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In this study, we propose a new surface gener-
ation model for carbon fiber reinforced thermo-
plastics (CFRTP) manufactured by the long fiber
thermoplastic-direct (LFT-D) method. CFRTP are
considered to be a next-generation structural material
because of their high productivity as well as high me-
chanical strength and lightness. Conversely, CFRTP
have a rough surface, which does not meet the auto-
motive outer panel standard of a “class A surface.”
In the present study, we establish a surface rough-
ness generation model based on a thermal shrink-
age mismatch of thermoplastic resin to carbon fiber
and non-uniform carbon fiber distribution. Further-
more, we construct a surface roughness estimation for-
mula based on the model. In the calculation, a cross-
sectional image of CFRTP is divided into many verti-
cal segments. Subsequently, the thermal shrinkage of
each segment is calculated with a standard deviation,
an average, and a probability density of the amount
of carbon fiber in each segment. The surface rough-
ness of the manufactured CFRTP was measured us-
ing a surface profilometer. The result showed that
the arithmetic surface roughness increased with the
volume fraction of carbon fiber. We applied the sur-
face roughness calculation to cross-sectional images of
the specimens. Consequently, the estimated surface
roughness showed the same tendency, in which the
surface roughness increased with the volume fraction
of carbon fiber. The slope of a regression line of the
estimated surface roughness with respect to the vol-
ume fraction was 0.010, which was almost the same
(0.011) as the slope of a regression line of the mea-
sured surface roughness. Furthermore, the estima-
tion formula using a thermal shrinkage effective depth
of 395 pum was able to estimate the surface roughness
within a 3% average error. Using the estimation for-
mula, it was predicted that the surface roughness in-
creased with the standard deviation of the amount of
carbon fiber in a segment. To confirm the reliabil-
ity of the model and the formula, we measured the
standard deviation of the amount of carbon fiber in
CFRTP specimens, showing that the trend for CFRTP
specimens matched the estimated values.
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1. Introduction

Recently, carbon fiber reinforced plastics (CFRP) have
received increased attention. CFRP, with both high
strength and lightness, incorporate carbon fibers (CFs),
which are light in weight and have excellent mechanical
strength, in the resin. Their specific strength is reported
to be approximately 3.3 times that of ordinary steel mate-
rial [1,2]. Thanks to its unique properties, CFRP have
been widely used in the aircraft industry [3-5]. Con-
versely, the automotive industry, faced with the need to
further improve fuel efficiency [6—10], has been attempt-
ing to achieve this using light CFRP for car bodies and
chassis. However, because ordinary CFRP, which is pri-
marily made from thermosetting resin, take a long time to
set and have high production costs [11], they have rarely
been used for popular cars.

In this context, carbon fiber reinforced thermoplastics
(CFRTP) have recently attracted increased attention as
a new composite material that characteristically contains
CFs in the thermoplastic resin; they have already been
used for some car components [1]. While the thermoset-
ting resin used for conventional CFRP takes a long time
to cure, the thermoplastic resin used for CFRTP melts in-
stantly at increased temperatures, so that it can impregnate
the CFs and mold the resin as it is. Therefore, CFRTP are
expected to be able to be pressmolded with the same high
productivity as the steel plates that are currently press-
formed into car body shapes.

In press-molding CFRTP, the long fiber thermoplastic-
direct (LFT-D) method is considered to be a next-
generation molding technique because of its high produc-
tivity [12—-16]. With the LFT-D technique, molten resin
and CFs are continuously drawn into the kneading screws
and are kneaded [17]. A kneaded body in a molten con-
dition called a strand is heated with a heater and is ar-
ranged on the heated press mold. Next, the kneaded body
is press-molded and is released from the mold in its high-
temperature state. Finally, the molded body is cooled into
a finished CFRTP product. The LFT-D technique using

Int. J. of Automation Technology Vol.14 No.2, 2020

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: Thisis an Open Access article distributed under the terms of
BY ND the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).


http://creativecommons.org/licenses/by-nd/4.0/

Fig. 1. Rough surface of CFRTP after cooling.

relatively long and discontinuous fibers has an advantage
in that it can mold even high-strength materials into com-
plex shapes in a high-speed cycle [1].

