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ORIGINAL RESEARCH ARTICLE
Flexural behavior of 3D printed bio-inspired
interlocking suture structures

Sachini Wickramasinghe', Truong Do? Phuong Tran™*

'Department of Civil and Infrastructure Engineering, RMIT University, Melbourne, Australia
2College of Engineering and Computer Science, VinUniversity, Hanoi, Vietnam

Abstract

Additive manufacturing has allowed producing various complex structures inspired
by natural materials. In this research, the bio-inspired suture structure was 3D
printed using the fused deposition modeling printing technique to study its bending
response behavior. Suture is one of the most commonly found structures in biological
bodies. The primary purpose of this structure in nature is to improve flexibility by
absorbing energy without causing permeant damage to the biological structure. An
interesting discovery of the suture joint in diabolical ironclad beetle has given a great
opportunity to further study the behavior of these natural suture designs. Inspired
by the elliptical shape and the interlocking features of this suture, specimens were
designed and 3D printed using polylactic acid thermoplastic polymer. A three-point
bending test was then conducted to analyze the flexural behavior of each suture
design, while digital image correlation and numerical simulation were performed to
capture the insights of deformation process.

Keywords: Suture structure; Fused deposition modeling; Three-point bending; Digital
image correlation; Numerical simulation

1. Introduction

Throughout the years of evolution, nature has developed and optimized complex
structures to achieve specific functions in every biological body. These complex structures
inspire the development of materials and structures with enhanced performances!?.
Three-dimensional (3D) printing or additive manufacturing (AM) has made it possible
to recreate these complex natural structures and adapt them into engineering applications
to improve their functionalities®”.

Among various natural structures, suture interfaces are visible in a wide range of
species and have independently evolved to optimize the performance of diverse biological
systems. Suture structures can be found in mammal crania, deer skull, turtle carapace,
red-bellied woodpecker beak, boxfish armor, diatoms, and insect cuticles®*. They
provide flexibility to the structure to allow large deformations to absorb impact energy
and damp shocks while maintaining structural integrity'>'”). Depending on the species,
the complexity, interlocking features, and sutures’ geometry vary to achieve targeted
properties!™®l. For example, triangular sutures can be found in woodpecker beak and
interlocking complex suture designs can be found in ammonite shells and diatoms, while
elliptical shape interlocking sutures are visible in diabolical ironclad beetle
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The recent discovery of the suture structure in diabolical
ironclad beetle (Phloeodes diabolicus) has attracted many
researchers to study its behavior under different test
conditions®¥. This beetle species acts dead to protect from
predators since they are unable to fly. The flying beetles
have hardened forewings, which act as a protection layer
for underlying hindwings®?. The elytra of the diabolical
ironclad beetle perform remarkable crush resistance from
predators in nature. The tough exoskeleton is a result of
fusion of two elytra by a suture joint, which runs along the
wholelength of the abdomen. These interlocking sutures with
ellipsoidal geometry, known as blades, are tougher than the
triangular and hemispherical blades, which are commonly
found in other terrestrial beetles. Figure 1D-F shows the
diabolical ironclad beetle, a cross-section of the elytra
and the suture connection between two elytra. The suture
joints in diabolical ironclad beetle help to resist bending
moments to protect vital internal organs. By incorporating
interlocking suture interfaces into a biological system, the
energy dissipation of the structure is regulated®-*-".

Most biological structures contain complex hierarchical
arrangements that are difficult to fabricate through
conventional manufacturing techniques®>*!. Due to the
design freedom, quality of the product and process control
ability, 3D printing has the potential to develop lightweight
complex structures®*. Among various AM techniques,
fused deposition modeling (FDM) - a trademark of
Stratasys or fused filament fabrication - a commonly
used term by open hardware community/RepRap is a
convenient printing method for developing bio-inspired

] Coronal [§=3
Vagittal i TR < suture
suture |8

structures and understanding the mechanical responses
and their governing mechanisms***.. FDM printing is a
material extrusion technique where thermoplastic material
is melted and extruded through a hot end to create the
printing layers™*’l. Performing mechanical testing on 3D
printed bio-inspired structures is beneficial in developing
guidelines for future modifications and optimizations of
the designs. While AM materials have different properties
than natural materials, continuous structural design
optimizations and mechanical testing would help to
understand the failures, deformations, and damages in
biological structures!**l,

In this research work, diabolical ironclad beetle’s
suture-inspired designs were printed using polylactic acid
(PLA), one of the most popular thermoplastic materials
used in FDM printing due to their biodegradability and
ease of printing, good strength, and stiffness!***l. The
flexural behavior was then analyzed using a three-point
bending test, followed by digital image correlation (DIC)
and numerical simulation to provide more insight into the
bending response of the suture structure. As mentioned
before, since the suture joint helps resist bending moments
in the beetle structure to protect internal organs, the
research is focused on understanding the flexural
properties of this bio-inspired suture structure. This suture
interlocking mechanism would be greatly beneficial in
connecting dissimilar materials without any external
joining techniques and connecting small parts could
develop large modular parts through interlocking without
limiting to the small print volume in many 3D printers.

Figure 1. (A) Skull of a domestic shorthair cat?!!, (B) cranial suture in white-tailed deer??, (C) alligator internasal suture®, (D) Phloeodes diabolicus,
(E) cross-section of the elytra, (F) suture that connects two elytra (with copyright permission from the journal)?!
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2, Materials and methodology
2.1. Specimen fabrication

The shape of the suture is designed to be elliptical where
the ratio between “a” (minor radius) and “b” (major
radius) is 1:1.8, while the angle (©) between two ellipses
is maintained to be 25° as shown in Figure 2A. Design
parameters were selected from the literature, where
researchers have analyzed the dimensions of the diabolical
ironclad beetle’s suture structure!. All the specimens were
fabricated using a FDM technique with 45°/-45° print
orientation. In comparison to 0°/90° print orientation,
45°/-45° print orientation contains less porous areas in the
printed structure as per the X-ray micro-CT scan images
in Figure 2B and D. The curved edges in the sutures are
perfectly coveredin each layer by 45°/—45° print orientation.
Still, in 0°/90° print orientation, the 90° layers could not
completely cover the curved edges of the printed structure
as shown in microscopic images in Figure 2C and E. PLA
specimens are printed using the Prusa Mk3i printer. The
suture pattern is inspired by the interlocking connection
between the two elytra in the diabolical ironclad beetle (P,
diabolicus).

Three different sizes of sutures were printed using
PLA as S1, S2, and S3; schematic diagrams are given in
Figure 3A-C.

Specimens were configured by connecting the two
separate parts, printed together without any additional

A

) 25°

i
L
Nt

it

force. Due to the high dimensional accuracy in the printer,
two pieces were printed with the exact dimensions without
including gap tolerance. Finally, the pieces were easily fitted
together like a jigsaw puzzle without affecting the strength
of the final part. The S3 design was further subjected to
testing to analyze the effect of the positioning angle of
the suture interface since, in nature, suture structure
does not always follow a precise straight path, as shown
in Figure 1A-D. Nearly straight suture lines are visible in
infant skull, but in many cases, sutures create complex
arrangement*!. The schematic and PLA specimens
with slanted suture interface by 2°, 5°, and 8° are given
in Figure 3D-F respectively. Dimensions of S1, S2, and
S3 specimens are given in Table 1. Dimensions of S3-2°,
$3-5° and S3-8° are also similar to the dimensions of S3.
The areas covered by the suture interfaces in all three sizes
are maintained to be ~3.65 cm? which are calculated by
the complete elliptic integral of the second kind, multiplied
by the thickness of the specimen.

H
c= 4J.\/a2 cos’, +b’sin?, d, (Eq. 1)
0
t
= I\/az cos’, +b’sin’, d, (Eq.2)
0
b
atan| —tan@ [=t (Eq. 3)
a

x—l

Figure 2. (A) Schematic of the suture design, (B) X-ray micro-CT scan of 45°/-45° print orientation, (C) microscopic images of 45°/-45° print orientation,
(D) X-ray micro-CT scan of 0°/90° print orientation, (E microscopic images of 0°/90° print orientation.
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Figure 3. (A) S1 Schematic and PLA Specimen, (B) S2 Schematic and PLA Specimen, (C) S3 Schematic and PLA Specimen, (D) S3-2° Schematic and PLA
Specimen, (E) $3-5° Schematic and PLA Specimen, (F) S3-8° Schematic and PLA Specimen, (G) three-point bending test setup, (H) three-point bending

setup with specimen.

Table 1. Dimensions of the 3D printed PLA specimens

Specimen  Length (mm)  Width (mm)  Thickness (mm) Minor radius, Major radius, Print layer Infill Number of
a (mm) b (mm) height (mm) density  print layers

S1 200 44 4 1.5 2.7 0.2 100% 20

S2 200 44 4 3.6 0.2 100% 20

S3 200 44 4 2.5 4.5 0.2 100% 20

Eq. 1 can be utilized to calculate the total circumference,
C of the ellipse, while Eq. 2 and 3 can be utilized to calculate
the arc length C’ of the ellipse at a given angle. Minor
radius - a, major radius - b, and the angle are shown in
Figure 2A. Once the repeat length, as given in Figure 2A,
is calculated, the total area can be obtained by multiplying
the whole length by the thickness (T), which is 4 mm in all
the specimens.

2.2. Flexural test

A three-point bending test was conducted according to
ASTM D790 to analyze the behavior of the suture structures
under flexural loading®. A 5900R Instron universal testing
machine with a 5 kN load cell and span length of 20 mm
were utilized to perform the test. The length, height, and
width of all the specimens were maintained to be 200 mm,
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44 mm, and 4 mm, with a span length of 100 mm. The
test setup without and with a PLA specimen is given in
Figure 3G and H. The crosshead displacement rate was
maintained to be 1 mm/min, and a 1 N preload was applied
to ensure proper contact between the test specimen and
the impactor. Five specimens were tested for each design.
The centered cylindrical roller with 10 mm diameter and
two supporting rollers at the bottom with 10 mm diameter
were utilized to perform the three-point bending test.

2.3.DIC

DIC was conducted using Ncorr open source 2D Matlab
software to analyze the strain field generation during the
flexural test!. The region of interest (ROI) for the DIC
was carefully selected to obtain the maximum results. As
the specimen was built by connecting two parts, during
three-point bending, the two parts started to separate, and
creating a gap between the parts; hence, to eliminate the
negative impact on the DIC results, selecting the ROI was
done separately for the two parts.

2.4. Numerical simulation

A finite element model to simulate the suture inspired
structure under a three-point bending test was developed
using ABAQUS/Explicit 2020 (Dassault Systems Simulia
Corp., Providence, RI). Three rollers having 10 mm
diameter were modeled, and the test specimen was placed
between the rollers according to the actual experimental
setup. Metal rollers are treated as rigid bodies for the
simplification of the simulation since they are significantly
rigid compared to the PLA specimens. The constitutive
behavior of the suture inspired test specimens is considered
to be elastic-perfectly plastic based on the literature®**.

It is worth mentioning that the material anisotropy and
localized defects that occur due to the 3D printing process
are not considered in this analytical model. Through
displacement boundary conditions, loading was applied
to the top roller, while two bottom supporting rollers
were encastered. Hard contact formulation was utilized to
create normal contact behavior between the rollers and the
test specimens, and tangential behavior was defined using
penalty friction formulation with a friction coefficient
of 0.3. A two-dimensional model was developed to save
the cost and time of the simulation for S1, S2, S3, S3-2°,
S3-5° and S3-8° with 38029 linear quadrilateral elements
of type CPS4R. The load of the top roller was further
analyzed, and the bending stiffness of each specimen is
calculated by the slope of the linear part of the force-
displacement curve.

3. Results and discussion
3.1. Experimental results

The force-displacement curves of S1, S2, and S3 are given in
Figure 4A. The number of suture ligaments in each design
decreased with the increment of the size of the suture unit,
thereby affecting the maximum load the structure can
withstand before the failure. As per the force-displacement
curves, it is evident that the S1 specimen withstand the
highest load while the S2 specimen indicates the lowest
maximum load. When it comes to the S3 specimen, the
maximum load it can withstand had increased compared
to S2 but was still lower than the S1. In all three cases, the
force-displacement curves exhibit a similar pattern. Once
the lowest suture ligament fails, the load suddenly drops,
then starts to increase again and experiences another

A ——S1 Experiment
1500 ——S2 Experiment
——S3 Experiment
1250
~ 1000
&
3 750
S
=500
250
0+
0 1 2 3 4
Displacement (mm)
B
1500 ——S3-PLA Experim:?nl
——$3-2-PLA Experiment
1250 ——$3-5%PLA Experiment

——— $3-8%-PLA Experiment

o1

1 2 3 4

Displacement (mm)

Figure 4. (A) Force-displacement curves of S1, S2, and S3. (B) Force- displacement curves of S3, $3-2°, $3-5°, and S$3-8°; the failure points highlighted in
yellow for (C) S1- first & second points, (D) S2 - first & second points, (E) S3 - first & second points (F) $3-2, (G) $3-5°, (H) S3-8°
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sudden drop, it continues with a plateau until the failure of
the whole structure.

As S3 exhibits the highest displacement, it implies that
the S3 structure can absorb more energy by deforming than
S1 and S2. Further studies on the effect of the positioning
angle of the suture structure on flexural properties are
conducted using the S3 specimen design. The positioning
angles are varied by 2°, 5° and 8°. The positioning angles
were varied by 2°, 5° and 8° as given in Figure 3D-E
The maximum loads of $3-2°, $3-5° and S3-8° designs
were decreased, respectively, and all three maximum
load values were lower than the maximum load of the
S3 specimen. The total displacement of the S3-2° before
the failure is almost similar to the S3, while $3-5° exhibits
a larger displacement than S3. When it comes to S3-8°,
the displacement significantly reduces compared to all the
above-mentioned test specimens. The force-displacement
curves are given in Figure 4B. These results indicate that
the position of the suture components with respect to the
applied load is a critical factor, and there is a possibility for
further improvement of S3 by allocating the most suitable
positioning angle.

