Polymer(Korea), Vol. 43, No. 3, pp. 465-474 (2019)
https://doi.org/10.7317/pk.2019.43.3.465

X-4 O[a=2-CTE

o8¢t E2|==2H3 &

EHAIS B A
MAJAL - ol &gl - ZMo]

Folsn) 2 T4 AFARIE 24

C ==

T H O,

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

o
Ch

H|o|E{e} H|m

SE2|

HES| & #%* . Q| 7| &%+ 1

I
S AREATA PM TR

TSI TRAF, +g | A D ATY, LA

2=

2019 29 229 <,

20199 39 199 3, 201993 3¥ 19¢ A=)

Modulus Modeling of PP/GF Composites by X-ray Micro-CT and
Comparison with Experimental Data

Sung Sik Seo, Seok Min Lee*, Se Mi Kim**, Hee Jung Park***, and Kee Yoon Lee**'

Analysis Support, R&D Center, Lotte Chemical Corp., 115 Gajeongbuk-ro, Yuseong-gu, Daejeon 34110, Korea
*PM Development team, R&D Center, Lotte Chemical Corp., 115 Gajeongbuk-ro, Yuseong-gu, Daejeon 34110, Korea
**Dept. of Polymer Science and Engineering, Chungnam National Univ., 99 Daehak-ro, Yuseong-gu, Daejeon 34134, Korea
***Western Seoul Center, Korea Basic Science Institute, 150 Bugahyeon-ro, Seodaemun-gu, Seoul 03759, Korea
(Received February 22, 2019; Revised March 19, 2019; Accepted March 19, 2019)

Ql XA mlo]AR-CTE AME-sle] ET|22H3(PP) A ZE A&
£S5 dAFsign. ZEzegd B NAd B e
(FLD), EH|(AR) 22|32 A+ widF FE(FOD)ol F3S W=t A EE9 729 AE Wk
AEE UFY HARES TRk 2457] 98] X-A rlo]32-CTRZ 221, 3344 ouxES 4
AREC] 25 352 FAse A 559 Wak ug 71804 U= AS I 32k o]n]A]|
f+E°ll W3 FLD, FOD H°JEE A Zslstidt. 433kt FLD, AR Z12]3 FOD H|o[ElE Hkddh <13}
o] o]2F A4t k2 dwEkez sPggl o83 ALt R AR #F fARIRE AS ERIEY. wEkA
71&o1d 22 g Agste] A eAgAIFE o] AR gho] Agx|ef 2 Biske & 4 AT

L R A BRI

98 AT Wl fel AHHGE)

=]
W
b
TXES

oft
ro

=

ox M
|

¢

AC)

Y oox e

Abstract: We investigated internal distributions of glass fibers (GFs) in injection molded dumbbell specimens of poly-
propylene (PP) composites by using the nondestructive analysis method. The mechanical properties of PP composites
were mainly influenced by the fiber length distribution (FLD), aspect ratio (AR), and fiber orientation distribution (FOD),
etc. The 2-D and 3-D images were generated by X-ray micro-CT to clearly analyze the fibers inside the injection mold
formed according to the injection mold geometry and injection direction. We could confirm that the fibers were oriented
toward the resin flow direction forming a fountain-like flow. The 3D images of the fibers were analyzed to obtain quan-
titative FLD and FOD data. The theoretical tensile modulus reflected by quantitative FLD, AR and FOD data turned out
to be closer to experimental values than the theoretical tensile modulus values obtained only under unidirection. Therefore,
the modulus values recalculated by adding tilt angles gave satisfactory result in accordance with the experimental data.

Keywords: polypropylene/glass fiber composite, X-ray micro-CT, fiber length distribution, fiber orientation distribution,

aspect ratio.

Introduction

Composites are designed and constructed to have the advan-
tage of high strength and stiffness to lighten the product. In
order to design efficient composite products, it is very import-
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ant to predict the final properties from the physical properties
of the polymer and filler, the amount of filler and its geometric
shape. Therefore, theoretical studies have been conducted for
decades based on experimental results."” Eshelby has shown a
mathematical approach using both the Mori-Tanaka’s average
theory and Eshelby’s transformation tensor to interpret the
properties of the composites.'”

