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ABSTRACT 
Co-cure of honeycomb sandwich structures offers efficient manufacturing of parts by 
simultaneously consolidating composite facesheets and joining them to the core with an adhesive 
layer. This process reduces manufacturing time but can result in high defect levels. The coupling 
of phenomena, including formation of the bond-line, consolidation of facesheets, and evolution of 
core gas pressure causes complex interactions that are not well understood. Further, modeling tools 
for co-cure are limited. Clarifying the underlying process physics and developing predictive 
capabilities can guide decisions to increase manufacturing efficiency and process robustness. 

We present an overview of a multi-year research effort culminating in stand-alone software for 
simulation of autoclave co-cure. Lab-scale studies, including in situ visualization of the bond-line 
during cure, were used to identify key parameters influencing defect formation. Experiments were 
used to build a physics-based modeling framework and simulation software for co-cure. Given 
user input for material and processing parameters, the software simulates key phenomena (core 
pressure evolution, fillet formation, and facesheet consolidation) and predicts porosity in the bond-
line. Validation studies demonstrated that although accurate quantitative predictions of porosity 
values were challenging due to the stochastic nature of co-cure, the model captured trends in bond-
line quality and will be useful for guiding adjustments to process parameters and protocols. 
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1. INTRODUCTION 
This paper summarizes a multi-year effort to develop a process model describing the co-cure of 
honeycomb core sandwich structures, focusing on porosity formation in the adhesive bond-line. 
Co-cure, in which prepreg facesheets are cured and bonded to the core in a single step [1], enables 
the production of complex-shaped parts and reduces processing time compared to other methods. 
However, defects such as porosity can arise from the complexity inherent in co-cure (due to 
varying cure behavior between the adhesive and prepreg resin, changing pressure gradients, 
material variation, etc.) These defects can lead to reduced part performance. A predictive tool 
capturing these phenomena and interactions could be used to screen temperature and pressure 



cycles for co-cure to identify favorable processing conditions and reduce resource waste due to 
part rejection. 

1.1 Background 
As separate phenomena, prepreg processing [2,3] and adhesive bonding [4,5] have been studied 
and reported previously. These phenomena are the basis for the co-cure process, but complications 
arise when coupled with each other as well as the discontinuous core geometry and evolving gas 
pressure in the core.  

Prior research on the adhesive bond-line in honeycomb core sandwich structures has identified 
large, void-free fillets as ideal for optimal performance (flat-wise tension [FWT], shear, peel) [6] 
but has conflicting reports for the most important factors affecting fillet quality (e.g., 
[7,8,9,10,11]). Several studies have identified applied pressure as a key processing factor in 
adhesive behavior, both in the bonding of laminates [12,13] and specific to co-cure of honeycomb 
sandwiches [14,15]. Tavares et al. [16,17,18,19,20] assessed the effect of core pressure on bond-
line void content and mechanical performance by altering the permeability of the prepreg/adhesive 
skins. Kratz et al. [21,22,23,24] studied skin permeability during vacuum-bag-only co-cure, and 
used results to develop a core pressure model. 

Other modeling work specific to sandwich structures includes fillet formation models developed 
by Rion et al. [25] and Chen et al. [26]. These models, however, are restricted by the use of a pre-
cured facesheet (Rion) or self-adhesive prepreg (Chen), and both assume void-free fillets. Tavares 
et al. [17] simulated the saturation and corresponding evolution of permeability of partially-
impregnated facesheets, but did not extend utility beyond the prediction of facesheet permeability. 
The core pressure model developed by Kratz et al. [22,27] accounts for evolving facesheet 
permeability and core moisture content, but the model was never linked to other processing 
phenomena such as void formation. A comprehensive co-cure model must account for both the 
complex part geometry as well as the coupling of material behaviors and process phenomena, and 
such a tool has not been developed to-date. 

1.2 Goals and Approach  
We present an overview of a multi-year research project leading to the development of a predictive 
model describing the co-cure process. The model, packaged as a stand-alone software, simulates 
multiple time-dependent phenomena including facesheet consolidation, bond-line porosity, and 
core pressure evolution, based on user inputs for material and processing conditions. 

