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Abstract

A numerical methodology is proposed to predict void content and evolution during
autoclave processing of thermoset prepregs. Starting with the initial prepreg void content, the
void evolution model implements mechanisms for void compaction under the effect of the
applied pressure, including Ideal Gas law compaction, and squeeze flow for single curvature
geometries. Pressure variability in the prepreg stack due to interactions between applied
autoclave pressure and anisotropic material response are considered and implemented. A
parametric study is conducted to investigate the role of material anisotropy, initial void content,
and applied autoclave pressure on void evolution during consolidation of prepregs on a tool with
single curvatures. The ability of the model to predict pressure gradient through the thickness of

the laminate and its impact on void evolution is discussed.

1. Introduction

One of the traditional methods to fabricate composites is using prepreg layups. Prepregs
contain reinforcing unidirectional fibers or woven fabrics that are preimpregnated with either a
thermoplastic or thermoset resin. If a thermoset matrix is used, the resin is partially cured for
ease of handling and this b-stage prepreg must be heated in an oven or an autoclave for
consolidation and complete cure [1]. Composite parts can be made from such prepregs by
stacking them, heating the assembly, curing and consolidating them under pressure. Autoclave
prepreg processing is one of the composite manufacturing methods typically used for high-end

structural applications especially in the aerospace industry, since it provides excellent
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mechanical characteristics with good reproducibility [2]. Moreover, the material behavior can be
tailored by using unidirectional prepregs that can be stacked in the required orientation sequence,
with the resin system tailored for the specific application by adding additives, such as flame
retardants, or toughening agents, in order to meet specific requirements. Flat laminates or
structures can be reliably made with this process without any anomalies such as wrinkles or other
defects [3].

For complex geometry parts with prepreg stacks, manufacturing defects such as porosity,
possible wrinkling and reinforcement disorientation which introduce gaps and overlaps within
the laminate, will detrimentally affect the final mechanical properties (stiffness, strength) of the
component being constructed especially for parts that have single and/or double curvature [4-9].
Curved cross-sectional laminate parts are very diverse in design including, T-shaped, L-shaped,
J-shaped parts. The L-shaped part is one of the simplest designs of complex structures and is
extensively used in the aircraft industry. Several experimental and numerical papers have been
published regarding the compaction quality of the parts using the autoclave process [10-15]. The
effect of the processing parameters, such as cure cycle, mold design, bagging configuration and
stacking sequence have been investigated to some extent [16, 17]. Several models have been
developed to predict composite resin flow in autoclave processing [18-25]. These studies were
mainly focused on the consolidation of simple shaped laminates. Hubert et al. [19] and Li and
Tucker [24] developed and implemented a finite element-based flow-compaction model for L
shaped composite laminates. Hubert et al. [19] used an incremental, quasi-linear elastic finite
element model to simulate the multiple physical phenomena in autoclave processing. Li and
Tucker [24] developed a hyper-elastic model for fiber reinforcement stress where the mesh
geometry and fiber orientation were updated during the consolidation process. Dong [25]
developed a model for predicting the formation of the resin-rich zone in angled composite
laminates. Dong’s model quantitatively related gap thickness with the radius, fiber volume
fraction, stacking sequence and enclosed angle. Gutowski et al. [22] proposed a 3D flow and a
1D compaction model and characterized the composite as a deformable unidirectional fiber
reinforced structure where the load is balanced by the average resin pressure and the average
effective stress in the fiber network. Dave et al. [21] used a similar approach but their model
considered the flow in different directions to be coupled. However, the effect of compaction

pressure and its interaction with the void content has not been addressed especially for part



geometries with curvature. The evolution of void content during processing and sensitivity to
complex interactions between the locally applied pressure and the non-uniform resin pressure
experienced by the resin within the prepreg plies needs to be investigated.

In the present study, a pressure model is developed to predict through thickness resin
pressure distribution and the consolidation stress components on a ply-by-ply basis for an L-
shaped geometry. Ply-by-ply void content is tracked and void evolution during processing is
modeled considering void compaction due to pressure (Ideal Gas law) and squeeze flow of resin
into voids. Constitutive equations are developed to describe the anisotropic material behavior of
the prepreg as well as the stress-strain relation which accounts for the resin pressure term due to
the squeeze flow and Ideal Gas law compaction. The model is fully coupled with the ABAQUS
solver through an UMAT subroutine. This ABAQUS integrated approach allows one to import
complex geometries, establish process conditions and address local void evolution due to non-

uniform resin pressure at corners or in specific complex geometry zones.

2. Model development and mechanisms

In a typical autoclave process, thermoset prepreg layers are processed at elevated
temperature and pressure. Vacuum is drawn on the part to remove volatiles that can be removed
that way, temperature is raised to reduce resin viscosity and pressure is build up to dissolve more
volatiles and fill the empty pores with resin. Finally, temperature — and sometimes pressure, too -
are elevated even more to cure the resin. Consolidating pressure is applied through a compliant
bag against the tool surface. Additional steps may be involved in the process. For example, thick
layup stacks may be incrementally “debulked” under vacuum several times during the layup to
reduce the content of trapped volatiles. While this does not necessarily change the consolidation
process, the amount of volatiles to be disposed of is significantly reduced that way.

