to
study the adhesive properties of a carbon fiber-epoxy prepreg when co-cured with hexagonal cell
aramid honeycomb cores. The influence on core-skin adhesive properties of consolidation
pressure, temperature profile, dwell temperature, and vacuum pressure was evaluated where
temperature was identified as the dominant parameter. In a different approach, Renn et al. [7]
utilized a factorial DOE to study core failure when subjected to similar manufacturing conditions
presented by Grove et al, but the testing parameters also included different resin formulations
and fabric configurations. Their tests indicated that resin formulation was the predominant
parameter that affected the integrity of the cores because highly rubberized resins seemed to hold
a greater amount of residual shear stress while lower rubberized ones caused higher areas of core
crush. These results also agreed with the study presented by Martin et al. [13] who claimed that
an important factor contributing to core crush is the shear interaction between prepreg-prepreg
and prepreg-tool. Renn et al. also reported that core crush happened before the gel point of the
resin, which was the region of the cure cycle where most of the process-induced residual stresses
(such as CTE mismatch and resin chemical shrinkage) could be developed.
High performance core-skin adhesives have been used in sandwich structures to avoid
resin trickling down to the core. Yuan et al. [32], indicated that this trickling increased air
permeability of the skins, which caused a reduction in the internal pressure of the core. Low core
pressure could reduce the shear strength of the structure and increase void content since the
consolidation pressure on the skins was also reduced. A methodology to overcome this limitation
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was presented by Kohli [33] who developed a nano-reinforced epoxy core-skin adhesive layer
that reduced resin trickling to the core.
2.2.2 Methodologies to Prevent Core Crush by Fabric Tie-Down
A proper interaction between the layers of composite parts was found as an important
factor to reduce core crush during manufacturing since a strong interaction between prepregs
might restrain the transverse component of pressure to induce shear stresses on the core. Thus,
Corbett et al. [34] and Hopkins et al. [35] developed a tie-down method to increase the prepregprepreg and prepreg-tool contact force by placing bonding agents between the trimming line and
the edge of the part. Later, Erickson et al. [36] developed a method to reduce part distortion and
core crush by gripping composite parts on the tool using a grove or step on the tool and a
gripping fixture so that the movement of the layers was restrained.
2.2.3 Influence of Fabric Architecture on Core Crush
Martin et al. [37] studied different manufacturing parameters of prepregs to identify those
that could generate a material designed to reduce core crush when utilized in sandwich panels as
face sheets. Their findings indicated that prepregs manufactured using low fiber tension during
impregnation reduced core failure during autoclave manufacturing. Moreover, it was observed
that this prepreg had high prepreg-prepreg frictional interaction, which implied that this contact
force reduced the stress transferred to the core. Prepregs manufactured with higher fiber tension,
conversely, might squeeze out the resin impregnated in the tow, thus creating a prepreg-prepreg
interface rich in resin that lubricated and reduced the frictional interaction among the plies.
Hsiao et al. patented [38] and tested [6] a core-crush resistant woven fabric characterized
for its high prepreg-prepreg frictional interaction. This material was developed by optimizing
fabric properties such as tow aspect ratio, prepreg thickness, and openness (filament twisting and
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roundness) to increase the prepreg-prepreg friction by mechanical interlocking. Moreover, this
fabric showed a low amount of resin on its surface (dry fabric) since the tow configuration
allowed high viscosity resins to remain inside the tow, thus reducing the interply lubricant effect.
Similarly, Schneider et al. [39] developed a fabric where the mechanism to increase friction force
was based on a combination of twisted and untwisted fiber tows in the warp and fill directions of
the fabric so that prepreg-prepreg friction was increased by tow mechanical interlocking.
2.2.4 Shear Strength of Cores
Pan et al. [40, 41] presented an experimental and analytical study of the shear strength of
aluminum honeycomb cores tested at room temperature, following the ASTM C273 [42]. In
these tests, the failure modes of the cores were characterized, and four stages during testing were
identified corresponding to elastic deformation, plastic deformation, fracture of cell wall, and
face sheet debonding. Lee et al. [43] characterized the failure mechanisms and strength of
hexagonal aramid honeycomb cores when subjected to compressive and shear forces. The
authors tested the cores at temperatures between 25ºC and 300ºC where results indicated a
decrease in both shear and compressive strengths as temperature increased.
However, core crush is still a common manufacturing problem, particularly when the
aforementioned fabric configurations and resins are not viable. Moreover, previous literature
does not include the study of shear strength of cores when subjected to combined conditions of
temperature and pressure typical of autoclave manufacturing. As such, Chapter 4 of this research
tackled this matter by introducing a customized testing apparatus and a methodology for shear
strength characterization of sandwich structures when applying temperature and pressure
corresponding to autoclave conditions.

11

2.3

Thermal Properties of Composite Materials
Previous studies used conduction methods to measure the thermal properties of fiber-

reinforced composites by conduction [44]. Yamane et al. [45] proposed a method to characterize
thermal diffusivity of a single carbon fiber, which was calculated based on the temperature decay
associated to the heat propagation along the fiber. Their results showed that once the thermal
properties of the fiber were obtained, the diffusivity and conductivity of CFRP could be
calculated based on the rule of mixtures. In a different approach, Sweeting et al. [46]
implemented a customized device to measure thermal conductivity under vacuum conditions in
which temperature sensors were placed along and through the thickness of CFRP panels. Scott et
al. [47] proposed an alternative method to characterize simultaneously volumetric heat flux and
thermal conductivity of composite materials during cure. Using modulated heat, the authors
found an increase of thermal conductivity as a function of degree of cure. Friis et al. [48]
developed a technique to determine thermal properties (specific heat—Cp, diffusivity, and
conductivity) of carbon fiber-epoxy composites using the Ångström method [49] . This method
consisted in inducing modulated heat in one end of a rectangular sample and measuring the
temperature response in the opposite end of the part, as shown in Figure 3. The authors found
that thermal properties were related to resin vitrification since their measurements showed an
important variation in thermal properties when the degree of cure was higher than 0.7. Garnier et
al. [50] proposed a different approach based on the Ångström method, which was used to
measure the thermal conductivity during curing of a CFRP. In their study, a signal analysis was
performed to identify and correct the effect of internal heat generation where a deconvolution of
the measured temperature response was performed to separate the internal heat generation from
the temperature response associated with thermal conductivity and diffusivity of the sample.
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Figure 3. Methodology used to determine thermal conductivity using a modulated heat
source
LFA is an alternative methodology used to characterize thermal properties of composites
by radiation, which is well known for short experimental times compared to heat conduction
methods [51, 52]. In previous studies, LFA has been used to determine the thermal properties of
CFRP including an analysis of boron nitride-carbon fiber-polybutylene terephthalate composites
[53] and carbon fiber-epoxy bipolar plates [54]. However, these studies did not include detailed a
validation of LFA method for testing composite materials. As such, Alway-Cooper et al. [55]
validated the use of the Parker model [51] for composite samples since this model was developed
to determine the thermal diffusivity of homogeneous materials. Their results indicated that the
temperature response obtained for CFRP showed a good fit with the Parker model. Moreover,
using the rule of mixtures and the fiber volume fraction of the samples, the thermal diffusivity of
the carbon fibers and the resin was obtained where those results indicated a negligible error when
compared with theoretical values.
Based on these studies, it was found that further research is required to determine the
thermal properties of composite materials by the LFA method including thermal diffusivity and
conductivity models. Moreover, a detailed analysis of the considerations related to the anisotropy
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of fiber-reinforced composites should be included. These topics are addressed in Chapter 6
where a study of the influence of fiber architecture on thermal properties and a comparison
between autoclave and out-of-autoclave resins is also included.
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CHAPTER 3
DEVELOPMENT OF A CUSTOMIZED TESTING RIG FOR SHEAR STRESS
CHARACTERIZATION AT TEMPERATURES AND PRESSURES TYPICAL OF
AUTOCLAVE PROCESSING

3.1

Introduction
A customized testing rig was designed to measure the shear stress of composite materials

and sandwich structures when subjected to combined conditions of pressure and temperature.
Initially, this apparatus was developed to determine the frictional interaction between a
composite sample and a metallic tool since, as shown in Table 1, current standard test methods to
characterize friction in polymeric materials are limited to temperatures, pressures, and speeds
that do not correspond to values required to mimic autoclave manufacturing conditions.
TABLE 1
COMPARISON BETWEEN STANDARD AND REQUIRED TESTING
PARAMETERS
Parameter
Temperature (ºC)
Test speed
(mm/min)

Standard
ASTM D3028
ASTM D1894

Standard Value

ASTM D3028

0.1 (10)3 – 3 (10)3

ASTMD1894
ASTM D3028
Pressure (kPa)
ASTM D1894
*ASTM D3028 withdrawn on 2000

Room temperature

120 – 180
Variable
0.44

Required Values
Between room temperature
and 177ºC
~ 0.254
Up to 700

Instead, generalized standard test methods for friction (ASTM G115 [56] and ISO 6601 [57])
were used to identify the static and dynamic friction forces obtained with the testing rig. Further,
the testing rig was also used to measure the shear strength in the sandwich (chapter 5, pp. 52)
since current standard tests for sandwich structures (ASTM C273 [42]) do not include
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specifications to measure shear strength when samples are subjected to the combined conditions
of pressure and temperature.
3.2

Mechanics of the Testing Rig
Figure 4 illustrates the rig developed to test structural composite materials at different

temperatures and pressures typical of autoclave processing. As shown in the figure, a pneumatic
piston in the rig (a) applied pressure to a sample lodged between two metallic plates (b), and the
mobile plate on the fixed rig (c) was then pulled by a universal testing machine (UTM, MTS
Qtest). A load cell (d) was used to measure the sample consolidation pressure, and the use of
elastomeric bushings (e) was a particular accessory used only for modulated temperature
experiments mentioned in section 4.2.4 (see pp. 31). The force diagram of this system was
illustrated in Figure 5a, which was equivalent to the forces exerted during autoclave processing
shown in Figure 5b. As such, the corresponding force equations of the testing rig are:

τ 
P

F
A

(1)

FN
A

where τ is the shear stress induced by the tool-part interaction force F, A is the area of the
sample, and P is the consolidation pressure generated by the normal force FN. Notice that
according to ASTM G115, the mechanics of this testing rig corresponded to a conformingsurface-tribosystem where the unit of measurement was the pull-out force.
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Figure 4. Description of the testing rig: (a) pneumatic piston, (b) heated metallic plates,
(c) mobile plate, (d) load cell, and (e) elastomeric bushings

(a)
*Release materials used only when
testing prepreg coupons

(b)

Figure 5. (a) Force diagram of the testing rig and (b) force diagram of autoclave
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3.3

Instrumentation and Software Design
PID pressure and temperature controllers were implemented in the testing rig in order to

mimic accurately autoclave conditions. These controllers modified the pressure applied by the
pneumatic piston (Figure 4a) and the heat supplied by the tools (Figure 4c) based on the
feedback signal of different sensors located in the rig, as shown Figure 6. Simultaneously, the
data obtained with these sensors was exported to a Visual Basic processing algorithm to
synchronize the signals obtained from the testing rig with the force measurements acquired by
the UTM. As a result, a spreadsheet was obtained with the data corresponding to temperature,
pressure, and pull-out force.

