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ABSTRACT

KEYWORDS
Co-cure; honeycomb;

Potential links between pressure conditions during co-cure of honeycomb sandwich panels,
the extent of gas flow through facesheet and bond-line, and the level of permeability in the
cured skin were evaluated. Half-sandwich structures comprised of fiber-reinforced polymer
facesheets, film adhesive, and core were fabricated using a custom-built lab fixture.
Autoclave, bag, and core pressures were varied to produce controlled, constant pressure dif-
ferences during cure, and the resulting skins were tested for permeability using a fixture
constructed to measure gas flow rate across the skins and to locate gas flow pathways.
Facesheet cross-sections were analyzed to evaluate porosity. Porosity and the number of gas
flow pathways were correlated to permeability, but significant gas flow was possible without
high void content or with few channels, as pressure differentials led to complex variations in
permeability. Overall, the study provides new insights into gas transport during composites
processing and manufacturing, and the results provide guidance for modifying manufactur-
ing processes to ensure part quality.
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1. Introduction

In this work, the relationships between process condi-
tions and cured skin permeability in honeycomb sand-
wich panels are described. Specifically, experiments
focus on evaluating the potential links between pres-
sure conditions during co-cure (autoclave pressure
[P,], bag pressure [P,], and core pressure [P.]), the

extent of gas flow through facesheet and bond-line,
the permeability in the cured skin, and micro-struc-
tural defects such as porosity. To date, the relationship
between skin permeability after cure, gas transport fac-
tors, and microstructural defects has not been studied
in detail. Understanding this relationship can inform
adjustments to co-cure manufacturing processes to
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produce parts with specified permeability levels. Such
insights are especially important in the aerospace
industry, where permeability can allow fluids to
degrade the core and polymers. This damage can
potentially lead to issues in service due to decreased
structural integrity [1, 2].

Sandwich structures composed of fiber-reinforced
facesheets, an adhesive bond-line, and a low-density
core, are important to industries where high specific
mechanical strength and stiffness are required,
including aerospace, wind energy, and others [2].
These structures are particularly well-suited to applica-
tions involving flexural or surface loads and offer add-
itional options for acoustic and thermal insulation.
Typically, the facesheets consist of a fiber-reinforced
polymer laminate (e.g. carbon epoxy), while the adhe-
sive is supplied as a thermoset polymer film. The
honeycomb core most often consists of metallic (alu-
minum) or aramid cells (Nomex dipped in phenolic)
arranged in a periodic hexagonal array [2].

Sandwich structures can be produced via second-
ary bonding or via co-cure. Secondary bonding
involves bonding pre-cured prepreg laminate face-
sheets to a low-density core insert using film adhe-
sive. Alternatively, prepreg facesheets and film
adhesives can be cured in a single step directly onto
the low-density core, a process known as co-cure
[2]. During co-cure, prepreg plies, film adhesive
layers, and a core insert are laid up to form a sand-
wich structure, which is then vacuum-bagged and
cured in an autoclave or oven. This process enables
production of large structures with complex fea-
tures, for which other manufacturing approaches
(e.g. bonding after cure) would be challenging
because of difficulties maintaining dimensional tol-
erances. However, interactions between process phe-
nomena associated with the facesheet, adhesive, and
core constituents render co-cure more complex than
secondary bonding and can thus introduce defects
in manufactured parts.

The aerospace industry requires high levels of
structural integrity and reliability. Therefore, defects
arising from the manufacture of honeycomb sand-
wich structures must be minimized. Defects include
porosity in the facesheet and/or adhesive bond-line,
unintentional distortion of the specified shape of the
part, and delamination and cracks [3]. These defects
can be difficult to detect visually, but are more read-
ily revealed using a microscope to image facesheet
and bondline cross-sections, revealing the micro-
structure of the skins. Furthermore, the sandwich
skins (facesheets and adhesive bond-lines) must be
impermeable to fluids to prevent ingress of moisture
and solvents, which can degrade the core and poly-
mers and potentially reduce structural integrity [1].
However, skin permeability can be affected by

process-induced porosity. During co-cure, porosity
can arise due to void growth within the facesheet or
adhesive, and due to resin starvation caused by resin
bleed into core cells. Furthermore, gas flow path-
ways can form within the skin due to core and bag
pressure differences. Overall, this relationship
between cured skin permeability, process-induced
microstructural defects, and gas transport factors
has not been studied in detail.