In all the cases, failure first occurred at the semi suture
module located at the bottom end of the suture component,
indicated by first yellow square in Figure 4C-H. In all
S3 samples, the second fracture point occurred in the
middle of the suture module. In contrast, in S1 and S2,
the second fracture point occurred closer to the first one,
which implies in S3 specimens, stress is distributed evenly
among all suture modules.

Flexural strength, bending stiffness, and energy absorbed
by each design are given in Figure 5. As shown in Figure 5A,
the flexural strength is significantly higher in the S1 sample
than in S2 and S3. With the increment of the positioning
angle, the flexural strength gradually decreases compared
to the original S3 sample. The bending stiffness of each
design is calculated using the force-displacement curve
slope. Energy absorption is calculated using the area under
the force-displacement curve. The bar charts indicate that
bending stiffness decreases gradually with the increment of
the positioning angle. Compared to S1, the absorbed energy
of S2 and S3 is increased by 20% and 48%, respectively.
Compared to S3, the energy absorption of S$3-2°, S3-5°,
and $3-8° is reduced by 4.2%, 1%, and 20%, respectively.
Considering the flexural strength, bending stiffness, energy
absorption, and failure pattern, different suture structures
can be employed to achieve the desired performances. For
example, the S1 design would perform better than S2 or S3,
where higher flexural strength is required, and S3 would
perform better than S1 or S2 in absorbing higher energy.

3.2. DIC results

DIC results of strain fields () for S3, S$3-2°, S3-5°, and
$3-8° when the fracture starts to propagate are given in
Figure 6A-D, respectively. Strains fields generated in both
parts of the specimens are given in the images. The ROI
was selected separately for the interlocked parts in the
same specimen to obtain clear strain filed contour plots.
Higher strain along y-direction was visible in the weaker
semi suture module at the bottom of the test specimen,
which implies high-stress generation.

A From left to right From lefttoright 5 5 From left to right S1
I s! _Looo s1 - s
s g I s2 3.0 I s2
0 2 800 I s3
& S3 =
g L] Z 2 @
- A4 ~—
] 3 600 240
] & 2
1 = g15
a @ 400 53 s3
g 9_:" 1.0
g S 200
= 5 05
m
0 0 0.0
: From left to right From left to right
B From left to right s 3.5 [s32" 55
30 s 800 © -
s 2 |0y Essst 3012 pay S35
S Css8 [Cs3s® 5] Cs3-8°
= Z 600 = §3.5°
=20 =)
g 2 >2.01
& ] &
2 & 400 815
= @ |
g 10 & 1.0 $3-8°
£ S 200+ ’
= a 0.5
0 0 0.0

Figure 5. (A) Flexural strength, bending stiffness and energy absorption of S1, S2 and S3. (B) Flexural strength, bending stiffness and energy absorption

of §3-2°, S3-5¢ and S3-8.
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From all DIC results, it is visible that one side of the
necking area is under compression in every suture module
while the other side of the necking area experiences
tension. The force exerted by the top suture module causes
tension on the necking area of the bottom suture module.
Meanwhile, the top suture module gets compressed by the
bottom suture module in return due to the interlocking
feature. DIC contour plots of the S3 specimen show high-
stress concentration in the suture modules, while with
the increment of the inclined angle, stress is distributed
more uniformly across all suture modules. This could be
the reason for S3-2° and S3-5° specimens to have a slight
increment in the displacement before the failure compared
to the S3 one, as given in Figure 4B. In S3-2° and S3-5°
specimens, stress is uniformly distributed among all
the suture modules. Still, in the S3-8° specimen, stress is
mainly concentrated at the weaker semi suture module at
the bottom, causing failure at a lower displacement.

3.3. Comparison between experimental and
numerical simulation results

The comparison between force-displacement curves obtained
from numerical simulation and the experimental results for S1,

Figure 6. DIC contour plots of € strain fields for the two interlocked
parts just before the fracture. (A) S3, (B) $3-2°, (C) S3-5°, and (D) S3-8.
Region of interest (ROI) is selected separately for the two parts of the
same interlocked specimen.

A
1500
1250
2 1000+ ——S1 Experiment
5] I .
E 7501 §§ Experfment
2 Ca— Xperiment
500 e §1 Simulation
S2 Simulation
250 -+ 83 Simulation
04 . . .
0 1 2 3

Displacement (mm)

S$2, and S3 are shown in Figure 7A. The numerical simulation
results show a good agreement with the experimental results
with slight discrepancy due to the assumption of elastic-
perfectly plastic material constitutive model. Figure 7B-D
exhibits the deformation comparison of simulation and
experimental results of SI, S2, and S3. Simulation results
have captured the deformation of each suture design till the
specimens reach their maximum loading conditions.

Compared to S1 and S2, sample S3 shows higher
deformation, implying that the structure is more flexible.
The number of interlocking points directly affects the
structure’s flexibility and strength. Fewer interlocking
points allow the structure to deform in a larger
displacement, while many interlocking points make the
structure stiffer. Force-displacement graphs from the
experiment and simulation model for $3-2°, $3-5°, and
S$3-8° are given in Figure 8A. Numerical simulation results
show good agreement with the experimental results up
to the point of maximum load. Similar to the previous
section, the slight difference between the experimental
and simulation results is caused due to not considering the
porosity effect of 3D printed structures and assuming the
model behavior to be elastic perfectly plastic.

The deformation captured by the simulation and the
experimental deformation for §3-2°, $3-5°, and S3-8° are
shown in Figure 8B-D.

3.4. Parametric study

Many biological structures with sutures do not contain
a single suture line throughout the whole structure,
but rather a network of suture lines to create complex
arrangements®**?. Here, a simple parametric study was
conducted to investigate the influence of two suture lines in
the structure. For all three sizes, S1, S2, and S3 symmetrical
suture lines with inclined angles of 0, 2, 5, and 8 degrees
were incorporated in two different configurations as shown
in Figure 9A and B. Specimens are created by connecting
three separate parts to include two suture lines. The two

5

Figure 7. (A) Numerical simulation and experimental force-displacement results comparison of 1, S2 and S3. Von Mises stress distribution comparison at
the maximum load of each design: (B) S1 simulation and experiment, (C) S2 simulation and experiment, and (D) S3 simulation and experiment.

Volume 1 Issue 2 (2022)

https://doi.org/10.18063/msam.v1i2.9



Materials Science in Additive Manufacturing

Flexural behavior of bio-inspired sutures

15001

1250
21000 ——ord el
% ———$3-5° Experiment
g ——— $3-8° Experiment
8 e §3-20 Simulation
- §3-5° Simulation
............. $3-8° Simulation

0

0 1 P 3
Displacement (mm)

Von Mises
MPa
30

28
25

Figure 8. (A) Numerical simulation and experimental force-displacement results comparison of §3-2°, $3-5° and S3-8°. Von Mises stress distribution
comparison at the maximum load of each design: (B) $3-2° simulation and experiment, (C) S3-5° simulation and experiment, and (D) S3-8° simulation

and experiment.

Design configuration one

Left side part Middle part

Right side part

Design configuration two

Left side part Middle part  Right side part

D = S1

1800 . . ¢ %
. _ . _ . " 3

3 1650 ®)

‘ ° 1600 °
.
1550

1500

1450
0° 20 50 8°
F
a ® S2
- . - S3

= S]

0° 2 5 8°
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design configurations are shown in Figure 9A and B. In
configuration one, many numbers of interlocking suture
modules were printed in the middle part of the specimen,
and in configuration two, many interlocking suture
modules were printed in the side parts of the specimen
as highlighted in red circles. Figure 9C and E show the
completed specimens of the two design configurations at
their maximum load. Figure 9D and F show the scatter
plots of the maximum force encountered by each design.

In all the cases, S1 yields the highest maximum force
due to its many interlocking points compared to S2 and S3,

even though in all three cases, the areas covered by sutures
are equal. Parametric results from design configuration
one show that the maximum force gradually increases
with the increment of the inclined angle. Despite small
fluctuations in the maximum loads in design configuration
two, the overall results present similar behavior to design
configuration one. This implies that design configuration
one could provide a more stable and predictable structure,
as the force gradually increases with the increment of the
angle without any fluctuations in the results, compared to
configuration two.
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Table 2 . The percentage increments of the maximum
loads in design configuration one compared to the design
configuration two

S1 S2 S3
0° 13 % 18 % 15 %
2° 14 % 16 % 16 %
5° 15 % 18 % 19 %
8° 14 % 21 % 19 %

Comparing the results of design configurations one and
two, as given in Figure 9A and B, the maximum load obtained
by samples S1, S2, and S3 in configuration one is higher
than in configuration two. The percentage increment of the
maximum loads in design configuration one compared to
the design configuration two is given in Table 2.

Similar to the experimental results, higher stress occurs
in the bottom semi suture module in every design where
the first failure occurs. In design configuration one, weaker
bottom semi suture modules (highlighted in green circle in
Figure 9A) are attached to the bigger side parts, where they
gain support for the stress distribution; hence, this design
configuration can withstand a higher load. In configuration
two, weaker bottom semi suture modules (highlighted in
green circle in Figure 9B) are connected to the middle part of
the specimen, where it gains support only from the middle
part for the stress distribution, as shown in Figure 9B. This
leads the design configuration two to withstand a lower
maximum load compared to the configuration one.

This parametric study showed that the maximum
load the structure can withstand could be improved by
combining symmetrical suture lines, correlating with the
inclined angle increment. The placement of the weaker
link within the suture structure also significantly impacts
the highest load the structure can withstand.

4, Conclusion

The research was conducted to investigate the flexural
behavior of bio-inspired suture structures. The specimens
were developed with three different sizes as S1, S2, and S3
using 3D printing of PLA thermoplastic while maintaining
the ratio between the minor and major radii of the elliptical
suture shape to 1:1.8. S3 design was used to develop S3-2°,
$3-5°, and $3-8°, varying the positioning angles by 2°, 5°,
and 8° to analyze the effect of the positioning angle. The
S1 specimen withstood maximum load during the three-
point bending test but failed within short displacement,
whereas S3 showed higher displacement before the failure
but with a lower maximum load. The flexural strengths of S1,
S2, and S3 were noted to be 28 MPa, 24 MPa, and 26 MPa,
while the energy absorption of each design was calculated

as 2 ], 2.5 J, and 3 J. Bending stiffness values indicate that
compared to S1, both S2 and S3 designs are harder to bend.

(i) When changing the positioning angle of the
suture component, the total displacement before
the failure was slightly increased compared to the
S3, in both $3-2° and S3-5°. Further increment in
the angle up to 8° has noticeably reduced the total
displacement at failure compared to S3 specimen
as the stress is concentrated mainly in the weaker
semi suture module at the bottom rather than
uniformly distributing through the whole suture
structure. In all three cases, flexural strengths and
energy absorptions were slightly reduced compared
to S3. The variation in bending stiffness values
suggests that by changing the positioning angle of
the sutures, the stiffness of the whole structure could
be improved.

(ii) DIC results indicate that adjacent interlocking suture
modules exert tension and compression on each
other due to their interlocking feature. When the top
suture modules exert tension on the necking area of
the bottom suture module, the head of the bottom
suture module curls up and compresses the top suture
module, and instead of moving down before fracture
occurs in its necking area.

(iii) Numerical simulation showed good agreement with
the experimental results. The model was assumed to
be elastic-perfectly plastic, even though FDM prints
contain defects due to the printing process. The model
reveals that introducing larger suture modules with
less interlocking points allows more uniform stress
distribution along the suture structure compared to
S1 and S2, where the stress was mainly concentrated
to the suture modules at the bottom of the specimen.

(iv) The parametric study was performed on beam samples
with two symmetrical suture lines, which considerably
enhanced the ability to withstand a higher load. The
load-bearing ability of the structure was further
improved with the increment of the inclined angle. The
simulation results also confirm that positioning of the
interlocking suture modules plays an important role in
enhancing the load-bearing properties of the structure.
The parametric study concluded that the position of
the suture components has a significant impact on the
mechanical performance of the whole structure.

(v) These sutures could be beneficial in many ways
when developing a structural design. Incorporating
a suture joint creates a pre-established crack path
which would help to predict the fracture behavior
by analyzing the suture pattern while maintaining
flexibility. As the suture joint is developed without
any adhesive materials, this interlocking mechanism
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could be utilized to join dissimilar materials without
any external joining treatments. Finally, large modular
parts could be manufactured by connecting small
pieces through the interlocking technique without
limiting to the small part volume in many 3D printers.