First, lab-scale experimental analysis is summarized, highlighting the physics determining part 
quality as well as material and process effects that inform model development. Specifically, in situ 
visualization methods are employed to provide time-dependent visual data for defect formation in 
the adhesive bond-line. Model development is outlined, detailing the modeling approach and 
interactions between different sub-models. Finally, the stand-alone software is presented along 
with simulation results, and demonstrator parts are fabricated to validate model predictions. This 
paper represents an early effort in model validation, highlighting current successes of the software 
as well as areas that will need refinement in future implementations. 



2. EXPERIMENTS 
2.1 Materials 
Two material sets, each consisting of a prepreg and adhesive, were used in this project. Both 
aerospace-grade prepregs (Hexcel HexPly® 8552S and Solvay Cycom® 5320-1) were reinforced 
with a 3K plain weave carbon fiber fabric. Henkel Loctite® EA 9658 AERO, supplied as an 
adhesive film both with and without a supporting mat, was used with the 8552S prepreg. Solvay 
FM® 309-1 was supplied as an adhesive film with a supporting mat, and was used with the 5320-
1 prepreg. Thermal properties including cure kinetics, viscosity, and glass transition temperature 
were characterized previously [28].  

Regardless of prepreg and adhesive, the core used was Gillcore® HD (The Gill Corporation), a 
honeycomb core consisting of an aramid fiber coated in phenolic. Various densities, cell diameters, 
and thicknesses were used, dependent on the application. 

2.2 Lab-scale Studies 
To assess time-dependent process phenomena during co-cure, a lab-scale tool was developed to 
replicate autoclave conditions typical of co-cure for aerospace parts while enabling direct 
observation of the bond-line during processing [29,30]. The apparatus consists of a tool plate (280 
mm × 280 mm) with a recessed pocket (76 mm × 76 mm × 19 mm). The bottom of the pocket 
contains a glass window, and glass spacers of various thicknesses could be used to accommodate 
different core thicknesses. When laying up parts, a spacer and core were placed into the pocket so 
that the top of the core was flush with the tool plate, and a prepreg facesheet and adhesive layer 
(both 140 mm × 114 mm) was laid over top. Lay-up was completed with a release film, edge 
breathing dams (or sealant tape, to simulate large parts), breather, and a vacuum bag. This “half-
sandwich” configuration, along with the window and glass spacer, enabled direct observation of 
the adhesive bond-line. A digital microscope (Dino-Lite Edge AM7815MZTL) recorded images 
of the bond-line at regular intervals (45 s) during cure. 

The lid features a machined cavity which, when the lid is placed on the tool plate, provides a sealed 
volume of gas that can simulate autoclave pressure conditions. Autoclave and vacuum bag 
pressures (Pa and Pb, respectively) could be controlled directly through ports in the apparatus. 
Pressure in the core cavity (Pc) could also be controlled through equilibration with the vacuum bag 
(representative of cases in which, e.g., vented core or a perforated pre-cured facesheet is used). 
Alternatively, the core cavity could be sealed so that gas flow could occur only through the 
facesheet, and Pc would evolve as a function of temperature, facesheet permeability, pressure 
gradients, and volatile off-gassing. Temperature was controlled using integrated heaters in the lid 
and base. 

The co-cure process was investigated through several processing trials with varying process and 
material conditions, detailed elsewhere. [30,31,32,33,34]. While the primary goal of lab-scale 
experiments was to characterize defect formation in the bond-line, the fixture was also used to 
assess other aspects of the process including facesheet permeability during cure [35], facesheet 
quality (in terms of porosity, compaction variation, etc.) [31], and permeability of facesheets after 
cure [36]. Here, we summarize results relating processing conditions (namely, core pressure) to 
bond-line porosity, with implications for model development. 