Figure 6. Data processing of the testing rig
Additionally, a LabVIEW control panel (shown in Figure 7) was designed to operate the
testing rig using a user-friendly interface. This panel included temperature and pressure
monitoring displays, port configuration, temperature and pressure profile setup, data file
configuration, and safety buttons to terminate the test.
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Figure 7. LabVIEW control panel
The testing rig was also equipped with a load cell (Figure 4d) which was used to measure
and correct the consolidation pressure applied on the sample. During testing, it was observed
that, at high temperatures, the force applied with the piston (Figure 4a) differed from the desired
consolidation force on the sample, which was measured with the load cell. In order to correct this
issue, an adaptive controlling routine was implemented using LabVIEW, which followed the
sequence illustrated in Figure 8. If the difference between the desired consolidation pressure and
the pressure measured with the load cell was higher than 1%, the error signal (load cell force
minus target force) was multiplied by an adaptive constant in order to correct the pressure of the
pneumatic piston. As a result of implementing this routine, the testing rig was able to correct
noise induced by the thermal expansion of the rig, thus guarantying a constant pressure on the
sample.
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Figure 8. Adaptive pressure control system which operated when the difference between
load cell pressure and the desired pressure was more than 1%
3.4

Experimentation
The methodology utilized to determine static and dynamic friction force with the testing

rig was portrayed using a point-wise characterization of tool-part interaction during the
manufacturer’s recommended cure cycle (MRCC) of a carbon fiber-epoxy prepreg. In these
experiments, two different methods were utilized to determine static and dynamic friction force
where the ASTM G115 [56] was used as a reference.
3.4.1 Materials
Carbon fiber-epoxy unidirectional prepreg (Cytec IM7/977-2 UD) coupons of 10 x 10
cm2 with a stacking sequence of [0º]2 were placed on both sides of a stainless steel mobile plate
as shown in Figure 5a. The width of this plate was the same as the width of the sample coupon in
order to minimize changes in contact area due to resin flow and fiber spreading. According to the
MRCC of the prepreg IM7/977-2 UD, samples were cured at a ramp rate of 2.7ºC/min until
177ºC, and then held at this temperature for 4 hours while applying a consolidation pressure of
550 kPa (80 psi).
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The heated tools (Figure 4b) were made of aluminum 6061 and the tool surfaces were
conditioned with a 400 grit sand paper and cleaned with acetone, which corresponds to typical
surface conditions found in industrial applications [16]. Then, the tool roughness was measured
using a surface roughness tester (Mitutoyo SJ-201) and the root-mean-squared surface roughness
value (Rq) obtained for both tools was ~0.18 μm. Subsequently, tools were treated with mold
sealer (Frekote B-15) and then cured inside an oven for one hour at 94ºC. Finally, three coats of
polymeric release agent Frekote 770NC were applied on the heated tool and a layer of TFE
release film (Airtech WL-5200 blue) was placed between the tool and the sample.
3.4.2 Testing Parameters for Discrete Friction Measurement
The tool-part frictional force was measured at different points of the MRCC of the
prepreg IM7/977-2 UD. Samples, summarized in Table 2, were tested during the heat-up and
dwell region at the points depicted in Figure 9 using a UTM crosshead speed of 20 mm/min.
After testing, the static and dynamic friction forces were identified using the ASTM G115.

Figure 9. Points during the cure cycle of the prepreg IM7/977-2 UD where discrete
friction tests were performed
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TABLE 2
SET OF EXPERIMENTS USED FOR DISCRETE FRICTIONAL
CHARACTERIZATION
Number of Experiments
2
2
2
2
2
1
1
1
1

Temperature
37ºC
100ºC
120ºC
140ºC
160ºC
177ºC
177ºC 1 hour of MRCC
177ºC 3 hours of MRCC
177ºC 4 hours of MRCC
3.5

Results
Tests were carried out to determine tool-part frictional interaction at different points of

the curing cycle shown in Figure 9. During this cure cycle, two friction modes were observed, as
shown in Figure 10. The first mode (Figure 10a) showed a breakaway point that was related to
the static friction force [56]. Subsequently, force decreased to a value corresponding to the
dynamic friction. This friction mode was observed only when samples were tested during the
dwell region of the cure cycle (Figure 9), in which the composite coupons had an advanced
degree of cure. When samples were tested during the ramp-up region, a second friction mode
was identified (Figure 10b) where the force curve did not show a breakaway point. Instead, a
continuous increase in friction was measured where a linear behavior was observed at low
deformations. The point where the force changed from a linear to a non-linear curve (F’) was
used to identify the static friction force [56]. Therefore, these two frictional modes implied that
during the ramp-up region, the friction force was dominated by the consistency of the epoxy
resin, while during the dwell region this force could be related to the interaction between tool
and part.
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(a)

(b)

Figure 10. Friction force characterization according to ASTM G115 for IM7/977-2 UD
coupons tested during (a) heat-up ramp (120ºC) and (b) dwell region (1 hour of MRCC)
using release film (method 1) at the tool-part interface
Figure 11 showed the results corresponding to frictional shear stress during the curing of
CFRP prepregs, which were tested at the points indicated in Figure 9. Shear stress was calculated
using equation (1) where the frictional force (F’) was determined based on the friction
characterization modes shown in Figure 10. For samples tested between 37 and 177ºC, shear
stress increased as a function of temperature until a value of ~0.1 MPa was reached. Then,
samples measured after 1 hour of the cure cycle depicted a negligible variation in frictional
stress. Note that the gel point of the prepreg IM7/977-2 UD is reported in the literature at the 70th
minute of the MRCC [58]. Furthermore, Ersoy et al. [5] indicated that the friction force after the
gel point could be governed by the release materials placed between the tool and the part. As
such, the friction force obtained after 1 hour of the cure cycle might correspond to the frictional
interaction of the TFE release film since this material was used between the tool and the part.
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Therefore, the release material depicted an important role when manufacturing thermoset
composite materials since the frictional properties of such release materials could determine the
maximum value of tool-part residual shear stress induced during cure.
It was also observed that the values obtained during the dwell region of Figure 11 were in
the same order of magnitude of those reported in the literature [5] for tests performed with CFRP
samples and release materials similar to those used herein. Thus, these findings indicated that the
testing rig was a reliable setup to characterize tool-part shear stress.

Figure 11. Shear stress corresponding to static frictional force
3.6

Summary
In this chapter was presented the development of a testing rig that was designed to

measure the tool-part interaction of carbon fiber-epoxy composite samples and the shear strength
of sandwich structures when subjected to temperatures and pressures typical of autoclave
processing. This rig was coupled with a universal testing machine that quantifies the shear force
required to pull out a sample lodged between two metallic plates, while the rig applies
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customized temperature and pressure cycles. For this reason, advanced sensors and control
systems were implemented in the rig in order to mimic accurately the autoclave conditions. As
well, several VBA and LabVIEW algorithms were developed for data acquisition, processing,
and monitoring using a user-friendly interface.
Preliminary experiments were performed utilizing the testing rig to validate its
functioning. These tests consisted of measuring the friction force between a CFRP sample and a
metallic tool at different points of the cure cycle. Using the ASTM G115 as a reference, two
friction modes were identified at the ramp-up region and dwell of the cure cycle. During the
ramp-up region, friction force did not depict breakaway points, which indicated that the
consistency of the resin was weak due to its low degree of cure. As such, frictional stress
increased as the resin gelled because viscosity seemed to increase as crosslinking reactions were
developed. Then, during the dwell region, the frictional stress converged to a constant value of
~0.1 MPa where the static and dynamic friction forces were clearly identified. These findings
indicated that the composite sample reached an advanced degree of cure since the tribological
behavior observed was typical of contact between solids. Finally, the obtained friction values
during the dwell region agreed with those reported in the literature for composites with advanced
degree of cure, thus indicating that the testing rig was a reliable methodology to characterize
tool-part friction force.
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CHAPTER 4
CHARACTERIZATION OF TOOL-PART RESIDUAL SHEAR STRESS AT
AUTOCLAVE MANUFACTURING CONDITIONS

4.1

Introduction
The shear stress of CFRP prepreg samples in contact with a metallic tool was

characterized during cure using the testing rig described in chapter 3 (pp. 15) where the tool-part
deformation mismatch was reproduced. The pull-out speed of the mobile plate (Figure 4c) was
determined based on the CTE difference between the tool and the part (see Figure 12).

Figure 12. Tool-part deformation mismatch from the center (x = 0) to the edge (x = L) of
the part
As mentioned before in Chapter 1 (pp. 2), a typical CTE value for an aluminum tool is
23.6 µm/(m·ºC) while for CFRP, the CTE could be -0.5 µm/(m·ºC) in fiber direction [3]. Hence,
the relative displacement of the tool with respect to the part shown in Figure 12 was determined
using equation (2):

vx

T
(CTE tool  CTE part )
t

(2)

where v is the relative speed of the part with respect to the tool, and ∆T/∆t is the heat-up ramp of
the cure cycle. CTEtool and CTEpart are the coefficients of thermal expansion of tool and part,
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respectively. The relative speed of the part with respect to the tool is zero in the center (x = 0)
and it increases toward the edges (x = L) as follows [5]:

vmax  L

T
(CTE tool  CTE part )
t

(3)

where L was half of the total length of the part and v was used as the tool-part relative
displacement at the edges. Hence, a crosshead speed of vmax = 0.07 mm/min was obtained by
considering a part length of L = 1 m, CTEtool = 23.6 μm/m·ºC, CTEpart = -0.5 μm/m·ºC, and
∆T/∆t = 2.8ºC/min which was the heat up ramp of MRCC shown in Table 3. Note that equation
(3) was a simplified expression of the tool-part relative displacement where effects such as
chemical shrinkage of the resin were not included. Therefore, the tool-part shear stress was
characterized using three different pull-out speeds (0.05, 0.10, and 0.15 mm/min) where the
vmax = 0.07 mm/min was used as the reference value. With the aim of studying the static and
dynamic COF, the displacement rate was held constant throughout the MRCC and its direction
was not changed during cool-down.
4.2

Materials and Testing Parameters

4.2.1 Carbon Fiber Samples
Samples were made of carbon fiber-epoxy unidirectional prepreg (Cytec IM7/977-2 UD)
with dimensions of 10 x 10 cm2. The stacking sequence was [0º]2, and the composite samples
were placed on both sides of the mobile plate (see chapter 3, Figure 5a). The width of this plate
was the same as the width of composite coupons in order to minimize changes in the contact area
due to fiber spreading and resin flow. Tests were performed during the manufacturing MRCC of
the prepreg IM7/977-2 UD (see Table 3), and a consolidation pressure of 550 kPa (80 psi) was
used except in tests corresponding of section 4.3.9 where pressure was changed between 0.27
and 0.83 MPa.
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TABLE 3
MANUFACTURER’S RECOMMENDED CURE CYCLE OF IM7/977-2 UD
Heating Ramp
Dwell

2.8ºC/min
3 hours at 177ºC

4.2.2 Tooling and Release Materials
The tools of the testing rig were made of aluminum 6061, which had a root-mean-squared
surface roughness Rq = 0.18 μm after being conditioned with sand paper of 400 grit. This
roughness corresponded to similar conditions as those found in industrial applications [16].
Notice that surface roughness was measured with a roughness tester Mitutoyo SJ-201.
Tool-part shear stress was characterized using three release methods between the tool and
the part shown in Table 4:
TABLE 4
RELEASE SYSTEMS UTILIZED ON THE SURFACE OF THE TOOL
Release Method

Release Film
(Airtech WL-5200)

Release Agent
(Frekote 770NC)

Mold Sealer
(Frekote B15)