Based on our results, we conclude that depending on
the desired mechanical performance, different suture
designs can be utilized to achieve a decent outcome. For
example, when high energy absorption is required, S3
design could be benefited, and when a higher load-bearing
action is required, S1 design could be highly effective. From
the results of this research, it is evident that bio-inspired
suture structures can be further optimized to enhance
their performances, providing countless advantages for
many engineering applications.
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Abstract

In this work, mesoscopic simulation and experimental studies were applied to
investigate the influence of powder morphology and characteristics on laser
absorption behavior and printability of nanoparticle-coated 90W-Ni-Fe powder
during laser powder bed fusion (LPBF). The mechanism of laser-material interaction
and the thermal behavior of molten fluid during LPBF were revealed, thereby
optimizing the powder preparation parameters. It showed that when the powder
preparation parameters were optimized (i.e., ball-to-powder weight ratio of 1:2,
milling speed of 250 rpm, and milling time of 6 h), the Ni and Fe nanoparticles were
uniformly dispersed on W particles and, meanwhile, the sufficiently high sphericity of
the W matrix particles was maintained. The nanoparticle-coated 90W-Ni-Fe powder
had a sound laser absorption behavior with laser absorptivity of 93.51%, leading to
the high LPBF printing quality with a smooth surface free of balling phenomenon
and microcracks. Specimen fabricated using optimally prepared powder has a
high density of 98% and a low surface roughness of 7.91 um. The LPBF-processed
90W-Ni-Fe alloys had a uniform hardness distribution with an average value of
439.47 HV, and significantly enhanced compression properties with compressive
strength of 1255.35 MPa and an elongation of 24.74%. The results in this work
provided a physical understanding of complex and interdependent laser-powder
interaction and melt pool formation mechanisms during LPBF of W-based alloys that
are governed by powder characteristics.

Keywords: Laser powder bed fusion; Powder morphology; Laser absorption behavior;
Mechanical properties

1. Introduction

W-Ni-Fehasattracted a great deal of attention in the fields of national defense, industry, and
military due to its high density, high melting point, and extremely low thermal expansion
coefficient™. However, at present, they are usually fabricated by conventional powder
metallurgy technique based on liquid phase sintering, which is characterized by costly
mold cycles and difficulty in completely melting W particles, limiting the application of
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W-Ni-Fe as a structural material. The rapid development
of additive manufacturing (AM) provides a new method
for W-Ni-Fe fabrication. AM is defined as a method of
printing components from three-dimensional (3D) model
data using a layer-wise manufacturing philosophy and
can be divided into seven divisions according to printing
mechanism and raw material®. Laser powder bed fusion
(LPBF) is one of the most promising AM technologies due
to its laser-induced complete melting mechanism™?!. As an
efficient, digital, and highly flexible advanced technology,
LPBF has been applied in many fields such as military,
aerospace, and biomedical, and has a laser beam with high
energy to completely melt W particles, making it one of the
effective methods to prepare high-performance W-Ni-Fe
components®®. Nevertheless, the design of raw materials
has become a constraint to the development of LPBF-
fabricated W-Ni-Fe parts®®*°l,

The previous studies indicate that powder properties
have an important influence on LPBF-processed W parts.
Field et al.” produced W specimens with two kinds of
high-purity W powders: the first powder was a chemically
reduced powder with an irregular morphology, and
the second powder was a plasma-spheroidized powder
with highly spherical morphology. They found that W
powders with high sphericity had higher apparent power
densities and enhanced the density of LPBF-fabricated W
components. A 3D laser absorption model based on ray
tracing was established by Zhang et al.™™ to investigate the
influence of W particle size and its distribution on the
powder-to-laser absorptivity and underlying behavior.
The simulation and experimental results indicated
that the absorptivity of the powder layers considerably
exceeded the single powder particle value or the dense
solid material value, and smaller particle size improved the
laser absorptivity during LPBF-processed W parts. Braun
et al! analyzed the processing of Mo and W by LPBE,
and they identified the oxygen in the powder as a cause
for cracks and residual porosity. Nevertheless, these studies
mainly focused on pure W, and the effect of feedstock
powder characteristics on laser absorption behavior and
printing quality of LPBF-processed W-based alloys was
rarely studied. It has been reported that nano-reinforcing
particles can effectively improve the printing quality of
LPBF-fabricated W-based alloys”1*-2,

Several studies have been carried out on laser
absorption and melting behavior during LPBE. Khairallah
et al® used high-fidelity simulations, coupled with
synchrotron experiments, to capture fast multitransient
dynamics at the meso-nanosecond scale. They discovered
new spatter-induced defect formation mechanisms, which
depend on the scan strategy and competition between

laser shadowing and expulsion. A recent study by Ge
et al.' proposed mesoscopic simulation to investigate
the influence of ceramic addition on the laser energy
absorption and powder melting behaviors during LPBF of
TiC/Ti6Al4V composites, and they found that the addition
of 1 wt.% or 3 wt.% ceramic was beneficial to improving
the laser absorptivity and the surface morphology of
melted track. A high-fidelity model coupled with a
ray-tracing method was constructed by Ren et al.’¥ to
visualize the flow kinetics and reflection behavior during
LPBF of Cu-Cr-Zr alloy, which showed good agreement
with experiments in terms of track width and depth. The
above-mentioned and related studies have reported that
laser absorptivity is vital for the subsequent metallurgical
behavior and printing quality, and the absorption
behavior and liquid-solid interface dynamics during
LPBF are affected by the morphology and characteristics
of feedstock powder. Understanding the complex and
interdependent laser-powder-melt pool interaction
during LPBF is of great importance, which matters for the
control of metallurgical defects and mechanical properties
of LPBF-fabricated W-based parts®!**16. However,
few studies on laser absorption and melting behavior of
W-based powders during LPBF have been reported, and
the mechanisms of the influence of powder morphology
and characteristics on laser absorption behavior and
printability of 90W-Ni-Fe powder during LPBF remain
unknown.

The in situ alloying of AM, as opposed to pre-alloyed
powder used for printing, provides a feasible way for AM
with multiple materials. The LPBE, due to its concentrated
laser energy input with sufficiently high thermal behavior,
is expected to become one of the in situ alloying processes
in the coming years!”?.. In this work, the geometrical
optical ray-tracing (GO-RT) models and computational
fluid dynamics-based powder melting (CFD-PM) models
were established to obtain an in-depth understanding
of mechanisms during LPBF fabrication of W-based
alloys. The nanoparticle-coated 90W-Ni-Fe powders for
LPBF were fabricated by mechanical mixing with ball
milling, and the corresponding LPBF experiments were
carried out. The influence of the powder morphology
and characteristics on laser absorption behavior and
printability of LPBF 90W-Ni-Fe was investigated by
numerical and experimental methods, and the laser-
powder interaction mechanism and thermal behavior of
molten fluid were revealed. A good agreement was obtained
between the simulated and experimental results, and this
work provided a physical understanding of complex and
interdependent laser-powder-melt pool interaction during
LPBF of 90W-Ni-Fe, aiming to form scientific guidance for
LPBF fabricating high-quality W-based alloys.
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2, Materials and methods
2.1. Powder preparation and LPBF printing

This work utilized the commercial spherical W powder
and nano-scale Ni and Fe powder as starting materials
(Figure 1), and an E2000 vertical inverter ball mill
was used to prepare nanoparticle-coated 90W-Ni-Fe
powders with different morphologies. The W powder
had a size distribution of D = 8.25 um, D, = 14.41 um,
and D, = 24.25 um, respectively. The laser absorptivity/
reflection of different powders was tested using a
Shimadzu UV3600 UV-Vis NIR spectrophotometer,
and the morphology of different powders was observed
using a Hitachi S-4800 field emission scanning electron
microscope (SEM).

The LPBF printing device was developed by the Nanjing
University of Aeronautics and Astronautics, and the process
details were described in our previous work??!. High-purity
argon (99.9%) was used as the protective gas to prevent the
formation of oxides, and a chessboard scanning strategy
was employed to reduce heat accumulation during LPBF
printing®. The LPBF processing parameters of 90W-Ni-Fe
alloys were laser power of 200 W, scanning speed of
250 mm/s, hatch spacing of 50 um, and layer thickness of
30 um. The length of the LPBF-fabricated single tracks was
50 mm, the size of block specimens was 6 mm x 8 mm X
8 mm, and the length to diameter (L/D) of the compression
parts was 1.25 (GB/T 7314-2017).

2.2. Microstructure and mechanical properties

The top surface morphologies of 90W-Ni-Fe scanning
tracks and block specimens were observed using SEM,
and the block specimens were ground and polished
according to the standard metallographic procedures
and were observed using an XJP-300 optical microscope
(OM). The 3D morphology and the surface roughness
of 90W-Ni-Fe alloys were obtained using a VK-150K 3D
laser microscope imaging system. The microhardness of
the optimal 90W-Ni-Fe sample was tested using an HXS-
1000 AY microhardness tester with a load setting of 1000 g,
and the stress distribution was obtained by a Proto LXRD
high-speed X-ray residual stress analyzer. The compression

experiment was carried out using a CMT5205 testing
machine with a loading rate of 1 mm/min.

2.3. Establishment of GO-RT models

Numerical simulations in this work were based on
the mechanism of LPBF (Figure 2A), and a random
function was used to generate powder beds in MATLAB
(Figure 2B). The geometric information was imported
into the optical design and analysis software FRED to
form geometric models. After establishing the geometric
models, according to Fresnel formulae, the laser reflection
behavior was described as'®?;
(n.—1/cos0)+m

2
o =1 = 1
" (n +1/cosO)+m’ W

(n.—cos8)+m’
az=l-——-———— (2)

(n. +cosO)+m;
where o denotes the absorptivity, #is the angle of incidence,
n_represents the real part of the complex index of refraction,
and m_represents the imaginary part of the complex index
of refraction™??. In this study, the laser refractive behavior
of different materials was described by defining the complex
index of refraction (Figure 3). Integrating sphere is one of
the laser absorption/reflectivity measurement methods

(Figure 4A). By the laser absorbance formula:
A=1-T-R 3)

where A denotes the absorption, T is the transmission,
and R represents the radiation reflection. The transmitted
radiation of metal can be generally regarded as zero®.
Therefore, the above equation can be simplified as:

A=1-R (4)

this means the absorption of the laser energy can
be calculated using the measured reflectivity'**. After
obtaining a powder bed with indices defined, a spherical
analytical surface was established according to the principle
of integrating sphere. At the same time, a Gaussian
distributed optical source similar to the LPBF equipment
wasloaded above the powder bed (Figure 4B). Subsequently,
ray tracing was performed in FRED to investigate the laser
absorption behavior (Figure 4C and D).

Figure 1. SEM images showing the starting powders: W (A), Ni (B), and Fe (C).
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Figure 2. Mechanism of LPBF processing (A) and the algorithmically generated powder bed (B).
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Figure 3. Fresnel formulae for calculating absorptivity for S and P
polarization of W (A), Ni (B), and Fe (C), and the powder bed with
indices defined (D).

2.4. Establishment of CFD-PM models

Geometric information was also imported into the
computational fluid dynamics simulation software
FLUENT. During the construction of the CFD-PM model,
the laser energy conversion factor of the volumetric
Gaussian heat source was set concerning simulation and
experimental results. The modified heat flow distribution of
the moving Gaussian heat source can be described as!'*2324);

6PA

_ -9(x* +y*) |
R*nH(1-1/¢%)

R*log(H / z)‘ )

q

where P is the laser power, R is the spot radius, and is
the laser heat source depth. Considering that most of the
heat was conducted by the powder bed and solidification
layer, the boundary conditions were described as®*!:
oT

K—+h (T-T,)+oe(T* - T, )=q
on

(6)
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Figure 4. Schematic diagram of integrating sphere (A), GO-RT model
with Gaussian laser source and spherical analytical surface (B), and
complicated interaction between the powder bed and laser beam
(C and D).

where T is the surrounding temperature, h_is the heat
conduction coefficient, o is the Stefan-Boltzmann constant,
and ¢ is the emissivity. The side and bottom boundaries were
settled as insulation boundaries™. More modeling details
were set concerning existing reports to illustrate the effect
of nanoparticle-coated 90W-Ni-Fe powder morphology on
the non-uniform melting behavior during LPBF®!31422:25],

3. Results and discussion

3.1. Effects of nanoparticle-coated 90W-Ni-Fe powder
morphologies on the laser absorption behavior

Before establishing models, the morphologies of
nanoparticle-coated 90W-Ni-Fe powder were observed.
Energy input during the milling process was different
under different milling conditions, thus producing
nanoparticle-coated 90W-Ni-Fe powder with different
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morphologies!'®'"*%7 According to the specific impact
energy equation:

.1 ,
Ei =Zj:1 WM]JVJ' (7)

where, E, is the specific impact energy in ball milling,
Ms is the mass of powder, M, is the total mass of grinding
balls, v, is the relative impact velocity between two
grinding balls and/or a ball grinding against the grinding
bowel wall, and n is the number of collision of a ball
against other balls and/or the grinding bowl wall within
a second. As can be seen from the above equation, the
higher the milling speed or ball-to-powder weight ratio
is applied, the higher the impact energy is obtained. The
nanoparticle-coated 90W-Ni-Fe powder morphology
evolved with the change of milling energy (Figure 5A).
Reinforced particles were gradually dispersed uniformly
with increased specific impact energy in ball milling, but
particle deformation and breakage were more likely to
occur (Figure 5B). When the ball-to-powder weight ratio
was 1:2, the milling speed was 250 rpm with a milling
time of 6 h, the Ni and Fe nanoparticles were uniformly
dispersed around W particles, and the sufficiently high
sphericity of the W matrix particles was maintained.
Combining the above, 3D microscopic GO-RT models
with different powder morphologies were established
(Figure 6).