Thus, as the temperature and pressure varies during the process, the material behavior has
to be properly described as a function of temperature and pressure to properly describe
consolidation and the initial porosity and void content should be reasonably described. These
steps go beyond the scope of this work and we will, optimistically, assume that they can be
accomplished to full satisfaction.

At the beginning of the process, the stacked prepregs contain significant voids and
potentially, volatiles such as moisture. Additional porosity may also develop during the process
because (i) the increase in temperature may evaporate the liquid volatiles in the system and (ii)



curing reaction may release by-products in gaseous state, however these effects are not being
considered at this time.

During the consolidation process, the void content within the composite should be
reduced to acceptable (~1 to 2% for aerospace components) range, which is generally
accomplished by subjecting the prepreg assembly to higher applied pressures. The resin pressure
in the system during the consolidation is not the sole force to carry the applied autoclave
pressure. Consolidation requires volumetric and shape change of the prepreg stack and under this
deformation the fibrous bed within the prepreg develops the stress field and carries part of the
applied load. This combined with the resin pressure, according to the Terzaghi equation, is equal
to the total applied consolidation pressure. Consequently, the resin pressure will always be less
than the applied consolidation pressure and an understanding of the mechanisms that determine
resin pressure as a function of incoming material characteristics, geometry, and process
conditions is critical.

The resultant resin pressure can reduce void content by the following mechanisms

e Void size reduction due to volatile gas compression by the higher external resin pressure
than internal void pressure — Ideal Gas law-based compression

e Void size reduction by driving resin flow into voids from neighboring regions

¢ Dissolution of void gas into resin driven by solubility (Henry’s Law)

e Diffusion mechanisms enabling transport of dissolved species to the surface of the
prepreg stack, typically driven by concentration gradients and thus related with the
dissolution
Note that the pressure in voids needs to be lower than the resin pressure for all these

mechanisms to occur. As thermoset prepreg is typically stored under ambient pressure
conditions, the general assumption is that the initial internal void pressure is in equilibrium with
atmospheric pressure prior to autoclave processing.

The unidirectional fibers (e.g. carbon or glass) within each prepreg layer make the
prepreg properties highly anisotropic. The transverse compliance is relatively high for such
prepreg layers with the in-plane stiffness in fiber direction being orders of magnitude larger. The
latter plays an important role in curved regions as the membrane stresses can carry a part of the
transverse compaction pressure from the autoclave, if fibers are oriented along the curve and

may require significant strain in fiber direction or sliding between layers to enable thickness



reduction during compaction. Note that this is specific to concave geometries, where compaction
requires either extension or layer sliding due to increase in radius. On the other hand, convex
geometries undergo decrease in effective radius and consequent compression along the ply
direction. This is the primary cause for wrinkling defects, and is not a focus of this paper.

A resin with significant porosity is not incompressible. The voids (bubbles) within resin
contain certain amount of volatiles at some pressure (volatile pressure) which is related to the
volume and the amount of captured gas. Change of volatile volume (porosity), pressure (volatile
pressure) and mass is linked, say through ideal gas law though other constitutive relation may be
used.

The pressure in the resin is coupled with the volatile pressure in the voids. Increase the
resin pressure, the porosity gets compressed (and mass gets dissolved) and the volume decreases.
Thus, the entire system acts like a progressively stiffening spring which reaches the
incompressibility only when the porosity vanishes. Note that the resin pressure varies with
location and is not identical to volatile pressure even if the surface tension in voids is neglected.
If the voids are large and embedded in the fibrous bed, filling them with resin requires additional
pressure to transfer (“flow”) the resin from locations without voids to those containing voids.
This adds a potentially significant viscous “damper” to the behavior. Relative motion of resin
(“squeeze flow”) through the reinforcement needed to fill the void regions is modeled using
Darcy’s law, and has been shown to require significant pressure and/or time to complete.

The above approach focuses on calculation of the resin pressure around voids which will
be lower than the applied autoclave pressure due to the fiber bed carrying part of the applied
load. Low resin pressure due to poor pressure translation is not desirable but it happens non-
uniformly especially around curved geometries. This can promote the evolution of voids within

the resin due to insufficient resin pressure.

To address the prediction of resin pressure within the layers of a complex geometry part,
three components of the stress field that influence the deformation need to be modeled. First, the
reinforcement stress-deformation relation due to the elastic, elasto-plastic, or viscoelastic
anisotropic stress needs to be included depending on the material type. Second, the average
pressure within the liquid resin has to be related to the volumetric deformation of the resin which
is affected by the void hydrostatic pressure developed during the compaction/consolidation

process and, consequently, the volatile concentration for the dissolution/diffusion process. To



this one should add pressure increase necessary to transfer the resin to where it is needed
(squeeze flow). Lastly, for any curved structure, the reaction between layers will influence the
stress field within the reinforcement as it generates in-plane stresses which, for curved surface,
influences the transverse momentum conservation. Note that practically, the in-plane stiffness in
the fiber direction tends to be very significant and this effect is hardly negligible.

