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Abstract

A thermoset polymer liquid coating reinforced with ceramic particles was applied on the surface
of an additively manufactured carbon fiber-reinforced thermoplastic composites to improve its
surface characteristics for composite tooling application. The tool demonstrated herein was
fabricated via material extrusion additive manufacturing (MEAM) and served for the fabrication
of autoclave-cured laminated composite structures. Test specimens used in this investigation were
additively manufactured with Polyphenylene Sulfide (PPS) reinforced with 50% by weight of
carbon fiber. Approximately 10 um thick thermoset resin-based coating reinforced with ceramic
particles was applied on the surface of flat specimens using the liquid spray coating technique and
cured at an elevated temperature. Surface characteristics relevant to molds used in composite
manufacturing such as surface roughness, abrasion resistance, hardness, friction, and vacuum
integrity were assessed for the coated and noncoated specimens. Autoclave composite part
manufacturing tools were built and coated to study demolding property of the coated tool
throughout multiple autoclave cycles. The result showed that the coating improved abrasion
resistance, vacuum integrity, demolding property, and lowered surface friction.

1. Introduction

The use of fiber reinforced composite materials in applications within the aerospace, automobile,
maritime, and sporting goods industries has increased rapidly due to favorable physical and
mechanical properties of the material such as high strength to density ratio [1,2]. Molds are
essential for the fabrication of composite parts since it provides the geometrical shape and the
surface finish of the composite part [3-5]. Molds are often made from aluminum, steel, tooling
board, or composite materials similar to the part being produced with the mold [2,5]. Among
these, composite molds are gaining more attention due to the low-weight, low coefficient of
thermal expansion (CTE), and temperature stability [5,6]. Further, composite molds offer the
potential of tailoring the CTE of the mold according to the CTE of the part being fabricated.
Traditionally, composite tools are handmade by operators, and therefore the quality of the tool
can vary depending on the skills of the operator [7,8]. Further, handmade composite tools are
labor and time intensive, and dimensional accuracy of the tool may not be guaranteed [7,8].
Especially, large-scale tools have several manufacturing steps which induces labor intensity to
the tool manufacturing process [9]. To overcome these issues, the newly emerging fiber
reinforced composite additive manufacturing technology is often used for composite tool
manufacturing process [7,8,10].

Additive manufacturing composite material is a promising technology for mold manufacturing
because it reduces cost, time, and labor to make a composite mold [8,11]. However, the newly
emerged additively manufactured fiber reinforced composite molds for composite part



manufacturing have showed some limitations to achieve a high-performance mold surface.
Dimensional accuracy requirements still demands machining of the near-net-shape additively
manufactured molds [12,13]. The surface of the additively manufactured fiber reinforced
composite mold is not as durable as a traditional metal mold [6]. Therefore, it is more prone to
scratches, nicks, or dents during the composite part manufacturing process [6,8,12,14]. Further,
during the machining process, surface irregularities can develop due to fiber breakage, fiber pull-
out, matrix cracking, and overheating of the polymer by friction [15]. Surface defects can lead to
variations in roughness at the surface of the tool which is transferred to the surface of the
composite part produced with the tool [14,15]. The roughness on the surface of the tool can
promote mechanical interlocking between the part and the tool, thereby increasing the force
required to release the part from the tool [7]. Excessive demolding forces can damage the
tool, the part, or both during the part demolding process [16,17]. Also, the bead-by-bead
additive manufacturing process can leave gaps between adjacent beads which can serve as air
pathways, thereby compromising the vacuum integrity of the mold which is detrimental for the
consolidation of a laminated composite structure produced with the mold [14,18].

