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A B S T R A C T

Advances in thermoplastic composites have attracted interest among researchers for the development of new
high-performance and recyclable engineering plastics. Herein, a novel polyketone (PK) composite containing
carbon fiber (CF), as well as its thermophysical characteristics, was investigated. PK composites with different CF
contents ranging from 0 to 30wt% were fabricated through the two-stage extruder-injection molding process.
The performances of the raw and composite materials were measured by various methods, and we found that the
incorporation of CF into PK enhances the thermal stability, conductivity, and mechanical properties of the
composites simultaneously. To theoretically evaluate the thermomechanical characteristics of the PK compo-
sites, a series of numerical simulation was carried out. The Kapitza resistance, which was assumed to be a model
constant in this study, was determined through a genetic algorithm. The predicted properties of composites with
varying CF were observed to be in good qualitative agreement with the experimental results.

1. Introduction

Recently, there has been an increasing demand for high-perfor-
mance thermomechanical properties in engineering plastic [1]. In
particular, as automobiles and electronics have become smaller and
lighter, demand for high-performance plastic has increased. Aliphatic
polyketones (PKs) are a relatively new class of material that exhibits
many desirable thermophysical characteristics over conventional co-
polymers [2]. According to the literature [3–5], the impact strength and
chemical resistance of PK are 2.3 and 2.5 times better than nylon, re-
spectively, a typical engineering plastic. PK is also known to be an
ecofriendly material, because it is composed of carbon monoxide and
olefin, which are the main sources of air pollution and petrochemical
materials [6].

Despite these excellent physical properties and environmental
friendliness, the low elastic modulus and thermal conductivity of PK
have been reported to be major drawbacks. In order to overcome these
issues, various groups have conducted research on composites using PK
as a matrix material. PK nanocomposites embedded with nanofillers

such as organoclay have been prepared by [7] through the melt-com-
pounding method. Two kinds of organoclays have been considered, and
a highly intercalated morphology was observed when the organoclays
with heat stabilizer were incorporated into the PK matrix [7]. It was
confirmed that the higher intercalant molecules led to a uniform dis-
persion of organoclay within the PK, resulting in a notable improve-
ment in the mechanical characteristics of the composites [7].

The surface characteristics of carbon nanotubes (CNTs) regarding
the effective adhesion and mechanical strength of CNT/PK composites
were investigated by [8]. The pristine CNTs were functionalized using
the Grignard reagent and synthesized with the PK matrix. The surface-
modified CNT was observed to have a better dispersion and interfacial
adhesion than the pristine CNT in PK. Therefore, when the same
amount of CNT was used as the filler, an improved tensile strength was
confirmed with the surface-modified CNT [8]. In addition, studies on
PK composite materials with graphene oxides (GOs) have been carried
out [9]. It was reported in [9] that the PK nanocomposites with a very
small polyamide-6-grafted GO content exhibited considerably improved
mechanical properties. [10] fabricated and analyzed PK composites
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with various carbon nanofillers such as CNTs, GO, and antioxidant-
grafted GO. It was observed that the antioxidant-grafted GO was quite
effective in improving the thermal stabilities and mechanical properties
of the PK composites [10]. Multi-scale studies have also been conducted
for more accurate analysis of polymer composite materials [11,12].

From the literature, the synthesis of the PK matrix and nano-inclu-
sions successfully improved the material properties. However, the use
of nanoparticles, CNTs, and graphene as the inclusion is not desirable in
terms of cost-effectiveness and product uniformity, which are the most
important factors in commercialization. Hence, in this study, we have
fabricated a PK composite reinforced with chopped carbon fiber (CF),
which is a somewhat common and highly recyclable material. The
chopped CFs were used as a filler, improving the thermomechanical
characteristics of the neat PK polymer. The PK/CF mixtures were in-
itially fabricated by a conventional extrusion process. The mixtures
were then applied to an injection molding machine to produce the test
specimens of CF-reinforced PK composites.

