Agora of Additive Manufacturing (2026) paper26001 l

J‘)D(VV\S Agora of Additive Manufacturing ‘J-ﬂmi

journal homepage: http://additive-manufacturing.or.jp/

Electrical Resistance Welding of 3D-Printed Short Carbon Fiber/PA-6
Using Laser Surface Treatment with Post-Smoothing

Masatoshi Enomoto?®, Akira Todoroki®

a Graduate School of Engineering, Institute of Science Tokyo, Meguro, Tokyo, Japan

b Department of Mechanical Engineering, Institute of Science Tokyo, Meguro, Tokyo, Japan

ABSTRACT

The present study investigates resistance welding of 3D-printed short carbon fiber-reinforced thermoplastic (SCFRTP/PA-
6) specimens using laser surface treatment combined with a novel smoothing post-treatment. The insulating sSCFRTP
surface is rendered conductive by laser irradiation, which locally exposes and accumulates carbon fibers. However, the
resulting surface roughness (Sa = 16.7 um, Sz =257.6 um) limits contact uniformity and welding area. To address this, a
post-treatment clamping the laser-treated surface against a heated aluminum plate (180°C, 600 s, with release agent) was
developed, reducing Sa to 3.1 um and Sz to 43.6 pum while preserving electrical conductivity. Tensile shear tests
demonstrated that the post-treatment significantly increased the true welding area and nominal joint strength. Under 2.0
MPa welding pressure, post-treated specimens achieved 3.70 MPa nominal strength—exceeding epoxy adhesive bonding

(1.37 MPa)—with total process time of approximately 40 minutes versus 24 hours for adhesive curing.

Keywords: Resistance welding, 3D printing, short carbon fiber, thermoplastic composite, laser surface treatment, post-

treatment

1. Introduction

Carbon fiber reinforced plastics (CFRP) are increasingly being adopted in the aerospace and automotive sectors as
lightweight materials offering high strength and high stiffness (1)-(3). Recently, 3D printing has made it possible to
fabricate carbon fiber reinforced thermoplastics (CFRTP), which have attracted attention for enabling high-mix low-
volume production, automated manufacturing, and low-cost fabrication (4)-(8). Products 3D-printed by fused filament
fabrication (FFF) are well suited to forming parts with complex geometries, but manufacturing large components remains
difficult. They also suffer from low strength in the stacking direction (9). Todoroki et al. (10) proposed a method for
reinforcing the stacking direction in which holes are created during 3D printing and continuous-fiber CFRTP is inserted
into these holes and fusion-bonded. While this method is effective for thick-plate structures, it is unsuitable for thin-plate
structures. For thin-plate structures, large structures can instead be realized by joining multiple 3D-printed parts.

The short carbon fiber reinforced thermoplastic (sSCFRTP) filament used in FFF 3D printers is applied to the outer wall
layers of composite prints to improve surface appearance and dimensional accuracy. This wall-forming SCFRTP filament
must keep the fiber volume fraction as low as about 10% to maintain high dimensional accuracy and to prevent nozzle
clogging. Owing to this manufacturing constraint, the CFRTP surface of a 3D-printed structure is currently an electrically
insulating material.

Common joining methods for CFRTP are broadly classified into adhesive bonding, mechanical fastening, and fusion

bonding !V, Adhesive bonding can achieve high strength with a suitable adhesive, but ensuring reliability is problematic
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because nondestructive inspection of weak bonds is difficult 12-13, Metal bolt fastening provides stable joint strength, yet
it causes delamination from bolt-hole machining !4-15 and crushing due to compressive stress concentration (9, It also
adds weight because of the metal bolts.

Fusion bonding comprises three types: resistance welding, induction welding, and ultrasonic welding. Resistance
welding melts the resin using Joule heat from an electrical resistance element placed between the parts (!, but the residual
element has been noted to cause shear stress concentration and reduced corrosion resistance ('®., Induction welding heats
the surface with eddy currents generated by an induction coil, but forming a uniform magnetic field is difficult, so the weld
surface is heated nonuniformly 1%, Ultrasonic welding bonds parts through heat generated by ultrasonic vibration, but the
welded region is limited to the area directly beneath the ultrasonic probe.