The calculated laser absorptivity and their standard
deviations are presented in Figure 7. As shown from
Figure 7A, the laser absorptivity of the 90W-Ni-Fe powder
bed model tended to decrease with the increase of milling
energy. The laser absorptivity decreased significantly
when the matrix particles were broken or deformed. The
standard deviation of calculated laser absorptivity tended
to decrease and then increased with the milling energy
increasing (Figure 7B). The standard deviation was lowest
when the reinforced particles were uniformly distributed
and the matrix particles were unbroken or undeformed,
indicating that the laser energy conversion factor was high
and stable. This was attributed to the improved homogeneity
of the powder bed??°?!. When the nanoparticles were
agglomerated, the decreased ratio of spot size to irradiated
particles promoted the multiple reflections of the laser,
improving the laser absorptivity™®. However, the powder
bed was uneven in this case, so the laser energy conversion
was instability, which tended to produce highly unstable
molten pools, affecting the printing quality of LPBF!®1422,
When the matrix particles were broken or deformed, the
powder bed had low packing density and high porosity,
which weakened the multiple reflections and reduced the
laser energy conversion factor, affecting the wetting and
spreading of melt during LPBF®33!, These may cause
balling effects and reduce the printing quality of fabricated
specimens!®2431],

A
ﬁ Decreasing ball-to-powder weight ratio |
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nanoparticles Nanoparticles o i Bt d
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& ) L= |
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Figure 5. Schematic of the evolution mechanism of nanoparticle-coated powder during ball milling (A) and SEM images showing the different nanoparticle-

coated 90W-Ni-Fe powder (B).
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Figure 7. Calculated laser absorptivity of different models (A) and
standard deviation of the absorptivity (B).

Moreover, the interaction and penetration of laser
beams also have an important influence on the quality of
LPBF printing!***!. To further investigate the effect of
powder morphologies on the laser absorption behavior of
LPBE analysis surfaces were established in both horizontal
and vertical directions (Figure 8A), which were used to
compare spot tracking results and irradiance distribution
of different powder bed models. The track spot diagram on
the upper surface and the irradiance in the depth direction
of the powder bed were shown in Figure 8B, and it can be
seen that tracking spots appeared outside the laser spot
range due to the optical effect of external diffusion, which
promoted heat conduction and thermal radiation™.
When the nanoparticles were uniformly dispersed
and the sphericality of matrix particles was good, the
irradiance in the depth direction was the highest and the
laser interaction on the upper surface was the strongest.
However, when the nanoparticles were agglomerated or
the matrix particles were broken or deformed, the laser
penetration was lower, and the laser interaction on the
surface of the powder bed was weaker. Moreover, the
laser beam tracking spot was significantly reduced when
agglomerated nanoparticles adhered to matrix particles,
which can be regarded as a certain masking effect!".
When the nanoparticles were agglomerated, the laser
absorptivity of the powder bed was the highest, but most
of the energy acted on nanoparticles, which weakened
the interaction between matrix particles and laser,
reducing the laser energy acting on matrix particles®2.

The above shows that homogeneous nanoparticle-coated
90W-Ni-Fe powder with high sphericity has the best laser
absorption behavior. Agglomerated nanoparticles make
beams reflecting between nanoparticles and reduce the
stability of absorption, and deformed particles weaken the
multiple reflections and reduce the laser absorptivity and
penetration.

To verify the above simulation results, the laser
absorptivity/reflection of nanoparticle-coated powders
with different morphologies were tested (Figure 9). Two
sets of nanoparticle-coated 90W-Ni-Fe powders with
different morphologies were prepared at different milling
speeds or ball-to-powder weight ratios. The energy in
ball milling increased with the increase of ball-to-powder
weight ratio or milling speed as shown in equation VII?],
As seen in Figure 9, the laser absorptivity of different
nanoparticle-coated 90W-Ni-Fe powders decreased with
the increase of milling energy. Moreover, it decreased
significantly when the milling energy was too high
(matrix particle deformed). The trend of experimental
results was consistent with simulation, indicating that
the homogeneous nanoparticle-coated powder with
high sphericity has sound laser absorption behavior with
laser absorptivity of 93.51%. Similar to what has been
reported, the values of measured laser absorptivity have
a certain increment compared with simulation®. This
can be attributed to the balance between complexity and
reality when constructing the model, the nanoparticles
in the model are less than the actual, so the ratio of spot
size to the number of irradiated particles is increased,
reducing the laser absorptivity!®??. At the same time, the
actual W powder has a higher surface roughness than
particles in the model, which also increases the measured
laser absorptivity®141622 - Although the calculated laser
absorptivity of models is lower, the models still reflect the
laser absorption behavior during LPBE. Moreover, these
models can visualize some phenomena which are often
challenging to observe in real-time in a mesoscopic view,
providing a relatively in-depth physical analysis of laser
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Figure 9. Absorptivity of milled nanoparticle-coated 90W-Ni-Fe powder
at different milling speeds (A) and ball-to-powder weight ratios (B).

absorption behavior during LPBF fabricating W-based
alloys.

3.2. Effects of nanoparticle-coated 90W-Ni-Fe
powder morphologies on printability

During LPBF fabricating, the powder particles undergo
complex laser-material interactions!®. The laser
absorptivity/reflection, the number of laser interactions,
and the irradiation depth predict the efficiency of the
laser energy utilization of the powder bed"**. The
laser utilization efficiency influences the molten pool

formation, evaporation, Marangoni effect, and recoil
pressure, which determine the printing quality of LPBF-
processed components®!*?22% Hence, the change in
laser absorption behavior due to the nanoparticle-coated
90W-Ni-Fe powder morphology is of great importance.
To further reveal the influence of nanoparticle-coated
90W-Ni-Fe powder morphology on the printability, the
CFD-PM single track simulation clouds (Figure 10A-C)
and SEM images of LPBF-fabricated 90W-Ni-Fe scanning
tracks (Figure 10D-F) were obtained. The W particles
reached their melting point when the Ni and Fe particles
had already reached their boiling points. Due to such a
huge difference between W and Ni-Fe phases, only the W
matrix particles were shown in the CFD-PM simulation
clouds, the effect of enhanced particles was reflected by
changing laser energy conversion factors. The melting
behavior and surface quality of LPBF-fabricated single
track of 90W-Ni-Fe were sensitive to the morphology of
powder feed as presented in Figure 10. The LPBF scanning
track was relatively straight when the reinforcing particles
were uniformly distributed and the matrix particles
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maintained good sphericity (Figure 10B and E), which
can be attributed to the high and relatively stable laser
absorption of the powder layer?l. The fully melted
particles and stable molten pool improved the wetting and
spreading of liquid metal, enhancing the surface quality
of the LPBF-processed parts!**l. Comparatively, with
enhanced particles agglomerated (Figure 10A and D),
the LPBF 90W-Ni-Fe single track had a fluctuated
boundary. This can be attributed to the high and uneven
laser absorption behavior which caused the nonuniform
spreading!'**?*l. When the matrix particles were broken or
deformed, the LPBF scanning track morphology changed
to irregular shapes (Figure 10F), and the balling effects
were observed (Figure 10C), which can be attributed to the
increase in viscosity. When the temperature of the laser-
irradiated zone is higher than the melting point of W, the
viscosity of the W droplet can be defined as®":

1.28x10°
T)=0.108exp(——— 8
ny(T) p( RT ) (8)

where n, is the viscosity of the W droplet, R is the gas
constant (equal to 8.31 J-mol-K™"), and the temperature
T ranges of 3350-3700 K. From the above equation, the
higher the molten pool temperature, the lower the W
droplet viscosity. The previous studies indicated that there
is a competing mechanism for the wetting, spreading, and
solidification of W droplets during LPBF®!. Due to the
low laser absorptivity of the powder layer with deformed
matrix particles, the molten pool cannot absorb enough

+ IrregUlar s 4
* border:
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border
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laser energy, reducing the temperature of the droplet. This
increased the viscosity of the droplet and they solidified
before spreading sufficiently, resulting in the balling effects.
This phenomenon is detrimental to interlayer bonding and
tends to affect the densification behavior during LPBF331,

Before LPBF fabrication, a computer-aided design
model of the part is processed by software to plan the laser
path line-by-line**. Therefore, the quality of the scanning
track is of great importance to metallurgical bonding
and the surface quality of fabricated components®*!l,
To further investigate the effect of nanoparticle-coated
90W-Ni-Fe powder morphology on LPBF printing quality,
SEM images of the upper surfaces, and morphology of the
side surfaces of different fabricated 90W-Ni-Fe alloys are
presented in Figure 11. It can be seen that the evolution
of the powder morphology does affect the surface quality
of LPBF-processed specimens due to the changes in
dynamic viscosity. LPBF processing involves the flow
and solidification of liquid metal in the molten pool; the
dynamic viscosity 7, of the molten pool is defined as'*’’:

n=re o ©)

15V kT

where m is the atomic mass, k is the Boltzmann
constant, T is the temperature of the molten pool, and
o is the surface tension. The previous studies indicated
that the surface tension is higher when the molten pool
temperature is lower?". Therefore, the higher the molten
pool temperature, the lower the dynamic viscosity. The laser

Fluctuated
boundary

100 pm

)

Figure 10. Simulated single-track morphologies (A-C) and SEM images showing as-fabricated 90W-Ni-Fe scanning tracks (D-F) with powders of different
morphologies: severely agglomeration (A and D), uniformly dispersion (B and E), and deformation (C and F).

Volume 1 Issue 2 (2022)

http://doi.org/10.18063/msam.v1i2.11



Materials Science in Additive Manufacturing

Laser absorption and printability of 90W-Ni-Fe

Top surface

Increasing milling energy

B Side surface

-198 pym O um 144 pym

Figure 11. SEM images showing top surface morphologies (A, C, and E) and 3D morphologies describing the side surface (B, D, and F) of LPBF-processed
90W-Ni-Fe alloys fabricated by different powder: severely agglomeration (A and B), uniformly dispersion (C and D), and deformation (E and F).

energy conversion factor of the homogeneous powder with
good sphericity was high and stable, lowering the dynamic
viscosity of the molten pool, and yielding a sufficient liquid
lifetime for wetting and spreading behavior"***. Hence,
the spattering and balling effects were reduced, improving
the surface quality of LPBF-fabricated 90W-Ni-Fe parts. In
this instance, the surface roughness (S ) of the fabricated
specimen was 7.91 um. When the enhanced particles were
agglomerated or the matrix particles were deformed, the
surface roughness (S,) of the fabricated specimen was 20.05
um and 29.41 wm, respectively. This can be attributed to
the unstable laser absorption behavior which reduced the
stability of the molten pool, leading to the splashing and
balling effects, reducing the surface quality of the LPBF-
processed specimens!1424-26],

The stability of the molten pool also tends to affect
the densification behavior of LPBF-fabricated 90W-Ni-Fe
alloys, which has an important influence on its mechanical
properties™®!**. To investigate the effects of powder

morphologies on the densification level of LPBF-processed
90W-Ni-Fe parts, OM images of specimens fabricated
by different powders were observed (Figure 12). The
densification level of the specimens increased and then
decreased as the milling energy increased. Homogeneous
powder with high sphericity had the highest densification
level (density of 98%). This was attributed to the fact that
homogeneous nanoparticle-coated 90W-Ni-Fe powder
with high sphericity had the best laser absorption behavior,
thus improving the wetting and spreading behavior of
LPBF?%, The trends of results obtained from the single
tracks and bulk fabrications were correlated. With the high
quality of the scanning track, the metallurgical bonding
of processed specimens improved, thereby increasing the
density of the fabricated W-Ni-Fe specimen.

The above results show that the powder morphology
does influence the LPBF printing quality of 90W-Ni-Fe
alloys and homogeneous powder with high sphericity
has the sound laser absorption behavior; these help
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with obtaining the best LPBF printability. Meanwhile, a
good agreement is obtained between the simulated and
experimental results.

3.3. Mechanical properties of the optimal 90W-Ni-Fe
alloys

The above analysis shows that optimal specimens can
be obtained by homogeneous nanoparticle-coated
90W-Ni-Fe powder with high sphericity. The density of
LPBEF-fabricated specimens has an important influence on
their microhardness and residual stress distribution?>*,
Figure 13 presented the microhardness and residual stress
distribution of the optimal specimen. The average Vickers
hardness and residual stress of the 90W-Ni-Fe specimen
were 439.47 HV, and 501.85 MPa, respectively. The
dispersion of hardness values was smaller than reported,
which was attributed to the high densification level of the
specimen’. When the load was applied to the surface of
the specimen, there was no obvious collapse due to its
high densification level®. It is shown from Figure 13B
that compressive stress was uniformly distributed inside
the specimen. This can be attributed to the rapid melting-
solidification process during LPBE, which produced
solidification shrinkage, and the shrinkage can be
expressed asP*”!:

d(AL/L)) APe,
d D¢n

t

(10)
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where APis the capillary pressure, D is the grain radius,
¢, s the liquid thickness, and 7 is the viscosity of the liquid.
The optimized 90W-Ni-Fe powder formed a homogeneous
powder bed, making the solidification shrinkage rate at
different positions similar. Hence, the residual stress was
uniformly distributed in the specimen and the gradient of
residual stress was small.

The residual stress generated by the heating-cooling
thermal cycle of the LPBF processing is one of the key
factors affecting the properties of fabricated parts. It
has been reported that LPBF-processed specimens
with smaller residual stress gradients are less prone
to deformation, so they have better mechanical
properties®>l. The compressive stress-strain curve of
the testing part fabricated by optimized powder was
presented in Figure 14. The compressive strength of the
90W-Ni-Fe part was 1255.35 MPa with an elongation
of 24.74%, which was higher than the reported LPBF-
fabricated W specimen (compressive strength of 902
MPa with an elongation of 6.4%). To reveal the
strengthening mechanisms, the microstructures of LPBF-
processed W and W-Ni-Fe along the building direction
were shown in Figure 15. The microstructures of LPBF-
processed W consisted of large columnar grains. With the
addition of nano Ni and Fe, the microstructures of the
fabricated specimen presented the equiaxial columnar
grains, and the cracks were significantly reduced. The
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Figure 12. OM images showing LPBF-processed alloys fabricated by different nanoparticle-coated 90W-Ni-Fe powder: severely agglomeration (A),

uniformly dispersion (B), and deformation (C).
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Figure 13. Hardness (A) and residual stress (B) distribution of LPBF-processed sample fabricated by optimized nanoparticle-coated 90W-Ni-Fe powder.
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Figure 14. Compressive stress-strain curve of LPBF-processed part
fabricated by optimized nanoparticle-coated 90W-Ni-Fe powder.

