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In this paper, pre-preg intercrossed GFRP composite is cut in the square and undergone through hot

compression moulding. During this process, flow front of actual sample and simulation results with

finite element method (FEM) is compared. Pre-preg intercrossed GFRP composite is made of

stacking plain weaved pre-preg, and material cannot be slipped by the entanglement between fibers.

Based on the assumption of the significant influence of friction, � � 100 of slip parameter is used in

FEM flow analysis according to the Galerkin method, which is well matched to experimental results.
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Introduction. Glass fiber-reinforced plastic (GFRP) composites are anisotropic

materials that have different flow characteristics in longitudinal and transverse direction of

the fiber. Anisotropy of viscosity and friction between mould and material is considered to

conduct FEM analysis. This methodology can have the benefits of cost reduction from

repeated test, saving material development lead time, prevention of weld line, determination

of moulding condition, analysis on flow characteristics and physical properties. Therefore,

to identify the flow state of materials within mould during hot compression moulding of

GFRP composite, slip between mould and material interface and slip parameter needs to be

confirmed [1–7].

Interface at GFRP composite is an important factor that can influence mechanical

properties of final composite materials. Intrinsic physical/chemical/mechanical properties

of reinforcing fiber and resin are significantly varied, and properties of the interface will

dominate the mechanical performance of composites. For example, if interface strength is

low, the composite material will be determined by low interface strength, and reinforcement

with high strength and high elasticity cannot ensure sufficiently and expected performance

level. If interface strength is too high, resistance for crack propagation becomes low, and

fracture toughness is dropped. Study up to now handles material under moulding process as

pseudo plastic fluid, and there is no slip at the interface between mould and material for

flow analysis. However, as the viscosity of material increases, the slip will occur at the

interface [8–14].

The orientation of reinforcing fiber is random in composite, and it is treated as

isotropic Newtonian fluid for analysis in the two-dimensional plate. These methods have

the limitation for FEA on high anisotropy considering slip at the mould-material surface. In

this study, pre-preg intercrossed GFRP composite is cut out in the square, and pressed via

hot compression flow moulding. Experimental results and FEM analysis on flow front are

compared and reviewed.

1. Governing Equation. To derive flow front of GFRP composite, two-dimensional

hot compression flow moulding in the arbitrary plane as shown in Fig. 1 is considered.

According to the non-compressive condition, continuity equation can be denoted as

follows:
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where u, v, and w is flow rate at x, y, and z direction, respectively. Value of �h is

compression rate, and flow rate component at mould surface, z w h� �� � .2 Therefore, w

can be denoted as follows:

w
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h
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2 (2)

From Eqs. (1) and (2), continuity equation can be derived as below:
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For Eqs. (4) and (5), A is viscosity ratio (� �y x ) in x and y direction.

With considering slip term at mould-material interface into Eqs. (3), (4), and (5) and

substituting boundary condition, the complete solution can be derived. However, this

equation can be used only in the dimensionless form. Therefore, dimensionless parameters

are defined as follows:
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Fig. 1. Coordinate systems using derivation of governing equations.
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where K H is fluid friction coefficient, and the continuity equation (3), equations of

motion (4) and (5) can be denoted as dimensionless constitutive equations:
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From Eqs. (8) and (9), dimensionless constant, �, which governs slip at the mould-material

interface, is determined by flow rate field, and its range is between 0 ~�. If �� 0, simple

expanding flow occurs with the same flow front as the one predicted by the generalized

Hele-Shaw (GHS) model. As � increases, there is no slip at the interface, and initial shape

during moulding can be maintained during the flow. That is, if friction is high (K H ��),

there is no slip (�� 0). If friction is low (K H � 0), slipping happens all the time (���),

and flow front will maintain the initial charging state.

Meanwhile, u v, and u v, has the following relationship from Eq. (6):

u
h
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. (10)

2. Finite Element Formulation. To define flow rate distribution of GFRP composites

in mould, solution from governing equations of (7), (8), and (9) needs to be resolved using

boundary element method or numerical analysis on FEM. In this study, finite element

method is used to derive the solution, and given governing equations are converted to the

weighted residual equation using the Galerkin approach. Using FEM, it is converted to the

separated equations, the coefficient of governing equation, u , v , and p is determined; u,

v is calculated from u v, .

Weighting function, P* , is multiplied by both variants of Eq. (6) in the dimensionless

continuity equation, and can be integrated for the arbitrary area V:

P u v dxdyx y

V

*
, ,( ) .� � �� 1 0

0

(11)

For steady flow of incompressible viscous fluid, interpolation function of flow rate

and pressure needs to avoid duplication into simultaneous equation in total system.

Interpolation function and weighted function should be 2nd order for flow rate and 1st

order equation for pressure. The element was a secondary trigonal one, and the

corresponding interpolation function for flow rate and pressure is the following:

u x y u��� �( , ) , v x y v��� �( , ) , ��1 6~ , (12)

P x y P��� �( , ) , ��1 3~ . (13)
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The weighted function is as follows:

u x y u* *( , ) ,��� � v x y v* *( , ) ,��� � ��1 6~ , (14)

P x y P* *( , ) ,��� � ��1 3~ . (15)

By substituting Eqs. (12)–(15) into continuity equation (11), it is summarized as
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denoted as the following:

H u H v Ix y
� � � � � � �, , ,� � � 0 (17)

u S u S T v H Pxx xy yx x
� �� � �� �� � �� �
* [ ( ) ] ,� � � � 0 (18)

v S T u S v H P
yx xy yy y

� �� �� � �� � �� �
* [( ) ] .� � � � 0 (19)

Separated continuity equation (17) and equations of motion (18) and (19) can be

denoted as matrix like below:
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Equation (20) is derived for each finite element in the flow field and merged to obtain

the finite element equation for the whole system. By substituting boundary condition to the

finite element equation for the system, the corresponding flow rate and pressure can be

derived.