All tests presented here used 4 plies of 8552S prepreg and 1 layer of EA 9658 AERO adhesive 
film. To isolate effects due to the different materials, select trials were also run using an aluminum 
facesheet instead of prepreg. The temperature cycle, adapted from manufacturer recommendations, 
consisted of a dwell at 110 °C (60 min), and a dwell at 177 °C (120 min), with a 2 °C/min heating 
rate. Some tests also included a room-temperature vacuum hold (60 min) prior to heating. Under 
equilibrated-core conditions, tests were conducted with Pb = Pc = < 5 kPa, 101.3 kPa, and 253.3 
kPa. Pa for these tests were, respectively, 101.3 kPa, 239.2 kPa, and 377.1 kPa (0 psig, 20 psig, 
and 40 psig). Several intermediate pressure levels were also used, but not highlighted here. 
Pressures were imposed at the beginning of the temperature cycle and held constant throughout 
cure. 

2.3 Demonstrator Parts 
Sandwich panels consisting of two facesheets, each bonded to honeycomb core with a layer of film 
adhesive, were cured in an autoclave (United McGill Corporation) to more accurately replicate 
manufacturing practices and provide validation data for comparison to model predictions. 
Facesheets consisted of 4 plies of 8552S prepreg with 1 layer of EA 9658 AERO adhesive, each 
305 mm × 203 mm. The core was 12.7 mm thick with 45° chamfers on each edge, and the larger 
face was 254 mm × 152 mm. The temperature cycle used was the same as used in the lab-scale 
studies (Section 2.4). Bag pressure was set prior to heating and held throughout cure, while the 
autoclave cavity was pressurized early (~ 32 °C) in the first temperature ramp. Parts were 
fabricated with Pb of < 5 kPa and 101.3 kPa and Pa of, respectively, 377.1 kPa and 478.4 kPa (so 
compaction pressure Pa – Pb was constant). Additionally, a part was made using the same pressure 
conditions as the vacuum (< 5 kPa bag pressure) case but with a reduced (1 °C/min) heating rate, 
as previous results have indicated an effect of heating rate on part quality [34]. 

Following cure, 2 sections (~ 50 mm × 25 mm) were cut from the center of each panel, and the 
longer face was polished using a grinder-polisher (Buhler MetaServ). Polished cross-sections were 
then imaged using a video microscope (Keyence VHX-5000) to inspect bond-line quality. Image 
processing software (Adobe Photoshop) was used to measure void area fraction in the fillets. Each 
section contained ~ 25 fillets, so that ~ 50 fillets were assessed for each part.  

3. RESULTS 
3.1 Lab-scale Studies 
Fillet void content is presented in relation to core pressure during processing in Fig 1. In general, 
porosity was lower when using an aluminum facesheet versus prepreg, indicating an influence of 
the prepreg behavior on void content in the adhesive. Core pressure displayed a non-linear effect 
on porosity, with void content peaking in the ambient-pressure case and decreasing with either an 
increase or decrease in core pressure. Qualitative analysis of cross-sections in Fig 2 revealed 
reduced fillet height under vacuum conditions, while super-ambient conditions produced well-
formed fillets. The ambient test exhibited large, inflated fillets, due to the great void content. 



  
Figure 1: Bond-line void content for lab-scale parts manufactured under equilibrated-core conditions. 

 

This phenomenon, as indicated by the lack of porosity at ambient pressure in the aluminum 
bonding case, was attributed to air and/or volatiles transferring from the prepreg and becoming 
entrapped in the adhesive upon gelation. In in situ time lapse videos for these tests, vacuum 
pressure caused bursting and collapse of voids in the adhesive prior to gelation, resulting in small 
fillets with low porosity. At ambient pressure, void growth occurred while adhesive viscosity was 
increasing but prepreg resin viscosity was at a minimum. Finally, at super-ambient pressure, no 
significant void growth was observed throughout cure. In situ volatile analysis has confirmed the 
presence of a residual solvent in the prepreg that evolves during the temperature range void growth 
was observed [37], and gelling the adhesive prior to the evolution of this solvent was demonstrated 
to reduce bond-line porosity [34]. 

 

Figure 2: Micrographs for A) vacuum core pressure, B) ambient core pressure, and C) super-ambient core 
pressure. 