Halpin and Tsai provided useful results by simple formula
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for the properties of fiber-type fillers bonded to polymer
matrix.*” The physical properties of the composites are largely
influenced by the shape (aspect ratio) and content of the filler,
the orientation, and the adhesion properties of the matrix and
filler. Tandon and Weng analyzed the mechanical properties of
the composite in 2-D, assuming that the fiber is oriented in uni-
direction by applying the geometric analysis and theory of
elasticity.*” Lee et al. studied the mechanical properties of ther-
moplastic nanocomposites obtained by kneading MMT and
nylon using a twin-screw extruder.® In particular, the filler was
expressed in the form of a 3-D ellipsoid with two aspect ratios,
and the 3-D model was proposed to predict the modulus of the
composite using the average theory and the Eshelby’s trans-
formation tensor.”

These theoretical studies did not consider the effect of the
fiber length distribution (FLD) and the fiber orientation dis-
tribution (FOD) on the properties of the fiber due to the break-
age of the fiber and resin flow during the fabrication process."”
As a matter of fact, fiber breakage occurs during the injection
process and affects the properties. The breakage is caused by
the fiber-polymer interaction, the fiber-fiber interaction, and
the contact of the fiber with the surface of the processing
equipment.''* The various fiber breakages that occur during
the processing of thermoplastic composites represent the FLD
of the internal fibers of the composite and affect the mechan-
ical properties such as strength and stiffness.'*'® In order to
identify the FLD, composites must be burned or fiber residues
should be analyzed by dissolving the matrix using a suitable
solvent."*"*172° However, these destructive methods could pro-
vide information only on the fiber length without other infor-
mation such as the tilt angle. Therefore, many researchers have
assumed that the fibers are oriented in unidirection within the
injected composite. Also, information on the tilt angle of the
fiber, an important factor in determining the mechanical prop-
erties of the composite, was obtained mainly from images
obtained using SEM or microscope.'*'**' However, in this
information, only 2-D orientation information could be
extracted without any 3-D orientation information.

Various methods have been tried, in terms of the 3-D ori-
entation, to confirm the effect of FLD and FOD on the phys-
ical properties of the composites. Fu ef al. had employed the
modified rule of mixtures in order to calculate the tensile
strength of the short fiber reinforced polymer'®*>* and studied
the elastic modulus depending on FLD and FOD with the use
of probability density function and laminate analogy
approach.”**® Shen confirmed the 3-D shape of the glass fiber
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(GF) in the short fiber-polymer composite foam using X-ray
micro-CT and represented it in connection with the Weibull
distribution by measuring both length and angle of the GF."
Alemdar represented the fiber size distribution of natural fibers
as a function of probability density after injection molding of
polypropylene (PP) composites with natural fiber using X-ray
micro-CT.”’ Besides, many researchers have used a statistical
method that expressed the FLD and FOD of fibers as a prob-
ability density function such as the Weibull distribution.

In the previous research, the theoretical study has been
carried out assuming that the fiber orientation of the dumbbell
specimen span formed by injection molding was uniaxial. In
recent years, studies have been conducted to predict the FLD
and FOD as a probability density function considering the fiber
angle with an X-ray micro-CT device.”” In this work, we
were able to obtain information about the tilt angle shape of
the fiber in a 3-D way inside the tensile specimen by using
non-destructive X-ray micro-CT, confirmed whether orienta-
tion of the fiber was uniaxial or not, and measured FLD and
FOD of GFs. Finally, the modulus of PP/GF composites using
FLD and FOD of GFs measured and the modulus of com-
posites calculated by Tandon and Weng’s theory were com-
pared and analyzed.

Theory

Micro-mechanics of PP Composites. According to Tan-
don and Weng, when a uniform strain occurs under ideal con-
ditions due to the uniform stress acting on the surface of the
composite, it is expressed as follows,® where & is the mean vol-
ume stress, ¢ is the mean volume strain, and C is the elastic
modulus tensor of the composite. Also m and f represent the
matrix and filler respectively and the elastic modulus of the
matrix is denoted by C™, and the modulus of the filler with the
same orientation is expressed by C, since the properties of the
matrix are influenced by matrix and filler, respectively.