1.1. Background

Permeability is defined as the capacity for fluid flow
through a porous material, and can be calculated
from a measured flow rate, a pressure gradient, and
information about the medium geometry and prop-
erties. Assuming homogeneity across a cured pre-
preg, Darcy’s Law can be used to calculate the
transverse air permeability [4]. In the 1-D form of
Darcy’s Law, Q is the volumetric flow rate, K is per-
meability, A is the cross-sectional area through
which the fluid flows, p is the viscosity of the fluid,
and dP/dL is the pressure gradient across the porous
medium:

KA dp
wdL

(1)

Alternately, the permeability can be estimated
using a pressure equilibration method, which is
appropriate for materials of low permeability [5, 6].
If the porous medium is bounded by a “reservoir”
of known volume on one side and a medium with
constant pressure (different from the initial reservoir
pressure) on the other, the pressure within the res-
ervoir during pressure evolution can be monitored
and used to compute permeability. In such cases,
Darcy’s Law can be expressed according to Equation
(2), where Py is the bag pressure, P, is the core pres-
sure at time ¢, P.; is the initial core pressure at
t=0min, and Vcogre is the volume of air on the
honeycomb core side of the skin. The permeability,
K, can be calculated by plotting the left-hand side of
the equation versus time and estimating the slope to
provide an average value over time.

(Ph+Pc,i)(Ph_Pc)_ KAP,

In = — t
(Py — P.;)(Py + P.) LuVcore

)

Generally, the permeability of a porous medium
depends on multiple factors, including porosity
(ratio of pore volume to total volume), pore con-
nectivity, and tortuosity of the gas flow pathways
[7]. Higher permeabilities cause increased gas
flow rates.

Sandwich skins must be impermeable for most
applications, yet permeability often arises in practice
as a manufacturing defect. Permeability of prepregs
during cure of sandwich structures can be



challenging to determine analytically because multi-
phase flow causes deviations from Darcy’s Law.
Using an empirical falling pressure method to meas-
ure permeability during cure, Tavares et al. [8, 9]
reported that permeability depended on resin viscos-
ity evolution. As viscosity decreases during cure,
resin flows through natural passages in the fiber bed
and ply pathways. The character of these pathways
depends on the type of fabric and weave pattern,
and these characteristics affect permeability, as
reported by Kratz et al. [6, 7]. Resin flow can
occlude these pathways, decreasing gas flow and
permeability. As the cure cycle progresses, viscosity
drops, resin fills air passages, and permeability sta-
bilizes as resin viscosity then increases to the point
of gelation. Kratz et al. reported an increase in per-
meability after resin gelation, which they attributed
either to matrix shrinkage or microcracking. They
observed matrix microcracking and attributed it to
the small part surface, but they asserted it would
not be a factor in larger parts. However, micro-
cracking can increase gas permeability, as reported
by Grenoble after conducting fatigue tests on cured
laminates [10].

Permeable skins can also stem from porosity, a
type of defect that can be readily quantified. Void
formation during processing of composite prepregs
is well-understood, and occurs because the applied
pressure (and, hence, resin pressure) is insufficient
to collapse gas bubbles. Such bubbles can be caused
by air entrapped between plies during lay-up, air
entrained in the prepreg matrix before cure, or vola-
tiles released by the polymer during cure [8, 9].
During co-cure of sandwich structures, porosity can
also arise because gas entrapped within the core can
travel through the skins. Tavares et al. [5, 11-14]
and Kratz et al. [1, 6, 15-19] conducted multiple
studies on gas transport during co-cure of honey-
comb sandwich structures, showing that core pres-
sure during processing strongly affects skin quality.
Additional work is required to accurately quantify
the complex relationship between core pressure and
skin porosity.

