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Abstract: The mechanical properties of polyamide 6 glass fiber (PA6/GF) long-fiber-reinforced
thermoplastic (LFT) composites were characterized by studying the process conditions in terms of
manufacturing methods (direct extrusion and pultrusion) and material characteristics (void content
and fiber volume fraction). The LFT composites prepared through the pultrusion process have higher
mechanical properties than those prepared via the direct extrusion process. The PA6/GF composite
prepared via pultrusion had the tensile and flexural strengths of 233 MPa and 338 MPa, respectively.
The impact strength measured using the Izod method was 296 J/m, which is 64% higher than that
of the composite fabricated via the direct process. The optical microscope images showed that the
glass fiber length of the pultruded composites is longer than the fiber length of the direct composites,
leading to higher mechanical properties of the LFT composites prepared through the pultrusion
process. Moreover, the interfacial shear strength between the resin and the fiber, measured via single
fiber pullout tests, can account for the higher fiber reinforcing efficiency. If the void content of a
composite is sufficiently small to not be detrimental to the composites, the mechanical properties are
observed to be proportional to the fiber volume fraction of the composites.

Keywords: glass fiber; polyamide 6; fiber-reinforced composite; thermoplastics; mechanical properties

1. Introduction

Recently, fiber-reinforced composite materials have attracted considerable attention
in various industrial fields, such as automobiles, aerospace, vessels, sports, military, and
electronics, owing to their characteristics, such as good mechanical properties, damping,
low density, and formability [1–3]. Fiber-reinforced composites consist of reinforcing fibers,
such as carbon fibers, glass fibers, or aramid fibers, and a polymer matrix made of thermoset
or thermoplastic materials. The reinforcing fibers have intrinsic physical properties that
provide high strength, modulus, and low density, whereas the polymer matrix transfers
the internal force between one fiber and another in composite materials.

Thermoplastic materials are particularly advantageous in terms of impact resistance,
reusability, and high productivity owing to their physical and chemical structures. Among
thermoplastic materials, polyamide 6 (PA6) has often been used as the matrix of composites
because it can provide not only a low cost but also advantageous mechanical properties
at relatively high temperatures. Composites composed of PA6 and glass fibers have been
used in research and industrial fields [4–7]. However, the intrinsic tensile and flexural

Appl. Sci. 2022, 12, 4838. https://doi.org/10.3390/app12104838 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12104838
https://doi.org/10.3390/app12104838
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1160-0349
https://doi.org/10.3390/app12104838
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12104838?type=check_update&version=2


Appl. Sci. 2022, 12, 4838 2 of 11

properties of thermoplastic materials are inferior to those of thermoset materials. The
relationship between the fiber length and mechanical properties has been studied for
decades to solve these problems [8]. Long-fiber-reinforced thermoplastic (LFT) composites
are widely utilized because they have better mechanical properties than short fibers, which
are utilized in short-fiber-reinforced thermoplastics [9,10]. Furthermore, LFT can have
significantly high fiber content [4]. Increasing the fiber content is expected to improve the
mechanical properties of discontinuous fiber composites.

In this study, the manufacturing methods of LFT composites were classified into
pultrusion and direct processes to study their effects on the fiber length of PA6/GF com-
posites. The pultrusion process typically leads to improved mechanical properties because
it induces a longer fiber length than the direct process for reinforcing the fibers. On the
other hand, the direct process is less affected by the melt viscosity than the pultrusion
method. Therefore, there are many types of resins that can be manufactured using the direct
process, including high melting point viscous polymers such as Polyether ether ketone
(PEEK), Polyphenylene Sulfide (PPS), Polyesterimide (PEI), etc. These polymers can be
economically produced through the direct process. However, composites prepared via the
direct process show notably poor mechanical properties, such as flexural strength, tensile
strength, and impact strength. This study aimed to characterize the mechanical properties
of PA6/GF composites in terms of the fiber content, resin type, and process.

2. Experiment
2.1. Materials

The PA6 resin products used were 1011 BRT and LUMID GP 1100A (W), which have
low relative viscosities. They were obtained from Hyosung and LG Chem, respectively. To
remove moisture, the PA6 resin was subjected to a drying process in a convection oven
at 100 ◦C for 2 h. The reinforcing fiber used was EDR240-T835 glass fiber from Taishan
Fiberglass Inc. (CTG). This fiber has good compatibility with the PA6 resin. The fiber
diameter and linear density were 17 µm and 2400 tex, respectively.

