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Abstract
In order to fabricate composite components more rapidly, a micro-braiding technique has been proposed
and investigated. In the present study, a simple model is proposed to predict resin impregnation process
based on Darcy’s law and the continuity equation. Bending modulus was also modeled considering the
difference between tensile and compressive moduli of a carbon fiber and resin impregnation. To confirm
the validity of the models, carbon fiber reinforced polypropylene composites were molded under various
molding conditions. Cross-sectional observation results indicated that, by using the model proposed, it was
possible to predict resin impregnation. Four-point bending tests were also conducted on the composites. It
is confirmed that bending moduli were well predicted based on the proposed model.
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1. Introduction

Fiber reinforced plastics (FRP) are superior in processability, specific strength and
fatigue life so that they have been used in the various fields of engineering, such
as aerospace, automobile, marine, construction, etc. Currently, the matrix material
used for FRP is thermoset plastics. However, thermoset plastics are more brittle
and have lower impact resistance compared with thermoplastics in many cases. In
addition, thermoset plastics require much processing time, because of the poly-
merization involved. On the other hand, a state variation is used in thermoplastics
processing so that much reduced process time is achieved. Moreover, prepregs as
intermediate materials for thermoset FRP, whose resins are B-stage state, should be
stored in a cold dark place and their properties degrade with storage period. Storage
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of intermediate materials of FRP with thermoplastics is easy and semi-permanent,
because polymerization has finished. Thermoplastic FRP is also superior in recy-
clability, because the matrix can be made molten by heating and is separated from
FRP.

Although thermoplastics have many merits as mentioned above, the viscosity of
molten plastics is much larger, which results in lower impregnation in fiber yarns.
In order to improve the impregnation of thermoplastics, many methods have been
developed. Film stacking [1], powder impregnation [2] and commingled yarn [3]
methods are taken as examples. In the film stacking method, matrix polymer films
and reinforcing fabrics are alternately interlaced and then hot pressed. The pow-
der impregnation method consists of fabrication of intermediate materials where
reinforcing fiber yarns are combined with polymer powder. The commingled yarn
method also utilizes intermediate materials where reinforcing and matrix fibers are
evenly mixed as one yarn. These methods can improve the impregnation. However,
there are also some problems. For example, the film stacking method may be ap-
plicable in the case of a polymer of low viscosity. For the powder impregnation
method, it is difficult to handle the constituent materials since the polymer pow-
der can be easily dislodged from the reinforcing filaments. In the commingled yarn
method, the reinforcing fibers are easily damaged during the commingling process
and a homogeneous distribution of reinforcement is expected.

Recently, the micro-braiding technique has been developed to solve these prob-
lems [4, 5]. In this method, matrix fiber yarns are braided around reinforcing fiber
yarns with a traditional braiding technique and a micro-braided yarn as an inter-
mediate material is obtained, as shown in Fig. 1. In a micro-braided yarn, the
reinforcing fiber yarn contact with matrix fiber yarns is evenly distributed and
higher impregnation is expected.

As stated above, the processability of thermoplastic FRP has been improved ex-
perimentally, while an analytical method to predict resin impregnation process is
important to optimize a process condition. Analytical methods based on Darcy’s
law have been developed for the impregnation during vacuum assisted resin trans-
fer molding using thermoset plastics [6]. However, few studies are available for the
prediction of thermoplastics impregnation with a micro-braiding technique.

Figure 1. Micro-braided yarn.
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In the present study, carbon fiber reinforced polypropylene composites were
molded with a micro-braiding technique to investigate impregnation of thermoplas-
tics in reinforcing fiber yarns. Moldings were conducted using micro-braided yarns
under various molding conditions to clarify the relation between resin impregnation
and molding condition, and between resin impregnation and a mechanical property.

2. Analyses

2.1. Impregnation

The prediction of the time necessity for the complete impregnation is important to
determine the optimum molding condition and for the material design. Therefore,
we derive the impregnation time based on Darcy’s law for an incompressible fluid
through a porous medium. Here, a coordinate as shown in Fig. 2 is assumed.