The thermomechanical characteristics of the raw materials and
composites were analyzed using a universal testing machine (UTM),
differential scanning calorimetry (DSC), thermal emission microscope,
and thermogravimetric analysis (TGA). A Hot disk and infrared thermal
camera were utilized to measure the thermal conductivity and monitor
the temperature change of the composites, respectively. The fractured
surface of the specimens was observed through a scanning electron
microscope (SEM). The Tsai–Halpin and micromechanical equations
were considered to theoretically analyze the mechanical and thermal
properties of the composites. The reduction level of the aspect ratio of
inclusion due to fiber cracking during composite fabrication was in-
ferred through comparison with the Tsai–Halpin equation. In addition,
the interfacial property between the filler and matrix, which has a great
influence on the thermal conductivity, was considered as a model
constant, Kapitza resistance. To more accurately estimate the model
constants of the simulation, the Kapitza resistance was determined
using the genetic algorithm (GA) technique. Through the proper un-
derstanding and reflection of the specimen characteristics, we con-
firmed that the proposed simulation correctly predicts the experimental
values.

2. Methods

2.1. Materials and fabrication

Aliphatic PK (Tg and Tm are 10 and 220 °C, respectively; melt index
of 60 g/min and density of 1.24 g/cm3) was received from Hyosung
(Korea). Chopped CF (T300 grade) was obtained from Toray (Japan)
and used as received. The average length of the chopped CF was 6mm
and its density based on the datasheet provided was 1.76 g/cm3. The
average diameter of each CF is known to be 7 μm.

The CF and PK were prepared in a completely dried condition in a
vacuum oven at 60 °C for 24 h. Then, the PK and CF were hand-mixed
with a controlled CF weight fraction: 5, 10, 20, and 30wt%. The pre-
mixtures were melt-blended by a twin-screw extruder (L/D=15,
PRISM TSE 16 TC, Thermo Electron) at a screw speed of 100 rpm,
which is the maximum screw speed below the extruding capability of
mixing 30wt% of CF with the equipment setting. The temperature
settings of each heating zone were set to 225 °C (hopper zone, zone 1),
230 °C (zones 2 to 4), and 225 °C (die zone, zone 5), where zone 1 re-
presents the nearest heater and zone 5 is the farthest heater from the
hopper. The extruded pellets were injection-molded by an injection
molding machine (BOY 12A, BOY Machines) at a temperature setting of
240 °C for all heating zones, screw speed of 150 rpm, and back pressure
of 8.5 bar. After all fabrication processes, the specimens were further
dried in a convection oven before any tests. A more detailed description
of the specimen fabrication process is illustrated in Fig. 1.

2.2. Characterization

The mechanical properties of the composites were measured by a
tensile test according to the ASTM D638 with a UTM (LR10K, Lloyd,
UK). For the tensile test, a dog-bone-shaped specimen based on type V
was prepared and tested with a crosshead at 10mm/min at room
temperature and a 50% RH condition. The thermal properties of the PK
and its composites were analyzed by DSC and TGA. DSC measurements
were carried out by a calorimeter (Q20, TA Instruments, USA) at a
heating rate of 10 °C/min with a nitrogen purge, and its second cycle
was analyzed. TGA measurements were carried out (Q50, TA
Instruments, USA) at a heating rate of 20 °C/min under nitrogen at-
mosphere. To observe the morphology of the fracture surface of the
composites, field-emission SEM (Nova NanoSEM 450, FEI Corp., USA)
was utilized. For the specimen preparation, a sputter coating machine
(Ion Sputter E-1030, Hitachi High-Technologies Corp., Japan) was used
with platinum as the sputtering source for 120 s under vacuum. The
thermal profile of single CF was measured using thermal emission mi-
croscope (THEMOS mini, Hamamatsu, Japan), which was assembled
with home-made vacuum chamber to measure the temperature of
sample under high vacuum condition (~10−6 Torr) through a ZnSe
viewport. The thermal conductivity of the composites was measured
according to the ISO 22007-2 standard (TPS 2500 S, Hot Disk AB,
Sweden). An infrared thermal camera (FLIR E3, FLIR Systems, USA)
was utilized to monitor the temperature change of the composites
during the time of heating and cooling. Heat accumulation and dis-
sipation were visualized by the thermal images.