Two types of GF/PA6 (1011 BRT, GP 1100A (W)) masterbatches were preferentially
prepared with a fiber content of more than 50 wt% via two different processes. Table 1 lists
the resin and fiber contents of the masterbatches. In Table 1 and other tables and figures,
“P” indicates the pultrusion process, and “D” indicates the direct extrusion process. In
addition, “B” indicates 1011 BRT, and “G” indicates GP 1100A (W). The PA6/GF composite
specimens used for the mechanical tests were prepared via injection molding. In this
process, the weight content of the glass fibers was controlled by adding pure PA6 resin to
the masterbatches. The fiber content of each specimen used in this study for the mechanical
tests was in the range of 40 wt% to 50 wt%.

Table 1. Fiber and resin weight contents of the GF/PA6 masterbatches.

Masterbatch
(Process-Resin)

Fiber Content
(wt%)

Resin Content
(wt%)

P-B 56.2 43.8
P-G 61.4 38.6
D-B 58.8 41.2
D-G 65.1 34.9

2.2. Preparation of PA6/GF Composites

Figure 1 shows the pultrusion and direct processes performed in this study. In the
pultrusion process, glass fibers are loaded from an extruder into an impregnation die
containing melted resins, and the fibers are impregnated with resins while they pass
through the impregnation die. Then, a tension roller pulls the impregnated fibers into
a water cooling bath and pelletizer (Figure 1a). By contrast, the direct process uses
two twin-screw extruder systems. First, PA6 pellets are supplied to the first extruder
to melt the PA6 resin. This extruder then supplies the melted resin to the second extruder.
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The second extruder compounds the PA6 resins and glass fibers. The masterbatch in this
process was prepared by directly chopping the fibers inside the barrel and compounding
them with the resins in the second extruder (Figure 1b). The difference in the fiber length of
the composite is due to the fiber length of the masterbatch. In the case of pultrusion, since
the resin is melted with an extruder and the molten resin is impregnated into the roving
glass fiber yarn to form a strand, damage to the glass fiber hardly occurs before pelletizing.
On the other hand, in the case of direct extrusion, as the roving glass fiber yarn and molten
resin are simultaneously fed into the second extruder, the glass fiber is cut due to shear
force, screw element, and fiber–fiber interaction due to the flow of resin in the extruder. In
the direct extrusion, the length of the fiberglass is already short before being pelletized as it
forms strands and exits through a nozzle. Therefore, even if the masterbatch manufactured
by the two processes has the same length of 12 mm, the length of the embedded glass fiber
is longer in the masterbatch manufactured by pultrusion. Tables 2 and 3 show the extruder
temperature settings for the pultrusion and direct processes, respectively. The process
temperature was set to consider the thermal and rheological properties of the PA6 resins.
The masterbatches were used to measure the mechanical properties of the specimens using
injection molding.
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Figure 1. Masterbatch processing schematics of (a) the pultrusion process and (b) the direct extru-
sion process.

Table 2. Extruder temperature profile for the LFT pultrusion manufacturing processes.

Pultrusion Hopper Barrel 1 Barrel 2 Head

Temperature (◦C) 250 260 270 270
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Table 3. Extruder temperature profile for the LFT direct extrusion manufacturing processes.

Direct Extrusion
1 Extruder 2 Extruder

B1 B2 B3 AD B1 B2 B3 B4 Die

Temperature (◦C) 240 245 250 255 240 245 250 255 260

2.3. Test Methods

Differential scanning calorimetry (DSC) (TA Instruments, Q100) and thermogravi-
metric analysis (TGA) (TA Instruments, Q500) were performed to determine the thermal
properties of the PA6 resins in a nitrogen atmosphere. DSC analysis was performed in a
scan range from room temperature (RT) to 300 ◦C at a scan rate of 10 ◦C/min. TGA was
performed in the scan range from RT to 800 ◦C at a scan rate of 20 ◦C/min.