1
2
3

4.2.3 Testing Parameters for Continuous Shear Stress Measurements
An orthogonal DOE was implemented with the aim of identifying the relevance of
different manufacturing conditions including surface roughness, pull-out rate, normal pressure,
and stacking sequence on the tool-part shear stress. These factors were tested using the three
levels shown in Table 5 (control parameters). Following the robust DOE proposed by Taguchi
[59], a set of experiments was developed (Table 6) using an orthogonal array L9. Note that the
manufacturing parameters evaluated were assumed linearly independent, e.g. the change in
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surface roughness did not depend on the stacking sequence, pull-out speed or normal pressure.
Hence, the contribution of each testing factor was identified by averaging the shear stress results
of samples from Table 6 that were tested using the same factors. For instance, the optimum tool
surface condition was identified by comparing the stress average of experiments 1, 2, 3 (1.35
m) with the average of experiments 4, 5, 6 (0.18 m), and experiments 7, 8, 9 (0.18 m +
release agent). Similar methodology was used to determine the contribution of the other
manufacturing parameters on shear stress. Therefore, orthogonal DOE was used to identify the
optimum control parameters required to achieve the lowest tool-part frictional stress, which also
represented the best manufacturing conditions. Notice that the scope of investigation did not
include the analysis of signal-to-noise ratios since there were no specified assumptions about the
effect of the control parameters on the shear stress.
TABLE 5
CONTROL PARAMETERS, WHICH REPRESENTED DIFFERENT VALUES
(LEVELS) OF THE MANUFACTURING VARIABLES (FACTORS)

Factors
A. Surface Roughness (Rq)
(release method)
B. Stacking Sequence
C. Pull-out Rate (mm/min)
D. Pressure (kPa)
*120 grit sand paper
**400 grit sand paper

1
1.35m*
(method 3)
[0/0]
0.05
550
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Levels
2
0.18m**
(method 3)
[ 0 / 90]
0.10
650

3
0.18m + Release Agent
(method 1)
[45/-45]
0.15
750

TABLE 6
ORTHOGONAL ARRAY L9: SAMPLE CONFIGURATION
A. Tool surface condition
(release method)
1.35 m (method 1)
1.35 m (method 1)
1.35 m (method 1)
0.18 m (method 1)
0.18 m (method 1)
0.18 m (method 1)
0.18m + Release Agent (method 3)
0.18m + Release Agent (method 3)
0.18m + Release Agent (method 3)

Sample
Number
1
2
3
4
5
6
7
8
9

B. Stacking
Sequence
[0 / 0]
[ 0 / 90]
[ 45/-45]
[0 / 0]
[ 0 / 90]
[ 45/-45]
[ 0/ 0]
[ 0 / 90]
[ 45/-45]

C. Pull-out
Rate (mm/min)
0.05
0.10
0.15
0.10
0.15
0.05
0.15
0.05
0.10

D. Pressure
(kPa)
550
650
750
750
550
650
650
750
550

Once the strongest contributors to shear stress were identified, a study was performed to
propose a mathematical approach to the tool-part interface using the samples shown in Table 7.

TABLE 7
SET OF EXPERIMENTS USED TO CHARACTERIZE SHEAR STRESS
Analysis

Release film
(Method 1)

Test
During cure cycle
Cool-down region
Cured sample - release film
Modulated temperature

With modulation
Without modulation

Shear stress-pressure test
During cure cycle
With modulation
Without modulation

Release agent
(Method 2)

Modulated temperature

Surface
roughness

Shear stress-pressure test
1.35 µm (120 grit sand paper)
0.18 µm (400 grit sand paper)
0.18 µm and release agent
Rheological analysis

Rheology
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Experiments
6
6
1
2
2
5
6
2
2
5
1
1
1
1

Results
Figure 15
Figure 16
Figure 17
Figure 20
Figure 20
Figure 24
Figure 18
Figure 21
Figure 21
Figure 24
Figure 22
Figure 22
Figure 22
Figure 19

4.2.4 Modulated Temperature Tests
Modulations of temperature were incorporated during the cure cycle to study the response
of shear stress to temperature fluctuations. Using a LabVIEW interface, modulations were
induced with an amplitude of ± 2ºC, which was in the same order of magnitude as that used by
Twigg et al [14]. Additionally, the testing rig was modified to a high-deformation configuration
by placing elastomeric bushings on the base of the rig, as shown in chapter 3, Figure 4e. This
configuration increased the sensitivity of the system, thus allowing a distinction of the transition
between static and dynamic friction force. Note that this high-deformation configuration was
used only for modulated temperature tests because the additional deformation provided by the
elastomeric bushings may result in tool-part displacement that does not correspond to the
crosshead speed of the UTM machine.
4.3

Results

4.3.1 Continuous Shear Stress Characterization by Orthogonal DOE

Figure 13. Shear stress obtained by continuous friction characterization.
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A continuous friction characterization of the prepreg IM7/977-2 UD was carried out in
order to identify the optimum manufacturing parameters among tool surface condition, sample
stacking sequence, pull-out speed, and consolidation pressure. As mentioned in section 4.2.3, an
orthogonal array L9 was used and the experimental conditions were set up according to Table 6.
The results of these experiments were illustrated in Figure 13, and the contribution of each factor
on shear stress was determined at the plateau stress region (dynamic frictional interaction) in
order to obtain an indicator of the relevance of each manufacturing factor on the tool-part
interfacial shear stress. Results shown in Figure 14 (which were determined based on the graphs
of appendix A) indicated that different tool surface conditions could change the shear stress up to
72%.

Figure 14. Relative factor interaction: Maximum difference in shear stress measured at
the end of the plateau region
On the other hand, the stacking sequence showed changes in shear stress up to 10%. Note also
that the experiments performed by R. Das et al. [29] indicated that composites can release a
higher amount of process-induced residual stresses when the stacking sequence is different than
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[0º]. Based on these results, a mathematical approach to the tool-part interaction was developed
comprising the effects of tool surface conditions, pull-out speed, and consolidation pressure.
Moreover, the influence of temperature on shear stress was studied, but different stacking
sequences were not included in further tests.
4.3.2 Tool-Part Shear Stress: Release Film (Method 1)
During the cure cycle of the prepreg 977-2 UD, composite samples were tested at three
pull-out speeds when using the release method 1 (Table 4) between the coupon and the tool.
Results shown in Figure 15 illustrated the change in shear stress during the cure cycle (Figure
15a) and shear stress vs. temperature (Figure 15b). During the A–C region indicated in the
figures, shear stress decreased until the point of maximum resin flow velocity was reached—that
is, the point observed in Figure 15b around ~70ºC [60]. Subsequently, stress increased as the
resin cured, thus indicating that the resin was developing its mechanical properties due to the
cross linking reactions of the epoxy resin. This increase reached a limit at the point C (gel point,
as shown in section 4.3.4—pp. 39) where the shear stress of the curve converged to a plateau
value that was extended until the beginning of the cooling down region (point D). Thus, the shear
stress increased during cure until the resin developed enough mechanical properties to bear the
frictional force required to surpass the static COF and then the shear stress converged to a
constant value corresponding to the dynamic friction force, which increased as temperature
decreased during the cool down cycle (D–E region). Note also that these findings followed a
similar trend than that of point-wise friction tests presented in section 3.5 (pp. 21).
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Figure 15. Release method 1: (a) Shear stress vs. time and (b) shear stress vs. temperature
at pull-out speeds between 0.05 and 0.15 mm/min
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Figure 16 showed the results of a study performed to determine the influence of
temperature on shear stress, which was performed by analyzing the cool-down cycle (region D–E
of Figure 15) in a linear scale. In this figure is shown that the stress-temperature curves displayed
a linear trend (R2 ≥ 0.99) where slope values between -0.3 x 10-3 and -0.8 x 10-3 MPa/ºC were
obtained.

Figure 16. Cool down region (D–E) in linear scale at three different
pull-out temperatures
Since the degree of cure of the samples was close to 1 during D–E region, the frictional behavior
shown in Figure 16 could correspond only to the frictional interaction exerted by the release
materials. This hypothesis was confirmed with an additional test where a release film (method 1)
was placed on a fully cured composite, as shown in Figure 17a. For this test, the average speed
utilized in Figure 16 was used (0.10 mm/min), and the release film was tested during the MRCC
shown in Figure 15. Results indicated that for the heat-up (A–B) and cool-down (D–E) regions
Figure 17b, stress-temperature slope values were between -0.3 x 10-3 and -0.4 x 10-3 MPa/ºC,
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which were also within the range of the slopes depicted in Figure 16. Therefore, these findings
indicated that the frictional interaction during the D–E region was governed by the release
materials, and there was a strong dependence of temperature on shear stress.

(a)

(b)

Figure 17. (a) Release film set-up on the mobile plate and (b) stress as a function of
temperature for release film
4.3.3 Tool-Part Shear Stress: Release Agent (Method 2)
Since release materials portrayed an important role in tool-part interaction, the shear
stress characterization was extended to testing composite coupons using a polymeric release
agent, according to method 2 (Table 4). Unlike section 4.3.2, samples were tested without using
a release film in order to study the frictional behavior of the release agent only. The results of
Figure 18 showed that shear stress values were ~24% higher than those measured when using the
release film (Figure 15) during the plateau region (C–D). A particular behavior was observed
with tests performed at 0.05 mm/min where the stress curve depicted large peaks of more than
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0.2 MPa, which indicated a strong adhesion between the sample and the tool. After an abrupt
decrease in shear stress at the 150th minute (tool-sample debonding), the stress converged to a
plateau value similar to that measured when testing samples at 0.10 and 0.15 mm/min. Since
equation (3) indicated that a pull-out speed of 0.05 mm/min corresponded to a part length of
0.70 m, these results implied that parts shorter than 0.70 m might remain adhered to the tool
during manufacturing. In contrast, the lack of large stress peaks in samples tested at higher speed
(equivalent to parts larger than 0.70 m) and parts tested with a release film (method 1) indicated
that these samples surpassed the static frictional stress and slid on the surface of the tool. In
summary, these findings indicated that parts processed using release method 2 might develop
higher tool-part residual stress than parts where method 1 is used.
The change of shear stress as a function of temperature was also studied when using
release method 2, as shown in Figure 18b. During the D–E region, samples tested without the
release film showed in average a lower stress-temperature relation since the slopes measured
during the cool-down region were between -0.3 x 10-3 and -0.4 x 10-3 MPa/ºC (R2 ≤ 0.97).
Therefore, the shear stress was less sensitive to temperature when only the release agent was
used.
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Figure 18. Release method 2: (a) Shear stress vs. time and (b) shear stress vs. temperature
at pull-out speeds between 0.05 and 0.15 mm/min

38

4.3.4 Rheological Analysis
A rheological analysis (Figure 19) was performed to compare the viscoelastic behavior of
the prepreg with the measured tool-part shear stress. During this analysis were identified two
points of interest corresponding to the gel point and the minimum viscosity. The gel point was
identified with the maximum value of loss tangent (Tan (δ)), according to ASTM D4473. Figure
19 showed a peak in Tan (δ) at the minute 74th, which agreed also with the gel point reported by
Alavi-Soltani et al. [58]. Results indicated that the gel point matched the point C depicted in
sections 4.3.2 and 4.3.3. Therefore, the gel point was the instant when composite coupons began
to slide on the tool when method 1 was used (Figure 15), and the beginning of the peaks of shear
stress (see Figure 18) when using method 2.
The second point of interest was the minimum viscosity of the prepreg, which was
identified in Figure 19 around the 45th minute [61]. This point was compared with the results of
sections 4.3.2 and 4.3.3, and it was found that it did not match the instant of minimum shear
stress (20th minute of the cure cycle). Instead, minimum shear stress matched the point of
maximum resin flow velocity reported by Ahmed [60]. The mismatch between minimum
viscosity and maximum resin flow point was investigated by Dave et al. [62] who found that this
phenomenon occurs because the fiber bed exerts a spring-like reaction force when the composite
is subjected to compressive forces similar to those of autoclave processing. As the composite is
consolidated, a sequential compaction is also carried out in which the autoclave pressure is
gradually transferred to the fiber bed as the resin flows out (squeeze sponge effect).
Consequently, the resin flow can cease before the point of minimum viscosity because the resin
pressure drops as the consolidation pressure was transferred to the fiber bed. Based on these
findings, it is suggested that the minimum shear stress measured at the 20th minute of the MRCC
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was related to the point of maximum resin flow velocity, and not to the minimum viscosity of the
resin.