For the phenomenon of an incompressible fluid flow through a porous medium
in z direction, a following equation is obtained according to Darcy’s law,

u = − k

μ
· ∂P

∂z
, (1)

where u is the fluid velocity, μ is the viscosity of the fluid, ∂P
∂z

is the pressure
gradient and k is the permeability. From the equation of continuity,

∇ · u = 0. (2)

Equation (2) is expressed in a cylindrical coordinate system as
∂ux

∂x
+ 1

r

∂

∂r
(rur) + 1

r

∂uθ

∂θ
= 0. (3)

In order to predict the impregnation time, the phenomenon of the uniform impreg-
nation in the R direction in a fiber yarn with a radius of R0 is considered. Assuming
the velocity in the x direction is 0 and considering an axisymmetric condition, equa-
tion (3) is expressed as

1

r

∂

∂r
(rur) = 0. (4)

(a) (b)

Figure 2. Impregnation model. (a) Coordinate; (b) impregnation process.
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From equations (4) and (1),

∂P

∂r
= −μ

k
· C1

r
. (5)

Integrating equation (5) with respect to r ,

P = −μ

k
· C1 ln r + C2 (6)

is obtained, where C1 and C2 are constants.
As the boundary conditions:

1. P = Pm (r = R0) (Pm: molding pressure);

2. P = P0 (r = R) (R: distance from the center of the yarn to flow front of the
resin, P0: pressure atmosphere)

are used to determine C1 and C2. Then, equation (6) is expressed as

P = Pm

ln(R0/R)
ln r − Pm

ln(R0/R)
lnR = Pm

ln(R0/R)
ln

(
r

R

)
. (7)

From equation (1),

ur = − k

μ
· ∂P

∂r
= − k

μ
· ∂

∂r

{
Pm

ln(R0/R)
ln

(
r

R

)}
= − k

μ
· Pm

ln(R0/R)
· 1

r
(8)

is obtained. Assuming the velocity ur = V at the flow front,

V = dR

dτ
= − k

μ
· Pm

ln(R0/R)
· 1

R
(9)

is obtained. Rearranging equation (9) as

R ln

(
R0

R

)
dR = − k

μ
Pm dτ, (10)

where τ is impregnation time. Integrating both members of equation (10) and ap-
plying the boundary condition R = R0 at τ = 0, following equation is obtained

τ = − μ

kPm

{
R2

2
ln

(
R0

R

)
+ R2 − R2

0

4

}
. (11)

Impregnation ratio, I , is defined as the ratio of the impregnation area to cross-
sectional area of the yarn, as

I = πR2
0 − πR2

πR2
0

= 1 −
(

R

R0

)2

. (12)

In the present study, τ is defined as the pressurizing duration from the beginning
of the pressurizing to the beginning of the cooling (pressure is released as 0) and
experimental results of the relation between I and τ are compared with the theo-
retical values. In experiments, I is not 0 at τ = 0 because of the weight of the die
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and the capillary action during cooling. In order to fit the analytical values to the
experimental data, the distance of the flow front, R = R′

0 (R′
0 < R0), is obtained

based on the experimental value at τ = 0. In experiments, let I = I0 at τ = 0, then

I0 = 1 −
(

R′
0

R0

)2

. (13)

From equation (13),

R′
0 = R0

√
1 − I0. (14)

In integrating equation (10), assuming the boundary condition as R = R′
0 at τ = 0,

τ = − μ

kPm

[
R2

2
ln

(
R0

R

)
+ R2 − R2

0(1 − I0){1 − ln(1 − I0)}
4

]
. (15)

Substituting equation (12) into equation (15) and rearranging as

τ = − μR2
0

4kPm
[(1 − I )(1 − ln(1 − I )) − (1 − I0)(1 − ln(1 − I0))]. (16)

Equation (16) denotes the relation between impregnation ratio and time.

2.2. Bending Modulus

In the present study, 4-point bending tests were conducted as mentioned below and
bending moduli were measured as the ratio of nominal bending stress to strain at
the compressive surface. In this section, bending modulus is predicted analytically
considering impregnation. Here, the following are assumed:

1. Carbon fibers in unimpregnated region can sustain the tensile loading, but can-
not sustain the compressive loading.

2. Em � Ef so that Em ≈ 0.

3. From 2, modulus of the composite is vfEf, where vf is the fiber volume fraction.

Generally, compressive and tensile moduli (Efc and Eft, respectively) of a carbon
fiber are different from each other. Thus, the following ratio is defined,

β = Efc/Eft (17)

and α is defined as

α = I · β. (18)

As shown in Fig. 3, the location of neutral plane tn for the specimen with
width, b, and thickness, t0, is expressed as

tn =
∫ tm

0 yb dy + α
∫ t0
tn

yb dy

btn + αb(t0 − tn)
(19)
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Figure 3. Coordinate for a beam in section.