 



Specific temperatures and pressures at which defect formation occurs will depend on the materials 
used, but the mechanisms and relationships identified are relevant to underlying physics of co-cure 
in general. Regardless of specific volatiles species, a non-linear relationship between void content 
and core pressure is expected: low pressures may cause voids to grow and burst, intermediate 
pressures may entrap voids, and sufficiently-high pressures will suppress defect formation entirely. 
Additionally, these tests identified interactions between materials, including bubble migration 
between adhesive and prepreg resins and a dependence on relative gel times, that must be 
accounted for in the model. 

3.2 Demonstrator Parts 
Cross-sections for each demonstrator part are shown in Fig 3 and porosity values in Fig 4. Bag- 
and tool-side bond-lines were considered separately, as they have differing boundary conditions 
that may result in different behavior during cure. The bag-side facesheet, laid above the core, has 
gravity working in the direction of the core that may lead to dimpling. On the non-core side, the 
bag-side facesheet has a pliable boundary (release film, breather) and has a relatively-direct 
pathway for air or volatiles to travel from the adhesive and prepreg to the vacuum bag. In contrast, 
the tool-side facesheet is bound by the rigid and impermeable tool plate underneath, with the core 
on top. Gases must evacuate either by traveling in-plane relative to the facesheets and escaping 
through edge breathing dams, or by traveling through the core pocket and bag-side facesheet before 
reaching the vacuum bag. 

 

Figure 3: Micrograph sections for A1) baseline vacuum bag-side bond-line and A2) tool-side bond-line, B1) 
ambient bag-side bond-line and B2) tool-side bond-line, and C1) slow ramp rate bag-side bond-line and C2) 

tool-side bond-line. 
 
Fig 4 shows that in both vacuum cases (baseline and slow ramp rate), bag-side bond-line porosity 
was low (0.21 % and 0.57 %, respectively) compared to tool-side (9.09 % and 4.91 %), as expected 
due to the relative tortuosity of evacuation pathways for each bond-line. For the ambient case, the 



opposite was observed: the bag-side facesheet had 9.70 % void fraction compared to 7.57 % for 
the tool-side. Without vacuum pressure applied in the bag, no pressure gradient from the part 
towards the bag was imposed to facilitate gas transport. 

 

 Figure 4: Void area fraction in the bond-line for demonstrator parts, separated by processing conditions and 
facesheet side. Each individual square marker represents a single fillet. 

 

Fillet-to-fillet variation was high for all three cases, particularly for the tool-side bond-line. Most 
fillets (60 % - 80 % of fillets in each cross-section) were void-free, but porosity in fillets that 
contained at least one void typically ranged from ~ 10 % to 70 %. This variability indicates that 
pressure conditions may vary from fillet to fillet, which may arise from factors such as material 
variation and temperature differences throughout the part. 

4. MODELING 
4.1 Modeling Approach 
Results presented in Section 3 highlight key factors that must be accounted for in a physics-based 
process model for co-cure. In addition to consideration of separate material behaviors (e.g., 
facesheet consolidation over core, adhesive flow to form fillets), the process model must also 
capture interactions between them (e.g., volatiles in the prepreg transferring to the adhesive). 
Further, evolution of the core pressure must be tracked, as core pressure has been identified as a 
major influence on bond-line formation behavior. 

The overall strategy to model development was a modular approach, beginning with governing 
equations and sub-models for individual phenomena within the co-cure process that could be 
coupled as integration progressed. Sub-models can be divided into material (cure kinetics, 
viscosity, permeability, volatile evolution, prepreg compliance) and process (bond-line formation, 
facesheet consolidation, facesheet permeability, porosity formation, core pressure evolution) 
models.  



The framework relating inputs, sub-models, and outputs is shown in Fig 5. Material sub-models, 
along with processing inputs (temperature and pressure cycles), serve primarily as inputs to 
processing sub-models, which yield the desired outputs (bond-line morphology, facesheet quality). 
Certain processing sub-models, including facesheet permeability and core pressure evolution, are 
also key inputs in porosity formation and bond-line evolution. The equilibrated-core configuration, 
in which Pb = Pc, simplifies modeling by eliminating the need to simulate core pressure and feed 
results back into other sub-models. Governing equations are discussed in detail elsewhere 
[38,39,40]. 