Figure 19. Rheological analysis of the prepreg during the MRCC
4.3.5 Shear Stress Characterization Using a Modulated Temperature Cycle
Modulated temperature tests were performed to identify the transition between static and
dynamic shear stress. Moreover, the regions where the shear stress was highly dependent on
temperature were identified. Notice that, as mentioned in section 5.2 (pp. 52), the testing rig was
modified to a high deformation configuration in order to enhance the sensitivity of stress
measurements, and the experiments were performed at 0.05 mm/min (see Table 7).
The shear stress measured with and without using a modulated temperature profile was
portrayed in Figure 20 when using a release film (method 1, Table 4), and Figure 21 when using
a release agent (method 2).
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Figure 20. Modulated temperature tests for release film (method 1)
Results indicated that the shear stress response to temperature modulations could be used to
identify the dynamic frictional interactions because, for both release methods, the temperature
modulations induced oscillations of shear stress when the sample was moving on the tool. For
instance, the modulated temperature results of Figure 20 depicted stress oscillations after the
120th minute of the tests, and Figure 21 showed stress oscillations in the region indicated in the
graph. Since breakaway points were observed prior to the regions where stress modulations were
shown, results implied that the shear stress was dependent on temperature only when the
composite sample was sliding on the tool. Thus, modulated temperature tests were used to
identify the transition between static and dynamic frictional stress.
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Figure 21. Modulated temperature test for release agent (method 2)
Modulations of temperature showed to be effective in reducing the static frictional toolpart interaction during manufacturing. It was observed in Figure 20 (method 1) that nonmodulated tests depicted breakaway points (static friction stress) around the 145th minute of the
test. However, these points were not noticed when using modulations in the temperature profile.
A similar effect was observed in Figure 21 (method 2) where the magnitude of the breakaway
points was 2.43 ± 0.13 times lower than the samples tested without modulations. The reduction
in the magnitude of static frictional stress implied that the modulated temperature profile induced
oscillations in thermal expansion at the tool-part interface, which reduced the static friction force
and thus induced an earlier sliding of the sample on the tool.
4.3.6 Effect of Pull-Out Speed (Part Length) on Shear Stress
In previous sections, it was shown that the tool-part shear stress that was obtained for
samples tested between 0.05 and 0.15 mm/min. These results indicated that the static COF
depended on pull-out speeds only when using release method 2 (Figure 18) where the samples
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tested at 0.05 mm/min showed a static/dynamic friction ratio of 5.29 ± 0.19. This ratio indicated
a strong tool-part adhesion, and was considerably higher than those measured at speeds of 0.10
and 0.15 mm/min, which was 1.6 ± 0.10. Therefore, results indicated that parts with less than 0.7
m in length are likely to remain adhered to the tool, while longer parts could slide.
On the other hand, samples tested with a release film (method 1) did not depended on
pull-out speed, and the stress ratio measured was 1 ± 0.01 (Figure 15). Furthermore, the dynamic
COF, which was the shear stress measured after the breakaway point, did not depend on the pullout speed for both release methods. These results agreed with the findings reported by Biswas et
al. [18] who found that the dynamic COF of fluoropolymers was independent of speeds for
values below 60 mm/min.
4.3.7 Effect of Tool Surface Conditions on Shear Stress
The influence of tool surface condition on shear stress was characterized by performing
tests with different release materials and tool surface roughness. As such, two samples were
tested using a release film (method 3, Table 4) and tools with surface roughness (Rq) of 1.35 µm
and 0.18 µm that was obtained by polishing tools using sand paper of 120 and 400 grit,
respectively. Results, which were portrayed in Figure 22, indicated that the shear stress
decreased 10 – 27.1% when the surface roughness was 86% smoother. Then, a third sample was
tested including a release agent (release method 1, Table 4) and a surface roughness of 0.18 µm
where results showed a decrease in stress between 23.1 – 50.8% due to the use of this release
method. Studies of friction in fluorocarbon based polymers—such as the release materials used
in this research—indicated that their frictional interaction involved two mechanisms governed by
the polymer hardness and surface energy [17], which are related to mechanical interlocking and
thermodynamic interactions, respectively. Since the tool-part interaction was considerably
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reduced when using a release agent without changing tool roughness, these results indicated,
therefore, that thermodynamic interactions among release materials were more relevant to toolpart frictional stress than mechanical interlocking caused by the surface roughness of the tool.
In practical terms, these results suggested that composite manufacturers should find the
most appropriated combination of release materials rather than enhancing the tool surface
roughness. A very fine surface roughness might represent higher costs, while a coarser tool with
the appropriate release materials could lead to a lower tool-part shear stress with an acceptable
surface finishing.

Figure 22. Shear stress measured during the D–E region (cool-down) using different tool
surface conditions. Test pull-out speed: 0.05 mm/min.
*Release method 3. **Release method 1.
4.3.8 Effect of Temperature on Shear Stress
Results obtained using modulated temperature profiles (section 4.3.6) indicated that the
shear stress depended on temperature mainly when the composite sample was sliding on the tool.
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Furthermore, the findings presented in section 4.3.7 showed that the shear stress encompassed
two frictional modes corresponding to mechanical interlocking and thermodynamic interaction,
which decreased linearly as a function of temperature (see Figure 22). These findings agreed
with the literature where it was found that both mechanical interlocking [19, 20] and
thermodynamic interactions [17] (surface energy [63]) might show a linear dependence with
respect to temperature. Based on the physics of this frictional behavior, therefore, the dynamic
frictional stress was approximated to a linear function of temperature, as shown in equation (4):

  k (c Tc  T )

(4)

where  is the dynamic shear stress, and T is temperature. The terms k, c, and Tc were assumed
constant in order to maintain a linear relation between stress and temperature, and Tc is an
hypothetical critical temperature at which the polymer might degrade or melt [63]. Substituting
equation (4) in the classical definition of COF equation (5), the dynamic COF (µk) was
calculated using equation (6):



Ff 

FN P

k (T )  a T  b

(5)
(6)

where a and b are the constants shown in Table 8 which were obtained from the experimental
results of section 4.3.2 and 4.3.3. The predicted µk was illustrated in Figure 23 and compared
with the experimental results (normalized with respect to pressure) that showed the maximum
and minimum dynamic shear stress values during the C–D region. Note that the study of
parameters c, k, and Tc is beyond the scope of this study since µk was predicted with the
constants a and b.
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TABLE 8
CONSTANTS OBTAINED FOR µK IN EQUATION (6)
Release System
Release Film
Release Agent

a
 0.95 10  0.35 103
 0.60 103  0.1 103
3

b
0.245  0.08
0.207  0.02

Parameter a was obtained based on the results of Figure 16 and Figure 18b where the
stress-temperature slope during the D–E region was normalized with respect the consolidation
pressure (550 kPa), as indicated in equation (5). Since results of Figure 17 (section 4.2.3, pp. 28)
indicated that the friction interaction of release materials was stable during the entire MRCC, the
COF calculated during D–E region could be used to predict the COF in any other region. Results
of Figure 23 proved this assumption since the shear stress did not exceed the predicted COF
because the composite sample was adhered to the tool. The peaks observed in the vicinity of
point C (Figure 23a) indicated that the threshold value corresponding to the static COF was
reached, but after surpassing this point, the shear stress reached the predicted COF.
Parameter b was calculated with the value of COF measured at the beginning of the C–D
region, which corresponded to the dynamic COF. As such, a considerable difference between
measured and predicted friction coefficients was observed at the end of the C–D region in Figure
23 because the effects of wear and abrasion between the sample and the tool were neglected. The
increase in measured COF observed during the C–D region was associated to the wear of the
counter surfaces [64] while, in the case of release film, the slight negative slope observed was
related to polymer deposition on the tool due to abrasion [65]. The difference obtained during the
D–E was also attributed to these effects. However, these abrasive effects were not included in
equation (6) because the tool-part deformation mismatch is reduced as the degree of cure of the
resin advances during the C–D region.
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Finally, the predicted COF values were compared with those reported in the literature for
similar materials. The predicted µk for release film (which was calculated with equation (6))
indicated values of 0.07 ± 0.02 at 177ºC (point C) and 0.21 ± 0.07 at room temperature (point E).
For the release agent, these values were 0.1 ± 0.005 at 177ºC and 0.20 ± 0.02 at point E. These
values were in the same order of magnitude of µk obtained by Schön (µk = 0.3 – 0.6) who tested a
carbon fiber-epoxy composite in contact with a metallic counter surface [64]. However, the µk
reported herein was lower due to the use of release materials.

(a)

(b)

Figure 23. Measured and predicted COF when using (a) release agent and
(b) release film between the tool and the sample
4.3.9 Effect of Pressure on Shear Stress
The tool-part shear stress was measured for method 1 (release film) and method 2
(release agent) when applying a consolidation pressure between 0.27 and 0.83 MPa, and results
were illustrated in Figure 24. In this graph was observed that for both release methods, shear
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stress showed a linear increase proportional to the pressure. This trend agreed with the classical
definition of COF previously shown in equation (5) where it was indicated that the frictional
force changed proportionally to the applied pressure.
In the literature, it was found that although materials used in this research might depict a
linear dependence on applied pressure, it is also common to observe non-linear trends [12, 17].
As such, Bowden et al. [17] proposed an empirical model that was obtained for polymeric
materials:

Ff ( P)  k1 FN  2
k

(7)

where values of k2 ≤ 1. This model agreed with the results portrayed in Figure 24, in
which the values of k1 and k2 were found approximately equal to µ and 1, respectively.

Figure 24. Tool-part shear stress as a function of pressure for release methods 1 and 2

48

4.3.10 Mathematical Approach to the Tool-Part Shear Stress
On the basis of the results presented in this research, a mathematical expression was
proposed to predict the tool-part frictional interaction as a function of the main variables
corresponding to autoclave manufacturing. This mathematical approach was based on
Coulomb’s friction model (equation (8)), which was modified to account for changes in frictional
force as a function of temperature portrayed in equation (6).

F f ( P, T , t )   FN ( P)  k (T ) sign(v(t ))

(8)

FN was obtained from equation (5) and (11) and the kinetic COF as a function of temperature µk(T)

was calculated from equation (6). The term sign (v(t)) represented the direction (not the

magnitude) of the tool-part deformation mismatch. Finally, these substitutions were carried out,
and the resulting mathematical approach to the tool-part shear stress was shown in equation (9).