A rotational rheometer (TA Instruments, DHR-1) was used to measure the viscoelastic-
ity of the resin. The PA6 film was prepared using a hot-press process at 250 ◦C for 15 min.
Rheometer tests were performed in the scan range of 230–290 ◦C at a scan rate of 2 ◦C/min.
The maximum torque was 150 mN·m, and the strain was 5% at 1 Hz.

The interfacial shear strength (IFSS) between the PA6 resin and the glass fiber was
measured using a single-fiber pullout test, which was performed using a self-made pullout
test system (Figure 2). The self-made pullout test system comprised a micro-tensile tester
(DAEYEONG M.T.C., EMC-001) connected to an optical microscope (OM) (Olympus,
CKX41). The maximum force (Fmax) was determined from the force–displacement curve.
This maximum force originates from the debonding and friction between the resin and the
fiber [11–13]. The IFSS is calculated as follows:

IFSS =
Fmax

πd f Le
(1)

where is the fiber diameter with a value of 17 µm. The range of embedded fiber length (Le)
was 200 to 300 µm. The crosshead speed of the micro-tensile tester was 0.5 mm/min at RT.
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Figure 2. Single-fiber pullout test setting.

The physical properties of the PA6/GF composites, such as the fiber weight content,
matrix weight content, void content, and fiber volume content, were measured via a
burning process using a muffle furnace (DAIHAN, WiseTherm®) according to the ASTM
D3171-06 standard. The residues of the PA6/GF composite were then diffused in distilled
water to measure the fiber length of the composite. The residual solution was dried in a
convection oven at 100 ◦C for 1 h. The residues were observed using the OM (Olympus,
CKX41). Furthermore, the fiber length of the composites in the residues was analyzed
using ImageJ®, an imaging analysis program.

The tensile strength was measured in accordance with the ASTM D638 standard using
a universal testing machine (Tinius Olsen, H5KT). The flexural strength was measured
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using ASTM D790, which is a three-point bending test. The impact strength was measured
using ASTM D256, which is an Izod impact test.

After the tensile test, the fracture surfaces of the PA6/GF composites were inspected us-
ing field-emission scanning electron microscopy (FE-SEM) (Hitachi, SU8010). The surfaces
of the fractured composites were coated with platinum via sputtering to prevent charging.

3. Results and Discussion
3.1. Characteristics of PA6 Resin

The thermal and viscoelastic properties of the two types of PA6 resins—1011 BRT
and GP 1100A (W)—were used to optimize the manufacturing conditions. Figure 3 shows
the thermal properties of the two types of PA6 resins obtained using DSC and TGA.
The DSC results showed a melting temperature (Tm) of approximately 220 ◦C for each
resin. Regardless of the resin type, the process temperature must be above 220 ◦C. The
initial decomposition temperatures (T5%) of 1011 BRT and GP 1100A (W) were 393 ◦C and
404 ◦C, respectively, according to the TGA results. This information regarding thermal
properties allows appropriate process temperatures to be set, preventing the degradation
of mechanical properties that would be caused by thermal decomposition.
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Figure 3. Analyses of PA6 resins: (a) DSC and (b) TGA.

The viscoelastic properties of the PA6 resins are shown in Figure 4. Rotational rheome-
try was performed at temperatures above the melting temperature of the PA film. Conse-
quently, the storage modulus increased with increasing temperature. This phenomenon was
particularly apparent at temperatures above 270 ◦C. However, the loss modulus decreases
with increasing temperature. This increase in the storage modulus and decrease in the
loss modulus indicate that the melting resin has a more solid-like property above 270 ◦C.
These property changes may reduce the workability of pultrusion and direct processes by
inducing difficult wetting and impregnation with resins. The process temperature was set
below 270 ◦C in both the manufacturing processes to optimize the process conditions.
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3.2. Interface between PA6 and Glass Fibers

The interfacial characteristics were measured using a single fiber pullout test, which in-
directly predicted the mechanical properties of the composites. Figure 5a shows the scheme
of the single fiber pullout test, in which a single glass fiber composite was constructed on a
slide glass substrate. A force was applied to the glass fiber under unidirectional tension
until the glass fiber was pulled out of the adhesive resin. This phenomenon was observed
using an OM capable of capturing images in real time (Figure 5b). Figure 6 shows a graph
of the embedded fiber length (Le) versus maximum force (Fmax). The embedded fiber length
is nearly proportional to the maximum force within its range (100–200 µm). The IFSS
between 1011 BRT and the glass fibers was higher than that between GP 1100A (W) and
the glass fibers (Table 4). Thus, these results aid the selection of appropriate resins for the
manufacturing processes, as they indicate that a lower IFSS could ease the initiation of
microcracks when the composite is stressed, leading to a degradation in the mechanical
properties of the composite.
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Table 4. IFSS calculation result and standard deviation of the GF and PA6 interface.