Control of pressure in the core can also be
affected by the venting or sealing of the core. If the
core is vented, air trapped in the core during layup
has a direct pathway to escape the external environ-
ment. The pressure in the core will then equal the
pressure of the external environment. Vented core is
often employed in situations where core pressure
buildup could damage the structure, such as during
spacecraft launch [20-22]. Venting can be achieved
by perforating the core through the cell walls and
through a pre-cured, tool-side skin with holes.
Vented configurations can be used to control pres-
sure in the core during the cure process. Vented
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core also prevents pressure gradients within the
core, ensuring a uniform pressure distribution [21].
Alternatively, if the core is sealed, air cannot escape
through a direct pathway to the environment. Gas
transport instead depends on skin permeability,
thermal expansion of gases, and core and bag pres-
sure differences. In such cases, the core pressure will
vary with external temperature and pressure changes
throughout the curing process, and is more difficult
to measure and precisely control.

Effective skin permeability also evolves as the
prepreg facesheet consolidates and film adhesive
flows at the bond-line. During co-cure, core air can
flow through the skins by displacing liquid resin
and forming channels. If these egress channels
remain in the skin after cure is complete, the result-
ing skin will be permeable to gases during subse-
quent service. This possible relationship between
processing and cured skin permeability was
described in a study by Kratz and Hubert [12], who
showed that a panel in which core pressure was
changing at resin gelation (indicating that gas evacu-
ation through the skins was occurring) had a greater
permeability after cure than a comparable panel for
which the core pressure was stable at gelation (indi-
cating no gas evacuation).

Pressure in the vacuum bag can also influence
defect formation as much as pressure in the core.
Anders et al. [21] conducted experiments on a part
using positive pressure in the bag and an equili-
brated core to suppress the formation of defects. A
one-hour, room-temperature vacuum de-bulk
allowed the evacuation of gases from within the
facesheet while the resin viscosity was relatively high
because of low temperatures. Once temperatures
were increased and resin had filled the empty spaces
within and between the plies, in-bag pressurization
increased resin pressure. The pressure ensured that
gases remained dissolved in the resin. Furthermore,
equilibration between the bag and core created a
hydrostatic pressure condition at the facesheet
boundaries that prevented gases from being driven
through the skin and forming voids. This combin-
ation of conditions resulted in low porosity. A part
made using in-bag pressurization was directly com-
pared to an equivalent part produced without in-bag
pressurization but with equilibrated core. In the lat-
ter part, the reduced pressures did not suppress the
release of dissolved volatiles, allowing more voids to
form. While in-bag pressurization deviates from
conventional autoclave methods, the practice was
developed for the US Air Force in the 1980s and is
industrially relevant [23]. This method was studied
previously with respect to the effects on defect for-
mation, but the effects of in-bag pressurization on
cured permeability have not been studied [21].
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Figure 1. A schematic of the mini-autoclave test fixture.

1.2. Objectives

The specific goals of this study were to:

1. clarify the effect of gas transport factors (flow
rate, pressure difference) during processing on
permeability of autoclave co-cured skins,

2. develop the relationship between microstruc-
tural characteristics of co-cured skins and their
permeability in the cured state, and

3. formulate manufacturing guidelines for produc-
ing impermeable facesheets.

Our approach consisted of fabricating honeycomb
panels under various co-cure conditions, measuring
the permeability of the cured skins, and analyzing
the microstructures of the cured parts using micros-
copy and X-ray computed tomography. The results
show that processing conditions affect cured skin
permeability, and that the rate of gas flow through
cured skins relates to the microstructural quality of
the facesheet laminate and bond-line. Insights
gained from the study can be used to design effect-
ive co-cure processes, as well as to support quality
assurance by identifying parts in which processing
may lead to skin permeability.

2. Experimental procedures

Parts were fabricated under controlled pressure con-
ditions. Two baseline conditions with equilibrated
core were used: low pressure (designed to induce
defect formation), and high pressure (intended to
suppress void formation). Furthermore, variations
on each baseline were performed by imposing a
constant pressure difference (AP) between bag and
core. Pressure differences were imposed to achieve
different gas flow rates between the bag and core.
The fabricated parts were then tested, including
cured permeability measurements (using a bespoke

|
AN

Port for core Port for vacuum pump and
pressure transducer bag pressure transducer

test fixture) and microstructural analysis of polished
cross-sections. These datasets identified possible
relationships between pressure conditions during
processing, microstructural characteristics, and
cured permeability.