3. Finite Element Calculation Procedure. In this study, slip parameter is applied to

commercial GFRP composite and pre-preg intercrossed GFRP for evaluating the

corresponding flow analysis theory and experimental results. The coordinate system used in

governing equation is shown in Fig. 1. Governing equation with compression ratio shown

in Fig. 1 is denoted as below:
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where p is pressure and � is the viscosity of material (� is assumed to be same as �),

K H is fluid friction coefficient, v is flow rate, and h is the thickness of the material.

Equations (21) and (22) is converted to dimensionless as follows:
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of material, and L is a characteristic length.

To verify the flow model, material acquires a square shape, and each element uses

trigonal 2-dimensional one. Figure 2 shows the mesh for finite element analysis including

initial element and joint. Virtual fiber is aligned in x and y direction with same spacing

(81 for x direction and 81 for y direction). Using finite element method, flow rate,

pressure, and the gradient is derived.

That is, joint for trigonal element and displacement of fiber is determined according to

the previous calculation. On the next step, the coordinate of trigonal element and location

of fiber is confirmed. Analysis target (shape of material) is set to square (80 80 38" " . mm).

The number of joints is 25, and number of the elements (triangles) is 32. Target has a

symmetry to x- and y-axis, and 1/4 will be used for analysis.

To obtain the finite element equation, the Galerkin method is applied. At the given

time, Eqs. (23) and (24) is put together to resolve dimensionless value, vx
* , vy

* , and p.

From vx
* , vy

* flow rate in x and y direction, vx , vy is derived. By multiplying time

segment and vx , vy (if compression speed is 7.5 mm/s, 0.02 s), moving the displacement

of each joint can be determined. From the previous coordinate for joint, the next coordinate

can be derived. Until moulding is finished, above steps are repeated. That is, Eqs. (7), (8),

and (9) is put together at the given time to resolve dimensionless u , v , and p and from u,

v flow rate in x y, direction, u and v [Eq. (10)] is obtained.

Flow chart for FEM methodology is given in Fig. 3. The parameter for slip parameter

( )� is selected, which can influence the flow of material significantly.

Fig. 2. Initial element, node, and mesh of FEM.
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4. Results and Discussion. After cutting out commercially available GFRP composite

into the square, it is put into hot compression flow moulding with the press. The

corresponding flow analysis using FEM is compared with experimental results.

Figure 4 shows the shape of the test specimen (flow front) according to slip parameter

of the interface (�). According to the figure, if �� 0, the material is not slipped at the

interface. For the shape, it tends to flow in the circular form. If slip parameter (�) is getting

bigger, namely infinite, flow front can maintain initial shape.

Fig. 3. Flow chart of program for analysis.

Fig. 4. Change in flow front according to �.
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Figure 5 shows theoretical flow analysis results and experimental one for the previous

GFRP composite with 40 wt.% fiber content ratio. In this case, slip parameter (�� 0.2) is

applied to the square shape. If fiber content ratio is 40 wt.%, 0.44 and 0.68 of compression

ratio (Rcr ) shows the good correspondence between flow analysis and experimental results.

Figure 6 shows theoretical flow analysis results and experimental one for pre-preg

intercrossed GFRP composite with 40 wt.% fiber content ratio. Pre-preg is made of plain

weaving and stacked over. Due to tangling between fibers, the material cannot be slipped.

��100 of slip parameter is applied correspondingly. x:y = 1:1 and x:y = 2:1 of plain

weaving shows the matching results between flow analysis and actual experimental results.

Plain weaved GFRP pre-preg no happen separation of matrix and resin and fiber orientation.

Therefore, matrix and reinforcement is well formed.

Conclusions. GFRP pre-preg is prepared, and it is used to manufacture intercrossed

GFRP composites. Manufactured composites are under hot compression flow moulding, and

the following results are achieved. Pre-preg intercrossed GFRP composite is made of stacking

plain weaved pre-preg, and material cannot be slipped by the entanglement between fibers.

Fig. 5. Experimental and FEM shapes of initial state on GFRP (40 wt.%): (a) compression ratio

Rcr � 0.44; (b) compression ratio Rcr � 0.68.

ba

a b

Fig. 6. Experimental and FEM shapes of initial state on 0/90° fabric GFRP (40 wt.%, Rcr � 0.55):

(a) x:y = 1:1; (b) x:y = 2:1.
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Based on the assumption of the significant influence of friction, ��100 of slip parameter

is used in FEM flow analysis according to the Galerkin method, which is well matched to

experimental results. Therefore, various intercrossing methods, such as twill, silk weaving,

textus, Mock Leno, etc. other than plain weaving, can be applied to prepare GFRP

composite. Structural stability, fiber deformation, and mechanical strength of these materials

should be evaluated and built the database. Using this database, these materials can be widely

used in industry, such as tank or container in chemical industry, ship body of small ship and

yacht, structural member of automobile, pipelines, and aerospace industries, etc.
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