5=Cz ()
o= Q)
o=c'é 3)

Since the filler is present in the composite, the perturbed
strain (Ef) must be considered, and the strain corresponding to
the strain deformation of the filler can be expressed as &,
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which follows Eshelby’s equivalent theory.' The overall strain
relationship between the filler and the matrix can be expressed
as Eshelby’s transformation strain, &'

— em o f ~m  f “m of
0'+0'm+0'=C(£m+£m+£)=Cm(5m+5m+g—£t) 4

Here o and & are perturbed stresses and strains, respec-
tively. The average perturbed stress of the matrix and filler is
extinguished on average, so the following equation can be
obtained, where ¢ is the volume fraction of the filler.

405 =0 (5)

The deformation value, e{d , representing the average change
of the filler, is expressed as follows.

~f m ~f
Ojj = Cijkl(f'kl—gfd) (6)

Here 5'ifj is the perturbed strain of the filler due to the aver-
age strain given to the matrix. By considering the Eshelby ten-
sor, Siu, and Hill’s? proposal, the transformation strain, ng,
caused by the deformation stress, 2{], of the disturbed filler
can be expressed as follows.

~f t
&j = Sijriéu (7

The equivalent transformation strain tensor (Sj) proposed
by Eshelby can be expressed as in eq. (8).

f m m m
(Cija—Cij) & (1 P)Smnonn T Pl Cijkl‘gil =0 (®

Here, the quadratic elastic tensors of the matrix and filler are
expressed as Cglkl and Cifjkl. The longitudinal Young’s mod-
ulus is obtained by the value of &.

m
En_en_ !

IR 9
By 7, 1FglA, 2vgA,)/A ©)

Likewise to the case of the longitudinal Young’s modulus,
the transverse Young’s modulus is as follows.

m
Ey _&n_ 1

T = 1
Ey &y 1+0[-2veds+(1-vo)Ad,+(1+vy)A54]1/24 (10)

Here, A4, A, A>, A5, Ay, and As are as shown in the doc-
umented literature.®

Transformation of Reference Axes from Principal
Axes. The strain components, &, & and j%, can be defined by
the angular transformation relation for the direction different
from the existing axis, and its matrix form is as follows.

& cos’ @ sin’ @ 2sinfcos & &

& P

| 2 sin” 6 cos’@  —2sinbcosd | Y (11)
572 |-sin6cosO sinbeos O (cos2 0- sin26’) 57xy

The transformation matrix of eq. (11) can be expressed using
[7] and eq. (12) is obtained by using and rearranging the com-
pliance matrix [S] that connects the stress-strain relationship of
matter according to Hooke’s law.

gX O-X O-X
& | =11 18171 =| o, = (S| o, (12)
}/xy z-Xy Txy

Here, [7T] and [S] are as follows.

cos*0 sin>@ 2sinfcos O
[71=] " sin*o cos’0  —2sinfcosd
|—sinfcos & sinGcos & (cos2 0—sin” 0)
—511 S 0

[S1=1S), S, O

| 0 0 Sg

One of the components of [S] in eq. (12), [S],;, is expressed
as follows.

S11 = U, + U,cos2 6+ U,cos4 6 (13)
And U,, U, and U; are as follows.

1
U= §(3S11+3522+2S12+S66)

1
U,= 5(511_522)

1
Us= g(Sll +85,-281,=S66)

Experimental

Materials. Supran® PP 1350, a long fiber reinforced ther-
moplastic (LFT) product manufactured by Sambark LFT Co.,

Polymer(Korea), Vol. 43, No. 3, 2019
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Table 1. Physical Characteristics of PP and GF

. Young’s Density Diameter
Materials — qulus (GPa)  (g/em’) (um)
PP 1.5 0.9 N/A
GF 82 2.6 ~17

Ltd., and PP (Melt flow index: 35 g/10 min) SFR -171H from
Lotte Chemical Co., Ltd. were used. Supran® PP 1350, a mix-
ture of 50 wt% Owens Corning’s epoxy-sized GF (Advan-
tex®) impregnated by LFT process, 48 wt% PP (SFR-171H),
and 2 wt% PP (CM-1120), was pelletized so that the length of
GF became 11 mm. PP (CM-1120) with a 1.0 wt% maleic
anhydride graft ratio from Lotte Chemical Co., Ltd. was used
as a compatibilizer to improve interfacial adhesion between PP
and GF. The basic material information of PP and GF are
shown in Table 1.