  
 

Figure 5: Framework for execution of the model. Material and process inputs and material data are fed into 
the controller, which steps through the simulation while providing necessary inputs to separate process sub-

models and collecting data for the outputs. 

4.2 Software Overview 
The process model was implemented as a stand-alone software with a user-friendly interface 
divided into four sections (Fig 6). The software input includes characterization for both the 
8552S/EA 9658 AERO and 5320-1/FM 309-1 material sets, and simulates the evolution of bond-
line porosity, core pressure, and facesheet fiber volume fraction based on material and process 
inputs. Features of the software are discussed in detail by tab. 

Inputs. The user can select all necessary material and process inputs. In addition to the prepreg and 
adhesive material, geometric inputs include number of prepreg plies, adhesive thickness, and 
various core dimensions. Prepreg and adhesive out-times can also be set, but the effect of this on 
cure kinetics and viscosity has been characterized only for the 5320-1 prepreg.  

Temperature and pressure cycles are created as CSV files and can be read by the software. Process 
files require time, temperature, autoclave pressure, and bag pressure information. Core pressure 
will either be set as equal to bag pressure or simulated as an evolving value, dependent on whether 
equilibrated- or sealed-core configuration is selected (in the “Simulation” tab). Once a process file 
is opened, it can be edited within the table in the software. Graphs for temperature and pressure 
are automatically generated and updated when process files are opened or altered. Additionally, a 
void growth chart is provided, which offers a simplified view of whether diffusion-induced void 
growth is expected. The chart maps the process cycle on a pressure-temperature graph along with 
a contour representing the critical condition for diffusion-induced growth, also referred to as 



unstable growth due to the fast growth rate. As long as the process stays in the region above this 
contour, void size is governed by ideal gas expansion and no unstable void growth is expected.   

 

Figure 6: User interface of the sandwich software, showing A) the “Inputs” tab, B) the “Component Data” 
tab, C) the “Simulation” tab, and D) the “Simulation Log” tab. 

The user can also select one of two porosity models. The dissolution model is a diffusion-based 
model that tracks the transient evolution of volatiles from the prepreg and adhesive. The mass 
generation model is a simplified, empirical model that tracks mass transfer from the prepreg and 
adhesive as a function of temperature and pressure, based on mass-loss data from 
thermogravimetric analysis (TGA). Currently, the dissolution model couples the effects of the 
prepreg and the adhesive (e.g., bleed of prepreg resin into the bond-line), while the mass generation 
model does not. Further, the mass generation model does not include any dependence on time. 
Both porosity models require an initial void size and distribution, with default values provided. 

Component Data. Once material and process inputs are selected, material models including degree 
of cure, viscosity, and volatile release are generated for both the prepreg and adhesive. 
Additionally, a stress-strain curve is modeled for the prepreg. These outputs are provided as graphs 
within the software and can also be saved as text files.  

Material parameters can also be changed through this tab. A new material file can be loaded, or 
the existing file can be edited directly in the software. However, certain material parameters 
including critical volatile concentration (used in the dissolution porosity model) are hard-coded 
into the software and cannot be updated without re-compiling the code. 

Simulation. This tab controls the actual execution of the model and provides outputs for fiber 
volume fraction, prepreg resin pressure, fillet geometry, core gas pressure, bond-line porosity, and 
bleed of prepreg resin into the core. The user can set the time step in seconds as well as the total 



time to run the simulation. This time step corresponds to the frequency with which data is reported 
and stored, and 50 s to100 s has been identified as a sufficient range. Longer time steps may not 
provide proper temporal resolution, and shorter time steps can reduce simulation efficiency by 
increasing the number of data points stored. Each sub-model has its own internal time step, which 
is not controllable by the user. The simulation can run on its own or can be stepped manually, and 
can be paused (with the ability to resume) or stopped (with data erased, so that input parameters 
can be changed). 