2.1. Materials

Material characterization was performed on selected
prepreg, adhesive, and core. An aerospace-grade plain-
weave prepreg was used (HexPly® AGP193PW/8552S
provided by the Hexcel Corporation). The prepreg
consisted of carbon fibers (AS4), 193 g/m2 fiber areal
weight, 3000 fibers per tow, and was fully saturated to
38% by weight with toughened epoxy resin (8552S).
The prepreg was produced via a solvated tower pro-
cess [24]. A film adhesive was used (Henkel Loctite®
EA 9658AERO NWG) [25], along with a honeycomb
core (Nomex-based HD132 with 1/8” cells from the
Gill Corporation).

2.2. Methods

2.2.1. Part fabrication

Honeycomb core panels were fabricated using a lab-
scale instrumented test fixture designed to replicate
industrial autoclave conditions while allowing
detailed analysis of processing [14]. All panels were
half-sandwich structures consisting of the bag-side
skin and core. The bag-side skin consisted of four
plies of prepreg, and the tool-side skin was not
included. A schematic of the test fixture used
(referred to as a mini-autoclave) is shown in Figure
1, and described elsewhere [14]. The base consists of
a flat tool plate with a machined pocket. The pocket
contains a window and a glass spacer, which sup-
port the curing part and allow real-time visual
observation. For autoclave cure, the base was over-
laid with a lid that allows pressurization of the gas
outside the bag (P,) to 377 kPa, or 40 psig.



Temperature was controlled using integrated
resistive heaters and monitored at multiple loca-
tions. Finally, gas pressures within the core, bag,
and autoclave volumes were controlled and meas-
ured independently. High-temperature pressure sen-
sors (Omega Engineering PX32B1) were used to
measure pressures in the bag and core. For all parts
tested, the thermal cycle consisted of a 1h room-
temperature vacuum hold followed by a 1h hold at
110°C and a 2h hold at 177 °C, with 2 °C/min heat-
up and cool-down ramps throughout. Different
pressure cycles were used for different parts, as
specified in Table 1. Two categories of parts were
fabricated: 1) low-pressure (LP) parts in which the
pressure in the bag was 0kPa, nominally (<5kPa)
and 2) high-pressure (HP) parts in which the bag
pressure was 239kPa. Within these two categories,
three pressure gradients between the bag and core
pressures were tested (0kPa, 20kPa, and 40kPa),
the core pressure being greater. Two samples were
produced and tested for each pressure gradient case,
with samples grouped into Trial 1 and Trial 2.
While the conditions in Trial 1 and Trial 2 were the
same, the results exhibited different trends, making
trial groupings valuable for discussion. Additionally,
pressure in the core for the high-pressure parts
tended to vary slightly due to the configuration of
the curing process. These pressures are marked as
approximate in Table 1.

2.2.2. Cured permeability testing

To measure the permeability of cured skins, a cus-
tom-machined permeability test fixture consisting of
a metal block with a pocket designed to contain the
honeycomb core (similar to the mini-autoclave) and
a clamping frame was fabricated (Figure 2). When
setting up a test, the honeycomb panel was inserted
into the metal block, and the frame was clamped
over the skin. O-rings sealed the skin-block and

Table 1. Test matrix.

Case Description P, (kPa) Py, (kPa) P. (kPa)
LP-00 AP = 0kPa (Baseline Part) 377 0 0
LP-20 AP = 20kPa 377 0 ~20
LP-40 AP = 40kPa 377 0 ~40

HP-00 AP = 0kPa (In-Bag Pressurization) 377 239 239
HP-20 AP = 20kPa (In-Bag Pressurization) 377 239 ~259
HP-40 AP = 40kPa (In-Bag Pressurization) 377 239 ~279

< U
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skin-frame interfaces. The pressure in the cavity was
measured using a high-temperature pressure sensor
(Omega Engineering PX32B1) and was controlled
through a port on the side of the fixture. The leak
rate of the fixture was minimized by the simplicity
of the design, as well as by careful assembly of all
threaded components and use of liquid thread seal-
ant, and measured by placing an impermeable metal
plate between the block and clamping frame O-
rings. When wused appropriately, the fixture
restricted gas migration to through-thickness flow
across the skin.