Specimen Preparation. The specimens for tensile test and
X-ray micro-CT were injection molded by dry blending
Supran® PP 1350 pellet and PP(SFR-171H) pellet to have the
volume% composition of PP and GF shown in Table 2. A total
of 8 specimens were prepared so that the content of GF was in
the range of 0.5~25 vol%. The injection molding machine was
a single screw type (Model: MD180W i6.5, Manufacture: Ube

Table 2. Composition (vol%) of PP and GF in the Specimen

Specimen PP GF
PGO 100 0
PGO5 99.5 0.5
PG1 99 1
PG5 95 5
PG10 90 10
PGI5 85 15
PG20 80 20
PG25 75 25

Table 3. Operation Conditions for Injection-molding

Nozzle Cl1 C2 C3 C4  Hopper

Injection temp. 55 199 130 170 170 60

°C)
Injection time 5 Cooling time 45
(s) (s)
Injection Mold temp.
speed (mm/s) >0 “°C) 40
Injection 70 Packing 50

pressure (MPa) pressure (MPa)
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Machinery). The barrel temperature profile was set to a tem-
perature range of 170 to 200 °C from the cylinder starting point
(C4) to the nozzle and the injection time, injection speed,
injection pressure, cooling time, mold temperature and packing
pressure were shown in Table 3.

Micro-computed Tomography. X-ray micro-CT (SkyScan
1272, Bruker) was used to confirm the 3-D structure of the GF
in the PP/GF composite. The X-ray beam source was 50 kV
and the current was 200 pA. During scanning, the sample was
rotated by a small angle (0.400°). After a bit more than a half
circle (188.40°) was completed, the entire set of radiographs
was synthesized by computer software to reconstruct a 3D
image of microstructure. Figure 1 shows the specimen prepa-
ration and measurement method for X-ray micro-CT. Figure
1(a) shows the X-ray micro-CT specimen cut according to the
site. We used a diamond cutter (Model: IsoMatTM Low speed
saw, Manufacture: Buehler), which operated at a low speed
without affecting the properties of the specimen. First, the
dumbbell specimen was fixed on a diamond cutter and the
micrometer was adjusted to fit the diamond cutter wheel and
then bisected in the flow direction. Three specimens of
1.5x3x10 mm were prepared by dividing the span of one part
of the bisected dumbbell specimen into three parts toward the
flow direction of the resin. The cut specimen names were
named W1, W2, and W3. Note that W1 is the skin part of the

N 1 skin)
2
N W3 (core)

Injeetion ™~ f
paoint

el

Flow direction

-
op -
. £
Nk
Fromt E
£ :

48

(b) (c)

Figure 1. Injected specimen for X-ray micro-CT measurements: (a)
dumbbell specimen of tensile bar; (b) sample cut from dumbbell
specimen on the stage of X-ray micro-CT; (c) sample cut from
dumbbell specimen with flow direction.
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dumbbell specimen, W2 is the transition part, and W3 is the
core part. Figure 1(b) shows the specimen in the front, top, and
right directions in order to compare the 2-D images viewed
from each direction of the specimen during the tomography of
the hexagonal specimens W1, W2 and W3 with the X-ray
micro-CT. Figure 1(c) shows the front, right, and top surfaces.

Calculation of Fiber Length and Orientations. Rhinoc-
eros 5.0 (Rhino 3D) software was used to get the Cartesian
coordinates of each of the GF in a 3-D image obtained by
tomography with X-ray micro-CT. To obtain the length of the
fiber in detail, one end of the fiber of 3-D image was moved
to the zero point of the Cartesian coordinates system, and the
(x, y, z) coordinates at the other end were obtained. From the
identified (x, y, z) coordinates of each of the fibers, the length
of the fiber in Figure 2 was determined via eq. (14), where L
is the length of the fiber.