Enomoto and Todoroki proposed a novel resistance welding method for 3D-printed composite plates that use non-
conductive sCFRTP filament in the wall, in which only part of the sCFRTP wall surface is selectively rendered conductive
@0, In this method, the insulating SCFRTP surface is laser-treated to locally ablate the surface resin, exposing and
accumulating carbon fibers so that the surface fiber volume fraction rises locally and conductivity develops. A direct current
is then applied to the conductive surface, and the resin is melted by Joule heat to weld the parts. This approach leaves no
resistance element or other residue between the parts, and the welded region is not restricted to a spot. Enomoto and
Todoroki @Y showed that conductivity develops under a defocused condition (60 mm distance) at a laser power of 40% and
a travel speed of 5 mm/s, and that an application time of 15 s or more yields a joint strength (2.70-2.74 MPa) exceeding
that of epoxy adhesive bonding (1.86 MPa). However, pronounced surface irregularities remained on the laser-treated
surface, so that when two treated surfaces were brought into contact the contact was nonuniform; current therefore flowed
only locally and the entire weld surface did not melt, which remained an issue.

Accordingly, this study aims to develop a post-treatment that reduces the surface roughness of the laser-treated surface
(clamping against a heated aluminum plate) and to clarify how the presence or absence of this post-treatment and the
applied pressure affect the weld area and joint strength. It also compares the processing time with that of adhesive bonding

to demonstrate the practical advantage of the present welding method.

2. Experimental Methods and Preliminary Experimental Results

2.1 Materials, Specimens, and Preliminary Laser Treatment Experiment and Results

The specimens were fabricated using a Markforged Mark Two® 3D printer. The Mark Two® forms structures by the FFF
process, melting and depositing sCFRTP (short-fiber CF/PA-6) at approximately 270 °C. The material used was
Markforged sCFRTP filament Onyx® (fiber volume fraction 12.1%, mean fiber length 0.140 mm) (21). This Onyx® is an
electrically insulating material (20). The specimen dimensions were 100 mm in length, 25 mm in width, and 4 mm in
thickness, with 100% infill, £45° orientation, a single-layer thickness of 0.125 mm, and 32 stacked layers (see Fig. 1).
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Fig.1 Specimen configuration.

In the previous report ?%, the laser treatment conditions determined from a large number of trial settings (defocus
distance 60 mm, laser power 40%, travel speed 5 mm/s) were adopted. The laser engraver used was an XTOOL D1Pro10W
(wavelength 455 nm). At this wavelength of 455 nm, PA-6 transmits 80% of the laser light while the carbon fibers absorb

it (22). Defocusing therefore heats the fibers over a wide area, scattering and burning off the resin (see Fig. 2). The treatment
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area was 18.5 mm x 25 mm at the end of the specimen, of which 12.5 mm from the edge served as the weld region and the

remaining 6 mm as the electrode formation region.
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Fig2 Schematic representation of laser processing to make conductivity on surface of insulated SCFRTP.

2.2 Preliminary Experiment and Results for the Post-Treatment to Reduce Surface Irregularities

This laser treatment produces surface irregularities (arithmetic mean height Sa = 16.7 pm, maximum height S; = 257.6 pm).
To reduce these irregularities, this study applied a post-treatment in which the laser-treated surface was pressed against a
heated aluminum plate and clamped. A cartridge heater was inserted into one end of the aluminum plate (lower part of Fig.
3, mean roughness Sa. = 6.3 um) and a thermocouple into the other end (upper part of Fig. 3), with the temperature regulated
by a temperature controller. This is shown in Fig. 3.

Fig.3 Experimental set up for post processing to reduce the roughness of surface.
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As shown in the work by Cartledge and Baillie ?®, the glass transition temperature of PA-6 is 50 °C and its melting point
is 240 °C. To smooth the surface irregularities at elevated temperature, the specimen's irregular surface must be pressed
against the flat aluminum plate and made to creep at a temperature above the glass transition temperature but below the
melting point. In practice, a short processing time is desirable, but too high a temperature alters the shape of the molded
part.