Permeability of the cured skin was measured
using two modes of operation. In Mode 1, vacuum
was drawn in the core, and the cavity was then iso-
lated from the pump. A pressure sensor was used to
measure the subsequent pressure equilibration to
atmospheric pressure. As the core pressure increased
because of inflow of air from the atmosphere
through the skin, the pressure versus time data was
recorded. The data was used in Equation (2) to cal-
culate permeability K. Tests continued until the core
pressure reached ambient, or for a maximum dur-
ation of 15min. The leak rate of the fixture was
measured using a thin metal plate, considered to be
impermeable, in place of a facesheet in the fixture.
The permeability associated with the leak rate of the
fixture when testing an impermeable surface is con-
sidered to be the minimum permeability detectable
with the fixture. In Mode 2, the frame was filled
with water, and positive pressure (~170kPa, or 10
psig) was introduced into the core, forcing air
through the skin and leading to bubble formation
within the water. This mode of operation allowed
the locations of the gas flow channels to be revealed.
During Mode 2 testing, a video camera in a fixed
position was used to record locations of bubble for-
mation. As bubbles formed, a trace was performed
over the images to record the relative position on
the facesheet.

2.2.3. Microstructural analysis

The microstructural characteristics of each facesheet
were assessed from polished sections. Two samples
(50 mm x 25mm) were cut from each facesheet along
a row of core cell centers (Figure 3), polished, and
imaged using a digital stereo microscope (Keyence

t Mode 1 t

Draw vacuum in core and
monitor pressure
equilibration

Pressurize core and monitor
bubble formation on
surface

Figure 2. Cured permeability testing fixture: operation in Mode 1 and Mode 2.
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VHX-600). Sides A and B refer to the left and right
side of a single row of center core cells, as illustrated
in Figure 3. Facesheet porosity (and other statistical
information, e.g. average and maximum pore sizes)
was calculated from the resulting images using the
ratio of total void area to total cross-sectional area.
Dimpling and fillet quality were also observed as indi-
cators of part quality. Select samples were imaged
using X-ray computed tomography, with a focus on
the 100mm” area of one or two isolated gas evacu-
ation pathways. An X-ray system was used (Phoenix
X-ray) with a voxel size of 37.03 um’.

Table 2. Cured permeability, channel number, and poros-
ity values.

Trial Case Permeability (m?) Channels Porosity (%)

1 LP-00 5.89E-14 17 6.02
LP-20 3.96E-15 8 236
LP-40 4,09E-15 10 3.63
HP-00 9.96E-18 0 0.14
HP-20 3.63E-17 0 0.11
HP-40 1.06E-14 3 0.11

2 LP-00 7.93E-14 22 4.57
LP-20 1.76E-15 2 2.65
LP-40 4.19E-16 1 1.43
HP-00 6.25E-16 0 0.09
HP-20 2.81E-14 2 0.03
HP-40 3.59E-14 2 0.02

25 mm

Figure 3. Schematic of microscopy samples (A and B)
extracted from each honeycomb panel.
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3. Results and discussion

A summary of numerical results including perme-
ability, number of channels, and porosity for each
sample can be found in Table 2.

3.1. Part fabrication

The pressure and temperature data shown in Figure 4
provides representative profiles of experiments per-
formed with no pressure gradients for both the low-
pressure, LP-00, and high-pressure case, HP-00. For
experiments with pressure gradients of 20kPa or
40kPa, the core pressure was, respectively, 20kPa or
40kPa greater than the bag pressure.