In this work, we address two of the above-mentioned three mechanisms. The first
mechanism of stress deformation is described by anisotropic elasticity. The second mechanism
relates the non-linear elastic component to the compression of voids and has a viscous
component which in accordance with Darcy’s flow redistributes the resin. The former utilizes
ideal gas state equation for the volatiles. The latter brings dependency on the mean spacing of the
voids, resin viscosity and permeability of the reinforcing bed. The third mechanism of sliding
between layers is not considered as a laminate description was used for the cases we
investigated, and shear deformation is employed as the sole mechanism for the relative
displacement of the layers. Sliding or partial sliding — whether Coulombian or viscous — is not
allowed in our model. This is equivalent to mechanical interlocking of plies which would
provide sufficient “static friction.” This is a significant simplification but qualitatively it provides
the in-plane stress field. The scope of this work is to investigate the effect of anisotropy and
voids during the consolidation of curved parts in an autoclave process on final void content in the
composite. Summary of the main mechanisms that been used in the model are presented in Table
1.

Table 1. Summary of the actual mechanism and the mechanism we used in model

Actual autoclave process Proposed model assumption
Prepreg model Viscoelastic anisotropic response from Linearly elastic anisotropic
Reinforcement reinforcement reinforcement behavior
» Resin pressure caused by hydrostatic = ldeal gas law
Prepreg model pressure in voids = 1D Darcy squeeze flow
Resin pressure =  Additional resin pressure caused by resin "™ Terzaghi equation used to combine
redistribution (squeeze flow) pressure and stress in fiber bed
= Viscous Resin Interface (Viscous) and = Shear deformation is the dominant

dry Friction (Plastic)
Interface model  «  Fajlure/Initial Friction Before Relative
Motion Can Occur
= Shear deformation both before the initial

mechanism in compaction process
No sliding is considered due to the
laminate assumption




failure and after

= Dissolution of void gas into resin driven ) ) ) )
= No dissolution of void gas into

Dissolution by solubility (Henry’s Law) ) i .
model resin driven by solubility (Henry’s
o = Diffusion mechanisms enabling transport Law)
Diffusion model of dissolved species to the surface of the = No diffusion is considered
prepreg

2.1. Elastic behavior of fibrous reinforcement

The first mechanism can be described through the anisotropic elasticity for the fibrous
reinforcement in the prepreg. For real materials, this is a rather complex relation. In the scope of
this work we opted for simple but anisotropic linearly elastic material, as the goal is to
understand the effect of the degree of anisotropy on resin pressure and ultimately void content in
complex geometries. The fibrous bed is assumed to behave linearly and exhibits different

material properties (i.e., elastic modulus and Poisson’s ratio) in the transverse and fiber
directions. Therefore, nine material properties (E;,E,, E;,v},,V45,V,3. Gy, G5, G,;) are needed to

define the linear anisotropic elastic material.
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where E; and E, are the modulus in the fiber direction and transverse in-plane direction

respectively, Ez is the modulus normal to the plane of fiber bed, v;,,v,;,v,; are the Poisson’s
ratio and G,,,G;;,G,,are the shear moduli in the fiber and the transverse directions respectively.

The other three Poisson ratios, v,,, V5, andv,, can be calculated as

E
Vo = _2‘/12
E
E
Va1 = Ejvls (3)
E
Vap = =V
E,

2.2. Modeling the average resin pressure field

The resin itself is, for the loads considered herein, incompressible. It can carry unlimited
and indeterminate hydrostatic pressure to be added to the elastic force. However, the volatile
voids within the resin are compressible. Thus, for the second mechanism, volatiles resist
compaction by developing hydrostatic pressure related to their compression. This pressure
translates to resin pressure within the composite prepreg. If resin is available around the voids,
the resin pressure on the void interface can be assumed to be the pressure in the volatiles, the
resin is essentially in a hydrostatic state and does not move relative to the fiber bed. The existing
models tend to add a viscous delay as the fluid shell around the void must deform, but the
characteristic times of such process are so low that there is no need to consider it for the
autoclave consolidation. However, for the resin to fill the voids insulated from the resin rich
areas by the fiber bed, a pressure gradient must develop to squeeze and drive the resin from these
areas to resin starved areas by the local relative motion of the resin through the fiber bed. Thus,
the average resin pressure will need to be larger than the hydrostatic pressure in the voids. The
squeeze flow is induced due to the compaction of the reinforcement layers which creates a higher
pressure and a pressure gradient between the voids which will drive the resin into the voids as
governed by Darcy’s law. This increases the average resin pressure above the “boundary” value
in the voids. The effect of this phenomenon is that the consolidation is a transient process,
despite the pressure in the voids and the stress field in fiber bed being purely elastic.