Therefore, as a preliminary experiment, the temperature and time were varied and the flattening conditions were set by
visual inspection. The clamping torque was fixed at 1.0 N-m, corresponding to light tightening, based on the tightening
torque used during welding in the previous report. Four conditions were first examined experimentally, combining two
temperature settings (210, 240 °C) with two clamping times (10, 30 s). However, all of them produced large deformation
of the specimen (see Fig. 4).

From this result, it was judged that the temperature was too high, so that even a mere 10 s of clamping caused substantial
deformation. The temperature was therefore lowered to 150 °C and 180 °C and the clamping time extended to 600 s.
Because the process is creep deformation, it was inferred that a lower temperature would lengthen the required time
exponentially; the clamping time of 600 s was determined after observing the changes over several trials. As a result, the

large deformation was eliminated, as shown in Fig. 5.

et
=
% =
)
o\

(2)240 °C % 30s (b) 240 °C X 10s

(c) 210 °C X 30s (d) 210 °C X 10s
Fig. 4 Results of preliminary examination under the conditions of 240 °C and 210 °C.

(a)180°C X 600s (b) 150°C X 600s

Fig. 5 Results of preliminary examination under the conditions of 180 °C and 150 °C.
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Specimen

25mm

Fig. 6 Specimen and aluminum plate after clamping (left: heating temperature of aluminum plate is 180 °C, right: 150 °C).

However, at 180 °C the PA-6 was observed to adhere markedly to the aluminum plate (see Fig. 6). Resin adhesion to the
aluminum plate indicates that irregularities arise from the peeling process that follows adhesion (see Fig. 6). Indeed,
irregularities resembling those of the resin left on the aluminum plate were found on the specimen surface in Fig. 6. To
avoid resin adhesion, an improvement was attempted by applying a release agent (LOCTITE FREKOTE 770-NC) to the
aluminum plate. When the surface roughness was measured and compared at 150 °C and 180 °C, the large irregularities

were eliminated at 180 °C, giving better roughness reduction. This is shown in Fig. 7.

| Plate

Specimen |

25mm

25mm

Fig. 7 Specimen and aluminum plate after clamping with release agent (left: heating temperature of aluminum plate is

180°C, right: 150°C).

The absence of release agent on the specimen was confirmed by FTIR measurement (Shimadzu IRAffinity-1). The ATR
method was used, with 32 accumulations and a resolution of 4 cm™. FTIR measurements were performed on the specimen
surface post-treated using an aluminum plate coated with release agent and on the specimen surface post-treated without
release agent, and the spectra were compared. The release agent FREKOTE 770-NC consists of 80—100% naphtha and 1—
5% of the reaction product of trimethylsilane and silanol-terminated polydimethylsiloxane. The FTIR results are shown in
Fig. 8. The dashed line is the spectrum of the specimen surface post-treated with release agent applied, and the solid line
is that of the specimen surface post-treated without release agent. Since the two spectra coincide, no difference in the
surface composition of the specimen was observed with or without the application of release agent. This confirmed that no

release agent adhered to the specimen surface post-treated with the release agent applied.
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Fig.8 ATR-FTIR of specimen surfaces after post processing with/without release agent (preliminary experiments).

For comparison, the surface roughness was measured for laser treatment alone and for the post-treatment flattening process
using two sets of process parameters: with release agent at 180 °C and without release agent at 150 °C. A non-contact one-
shot 3D shape measuring instrument (Keyence VR-3100) was used, with a display resolution of 0.1 pm. The surface
roughness was measured for the specimen post-treated under the conditions determined in the previous section (temperature
150 °C, clamping time 600 s) and for the laser-treated specimen. Because the instrument's specifications reduce
measurement accuracy at low magnification, a magnification of 40x was selected, and the 7.6 mm x 5.7 mm area shown

in Fig. 9 was measured. The region enclosed by the red frame in the figure is the surface roughness measurement area.