3.2. Cured permeability testing

The pressure equilibration data shown in Figure 5
were used in Equation (2) to determine permeability
values. The minimum permeability caused by the
leak rate of the fixture was determined to be
58 x 107" m®. When discussing low permeability
values, values are compared to this lower bound.
The values in Figure 6 display notable trends.
Within Trial 1, the LP-00 sample showed the great-
est permeability, and HP-00 exhibited the lowest
permeability, which was only two times greater than
the minimum permeability. This result was consist-
ent with in-bag pressurization processing conditions
expected to eliminate the chance for flow through
the skins and to reduce porosity. The permeability
of sample LP-00 was approximately 6000 times
greater than sample HP-00, indicating that process
conditions caused a marked difference. The LP-20
and LP-40 skins exhibited virtually identical perme-
abilities and were 15 times less permeable than the
sample LP-00. Increasing the pressure gradient from
OkPa to 20kPa decreased permeability, but further
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@120 F Temperature Bag, Core 250 ®
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Figure 4. Measured data for representative co-cure experiments for (A) low-pressure and (B) high-pressure cases with no pres-

sure gradient.
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Figure 5. Pressure equilibration over time for (A) Trial 1 and (B) Trial 2 as measured by the permeability fixture.
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Figure 6. Permeability values for Trials 1 and 2.

increasing the gradient past 20kPa had little effect.
However, the HP series behaved differently — a
larger pressure gradient increased permeability as
opposed to decreasing it. Increasing the gradient
from OkPa to 20kPa resulted in a four-fold increase
in permeability, while increasing the gradient from
20 kPa to 40 kPa resulted in a 300-fold increase.

In Trial 2, the various pressure gradients caused
similar overall permeability effects. However, while
overall trends were preserved, repeated pressure
conditions did not consistently produce the same
permeability values. Notably, the highest permeabil-
ity values again occurred under LP-00 conditions
and a low permeability value occurred under HP-00
conditions. LP-40 also produced a low permeability
value, which was not seen in Trial 1. However, val-
ues for these pressure conditions varied from the
permeability values under the same conditions in
Trial 1, with values approximately 100 times the
minimum fixture leak value. Within the LP series,
increasing the pressure gradient again decreased
permeability. Increasing the pressure gradient from
OkPa to 20kPa decreased permeability by a factor
of 50, and increasing the gradient from 20 to 40kPa
further decreased permeability by a factor of four.

Within the HP series, increasing the pressure gradi-
ent increased permeability. Raising the pressure gra-
dient from OkPa to 20kPa increased permeability
by a factor of 45, while increasing the gradient from
20kPa to 40kPa resulted in little further change.

These permeability measurements indicate that low
pressures with no pressure gradient can result in large
permeability values, while in-bag pressurization with
no pressure gradient can consistently result in low
permeability values. Within the low-pressure series
and the high-pressure series, two different trends were
observed in response to increasing core pressure and
the pressure gradient. In the low-pressure series,
increasing core pressure decreased permeability values.
In contrast, for the high-pressure series, increasing the
pressure gradient increased permeability. However, the
threshold pressure gradient value at which permeabil-
ity increased cannot be well determined from this
data. In Trial 1, this threshold point was between 20
and 40kPa, while in Trial 2 the point was between 0
and 20kPa. This difference indicates variability in the
mechanism responsible for permeability, even under
consistent pressures, or variability in the materials
used, especially when considering alignment of pin-
holes in woven fabric. Further trials are required to
more accurately quantify the threshold value and to
better understand the process. However, the number
of trials conducted here suffices to illustrate the trends
and to make practical recommendations.

3.3. Permeability channel analysis

The locations of permeability channel outlets as
determined by use of Mode 2 of the permeability
fixture is shown in Figure 7. While the presence of
channels undoubtedly affects permeability, perme-
ability values did not always scale in proportion to
the number density of channels, a counter-intuitive
finding. Broadly, the LP series exhibited more chan-
nels than the HP series. In Trial 1, each LP series
sample showed 8-17 channels, while the HP series
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Figure 7. Permeability channel maps for (A) Trial 1 and (B) Trial 2.
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Figure 8. Number of permeability channels and permeability values compared for Trials 1 and 2.

showed 0-3 channels. Trial 2 displayed more vari-
ation in the LP series. While LP-00 contained 22
channels, LP-20 had two channels and LP-40 had
one channel. In contrast, the HP series contained
0-2 channels. Pressure conditions were not suffi-
cient to accurately predict the number of channel
openings that appeared.