Note that should the diffusion and dissolution be modeled (not considered in our model),

Henry’s law should still be applied using the resin pressure at the interface with the void, not the



averaged resin pressure. As the squeeze flow related pressure gradient builds fast [26], this issue
should be considered even on length scales as small as 10 fiber diameters (0.1 mm). Generally,
the void spacing is restricted by the ply thickness, so that it likely remains in the sub-millimeter
range. The two mechanisms for the pressure in case of stationary situation and the moving resin

are shown in Figure 1.

a)
MMM PP

-

PVolatile

b)

it "

Volatile

—

Pyolatile

Squeeze Flow to Fill Voids

Figure 1. A schematic showing pressure in the resin for a) the hydrostatic and b) hydrostatic and the
squeeze flow model.

Through the schematic shown in Figure 1, the average resin pressure consists of two

terms as
P= Phydrostatd‘l’ Psqueeze (4)

In order to define the hydrostatic pressure term, we can start with the ideal gas law for the

volatiles pressure, so the resin pressure could be defined as

|5hydrostat = M(LJ@— dv ) (5)

@0+ Epunc \ Tres

where, P, is volatile initial pressure, @, is the initial void fraction, T and T, are the current

ref

temperature and the reference temperature, &, is the bulk strain (usually negative in



consolidation) and d, is the fraction of original volatiles (in mass or molar terms) that is removed
from voids (usually dissolved) during the consolidation process. In non-trivial cases, both the
temperature development and volatile dissolution and diffusion need to be tracked
independently. This will also bring a transient character to an otherwise purely elastic equation,
even if squeeze flow is not considered. The squeeze flow could be added as a second term using

the pressure development term,

— 1 .
P squeeze = —U—(T) D° Epulk (6)
12 K(&pui)

where, 77(T)is the resin viscosity as a function of the temperature (and time), D is the distance

between the voids, &,,,is the bulk strain rate (“squeeze” rate) that can be in practical

implementation defined as strain increment over time increment At and K(g,,,)is the

permeability as a function of the bulk strain which can be measured and fitted, or computed from
a constitutive equation as
-ty

1+ Gk
2

K (&pui) = Ky (7

fo
1+ gbulk)z

Eqgn. (7) is Kozeny-Carman empirical equation in which the fiber volume fraction is
evaluated from bulk strain and the Kozeny-Carman constant is converted to permeability K,
which is the value of the permeability at the initial fiber volume fractionv . Substituting Eqn.

(7) into Egn. (6) and using the definition for hydrostatic and squeeze flow terms for the average

resin pressure, Eqn. (4) could be re-written as

22

- P T Viy'D 142, :

p=—2% | — (1-d,)+ == n(T) (8)
Po + Epuik \ Trer 12K, A+ Epuic _Vfo)

As both the void spacing D and permeability K, depend on orientation and precise
location, these factors (respectively the non-dimensional number D%/Kg) are the “equivalent”
void spacing and permeability. In actual model, the coefficient must be taken as material

parameter to determine to achieve best match between model and reality. More accurate



modeling is possible, but it would require very detailed information on void distribution and size,
not just porosity and spacing or typical size on length scale below the actual consolidation model
size. Also note that the squeeze flow model is purely viscous and given sufficient time this
component will become insignificant. Thus the characteristic time is important, because if the
characteristic value is small, the final state will not be influenced much by this term. On the other
hand, should the characteristic time be too long, the resin will gel increasing the viscosity
exponentially before the steady state is reached. This may be important in practical situation if
one wishes to use the simpler steady state prediction to estimate the consolidation levels.

3. Constitutive model

The linear anisotropic constitutive model, Eqn. (1) is combined with the average resin
pressure in Egn. (8) and used to define the stress-strain relation. In the proposed model, stress is
related to strain and also the strain rate through the addition of the pressure term to the

constitutive equation as

Oi = Cijmn'gmn _5ij P 9)

where C.

iimn 1S @ forth order tensor defined by Eqn. (1) for an anisotropic material and g is the
tensor index notation of Kronecker delta. Substituting Egn. (8) into Eqn. (9), stress term can be

written as follow

242
V D L]
i = Cijmn-Emn — 0 oy ! (l_dv)_é‘ij " 77(T)—1+8kk 3 € (10)
Po + & | Trer 12K, A+&4 —Vy,)

Note that while D¥K is “effective” value representing material and process parameter,
the characteristic value obtain by averaged spacings/principal permeabilities should provide a
decent estimate for this value.

In the finite element model, the UMAT (User-defined Material model in ABAQUS) is
developed to calculate the anisotropic modulus and the Jacobian matrix (incremental stiffness
tensor) corresponding to the stress state at each iteration. The UMAT allows the user to
implement a specific constitutive model other than the default model used by ABAQUS. The
ABAQUS standard solver uses the iterative method with the corresponding UMAT to solve the
constitutive equations. The iterations continue on the basis of the previous solutions, until a

reasonable convergence is reached. The Jacobian matrix (C) is defined as



C- OAo
OAe

where C is the Jacobian matrix (incremental stiffness matrix); dAc is the increment in stress;

(11)

and OA¢ is the increment in strain. Regarding the new definition for stress term presented by