and solving for tn,

tn = −α + √
α

1 − α
t0 =

√
α

1 + √
α

t0. (20)

Bending moment at the center of the specimen under 4-point bending with each
loading distance, l, is

M = F l

2
. (21)

Redefining the origin of y axis at the neutral plane, the bending moment is also
expressed as

M =
∫

σy dA =
∫ t0−tn

−tn

σyb dy. (22)

Assuming a radius of curvature of the composite as ρ, stress σ is

σ = Eε = E
y

ρ
. (23)

From equations (20), (22) and (23),

M =
∫ t0−tn

−tn

E

ρ
y2b dy = vfEf

ρ

∫ 0

−tn

y2b dy + αvfEf

ρ

∫ t0−tn

0
y2b dy

= αbvfEft
3
0

3ρ(1 + √
α)2

, (24)

where compressive strain outermost εc is

εc = t0 − tn

ρ
. (25)

From equations (20), (21), (24) and (25), εc is obtained as

εc = t0

ρ(1 + √
α)

= 3F l(1 + √
α)

2αbvfEft
2
0

. (26)

Since nominal bending stress is calculated as

σ = 3F l

bt2
0

(27)
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bending modulus Eb is expressed as

Eb = σ

εc
= 3F l

bt2
0

· 2αbvfEft
2
0

3F l(1 + √
α)

= 2αvfEf

1 + √
α

. (28)

3. Experimental

3.1. Micro-Braiding Method

Micro-braided yarn (MBY) was fabricated with a medium-class braider (Kokubun
Limited Co.). As shown in Fig. 4, a reinforcing fiber yarn was located at the cen-
ter of the braider and matrix fiber yarns were braided around the reinforcing fiber
yarn. In the present study, one carbon fiber yarn of TR50S-6L (6000 filaments,
400 tex, Mitsubishi Rayon Co.) was used as a reinforcement. As the matrix, 4 yarns
of polypropylene 760T120-20S (760 tex, MRC Pylene Co.) were selected.

3.2. Compression Molding

MBY was hot-pressed into the rectangular specimens. At first, MBY was wound
on the metallic frame 15 times per 10 mm. MBY wound on the frame was placed
on the preheated mold die with a demold treatment and was hot-pressed. Hot press
system used was IMC-1837 (Imoto Co.). In the present study, molding pressure,
temperature and time were defined as the pressure on the molded pieces, the tem-
perature of the heating platens and the duration where pressure and temperature
were kept, respectively. Molding condition conducted in this study is shown in Ta-
ble 1. After keeping the molding pressure and the temperature for a given molding
time, pressure was released and the molding die was cooled by a water flow in the
cooling pipes through the heating platens to less than 50°C. For molding time of
0 min, it is noted that the mold die was pressed to the molding pressure and pres-
sure was released immediately once reaching the molding pressure. Two specimens
with 10 mm width and 200 mm length were obtained in one molding (see Fig. 5).

Figure 4. Braiding machine.
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Table 1.
Molding conditions

Temperature (°C) Pressure (MPa) Holding time (min)

200, 220 8 0–10 (every 1 min)
12 0–5 (every 1 min)

Figure 5. Micro-braided yarn set to a pair of molds.

3.3. Cross-Sectional Observation

In order to measure the impregnation ratio, cross-sectional observations were con-
ducted at the center of the specimens molded at each condition. After the molded
pieces were embedded in epoxy resin and resin was cured, the cross-section was
polished using #180–2000 emery papers and was finished by buffing with alu-
minum slurry. Then, the polished surface was observed using a video microscope
and digital images obtained were converted to bitmap files. Impregnation ratio was
calculated as the ratio of the number of pixels in impregnation region to that of yarn
region, including cross-sectional area of fibers.