Sample IFSS (MPa) Standard Deviation

1011 BRT 20.27 1.45
GP 1100A (W) 16.25 0.59

3.3. Characteristics of Composites

After the pultrusion and direct processes, the PA6/GF composite specimens were
injection-molded by adjusting the glass fiber weight content (target—40 wt%, 50 wt%) and
resin types (1011 BRT, GP 1100A (W)). Table 5 shows the physical characteristics of eight
types of composites (Processes—P and D, resin types—B and G, target fiber contents—
40 wt% and 50 wt%). Although the target fiber contents could not be exactly matched in
some conditions, the error did not significantly impair the overall process of determining
the optimized conditions. The glass fiber and resin weight contents, density, fiber volume,
and void content of the PA6/GF composites are summarized in Table 5 with regard to the
processes, resin types, and target weight contents. The fiber volume content (Vf) of the
composites increased with increasing fiber weight content. The density of the composites
was closely related to the void content in the materials. For composites with similar void
contents, the composite density increases with increasing fiber weight content (Wf). In
addition, composites with a low void content generally have a higher density than those
with a high void content. However, several composite voids are defects that significantly
degrade the mechanical properties. Regarding the physical characteristics, all the samples
were expected to have excellent mechanical properties because they had a relatively low
void content.

Table 5. Physical characteristics of the GF/PA6 specimens.

Specimens
(Process-Resin-Fiber

Content)

Fiber Content
(wt%)

Resin Content
(wt%)

Density
(g/cc)

Fiber Volume Content
(vol%)

Void Content
(%)

P-B-40 38.9 61.1 1.419 21.55 2.37
P-B-50 47.4 52.6 1.515 28.06 2.10
P-G-40 40.0 60.0 1.409 21.89 3.03
P-G-50 51.7 48.3 1.581 31.96 1.66
D-B-40 33.8 66.2 1.346 17.77 4.04
D-B-50 47.6 52.4 1.504 27.94 2.87
D-G-40 41.2 58.8 1.429 22.97 2.65
D-G-50 53.1 46.9 1.551 32.16 3.42

The mechanical properties of composites, such as their strengths and modulus, are
generally proportional to their fiber volume content. Table 6 shows the mechanical proper-
ties of one reference composite and eight types of composites. This phenomenon can be
observed in Figure 7, which shows the relationship between the mechanical properties of
the composite, such as tensile and flexural characteristics, and the fiber volume content.
These graphs indicate that composites fabricated via the pultrusion process have better
mechanical properties than those fabricated via the direct process. This was more apparent
for the impact strength than for the tensile and flexural strengths (Figure 8). The increment
in the modulus is dramatically higher than that of the strength with increasing fiber volume
content. Figure 9 also shows the increment rate of the mechanical properties when the
target fiber volume fraction increases from 40 wt% to 50 wt%. These results indicate that
the fiber volume fraction has a greater influence on the modulus of the composites than the
mean fiber length does [14]. Furthermore, the fiber lengths obtained from the pultrusion
and direct processes were measured and compared. Figure 10 shows the OM images of the
glass fibers after the burning process. The fiber lengths of the composites were observed to
be hundreds of micrometers in the OM images. Generally, the decrease in the fiber length
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of the composites is influenced by the increase in the interactions among the fiber–fiber,
fiber–polymer, and fiber–processing-equipment surface wall, which is more significant for
high-volume content composites [13–15]. In these images, the mean fiber length of the
composites prepared via the pultrusion process was longer than that of the composites
prepared via the direct process. However, all the composites have an outstanding interface
between the fiber and the matrix regardless of their manufacturing process (Figure 11).
This is due to the compatibility of the glass fibers with the PA6 resins.
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Table 6. Mechanical properties of the GF/PA6 specimens.