F f ( P, T , t )  

P
(aT  b) sign (v(t ))
A

(9)

This expression should be complemented with the magnitude of the static COF where the
static/dynamic friction ratio for method 1 (release film) was 1.05 ± 0.05. When method 2 (release
agent) was used, the static/dynamic ratio was 5.29 ± 0.19 for parts shorter than 0.7 m and 5.29 ±
0.19 for longer parts.
The significance of the model shown in equation (11) was approached by analyzing the
phenomenon of tool-part deformation mismatch. As shown in Figure 12, the shear stress is zero
in the center of the part (x = 0) and it increases toward the edges as the deformation mismatch is
developed during cure. Twigg et al. [14] showed that the transition point between static and
dynamic stress migrates in the opposite direction from the edges toward the center of the part as
a debonding front. In this context, the normal force (consolidation pressure) and the tool-part
friction force induce a gradient of stress from the center of the part toward the edge. This
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gradient reaches a limit corresponding to the threshold value of the static frictional stress.
Therefore, the part remains adhered to the tool for small deformations that result in stresses
lower than the maximum static shear stress indicated in equation (10a). Larger deformations that
surpass the static shear stress might result in a tool-part interfacial stress that has a constant value
corresponding to the dynamic shear stress shown in equation (10b).

  s P
 k  k P
4.4

(10a)

(10b)

Summary
In this chapter, the results of a continuous shear stress characterization when sliding

composite samples on the surface of metallic tools at temperature and pressure typical of
autoclave processing were shown. Initially, an orthogonal DOE was implemented to identify the
most relevant manufacturing variables to the tool-part frictional stress. These preliminary
findings indicated that pull-out speed (part length), consolidation pressure, and tool surface
conditions were the most relevant parameters to the frictional stress.
Subsequently, samples were tested using a release film (method 1) and a release agent
(method 2) between the tool and the part. Tests carried out using release method 1 showed lower
values of static and dynamic coefficient of friction (COF) since the dynamic COF value for
release film was 0.07 ± 0.02 while the use of the release agent only (method 2) increased this
COF to 0.10 ± 0.005 (at 177ºC). Furthermore, the static/dynamic COF ratio obtained with
method 1 was 1.1 while method 2 showed values up to 5.48 that indicated higher tool-part
adhesion. Therefore, results implied that parts processed with a release film might develop lower
geometrical distortion than parts where a release agent is used.
These samples were also tested at different temperatures, consolidation pressures, pullout speeds, and tool surface roughnesses. As a result, a mathematical approach to the tool-part
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frictional interaction was proposed based on a modification of Coulomb’s friction model to
account for the different manufacturing parameters. This mathematical expression was also
validated with the mechanical and thermodynamic mechanisms found in the literature, which
were related to the tool-part interaction.
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CHAPTER 5
SHEAR STRESS CHARACTERIZATION OF SANDWICH STRUCTURES WHEN
SUBJECTED TO TYPICAL AUTOCLAVE PROCESSING CONDITIONS

5.1

Introduction
A novel testing methodology was implemented to measure the shear strength of sandwich

structures when subjected to combined conditions of temperature and pressure. For this purpose,
the customized testing rig described in chapter 3 (pp. 15) was utilized. This study included an
analysis of the shear stress of different materials that are commonly used for manufacturing of
structural composite parts including aramid fiber honeycomb cores, epoxy adhesives, CFRP
prepreg skins, and a combination of thereof in a sandwich structure. Furthermore, tests were
focused on studying the shear strength of honeycomb cores in order to determine the amount of
stress that cores can withstand before crushing due to the severe conditions exerted during
autoclave processing [13]. This customized testing methodology was implemented because
current standard test methods for sandwich structures (ASTM C273 [42]) do not include
specifications to measure shear strength when samples are subjected to combined conditions of
pressure and temperature. Therefore, it was imperative to develop a novel testing procedure to
surpass these limitations.
5.2

Materials and Testing Parameters Used for Shear Stress Characterization of
Sandwich Structures
Shear stress was measured using samples made of different composite materials typically

used in sandwich structures (see Table 9). HRH-10 was chosen as the core of the sandwich
structure since this material is commonly used in aerospace applications for structural and nonstructural parts [66]. Hysol PL 7000 was used for co-curing the prepreg and the sandwich
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structure because this epoxy adhesive has a curing temperature of ~180ºC [67], which is similar
to that required for the prepreg IM7/977-2 UD. Therefore, samples were tested during the MRCC
of this CFRP prepreg, which consisted in a ramp-up of 2.8ºC/min and a dwell time of 3 hours at
177ºC.
TABLE 9
MATERIALS USED FOR SHEAR STRESS CHARACTERIZATION OF
SANDWICH STRUCTURES
Core
Adhesive
Skin (face sheets)

Aramid fiber/phenolic overexpanded honeycomb core
HexWeb HRH-10-1/8-3.0 (by Hexcel)
Epoxy adhesive film Hysol PL 7000 (by Henkel)
Carbon fiber-epoxy prepreg IM7/977-2 UD (by Cytec)

Initially, the shear stress of the entire sandwich structure was characterized using a
sample such as that illustrated in Figure 25. Then HRH-10 cores were tested at the pressures and
temperatures mentioned in Table 10 with the aim of determining the effect of manufacturing
conditions on shear strength in the principal directions—those are, ribbon and direction of
expansion (see Figure 26). For these tests, squared samples (10 x 10 cm2) of HRH-10 core were
adhered to the pull-out plate of the testing rig (Figure 4b) and the heated metallic plates (Figure
4c) using a high-temperature epoxy adhesive, and a pull-out speed of 0.05 mm/min was utilized.
The testing area of the rig was wrapped with super-insulating carbon aerogel (by McMasterCarr) in order to maintain a constant temperature throughout the sample. Finally, the calculations
of shear strength and core shear modulus were performed using the methodology suggested by
ASTM C273.
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Figure 25. Sample used for shear stress characterization
of sandwich structures

TABLE 10
SAMPLES USED FOR CHARACTERIZATION OF SHEAR STRENGTH OF
HONEYCOMB CORE HRH-10. UTM CROSSHEAD SPEED: 0.05 mm/min
Results
Figure 28
Figure 29
Figure 30
Figure 31

Direction
d11
d22
d11
d11
d22
d22
d22
d22
d22
d22

Pressure
310 kPa
310 kPa
310 kPa
550 kPa
310 kPa
550 kPa
310 kPa
310 kPa
310 kPa
310 kPa
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Temperature
23ºC
23ºC
23ºC
23ºC
23ºC
23ºC
23ºC
60ºC
120ºC
177ºC

Figure 26. Principal directions of honeycomb cores: perpendicular to the ribbon or
direction of expansion (d11) and ribbon direction (d22)
5.3

Shear Stress Characterization of Sandwich Structure
Tests were performed using the materials mentioned in Table 9 in order to study the shear

stress behavior of a sandwich structure during co-curing CFRP face sheets with an aramid
honeycomb core. Results, which were illustrated in Figure 27, indicated that the shear stress
behavior of the entire sandwich structure depended on the mechanical properties of each of its
constituent materials since the obtained stress curve showed a sudden increase in stress at the
70th minute, which was associated with the gel point of the prepreg. Similarly, stress depicted a
linear trend after the 90th minute that was similar to the elastic behavior shown by the adhesive
layer. This elastic behavior was extended until the minute 160th where the elevated shear stress
induced core crush. Therefore, results implied that the residual stresses transferred to the core
during manufacturing strongly depend on the degree of cure of the CFRP skins and core-skin
adhesive layer.
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Figure 27. Shear stress characterization for carbon fiber-epoxy skin, adhesive, aramid
core, and sandwich structure at 310 kPa
The transverse component of autoclave pressure could cause core crush, as previously
mentioned in chapter 1, Figure 2 (b). As such, the findings portrayed in Figure 27 implied that
cores might be vulnerable to these transverse pressures during the earlier stages of the cure cycle.
In particular, transverse stresses could be transferred to the core around the 20th minute because,
at this point, skins and adhesives showed the lowest shear resistance, and therefore had a weak
capacity to bear the forces induced by the transverse component of manufacturing pressure.
These findings agreed with the literature where it was mentioned that core crush could be
influenced by resin viscosity, and prepreg-prepreg interlaminar interaction would determine the
amount of residual shear stresses transferred to the core during manufacturing [6, 7, 13, 37].
However, a viscoelastic analysis previously performed to the prepreg skins (see pp. 36) indicated
that this point of minimum shear stress did not match the point of minimum viscosity. Instead,
shear stress was found related to the maximum resin flow point, which did not necessarily match
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the point of minimum viscosity [62]. Therefore, these findings indicated that the point of
maximum resin flow in the composite skins should be considered during the design of autoclave
co-cured sandwich structures.
5.4

Influence of Ribbon Orientation in Shear Strength of Aramid Cores
Aramid honeycomb cores HRH-10 were subjected to shear forces in order to determine

their strength at the pressures and temperatures mentioned in Table 10. Results corresponding to
tests performed at 23ºC and 310 kPa were shown in Figure 28 for samples tested in the principal
directions of the core (Figure 26): direction of expansion (d11) and ribbon direction (d22).

Figure 28. Shear stress characterization for HRH-10 honeycomb cores in d11 (direction
of expansion) and d22 (ribbon direction) at 310 kPa and room temperature
Samples tested in d11 showed a constant increase in shear stress during the first 60 minutes of
testing, which corresponded to elastic deformation of the core [41]. During this elastic region,
two stages were observed in the stress curve. First, stress increased linearly during 30 minutes,
and then the slope of the curve increased until the point of final failure. A similar behavior was
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observed when testing samples oriented in d22 where a linear region was measured during the
first 40 minutes, and subsequently a non-linear region was observed until the 74th minute where
the curve continued with a linear trend until the point of final failure (150th minutes of the test).
These changes in slope, which were more notorious in d22, could be related to reduction in
mechanical properties. Furthermore, results also showed that the ultimate shear strength was
12% higher in d11 than d22, which implies, therefore, that HRH-10 cores would be more likely
to fail in d22. Note that stronger mechanical properties in d11 agreed with the specifications
reported by the manufacturer [66] where consolidation pressure was zero.
5.5

Influence of Consolidation Pressure on Shear Strength
The shear strength of honeycomb cores was measured when samples oriented in d11

were subjected to two different pressures with the aim of studying the effect of autoclave
consolidation pressure in the structural integrity of the core. Results, which were illustrated in
Figure 29, indicated that the consolidation pressure negatively affected the shear strength of
samples tested in d11 because the ultimate shear strength decreased 22.4% when the pressure
was increased from 310 kPa to 550 kPa. Then, the shear strength was plotted as a function of
pressure where the strength value at 0 kPa was obtained from the literature [66] where it was
observed that the strength vs. pressure curve followed an inverse exponential trend. Therefore,
these results implied that chances of core crush would increase at elevated pressure due to two
factors: the ultimate shear strength of the core decreases and the transverse component of
autoclave pressure increases.
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Figure 29. Shear stress characterization in d11 (direction of expansion)
at 310 and 550 kPa
The HRH-10 core was also tested at different pressures in the ribbon direction (d22), and
results were shown in Figure 30. The shear strength measured in d22 depicted a similar behavior
than those tests performed in d11—that is, an inverse exponential trend of shear strength vs.
pressure. However, results obtained in d11 indicated a higher decreased rate than those of d22,
which implied that if results were extrapolated to ~800 kPa, there would be no difference
between strength in d11 and d22. In the literature, Lee et al. [43] explained this phenomena as a
decrease in degree of anisotropy (d11/d22 strength ratio) where the researchers identified a
decrease in this strength ratio as temperature increased. Therefore, based on the results of Lee et
al. (strength vs. temperature) and those portrayed in Figure 30 (strength vs. pressure), these
findings implied the degree of anisotropy of honeycomb cores may decrease as both pressure and
temperature increase.
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Further, elastic elongation before failure was shown invariable for samples tested in d11
because the two curves shown in Figure 29 depicted the ultimate shear stress at the 65th minute
of the test. On the other hand, samples tested in d22 (Figure 30) showed core failure at different
points where tests performed at 550 kPa showed a failure point ~60 minutes earlier than that of
the sample tested at 310 kPa. As such, these results indicated that consolidation pressure
decreased the elongation of the core before failure only in d22.