For these reasons, an additional coating on the additively manufactured mold is often used [19].
Gelcoat is one of the most common coating materials that is applied on fiber reinforced
composite mold to improve its surface quality [20]. Gelcoat is approximately 0.406 - 0.508 mm
thick, and it is generally applied via liquid spray. The gelcoat can provide a durable and smooth
surface while protecting the substrate from the environment [19-21]. Gelcoats can be based on a
thermoset resin, such as epoxy or polyester, modified to be able to spray for application [20].
Further, additives can be incorporated into the liquid resin coating to provide additional
functionalities [21-23] such as wear resistance, electrical conductivity, and flame resistance.
This work investigates the changes to the surface characteristics of an additively manufactured
material upon the application of a thermoset resin-based coating reinforced with ceramic
particles. More specifically, this study focuses on the surface characteristics relevant to molds
used in the fabrication of composite parts including surface hardness, abrasion resistance, surface
roughness, surface friction, vacuum integrity, and demolding force. Test specimens were
additively manufactured with 50% by weight of carbon fiber reinforced Polyphenylene Sulfide
(PPS). A commercially available thin film liquid coating with ceramic particles (Cerakote E-
series) was applied on the test specimen. Various surface properties, such as hardness, abrasion
resistance, roughness, surface friction, and vacuum integrity of the coated surface were
performed, and the results were compared to the pristine (non-coated) surface. The goal of this
study was not only investigating surface properties of one coated surface but also introducing
different surface property tests that were required for composite part manufacturing mold
surface. The details of testing process and test result analysis for each test were demonstrated.
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Figure 1. Stereoscopic image of the (a) non-coated and (b) coated test specimen. (c) Microscopic
image of cross-sectional area of the coating applied on the substrate.

2. Methodology
2.1 Surface hardness test

Composite part manufacturing mold are often exposed to surface damage, such as scratch, nick,
or dent during its service. The surface with high hardness is required to maximize the number of
production run for composite part manufacturing mold. The surface hardness of the coated
additively manufactured carbon fiber reinforced PPS composite test specimen was tested using a
Barcol impressor in accordance with ASTM D2583, the test method for indentation hardness of
rigid plastics by means of a Barcol impressor [24]. Barcol hardness test was a static hardness test
which used an impressor to indent the surface of the material with a specific load. The depth of
the indent was measured to determine the hardness level of the material surface. Qualitest GYZJ-
934-1 was used for a Barcol impressor.

2.3 Surface roughness test

The surface roughness of the composite part manufacturing mold is an important factor that
determined the surface finish quality and surface friction of the mold. The surface finish quality
of the composite part and required demolding force are influenced by the surface roughness of
the mold [3,4]. Therefore, low surface roughness is required for the mold surface. The surface
roughness test was performed in accordance with ASTM D7127, standard test method for
measurement of surface roughness of abrasive blast cleaned metal surfaces using a portable
stylus instrument [25]. The Mitutoyo surf tester SJ-210 was used for the surface roughness test.
In this study, arithmetical mean roughness (Ra) was used to compare the surface roughness level
of the test specimen. The roughness was measured in the direction as same as machining
direction.

2.2 Surface abrasion resistance

The rubbing action between the part and the mold during the repeated demolding process can
cause frictional wear on the mold surface [26]. The repeated frictional wear can lead to
deteriorate of mold surface characteristics and dimensional accuracy. Therefore, high surface
abrasion resistance is required for composite part manufacturing mold surface. The surface



abrasion resistance test was performed in accordance with ASTM D4060, standard test method
for abrasion resistance of organic coatings by the Taber abraser [27]. A Teledyne Taber abraser
model 503 was used for an abrasion tester as shown in Figure 2(a). The abrasion resistance test
specimen was mounted on the turntable, and two Taber abrasion wheels were placed on the top
surface of the test specimen. The abrasion test was performed with two CS-10 Calibrase resilient
wheels. When the turntable rotated, the abrasion wheels were rotated driven by the rotation of
the test specimen. The rub-wear action between the test specimen and the abrasion wheels
abraded the surface of the test specimen as shown in Figure 2(b). The vacuum system cleaned
abraded particles on the test specimen during the test. The weight change of the test specimen
corresponding to the number of abrasion cycles was used to compare surface abrasion resistance
of the test specimen.
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Figure 2. (a) Taber surface abrasion resistance tester and (b) schematic drawing of the surface
abrading process during the surface abrasion resistance test.

2.4 Surface friction

In composite part manufacturing process, a cured composite part is demolded from the
composite part manufacturing mold, and surface friction between the mold surface and the part
affects required demolding force [28]. Therefore, low surface friction between composite part
manufacturing mold surface and the part is preferred. To investigate how additional coating
affected surface friction of the additively manufactured composite, a surface friction test was
performed. Surface friction testing fixture which had flat plate and pulley which along the
vertical axis of a MTS testing system was prepared. A carbon fiber composite laminate was
installed on the top of the surface friction test plate and the test specimen was placed on the top
of the carbon fiber composite laminate and connected to a 22.68 kg capacity load cell on the
MTS machine with string through the pulley. A 6.26 kg of weight was placed on the top of the
test specimen to apply normal force during the surface friction test and 50 mm/min of the pulling
rate was used during the test. Figure 3(a) shows the surface friction test settings.