3. Results and discussion

3.1. Morphology characterization

To observe the CF network inside the polymer matrix through the
extrusion process, morphology analysis was conducted by varying the
CF loading. Fig. 2 shows SEM images of CFs protruding out of the
polymer matrix, revealed from the fracture surface of the PK/CF com-
posites. Compared to the neat PK fracture surface (Fig. 2a), the 10 wt%
(Fig. 2b) and 30wt% (Fig. 2c) CF-incorporated PK specimens show a
lower-granularity surface morphology because of the high loading of
the CF. In addition, it is apparent that each fiber was randomly pulled
out rather than broken in both 10wt% and 30wt% PK/CF composites
after the tensile test. This may be attributable to the weak interface
formation between the CF and PK matrix. Although fiber pullout is
mainly observed rather than fiber breakage after the tensile test, the
gap between each fiber and polymer matrix is not clearly observed from
the fracture surface. The interface between the CF and polymer matrix
may be enhanced with further treatment of the CF.

3.2. Mechanical behavior

The mechanical reinforcement of the PK by CF was tested by the
UTM, and five specimens were tested for reproducibility. First, ex-
perimental measurements and the theoretical prediction of Young’s
modulus for the PK/CF composites are presented in Fig. 3a. Young’s
modulus is the representative value for the stiffness of a material
measured in a low strain range from the tensile test and is affected by
the filler content and filler orientation in multi-component materials.
Specifically, Young’s modulus of composite materials reinforced with
randomly oriented non-continuous fibers does not follow the rule of
mixture, which only applies for continuous unidirectional fibers for
predicting the composite modulus. Instead, Young’s modulus of ran-
domly oriented discontinuous fiber reinforced composites can be esti-
mated by the Tsai–Halpin equation [13], defined as follows:
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where Erandom is the predicted elastic modulus of the composite
filled with randomly oriented discontinuous fibers, and Em and Ef are
the elastic moduli of the matrix and filler, respectively. For calculation,
we take Em=1.35 GPa and Ef = 230 GPa. ϕ1 and α are the volume
fraction and aspect ratio of the filler, respectively.

For the experimental values, Young’s modulus increases from 1.35
GPa of neat PK to 7.02 GPa of the 30 wt% CF-incorporated PK/CF
composite, which shows a 520% increase in stiffness. The theoretical
calculation based on the Tsai–Halpin equation was compared to the

experimental results. In the extrusion and injection molding process,
even though the fiber morphology was observed with SEM, it is difficult
to predict the fiber breakage under high shear mixing processes. The
fitted parameter in this prediction is the aspect ratio of the CF after the
mixing process, and the rest of the parameters are assumed for a ran-
domly oriented discontinuous fiber-reinforced system. The experi-
mental Young’s modulus of PK/CF composites with respect to the fiber
content agrees relatively well with the prediction line, with the aspect
ratio between 50 and 100. As the fiber fraction increases, the deviation
between the predicted modulus and experimental values increases,
which implies that the concentration of the packing defects in the
composite increases with the filler fraction [14].