To further explore the character of permeability
channels, the number of channels was then com-
pared to permeability values in Figure 8. While

there was not a direct relationship between channel
number and permeability, having 17 or more chan-
nels was associated with the highest permeabilities,
while having no channels was associated with the
minimum permeabilities. However, beyond this gen-
eral trend, the number of channels cannot be used
to predict permeability. For example, within the HP
series, the presence of two channels resulted in
higher permeability than having three channels.
Within the LP series, the presence of eight channels



or ten channels resulted in the approximately the
same permeability. These results indicate that factors
beyond number of channels affect permeability,
such as the channel size and degree of connectivity.
However, the effects cannot be well understood
using the methods employed here, and alternative
measurement methods may be required to clearly
define this relationship.

3.4. Microstructural analysis

Figure 9 shows representative examples of polished
sections. The micrographs provide an overview of
part quality, which can be assessed by the extent of
porosity, dimpling, and fillet shape/size. Samples
produced with low bag pressure (LP) exhibited high
porosity (>1%) in the facesheets on Sides A and B,
as expected. In contrast, panels produced with high
bag pressure (HP) exhibited relatively low porosity
levels (<1%). Low bag pressures also yielded greater
irregularities in fillet shape, a result of gas egress
from the prepregs and associated foaming. Fillets
were disrupted by the foaming, and in some cases
were entirely absent. In contrast, fillets in HP panels
exhibited smooth contours and appeared more

Side A

Sample Side B

LP-00

LP-20

LP-40

HP-00

HP-20 ¥

HP-40

Figure 9. Representative micrographs of polished cross sec-
tions for each case.
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regular in shape. Based on qualitative assessments,
dimpling and fillet quality were superior in
HP panels.

Porosity measurements were compared to meas-
ured permeability values, as shown in Figure 10.
Higher porosity levels generally were associated with
higher permeabilities, but low porosity levels some-
times were associated with high permeabilities. For
example, in Trial 1, LP-00 exhibited both the great-
est porosity and greatest permeability, while LP-20
and LP-40 also exhibited high (but disparate) poros-
ity levels (>2%) yet showed nearly identical perme-
ability values. In contrast, the permeability of HP-40
was three times greater than those of LP-20 and LP-
40, while the porosity was 20 times less. As a second
example, in Trial 2 of the LP series, decreasing por-
osity led to decreasing permeability. However, the
HP series showed uniformly low porosity (<1%),
while permeability values spanned three orders of
magnitude, ranging from 63x107'° m’ to
3.6 x 10" m?® Summarizing, high porosity was
associated with high permeability, but low porosity
did not necessarily lead to low permeability. The
lack of a direct correlation was attributed to intrin-
sic variability both in the distribution of porosity
and in the techniques used to measure porosity.
Polished sections provide only a local view of the
microstructure and may not necessarily represent
the more global porosity level within the volume of
the structure.

To more accurately visualize the channel struc-
ture and to further understand the relationship
between channel number, porosity, and permeabil-
ity, X-ray tomograms were acquired. In Figure 11,
the tomograms revealed the complexity in the chan-
nel configurations, which often included multiple
channels connecting to a single opening. This degree
of connectivity explains in part why the relationship
between permeability and the number of channel
openings is not simple, since multiple channels may
connect to each opening. A supplemental video of a
tomogram is also provided. Further characterization
of the channel structure and analysis of the

=
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Figure 10. Porosity and permeability values compared for Trials 1 and 2.
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Figure 11. Representative X-ray tomogram showing interconnected channels.

tortuosity may provide additional insight into the
relationship.

The findings reveal that pressure gradients
strongly affect certain defect formation mechanisms
that involve gas transport. With the in-bag pressur-
ization series and the low-pressure samples with
high gradients, defects were suppressed. However,
for the low-pressure samples, selected core and bag
pressures were insufficient (too low) to suppress
void growth at exposed surfaces, especially absent
pressure transfer from the autoclave. The use of in-
bag pressurization reduced porosity, and permeabil-
ity was reduced because channels closed prior to
gelation. However, when the pressure gradient
increased beyond a critical level, the gas flow
increased in response, causing channels to remain
open and increasing permeability. In situations
where low pressure is unavoidable, a large pressure
gradient may suffice to evacuate air, reduce defects,
and reduce permeability.

