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ABSTRACT

Numerical simulation is a powerful tool in manufacturing since it provides a lower cost and faster
analysis than actual trial-and-error testing. Press forming manufacturing simulation can be realized
with many different system configurations including different boundary conditions and material
set up. This work presents numerical analysis, advanced material card development and validation
of a real component manufactured through press forming using thermoset prepreg material. The
simulation was performed with an explicit numerical code and is visually correlated with a final
experimental results.
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1. INTRODUCTION

Press forming of CFRP parts provides high rate, repeatability and cost reduction when coupled
with mass production techniques in industrial and aerospace applications. Simulation of the part-
forming process using an FEM numerical approach is an effective method to predict defects and
facilitate the design for manufacturing [1-11].

The aim of this project is to evaluate the state of the art of simulation with traditional general
purpose and specialized software present in the market. The software analysis requires the
properties of the material to be represented by a software material card.

The high deformability of the thermoset composite pre-preg material at expected molding
temperature was characterized by Purdue University laboratories and the material card was
developed within the Solvay Virtual Engineering Team.

A manufacturing simulation analysis was performed for two different part geometries: a beaded
panel representative of a geometrically stiffened structures and a C-frame part representative of a
structural geometry. In particular for the beaded panel, the prediction capability was evaluated
with a visual correlation to the real experimental manufacturing process.

The limits and the advantages of using a numerical method to predict some of the defects in the
experimental test was evaluated with a preliminary experimental correlation analysis.
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1.1 Press prepreg manufacturing process

Press manufacturing of parts from continuous fiber-reinforced thermoset composites has been
specifically developed for high volume aero and automotive applications. Fast cure cycles and
compatibility with automated processes (robots) are important to the press forming process.

Figure 1 shows the process flow for a part manufactured through compression molding. The first
step of the process is to prepare the 2D flat blank; this step encompasses the cutting and kitting of
the plies, ply collation by pick & place or hand layup followed by a RT debulk. After blank
preparation the blank is loaded on the spring frame and loaded onto the press for processing. The
blank is then shuttled to the IR preheat station where it resides for a short period of time before
being moved into the tool on the press where it is formed and consolidated. Further details are
shown in [12].
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Figure 1. Simplified spring frame compression molding process for aerospace capable composite parts
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Figure 2. Beaded panel blank loaded into the spring frame ready to be shuttled into the preheat station

[12]

Press tools are more expensive than a typical hand layup approach and simulation of the forming
process before tool machining verifies both the design parameters and allows exploration of the
optimum layup for a new component.

1.2 State of the Art of Press Forming Simulation

During the preliminary stage of this work, different commercial numerical codes were evaluated.
The main evaluation criteria considered were primarily the accuracy, secondarily the speed of the
codes, and finally the quality of the material models implemented (material cards definition).

Most of the general purpose finite elements commercial codes are well established in the metals
industry. The software solvers are calibrated and predictive with material cards for homogenous
materials. The automotive industry uses forming simulation mainly for sheet metal for external
panels. Forming simulation for metal can predict the residual stress in the part which allows the
designer to optimize thickness, reduce waste and improve the overall process for manufacturing.
Forming simulation for complex shapes is currently solved with the implementation of explicit
commercial computer codes. This numerical solution is fast and accurate in predicting wrinkling
and improving the design for manufacturing of new geometries.

The three major challenges for any numerical simulation for manufacturing are:

1. Thermoset materials requires a special material card that need to take into account the
interdependence between viscosity and temperature. Different than Thermoplastic,
Thermoset materials are not reversible [7].

2. Material card is mesh dependent.

3. The prediction of the wrinkling and fiber direction for complex geometries requires an
explicit code. Implicit solvers are not fast enough with very fine mesh. Implicit solvers
can’t solve multiple contacts between layers.



For this specific project the solution proposed was performed by Ls-dyna explicit code because it
was the technology, at that time, which provided an excellent material card and a good compromise
of speed and accuracy. Hypermesh and Lsprepost were used for pre and post definition and J-
composites was used for auto/semi-auto processing material card form the experimental tests.

Additional tools were integrated in the process of simulation in order to develop an accurate
material card from the experimental test log files. In particular J-sol form J-composite. It was also
possible to develop specific TCL (Altair) scripts to accelerate the time consuming preprocessor
procedure. LaminateTools (from Anaglyph) was the tools used for generating flat pattern of each
single layers.

2. EXPERIMENTATION
2.1 Solvay Material Characterization of CYCOM® 5320-1 prepreg

Solvay CYCOM® 5320-1 prepreg was characterized at forming temperature of 370 F after being
pre-consolidated. The textile used was a T650-35 3K 8HS at 370 gsm for the generation of the
material cards using LS-DYNA solver.