Figure 15. Microstructures of LPBF-processed W (A) and W-Ni-Fe (B)
specimens.

improvement of compressive strength was attributed to
the transformation of the microstructure from columnar
to equiaxial grains when the Ni and Fe nanoparticles were
added to the W matrix. As the surfaces of W particles were
coated with Ni and Fe, the continuous growth of W grains
was prevented and the growth of the equiaxial grains
was promoted instead. Meanwhile, the nanoparticles
were diffused to the grain boundaries due to their strong
activity, reducing the microcracks and resultant grain
boundary strengthening. The microstructures directly
determined the mechanical properties of the final parts,
thereby improving the mechanical properties of LPBF-
fabricated W-Ni-Fe alloys.

4, Conclusion

Through numerical and experimental investigations,
this study examined the effects of nanoparticle-coated
90W-Ni-Fe powder morphology on the laser absorption
behavior and the printing quality of LPBE. GO-RT models
and CFD-PM models were first established to obtain an
in-depth understanding of mechanisms during LPBF
fabrication of W-based alloys. Nanoparticle-coated
90W-Ni-Fe powders were prepared and corresponding
alloys were fabricated by a self-developed device. Based on

the above discussion and results, several conclusions can
be drawn:
(i) Itwasdiscovered that the morphology of nanoparticle-
coated 90W-Ni-Fe powder prepared by different
milling conditions was different; this was attributed
to the difference in milling energy caused by different
milling parameters. Reinforced particles were
gradually dispersed uniformly with increased specific
impact energy in ball milling, but particle deformation
and breakage were more likely to occur.

Powder morphology was optimized to obtain stable

laser absorption behavior with high absorptivity in

both horizontal and vertical directions of the powder
bed. Homogeneous nanoparticle-coated 90W-Ni-Fe
powder with good sphericity had the best laser
absorption behavior. Agglomerated nanoparticles
made laser beams reflect between nanoparticles and
reduced the stability of laser absorption behavior.

Deformed matrix particles weakened the multiple

reflections and lowered laser absorptivity and

penetration.

(iii) Laser absorption of nanoparticle-coated 90W-Ni-Fe
powder with different morphologies was different,
thus making their LPBF printability different.
Homogeneous  nanoparticle-coated =~ 90W-Ni-Fe
powder with good sphericity had the best LPBF
printability with a straight scanning track free of
balling effects, which had a good agreement with
modeling results.

(iv) The 90W-Ni-Fe alloys fabricated by optimized powder
had the best surface quality (surface roughness of
791 um), the highest densification level (density
of 98%), and uniform residual stress distribution.
Moreover, the 90W-Ni-Fe alloys had a uniform hardness
distribution with an average value of 439.47 HV , and
they had better compression properties (compressive
strength of 1255.35 MPa with an elongation of 24.74%)
compared with LPBF-processed pure W parts.
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Abstract

The sintering of printed nanoparticle films is a necessary processing step for most
nanoparticle inks to make the printed film functional. The sintering of nanoparticle
is usually performed through thermal sintering, photonic sintering, induction
sintering, etc. Intense pulsed light (IPL) sintering method is one of the most popular
sintering methods for nanoparticle inks due to the fast and effective process, but
it may yield mediocre performance if improper sintering parameters are used. In
this work, we investigate the correlation between the two factors which are the
print passes of aerosol jet printing and the sintering distance of the samples on the
effect of the surface morphology and sheet resistance. A contradictory correlation
between the two factors was observed and a multi-objective optimization was
carried out using machine learning method to identify the most optimum conditions
for both factors. We found that multi-objective optimization approach is effective in
reducing the conflicting responses, thus the sintered thin film can have low sheet
resistance and low surface roughness. This work provides an essential guide for
achieving conductive films with electrical conductivity and low surface roughness
using IPL sintering process for fast fabrication of multi-layered electronics such as
electrochemical electrodes.

Keywords: Additive manufacturing; 3D printing; Printed electronics; Multi-objective
optimization; Photonic sintering; Process optimization

1. Introduction

In the past decade, printed electronics technology has received great attention
because of the increasing needs for alternative electronics fabrication technology to
produce unconventional electronics, especially in the field of flexible and stretchable
electronics!™?. Conventionally, electronics are manufactured using silicon wafer
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technology that requires high processing temperature
which poses restrictions on the material options®. In
contrast, printed electronics technology uses functional
inks to create circuits and electronic components,
thereby lowering the process temperature and creating
more opportunities for new electronic architectures with
various substrates, particularly for low thermal stability
substrates”!. It has allowed for new opportunities for the
creation of flexible electronic components that can be used
in applications such as water technology for system health
monitoring purpose!®.

In the early years, printed electronics is normally done
using traditional additive-based printing techniques that
require tool, mask, or stencil for the patterning of inks™.
These traditional printing techniques include screen
printing, gravure printing, flexographic printing, and
offset printing. These techniques are compatible with
the roll-to-roll manufacturing process and allow the use
of flexible substrates, which makes them highly suitable
for mass production of flexible electronics. However,
the recent shift in the industry’s needs for custom-made
electronics has spurred the search for cheaper alternatives
for electronic fabrication because of the high initial
cost for the tools and stencils renders the traditional
printing techniques uneconomic for such purpose. In
contrast, three-dimensional (3D) printing, also known
as additive manufacturing, is found to be a better option
for the fabrication of highly customizable advanced
electronics!”l. At present, 3D printing techniques such as
inkjet printing!", aerosol jet printing!"*'*l, and direct ink
writing'! have been increasingly used by the industry
to manufacture advanced electronics that require fine
resolution and sophisticated geometry. Among which,
aerosol jet printing technique has gained much attraction
over the years due to its capability to process a wide range
of materials and the high printing resolution”.. Besides, it
can also be used to integrate electronics on 3D structures,
making it suitable for realizing novel electronic designs™®.

Regardless of the printing techniques, the functional
inks remain the key ingredient to achieving the low
processing temperature for printed electronics!**l. To date,
various types of functional inks such as silver nanoparticle
inks, gold nanoparticles inks, and silver nanowire inks have
been developed to cater for different applications*2"?],
Functional inks generally contain several components,
namely, the active material, the solvent, the binder, the
surfactant, and other additives™.. The active materials and
binder made up the main materials of the printed layers
that determine the type and property of the layers, whereas
the other materials such as the solvent, surfactant, and
other additives will be removed in the sintering process.

In general, a sintering treatment is required to process
the printed ink layers in order to make the active materials
functional™!. This is because the active materials are
normally covered with a layer of organic stabilizer,
which impedes their functionality. Sintering treatment
removes the organic stabilizer layer and binds the active
materials together. For the case of metal nanoparticle, the
nanoparticles receive energy during the sintering process
and fuse together and grow larger to form a conductive
network of nanoparticles. Besides, sintering treatment
also enhances the adhesion of the printed materials to
the substrates. Till now, there are many different sintering
techniques that have been developed such as thermal
sintering®, electrical sintering®, induction sintering®,
and photonic sintering®®”. Each sintering technique offers
its unique advantages and possesses certain limitations.
For examples, thermal sintering treatment can achieve
homogeneous sintering but may not be suitable for all
substrates as the substrate will be exposed to the same
sintering condition. In contrast, induction sintering and
electrical sintering offer selective sintering of nanoparticle
layers, but only work with metallic inks and require pre-
thermal treatment to make them conductive.

Intense pulsed light (IPL) sintering is a type of photonic
sintering method that uses pulses of high intensity light to
sinter the nanoparticle inks®. The process uses a xenon
lamp that emits a broad spectrum of light with wavelength
ranges from visible light to UV light as the energy
source®-!, Unlike other sintering techniques, IPL sintering
can be done in a very short time and does not induce
significant damage to the substrates. The performance of
the IPL sintering technique depends on various factors
such as the light intensity, the type of substrates, the ink
composition, the light absorption of the nanoparticle, and
the thickness of the printed film. Despite the advantages of
IPL technique, it is widely known that the process can cause
defects such as cracks and delamination of the printed
film due to the rapid vaporization of the gases originating
from the organic compounds®. These defects can cause
undesirable and inconsistent performance of the electrical
circuit or electronics components. Severe delamination
can also restrict the use of the IPL-sintered conductive film
for multilayer electronic designs which requires additional
insulating or functional layers atop of the printed
conductive film such as the case of electrochemical sensing
electrodes. Although this issue can be solved by using back
irradiation rather than top irradiation, it is only limited
to transparent substrate®®! and does not address the issue
for some samples that requires top irradiation. Although
preheating the samples is found to be helpful in reducing
delamination in certain cases, it may not solve the issue
entirely for thicker samples®.
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Inthiswork, we explore the use of IPLsintering technique
for sintering aerosol jet printed silver nanoparticle film
for printed electronics applications. Although there have
been many works that investigate the effect of various
process parameters on the performance silver nanoparticle
filmP**), no study has investigated the interplay between
the sintering parameters and film thickness on the quality
and the performance of the sintered film. The objective
of this work is to find out the process window of the IPL
sintering process to achieve crack-free films with low
sheet resistance for aerosol jet printed film with different
thicknesses. To better analyze the correlation between
different factors such as sintering distance and print passes
on the surface morphology and electrical property of
the printed film, a multi-objective optimization method
was adopted. Here, a modified central composite design
(CCD) was used to study the relationships between the
quality of the sintered films and the main printing and
sintering parameters. Analysis of variance (ANOVA)
was conducted to examine individual effects and the
interactions of the main variables on the sheet resistance
and surface roughness of the sintered thin films. The
results of analysis suggest that the CCD-derived models
are statistically meaningful. The modified CCD-derived
models were then optimized by a desirability function
method, and a 2-dimensional (2D) optimal printing and
sintering window were determined to yield thin film with
low sheet resistance and low surface roughness. Following
that, the derived statistical models were jointly driven
with a non-dominated sorting genetic algorithm (GA)
to systematically optimize the conflicting responses in
a more robust manner. The findings demonstrate the
effectiveness of the suggested multi-objective optimization
approach in reducing the conflicting responses. This work
presents useful guide for future attempts to optimize the
IPL sintering parameters for various nanoparticle-based
film such as gold for good electrical conductivity and low
surface roughness for fast fabrication of multi-layered
electronics such as electrochemical electrodes.

2. Materials and methods

2.1. Materials

The silver nanoparticle ink that was used in this work is
UT Dots Ag40TE purchased from UT Dots®. The silver
nanoparticle is reported to have an average particle
diameter of 10 nm and it is dispersed in proprietary
solvents. The optimum sintering temperature of the ink
using conventional thermal sintering method is claimed
to range from 150°C to 200°C for at least 30 min. For
the substrate, Kapton® polyimide films with a thickness
of 75 um were used for the fabrication of test coupons.

Polyimide substrate was used in this work because it
is widely used in the field of printed electronics for the
fabrication of flexible electronics and wearables due to the
good material property and thermal compatibility. The
polyimide substrate was first cleaned with soap water and
ethanol to remove the inorganic and organic contaminants
on its surface. This was done to ensure that the surface
wettability of the surface was uniform to ensure consistent
print quality and film adhesion. No surface modification
was done on the polyimide substrate.

2.2. Fabrication of test coupons

Each test coupon is made up of four conductive thin film
printed on polyimide films which can ensure at least a
sample size of n = 3 for each test condition for statistically
meaningful analysis. The diameter of the coupon is 1 cm.
The tool path for the print head is designed to have a line
pitch of 120 um to ensure sufficient overlapping between the
adjacent lines for formation of homogeneous film. A spiral
tool path design was used for the 1 cm diameter circles. The
printing of ink was done using an Optomec™ Aerosol jet®
5X system (Figure 1A). Ultrasonic atomizer was used for
the printing of silver ink. For good printability, the process
parameters for printing the silver ink onto the polyimide
film were optimized to be as follows: sheath flow = 20
standard cubic centimeters per minute (sccm), atomizer
flow = 50 sccm, ultrasonic atomizer current = 0.6 A, print
speed = 10 mm/s, and the substrate temperature = 80°C.

2.3. Intense pulse light sintering of printed silver
film

The sintering of the printed silver nanoparticle film was
carried out using a Xenon™ S-1000 pulsed light system.
The IPL sintering system consists of a tabletop controller,
a sintering chamber, and an air-cooled lamp housing
(Figure 1B). The lamp operating voltage ranges from 2.25 to
3.80 kV. The generated pulsed light has a pulse duration of
520 us and a pulse energy ranging from 290 to 830 Joules/
pulse depending on the lamp operating voltage. The
in-house-made sintering chamber consists of a chamber
that houses the sintering lamp and a height-adjustable
stage. The chamber serves to prevent stray light from
entering the lab and the height-adjustable stage allows for
the adjustment of pulse light intensity by controlling the
distance of the sample from the light source. As the light
intensity varies spatially, all the test coupons are placed at
the center of the stage and sintered with five light pulses to
ensure consistency.

2.4. Characterization methodology

Characterization of the printed film was performed to
generate information that can be used for the optimization
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Figure 1. (A) Aerosol jet printing system (Reprinted with permission from'*". Copyright (2019) American Chemical Society. (B) Intense pulsed light

system.

process. In this work, electrical property and the degree of
delamination are the two main optimization objectives.
As such, electrical property characterization and surface
roughness characterization were conducted to provide
information about the sheet resistance and the degree of
delamination of the sintered film, respectively.