Eqn. (10), stress increment as a function of strain increment is defined as

doy = Cijmn A&, +%[T-rj(1—dv)5ijdgkk
ref

(¢O +gkk)2 (12)
22 22
v; ‘D Vi +2(1+8,) | - v, "D l+¢
+—2 0—4 E Odey — ° n(T) kk 7 0;deq
12K, (L+ &g —Vy,) 12K, 7 gy v, ) At

The flowchart of the UMAT developed based on constitutive model is shown in Figure 2.
Within the UMAT, initial volatile pressure and void distribution, viscosity and material
parameters are provided as input and the Jacobian matrix (incremental stiffness matrix) is
calculated, then the total stress state is updated using the stress derivative defined by Eqn. (12)
and the pressure field which is stored as the state variable in the UMAT. After that, the stress
state is returned to the ABAQUS solver for pressure and void evolution. Finally, voids content is
updated based on updated strain and pressure data with Ideal gas law and stored as a state
variable obtained as follow

@ = (9o + Epunrc) (13)

note that, €, IS the negative term which demonstrates the change in thickness due to the

laminate compaction during the process.
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3D pressure solver
3D void Distribution
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Figure 2. Flowchart of the UMAT integrated with ABAQUS solver

4. Pressure development case study for a flat plate under the normal applied pressure

Before implementing the formulated pressure model for consolidation of prepregs on a L-
shaped tool, the one dimensional through the thickness model is verified for consolidation of
prepregs on a flat plate tool subjected to normal applied pressure. Based on the geometry
provided in Figure 3, the applied pressure would be carried through the thickness by the fiber
bed reinforcement and the hydrostatic and squeeze flow pressure terms developed in the resin
and the voids during the consolidation process (see Section 2). As a result, through thickness,

one dimensional pressure balance equation could be defined as

Phydw squecze

Figure 3. Pressure balance schematic through the thickness



Papp: E.E+ I:’hydrostatic + Psqueeze (14)

Using Egns. (5-7), Eqn. (14) could be re-written in a form of a non-linear, ordinary
differential equation while applied pressure and the strain term are defined as a function of time.
For simplicity, as we are using this case only to verify the working of UMAT formulation and
Abaqus, we assumed constant temperature condition and no solubility for the voids during the
process. Also, modulus of elasticity was defined only through the thickness (E3) while in-plane
elastic modulus (E; and E;) and Poisson ratios were assumed to be inconsequential

_ Po ®o nD?vg? 1+E(t)
Papp(t) = E5.€(1) + Po+E(t)  12Ko  (1+E(D)-vy)’

(15)

Eqgn. (15) can be solved using several numerical techniques using discretization of the
strain rate over time. We used first order Euler and fourth order Runge Kutta discretization
methods for this study as an example. The solutions were compared with the ABAQUS-UMAT
simulation for the flat plate geometry in which identical initial and boundary conditions were
applied as E3=0.1 GPa, Py=100 KPa, Papp=1 MPa, ¢, = 0.05, D=0.5 mm, Ko=1E-15 and v;=0.6.
The comparison between the two methods for flat, 1D simulation and the results attained by the
UMAT implemented in ABAQUS solver are shown in Figure 4. The good agreement verifies the
accuracy of the implementation of the proposed model in ABAQUS. The negative results for
strain obtained from the numerical approach at the very beginning of the process (t<5000 sec) is
because the applied pressure was still lower than the assigned initial hydrostatic pressure in the

volatiles which led to the expansion rather than the compaction.
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Figure 4. Predicted Strains from the Consolidation Model with Squeeze flow implemented through the
thickness and its comparison with the same model implemented in ABAQUS for a flat plate with 5mm
thickness.

5. Pressure development model parameters for composite prepregs on curved tool surface

The prepreg layers consisting of viscous resin and fiber reinforcement, are processed at
elevated temperature and pressure against the tool surface in a typical autoclave process. During
this step, the prepreg layers tend to behave like solid structures and the porosity within the
composite will depend on the pressure developed within the resin during the consolidation
process as the resin solidifies. The schematic of the L-shaped example modeled with finite
element simulation in ABAQUS is shown in Figure 5. The geometry is essentially extruded 2D,

but the applied solution is fully three-dimensional.



|
225 mm |

Fiber direction

Figure 5. Schematic showing L shaped geometry and applied pressure for an L-shaped part

Based on the flowchart shown in Figure 2, part geometry, material properties and
autoclave process are defined in ABAQUS CAE. Two examples containing an assembly of 15
and 28 unidirectional plies are presented. The composite prepreg is modeled as a linear

transversely isotropic orthotropic material. Anisotropy ratio with elastic modulus for the fiber

direction compared to the transverse direction (.EL =1000 and 10000) is used in the simulation so

2

that one can address the stacking of unidirectional prepregs. The temperature is assumed to be
constant throughout the process and volatile dissolution/diffusion is neglected. Hexahedral,
linear standard elements were selected to model the L-shaped geometry. The physical properties

and dimensions for the laminates are shown in Table 2.