2.2 Cure Cycle

All material samples were characterized and tested in accordance with the temperature cycle
specified in Figure 3. Temperature was maintained as close as possible to the profile with the test
beginning at the region labeled as “Forming 1”. Test speeds were chosen to make sure tests
finished in less than 30 seconds to ensure that there wasn’t a significant property change developed
during the test. The environmental chamber used to conduct the high temperature tests is shown
in Figure 4. The actual temperature data vs. the target temperature data is shown in Figure 5. As
the figure shows, the oven was able to track the temperature closely except at the very end where
it was not quite able to keep up with the desired heating rate. Some tests were started at around
125 F (as shown) due a lack of oven cooling and the delay in cooling to room temperature [2].
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Figure 3. Temperature cycle used for characterization of the mechanical properties of CYCOM® 5320-1
3K 8HS prepreg.



Figure 4. Temperature chamber used to characterize the prepreg material at forming temperature.
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Figure 5. Target temperature vs. logged temperature during the characterization of the prepreg material.

Tensile Modulus, Shear Modulus, Bending Stiffness and Friction Coefficient

In order to generate the material card for any commercial solvers, it is necessary to perform a
minimum of four fundamental tests as shown in Figure 6.
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Figure 6. Tests performed for tensile modulus, shear modulus, bending stiffness, and friction coefficient
tests.

2.2.1 Tensile Modulus

The tensile modulus measurements were attempted at high temperature. However, in order to
accurately measure modulus there must be a way to verify strain in the sample. Typically this is
done either by attaching a strain gauge to the sample or by using digital image correlation (DIC).
Unfortunately, because neither strain gauging nor DIC was able to be successfully performed, the
room temperature tensile modulus was assumed to be roughly equal to the high temperature tensile
modulus. Tensile modulus is dominated by the fiber modulus and the assumption was that the final
property of 3.1 GPa tested for room temperature was an accurate estimation for the numerical
simulation.

2.2.2 Bending Stiffness (Flexural Modulus)

The flexural modulus was measured according to the standard ASTM D7264 in the 3 point bend
configuration. Figure 7 shows the test setup for the flexural modulus results. The span length of
the sample was 78 mm. The width was 25.4 mm and the thickness was 2.6 mm. The machine
head rate was set at 10 mm per minute. The force displacement curves and the stress strain
curves were then generated [4]. The modulus was estimated using the data up to 1% strain. The
flexural modulus was calculated to be 9.7 MPa.



Figure 7. 3-point bending test set-up.

2.2.3 In plane Shear Modulus

The in-plane shear modulus of the prepreg was measured using a picture frame test [1]. Figure 8
shows the picture frame test setup before beginning the test and as it nears completion. The force
and displacement are measured by the load frame and are converted into shear force and shear
strain to get the shear modulus of the material. The machine was pulled at 3 mm per second and

the length of each side of the picture frame fixture is 190 mm. Figure 8 (right) shows the force-
shear angle curves.
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Figure 8. Left: Picture frame test setup. Right: Shear modulus estimation based on data log.



The shear modulus is calculated using the initial flat slope of the shear stress-shear strain curve
Figure 7 shows an example of the shear modulus being estimated using linear regression in the
linear region with an estimate of 36 kPa.

2.2.4 Friction Coefficient

Friction tests were performed at room temperature because of concerns that the high temperature
values would be extremely sensitive to degree of cure. The reported room temperature friction
values were 0.19 for the tool-ply friction and 0.31 for the ply-ply friction.

2.2.5 Summary of Mechanical Solvay CYCOM® 5320-1 prepreg Properties

Property Value
Tensile Modulus* 3.1 GPa
Flexural Modulus 9.7 MPa
In-Plane Shear Modulus 36 kPa
Tool-Ply Friction Coefficient* 0.19
Ply-Ply Friction Coefficient™ 0.31

*Values were measured at room temperature

2.2.5.1 LS-DYNA material card calibration

Material cards must be identified using an inverse analysis loop where the characterization test is
performed virtually and the material parameters are adjusted according to some objective function,
typically the sum of the squares of the distances between the model and experimental curves [10].
In this project, the J-composites preprocessor software was used to derive the material model.

Experimental conditions were designed in order to collect the most appropriate results for the
material characterization in its ‘forming conditions’. By the time of the study, J-composites
software (Figure 9) was the most efficient solution to automate the process of LS-Dyna material
card model identification.
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Figure 9. J-Composite preprocessing of experimental results for: Tensile (0, 90), Picture frame, 3 point

The picture frame was used for numerical correlation and calibration of the mesh dependency.
Figure 10 represents a numerical and experimental correlation for Picture Frame test. The
correlation shows a high level of accuracy and prediction for a flat simulation until the locking
angle [5] [8] and it shows an accurate Material Card Model Characterization [3]. A similar

bending (0,90, 45).

approach was used for the bias extension test.
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Figure 10. Picture frame test correlation between data and model used for the material cards



Ls-Dyna MAT278 (Figure 11) was used for the press forming simulation presented in this article.
This material model was developed for draping and curing analysis of pre-pregged woven carbon
fibers; the model is a mixture of MAT234 & MAT277, where MAT234 provides the reorientation
& locking phenomenon of fibers, while MAT277 provides the viscoelastic behavior of epoxy resin.
The matrix resin along with the fiber orientation during deformation contribute to the overall stress

state.
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Figure 11. LS-Dyna Material Card Definition.