2.5 Vacuum integrity

In the composite part manufacturing process, sealed surface of the mold is important. During the
composite part curing process, vacuum bag is often installed on the mold surface to apply
pressure and consolidate the composite part [2,5]. If there is an air leak on the mold surface, it is
difficult to achieve enough pressure applied to the part during the cure cycle [2,5]. To investigate
how additional coating affects vacuum integrity of the additively manufactured fiber reinforced
composite, vacuum integrity test was performed before and after the coating accordance to
ASTM D5687, standard guide for preparation of flat composite panels with processing



guidelines for specimen preparation [29]. Vacuum bag was installed on the surface of the test
specimen and about 84.66 kPa of vacuum pressure was applied. A vacuum pressure gauge was
used to measure vacuum loss for 30 seconds. Each surface was tested 3 times. After all non-
coated surface was tested, the coating was applied to the test specimen on both side and the
vacuum integrity of the coated test specimen was tested same way 3 times. Figure 3(b) shows a
picture of vacuum integrity test on the test specimen with a vacuum pressure gauge.
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Figure 3. Test setting for the (a) surface friction test and (b) vacuum integrity test.
2.6 Demolding test

An experimental procedure was developed to investigate the effects of the coating on the
demolding characteristics of printed composite tools. To quantify the effects of the coating on
the demolding force, a tool geometry was designed to promote a demolding force resulting from
the friction between the part and the tool. Figure 4(a) shows the cross-section of the tool for a
cylindrical shape designed for the experiments used for characterizing the demolding force. A
composite prepreg material was laid at the top and sides of the tool. When the composite
material was cured in an elevated temperature and cooled down, the composite material shrank
and generated normal force against the tool. During the demolding process, the sliding composite
part on the tool applied a frictional shear stress between the tool and the part. The demolding test
tool had a part ejecting system which had an ejector pin hole all the way through the tool, so the
cured part could be demolded by pushing the ejector pin through the ejector pin hole.

Since the authors wanted to have a high demolding force of the tool during the demolding test,
the authors used a woven fiber glass reinforced composite prepreg, which had a higher
coefficient of thermal expansion (CTE) than carbon fiber, for the composite layup plies to
increase the demolding force intentionally. Eight plies were laid on the surface of the tool
following the stacking sequence [0/45/30/60]> which was designed to distribute the darts
uniformly along the perimeter of the tool. An additional set of eight circular plies were applied at
the top of the tool to reinforce the top face of the cylinder which was used for transferring the
demolding force from the ejector pin to the part as shown in Figure 4(b-4). Following the
application of the composite plies on the surface of the tool, the tool and part were enclosed
under vacuum in a bag and prepared for an autoclave cure (180°C for two hours and under 586
kPa of external pressure). Figure 4(b) shows the prepreg layup process on the demolding test
tool.

After the composite part was cured, the tool was installed in an MTS universal testing machine
for the demolding test. The tool was flipped upside down and placed on the 88.9 mm diameter



aluminum support cylindrical tube, and an ejector pin was inserted from the bottom of the tool.
The MTS testing system was set to compression test with a displacement change of 2 mm/min
and 10 displacement and load data were recorded per second. The demolding test was completed
and stopped when the composite part was fully demolded from the tool. Figure 4(c) shows the
demolding test setting in MTS system. The load and displacement data were exported and
analyzed. Each tool was used in 10 production cycles.
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Figure 4. (a) The design of the demolding test tool and schematic drawing of applied forces
between the tool and part during the demolding process. (b) Fiber glass reinforced composite
prepreg material layup process on the demolding test tool; (b-1) a piece of solid release film on
the top of the tool before 1st ply layup, (b-2) after 1st ply layup, (b-3) after 8th ply layup, and (b-
4) after additional eight circle plies layup. (c) Schematic drawing of the demolding test setting
and the demolding test setting in the MTS system.

3. Results
3.1 Hardness result

Four composite test specimens were prepared; two non-coated and two coated composite test
specimens. 50 different surface hardness measurements from each test specimen, In addition, the
surface hardness level of an aluminum 6061-T6 and a 1020 steel, which were commonly used
metal for mold manufacturing, were measured to compare the hardness of the additively
manufactured carbon fiber reinforced PPS composite to the hardness of a traditional metal. The
average Barcol hardness of the coated composite specimen was 17.37 and the average Barcol
hardness of the non-coated composite specimen was 22.67. The average Barcol of the coated test
specimens was 23.38% lower than the non-coated test specimen. The average Barcol hardness of
the aluminum and steel test specimen was significantly higher than the composite test specimens
(aluminum = 79.80, steel = 89.62). Figure 5(a) shows a bar graph of the average Barcol hardness
of each test specimen group with standard deviation bar.