L=dx"+y"+2 (14)

The distribution of L is important to the mechanical prop-
erties of product, because of fiber breakage during injection
process. The Cartesian coordinates (x, y, z) were converted to
spherical coordinates (L, 6, @) to calculate the inclination angle
of the fiber. Figure 2 shows the relationship between coor-
dinates (x, y, z) and (L, 6, ). The angle between the fiber and
the Z axis, where the fiber is at an angle deviated from the cen-
tral axis of the resin, €, and the angle @ between the line pro-
jected on the XY plane and the X axis were obtained from egs.
(15) and (16).

= z
0= arccos (15)
p= arctani—: (16)
Z

(0,0, 0)

Figure 2. Cartesian and spherical coordinate systems.

Firstly, the mechanical properties of the injection-molded
polymer composite depend on the length distribution of the
fiber in the composite. Therefore, the average value of the fiber
length, the number average length and the weight average
length were calculated. Second, since the mechanical prop-
erties of the polymer composite depend on the tilt angle of the
fiber, the number average tilt angle and the average tilt angle
weighted with length were calculated. The number average
length (L,), weight average length (L), number average tilt
angle (6,), and average tilt angle weighted with length (&)
were calculated for the measurement of the length and angle
distribution of the GF in the PP composite by the following
egs. (17)-(20) respectively, where i represents the number of
individual fiber.

inL;
L= S a7
2
ZziniLi (18)
Yo EnlL
Zin; 0,
Hn_ Eini (19)
ZiniLié’i 20
- ZiniL; (@0)

Mechanical Properties. The mechanical property mea-
surement of PP/GF composites was carried out in accordance
with ASTM D638 and the crosshead speed was 5 mm/min
(strain interval: 0.05~0.25%). Tensile modulus measurement
was carried out using a universal testing machine (UTM) (Gal-
dabini Quasar 10).

Results and Discussion

X-ray micro-CT 2-D and 3-D Images of Specimens. To
investigate the internal fiber distribution of specimens, the 2-D
micro-CT images viewed from the front, top, and right direc-
tions, and the 3-D images are shown in Figure 3. Figure 3(a)
in which about 330 GFs are distributed shows image of W1
(skin) specimen containing 0.5 vol% of GF. Figure 3(a-1) is a
3-D image showing that GFs were aligned in the resin flow
direction together with some off alignment. This observation
gave an information that there were fibers deviating from the
uniaxial orientation in the axial direction. Also in the 2-D right
view of the specimen (Figure 3(a-2)), most of the GFs were
aligned in the flow direction with some off alignment. In Fig-

Polymer(Korea), Vol. 43, No. 3, 2019
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] - .-
; - ..
(a) (b)

Figure 3. 2-D and 3-D visualizations of W1 cut from dumbbell specimen of PP/GF composite (refer to Figure 1): (a) 0.5 vol%; (b) 1.0 vol%
GE. {(1) 3D-perspective (2) 2D-right (3) 2D-top and (4) 2D-front views} (scale bar: 0.5 mm).

ure 3(a-3) viewed from the top direction of the specimen,
fibers deviating from the flow direction were observed with a
line, with GF aligned in the direction of the flow shown by the
dot. As the GF moved away from the axial direction, the fiber
rotated along the flow of the resin, and it could be seen that the
fountain flow phenomenon occurred. The front view image of
the specimen, Figure 3(a-4), was not much different from front
view image shown in Figure 3(a-2). Figure 3(b) are images of
W1 (skin) specimens containing 1.0 vol% of GF and showed
a similar tendency as was in Figure 3(a), but it showed a more
denser fiber distribution due to the higher GF content.

In order to investigate the distribution of GF in the dumbbell
specimen as a whole, the 2-D top view images to the resin
flow for the W1, W2 and W3 specimens of the PP complex
containing 0.5 vol% GF are shown in Figure 4. In the case of
W1 (skin) shown in Figure 4(c), GF was seen to be in a line
shape along the surface of the mold, while inside it showed a
dot shape aligned in the resin flow direction. W3 (core) in Fig-
ure 4(a) and W2 in Figure 4(b) showed that the line shapes of
GFs tilted along the surface of the mold were greater than
those of W1, and the dot shapes inside were less than those of
W1. Therefore, the average tilt angle of GF was expected to be
smaller at W1 (skin) and larger at W3 (core) and W2. Since
W1 (skin) was in contact with three mold surfaces, quenching
proceeded quickly at the early stage, and therefore it was pre-
dicted that the average length of the fibers in W1 (skin) was
longer than W2 and W3, due to less breakage of fibers.”” As
a result, the fibers seemed to be tilted along the resin flow
direction due to the influence of the mold wall surface, con-
firming that the fountain flow existed. This flow phenomenon

had been also observed by previous researchers.*'

Za), #4378 A335, 20194

Figure 4. Combined 2-D top views of PP/GF (0.5 vol%) composite:
(a) W3; (b) W2; (c) W1 (scale bar: 0.5 mm).