The simulation controls also include the selection for core configuration, either “open” 
(equilibrated) or “closed” (sealed). If open core is selected, core pressure is treated as equal to bag 
pressure, as set in the process cycle input in the “Input” tab. In the closed-core configuration, the 
core pressure model will execute, and core pressure will be reported along with other simulation 
outputs. The closed-core configuration, currently, is one-dimensional, i.e., gas flow is considered 
only in the direction normal to the facesheet (parallel with the core walls) and cells are assumed to 
behave identically. Three-dimensional effects such as temperature variations and cell-to-cell 
pressure gradients are not considered, to decrease computational complexity. 

Simulation Log. Actions taken by the user, such as material selections and simulation settings, are 
recorded. Additionally, errors and important notes during the simulation are shown. Common 
reports include “viscosity too high,” which happens when a material gels and will cause both the 
fillet formation and porosity models to skip the current step and retain previous values. The 
simulation log can be exported as a text file. 

4.3 Simulation Results 
Porosity predictions, using both the dissolution and the mass generation models, for all three 
demonstrator part cases are presented in Table 1, along with experimental results. An initial void 
radius of 1 × 10-4 m and initial porosity of 1 % were used. Notably, the different forms of the model 
predicted opposite trends: the mass generation model predicted high (> 20 %) void content when 
under vacuum (including the slow ramp rate case) and a porosity of 2.20 % in the ambient case, 
while the ambient case was the only one expected to have any level of porosity (1.05 %) when 
using the dissolution model. The 0 % porosity in the vacuum and ambient cases was due to voids 
growing and bursting, rather than no void growth occurring whatsoever. The mass generation 
model did not capture this phenomenon. 

Table 1: Model predictions for bond-line porosity in demonstrator part cases along with experimental results. 
 

MODEL EXPERIMENTAL 
 

Mass Gen Dissolution Bag Tool Overall 

VACUUM 27.5 % 0 % 0.21 % 9.09 % 4.65 % 

AMBIENT 2.20 % 1.05 % 9.70 % 7.57 % 8.64 % 

SLOW 28.6 % 0 % 0.57 % 4.91 % 2.74 % 



Experimental results for the bag-side bond-line matched the trend predicted by the dissolution 
model. Both the vacuum and slow ramp rate cases had low (< 1 %) porosity, while porosity in the 
ambient case was 9.70 %. The discrepancy in the actual values could be due to variability inherent 
in the process (such as cell-to-cell pressure variations) or, in the ambient case, air entrapped in the 
facesheet or bond-line during layup that could not be evacuated without the application of vacuum.  

Porosity in the tool-side bond-line did not follow predicted trends. The vacuum case, despite 
having no void content predicted by the dissolution-based model, had the highest observed 
porosity (9.09 %), and the slow ramp rate case also had appreciable void content (4.91 %). The 
ambient cased was predicted to have the highest porosity but was actually between the other cases, 
with 7.57 % porosity. Currently, the model only considers the bag-side facesheet, which can have 
mass transfer either into the adhesive/core or into the breather/bag. The tool-side facesheet, 
however, can only have air or volatiles evacuate through the adhesive and into the core, and this 
difference in boundary conditions may account for the inconsistencies between model predictions 
and tool-side bond-line porosity. 

The mass generation model was not able to capture trends in experimental results, likely due to 
the lack of time dependence in its formulation. The model tracks volatile generation only as a 
function of temperature and pressure, with the mass of volatiles evolved increasing as pressure 
decreases. Without time-dependent behavior described, the model may not have been able to 
capture phenomena such as bursting of voids, which would result in increased porosity predicted 
under lower pressures (as seen in the greater porosity values predicted in the vacuum and slow 
ramp rate cases compared to the ambient case). 