3.2 Roughness result

Two non-coated and two coated composite test specimens were prepared. For each test
specimen, 20 roughness measurements were collected. The roughness test results showed that the
average Ra of the coated test specimens was 0.95, and the average Ra of the non-coated test
specimens was 0.90. The coated composite test specimen had a 4.93% higher average Ra than



the non-coated composite test specimen. Figure 5(b) shows bar graph of the average Ra of the
non-coated and coated composite test specimen with standard deviation bar.
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Figure 5. (a) Bar graph of average Barcol hardness with standard deviation bar for each test
specimen; the non-coated, coated, aluminum, and steel test specimen. (c) Bar graph of the
average Ra of the non-coated and coated composite test specimen with standard deviation bar.

3.3 Abrasion result

Taber wear index, which represented the rate of wear, for each test specimen was calculated and
compared. The Taber wear index was calculated using the following equation [27];

I =[(w, —wp)x1000] /c

where I represents Taber wear index, w, is the weight of the test specimen before abrasion, wy, is
weight of the test specimen after abrasion, and c is the number of abrasion cycles. One non-
coated and one coated composite abrasion resistance test specimen were tested, and 10 wear
index were calculated from each test specimen. In addition, aluminum 6061-T6 and 1020 steel
test specimen were tested to compare the wear index of the coated and non-coated additively
manufactured carbon fiber reinforced PPS composite to the wear index of traditional metal.
Figure 6(a) shows the weight change of each test specimen for every 200 abrasion cycles during
the abrasion resistance test, and Figure 6(b) shows bar graph of the average wear index of each
test specimen with standard deviation bar. The test results showed that the weight change of all
test specimen had a linearly decreasing pattern. The results showed that the average wear index
of the non-coated composite test specimens was 23.5, and the average wear index of coated
composite test specimens was 2.5. The average wear index of the coated composite test
specimens was 89.36% lower than the non-coated composite test specimen. Also, the average
wear index of the coated composite test specimen was even lower than the average wear index of
the aluminum (wear index = 7.5) and steel test specimen (wear index = 7).
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Figure 6. (a) The weight change of each test specimen for every 200 abrasion cycles during the
abrasion resistance test. (b) The bar graph of the average wear index of each test specimen with
standard deviation bar.

3.4 Surface friction result

10 non-coated and 10 coated test specimens were prepared and tested. Figure 7(a) shows the
force versus displacement plot of the non-coated and coated test specimens during the friction
test. The static and kinetic friction coefficient between the test specimen and the carbon fiber
composite laminate were calculated using following equations;

Fs = usN

Fy = ueN
Where F; and Fj, are static and Kinetic friction force and u, and p; are static and kinetic friction
coefficient. N is normal force applied to the test specimen during the test. The surface friction
test result showed that the average static friction coefficient of the non-coated test specimen was
0.27, and the average static friction coefficient of the coated test specimen was 0.16. The average
static friction coefficient of the coated test specimen was 40.16% lower than the average static
friction coefficient of the non-coated test specimen as shown in Figure 7(b). Also, the average
kinetic friction coefficient of the average kinetic friction coefficient of the non-coated test
specimen was 0.24, and the coated test specimen was 0.15. The average kinetic friction
coefficient of the coated test specimen was 38.37% lower than the average kinetic friction
coefficient of the non-coated test specimen as shown in Figure 7(c).
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Figure 7. (a) Force versus displacement plot of surface friction test for one of the non-coated and
coated test specimens. Bar graph of the average (b) static and (c) kinetic friction coefficient of
the non-coated and coated test specimen with standard deviation bar.

3.5 Vacuum integrity results

8 non-coated vacuum integrity test specimens were prepared, and both sides of the test specimen
were tested. In total, vacuum integrity of 16 surfaces were tested. The vacuum integrity test
result showed different amount of vacuum loss for each test specimen. All non-coated test
specimen had no more than 1.5 kPa vacuum loss for 30 seconds (ASTMD 5687 vacuum loss
limit) except one surface had average of 4.206 kPa of vacuum loss. After the coating was
applied, the vacuum loss for all test specimens was significantly reduced. Especially, the one
surface which had average of 4.206 kPa vacuum loss had only average of 0.028 kPa of vacuum
leak for 30 seconds after the coating was applied. Overall, the average vacuum loss for the test



specimen (M =0.597, SD = 1.394) was decreased by 94.71% after the coating was applied (M =
0.032, SD = 0.013).
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Figure 8. (a) Average vacuum loss for the test specimen side A with standard deviation bar, and
(b) average vacuum loss for the test specimen side B with standard deviation bar. N represents
the non-coated test specimen and C represents the coated test specimen.