Fig. 3b shows the increasing trend of the tensile strength of PK/CF
composites with respect to CF content. As the tensile strength of the

Fig. 1. Manufacturing process of carbon fiber (CF)-reinforced polyketone (PK) composites. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. SEM images of fracture surface of (a) neat PK and composites comprising (b) 10wt% and (c) 30 wt% of CFs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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composite is affected by interfacial interactions between the filler and
polymer matrix, the results imply that the strength reinforcement by
the simple mixing process is effective for PK and non-treated CF. The
tensile strength of the PK/CF composites ranges from 80.33MPa for
neat PK to 151.63MPa for the 30 wt% PK/CF composites, which shows
an increase of about 189%. The elongation at break of the PK/CF
composites are shown in Fig. 3c. The results follow the typical brittle
fracture behavior usually present in fiber-reinforced heterogeneous
composite materials. Even with a 5 wt% loading of CF, a great decrease
in the elongation at break is observed in the PK/CF composites. To il-
lustrate the overall deformational behavior of the PK/CF composites in
the tensile test, the strain–stress curves are presented in Fig. 3d. These
curves reveal that the PK/CF composites have a highly improved
strength and stiffness compared to neat PK, and the strain decreases
with CF incorporation. As shown in the inset, the magnified graph for
the increasing trend of stiffness and strength for the CF-incorporated
composites, and thus our composites, can be used as mechanically ro-
bust materials.

3.3. Thermal properties

As the PK is a semi-crystalline polymer, its crystallization behavior
may change by incorporating CF as a reinforcing filler. To analyze the
crystallization of PK/CF, thermal analysis by DSC was conducted, as
shown in Fig. 4a. The values of melting temperature (Tm) and melting
enthalpy change (ΔH) in the PK/CF composites with respect to the fiber

content are summarized in Table 1. The Tm of the PK/CF composite
ranges from 219 °C to 222 °C, which implies that there is no effective
change in crystal size. In contrast, as the CF content increases, the ΔH of
the PK/CF composites decreases from 77.9 J/g of neat PK to 40.8 J/g of
the 30 wt% PK/CF composite, which implies that the introduction of
the CF hinders the PK chain mobility, further retarding the crystal
growth [15–17].

As shown in Fig. 4b, TGA analysis was conducted to observe the
thermal properties of the PK/CF composites. The thermal decomposi-
tion temperature for a weight loss of 5% is 294.7 °C for neat PK, which
continuously increases to 314.0 °C and then decreases to 286.1 °C for
the 20 wt% and 30wt% loaded PK/CF composites, respectively. The
thermal property trend of the CF content is consistent with the DSC
measurements, where the high loading of CF hinders the crystal growth
and slightly affects the thermal properties. However, the change in the
number of crystals and crystal size in the polymer matrix part of the
composite under a high volume of CF may not have an impact on the
final mechanical properties, which will be discussed in a later section.
In addition, through the char yield measured by TGA, the content of the
incorporated CF was experimentally measured.

The thermal conductivity of single CF, as a filler of PK/CF mixture,
was measured using a self-heating method at vacuum condition
(5×10−6 Torr). When current was applied to the CF, a temperature of
fiber gradually increases due to Joule heating and temperature profile
at saturated state was measured by IR camera as shown in False-color
thermal image (Fig. 4c). The highest temperature was observed at

Fig. 3. The mechanical characteristics of PK composites with varying contents of CF inclusions: (a) Young’s modulus, (b) tensile strength, (c) elongation at break, and
(d) stress-strain curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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middle of the fiber and the temperature decreases as it close to the edge.
For the accuracy of measurement, a series of temperature profile were
obtained at various applying power by increasing the voltage (Fig. 4d).
Then the thermal conductivity (k) was calculated by the following
equation [18],

= −T T VI
kA

L x
4

( )x min
c

2 2
(3)

where Tmin is the lowest temperature at edge of fiber, VI is the applied
power, Ac is the cross-sectional area of fiber, k is the thermal con-
ductivity and L is the half length of fiber. x denotes the distance from
the center of fiber. In this calculation the CF was assumed as a 1-di-
mensional system because the diameter of sample is much smaller than
the length. The fitting curves from the theoretical calculation in Eq. (3)
are matched well with experimental measurement data, which means
our measurement system is highly reliable. The calculated thermal
conductivity is ~10.4W/mK, which is compatible value with a pre-
vious report [19].