Among the current issues with the LFT-D process is
the surface roughness of finished products. In the LFT-D
press-molding process, the high-temperature CFRTP sur-
face immediately after release from the mold has almost
the same smoothness as that of the mold surface. As
the CFRTP cool, however, their surface roughness in-
creases, as shown in Fig. 1: the arithmetic average rough-
ness Ra of the CFRTP surface after cooling is 0.49 um,
approximately twice that of the mold surface (Ra =
0.25 pm). One of the reasons for the surface roughness of
CFRTP is the unevenly dispersed CFs in the thermoplas-
tic resin. During the cooling process for CFRTP press-
molded at high temperatures, the entire material thermally
shrinks. Components made from a single material uni-
formly shrink when cooled, leading no adverse effects
to a finished product except for the warpage or sink of
the material caused by asymmetrical cooling. Conversely,
composite materials like CFRTP contain different mate-
rials in their base material; hence, any difference in ther-
mal shrinkage between the base and dispersed materials
can cause roughness on the surface. In the LFT-D knead-
ing process, where CFs with lengths of approximately 10
to 20 mm are kneaded with molten thermoplastic resin,
it is not possible to knead the materials completely uni-
formly. Any non-uniform CF distribution caused in the
above-mentioned kneading process can lead to a differ-
ence in shrinkage between the materials when thermally
shrunk; hence, any non-uniform CF dispersion can accel-
erate the increase in surface roughness.

Although the surface roughness of CFRTP press-
molded by the LFT-D technique is considered to be
caused by thermal shrinkage, there are no studies avail-
able that have verified or quantitatively analyzed the va-
lidity of said mechanism; hence, there are no guidelines
for molding CFRTP with excellent surface quality. High
design standards are required for many actual industrial
products; for instance, the surface quality applicable to
automotive outer panels is called the Class A Surface to
strictly control the surface quality [18]. Therefore, any
CFRTP product molded by the LFT-D technique should
have a surface roughness that is as small as possible. For
the CFRTP resin, research and development efforts are
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Fig. 2.  Cross-sectional distribution of carbon fibers in
CFRTP specimen.

under way regarding the methods for molding a prod-
uct that will have an arithmetic average roughness Ra =
10 nm or less [19]. Current CFRTP possess Ra values of
approximately 500 nm; therefore, they are not applicable
to automotive outer panels.

In this study, we aim to build a surface roughness
generation estimation model for CFRTP by clarifying
the mechanism for the CFRTP surface roughness gen-
erated in the cooling process after being press-molded
using the LFT-D technique. We also attempt to con-
struct a surface roughness estimation formula based on
the above-mentioned surface roughness generation esti-
mation model and finally propose guidelines for design-
ing CFRTP with a low level of surface roughness.

2. Surface Roughness Generation Model for
CFRTP Press-Molded by LFT-D

2.1. Cross-Sectional Features of CFRTP

The features of long and discontinuous fiber CFRTP
press-molded by the LFT-D technique include a large
difference in thermal shrinkage between CFs and ther-
moplastic resin. Comparison of their thermal expan-
sion coefficients shows that CFs’ thermal expansion co-
efficient is —0.4 x 107 1/°C in the axial direction and
5.5 x 107 1/°C in the diameter direction, and that
of polyamide 6 (PA6), a thermoplastic resin, is 8 X
1073 1/°C [20]. PA6, with a thermal expansion coefficient
approximately ten times larger than that of CFs, shrinks
more when cooled.

Another feature of CFRTP press-molded by the LFT-D
method is the uneven distribution of CFs in the material.
CFRTP with continuous fibers, which is used for aircraft,
consists of regularly laminated CFs or woven CF sheets.
CFRTP with such CFs show only a small deviation in
their internal CF distribution. Conversely, CFRTP press-
molded by the LFT-D technique, which involves kneading
CFs and thermoplastic resin by screws, inevitably show
some deviation in the internal CF distribution. Fig. 2
shows an optical microscopy image of the cross-section of
CFRTP: white circular spots indicate the cross-sections of
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Fig. 3. Surface roughness generation model based on ther-
mal shrinkage.