Figure 30. Shear stress characterization in d22 (ribbon direction) at 310 and 550 kPa
5.6

Influence of Temperature on Shear Strength
The effect of temperature in shear stress was characterized between 23ºC and 177ºC

using a consolidation pressure of 310 kPa, which corresponded to a typical autoclave cycle, and
results were shown in Figure 31. Note that samples of HRH-10 honeycomb core were tested only
in the ribbon direction (d22) since previous results indicated that cores were weaker in d22. The
maximum shear stress measured in Figure 31 was plotted as a function of temperature (see
60

Figure 32) where it was observed that the core shear strength decreased as temperature increased.
These results complemented the findings of Lee et al. [43], who indicated that the shear strength
of aramid honeycomb cores decreased when temperature increased without applying a
consolidation pressure. The findings of Figure 32 evidenced that this decrease also occurred
when samples were subjected to pressures of 310 kPa.
The curve shown in Figure 32 indicated an inverse exponential trend, which implied that
the slope of such curve decreased as temperature increased. These findings differed from those
reported by Lee et al. [43] because their results showed an increase in this slope. Notice that
aramid cores used by Lee et al. had a hexagonal geometry that differed from samples utilized
herein because the HRH-10 cells had an overexpanded shape. Therefore, these findings implied
that cell architecture could affect the strength-temperature behavior.
Lastly, results of Figure 31 showed different failure mechanisms as temperature
increased. At high temperatures (120 and 177ºC), tests depicted a sudden stress decrease at the
failure point (160th minute), while samples tested at lower temperatures (23 and 60ºC) showed a
progressive decrease after 120 minutes of testing. Hence, results indicated that temperature
affected shear strength, failure mode, and elongation before failure.

61

Figure 31. Shear stress characterization in d22 (ribbon direction) at different
temperatures, when applying 310 kPa of pressure

Figure 32. Ultimate shear strength as a function of temperature
(consolidation pressure: 310kPa)
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5.7

Conclusions
A novel testing methodology was proposed to characterize the shear stress of cores,

adhesives, composite skins, and a combination of thereof in a sandwich structures while applying
combined conditions of temperature and pressure. Initially, the whole sandwich structure was
tested, and results indicated that the shear strength of the structure was influenced by the
individual behavior of adhesive and prepreg. As such, the core might be vulnerable to transverse
forces (exerted by the autoclave pressure) during the earlier stages of the cure cycle (around the
20th minute) due to the low shear strength of skins and adhesive layer.
Subsequently, the aramid cores were tested in the direction of expansion (d11) and ribbon
direction (d22) while applying pressures up to 550 kPa. These tests indicated that the shear
strength decreased as pressure increased in both directions. Similarly, the strength anisotropy
ratio (d11/d22) decreased as a function of pressure. Results showed that the weakest direction of
the core was d22. Hence, samples were tested in d22 while applying combined conditions of
temperature and pressure. The consolidation pressure was similar to that used for manufacturing
of sandwich structures (310 kPa), and the temperature was changed from 23 to 177ºC. These
results evidenced that temperature decreased the strength and elongation of the honeycomb cores
before failure. Moreover, the trend of the strength-temperature curve was an inverse exponential,
which was a similar trend to that measured in the curve of pressure vs. strength.
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CHAPTER 6
INFLUENCE OF FIBER CONFIGURATION ON THERMAL PROPERTIES OF CFRP
CHARACTERIZED USING THE LFA METHOD

6.1

Introduction
Thermal properties of composite materials depend on the amount and configuration of

constituent materials because fibers and matrices have different thermal properties. In the case of
carbon fiber-epoxy composites, fibers have considerably higher thermal conductivity (24.0
W/(m·K) [68]) than resins (0.17 – 0.79 W/(m·K) [69]), which implies that fabric weave
configuration and fiber volume fraction (Vf) may affect the thermal properties of composite parts
[46]. These thermal properties are crucial during manufacturing because CFRP are commonly
heat-cured using ovens or autoclaves where the predominant heat transfer methods are shown in
Figure 33: autoclave/oven convection and tool-part conduction. Note that although tools are
commonly heated by convection, the tool-part heat transfer mechanism is conduction due to the
higher thermal mass (thermal inertia) of the tool. Hence, the combination of these heat transfer
mechanism along with the internal heat generation caused by the exothermic curing reactions
typical of epoxy resins may induce gradients in heat flow and irregular curing throughout the
part. These curing gradients might also reduce the mechanical properties and create geometrical
distortion [47]. Since these defects are not easily reversible, curing gradients can be predicted
using numerical methods which require several submodels including thermal properties of the
materials [25, 70].
In this chapter, it was investigated the influence of fabric weave configuration on thermal
properties including thermal diffusivity, specific heat (Cp), thermal expansion (density), and
thermal conductivity using cured samples made of carbon fiber-epoxy prepregs. These samples
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were made of autoclave resin systems, out-of-autoclave resin systems, and three different
prepreg fiber fabrics.

Figure 33. Heat transfer mechanisms during composite processing
The methodology utilized was Light Flash Analysis, which demonstrated reduced testing times
for a large number of samples compared with other methods of thermal analysis [55]. In
addition, thermal properties of a tetrafluoroethylene (TFE) release film were measured to
determine the thermal conductivity at the tool-part interface and to quantify the error induced by
graphite coatings on both CFRP and TFE samples.
6.2

Methodology: Light Flash Analyzer
Thermal properties of composite materials were measured utilizing a light flash analyzer

(LFA, Nanoflash 447 by Netzsch), following the ASTM E1461. As shown in Figure 34, this
analyzer operated a xenon flashlight that induced a pulse of energy on the bottom side of the
sample. Such pulse increased the sample temperature, and an indium antimonide (InSb) infrared
detector (on the top side of the sample) measured the temperature response time to this pulse of
energy. The response time was utilized to calculate thermal diffusivity using different models
that are mentioned in section 6.2.1 (pp. 66).
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Figure 34. Operational principle of the LFA
For instance, the thermal diffusivity could be calculated using the Parker/adiabatic method (ideal
case) as follows [51]:

  0.13879

l2
t1 / 2

(11)

where α is the thermal diffusivity, l is the sample thickness, and t1/2 is half of the response time.
Then, the thermal conductivity k was calculated by multiplying α, specific heat (Cp), and the
sample density (ρ):
k (T )   (T )  C p (T )   (T )

(12)

6.2.1 Thermal Diffusivity
Using the software Proteus LFA Analysis v. 4.8.5 (by Netzch), the post-processing of
data acquired with the LFA was performed, and the thermal diffusivity was calculated by solving
the Fourier equation for heat conduction in one dimension [71]:

T ( z, t )    2T ( z, t )

(13)

where T ( z, r ) represents the difference between sample and surrounding temperatures.  in
equation (13) was calculated using four mathematical models of thermal diffusivity:
adiabatic/Parker model (ideal case) [51], heat loss correction/Cowan model [72], radiationdiathermic/Mehling et al. model [73], and Cape-Lehman model [74]. Subsequently, thermal
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diffusivity was recalculated for all samples using the model that showed the lowest standard
deviation with respect to the temperature response obtained with the infrared sensor.
The flash pulse length used was 350 μs, since Always-Cooper et al. [55] indicated that
using a pulse of ~400 μs for samples with a thermal conductivity of ~10 W/(m·K) would induce
a negligible error due to the temperature dependency of thermal properties. Additionally, the
voltage applied was 304 V and no optical filters were used.
6.2.2 Density
The change in density of composite materials used in this research was calculated with
equations (14) and (15) where the anisotropy effect caused by the thermal expansion was
considered. Note that the CTE of fiber-reinforced composites might be affected by fiber
orientation and fabric configuration [27]. As such, using the procedure described in Appendix B,
the following equations for density as a function of temperature were used:
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where Lo ij is the sample length measured at 23ºC (room temperature). The thermal strain
Lij (T ) / Loij was measured in directions d11 and d33 utilizing a thermomechanical analyzer

(TMA, Q400 by TA instruments), where ASTM E831 [75] was used as a reference. These tests
consisted in equilibrating the sample at 0ºC and then measuring the dimensional change up to
180ºC during a temperature ramp of 2ºC/min (probe contact force of 50 mN).
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The density at room temperature o was obtained using the Test Method A—testing solid
plastics in water—of the ASTM D792 [76]. The weight of the sample in air w and its weight
when submerged in water ww were measured with a scale Mettler Toledo XS205, and the sample
density was calculated by the Archimedes principle:



23°C
o

23°C
ww   water

ww  w

(16)

where the density of the water was 0.998 g/cm3 at 23ºC.
6.2.3 Specific Heat (Cp)
Using the mentioned Proteus LFA Analysis v. 4.8.5 software, Cp was calculated by
measuring the temperature change of the samples and a reference material when subjected to the
same pulse of energy as follows:
 Q 

Tr  
 lC 
p r


 Q 

Ts  
 lC 
p S


(17)

where Q is the energy corresponding to a light pulse of 350 μs of the LFA flash lamp, l is sample
thickness, T is temperature change, and suffixes s and r are sample and reference, respectively.
The reference material used for this purpose was Pyrex 7740 Borosilicate glass, provided by
Netzsch. This material was chosen because preliminary tests indicated that Pyrex had similar Cp
to that measured in composite materials (~0.75 J/(g⋅K) at room temperature). Moreover, the
thermal conductivity of Pyrex 7740 is ~1.0 W/(m⋅K) at room temperature, which was a value
between the thermal conductivity of the composite in d11 (2 – 3 W/(m⋅K)) and d33 (0.5 – 0.6
W/(m⋅K)) [46].
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Since Q was the same for sample and reference (light pulse of 350 μs), C p of sample was
calculated as follows:
C *p S 

 r lr C p r Tr
 sls Ts

(18)

where C *p was the specific heat calculated by the software, in which an isotropic density was
s

assumed. Then, C *p was multiplied for a correction factor where the anisotropic thermal
s

expansion (Appendix B) of the sample was considered. Hence, the sample C p was calculated
with equations (19) and (20):
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(19)

(20)

LFA results were compared with tests performed using a differential scanning calorimeter (DSC,
Q2000 by TA instruments), which is a method commonly used to measure specific heat by the
ASTM 1269 [77]. DSC samples consisted of squares of approximately 2 x 2 x 1 mm3.
6.3

Materials
The characterization of thermal properties by the LFA method was performed using the

materials mentioned in Table 11, which had the fiber configurations illustrated in Figure 35:
unidirectional tape (UD), eight-harness satin weave (8HS), and plain weave (PW). Initially,
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panels of 300 x 300 mm2 were cured using the manufacturing cycles shown in Figure 36 where
those made of 5320 resin system were vacuum bag cured in an oven while panels made of the
resin system 977-2 were cured in an autoclave. One panel was manufactured for each fiber
configuration for a total of five panels: two panels of 977-2 resin system (UD and PW fiber
configuration) and three panels of 5320 (UD, 8HS, and PW). Then these panels were machined
to obtain samples for LFA testing in the fiber direction (d11), which consisted of five strips of 10
x 2 mm2 with 2 mm in thickness. Similarly, squared samples of 10 x 10 mm2 with 2 mm in
thickness were used for through-the-thickness (d33) tests. Lastly, squared samples of 10 x 10
mm2 were used to determine the thermal conductivity of a TFE release film (WL-5200 blue by
Airtech). In order to avoid variations due to emissivity of the surfaces [78, 79], samples were
coated with a dry graphite film dgf-123 by Miracle Power, as depicted in Figure 34. Notice that
the characterization of diffusivity, Cp, density, and conductivity was performed at temperatures
between 25 to 180ºC, and three samples were tested for each material.
TABLE 11
CARBON FIBER-EPOXY MATERIALS UTILIZED FOR CHARACTERIZATION OF
THERMAL PROPERTIES
Resin system

Cycom 977-2 Epoxy
(autoclave resin)