The electrical property was measured using a Lucas
Labs Pro 4 collinear probe station with a Keithley 2400
source meter unit. The measurements were done with the
collinear probes placed at the center of each printed circular
film. In this work, sheet resistance was used to characterize
the electrical property of the sintered film for a few reasons.
First, itis almost impossible to calculate the resistivity of the
sintered film with swelling and delamination morphology
as the cross section of the film cannot be determined
accurately using the equation p = RA/L (R: resistance,
A: cross-sectional area, and L: length) due to the non-
uniform cross-sectional area®.. Second, as IPL sintering
usually results in non-uniform sintering across the depth,
sheet resistance was used in this study instead of electrical
resistivity because sheet resistance is more meaningful in
terms of reflecting the actual electrical property of the IPL-
sintered films with different thicknesses. Furthermore, this
allows electrical circuit designers and engineers to easily
determine the number of print passes without the need for
quantifying the film thickness.

The surface roughness characterization was performed
using a Keyence VK-X200 confocal microscope coupled
with a x10 magnification lens. The region of interest
was selected to be at the center of the circular film. As
the dimensions of a single scan region is approximately
1500 wm x 1000 pm, this can result in biased and selective
sampling. To avoid this, a large scanning region was created
by stitching nine different scan regions. This resulted in a
scanned region with a dimension of 4500 um x 3000 pum,
which can better reflect the overall surface condition over
the sintered film. The severity of the delamination can be

described by the surface roughness parameters. It should
be noted that different surface roughness parameters are
often used to describe different types of defects or surface
anomaly. For instance, R, measures the average deviation of
the surface over a sampling area (Figure 2A), R measures
the maximum deviation of the surface over a sampling area
(Figure 2B), and R, measures the fourth power of the root
mean square deviation to display the dimensionless fourth
power of the sampling area (Figure 2C).

Each of these roughness parameters has its pros and cons
in terms of describing the severity of the delamination. For
example, R is useful for describing the overall severity of
the delamination but difficult to pick up small or localized
delamination, whereas R_is useful for describing localized
out-of-plane delamination but tend to overestimate the
delamination severity of localized defects in relation to the
overall surface condition. R, , on the other hand, is useful
for differentiating different defect morphologies. As the
delamination of the sintered film can happen in various
ways, itis vital to use different surface roughness parameters
such as R, R, and R, to account for the different modes
of delamination. However, for the ease of the optimization
process and analysis, a single surface roughness indicator
is preferred over many different surface roughness
parameters. As such, we have adopted a surface roughness
indicator, S, as a linear sum of the normalized surface
roughness parameters multiplied by their assigned weights.
In this case, we defined the surface roughness indicator,
S= w,R +w,R_+w,R_ with 0<S<Lw, +w, +w,=1.
Each surface roughness parameter was normalized
with the highest values of respective surface roughness
parameters (R ~= 256 um, R = 370.1 pum,
R, e = 1720 um) within the sample populations, and
the weights for each surface parameter are the same
(w, = w, =w,;=1/3) to ensure equal contributions to the
surface roughness indicator, S. To illustrate the correlation
between the adopted surface roughness indicator and the
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actual sintered film condition, six different sintered films
obtained using different process parameters were used
and their corresponding surface roughness was analyzed
as shown in Figure 3. A qualitative comparison using
reconstructed confocal scans of the sintered films can be
found on Figure S1 of the supplementary document. The
S value was calculated based on the equation as described

earlier. The surface roughness parameter for each coupon
was obtained based on the average surface roughness
parameters (R, R, and R, ) of 3 regions of approximately
equal size, as shown in Figure 3.

These six sintered films are randomly selected (from
105 samples) simply to illustrate the different types of
delamination mode and severity. In general, the surface

Ry, = —1 [—1.1424( )d ]
X)ax
ku Rq4 ) .

1t
where Rq = ELZZ(X)dx

> x| LOWRg

. HighRy,
e

Figure 2. Definition of different surface roughness parameters. (A) R , (B) R, and (C) R, .

A
1 £
ZRa=Zqunw
B
R, = Ry*R,
A $<0.1 B

$~0.14 c

$>0.3

Figure 3. Correlation between surface roughness indicator and the severity of delamination of the sintered film. (A) Coupons with § <0.1 contains no
delamination, (B) coupons with S=itho suffer mild delamination, and (C) coupons with $>0.3 have severe delamination issue. Turquoise lines show the
sub-sampling region for each coupon.
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roughness indicator can be used to differentiate the
delamination of sintered film effectively. For instance, for
the sintered film with no obvious delamination, the surface
roughness indicator normally falls below 0.1 (S<0.1) as
shown in the two optical images (two different coupons)
in Figure 3A. For the moderately delaminated film which
has small, localized delamination, they normally fall in
the range between 0.1 and 0.25. Figure 3B shows the two
different coupons that contain small, localized surface
anomalies with a surface roughness indicator, S close to
0.14. Finally, Figure 3C shows the coupons with severe
delamination issue with a surface roughness indicator
value of higher than 0.3.

2.5. Design of experiment

To investigate the effect of the photonic sintering parameters
on the conductive ink printed with different thicknesses,
two factors were considered in this study, namely, (1) the
sintering distance, which directly influences the light
intensity received by the conductive ink, and (2) the
number of layers of the conductive ink, which determines
the thickness of the conductive film, t (Figure 4), were
varied. The correlation between the number of printed
layers and the film thickness can be determined using linear
regression as shown in Figure 4. In essence, the greater
number of print passes will lead to more material being
deposited onto the substrate, resulting in thicker films. This
correlation is useful for estimating the average electrical
resistivity, p__of the sintered films with the obtained sheet
resistance, R using the equation, p_ =R -t.

The conditions that were taken into consideration in
this study are shown in Table 1. The conductive films were
printed in different number of layers (1-5). Three samples

14
Film thickness = 2.2405*Layers

12 R®=0.9887 ‘
£ 10
2 8
2
= 5 o
=

o |
1 2 3 4 5
Layers

Figure 4. Relationship between film thickness and number of printed
layers.

Table 1. Conditions considered in this study

Sintering distance (cm) 40, 45, 50, 55, 60, 65, 70

1,2,3,4,5

Number of layers

were printed for each film thickness (number of layers).
For each film thickness, the sintering distance was varied
from 40 to 70 with a step increment of 5 (7 levels). Hence,
atotal of 105 (7 x 5 x 3) samples were printed in this study.

2.6. A desirability function approach

Here, adesirability function approach was used to transform
the two response variables (number of layers and sintering
distance) into a single response variable function in 2D
design space. The optimal sintering process parameters
could then be effectively evaluated by minimizing the
single response function. To assess the desirability of the
contradicting responses quantitatively, each independent
response y, is converted into an individual desirability
function, d. The desirability function, d, changes within
the range [0,1], where d = 0 indicates the independent
response y, is beyond the satisfactory range, and di = 1
implies the independent response y, achieves its target
value. Depending on whether a specified response y, is
required to be reduced or increased, different desirability
function d, is utilized accordingly.

For minimizing a particular response, the desirability
function can be quantitatively calculated by a Smaller-The-
Better criteria (Eq. 1):

0 y,>U
~UY
d={|2"=| L<y<U (Eq.1)
L-U
1 y, <L

where U and L symbolize the maximum value and
minimum value of a target response, respectively. r is the
user-specified parameter (r>0) to indicate the shape of
desirability function d, discussion and descriptive figures
on the different choices of r are described by Wang et al.l*?,

Then, the transformed individual desirability functions
can be merged into a single response variable function
(desirability function D) as shown in Eq. 2 to calculate the
overall desirability of the contradicting responses:

D=((d) ()" (4, |2

where u, are user-specified weights of the i-th response
(i=1,..,n) and n is the number of individual responses.
Following that, a statistical software Design-Expert® was used
to ascertain the optimal process parameters by maximizing
the single response of the overall desirability function.

(Eq.2)

2.7. GA-based multi-objective optimization

GA is a heuristic global optimization method inspired by
the theory of biological evolution where the generated new
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population can effectively receive the characteristics of
the best solutions of the precedent®. Besides that, due to
capability of simultaneously evaluating a set of generations
rather than individual solution, the GAs can converge fast
and have been widely used in various research areas for
multi-objective optimization**l. A GA usually consists
of three key phases: crossover, mutation and selection.
Specifically, during the multi-objective optimization
process, the genetic operations of crossover and mutation
can be utilized to encourage the variety of the generated
offspring*!. Following that, the selection operator will
be adopted to evaluate and choose best solutions from
a set of generations. Although the methodologies of
selection can be classified into different types, including
tournament-based selection and proportional selection, a
non-dominated sorting GA III (NSGA-III) was employed
to optimize the conflicting responses in this research*],
which reduced the contradiction between the responses in
an objective manner.

The relationship between varying factors (number of
layers and sintering distance) and the resulting responses
(sheet resistance and surface roughness indicator) was
formed by fitting the data using response surface method
(RSM). The reduced cubic model and the reduced sixth
model were used for the sheet resistance and the surface
roughness indicator, respectively. For simplicity, surface
roughness was used in place of surface roughness indicator
for the rest of the discussion. The ANOVA technique
was used to study the significance of the main effects (A:
Sintering distance and B: Number of print layers) and the
interactions on the responses. The probability of F value
greater than calculated F value due to noise is indicated
by P-value. P < 0.05 signifies the corresponding design
parameter has effect on the mechanical property. ANOVA
results (Table 2) reveal that both sintering distance and
number of print layers have significant impact on the sheet
resistance of the sintered film, registering P-value smaller
than 0.0001 for the main effects. It was also noted that the
interactions AB and AB?also registered P = 0.0045 and
0.0108, respectively, indicating there is a combined effect
of the factors on the sheet resistance, or in other words, the
effect of one factor is dependent on the level of the other
factor.

For the surface roughness, ANOVA results (Table 3)
reveal that both sintering distance and number of print
layers have significant impact on the surface roughness
of the sintered film, registering P-values of smaller than
0.0001 and 0.0009, respectively. It was found that most
of the interactions were found to be significant up to the
sixth order, with a few exceptions for A’B, A’B, B, and
A'B, registering P = 0.3618, 0.7594, 0.061, and 0.1762,

Table 2. ANOVA results for sheet resistance

Source F-value P-value
Model 44.50 <0.0001
A-Sintering distance 50.30 <0.0001
B-Print layers 128.39 <0.0001
AB 8.45 0.0045
A? 0.5021 0.4803
B’ 3.48 0.0650
AB? 6.75 0.0108
A> 4.39 0.0387
Residual

Lack of Fit 1.07 0.3961

R? 0.7625

Adjusted R 0.7454

Predicted R* 0.7185

Adeq Precision 21.7425

respectively. The higher order of interactions indicates that
the response is highly non-linear.

To check the model accuracy, the residuals of the
derived models were computed by studentized residuals
in standard deviation units. The normal probability of the
studentized residuals for the target responses are presented
in Figure 5, as the studentized residuals scattered along a
straight line with little deviation, the modeling results are
statistically acceptable. Furthermore, Figure 6 shows the
model residuals versus test orders. As the residuals spread
randomly around the center line without noticeable trend,
they are considered independent from each other, thus
excluding the effect of the test orders on the derived CCD
models.

Figure 7 demonstrates the predicted sheet resistance
and surface roughness versus actual printed sheet
resistance and surface roughness, and the diagonal
line drawn in Figure 7 is x (actual value) = y (predicted
value). The high R* and Adeq. precision values suggests
that the input-output relationship between the sintering
process parameters and the sheet resistance and surface
roughness are successfully recorded by the derived CCD
models. Based on the ANOVA results, the input-output
relationship for the responses of sheet resistance, R, and
surface roughness, R, with coded units for sintering
process can be expressed as follows:

e In(Rx10*)=-11.21+1.21A - 0.6126B - 0.2357AB +
0.0704A* + 0.1705B* — 0.3562AB* — 0.3894A°

e InR,=-0.9469 +2.45A + 0.7624B - 2.42AB + 2.53A%
- 2.03B” - 0.5648A°B — 1.36AB? — 5.94A° + 0.5038B°
+ 0.9995A°B*> — 0.5000A°B + 3.04AB®> — 11.02A* +
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Table 3. ANOVA results for surface roughness

Source F-value P-value
Model 41.00 <0.0001
A-Sintering distance 57.09 <0.0001
B-Print layers 11.86 0.0009
AB 13.17 0.0005
A? 3.48 0.0657
B? 18.74 < 0.0001
A’B 0.8409 0.3618
AB? 18.14 < 0.0001
A> 30.57 < 0.0001
B> 4.53 0.0362
A’B? 23.99 < 0.0001
A>B 0.0944 0.7594
AB> 23.35 < 0.0001
A* 7.85 0.0063
B* 3.61 0.0610
A>B? 15.63 0.0002
A’B> 2.69 0.1049
A*B 1.86 0.1762
A® 12.60 0.0006
A>B> 17.61 < 0.0001
A’B 5.58 0.0205
A° 7.32 0.0083
Residual

Lack of Fit 1.82 0.0569

R? 0.9121

Adjusted R 0.8898

Predicted R? 0.8600

Adeq Precision 21.2984

A Normal Plot of Residuals
In(Sheet resistance)
99 \colsipolnta by valie of )
] sheet resistance
90 F -3.507 [N 0.068

Normal % Probability
w
o

T T T T T T T T
-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Externally Studentized Residuals

0.7784B* + 1.51A°B*> - 0.6597A’B’ + 0.6386A*B +
2.86A% -3.16A°B® + 2.70A°B + 7.24A°

where the high levels of the factors are coded as +1 and
the low levels are coded as —1.