CFs, and the surrounding black areas are PA6. It is clear
from said cross-sectional image of CFRTP that CFs are
not uniformly distributed.

2.2. Concept for Surface Roughness Generation
Model and Calculation Method

In this study, we have constructed a surface rough-
ness generation model for cooled CFRTP surface rough-
ness generated by the difference in thermal shrinkage be-
tween CFs and thermoplastic resin and by the unevenly
distributed CFs in CFRTP. Fig. 3 shows the concept of
the surface roughness generation model.

During the press-molding of CFRTP by the LFT-D
technique, a molten kneaded object is first press-molded,
when CFs in the molded body are distributed as shown
in Fig. 3a). After that, the molded body is released from
the mold in a high-temperature state. Immediately after
being released from the mold, CFRTP, which are still in a
high-temperature state, do not thermally shrink and show
a surface as smooth as that of the mold surface (Fig. 3 b)).
Next, as the CFRTP cool, both the CFs and thermoplastic
resin thermally shrink. However, because there is an ap-
proximately ten-fold difference in their shrinkage rate [20,
21], CF-rich areas shrink less and CF-poor or free areas
shrink more (Fig. 3¢)). We have constructed a surface
roughness generation model for CFRTP that takes these
results into account.

We have devised a calculation method to quantitatively
estimate the final surface roughness from the shrinkage
amount of each of the fine vertical segments of the cross-
section of CFRTP. In this calculation method, the cross-
section of CFRTP is first divided into numerous segments,
as shown in Fig. 4. Then, the quantities of CFs and
thermoplastic resin that are present in such segments are
determined, making it possible to calculate their respec-
tive longitudinal shrinkage amounts. Because the surface
roughness can be analytically calculated from the seg-
ments’ different shrinkage amounts, we consider it possi-
ble to estimate the surface roughness of a composite ma-
terial from its cross-sectional data. In this study, we have
validated the devised calculation method by quantitatively
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Fig. 4. Surface roughness calculation method by separating
into small segments.

comparing the actual CFRTP surface roughness with the
estimated surface roughness.

2.3. Thermal Shrinkage Rate of Thermoplastic
Resin

In the surface roughness generation model proposed
in this study, surface roughness is generated on CFRTP
when the thermoplastic resin shrinks during the cooling
process from high temperatures immediately after release
from the mold to normal temperatures. The calculation
method to estimate surface roughness on the proposed
surface roughness generation model therefore requires the
molding shrinkage rate € of the thermoplastic resin during
this cooling period at atmospheric pressure. We have cal-
culated the shrinkage of the thermoplastic resin from the
temperature and specific volume curve (PVT diagram).
Fig. 5 shows the PVT diagram of PA6, the thermoplas-
tic resin material for CFRTP used in the verification tests.
This diagram is based on data from Puffr et al. [22].

For instance, we can calculate the CFRTP shrinkage
under the following conditions: the ambient pressure
is 0.1 MPa; the CFRTP temperature is 152°C, the same
as that of the mold when it starts to shrink; CFRTP are
finally cooled down to room temperature. Under these
test conditions, we read changes in the specific volume
of CFRTP from the axis of the ordinate along the iso-
baric line of 0.1 MPa when the CFRTP cools to 25°C
from 152°C, as shown in Fig. 5. We can read from
the graph in Fig. 5§ that the specific volume of CFRTP
is 0.93 cm’/g at 152°C and 0.88 cm’/g at 25°C. With
these values denoted by a and b, respectively, the molding
shrinkage rate € can be expressed by Eq. (1):

1 1 1

b3 —a3 ays

e="—=1-(3)" ...
b3 b

While the molding shrinkage rate € indicates a one-

dimensional length ratio, specific volume indicates a
three-dimensional value: hence, the multiplier 1/3 is used