0y

LS

Measured area

Fig.9 Measured area of the specimen for surface roughness (preliminary experiments).

First, the surface roughness of the laser-treated specimen was measured, after which the same specimen was post-treated
and its surface roughness measured again. By measuring the same location on the same specimen, the change in surface
roughness before and after post-treatment was evaluated. The averages for three specimens are shown in Table 1. For both
the 180 °C and 150 °C treatments, the surface roughness after laser treatment was almost the same. In both cases the post-

treatment reduced the surface roughness, but at 180 °C the mean value fell to about one-third of that at 150 °C, and the
maximum height S; at 180 °C fell to about half of that at 150 °C.
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Table 1 Measured surface roughness (preliminary experiments).

180 °C 150°C
(with release agent) (without release agent)
Before After Before After

Sa [um] 15.6 3.1 16.7 9.0

Sz [um] 259.9 43.6 257.6 96.2

Based on the above results, the process parameters for the post-treatment flattening were determined as follows: release

agent applied, temperature 180 °C, clamping time 600 s, and tightening torque 1.0 N-m.

2.3 Preliminary Experiment and Results for Electrode Fabrication and Current Application

Two types of specimens were prepared—Ilaser-treated Onyx specimens and specimens that were laser-treated and then post-
treated—and welded by resistance heating with a direct current. For welding, flat plates 100 mm long, 25 mm wide, and 4
mm thick were 3D-printed, and single-lap joint specimens were made by welding a 12.5 mm end portion of two plates
together. The laser-treated and post-treated surfaces are expected to exhibit anisotropy and variability in conductivity.
Therefore, rather than attaching lead wires directly to the treated area to pass current, the lead wires were attached to
electrodes, and current was passed from the electrodes to the treated area. One electrode was attached to each of the two

Onyx® plates (see Fig. 10).

1 Lead wire

Electrode .- ¥ Electrode

Area for welding

Fig. 10 Specimen for resistance welding (preliminary experiments).

For the specimen, the 18.5 mm end portion of a 3D-printed flat plate was laser-treated and post-treated; 12.5 mm from
the edge was left as the weld portion, and the electrode was fabricated on the remaining 6 mm portion. To prevent
detachment, the lead wire was temporarily fixed with epoxy adhesive (ThreeBond 2088E), after which silver paste (Dotite
D-500) was applied to the lead wire end and to the electrode portion of the specimen to ensure conductivity. By bringing
specimens A and B in Fig. 10 into contact with their treated surfaces facing each other, a current path running perpendicular
to the interface was formed. However, unless the silver paste was applied all the way to the edge of the joint, a high-
resistance region formed between the silver paste and the edge, causing the temperature there to rise intensively; therefore,

after bringing specimens A and B into contact, additional silver paste was applied up to the edge as shown in Fig. 11.
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Edge of joint

Fig. 11 Silver paste is painted at the edge of joint (preliminary experiments).

For pressurization during welding, two conditions of 0.8 MPa and 2.0 MPa were set within a range that would not
damage the Onyx®, using a torque wrench, and the specimen was clamped in a vise. A plain-woven GFRP laminate was
inserted between the vise and the Onyx® for insulation (see Fig. 12). A direct current was applied using a bipolar power
supply (NF Corporation BP4620).

To determine an appropriate direct-current value, the side-surface temperature of the joint was measured with an infrared
thermographic camera (FLIR ix, FLIR Systems), and a constant current was applied under several conditions. As a result,
for laser treatment alone, the temperature and voltage rose sharply at 0.3 A after 38 s, confirming welding. The current for
laser treatment alone was therefore set to 0.3 A. For the post-treated surface, a sharp rise in temperature and voltage and

welding were confirmed at 1.1 A after 150 s. The current for the post-treated specimens was therefore set to 1.1 A.

=

Fig.12 Experimental equipment for applying electric current.