3.4. Thermal performance

Fig. 5 presents the heat absorption and dissipation properties of the
PK/CF composites by showing the temperature change and corre-
sponding image by an IR camera. The transient temperature responses
of Neat PK and the 10 and 30wt% PK/CF composites on a hot plate
were first observed as a temperature profile, as shown in Fig. 5a. In all
samples, the speed of the increase in temperature is high in the early
stage of the heating time and gradually slows down and saturates to a
certain temperature. Compared to the neat PK and 10wt% PK/CF
composites, the 30 wt% PK/CF shows the fastest temperature increase
and reaches the maximum temperature first; 105 °C for neat PK, 106 °C
for 10 wt% PK/CF, and 111 °C for 30 wt% PK/CF. Moreover, to in-
vestigate the heat dissipation properties of the PK/CF composites,
preheated samples were placed in ambient conditions to be naturally
cooled down (Fig. 5b). Meanwhile, there are slight cooling speed dif-
ferences among the samples; 30 wt% PK/CF, the high CF volume spe-
cimen, efficiently dissipated heat and reached the atmospheric tem-
perature early, as expected.

Along with these results, the anisotropic thermal conductivity of the
PK/CF composites with respect to CF content was measured, as shown
in Fig. 6a. As expected, because of the anisotropic thermal conducting
pathway of CF, the measured thermal conductivity of the PK/CF com-
posites exhibit highly anisotropic characteristics [20]. A linear incre-
ment in thermal conductivity in the in-plane direction of the PK/CF
composites is observed with respect to the CF content, while the
through-plane directional thermal conductivity does not linearly in-
crease. Although the PK/CF composite itself is composed of non-con-
tinuous randomly oriented CF, the overall thermal conductivity has an
anisotropic heat transfer behavior. However, at high CF loading at
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Fig. 4. The thermal analysis results of (a) differential scanning calorimetry (DSC), (b) thermogravimetric analysis (TGA), (c) false-color thermal infrared image of
single CF, and (d) temperature profile along CF. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
The values of melting temperature (Tm) and melting enthalpy change (ΔH) in
PK/CF composites with respect to the fiber content.

Sample Code DSC TGA

Tm (°C) ΔH (J/g) T5% (°C) Char yield (%)

PK_CF_0 wt% 218.7 77.9 294.7 24.9
PK_CF_5 wt% 222.8 75.7 298.7 29.1
PK_CF_10 wt% 220.6 61.7 304.2 34.7
PK_CF_20 wt% 220.6 54.2 314.0 46.0
PK_CF_30 wt% 219.2 40.8 286.1 51.3
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30 wt%, the through-plane directional thermal conductivity slightly
increases because the directional randomness of the fiber increases in
the confined volume.

To scrutinize the anisotropic characteristics of the thermal con-
ductivity, we note that the micromechanics-based approach would be
ideal as it can describe the microscale nature of the heterogeneous
material with little empiricism. With the help of the micromechanical
ensemble-volume-averaged method, the effective thermal conductivity
of composites composed of the PK matrix (phase 0) and aligned CF

(phase 1) is [21–23]

= + + − +− − −ϕ ϕK K I A S I S A S·[ { ( ) ·[ ·( ) ] }]0 1 1
1

1 1
1 1 (4)
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where I denotes the identical tensor, ϕ is the volume fraction of in-
clusion, and the subscripts 0 and 1 denote the material phases,
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Fig. 5. The temperature profiles of PK/CF composites and corresponding photo images by IR camera on (a) heating and (b) cooling stage. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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indicating the matrix and inclusion, respectively [25]. S is Eshelby’s
tensor, which depends on the aspect ratio (α= length/diameter) of the
CF. The components of S can be found in [23] and the Appendix A. RK,
l, and d are the Kapitza resistance (interfacial thermal resistance), and
the length and diameter of the CF, respectively. The thermal con-
ductivity of randomly oriented CF-reinforced PK composites can be
calculated as [22,26]