Int. J. of Automation Technology Vol.14 No.2, 2020



o0
"’g 1.100 %) %) ®0.1 MPa
S 1050 Fig o i e
= =,
EE 1.000
S 0950 | .
- A rinkage
% 0.900 DS i } volume ® €
3 0850 -t '
«n 0 200 400
Temperature, °C
Fig. 5. Pressure-volume-temperature (PVT) diagrams of

PA6. The shrinkage factor can be calculated by the specific
volume at high and cooled temperatures.

in Eq. (1). By substituting the specific volumes read from
Fig. 5 into Eq. (1), we can obtain the molding shrinkage
rate € = 0.018 for CFRTP that have been cooled down
to 25°C from 152°C.

2.4. Distribution of Carbon Fibers in CFRTP

The surface roughness estimation calculation method
proposed in this study represents the degree of uneven
distribution of CFs in the cross-section of CFRTP with
the sample standard deviation 6 of CFs contained in
the segments into which the cross-section is divided, as
well as by their probability density function f(x, ocr, 1t).
In this study, we have sought o¢r directly from the cross-
sectional image of CFRTP, as shown in Fig. 2.

To observe the cross-section of CFRTP, we cut a
CFRTP specimen with a fine cutter and embed-polished
the cross-section of the cut specimen. After that, we cap-
tured its cross-sectional images with an optical micro-
scope. Finally, we binarized the captured cross-sectional
images and stored them as bit map data. Bit map image
data built with 0 or 1 for each pixel should be suitable for
analyses using the surface roughness estimation calcula-
tion method.

Figure 6 shows a part of the cross-sectional image as
acquired by its binarization: an image ata depthof 11 um
from the CFRTP surface, 30 x 40 pixels: each section di-
vided by dotted lines represents one pixel; the black area
represents CFs, and the white area is resin. We have verti-
cally segmented this image as shown in Fig. 4. In the tests,
we have analyzed the image by assuming the width of one
segment is one pixel. Next, we have calculated the pixel
number P, of the CF part in the i-th segment: a param-
eter corresponding to the volume of CFs present in each
segment; for instance, the black color pixel number P in
the 21st segment enclosed by a square is 19 pixels. We
have calculated P, for every segment; taking Fig. 6 for ex-
ample, we have calculated P; from P; through Pyy.

We have calculated the sample standard deviation o¢cr
of P, from Eq. (2).
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where U denotes the average of P, and n is the num-
ber of segments in the binarized cross-sectional image:
n = 40 in the case of Fig. 6. In conducting actual anal-
yses, we have calculated ocp from the binarized cross-
sectional image with 2632 x 2192 pixels, as shown in
Fig. 7: 2632 x 2192 pixels corresponds to the actual size
of 961 x 800 um. In conducting the estimation calcu-
lations for the surface roughness generated by thermal
shrinkage, we have averaged the ocr acquired from three
different binarized cross-sectional images.

Using the sample standard deviation o¢r of the CF vol-
ume contained in each segment and from the average u
of P, we have calculated a probability density function
f(x,0cr, 1) that takes a Gaussian distribution, as shown
in Eq. (3).
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where x denotes the pixel number of the CFs contained in
each segment; in the case of Fig. 6, it can be any number
from O up to a maximum of 30.

2.5. Post-Cooling Shrinkage in Length

With x denoting the pixel number of CFs in a seg-
ment, we have calculated the post-shrinkage length L,
from Eq. (4).

Li={x+(h,—x)x(1—&)}xr . . ... 4

where /1, denotes the longitudinal pixel number contained
in one segment and r is the length per pixel in actual
space. In the case of Fig. 6, h, is 30 pixels and r
is 0.36 um/pixel. Given that PA6 has a thermal expan-
sion coefficient that is approximately ten times larger than
that of CFs, we have ignored the shrinkage of CFs in this
study.