Table 2. Laminates dimensions and physical properties

L-shaped | Number of | Thickness | Horizontal Vertical Resin viscosity

laminates plies (mm) length (mm) | length (mm) (Poise)
Case 1 15 2.67 175 225 1000
Case 2 28 5 175 225 1000

We will track the variation of pressure with respect to the coordinate system through the

thickness from the top surface to the bottom surface for the L-shaped laminate. Thus the

coordinate value in the thickness direction is 0 at the top of the top layer and 2.67 mm for the 15



plies and 5 mm for 28 plies laminate at the bottom of the bottom layer in contact with the tool

surface.

For the autoclave process, the applied pressure increases linearly with time and reaches 1
MPa at the end of the simulation. The boundary conditions are zero displacement in all direction
at the interface of the bottom ply and the tool surface (Thickness=2.67 mm for 15 plies and 5 mm
for 28 plies laminate). The initial volatile pressure is assumed to be the same as the atmospheric
pressure of 100 KPa. Also, initial volatile fraction is varied from 5% to 20% for the parametric
study, anisotropy ratio is assumed to be 1000 and 10000 for fiber direction vs in-plane transverse
direction and the curvature effect, ri/h is varied from 3 to 5, where r; is the radius of the top ply
curvature and h is the thickness of the laminate. All the results are obtained at time equals to
30000 sec as the time period used for model simulation which is in line with 8 to 9 hours of

autoclave cycle time.

6. Results and discussion
6.1. Resin Pressure Dynamics

During the prepreg consolidation process, two mechanisms are dominant in resisting the
applied autoclave pressure during the compaction process: (1) the linear elastic, anisotropic fiber
reinforcement and (ii) the resin pressure as a result of the squeeze flow during the process which
translates the applied pressure through the plies. However, the reinforcement is very compliant in
the transverse direction and stiff in the fiber direction, changing the behavior depending on the
surface curvature. Thus, in an L-shaped composite prepreg laminate, two regions must be

considered as shown in Figure 6.

2. Presin ——f-——

Figure 6. Schematic of how pressure translates between plies in flat and curved regions



In flat parts (zone 1) the transverse stiffness and the resin pressure has to carry all the
transverse load as any reinforcement contribution is orthogonal to the normal direction. Once the
surface is curved (zone 2), the in-plane tension in the reinforcement (membrane behavior) carries
the applied load as well and the other components decrease in accordance with the Terzaghi
equation. If the ply-to-ply sliding is prevented, the in-plane tension is “permanent” and depends
on the shearing behavior (modulus) of the laminate. If the plies can slide, its character may
change to transient dependent on sliding mechanism (viscous, friction, combination...), though
for dry friction elastic force corresponding to the frictional resistance will remain. We assumed
no sliding in this example. The viscous forces make the situation transient and development must

be described as a time dependent function.

The resin pressure contours and normalized resin pressure change with respect to the
applied autoclave pressure at the curvature through the thickness are shown in Figure 7a and
Figure 8a at time equals to 30000 sec for 5% initial void content in the L-shaped composite
laminate with 28 and 15 plies respectively. The final applied pressure is set to 1 MPa at the end
of the simulation and the distance between voids, D is set to 500 micrometer.
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Figure 7. 28 plies laminate with 5% initial void content a) normalized resin pressure distribution with
respect to the applied pressure through the laminate thickness at corner b) resin pressure (absolute
value) contour for the entire laminate, P,,,=1MPa, D=500 um at the end of the simulation, t=30000 sec
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Figure 8. 15 plies laminate with 5% initial void content a) normalized resin pressure distribution with
respect to the applied pressure through the laminate thickness at corner b) resin pressure contour for the
entire laminate, , P,,,=1MPa, D=500 pm at the end of the simulation, t=30000 sec

The contour plots in Figures 7b and 8b clearly show the pressure is constant in the
thickness direction in the flat section. This pressure is, however, still significantly lower than the
applied pressure because the fibrous bed carries part of the load. For the curved regions, the
pressure further decreases through the thickness for both laminate thicknesses as the in-plane
stress carries additional load there. The reduction in volatile pressure is the main reason for void
evolution in the curved region. Two different case studies with different number of plies were
used to investigate the effect of thickness on resin pressure drop in the curvature region. It can
be observed from the graphs and contours, the resin pressure was higher for the 15 plies laminate
compared to the 28 plies laminate at flat and curved regions with respect to the same applied

autoclave pressure of 1 MPa.