4, Conclusions

The influence of co-cure process conditions (specif-
ically, core and bag pressures) on the permeability
of cured honeycomb skins has been determined.
Experiments related two pressure-controlled factors
(level of pressure and extent of gas flow through the
facesheet) to gas permeability. 12 honeycomb panels
were co-cured under diverse pressure conditions.
Then, cured skin permeability was measured, flow
was observed visually, and microstructural features
were characterized using image analysis and X-ray
tomography. The results provide insights into how
co-cure phenomena affect permeability:

Process conditions can affect permeability of
cured skins. Varying bag and core pressure con-
ditions resulted in both high-permeability and
low-permeability face sheets. Furthermore, pan-
els with negligible skin permeability were also
produced, demonstrating that production of
impermeable face sheets is both possible
and repeatable.

Porosity in facesheets can increase permeability.
The sample with the highest porosity in the
facesheet also exhibited the greatest cured skin
permeability, even in the absence of a pressure
difference (AP) across the skin during cure. The
finding indicates that high levels of porosity are
likely to increase permeability of cured skins,
even if pressure conditions during cure do not
explicitly lead to the formation of
flow channels.

Low porosity facesheets do not ensure imperme-
ability. Samples with low porosity but measur-
able skin permeability were produced by
inducing gas flow through the skin during co-
cure. The finding indicates that gas flow driven
by a difference between bag and core pressures
can lead to formation of flow channels in cured
skins, and that internal void content sampled
from cross-sections is not a comprehensive or
rigorous method for estimating cured skin
permeability.

Cured skin permeability can be associated with a
relatively small number of flow channel openings,
although such openings may not be discrete flow
channels. Observation of gas flow through cured
facesheets shows that even low-porosity samples
can be rendered permeable by just a few (2-3)



gas flow channels sites. This observation
coupled with tomographic images indicates that
channel openings are not an accurate metric by
which to estimate permeability.

5. The absence of detectable flow channels indicates
negligible permeability. Samples without chan-
nels exhibited negligible permeability, indicating
that the complete absence of channels can be
used to estimate impermeability. A relationship
exists between channels, channel openings, and
permeability, even if it is not yet quantified for

larger channel numbers.

For commercial production of impermeable parts,
the most direct and effective strategy for co-cure of
low-defect parts should rely on raising bag and core
pressures to levels that suppress porosity. If in-bag
pressurization is applied to equilibrated core, the
lack of pressure gradient between the bag and core
can prevent the driving of gases through the skin.
Both the suppression of porosity and reduction of
gas driven through the skin will reduce permeability.
Use of in-bag pressurization in production may
require modifications to autoclaves and vacuum
accessories. Nevertheless, lab-scale work indicates
that the approach offers a pathway to consistent fab-
rication of defect-free parts.

The effects of pressure as a process parameter
was explored, although other factors were not con-
sidered in the experimental design. Four plies of
plain-weave fabric were used for each experiment.
Increasing the number of plies or using unidirec-
tional tape is expected to change the length and
character of gas flow pathways, which will in turn
affect permeability. Additionally, half-sandwich
structures with only the bag-side facesheet were
used. The tool-side facesheet is expected to exhibit
different permeability.

Additionally, not all potential factors contributing
to permeability were measured. Matrix microcrack-
ing can be expected to increase permeability but
would be difficult to quantify with the equipment
used. However, investigating microcracking effects
on permeability is undoubtedly worthwhile. Darcy’s
Law averages the permeability over area, yet perme-
ability in co-cured parts can be highly localized.
Localization of permeability can also be considered
in the context of vented versus sealed cores. In a
vented core with perforations between cell walls, a
channel anywhere in the facesheet can render the
whole sheet permeable. However, in sealed cores,
permeability could be isolated in individual cells or
facesheet locations. A model that relates permeabil-
ity to discrete locations may yield clearer under-
standing of the process as well.

ADVANCED MANUFACTURING: POLYMER & COMPOSITES SCIENCE . 11

Further work is needed to clarify the mechanisms
by which co-cure conditions affect the structure of
permeability channels (size, shape, location), as well
as the relationships between internal microstructure
and permeability channels. Additional insight into
these formation processes and an understanding of
the physics behind them can lead to strategies and
guidelines for process optimization - and, ultim-
ately, to higher-quality and safer composite struc-
tures in aerospace and other industries.
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