(a) (b)

Figure 5. The 2-D and 3-D top views of W1 cut from dumbbell
specimen of PP/GF composite, respectively: (a) 0.5 vol%; (b) 20 vol%
GF.

In order to compare the fiber distribution at low and high
GFs from dumbbell specimen of the PP/GF composite, a 2-D
top view image with 0.5 vol% GFs and a 3-D top view image
with 20 vol% GFs were shown in Figure 5. In Figure 5(a), we
could clearly observe the distribution of the tilt fibers along the
resin flow direction. However, in Figure 5(b), though we could
confirm that the fibers were arranged according to the resin



Modulus Modeling of PP/GF Composites by X-ray Micro-CT and Comparison with Experimental Data 471

flow direction similarly as was in Figure 5(a) (0.5 vol% GF),
clear distribution of fibers could hardly be seen due to too high
concentration of GFs (20 vol% GF). We could observe the
similar fountain flow behavior of GF distributions up to
20 vol% composite by X-ray micro-CT.

Fiber Length Distribution (FLD). After X-ray CT mea-
surements, the lengths of the fibers analyzed by Rhinoceros
software were classified in 0.1 mm increments and are shown
in Figure 6 as a fraction of the total number.

12

m 3.D X-ray micro-CT data J

10 4

Fraction (%)
[- ]

0.0 0.5 1.0 1.5 2.0 2.5 30
GF length (mm)
(a)

s 3-D X-ray micro-CT data

Fraction (%)
o

0.0 0.5 1.0 1.5 20 25 30
GF length (mm)

(b)

[— 3-D X-ray micro-CT data

Fraction (%)
o

0
00 05 10 15 20 15 30
GF length (mm)
(c)

Figure 6. GF length distributions in the PP/GF (0.5 vol%) com-
posite: (a) W1; (b) W2; (c) W3.

Figure 6(a) is the length distribution of W1 (skin) specimen
containing 0.5 vol% GF. GF length measurements showed var-
ious length distribution ranging from 0.08 to 2.64 mm. The
number average length was 0.810 mm, the weight average
length was 1.172 mm, and the ratio of the weight average
length to the number average length was 1.447. The GF length
before injection was ca. 11 mm on average, but the GF break-
age occurred during the molding process with the injection
machine and the distribution shown as in Figure 6(a) was
obtained.

For W2 in Figure 6(b), the GF length distribution ranged
from 0.08 to 2.54 mm. Here the number average length was
0.796 mm, the weight average length was 1.114 mm, and the
ratio of the weight average length to the number average
length was 1.399. In W3 (core) of Figure 6(c), the GF length
ranged from 0.08 to 2.54 mm, the number average length was
0.701 mm, the weight average length was 0.981 mm, and the
ratio of weight average length to number average length was
1.399.

Table 4 summarizes the number average length and weight
average length of PP specimens containing 0.5 vol% GF. The
number average length and weight average length of the total
fibers were 0.770 mm and 1.095 mm, respectively, and the
aspect ratios of the GF having a diameter of 0.017 mm were
45.3 based on the number average length and 64.4 based on
the weight average length. The number average length and
weight average length of W1 (skin) were the longest and W3
(core) were the smallest. A suitable explanation for the results
might be orientation in the flow direction and early quenching,
and accordingly W1 (skin) had the longest weight average
length (1.172) as shown in Table 4.

Fiber Orientation Distribution (FOD). Figure 7 shows the
distribution of the tilt angle () between the fibers in the dumb-
bell specimen containing 0.5 vol% GF and the axial direction
(z-direction). The orientation of the fibers was expressed as a

Table 4. Average Fiber Length in the PP/GF (0.5 vol%)
Composite

Number of

Specimen fibers LS L)
W1 329 0.810 1.172
W2 352 0.796 1.114

W3 316 0.701 0.981
Average 0.770 1.095
Aspect ratio L/t (17 pm) 453 64.4

“L,: Number average length (mm). °L,: Weight average length (mm).