6.2. Parametric study
In order to illustrate the fiber bed resistance and the hydrostatic pressure vs squeeze flow
effects during the compaction process, a parametric study has been performed based on three

different initial void fractions and two anisotropy ratios for a layup of 15 and 28 plies. Three



volatile fractions (¢,) of 5, 10 and 20% are considered in the pressure model (Egns. 8-10) and
for the anisotropy ratio, the extreme cases with large difference between the elasticity in fiber

direction versus the transverse direction are used (EL=1000 and 10000), as the transverse
E2

modulus was kept unchanged where the fiber direction modulus was increased accordingly in
order to reach the 1000 and 10000 times anisotropy ratio for the simulations. For all parametric
studies, final applied pressure was 1 MPa, D, the distance between the voids, was maintained at
500 micrometer and the time period for the simulation was 30000 sec. The results for pressure
development based on hydrostatic and squeeze flow through the thickness for cases with various
void percentage and anisotropy ratio for 28 and 15 plies are shown in Figure 9a and 9b

respectively.
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Figure 9. Resin pressure parametric study for different void percentages and anisotropy ratios at corner
for (a) 28 plies and (b) 15 plies, final P,,,=1MPa, D=500 pm and t=30000 sec

As can be observed from the results, highest resin pressure drop across the thickness
occurs at lower void content as the 5% void fraction shows highest pressure decrease. Overall,
however, the pressure is lower for high porosity as the elastic reinforcement will carry more
compaction load than the resin which for higher porosity is more compliant. The effect of the
anisotropy ratio is also prominent with lower initial void content percentages becoming less
sensitive when the initial void content is higher. In a realistic prepreg laminate, initial porosity is
closer to 5% than 20% where the effects of through-thickness pressure drop are much more
significant which will promote resin pressure drop in corner regions closer to the tool surface.
This effect is more prominently shown in Figure 11 where by reducing the initial void content
from 5% to 3 % the void pressure increases up to 75% of the applied load and drops much more
quickly. As a result, the pressure model is able to show that for curved regions there is a
substantial pressure drop along the thickness and this drop is a strong function of initial void
content, anisotropy ratio and the laminate thickness. The void formation and growth around such

corners will show larger voids closer to the tool surface than the top surface as seen in Figure 10.



The updated void content was calculated using Eqn. (13) where the bulk strain was obtained
from the constitutive model in UMAT implemented in ABAQUS.
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Figure 10. Updated void content distribution contours for 28 plies laminate, initial void=5%,
Papp=1MPa, D=500 pm and t=30000 sec
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Figure 11. Pressure reduction through the thickness at corner for 28 plies laminate with 3 and 5 % void
fraction, for final P.,,=1MPa, D=500 pum and t=30000 sec



6.3. Applied pressure and geometry effects

The autoclave applied pressure is usually assumed as the value that determines the
consolidation. In reality, there are only two extreme cases in which the autoclave applied
pressure, after the squeeze flow transient behavior subsides, will equal the pressure within the
voids.

First extreme is if the applied pressure is equal to the initial pressure in the voids. In that
case, resin pressure will carry all the applied load and the reinforcement will be stress-free and
will not deform. This is, obviously, not very useful as no consolidation will take place.

Second extreme is when the applied pressure is very large, the material stiffness of
reinforcement becomes negligible and the voids are compressed as the resin roughly carries the
entire applied pressure. In this case the voids control the deformation magnitude and the
corresponding fiber bed deformation. In that case, the elastic stress in fiber bed is equal to the
elastic modulus times the porosity (~bulk strain which is through the thickness). In between
these two extremes, however, the steady state pressure in volatiles builds up only to a fraction of
the applied pressure as the elastic stress in fiber bed carries part of the compaction load. This
depends on two factors:

e The original pressure in the voids.

e The elastic transverse stiffness of the reinforcement.

These behaviors are shown for the case when we assume no squeeze flow for 28 plies
laminate in a range of low applied pressure (Pap,=200 KPa) to extremely large applied pressure
(Papp=3000KPa) in Figure 12. This clearly shows that the volatile pressure close to the tool
surface is just a limited fraction (30-40%) of the applied pressure for the expected consolidation

load cases.
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Figure 12. Non-dimensional study exhibiting void pressure variation through the thickness in the corner
as the applied pressure is increased to compress the voids for 28 plies laminate with 5% initial void
content with no squeeze flow effects, P,,,=1MPa, D=0 pm and t=30000 sec.

Figure 13 shows this behavior for volatile pressure with respect to the initial void
pressure and the applied pressure for the case when we consider squeeze flow effects. In this
case the steady state is not reached in 30,000 seconds which leads to additional reduction of
pressure within voids. The additional load is carried by the pressure buildup as the resin is
squeezed out of the fiber bed. The fraction of applied pressure carried in steady state by the resin
decreases until the applied pressure is equal to 10 times the original void pressure, then starts to
increase again. Initially the resin pressure is decreasing because the pressure in the voids
essentially represents a stiffening non-linear spring, the initial load taken by the voids is much
smaller and most of the load is taken by the fibers but as the load increases, voids get more
compressed and carry more load relative to the fiber bed (as load carried by fiber bed is limited).
The squeeze flow that must fill the voids builds additional resin pressure, effectively reducing
the void pressure and stress in fiber bed. If omitted, the relative void pressure in Figure 13 would
asymptotically go to 1 for large compression loads. These results were compatible with the

assumption of the laminate and the compaction mechanism without sliding, as the layers are



compacted through the thickness. As the plies are extended in fiber direction due to the
compaction through thickness, they stretch and build the in-plane stress field which is arrested
only in the flat parts by shear stress related to the “sliding” mechanism provided by the laminate
shear deformation. Since the ply modulus in the fiber direction is so much higher than the
transverse shear modulus, strain in the fiber direction is actually very limited (calculated in a
range of 0.1%).
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Figure 13. Non-dimensional study exhibiting void pressure variation through the thickness in the corner
as the applied pressure is increased to compress the voids for 28 plies and 15 plies laminate with 5%
initial void content, P,,,=1MPa, D=500 pum and t=30000 sec.