Specimens
(Process-Resin-Fiber

Content)

Tensile Strength
(MPa)

Tensile Modulus
(GPa)

Flexural Strength
(MPa)

Flexural Modulus
(GPa)

Impact Strength
(J/m)

P-Ref-50 * 220 - 345 - 266
P-B-40 214 11.2 285 11.6 280
P-B-50 233 14.3 338 14.2 296
P-G-40 214 12.2 301 12.5 275
P-G-50 214 13.7 320 14.6 283
D-B-40 171 10.4 263 11.0 159
D-B-50 197 13.7 306 15.1 180
D-G-40 166 10.5 249 11.8 155
D-G-50 184 13.2 317 15.9 183

* Reference products, PA6/GF (fiber content 50 wt%), Verton1 PF-700-100, produced by LNP. Engineering Plastics,
prepared by pultrusion [4].
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3.4. Fiber Efficiency

The fiber efficiency coefficient is an index that can estimate the reinforcing effect of
increasing the GF content. Fu et al. presented a modified rule of mixtures equation for
the fiber efficiency factor in discontinuous short fiber-reinforced composites [14,15]. In
addition, Ahn estimated the effect of LFT on the fiber content, length, and orientation using
a modified rule of mixtures equation [16]. The modified rule of the mixture equation is
as follows:

λσ =
σc − σm(1 − Vf )

σf Vf
(2)

λE =
Ec − Em(1 − Vf )

E f Vf
(3)

where λσ is the fiber efficiency factor for the tensile strength of the composite, σc, σm, and
σf are the tensile strengths of the composites, matrices, and fibers, respectively, λE is the
fiber efficiency factor of the tensile modulus of the composite, and Ec, Em, and Ef are the
tensile modulus of the composites, matrices, and fibers, respectively.

Tables 7 and 8 show the fiber efficiency results for the PA6/GF LFT composites.
PA6/GF-P refers to the specimen prepared via the pultrusion process, and PA6/GF-D
refers to the specimen prepared via the direct extrusion process. High λσ and λE values can
lead to a significant increase in the mechanical properties of the composites. In most cases
listed in Table 7; Table 8, the fiber efficiency factor decreased as the fiber content increased
from 40 wt% to 50 wt%. This indicates that, as the fiber content is further increased, the
increase in the mechanical properties can be less predictable, which is more pronounced
in λσ than in λE. The pultrusion process shows a higher λσ than the direct extrusion
process. Therefore, a higher tensile strength can be expected in the pultrusion process than
in the direct extrusion process, and the pultrusion system is a more efficient manufacturing
method for the GF/PA6 LFTs.

Table 7. Fiber efficiency factors of 1011 BRT.

P-B-40 P-B-50 D-B-40 D-B-50

λσ 0.2155 0.1933 0.1956 0.1572
λE 0.6176 0.6401 0.6774 0.6121

Table 8. Fiber efficiency factors of GP 1100A (W).

P-G-40 P-G-50 D-G-40 D-G-50

λσ 0.2181 0.1548 0.1490 0.1273
λE 0.6738 0.5394 0.5380 0.5140

4. Conclusions

This study aimed to optimize the mechanical properties of PA6/GF composites in
terms of process conditions, such as process type, resin type, and fiber weight content.
Based on the thermal and rheological properties of PA6 resins, PA6/GF composites were
fabricated at temperatures below 270 ◦C. Compared to the pultrusion process, the direct
extrusion process has a shorter fiber length because the fibers and resin are cut while
entangled with the screw. Therefore, composites prepared via the pultrusion process
have better mechanical properties than those prepared via the direct process because of
their longer mean fiber length. The optimal combination of resins and fibers to prepare
composites is directly related to the mechanical properties of the composite through its
interface features. The results of the single-fiber pullout test demonstrated that the 1011
BRT resin is better than the GP 1100A (W) resin in our system. The composites prepared
using the 1011 BRT resin were observed to have excellent mechanical properties. The
fiber efficiency results of both process methods are higher in the pultrusion process than
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in the direct extrusion process. These results indicate that the pultrusion process is a
more efficient process in terms of mechanical properties. This study provides guidance
on the types and processes of resins that can be altered to achieve the desired mechanical
properties of PA6/GF.
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