Polymer(Korea), Vol. 43, No. 3, 2019
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fraction of the number of fibers included in the angle range rel-
ative to the total number of fibers in 5° units.

In Figure 7(a), W1 (skin) occupied the largest proportion
(47%) in the range of 0° to 5° of the total fibers, which
accounted for a large proportion of fibers tilted along the axial
direction of the dumbbell specimen span. The rest of it had a
wide distribution up to 80.24°, the number average tilt angle
was 12.4°, and the average tilt angle weighted with length was

50

mm 3.D X-ray micro-CT data ]

Fraction (o)

0 15 30 45 60 75 90
GF tilt angle (%)
(a)
50
| s 3-D X-ray micro-CT data
40 4
& 30 1
2
£ 20
10
0 -
0 15 30 45 60 75 90
GF tilt angle (%)
(b)
50
mmmm 3-D X-ray micro-CT data
40
£ 30
10
0
0 15 30 45 60 75 20
GF tilt angle ()
(<)

Figure 7. GF orientation distributions as a function of the tilt angle
(°) in the PP/GF (0.5 vol%) composite: (a) W1; (b) W2; (c) W3.
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10.8°. It could be judged that most of the fibers were tilted
along the flow direction of the resin.

W2 in Figure 7(b) accounted for the largest fraction of 27%
at 0~5° similarly as W1 and had a wide distribution up to
85.79°. The number average tilt angle was 18.3° and the aver-
age tilt angle weighted with length was 16.8°. W3 (core) in
Figure 7(c) showed the largest fraction of about 22.5% at 0~5°,
a wide distribution up to 86.62°. And the number average tilt
angle was 21.4° and the average tilt angle weighted with length
was 20.1°.

Table 5 summarizes the number average tilt angle and aver-
age tilt angle weighted with length. The number average tilt
angle of total fibers was 17.3° and the average tilt angle
weighted with length was 15.7°. As was discussed in Figure 4
for the number average tilt angle and the average tilt angle
weighted with length, W3 (core) had the greatest value
(4=20.1°), while W1 (skin) showed the smallest value
(4=10.8°).

Experimental Results and Theoretical Prediction of
Young’s Modulus. The dumbbell-type tensile specimen was
prepared by injection molding of a PP/GF composite, and the
actual Young’s modulus of each GF was measured in terms of
vol% as shown in Table 6. The Young’s modulus of pure PP
resin was 1.5 GPa and the PP/GF (25 vol%) composite showed
13.0 GPa. As the content of GF increased, Young’s modulus
increased proportionally.

The aspect ratio value (45.3) obtained from the number aver-
age length distribution of PP/GF (0.5 vol%) composite by X-
ray micro-CT was used to predict the physical properties in

Table 5. Number Average Tilt Angle and Average Tilt Angle
Weighted with Length of GF in the PP/GF (0.5 vol%)
Composite

Specimen Nufr_lr;;t;erz of 4s 6"
AVA 329 12.4 10.8
w2 352 18.3 16.8
W3 316 214 20.1

Average 17.3 15.7

“9,: Number average tilt angle (°). "6,: Average tilt angle weighted
with length (°).

Table 6. Experimental Moduli (GPa) in terms of the GF vol%
for the PP/GF Composite

GF (vol%) 0 5 10 15 20 25

Young’s modulus

(GPa) 1.5 3.8 5.4 7.6 9.7 13.0
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Figure 8. Calculated Young’s modulus values (GPa) as a function
of GF tilt angle (°) for the PP/GF (5 vol%) composite at the aspect
ratio 45.3 based on number average length.

terms of the glass fiber content of unidirectionally oriented PP
composite using the Tandon and Weng theory. As a result,
Young's modulus of PP composite tended to increase with
increasing GF content. When the content of GF was 5 vol%,
it was 4.7 GPa, 7.8 GPa at 10 vol%, 14.1 GPa at 20 vol%, and
17.3 GPa at 25 vol%. The compliance matrix [S] could be cal-
culated using these and the Young’s modulus of the composite
according to the tilt angle was calculated on the average within
the GF 5 vol% PP composite and are presented in Figure 8.