3. RESULTS

The beaded panel and c-frame parts were simulated and performed in sequence one after the other.
The results from the simulation are showed in the following sections.

3.1 Beaded Panel Geometry

The overall manufacturing simulation of the beaded panel is show in Figure 12. In the simulation,
a blank is created and placed between two solid surfaces that represent the tool hard surfaces for
matched metal tooling.
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Figure 12. Beaded panel geometrical details.

Full laminate layup is simulated with multiple layers of shell elements built independently. Each
mesh is aligned with a fiber direction, Figure 13. The Finite Element Model (FEM) included a
mesh of 1.7 million elements and was simulated in 3h and 30 min using a computational system
including 64 cores of 3.47GHz Intel Xeon processors [6] [9].

Figure 13. Multiple layers mesh dependency.



The post-processing result of the external layers is shown in the following Figures 14 and 15. The
shear angle contour of ply 8 (a 45 degree ply) shows distortion lines at an angle deviation of 20.6
deg.
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Figure 14. Shear angle deviation at ply 8 for the beaded panel geometry.

Figure 15 on the 0/90 degree ply 2 shows the global angle deviation is between 16.6 degrees to
18.9 degrees.
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Figure 15. Shear angle fiber deviation at ply 2 for the beaded panel geometry.

In terms of correlation, a quick visual inspection was performed where a good correlation is found
between the simulated and experimental part, as shown in Figure 16. As seen on the pictures, the



largest fiber deviation occurs on the center bead which corresponds to the larger out-of-plane
geometrical feature (note: the center bead is intentionally higher on one end to test drape).

Figure 16. Visual and numerical correlation of fiber deviation between simulated and experimental
results.

3.2 C-frame Geometry

The overall manufacturing set up for the C-channel component is shown in Figure 17. The model
consisted in 33 plies, 34 contacts between plies, and 560,000 deformable elements. The model was
run on 64 cores, 3.47 GHz CPU which yielded a simulation time of 7 hours. Just as in the previous
geometry, the model consisted of two solid (metal) surfaces representing the tool with the 2D flat
blank representation sandwiched between the surfaces at the beginning of the process. The flat
blank is held by 10 springs distributed on the perimeter of the parts, 3 springs on each of the long
sections and 2 springs on the narrow sections.



Figure 17. C-Frame simulation setup.

Figure 18 shows the simulation result after the forming process under specific spring boundary
conditions. As seen in the Figure, the blank deforms to the desired tool shape with areas in the
narrow section showing higher probability of wrinkling in the simulated setup. Estimated
maximum fiber deviation for this geometry is 8 degrees.
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Figure 18. Results of the manufacturing simulation of the C-frame geometry.

For this second geometry, the C-frame part, there are three important learnings and challenges:
1. Large & variable thicknesses are much more difficult to simulate and predict.

2. In the forming of multi-layered composites, out-of-plane wrinkling occurs due to the
combination of intra-ply material deformations and inter-ply slippage.



3. The identification of the flat pattern of local reinforcements for large thickness was a complex
procedure with an interactive trial and error process.

Table 1 shows the representation of different cross-sections of the part in different areas of the
design. In a few sections of that part there are visible defects like wrinkling or compaction issues.
Section (a) of the Table shows the area where high pressure in the internal curvature may generate
potential thickness variations. In sections (b) and (c) show where potential for fiber deviation,
wrinkling, and porosity increase due to the ply distortion as a result of manufacturing. Correlation
between part manufacturing and numerical results were not available and is subject of future work.

Table 1.Representation of different cross-sections of the part and potential for fiber deviation based on
the current manufacturing simulation scenario.

a)
High pressure in internal curvature

Non-uniform thickness

b)
Fiber waviness

Compaction issues / voids

c)
Fiber waviness

Compaction issues / voids




4. CONCLUSIONS

The proposed methodology of material modeling with the application of Ls-Dyna explicit
numerical code is able to simulate the behavior of the fabric material. The simulations performed
accounts for the fiber reorientation based on the material card developed. The fabric prepreg was
characterized using a picture frame distortional test until the fiber locking angle was reached. The
correlation was in good agreement with laboratory experiments.

The study of the beaded panel presented a good visual correlation between predicted fiber
distortion in the forming simulation and the real composite part. This first simulation and
correlation was used to identify the appropriate mesh density and the accuracy of the material card.
Using the methodology developed for the first geometry, a second geometry was simulated and
analyzed for fiber deviation. Both case scenarios show viability of the proposed approach by
establishing the global simulation methodology. A more detailed correlation between numerical
and experimental results is needed; this will be the focus of future work.

Simulation modeling of thermoset material is a great tool with a good visual correlation to actual
parts. More development need to be done on correlation technologies like tomography and other
scan methods. Another important future activity is developing a material card including methods
to address viscosity and temperature dependency, especially for thermosets.

In conclusion, this work presents an efficient tool and methodology for predicting fiber direction,
highlights potential fabric wrinkling, reduces tooling risk, and helps identify factors related to the
press forming process for continuous fiber composite structures.
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