2.6. Theoretical Formula for Surface Roughness
Estimation

Using Eqgs. (2)-(4), we can derive a theoretical formula
for estimating the arithmetic average roughness Ra gen-
erated on the CFRTP surface. The arithmetic average
roughness can be obtained by dividing the area enclosed
by the center line and the roughness curve by the evalua-
tion length [23]. First, we seek the absolute value for the
difference between L, and its average value L and mul-
tiply it by the probability density function f(x,ocr,Ht);
then, the difference (L, — L) is weighted according to the
amount of CFs in each segment. These values are then
multiplied by the evaluation length / and summed up from
x = 0to hy, which denotes that the entire segment is filled
with CFs, to obtain the area turned deeper color in Fig. 8.
Finally, the area is divided by / to obtain the arithmetic
average roughness Ra. This process can be expressed by

Eq. (5).

1 & _
Ra:72{|LX—L|><f(x,crcp,u)><l}. EENE),
x=0
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Fig. 9. Surface roughness of CFRTP with variety of carbon
fiber volume fractions.

3. Experimental Results

3.1. Surface Roughness of CFRTP with Various
Carbon Fiber Volume Fractions

To validate the surface roughness generation model and
its calculation method proposed in this study, we have
first measured the arithmetic average surface roughness
of actual CFRTP specimens. We press-molded CFRTP
specimens that contain PA6 as the thermoplastic resin and
TORAY-made T700SC as CFs.

We measured the arithmetic average surface roughness
of three CFRTP specimens with different CF volume frac-
tions (VFs) with a tracer-type surface roughness meter
SV-3100 made by MITSUTOYO Inc. We measured the
arithmetic average roughness at six points on the CFRTP
surface per specimen and averaged them to obtain the
measurement results. Fig. 9 shows the arithmetic aver-
age surface roughness of three specimens having different
CFVFs. The measurement results show that as the CFVF
of the specimen increases, its arithmetic average surface
roughness increases accordingly.

3.2. Surface Roughness Estimation Using
Theoretical Formula

We have analyzed cross-sectional images of the CFRTP
specimens used to measure the arithmetic average surface
roughness using the proposed surface roughness estima-
tion calculation method, as shown in Fig. 9. As the spec-
imens we have used for the measurements have different
CFVFs, we have validated the proposed surface rough-
ness generation model and surface roughness estimation
calculation method by comparing the analysis results with
the trends shown in Fig. 9.

Figure 10 shows the analysis results using the sur-
face roughness estimation calculation method: the circled
data points in Fig. 10 indicate the actual CFRTP surface
roughness shown in Fig. 9. For the pre-shrinkage seg-
ment length 4, or corresponding 4 used for Eq. (4) in the
surface roughness estimation formula we have derived,
we have used four different values as parameters for the
analyses. The analysis results shown in Fig. 10 demon-
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strate that whatever value 4 may be, the estimated surface
roughness value increases as the CFVF increases: this
agrees with the results obtained from the actual CFRTP
specimens shown in Fig. 9. We have also calculated the
rate of increase between the surface roughness and the
CFVF from the inclination of the regression line. While
the inclination of the regression line for the actual CFRTP
is 0.011, that of the calculated surface roughness line
is 0.010 on average, i.e., they are in good agreement with
each other. When /& = 395 um, the estimated surface
roughness value is almost the same as the experimental
value, with an average deviation of 3%; this is very good
agreement.

4. Discussion

4.1. Increase in Carbon Fiber Volume Fraction and
its Effects on Surface Roughness

We can see from the surface roughness estimation
Eq. (5) that as the standard deviation of the CF amount
present in one segment O¢r increases, the estimated arith-
metic average surface roughness value increases accord-
ingly. So long as the surface roughness generation model
and the surface roughness estimation formula accurately
represent the actual surface roughness generation mecha-
nism, therefore, we may consider that the increase in sur-
face roughness of actual CFRTP shown in Fig. 9 is due to
the increase in the standard deviation of the CF amount
present in the specimens, Ocfr.

Figure 11 shows the probability density distributions
of P, for h = 395 um as acquired from the cross-sectional
images of actual CFRTP specimens. We can see from
Fig. 11 that as the CFVF increases, the average P, value
increases and the probability density distribution spreads
out. These findings from the cross-sectional images of
actual CFRTP verify that the standard deviation of the CF
amount present in an actual specimen o¢r should increase
as the amount of CFs increases.