It can be seen from Figure 8A that the slope of the
gradient for the sheet resistance over the number of print
layers increases as the sintering distance becomes larger. It
is observed that at lower number of print layers, the effect
of the sintering distance on the sheet resistance is extremely
prominent, in which larger sintering distance gives rise to
higher sheet resistance. The effect becomes less prominent
as the number of print layers increases.

The surface roughness does not scale linearly with the
print layers nor the sintering distance (Figure 8B). A global
peak is observed at print layer equal to three and sintering
distance of 60 cm. The surface roughness drops sharply as
the print layer reduces to 1 or sintering distance approaches
70 cm. The decrease is less drastic at higher print layers and
sintering distance lower than 60 cm.

For high quality sintered film, both the sheet resistance
and the surface roughness should be low. From Figure 9A,
the sheet resistance is lowest in the region of high numbers
of print layers and small sintering distance. The surface
roughness, on the other hand, is lower at small number of
print layers or at sintering distance of 70 cm (Figure 9B).
The conflicting relationship results in a need to reach a
compromise between the two parameters.

To identify the optimum condition for high quality
sintered film, a desirability function approach was used (Eq.
2), where the multiple response variables were merged into a
single response function established on a certain metric. In the
overall desirability function, the weights of sheet resistance
and surface roughness were initialized with the same value.

B Normal Plot of Residuals

In(Surface roughness)
99 |

_| Color points by value of
- Surface roughness:

90 1-3.385 [ -0.081

Normal % Probability
v
o

T T T T T T T T
-3.00 -2.00 -1.00 0.00 1.00 200 3.00 4.00

Externally Studentized Residuals

Figure 5. Normal probability plots of the residuals for (A) sheet resistance and (B) surface roughness.
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Figure 6. Model residuals versus test orders for (A) sheet resistance and (B) surface roughness.
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Figure 7. Predicted line values actual values for (A) sheet resistance and (B) surface roughness.

In addition, the minimum value and maximum value set
for the sheet resistance and the surface roughness indicator
are [3x10?2, 1.07] ©/sq and [0.034, 0.922], respectively. In
this case, the optimal number of layer and sintering distance
determined from the desirability function are 2 and 42.5 cm,
respectively, and the overall desirability is 0.878 (Figure 10).

The desirability function approach can optimize the
conflicting responses by merging the multi-objective vector
into a single objective. As the attained optimal solution
is very sensitive to the user specified weights used in the
optimization process, there is a need to determine a set
of Pareto-optimal points as alternate solutions in place of
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Figure 8. Response surface curves for (A) sheet resistance and (B) surface roughness with respect to the sintering distance and number of print layers.
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Figure 9. (A and B) Conflicting relationship between sheet resistance and surface roughness with respect to the number of print layers and the sintering
distance in the sintering process. Arrow indicating the direction towards lower values.
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Figure 10. 2D map for the desirability function (A) over the entire studied process window and (B) zoomed in at the region with highest desirability. Red
indicates high desirability and green indicates low desirability.
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an individual point, particularly when prior knowledge
about the underlying optimization problem is unknown.
In this case, the derived statistical models were jointly
driven with the NSGA-III to systematically optimize the
conflicting responses in a more robust manner. Figure 11
demonstrates the flow chart of the adopted GA-based multi-
objective optimization approach. During the optimization
process, the input factors including sintering distance and
number of print layers were characterized by the string of
chromosome, and the proposed binary encoding of the
chromosome pattern is shown in Figure 12, in which each
process parameter looks like a gene that undergoes crossover
and mutation in NSGA-III. Based on the experimental
design and ANOVA results as discussed above, the attained
statistical models were driven with the NSGA-III, and the
two contradicting objectives (sheet resistance and surface
roughness) were optimized in terms of minimization.

Experimental
Design

Model Update

Population

Representative|

Table 4 summarizes the system settings of the adopted
multi-objective optimization approach. Based on the
proposed flow chart, the optimization process will be
repeated if the employed NSGA-III does not reach its
convergence. On the contrary, the convergent optimization
algorithm will generate the corresponding Pareto front setas
candidate solutions for the optimization process. However,
as it will be inefficient to utilize the whole Pareto solution
set during the evolution process, an affinity propagation
approach is adopted to select the clustering centroids as
representative solutions™, which will be helpful to further
enhance the efficiency of the optimization process.

Figure 13 demonstrates the optimization results with
respect to the conflicting relationship between the surface
roughness and sheet resistance. As shown in Figure 13A-C,
to ensure the convergence of the optimization process,
the generations were increased until the obtained Pareto
front remains stable. Under such circumstances, the
corresponding Pareto optimal set based on clustering is
shown in Figure 13D. Generally, the clustering centroids of
the attained Pareto optimal set as shown in Table 5 can be
selected as the representative solutions of the optimization
process®?, which will be helpful to extend the selection

Parameters Mutation Table 4. System settings of the adopted multi-objective
A I Resistivity ‘ l Surface roughness | ' optimization approach
] Parameters Settings
Clustering | Fitness Value Fitness Value‘ Crossover Number of input parameters 2
A Y A Number of statistical models 2
l Multi-objective Functions I Objective functions 5
ction (1) Obj_1=sintering distance Minimization
\ (2) Obj_2=number of print layers Minimization
Constraints of adjustable parameters 2
(1) Sintering distance (cm) [40, 70]
Figure 11. Flow chart of the adopted genetic algorithm-based multi- (2) Number of print layers (1, 5]
objective optimization approach. Population size of NSGA-III 300
Crossover probability 0.9
Sintered line features «—> {Sintering Distance, Number of Print Layers} Mutation probability 0.01
/ l \ Maximal generations 2000

Resistivity Surface roughness
Sintering Number of Sintering Number of
Distance Print Layers Distance Print Layers

Binary encoding Binary encoding

b1’ b2’ b3‘ b4’ b5 b6’ b7 -

b, ‘c1

c2’c3‘c4 05‘c6‘07‘

Cq

Figure 12. The chromosome encoding pattern in NSGA-IIL.

Table 5. Identified clustering centroids of the obtained
Pareto optimal set

Solutions ~ Sintering Number of print Sheet Surface
distance  layers (>closest  resistance roughness
(cm) integer) (Q/sq) indicator
Solution 1 41.47 3.08 (»3) 6.31x10% 0.168891
Solution 2 42.27 1.91 (>2) 7.42x10 0.09184
Solution 3 42.33 1.74 (>2) 9.30x10 0.04964
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Figure 13. Optimization results with respect to sintered line features. (A-C) The variation of the obtained Pareto front under the generations of 500, 1000,
and 2000, respectively. (D) The obtained Pareto optimal set corresponding to (C).
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Figure 14. Optical images and confocal micrographs showing the surface
morphologies of (A and C) Set 1 and (B and D) Set 2 as well as their
corresponding surface roughness and sheet resistance.

for designers and optimize the printing quality in a more
robust manner. However, as the number of print layers is
limited to be an integer in this research, some approximate
solutions such as (42.22, 2) and (41.50, 3) can be selected
from the optimal Pareto front to replace the initial
solutions, and more solutions from the selected cluster

could be used to further extend the selection. Compared
with the desirability function, the non-dominated sorting-
based multi-objective optimization approach can provide
different selections according to users’ preference, which
will be beneficial to trade-off the conflicting responses in a
more objective manner.

To verify the solutions, we have identified two solution
sets that are close to the obtained Pareto optimal sets, which
are Set 1 (sintering distance: 41.5 cm; print layers: 3) and
Set 2 (sintering distance: 42.5 cm; print layers: 2). Figure 14
shows the optical images and the sheet resistance of the
sintered silver film. The results suggest that the proposed
approach can effectively identify a set of Pareto-optimal
points for designers. Furthermore, the circuit designer
could select the preferred solution from a set of Pareto-
optimal solutions rather than from a single point, and the
selection could be further extended from the cluster that
the chosen solution represents, the surface morphology,
and electrical property of the sintered film could be
optimized in more robust and systematic manners.

3. Conclusion

In this work, a conflicting relationship between the
electrical property and physical property of the photonic
sintered silver thin film prepared using aerosol jet printing

Volume 1 Issue 2 (2022)

12

http://doi.org/10.18063/msam.v1i2.10



Materials Science in Additive Manufacturing

Intense pulsed light sintering of conductive film

technique is observed. As such, a hybrid multi-objective
optimization approach is proposed to find the optimum
solutions within the operating windows. In the proposed
methodology, the response surface methodology is used to
study theindividual effectsand their interactions of the main
variables on the sheet resistance and the surface roughness
of the printed silver film. The conflicting relationship
between the sheet resistance and the surface roughness was
ascertained by the RSMs. Then the 2D optimal operating
windows were ascertained by a desirability function
approach to reduce the inherent conflict of the print passes
of the printed film and the sintering distance of the IPL
sintering process. Thereafter, the derived RSMs and the
corresponding statistical uncertainty were jointly driven
with the NSGA-IIT to methodically optimize the overall
printing quality in 2D space. The experimental results
demonstrate that the suggested hybrid multi-objective
optimization approach was advantageous to reduce
the contradiction between the sheet resistance and the
surface roughness, yielding printed films with low surface
roughness and low sheet resistance.

Comparing to the conventional trial-and-error method,
the suggested optimization methodology is found to be more
efficient and systematic. It should be pointed out, however,
that the optimal windows will vary significantly depending
on the types of ink and substrate properties. Nevertheless,
this work outlined a systematic approach for determining the
optimal windows for the IPL sintering process of the aerosol
jet printed films that can also be applied when other types
of ink or substrate are used. For potential research work,
the influence of the number of pulse and pulse duration can
be systematically studied for aerosol jet printed silver film.
Furthermore, this work outlines effective approaches for
optimizing the electrical property and the surface morphology
of the nanoparticle-based film which can potentially allow for
the homogeneous deposition of material for the subsequent
layers of multi-layered and multi-material electronics such as
an electrochemical electrode with a dielectric passivation layer.
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Abstract

In addition to laser powder bed fusion, directed energy deposition (DED) is also
gaining interest as an effective metal additive manufacturing technique. Due to its
system configuration, it is more efficient and flexible for materials development.
Therefore, it can be used for processing of metal matrix composites (MMCs) through
the use of powder mixture as feedstock. 316L stainless steel has high corrosion
resistance, biocompatibility, and ductility. Several studies have shown the feasibility
of using DED to process 316L stainless steel. The material properties of 316L stainless
steel can be improved using reinforcement particles such as TiB, to form MMCs. In this
study, the effects of process parameters on microstructure and mechanical properties
of 316L stainless steel reinforced with TiB, 316L/TiB,) MMC were studied. The process
parameters, including laser power, scanning speed, and hopper speed, were varied
and analyzed using Taguchi L9 array. It was found that the process parameters
have insignificant effect on the bulk density of the samples produced. Through this
study, it is also found that tumble mixing was not suitable for the powder feedstock
preparation for MMCs to be processed by DED. The microstructure of DED 316L/TiB,
MMC samples consists of columnar and equiaxed grains. Columnar grains were
located within the layers while equiaxed grains were located at the interlayer zones.
Fine sub-grains were also observed within these grains and their boundaries were
enriched with molybdenum and chromium segregations. Precipitates containing
titanium were also observed to segregate at the sub-grain boundaries. Finally, the
Vickers microhardness of the DED 316L/TiB, MMC was found to be similar to pure
316L stainless steel produced by DED.

Keywords: Additive manufacturing; 3D printing; Directed energy deposition; Metal
matrix composites; Steels

1. Introduction

Additive manufacturing (AM) is a disruptive technology that has gain increasing traction
in recent years. AM is a family of techniques and processes that involve the addition of
material layer-by-layer with the help of computer-aided designs and computer-aided
manufacturing”l. Compared to traditional manufacturing that produces parts by
removing material, AM is more flexible and eflicient that can reduce manufacturing
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costs and environmental impacts?. AM is also able to
create near net shape parts with complex geometries that
would otherwise be difficult to manufacture®®*.,

Directed energy deposition (DED) is a popular AM
technique for metals that uses a laser beam to melt metal
powders onto a substrate. There are various names used
for DED, including laser metal deposition, laser cladding,
and laser engineered net shaping. One of the key features
of DED is its relatively low energy input, resulting in lower
residual stresses and smaller heat-affected zones".. Due to
its configuration, DED is ideal for repair and reinforcement
cladding applications®®. Furthermore, DED is able to
create metal matrix composites (MMC) and functionally
graded materials that can be customized to meet specific
requirements®!’l.

316L stainless steel is one of the most suitable
materials for DED. It is a low carbon austenitic steel alloy
that has excellent corrosion resistance, ductility, and
biocompatibility!l. It is suitable for marine, biomedical,
chemical, and even nuclear industry!>*l. However, 316L
stainless steel still have relatively low strength, hardness,
and wear resistance compared to other alloys such as
Ti6Al4V which limits its applications. These shortcomings
can be overcome by adding reinforcement particles such as
SiC, TiC, and TiB, to form MMCs that have significantly
higher strength and hardness!'>'*'7). Among the various
reinforcement particles, TiB, is considered one of the most
suitable due to its compatibility with 316L stainless steel'®!.
TiB, has high thermal stability, chemical resistance, and
wettability with molten steel™!.

One of the main challenges of the DED process is the
optimization of the variables involved. The part properties
from DED process is highly dependent on these variables
such as scanning paths and build part geometry as well
as process parameters™. Variation in these variables
will cause a significant change in microstructure and
mechanical properties of DED parts. Mukherjee et al.
observed changes in the thermal distortion of AM parts
with process parameters, build geometry, and material®,
Saboori et al. also demonstrated that the microstructure
and tensile strength of 316L stainless steel cuboids created
by DED varied depending on the deposition strategy due
to the differences in cooling rate!®?l.