2.4 Tensile Shear Test Method

After welding, plain-woven GFRP laminate tabs (25 mm long, 25 mm wide, 4 mm thick) were bonded to both ends of
the single-lap joint with epoxy adhesive (3M DP420) (see Fig. 13). A Shimadzu universal testing machine (AG-I1 100 kN)
was used for the tensile shear test, with a test speed of 1.3 mm/min in reference to ASTM D1002. Five specimens were

tested for each of the four welding conditions (laser treatment only / post-treatment, applied pressure 0.8 / 2.0 MPa).
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Fig.13 Tensile shear test specimen

For evaluating the joint strength, two measures were used: the joint strength based on nominal stress (nominal joint

strength) s, given by Eq. (1), and the joint strength based on true stress (true joint strength) s, given by Eq. (2).

P

o=y 8)
P

o =1 @)

Here, 4; is the nominal joint area, taken as 12.5 mm x 25 mm = 312.5 mm?. 4w is the true weld area, calculated from
fracture surface observation after testing. P is the load. The true joint strength is an index of the inherent strength of the
welded portion, whereas the nominal joint strength is an index of the strength of the joint as a whole. The maximum load
was used in the strength calculations.

For comparison, a tensile shear test was conducted under the same conditions on adhesive-bonded specimens using
epoxy adhesive (Araldite Rapid) (same dimensions, applied over a 12.5 mm end region, cured for 24 hours). The effects

of the presence or absence of post-treatment and of the applied pressure were evaluated for statistical significance using a
t-test (two-tailed, significance level p < 0.05).

3. Joint Strength Test Results and Discussion

The nominal stress—displacement relationships for laser treatment alone at applied pressures of 0.8 MPa and 2.0 MPa
are shown in Fig. 14(a) and (b), respectively. The vertical axis is nominal stress and the horizontal axis is testing-machine
displacement. The nominal stress—displacement relationships for the case where post-treatment was performed after laser
treatment, at applied pressures of 0.8 MPa and 2.0 MPa, are shown in Fig. 15(a) and (b), respectively. For comparison, the
nominal stress—displacement relationship for the adhesive-bonded case is shown in Fig. 16.

5
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% 3 —No5 5'_} —No5
g° g°
8 m 5
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0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Stroke [mm)] Stroke [mm)]
(a) welding pressure: 0.8 MPa (b) welding pressure: 2.0 MPa

Fig.14 Tensile shear test results of single-lap joints (laser processing only).
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Fig.15 Tensile shear test results of single-lap joints (with post processing).
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Fig.16 Tensile shear test results with adhesive bonding.

The true weld area Aw was determined from fracture surface observation after testing. Representative fracture surfaces are
shown in Fig. 17 (0.8 MPa) and Fig. 18 (2.0 MPa). It can be seen that the post-treatment increased the weld area.

I e - T Y P P TTYT

T { SRRER N URRRENRRNRERR Y
(a) Laser processing only (b) With post processing
Fig.17 Fracture surface of welded specimen after tensile shear test (0.8 MPa).
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(a) Laser processing only (b) With post processing
Fig.18 Fracture surface of welded specimen after tensile shear test (2.0 MPa).

The mean values and standard deviations of the nominal joint strength, true joint strength, and weld area for the joints
welded under each condition are shown in Table 2. The t-test results for the presence or absence of post-treatment are

shown in Table 3, and those for the applied pressure in Table 4.

Table 2 Nominal joint strength, true joint strength and welding area of tensile shear test of single-lap joints.

Nominal joint True joint Welding
Welding Specimen strength strength area
pressure [MPa] surface (STD) [MPa]  (STD) [MPa] (STD)
[mm?’]
Post 2.22 11.4 61.4
processing
(0.280) (1.79) (8.88)
0.8
Laser 0.980 12.5 24.6
processing
(0.124) 1.17) (2.80)
Post 3.70 14.4 82.5
processing
(0.267) (3.12) (13.4)
2.0
Laser 2.81 14.4 61.2
processing
(0.214) (1.54) (2.98)

Table 3 The p-value of t-test conducted between post processing and laser processing.

Nominal joint True joint Welding
strength strength area

Welding pressure [MPa]
(STD) [MPa]  (STD) [MPa] (STD)

[mm?’]