Cycom 5320 Epoxy
(out of autoclave resin)

IM7

IM7

Fiber
configuration

Unidirectional

Plain weave

Fibers per tow

Tape

3000

Fiber type

T650

Unidirectional Eight-harness
satin weave
Tape

70

T650

3000

T650
Plain weave

3000

(a)

(b)

(c)

Figure 35. Fabric configuration: (a) unidirectional tape, (b) eight-harness satin weave,
and (c) plain weave [80]

5320 system (oven cured)
Debulking 12 hours
Ramp-up
2.8ºC/min (5ºF/min)
Dwell
121ºC (250ºF) for 60 min
Ramp-up
2.8ºC/min (5ºF/min)
Dwell
177ºC (350ºF) for 120 min
Cool-down 2.8ºC/min (5ºF/min)
977-2 system (autoclave)
Debulking 6 hours
Ramp-up
2.8ºC/min (5ºF/min)
Dwell
177ºC (350ºF) for 120 min
Cool-down 2.8ºC/min (5ºF/min)
Autoclave
550kPa (80 psi)
pressure

Figure 36. Manufacturer’s recommended cure cycle for 5320 and
977-2 resin systems
Samples of resin only (without fibers) were made of 977-2 and 5320 resin systems to
determine its density (see results in Table 12). The procedure to manufacture these samples
consisted in dissolving the prepreg resin in acetone and then this mixture was filtered to separate
the fibers. Subsequently, the filtered solution of acetone-resin was deposited in aluminum molds
and dried while applying a vacuum at room temperature (23ºC) for 48 hours to evaporate the
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acetone from the solution. Finally, the remaining resin was cured in an oven using the MRCC,
and resin samples were obtained.
6.4

Results

6.4.1 Density
Density was measured at room temperature for the composites mentioned in Table 11 to
obtain the term ρo23°C of equation (13) and (14). Results, shown in Figure 37, indicated that
different weave configurations affected the composite density because samples made of woven
fabrics (PW and 8HS) showed lower density values than those measured in UD samples. Since
the density of epoxy resins was ~27% lower than that of carbon fibers (see Table 12), these
findings implied that samples with higher density would contain a larger amount of fibers—that
is, high fiber volume fraction (Vf). Therefore, results indicated that fiber configuration influenced
both density and Vf of the different materials tested, which agreed with the literature where it was
found that Vf values for unidirectional composites were higher (Vf = 50 – 70% [81]) than those
for woven fabrics (Vf = 35 – 55% [82, 83]).

Figure 37. Density of the different carbon fiber-epoxy composite materials at room
temperature
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TABLE 12
DENSITY OF EPOXY RESIN AND CARBON FIBERS
Density (g/cm3)

Material
Epoxy resin
Carbon Fiber [80]

Cycom 977-2
Cycom 5320
IM7
T650

1.299
1.292
1.78
1.76

Once the density was characterized at room temperature, the next step was to measure the
thermal expansion L(T ) / L0 of composite samples oriented in fiber direction (d11) and
through-the-thickness (d33) using a TMA in order to obtain the remaining terms of equation (13)
and (14). Figure 38a showed that in d33, composites made of 977-2 resin had higher thermal
expansion than those made of 5320 resin. Moreover, UD tapes depicted lower thermal expansion
than woven fabrics when the same resin system was used. Hence, results implied that thermal
expansion in d33 was governed by the epoxy resin where 977-2 showed higher thermal
expansion than 5320.
Figure 38a also indicated that thermal expansion in d33 was considerably higher than
d11, which agreed with results reported in the literature [27]. Results of samples tested in d11
were portrayed in Figure 38b where the curves were shown grouped with respect to the sample
fiber configuration. Woven fabrics depicted a positive thermal expansion whereas UD tapes
indicated a slightly negative expansion. Note that curves of PW and 8HS samples were
overlapped regardless of the resin formulation. Therefore, these findings indicated that in d11
fiber configuration was the predominant factor, while in d33 the thermal expansion was
dominated by the resin.
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(a)

(b)

Figure 38. Thermal expansion ΔL(T)/Lo of composite materials measured by TMA
The results obtained of ρo23°C and ΔL(T)/Lo in this section was organized in a spreadsheet
that was later used to calculate the thermal conductivity and Cp using equations (12) and (18),
respectively. Notice that tests in d22 direction were not performed due to the assumptions
showed in Appendix B, equations (26) and (27).
6.4.2 Specific Heat (Cp)
The specific heat was characterized for materials shown Table 11 using the LFA method
(Figure 39a), and results were compared with those obtained utilizing a DSC (Figure 39b). In
these graphs it was observed that Cp curves were similar for all the CFRP samples tested since at
room temperature (20ºC), Cp was measured around 900 J/(kg·K) while at 180ºC was ~1300
J/(kg·K). Furthermore, Cp increased linearly proportional to temperature for all the samples
where the linear regression results (depicted in Table 13) indicated R2 values of 0.90 ± 0.09.
Similarly, the regression parameters m and b were 2.66 ± 0.82 and 844 ± 84 respectively, thus
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indicating that Cp did not vary considerably when different resins, carbon fibers, and fabric
configurations were tested.
In Figure 39a (LFA) and Figure 39b (DSC) was observed that Cp measured by LFA
showed higher dispersion than that obtained with DSC. Moreover, the R2 values (Table 13)
obtained for DSC method were between 0.98 and 0.99, while those obtained for LFA were 0.81
– 0.90, thus implying lower experimental noise for DSC results. Nevertheless, the main
advantage observed of using LFA was the testing time because a Cp measurement performed by
DSC took around 30 minutes, while the same test in the LFA could take ~2 minutes. Based on
these results, it is recommended using DSC method when higher data accuracy is required, while
LFA may be used when testing time is an issue e.g. as an initial qualitative analysis when there
are numerous tests to be performed.

TABLE 13
COEFFICIENTS CORRESPONDING TO THE LINEAR REGRESSION OF
CP vs. TEMPERATURE FOR RESULTS SHOWN IN Figure 39a AND Figure 39b
(LINEAR REGRESSION: y=mx+b)
DSC

m

b

R2

LFA

m

b

R2

977-2 UD
977-2 PW
5320 UD
5320 PW
5320 8HS

2.612
2.598
2.462
2.263
2.059

869.3
863.8
891.8
904.5
929.4

0.997
0.979
0.998
0.996
0.993

977-2 UD
977-2 PW
5320 UD
5320 PW
5320 8HS

2.344
2.849
3.126
3.481
2.813

774.6
782.3
807.7
851.4
774.0

0.829
0.807
0.909
0.876
0.901
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Figure 39. Cp obtained as a function of temperature utilizing
LFA (a) and DSC (b) methods
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6.4.3 Thermal Diffusivity Model
The thermal diffusivity of CFRP samples was calculated using the mathematical models
included in the software Proteus LFA Analysis v. 4.8.5 (by Netzch), which are adiabatic/Parker
(ideal case) [51], heat loss correction/Cowan [72], and Cape-Lehman [74]. The radiationdiathermic/Mehling et al. model [73] was also included in the software, but an analysis of the
theory for this approach indicated that it should not be used for CFRP of Table 11. The Mehling
et al. model was developed for semi-transparent materials that showed a diathermic behavior
such as the one depicted in Figure 40 [73]. However, CFRP samples behaved as non-transparent
materials (as shown in the figure) because a diathermic effect was not observed during testing.
Hence, the Parker, Cowan, and Cape-Lehman models were subjected to a statistical analysis
using Pareto diagrams in order to identify the model that showed the lowest standard deviation
with respect to the time-temperature curve measured for the composite samples. Notice that the
standard deviation was calculated with Proteus LFA software.

Figure 40. Time-temperature behavior for semi-transparent and
non-transparent materials during LFA testing
The relative frequency (number of occurrences divided by total number of samples) in
which each model showed the lowest standard deviation was determined for each material using
the Pareto diagrams shown in Figure 41.
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(a)

(b)

(c)

(d)

(e)
Figure 41. Pareto analysis for the relative frequency where each model showed the lowest
standard deviation for (a) 977-2 UD, (b) 977-2 PW, (c) 5320 UD, (d) 5320 8HS, and (e)
5320 PW
Results of Figure 41a indicated that Cape-Lehman model showed the lowest standard deviation
for 95% of the 977-2 UD samples tested in d11 and 98% of the samples tested in d33. A similar
trend was observed for all the materials except for samples made of 5320 PW where Cowan
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model was the best fitting model in d11. Therefore, all the measurements were recalculated using
the Cape-Lehman model to determine thermal diffusivity since this model was identified as the
best fit for most of the samples.
Note that the occurrence of the Parker model was zero for all the materials where this
model assumed a perfect scenario (adiabatic boundaries)—that is, all the heat of the flash lamp is
diffused throughout the sample and detected by the IR sensor as an increase in temperature.
Hence, considerations included in Cape-Lehman and Cowan model related to heat loss radiation
with the boundaries indicated a closer approach to the real case scenario.
6.4.4 Thermal Diffusivity and Conductivity of CFRP
Thermal diffusivity of CFRP samples (Figure 42) was obtained using the Cape-Lehman
model, and tests were performed between 20ºC and 180ºC. Further, thermal conductivity (Figure
43) was calculated using equation (12), which was solved with a VBA algorithm that compiled
the previous thermal properties: density/thermal expansion, Cp (calculated by DSC method), and
diffusivity.
Results of Figure 42 and Figure 43 indicated that both thermal diffusivity and
conductivity were highly influenced by fiber configuration because samples made of UD tapes
depicted diffusivity and conductivity twice as high as those made of woven fabrics when tested
in d11 (see Figure 42a and Figure 43a). Moreover, 8HS samples showed higher diffusivity and
conductivity than those made of PW fabrics when samples made of 5320 resin were tested.
These findings implied that the Vf of the samples might influence the thermal properties due to
the fact that samples made of UD fibers typically have lower resin content than those made of
woven fabrics (8HS and PW), as previously mentioned in section 6.4.1 (pp. 72). Since the resin
conductivity (0.17 – 0.79 W/(m·K) [69]) was lower than that of carbon fibers (24.0 W/(m·K)
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[68]) fabrics rich in resin might depict lower thermal conductivity. Note that the thermal
conductivity values obtained in these tests agreed with literature since Sweeting et al. [46]
reported conductivity of 2 – 3 W/(m⋅K) in d11 for plain weaved CFRP and 0.5 – 0.6 W/(m⋅K) in
d33, which matched those values obtained for 977-2 and 5320 PW.
Additionally, Figure 42 and Figure 43 showed that the thermal diffusivity and
conductivity in d33 were not strongly influenced by the fabric configuration. Results depicted
typical values of thermal conductivity for epoxy resin [69], which implied that the thermal
properties in through-the-thickness direction were governed mainly by the resin. Furthermore,
the samples did not show relevant differences regarding the thermal behavior of the two epoxy
resin systems tested despite the fact that 977-2 was formulated for autoclave processing while
5320 was an out-of-autoclave resin.