Any increase in the CFVF means an increase in the CF
amount present in the CFRTP specimen with the same
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volume. Accordingly, the increase in the amount of CFs
present in one segment seems to lead to an increase in the
average CF amount. Conversely, the distribution of the
amount of CFs in one segment spreads out as the CFVF
increases, probably because as the expected value for the
carbon fiber amount present in one segment increases, the
number of combinations of the cases where CFs are ac-
tually present or not increases. For instance, if the total
amount of CFs doubles, the expected value for the amount
of CFs present in one segment also doubles.

However, because the amount of CFs actually present
in the segment depends on a random probability distribu-
tion, some segments may contain more CFs than the in-
creased expectation value, and others will have fewer CFs.
Therefore, any increase in the CFVF seems to spread out
the probability density distribution.

In other words, we may be able to prevent the standard
deviation of the amount of CFs o¢r from increasing with
an increase in CFVF if we could knead them enough so
that any increased amount of CFs could be dispersed in
the same way as in the case of smaller amounts of CFs.
Stochastically, however, it is difficult to maintain the stan-
dard deviation of the amount of CFs, o¢cf, as described
above. The said difficulty could be solved by increasing
the kneading temperature to decrease the viscosity of ther-
moplastic resin or by kneading for a longer time in the
case of any increased CFVF, for instance.

The findings shown in Figs. 10 and 11 verify that de-
creasing the standard deviation of the amount of CFs,
ocr, should be effective to reduce the arithmetic average
surface roughness. o¢r is a parameter that depends on the
CFRTP molding conditions, such as molding temperature
and molding pressure, as well as on the properties of the
object kneaded from CFs and thermoplastic resin, such as
molding shrinkage € and the CFVF. This study finds that
it is important to determine the kneading conditions, vis-
cosity of molten thermoplastic resin, and press-molding
conditions to achieve uniform distribution of CFs.

Regarding the depth 4 in Eq. (4), theoretically it refers
to the entire depth of the cross-section of the CFRTP, but
practically, CFs located sufficiently deep with respect to
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Fig. 12. Binarized cross-sectional image of a CFRTP spec-
imen with a volume fraction of 40%.

the CFRTP surface seem to have little effect on the sur-
face roughness. There are some reports [24,25] that re-
port success in reducing the surface roughness of CF ther-
mosetting resin to approximately one-tenth of the original
amount by providing a resin layer on the surface that is
tens of um thick. There are no studies available, however,
on the depth of CFs present in thermoplastic resin that will
affect the surface roughness of the CFRTP. Conversely,
given that thermoplastic resin is generally known to have
a larger molding shrinkage than thermosetting resin, it can
be reasonable that the estimated surface roughness in this
study had a very small average deviation of 3% from the
experimental values in the case of 7 = 395 um. These
findings tell us that in the case of CFRTP whose CF dis-
tribution is not greatly affected by the depth, the effective
depth in the surface roughness estimation calculation is
approximately 400 um. Conversely, in molding CFRTP
whose CF distribution in the depth direction greatly varies
because of demands for material strength and/or adhesive
property, it may be more important to include the effects
of the depth on the surface roughness; hence, there is a
need for detailed studies on the effective depth.

4.2. Effects of Carbon Fiber Mass on Surface
Roughness

Figure 12 shows a binarized cross-sectional image of
CFRTP with a CFVF of 40%, from which we can rec-
ognize the areas where CFs are relatively uniformly dis-
persed and where they are massed together. To quantita-
tively clarify the effects of CF distributions on the surface
roughness, we have extracted two regions, 71 and 7>, from
one cross-section and have calculated the arithmetic aver-
age roughness from Eq. (5). T; and 75 represent the layers
where we can visually observe CFs uniformly distributed
and massed together, respectively.

The resultant estimated arithmetic average roughness
is 0.37 um for 71, 14% smaller than the value for 75
(0.43 pm), which demonstrates that distributing CFs uni-
formly without consideration of mass is effective for
molding CFRTP with excellent properties.