3.4. Four-Point Bending Tests

In order to characterize the mechanical properties of the molded pieces, 4-point
bending tests were conducted. The molded piece with 10 mm width was cut to
100 mm length using a diamond saw. A strain gauge (5 mm gauge length) was
glued on the compressive surface in bending. The tests were conducted with a uni-
versal testing machine (AG-IS 50 kN, Shimadzu Co.) under cross-head speed of
1 mm/min. For the tests, a fixture with upper and lower spans of 24 and 72 mm and
a load cell with capacity of 500 N were used. Bending stress was calculated using
equation (27). Strain was also measured from a strain gauge glued to the specimen.
In the present study, since only an initial elastic property was discussed, a test was
performed up to about 0.4% strain. Bending modulus was calculated as the initial
linear slope of the bending stress–strain curve.
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4. Experimental Results and Discussion

4.1. Impregnation

Figures 6 and 7 show the enlargement images of cross-section for the molded pieces
at molding temperature of 8 MPa and molding temperature of 200 and 220°C, re-

(a) (b) (c)

(d) (e) (f)

Figure 6. Cross-sectional photographs of CF/PP composites (200°C, 8 MPa). (a) 1 min. (b) 3 min.
(c) 5 min. (d) 10 min. (e) A in (a) (not impregnated). (f) B in (a) (impregnated).

(a) (b)

(c) (d)

Figure 7. Cross-sectional photographs of CF/PP composites (220°C, 8 MPa). (a) 1 min. (b) 3 min.
(c) 5 min. (d) 10 min.
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Figure 8. Impregnation ratio as a function of holding time (200°C).

Figure 9. Impregnation ratio as a function of holding time (220°C).

spectively. Impregnation ratios measured from them are also shown in Figs 8 and 9,
respectively. Figures 8 and 9 include the analytical predictions made by curve fit-
ting equation (16) to the experimental results with variation in the value of μ/k. Pm
used was the molding pressure. The yarn radius was measured from the micrograph
as R0 = 0.6 mm. In order to fit an equation (16) to the experimental results, the val-
ues of μ/k were selected as 5.7 × 1016 kg/s · m3 for 200°C and 4.0 × 1016 kg/s · m3

for 220°C. As shown in Figs 8 and 9, fair agreements for impregnation between
experiments and analyses were obtained, regardless of molding pressure. Thus, at
the same molding temperature, once the μ/k value is determined for a given pres-
sure, the prediction for arbitrary pressure is available. Some contradictions between
experiments and analyses are due to the assumption of constant fiber volume frac-
tion. The effect of fiber volume fraction variation will be considered in our future
analysis.

μ/k values decreased with molding temperature. This is attributed to the de-
crease in viscosity of polypropylene. From [7], the viscosities of polypropylene are
4260 Pa · s at 200°C and 3100 Pa · s at 220°C. With these values, k values are cal-
culated as 747 × 10−16 m2 for 200°C and 775 × 10−16 m2 for 220°C. Considering
the scatter in the measurements, this result suggests that k is a constant for a yarn
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and is independent of molding condition. In other words, when viscosity is known
as a function of temperature, once k is determined in a preliminary experiment, it
is possible to predict the impregnation behavior at any molding conditions. On the
other hand, analytical prediction overestimates the impregnation for longer molding
time at 220°C. The possible reasons are pyrolysis of resin and/or fiber stuck in the
equipment. In the future work, these effects should be considered in the analysis.

4.2. Mechanical Property

Figures 10 and 11 show the relation between bending modulus of the composite
and molding time at 200 and 220°C, respectively. Bending modulus increased with
increasing molding time and had the same tendency with the impregnation ratio as
shown in Figs 8 and 9. Bending moduli considering impregnation ratio calculated
using an equation (28) are also shown in Figs 10 and 11. In the calculation, impreg-
nation ratios as a function of molding time used were analytical values in Figs 8
and 9. The ratio β used was for a PAN-based medium modulus carbon fiber [8] and
Eft was 240 GPa from a catalog. The vf value used was 43% which corresponded
with a fiber volume fraction in MBY. Theoretical predictions are in good agreement

Figure 10. Bending modulus as a function of holding time (200°C).

Figure 11. Bending modulus as a function of holding time (220°C).
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with experimental results. From the results, once impregnation is determined, it is
possible to predict the bending modulus. Moreover, impregnation ratio is roughly
estimated by conducting a bending test on a specimen cut from a molded article.

5. Conclusion

The relation between resin impregnation and molding condition of continuous car-
bon fiber reinforced polypropylene fabricated using a micro-braiding technique was
investigated. An analytical model for impregnation was derived based on Darcy’s
law. Comparisons between experiments and analyses indicated the effectiveness of
the proposed model and that the permeability is independent from molding tem-
perature, and therefore from the viscosity of the molten plastics. Bending modulus
prediction considering impregnation ratio and the difference in tensile and com-
pressive moduli of carbon fiber was proposed. It is clarified that this model well
predicts the relation between bending modulus and molding time.
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