(a)

(b)

Figure 42. Thermal diffusivity measured between 20ºC and 180ºC in (a) fiber direction
(b) through-the-thickness direction
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(a)

(b)

Figure 43. Thermal conductivity measured between 23ºC and 180ºC in
(a) fiber direction (b) through-the-thickness direction
6.4.5 Thermal Conductivity of TFE Release Film
Thermal conductivity of a TFE release film was measured using a gravimetric method. A
graphite coating was deposited on the top and bottom surfaces of the sample in order to reduce
the transparency of the material since the LFA testing requires that the sample absorb the energy
emitted by the flash lamp to increasing its temperature. However, this coating represented up to
20% of the sample total weight since the thickness of the film was 50 µm. Hence, samples with
five different amounts of graphite (1.5 and 5.58 mg) were tested and the thermal conductivity
was obtained by extrapolation.
Results, which were illustrated in Figure 44, showed a linear trend of thermal
conductivity as a function of the graphite coating mass (R2 of 0.95). This trend line was
extrapolated in order to determine what would be the thermal conductivity of the sample with no
graphite. These findings indicated a conductivity value of 0.23 – 0.24 W/(m⋅K) of the TFE film
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which agreed with the theoretical values of fluoropolymers: 0.25 W/(m⋅K) [84]. Additionally,
these experiments were replicated at temperatures between 30 and 100ºC where results did not
depict a considerable variation in conductivity as a function of temperature. Therefore, these
values of thermal conductivity implied that the release film could be an important factor of
thermal lag at the tool-part interface during composites manufacturing since the thermal
conductivity of the film was more than two times lower than the values calculated through-thethickness (d33) of composites (d33) in section 6.4.4.

Figure 44. Thermal conductivity of TFE film measured by gravimetric method
Note also that samples with 20% wt. (~5.5 mg) of graphite showed an error up to 0.15
W/(m·K) with respect to the theoretical thermal conductivity. Therefore, these results indicated
that the error induced by the graphite layers—mentioned in [55] as Δtg—was negligible for
thicker samples (2 mm in thickness) such as the aforementioned CFRP because the thin graphite
layers that were used (~2 mg) would represent less than 1% of the total sample weight. Notice
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that in the literature it was reported that similar coatings could influence materials with higher
thermal conductivities (100 – 1000 W/m·K) and Vf lower than 0.2 [55].
6.5

Summary
Thermal properties of different autoclave and out-of-autoclave CFRP were characterized

using the LFA method in order to determine the influence of fabric configuration in thermal
conductivity, diffusivity, Cp, and density. Initially, the density of composite samples was
measured at room temperature where findings indicated that unidirectional samples had higher
density than woven fabrics because UD tapes indicated higher fiber volume fraction (Vf) than
woven fabrics. Similarly, it was observed that thermal expansion of samples depended on fiber
configuration since woven fabrics expanded at a higher rate than UD tapes. This phenomenon
was attributed to Vf since samples epoxy resins commonly have considerably higher CTE than
carbon fibers.
Subsequently, specific heat (Cp) was obtained using LFA and DSC methods where Cp
increased linearly with respect to temperature. However, it was observed that this property did
not change considerably when samples with different fabric configuration or resin formulation
were tested. These results also indicated that tests performed using a DSC showed less dispersion
in the data obtained, thus implying higher accuracy for these tests. Nevertheless, results obtained
by the LFA method were still acceptable, and LFA was 10 times faster than DSC. Therefore,
LFA could be used when large amount of samples is required while DSC should be used for tests
that require high accuracy.
Then a model to calculate thermal diffusivity for composite samples was identified.
Three thermal diffusivity models that are commonly used by the LFA method were subjected to
a statistical analysis where it was found Cape-Lehman model as the best fit for most of the
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samples tested. Hence, all the measurements were recalculated using such model and the thermal
diffusivity was obtained.
Further, the thermal conductivity was calculated by multiplying diffusivity, density and
Cp where results indicated that both diffusivity and conductivity were considerably affected by
fabric configuration. Unidirectional fiber samples showed up to two times higher diffusivity and
conductivity in d11 thus indicating that fiber volume fraction could affect the heat propagation
within composite parts mainly in the direction of the fibers. Nevertheless, it was not evidenced
that the resin formulations changed diffusivity or conductivity since measurements in d33
showed similar values for both 5320 and 977-2 prepregs.
Lastly, tests carried out using TFE samples lead to three main conclusions: First, the
thermal conductivity of release materials was significantly lower than composites, which might
create a thermal lag between tools and parts. Second, the error induced by graphite layers applied
on the surface of CFRP samples was negligible for thick samples (2 mm in thickness), while for
thin samples such as TFE film (0.05 mm in thickness) coating could considerably influence the
measurement of thermal properties.

84

CONCLUSIONS
During the manufacturing of structural composite materials, several setbacks have been
found due to geometrical distortion and irregular mechanical properties caused by tool-part
interaction, low transverse strength in sandwich structures, and uneven heat flow. As such, this
research portrayed an experimental study of these manufacturing issues in order to provide a
better understanding of autoclave manufacturing of composites.
A customized testing rig was designed to measure tool-part frictional stress and shear
strength of sandwich structures when subjected to temperatures and pressures typical of
autoclave processing. This testing methodology was aimed at overcoming different limitations of
pressure, temperature, and speed that were found in current standard methods. The design of this
apparatus included the development of control and monitoring systems for temperature and
pressure. Moreover, several algorithms were implemented to compile the data of the monitoring
systems and that of a universal testing machine, which quantified the shear stress required for
deforming or moving a sample lodged in the rig. Similarly, computer codes were developed to
create a user-friendly interface. Preliminary tests were performed to validate the functioning of
the rig, which indicated that this testing rig was a reliable apparatus to calculate tool-part
interaction since results agreed with the friction values reported in literature and the friction
points corresponding to static/dynamic force were clearly identified when testing CFRP prepregs
at different temperatures and degrees of cure.
Using this rig, a study was performed to develop a mathematical expression to predict the
tool-part contact force. As such, experiments were carried out to characterize the frictional
interaction between CFRP prepreg coupons and metallic tools while samples were subjected to
customized temperature and pressure cycles that reproduced autoclave manufacturing conditions.
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Moreover, the effect of main manufacturing conditions was studied including temperature,
consolidation pressure, part length (pull-out speed), and tool surface roughness when using three
different combinations of release materials. Samples were tested in the customized rig where
results indicated that friction force was governed by mechanical interlocking and atomic
interaction of the counter surfaces. Based on the theoretical behavior of this frictional interaction,
a mathematical model was proposed comprising Coulomb’s friction model, which was modified
to account for temperature and non-linear normal forces.
These tests indicated that samples tested using a TFE release film (method 1) between
tools and parts could have lower frictional interaction than those where a polymeric release
(method 2) agent was used. Coefficient of friction (COF) values obtained for method 1 were 0.05
– 0.09 at 177°C whereas tests performed with method 2 showed higher values in the range of
0.09 – 0.10. Moreover, the static/dynamic friction ratios obtained for the release film were 1.0 –
1.1 while those obtained for the release agent were 5.29 ± 0.19 at pull-out speeds of 0.05
mm/min and 1.6 ± 0.1 at higher speeds. In practical terms, these findings indicated that tools
might induce less residual stresses to parts during manufacturing when using release films
instead of release agents.
Additionally, tests were performed to identify the optimum tool surface conditions that
would minimize the tool-part frictional interaction. For this purpose, tests were performed using
a TFE release film and tools with two different surface roughnesses. These results indicated a
decrease in shear stress of 19 ± 9% when reducing tool surface roughness by 86% (from 1.35 to
0.18μm). Then a polymeric release agent was applied on the tool with a surface roughness of
0.18μm where it was measured up to 51% additional decrease in shear stress. These results
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implied, therefore, that tool-part interaction could be more effectively reduced by a using an
appropriate combination of release materials rather than using finer surface finishing on tools.
Further, the testing rig was used to characterize the shear strength of sandwich structures
and honeycomb cores when subjected to typical autoclave conditions of temperature and
pressure. The shear stress measured in sandwich structures indicated that the structural integrity
of the core depended on the degree of cure of prepreg skins and adhesives. Furthermore, tests
were performed using honeycomb core samples tested in the principal in-plane directions. These
results indicated that both temperature and pressure reduced the shear strength following an
inverse exponential trend. These results would serve as design parameters for autoclave
manufacturing of sandwich structures.
Lastly, the thermal properties of CFRP including thermal expansion, diffusivity,
conductivity, and specific heat were characterized using the LFA method, and the influence of
temperature, fabric architecture, and resin formulation on thermal properties was studied.
Initially, an analysis of anisotropic thermal expansion of the different CFRP samples was
performed in order to determine the change in density as a function of temperature. This analysis
was used to develop correction factors required to calculate Cp since this property depended on
sample density. Then a statistical analysis was performed among three models commonly used
for characterization of thermal diffusivity in order to obtain the best fit for CFRP. As such, the
Cape-Lehman model showed the lowest standard deviation in most of the tests, and results of
thermal diffusivity were obtained with this model. Then thermal conductivity was calculated at
different temperatures using the results obtained for diffusivity, density, thermal expansion, and
Cp. These results indicated that the fiber volume fraction (Vf) of the samples influenced the
density, diffusivity, and conductivity of samples. Density values of 1.59 and 1.58 g/cm3 for
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unidirectional samples were obtained while plain weaved ones, which had lower Vf, showed
density around 1.56 g/cm3. This effect was more notorious when thermal diffusivity and
conductivity were determined since unidirectional samples showed more than two times higher
thermal diffusivity and conductivity in fiber direction than those made of weaved carbon fibers.
Nevertheless, Cp did not change considerably regardless of resin formulation and fiber
architecture.
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APPENDIX A
AVERAGE OF SHEAR STRESS MEASURED FOR THEMANUFACTURING CONDITIONS
SHOWN IN THE ORTHOGONAL ARRAY L9

Figure A.1. Effect of surface conditions on the frictional stress. Samples 1, 2, and 3
(1.35m surface roughness); 4, 5, and 6 (0.18m surface roughness); and 7, 8, and 9
(0.18m surface roughness plus release agent).
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APPENDIX A (continued)

Figure A.2. Friction stress calculated for different layup configuration: samples 1, 4, and
7 have unidirectional layup; 2, 5, and 8 are [0/90]; and 3, 6, and 9 are [45/45]
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APPENDIX A (continued)

Figure A.3. Influence of pull-out speed in the friction stress: samples 1, 6, and 8 were
pulled out at 0.05 mm/min; 2, 4, and 9 at 0.10 mm/min; and 3, 5, and 7 at 015 mm/min.
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APPENDIX A (continued)

Figure A.4. Normal force (autoclave pressure): 550kPa applied to samples 1, 5, and 9;
650kPa to samples 2, 6, and 7; and 750kPa to samples 3, 4, and 8.

102

APPENDIX B
MATHEMATICAL EXPRESSIONS USED TO DETERMINE THE ANISOTROPIC CHANGE
OF DENSITY IN COMPOSITES
The density  (T ) of composite materials changes with temperature as the composite
develops volumetric thermal expansion Vo  V (T ) :

 (T ) 

m
Vo  V (T )

(21)

where m is mass which can be related to the initial density of the sample as m  Vo  o , which
results in:
(22)
o
 (T ) 
V (T )
1
Vo
where
1

V (T )
 1   11 (T )   1   22 (T )   1   33 (T ) 
Vo

(23)

The thermal strain  ij (T ) is related to the initial length Lo ij and the dimension change Lij (T ) as
follows:

 ij (T ) 

Lij (T )

(24)

Loij

where Lo ij was the sample length measured at 23ºC (room temperature). As well,  ij (T ) for
anisotropic materials is given by:

 ij (T )   ij (T  To )
where the CTE tensor  ij for composites with fiber orientation of [0º] or [0º/90º] is:

0 
11 0

 ij   0  22 0 
 0
0  33 
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(25)

APPENDIX B (continued)
The following relations of  ij were used for the different fiber configuration:

11   22  33

for unidirectional laminates

(26)

11   22  33

for plain and satin laminates

(27)

Hence,  (T ) was calculated as follows:

 (T ) 

 (T ) 

o
 L11 (T )   L33 (T ) 

1 
  1 

 

L
L
o
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11
33
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2

for unidirectional laminates

(28)

for plain and satin weave laminates

(29)
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