0.8 1.6x10* 0.30 3.8x10%

2.0 4.9x10* 0.98 0.021
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Table 0 The p-value of t-test conducted between 0.8MPa and 2.0MPa.

Nominal joint True joint Welding
strength strength area

Specimen surface
(STD) [MPa]  (STD) [MPa] (STD)

[mm?’]
5
Post processing 2.8x10 0.11 0.021
Laser processing 1.6x10° 0.058 49%x10°8

In Fig. 18, the silver paste on the edge portion, as shown in Fig. 11, is that which was additionally applied to the edge
after combining specimens A and B and then soaked in. In general, the room-temperature cured strength of an acrylic
conductive adhesive is negligibly small compared with the strength of PA-6 ?¥; therefore, the portion into which the silver
paste soaked is not taken into account here.

At an applied pressure of 0.8 MPa, post-treatment increased the true weld area by about 2.5 times and the nominal joint
strength by about 2.3 times compared with laser treatment alone. At an applied pressure of 2.0 MPa as well, post-treatment
increased the true weld area by about 1.3 times and the nominal joint strength by about 1.3 times. This is considered to be
because the reduction in surface roughness by post-treatment increased the contact area, thereby improving the true weld
area and the nominal joint strength. Under both applied-pressure conditions, significant differences were found in the true
weld area and the nominal joint strength (Table 3). For the true joint strength, no significant difference was found with or
without post-treatment (p > 0.05), showing that the local strength of the welded portion is equivalent regardless of post-
treatment.

Comparing the applied pressures for the post-treated joints, at 2.0 MPa the true weld area increased by about 1.3 times
and the nominal joint strength by about 1.7 times compared with 0.8 MPa. For laser treatment alone as well, at 2.0 MPa
the true weld area increased by about 2.5 times and the nominal joint strength by about 2.9 times compared with 0.8 MPa.
This is considered to be because the increase in applied pressure reduced the gaps at the weld interface and thereby enlarged
the contact area. Significant differences were also found in the true weld area and the nominal joint strength for the effect
of applied pressure.

The nominal stress of the epoxy adhesive bond was 1.37 MPa. With the present welding method, a strength of 3.70 MPa
was obtained under the post-treatment, 2.0 MPa applied-pressure condition, substantially exceeding that of adhesive
bonding. In terms of the time required for joining, whereas epoxy adhesive bonding requires 24 hours of curing time, the
present welding method completes joining in a total of about 40 minutes: 27 minutes of laser treatment, 10 minutes of post-

treatment, and about 3 minutes of current application.

4. Conclusions

In this study, for the electrical resistance welding method using laser surface treatment of 3D-printed insulating sCFRTP
proposed in the previous report, the effect of a post-treatment (clamping against a heated aluminum plate) in reducing
surface roughness, and the influence of the presence or absence of post-treatment and of the applied pressure on joint

strength, were experimentally verified. The conclusions obtained are as follows.

(1) The post-treatment (600 s) of clamping the laser-treated surface against a release-agent-coated aluminum plate at 180 °C
reduced the arithmetic mean height Sa from 16.7 pm to 3.1 pm and the maximum height Sz from 257.6 pm to 43.6 um,

and the surface conductivity was confirmed to be maintained.
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(2) The post-treatment significantly increased the true weld area and the nominal joint strength; under the 0.8 MPa applied-
pressure condition, the nominal stress became 2.3 times and the true weld area 2.5 times greater. There was no significant
difference in the true joint strength, indicating that the post-treatment improves joint strength through enlargement of the
weld area.

(3) An increase in applied pressure produced a statistically significant increase in the true weld area and the nominal joint
strength. Under the post-treatment and 2.0 MPa applied-pressure condition, a nominal joint strength of 3.70 MPa and a
weld area of 82.5 mm? were obtained.

(4) The present welding method can achieve a joint strength exceeding that of adhesive bonding (1.37 MPa, 24-hour curing)

in about 40 minutes, confirming its advantage also in terms of joining efficiency.
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