The effect of the curvature on the void pressure is shown in Figure 14 for the thicker
laminate of 28 plies. Two curvatures’ radius over thickness are considered in order to study the
effects of sharp curvature on volatile pressure development. As expected, for the 3% and 5%
initial void contents, higher pressure drop is experienced for sharper curvatures while the
geometry effect is not important for the laminate containing prepregs with initial higher void

content of 10%.
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Figure 14. Sharp curvature (ri/n=3) and lower initial void content (3-5%) results in higher pressure
drops which will promote more void evolution and movement in the thickness direction at corner, final
Papp=1MPa, D=500 pum and t=30000 sec.

6.4. Stress and strain terms through the thickness

The contours for the stress and strain terms through the thickness for the laminate with 28
plies and 5% void fraction are shown in Figure 15. Based on the result presented for the stress,
uniform stress in the normal direction is obtained for the flat surfaces which equals the applied
autoclave pressure of 1 MPa. This stress decreases in the region with curvature since the
developed pressure is no longer equal to the applied pressure. This is confirmed by the strain
results which is around 3.82% as seen in all top surface and the flat areas while the strain
decreases to 2.63% in the curvature area which may also give rise to non-uniform thickness
around the curve. The results presented in Figure 16 for the 15 plies laminate with the initial void
content of 5% show the same pattern for stress and strain contours as what was experienced by

the 28 plies laminate.
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Figure 15. a) Stress, S33 and b) Linear strain results through the thickness for laminate with 5% void
content and 28 plies, P,,,=1MPa, D=500 p and t=30000 sec.
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Figure 16. a) Stress, S33 and b) Linear strain results through the thickness for laminate with 5% void
content and 15 plies, P,,,=1MPa, D=500 pm and t=30000 sec.

6.5. Effective mechanisms comparison

As we discussed in section 2 regarding the effects of all dominant mechanisms on volatile
pressure development, presented in Figure 17 is each term’s effect in qualitative format for the
28 plies laminate under 1 MPa applied pressure at 30000 sec for the consolidation process. Based
on the results shown, compression stress in the fibrous reinforcement is the most significant term
in transferring the applied pressure. For real materials, this value may vary significantly
depending on the initial fiber volume fraction and reinforcement architecture. The squeeze flow
effect is the least significant term at this time and should drop to zero if the load remains constant

and the time is long enough. Note that during the pressure development at earlier times this is not



necessarily true, in case shorter cycles are explored. The summation of all terms at the top ply
(thickness=0) is practically equal to 1 MPa or the applied autoclave pressure while the effect of
each term shrinks when we reach the bottom ply close to the tool surface. The membrane in-

plane stress is responsible for this reduction as it reacts more and more of the applied load.
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Figure 17. How the various pressure terms vary across the thickness for 28 plies laminate with 5% initial
void content, P,,,=1MPa, D=500 pm and t=30000 sec.

7. Summary and Conclusion

In this study, a new constitutive model has been developed as a UMAT subroutine for the
finite element package ABAQUS/Standard to study the resin pressure dynamics during the
consolidation process for prepregs with varying initial void content. Most significant
simplification is that of the constant temperature. The fiber bed model is defined based on the
linear anisotropic behavior of the composite laminate. The volatile “hydrostatic” pressure is
based on ideal gas law and the resin pressure due to squeeze flow is described by substituting
“effective” void spacing and fiber bed permeability into one-dimensional model. The initial void
content is assumed to be uniform. The permeability variation is based on Karman-Kozeny

equation. A parametric study is conducted in which the role of the anisotropic fiber behavior in



addition to the initial void hydrostatic pressure and the induced resin squeeze flow due to
compaction are considered during the consolidation process in the autoclave. The resin pressure
during the consolidation process has been predicted through the thickness for an L-shaped

laminate.

The results show that the applied pressure is never reached in the resin as the elastic
resistance of fiber bed carries some load. More importantly, there is an additional — and very
significant - reduction in the resin pressure at the curvature region near the corner of the L shape
whereas the rest of the flat area exhibits a uniform pressure distribution. The reduction in resin
pressure through the thickness will promote the void growth as the resin pressure drops from the
top surface to the tool surface non-uniformly. The pressure results were confirmed by the stress
and strain terms for thin and thick laminates. A non-uniform pressure state in the corner extends
to the elastic stress and strains and this indicates that the laminate may undergo thickness change
in the curved region. Lower initial void content, thicker laminates, higher anisotropy and sharper
curvatures seems to show the highest pressure drop in the resin and hence higher probability of
void movement and growth in addition to non-uniform thickness in the curved region. The
parametric study demonstrates the ability of the model in simulating various case studies to

model the void evolution during the consolidation process.
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