 Based on previous results [34], the slow ramp rate case was expected to decrease porosity 
compared to the baseline vacuum case by providing gases more time to evacuate under low resin 
viscosity. Experiments supported this, with both tool-side and overall porosity decreased with the 
decreased ramp rate (respectively, 4.91 % and 2.74 % vs. 9.09 % and 4.65 %). While bag-side 
porosity was greater in the slow ramp rate case (0.57 % vs. 0.21 %), it was still low. Dissolution-
based model predictions were inconclusive in this case, as both the vacuum and slow ramp rate 
processes had 0 % porosity predicted. Mass generation model predictions, however, did not reflect 
these results, with porosity increasing from 27.5 % to 28.6 % when decreasing the ramp rate. The 
mass generation model, however, only includes dependence on temperature and pressure. 
Therefore, the model was not expected to be able to accurately predict differences in temperature 
cycles. The difference in simulation results between the baseline vacuum and slow ramp rate cases 
was likely due to slight differences in the core pressure evolution caused by the changing heating 
rates.   

5. CONCLUSIONS 
We have summarized a multi-year research effort to understand the physics of co-cure of 
honeycomb sandwich structures, highlighting key results instrumental in the development of a 
model describing the co-cure process. Lab-scale studies identified core pressure as a major factor 
in bond-line development, and also demonstrated the need for coupling prepreg resin and adhesive 
behaviors. The model, packaged as a stand-alone software, was used to generate predictions for 
bond-line porosity to compare to experimental results from demonstrator parts for initial 
validation. In general, predicted values did not accurately match experiments, but could correctly 



captured trends (i.e., an increase or decrease in porosity in response to a change in inputs) in certain 
cases. Results also indicated limitations in the current implementation that will be refined as the 
model is finalized. 

Analysis of demonstrator parts introduced considerations for scale-up that were negligible during 
lab-scale studies. One such factor is the inclusion of a second facesheet and adhesive layer that 
experience different boundary conditions. Lab-scale studies represented only the bag-side 
facesheet, which typically experiences gravitational effects in the direction of the core and has a 
relatively simple evacuation path for gases into the vacuum bag. The tool-side facesheet was 
supported by the flat and rigid tool plate underneath, which may be favorable for facesheet 
consolidation (not considered in this paper) but does not offer an evacuation pathway for gases. 
For air and volatiles to escape the tool-side facesheet and bond-line, they must first enter the core 
pocket and then travel through the bag-side skin before exiting the part completely. This tortuous 
path was reflected in the final bond-line morphology, with the tool-side typically exhibiting greater 
porosity than the bag-side.  

The design of the fixture used for lab-scale studies also imposed equilibration of the core pocket, 
so that every cell was assumed to have the same pressure. This was not necessarily true for 
demonstrator parts, in which the core was covered by adhesive and facesheets on both sides. Great 
variability in porosity – the majority of fillets in all cases were completely void-free, but individual 
fillets could have porosity of up to ~ 75 % – indicating that core pressure varied from cell to cell. 
A model description of this variability would require three-dimensional geometry, including 
spatial variations of temperature and pressure as well as detailed representations of multi-scale 
material properties, increasing the complexity of material characterization and modeling and 
decreasing the efficiency of model execution. 

The complexities in the demonstrator parts made interpretation of simulation results complex. For 
example, the baseline vacuum case was nearly void-free on the bag-side and, following model 
predictions, increasing the bag pressure to ambient increased void content. When considering the 
tool-side bond-line, however, the ambient case yielded lower porosity than vacuum, counter to 
predicted trends. The slow ramp rate case highlighted a limitation in the mass generation form of 
the void growth model, which does not include time dependence. Prior results as well as 
demonstrator parts showed a decrease in porosity compared to the baseline vacuum case, an 
observation that was attributed to the increased time spent under low resin viscosity, but the mass 
generation model was not able to capture this phenomenon and instead predicted an increase in 
porosity with the decreased ramp rate.  

The results described represent an early stage in validating the model. Certain trends were 
captured, while other results highlighted areas for refinement. The complexity and variability of 
the process will likely preclude accurate predictions of specific porosity values. However, 
predictions of trends in porosity in response to changes in material and process inputs can be 
valuable in practical situations, and future validation and refinement of the model will focus on 
providing a final software that can capture such trends for a variety of conditions. Such a tool can 
be useful when screening new materials or processes for co-cure of honeycomb structures, guiding 
manufacturing decisions to develop optimal processes for production of high-quality parts.  
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