Carbon fibers mass together partly because CFs as a
product are in the state of a filament or a tow, where
several tens of thousands of single fibers are adhered to-
gether. Both filament and tow, although different from
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each other with respect to twisting and in the number
of included fibers, are in the state where multiple sin-
gle fibers are adhered together into one fiber with a resin
called a sizing agent. Carbon fibers made of a single fiber,
an ultrafine fiber of ¢7 um in diameter, are easily scat-
tered. They possess carbon-derived conductivity, so that
when attached to a circuit board or the wiring part of an
electrical appliance, they can cause a malfunction of such
an appliance. The sizing treatment for CFs is taken to pre-
vent them from scattering. Carbon fibers that are drawn
into the kneading screws in the LFT-D process are in a
state where several tens of thousands of fibers are adhered
together. The sizing agent, a resin material, is melted at
a high temperature and flows when kneaded. In view of
the facts that CFs are massed together in their initial state
and that both sizing agent and molten thermoplastic resin
have relatively large viscosity, to achieve an uniform CF
distribution, we need to take the following measures in the
kneading process: kneading with a large shearing force,
kneading for a sufficiently long time, and kneading under
high-temperature conditions.

In this study, we found that to mold CFRTP with suit-
able properties, we need to secure an uniform CF distribu-
tion at a depth of approximately 400 um from the surface.
For instance, as it is known in the heat and cool molding
technique that a resin-rich layer is generated on the outer-
most surface, we may expect to be able to mold CFRTP
with excellent surface glossiness by incorporating the said
molding technique into the LFT-D press-molding process.
It could be a more practical technique to insert a resin film
or a prepreg containing woven continuous fibers between
the mold and the CFRTP kneaded body [26]. The findings
of this study suggest that this technique can contribute to
distributing CFs uniformly on the surface, thus improving
the surface roughness.

The surface roughness generation model proposed in
this study is a generic model, so that it can be practically
applied. For instance, we can estimate surface roughness
using finite element analyses for thermal shrinkage. Use
of the finite element analyses, where thermal shrinkage
in the horizontal direction (which the proposed estima-
tion formula does not take into account) is considered,
will enable high-accuracy analyses. We should note, how-
ever, that it would take a huge cost to calculate the sur-
face roughness of a model reflecting actual CF distribu-
tions. Because the proposed method can easily calculate
estimated surface roughness from the optical microscopy
images of the cross-sections of a specimen, it should be
widely applicable to analyze the main causes of surface
roughness generation.

5. Conclusion

This study aimed to clarify the mechanism for gener-
ating roughness on the surface of high-temperature press-
molded CFRTP in its cooling process as well as to propose
an estimation calculation method. In this study, we have
constructed a model where in particular any difference in
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thermal shrinkage between thermoplastic resin and CFs
and uneven distributions of CFs will affect the surface
roughness generation.

For the estimated calculations of surface roughness,
we have devised a shrinkage model assuming that ther-
mal shrinkage occurs in each vertically divided segment.
Based on this shrinkage model, we have derived a theoret-
ical formula to estimate the arithmetic average roughness
using the standard deviation of the amount of CFs ocr,
the average value p, and the probability density function
f(x, ocF, ).

We have measured the surface roughness of CFRTP ac-
tually molded by the LFT-D technique to determine that
the arithmetic average roughness increases in accordance
with the CFVF. We have compared the above-mentioned
experimental results with values obtained from the pro-
posed estimation formula to find that the inclinations
of the respective regression lines are 0.011 and 0.010,
in good agreement with each other. In addition, we
have conducted estimation calculations using an effective
depth of 395 um for thermal shrinkage that will affect the
surface roughness to prove that the surface roughness can
be estimated with an average deviation of 3% from the
actual measurements.

The surface roughness estimation formula derived in
this study shows that the surface roughness increases with
an increase in the standard deviation of the amount of
CFs in the segments, which agrees with the observation
results for the cross-section of actual CFRTP. Therefore,
the surface roughness generation model and its estimation
formula proposed in this study can be widely applied in
practical applications.
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