At the number average tilt angle of 17.3° and at the average
tilt angle weighted with length of 15.7° in a PP composite con-
taining 0.5 vol% of GF, Figure 8 showed theoretical calcu-
lations of the Young’s modulus of the GF 5 vol% PP
composite to be 4.0 GPa and 4.3 GPa, respectively. These
results indicated that Young’s modulus decreased as the degree
of fiber tilt increased, considering the Young’s modulus value
of 4.7 GPa obtained by assuming that GF was aligned uni-
directionally.

Comparison of Experimental Data and Simulated
Young’s Modulus. In Figure 9, the simulated modulus values
of three cases were compared with the measured modulus val-
ues for the volume fraction of GF in PP composites. That is,
solid line was obtained by assuming the uniaxially tilted fibers
in the axial direction, dashed line was obtained by applying the
average tilt angle weighted with length 15.7°, and dotted line
was obtained by applying the number average tilt angle 17.3°.
Closed circle was experimentally measured modulus.

When applying the aspect ratio of 45.3 in the PP composite
containing 25 vol% of GF and assuming the uniaxial orien-

20
— AR 45.3, axial
18 aee AR453, =157 13Gr
z L —" AR 453, 8-173 , 134GFa
v 4.7 GPa
S 14 { —— Measured 221
;’ !I].I‘l{".?l
= 12
2 10
= 8
oo
S 6
> i
2
0 r : - .
0 5 10 15 20 25

G volume fraction (%)

Figure 9. Calculated and experimental modulus values (GPa) of the
PP composites as functions of GF volume fraction for tilt angles (°)
at the aspect ratio 45.3 based on number average length.

tation, the Young’s modulus value was theoretically 17.3 GPa,
and the actual measurement value was 13.0 GPa and the dif-
ference was 4.3 GPa.

The Young’s modulus of the tilted fibers with a number
average degree of 17.3° (degree) was theoretically 14.7 GPa,
so the difference from the actual measured value of 13.0 GPa
was 1.7 GPa. This showed that the difference between the the-
oretical and measured values decreased from 4.3 to 1.7 GPa
when the number average angle was applied, compared to
when uniaxial orientation was used. The result of our study
combining X-ray micro-CT and Tandon and Weng theory sug-
gested that it might be possible to provide a theoretical pre-
diction that are close to the actual measurement value, given
the fact that fibers in the span region of the dumbbell spec-
imens are not uniaxially oriented but are inclined at a certain
angle.

The main reason for the difference between the calculated
modulus based on the tilt angle and the experimental modulus
might be that the Tandon and Weng theory fails to interpret the
actual value explicitly by using the assumption that the fiber
and matrix are completed bonded. In order to obtain theoretical
predictions more consistent with the experimental modulus,
the theoretical development that supplements the assumption
and the theory to predict the properties of the locally bonded
composite would need to be developed.

Conclusions

In this study, we used X-ray micro-CT images to analyze
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FLD and FOD in PP/GF composites. The geometry of the
length and orientation of GF in the PP/GF composite was visu-
alized by X-ray micro-CT images, and the fiber length dis-
tribution and tilt angle were measured and reported depending
on the position in the mold. It was observed that the GF in the
mold appeared along the flow direction of the fountain flow,
which was observed even when GF reached to 20 vol%. Based
on 2-D images, the tilt angle of GF in W1 (skin) was smaller
and the length distribution was longer which could be seen in
the form of a dot in the skin layer.

In conclusion, when the span part of the injection specimen
molded with the LFT pellet with the GF initial length of 11
mm was observed as a whole, the FLD data of the entire spec-
imen were as follows, i.e., the number average length (L,) was
0.770 mm (AR=45.3) and the weight average length (L,) was
1.095 mm (AR=64.4). For FOD data, the number average tilt
angle (6,) was 17.3° and the average tilt angle weighted with
length (6.) was 15.7°. In this study, we were able to demon-
strate that the theoretical predictions based on the tilt angle
were closer to the actual measurements than the assumption
that GFs were aligned uniaxially oriented.
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