3.6 Demolding result

Under the theory of surface friction, the demolding test data could be divided into two regions;
static region, and Kkinetic region [30,31]. In the static region, the demolding force was applied to
part, but the part did not start to be demolded from the tool yet due to the static friction and
cohesion behavior between the cured part and the tool. The force continued increasing until it
reached to the maximum demolding force [32]. After the maximum demolding force was
reached, the force-displacement behavior transitioned from being controlled by the static friction
to being controlled by the kinetic friction developed between the tool and the part [33]. Figure
4(a) shows the load versus displacement plot during the demolding test for the non-coated and
coated tool (production cycle 1) with static and kinetic regions. The demolding force of the non-
coated tool after about 10 mm displacement had severe load fluctuation. Therefore, the kinetic
region of both demolding test data was filtered using an adjacent-averaging method with a
window of 300 data points. Figures 4(b)-(c) showed the filtered load-displacement response for
each of the 10 production cycles carried out with the non-coated and coated tool.

fmax 1S the maximum demolding force applied to the part during the demolding process. fiax IS
an important parameter for the tool because high f,,,., could lead to damaging either the tool or
the part during the part demolding process. The average f,,,,, of the coated tool (f;,4x ) for the
10 production cycles was approximately 53.2% lower than the average f,, ., Of the non-coated
tool (finaxn) for the 10 production cycles. At a given displacement value, the ratio of the Kkinetic
friction coefficient of the non-coated and coated tool should be equal to the ratio of the
corresponding demolding forces. The demolding property of the coated and non-coated tool in
the Kinetic region (kinetic friction coefficient) could be compared by comparing slope of the load
versus displacement curve of the test specimens in the kinetic region. The average kinetic
friction coefficient of the coated tool (f} ) was about 46% lower than the average kinetic friction
coefficient of the non-coated tool (f ).
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Figure 4. (a) Static and kinetic region in the load versus displacement plot during the demolding
test for the non-coated and coated tool (production cycle 1) with markings of maximum
demolding force of non-coated tool (f,,,4 ) @and the coated tool (f,,4 ) and kinetic friction
force of the non-coated tool (f} ,,) and the coated tool (f} ). Load versus displacement data
processed through an adjacent-averaging filter with a window size of 300 in the kinetic region
for the (b) non-coated and the (c) coated tools during the demolding tests (cycle 1-10).

4. Conclusion

In this study, an additional surface coating on the additively manufactured carbon fiber
reinforced Polyphenylene Sulfide (PPS) composite to improve surface properties required for
composite part manufacturing mold. A thin film liquid thermoset polymer coating with ceramic
particles was successfully applied on the composite using liquid spray coating technique. The
coated test specimen showed significantly increased surface abrasion resistance compared to the
non-coated test specimen. The wear index which represented weight loss corresponding to the
number of abrasion cycle of the coated test specimen was lower than the non-coated test
specimen (89%). The coated test specimen even had a lower wear index than traditional metals,
aluminum 6061 T-6, and 1020 steel. The coated test specimen showed decreased static (40%)
and kinetic (38%) friction coefficient compared to the non-coated test specimen. Also, the coated
surface showed significantly improved vacuum integrated surface compared to the non-coated
surface (95% decreased vacuum loss). The coated tool showed decreased (53.2%) average
maximum demolding force compared to the non-coated tool, and the average kinetic surface
friction coefficient of the coated tool was lower (46.4%) than the non-coated tool. However, the
surface hardness test result showed that the coated test specimen had lower (23%) hardness than
the non-coated test specimen, and the surface roughness of the coated test specimen was not
improved compared to the non-coated test specimen.



Even the coated surface did not show improvement compared to the non-coated surface in every
surface property test, it provided some beneficial surface properties to the additively
manufactured fiber reinforced polymer composite for composite part manufacturing mold
application. The goal of this research was providing a guideline for surface property tests for
composite mold, and how to evaluate the performance of the coating in the composite part
manufacturing mold application. Further research is necessary to investigate how different
coating material and different coating technique affect surface property of the composite.
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