∫ ∫=
π

l l l l θ θ τK K1
2

sin d d
π π

mi nj pk ql0 0
 

(6)

with

=
⎡

⎣
⎢−

⎤

⎦
⎥l

θ θ
θ θ

cos sin 0
sin cos 0
0 0 1

mi
(7)

The through- and in-plane thermal conductivities predicted by the
above procedure are shown in Fig. 6a. The following material constants
are adopted: (K0)Through-plane= 0.194W/mK, (K0)In-plane= 0.765W/
mK, and K1= 10.4W/mK. The model constant of the present study, RK,
is estimated through a GA-based iteration technique. The interfacial
effect is a very important factor that can change the effective properties
of various composite materials [27–29]. In particular, the thermal

resistance (also known as Kapitza resistance, RK) at the interface can
significantly decrease the effective conductivity of composites. In var-
ious research papers, the effects of RK on the effective thermal con-
ductivity of composites have been reported to be very large, and
therefore we have assumed RK as the model constant of the present
theoretical analysis. The procedure for optimizing the RK value of the
simulation is shown in Table 2 [30,31]. The value of Kapitza resistance
estimated via GA was RK= 3E-8. In a physical sense, RK=0 indicates
that the filler and matrix are perfectly combined; however, it is difficult
for this to occur in reality. By theoretically considering the effects of the
heterogeneous interface between the two materials, more realistic
predictions can be made in the present study. The corresponding pen-
alty values calculated by the GA are also illustrated in Fig. 6b.

4. Conclusions

In this study, the thermomechanical characteristics of a PK com-
posite reinforced with CF were investigated experimentally and theo-
retically. The specimens were prepared by the extrusion-injection
molding process, and the material characteristics were analyzed via
various methods. The improvement in the mechanical and thermal
properties according to CF content was examined. Especially, the in-
corporation of CFs up to 30wt% improved the Young’s modulus and
thermal conductivity by approximately 520% and 300%, respectively.
In this paper, the theory that can accurately predict the properties of
CF-reinforced PK composites and the model constants derived from a
GA are presented.

For effective commercialization, this study proposes an economical
and facile manufacturing method. Based on the demonstrated im-
provements in thermomechanical properties by incorporating CF, it is
expected that PK can be utilized as various industrial composite ma-
trices. In particular, we found that the incorporation of CF into PK
enhances the thermal stability and conductivity of the composites si-
multaneously. These improvements are expected be a potential solution
to resolve the inherent disadvantage of PK regarding long-term thermal
degradation. However, in the present study, the time-dependent and
long-term characteristics of CF/PK materials were not investigated.
Since we initially focused on short-term performance evaluation of PK
composites, it was beyond the scope of the present paper. However, we
plan to extend our work along this direction in the near future [32].
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Table 2
The procedure for optimizing Kapitza resistance (RK).

1: Set the basic parameters for operating GA: population size, penalty rate, the
maximum generation, and initialize number of generations etc.

2: Generate the initial random population of chromosome (RK)
3: Send the initial population to Eq. (5) and test for the best initial solution by

evaluating the penalty of chromosome. The penalty can be calculated by

= ∑ − −=F D D D Darg min ( ) ( )penalty R i
N

i T iK 1
max_gen  

where Nmax_gen is the maximum number of generation, Di is the estimated thermal
conductivity at the i-the chromosome, and D is the experimental data.

4: Select the best chromosome and insert into the new population.
5: Perform crossover, mutation, and check for the best chromosome. Save the best

new chromosome.
6: Check the terminating condition.
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Appendix A

The Eshelby’s tensor for the effective thermal conductivity (K*) of composites containing spheroidically shaped inclusion (a11 > a22= a33;
α=a11/a33) can be defined as:

= −
−

− − −S α
α

α α α( ) 1
( 1)

{ ( 1) cosh },11 2 1.5
2 0.5 1

= =
−

− − =−S S α
α

α α α( ) ( )
2( 1)

{ ( 1) cosh }, Others 022 33 2 1.5
2 0.5 1

where α (=l/d) is the aspect ratio.
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