There have been some studies on the effects of variables
on MMC:s using 316L stainless steel as the matrix. Ertugrul
et al. showed that using proper powder preparation, the
addition of TiC particles increased the hardness by about
100 HV as compared to pure 316L stainless steell". Wu
et al. showed that increasing the SiC content in 316L
stainless steel MMCs would result in higher hardness but
lower corrosion resistancel’. Other researchers such as

AlMangour et al. were able to find that for laser powder
bed fusion (L-PBF), which is another type of metal AM
technique, 316L with 10 vol.% TiB, was optimum to
produce finer microstructure and better mechanical
properties!’®. They attributed the improvement in
mechanical properties to Orowan and grain boundary
strengthening. However, there is currently no known
research on the process parameter optimization of 316L
stainless steel reinforced with TiB, particles for DED.
Optimizations of these process parameters are crucial to
produce parts with desired mechanical properties with
minimal defects, thus, increasing the flexibility and usage
of DED for a wider range of applications.

In this study, an optimal set of process parameters
for 316L stainless steel with TiB, MMC (316L/TiB,) was
determined. The effects of process parameters on the
mechanical properties and microstructure of 316L/TiB,
were evaluated. The Taguchi L9 array was used to design
the experiments and to optimize the process parameters
for optimum mechanical properties. The three process
parameters varied were laser power, scanning speed, and
hopper speed at three different levels. Pre-mixed 316L
stainless steel with 6 wt.% TiB, powder was used and other
parameters such as laser spot size and scanning strategy
were kept constant. Optical microscopy and scanning
electron microscopy (SEM) were used to evaluate the
microstructure of the samples. Finally, the density and
Vickers hardness of the samples were also determined and
discussed.

2. Materials and methods
2.1. Powder preparation

Gas atomized 316L stainless steel powder with particle size
distribution 40-100 um from TLS Technik (Germany) was
tumble mixed with 6 wt.% TiB, nanoparticles. The powder
mixture was mixed for 8 h at 60 rpm using the Inversina
2L Tumbler Mixer (Bioengineering AG, Switzerland). The
chemical composition of the 316L stainless steel powder is
listed in Table 1.

The powders before and after mixing were examined
using SEM to ensure that the TiB, particles adhere to
the 316L stainless steel particles and are homogeneously
dispersed. TiB, particles were observed to be evenly coated
and distributed on the 316L stainless steel particles. The

Table 1. Chemical composition of 316L stainless steel
powder

Material

316L C Mn P S S Cr Ni Mo Fe
0.03 2 0.045 0.03 1 16-18 10-14 2-3 Bal

Chemical composition (wt.%)
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SEM images of the 316L stainless steel and TiB, powder
before and after mixing are shown in Figure 1.

2.2.DED

The fabrications were conducted using a DMG Mori
LASERTEC 65 3D (Germany). The laser unit consists of
a 2.5 kW diode-pumped laser that has 3 mm laser spot
size and produce wavelengths ranging from 900 nm to
1080 nm. The powder focus distance used is 11 mm and
the argon gas flow rate for shielding was 6 I/min. The fixed
parameters used for the fabrication are shown in Table 2.

To optimize the process parameters, a L9 Taguchi array
was used that varied laser power, scanning speed, and
hopper speed at three levels. The Taguchi L9 array and
the parameters used are tabulated in Table 3. The energy
density, ¢, is calculated using the following equation:

P

vxd

eE=

where P is the laser power (W), v is the scanning speed
(mm/min), and d is the laser spot size (mm).

The range of each parameter was obtained by
preliminary experiments that vary the parameters for
single clad. For example, at 600 W laser power, very little
material was deposited while at 1800 W laser power,
overheating was observed. The parameter ranges were also
chosen such that the energy density for all the Taguchi runs
is between the known optimal DED process parameters
for pure 316L stainless steel and its composites. Due to
formation of powder clouds during the DED process,
which is attributed to the presence of TiB2 particles, the
powder flow rate could not be accurately measured; hence,
hopper speed was varied instead.

For each set of Taguchi parameters, three 20 mm X
20 mm x 10 mm cuboids were fabricated on 304 stainless
steel substrates. Each of the three cuboids was built
concurrently, layer-by-layer, in a zig-zag path as shown in
Figure 2.

The DED produced cuboids were then separated from
the substrate using wire electrical discharge machining.
The samples were cut 1 mm above the substrate such
that the samples analyzed are not contaminated with the
substrate material due to dilution effect.

The results obtained from the experiments were
converted into a signal-to-noise (S/N) ratio. The S/N ratio
converts the results into a logarithmic scale to account for
non-linear relationships. It is also robust as it considers
both the mean and variance of the results. The “larger is
better” S/N ratio approach was used and the formula for
S/N ratio is given by:

Figure 1. Scanning electron microscopy images: (A) pure 316L stainless
steel powder, (B) TiB, nanoparticles, (C) mixed 316L/TiB, powder
mixture, and (D) higher magnification showing TiB, particles adhering
to surface of a 316L stainless steel particle.

Table 2. Fixed process parameters for DED

Fixed process parameters Values
Spot size 3 mm
Powder focus 11 mm
Shield gas Argon
Gas flow rate 6 1/min
Overlap rate 50%
Layer step height 1 mm
Scanning pattern Zig-zag
no 1
2y
S/N=—1010g107’ (1)

Where y, is the raw measurement value and 7 is the
number of measurements for each Taguchi parameter.

2.3. Microstructure analysis

The DED samples were ground using 320 grit sandpaper,
followed by polishing using 9 um, 3 pm, 1 pm diamond
suspension, and 0.25 um standard fumed silica suspension
(OP-S). Samples were rinsed with water after each step.

The polished samples were first observed using an
Olympus SZX7 (Japan) optical microscope to check for pores
and cracks. The samples were then etched by swabbing the
surfaces with Marble’s Reagent for 10 s. The microstructure
was then observed using JEOL 5600LV (United States) SEM.
Energy dispersive X-ray spectroscopy (EDS) was also used
to identify the compositions of the microstructures found
using the same equipment as the SEM.
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Table 3. L9 Taguchi array with estimated powder flow rate and energy density

Taguchi Run Laser power Scanning speed Hopper speed Estimated powder Energy density
Number Order (W) (mm/min) (rpm) rate (g/min) (J/mm?)
1 1 1000 200 200 5.44 100.0
2 2 1000 400 300 7.85 50.0
3 3 1000 600 400 9.95 33.3
4 8 1200 200 300 7.85 120.0
5 9 1200 400 400 9.95 60.0
6 7 1200 600 200 5.44 40.0
7 6 1400 200 400 9.95 140.0
8 4 1400 400 200 5.44 70.0
9 5 1400 600 300 7.85 46.7

2.4, Density measurements 20.00

The method of hydrostatic weighing was used to measure

the bulk density of the polished samples based on

Archimedes’ Principle. The XS204 balance machine with § Hl”“

density kit (Mettler Toledo, Switzerland) was used to N

perform the density tests. v 10.00

The actual TiB, content of the DED samples was
calculated using the rule of mixture:

11
f:_/l’ pls )
o

Where f is the weight fraction of TiB,, P and P,
are the density of 316L stainless steel (8.00 g/cm’) and
TiB, (4.52 g/cm’), respectively. The calculated TiB, weight
fraction assumes that the DED samples have no porosity.

2.5. Microhardness

The Vickers hardness of the polished samples was measured
using FM-300e hardness tester (Micro Measurement Pte
Ltd, Singapore) at a load of 300 g for 15 s, according to ISO
6507-1:2018. Six evenly spaced indentations were made on
both the top and side surfaces.

3. Results and discussion

3.1. Microstructure

The optical micrographs of the polished side and top
surfaces with clear boundaries between the melt pools are
shown in Figure 3.

The melt pool boundaries were formed during
the remelting of layers and adjacent scan tracks when
subsequent powder is deposited following the scanning

—
—
—
_
10.00

il

Figure 2. Scanning path used in directed energy deposition.

—0

Figure 3. Optical micrographs: (A) side surface and (B) top surface with
melt pool boundaries.

path. As seen in Figure 3B, the scan tracks formed straight
lines following the scanning path but stops abruptly near
the edge of the sample. This is due to the laser momentarily
turning off and on as it shifts to the adjacent linear path,
remelting and forming a separate melt pool during the
DED process. No crack or visible pore can be observed in
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all the DED samples. The optical micrographs using higher
magnifications are shown in Figure 4.

Precipitates between 1 um and 2 pm were identified
to be TiB, within the 316L stainless steel matrix, which
can be a result of agglomeration of the particles. Further
magnifications also revealed finer precipitates that were
smaller than 1 wm. These nanoinclusions are not pores
and were identified by Saeidi et al. to be silicate-chromium
phases™.. Due to the low wettability of silicon with steel,
it tends to separate from the melt pools during the DED
process. It is also circular to reduce surface tension due to
the high viscosity of the silicate melt. These nanoinclusions
could also be TiB, due to their similarity in size. The SEM
images of the polished and etched top and side surfaces
reveal the microstructure of DED 316L/TiB, MMC as
shown in Figure 5.

The microstructure mainly consists of epitaxial
columnar grains that grow along the build direction. This
is because the previously deposited layers act as a heat sink

TiB, particles

Nano-inclusions

Figure 4. Optical micrographs of unetched samples at x5 magnification
for (A) side surface and (B) top surface and at x50 magnification for
(C) side surface and (D) top surface.

and affect the direction of heat flow, resulting in a vertical
temperature that encouraged columnar grains to grow!*.
At the interlayer zone, the microstructure morphology
is made of fine equiaxed grains that were formed during
remelting when a subsequent layer is deposited on top of it.
The high cooling rates during the deposition of subsequent
layers result in equiaxed grain growth. Itis well documented
that the difference solidification microstructure formed is
due to the thermal gradients and cooling rate® 1,

Within each of the columnar and equiaxed grains,
there exist complex and intricate sub-grains. These sub-
grains are not actual grains but were formed due to the
segregation of the alloying molybdenum during the rapid
solidification process®!. There is insufficient time for the
heavier molybdenum to dissolve into the matrix during
solidification, leading to the enrichment of molybdenum
at the sub-grain boundaries. The sub-grain boundaries
are more chemically resistant than the matrix as revealed
during the etching process. They also have high dislocation
concentrations and help to strengthen the DED samples.
Tan et al. were able to relate the Vickers hardness of DED
316L stainless steel to the sizes of these sub-grains using the
Hall-Petch relationship®!. The molybdenum enrichment
at the sub-grain boundaries is confirmed using EDS for
both equiaxed and columnar grains, as shown in Table 4.
The locations for EDS are shown in Figure 6.

There is an enrichment of molybdenum and chromium
with depletion of iron in the sub-grain boundaries
compared to the matrix for both equiaxed and columnar
grains. This agrees with the results obtained for pure
316L stainless steel?. EDS analysis of some of the
larger precipitates showed presence of titanium, which
confirmed that TiB, was successfully deposited during the
DED process. Element mapping for titanium (Figure 7)
shows high concentration of titanium that coincided with
the location of precipitates. These precipitates are located
the sub-grain boundaries and suggest that the actual TiB,

Figure 5. Scanning electron microscopy image of side surface (A) showing columnar and equiaxed grains and (B) higher magnification showing the sub-

grains in the columnar and equiaxed grains.
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content in the MMC samples may be significantly lower
than 2 wt.%. This may account for the negligible differences
in the results obtained for 316L/TiB, MMC as compared to
pure 316L stainless steel.

3.2. Density

The mean and S/N ratio of the measured density is
tabulated in Table 5, with the calculated weight fraction of
TiB, in the DED samples. The average weight fraction of
TiB, is 2 wt.% which is significantly lower than the added

Soum S0um

Figure 6. Energy dispersive X-ray spectroscopy locations for (A) equiaxed
and (B) columnar grains. Location 1 is within the matrix, location 2 is at
the sub-grain boundary, and location 3 is at the TiB, particle.

Table 4. Composition for equiaxed and columnar grains

Element Equiaxed (wt.%) Columnar (wt.%)
Matrix Boundary TiB, Matrix Boundary TiB,
S 1.06 - 1.6 0.48 - -
Cr 16.48 22.27 19.18 16.26 21.86 22.75
Mn 1.38 1.83 - 1.33 1.8 2.6
Fe 67.69 54.09 66.34  69.81 62.03 46.25
Ni 10.13 6.38 9.03  10.66 9.3 3.86
Ti - - 3.85 - - 5.57
Mo - 10.69 - - 5.01 4.4
Others 3.26 4.74 - 1.46 - 14.57
Total 100 100 100 100 100 100

weight fraction of 6 wt.%. This indicates that the powder
clouds formed during the DED process can be the TiB,
particles that escaped during the powder deposition.

Even though TiB, particles were observed to be
adhering onto the 316L stainless steel particle surfaces, the
tumble mixing process did not induce sufficient adhesion
which caused the TiB, particles to separate from the 316L
stainless steel particles during powder deposition. The
powder deposition step involves forces induced by the
gas flow to expulse the powder from the nozzle. Tumble
mixing is not suitable for mixing nanoparticle composites
for DED as the process involves injecting the mixed powder
into a fast-moving gas stream. Larger TiB, particles can
also be used as they are less likely to escape due to higher
gravitational force acting on them. Ball milling can be used
to strengthen the adhesion during the mixing!®.. During
ball milling, mechanical alloying is achieved due to the
repeated deformation, fracturing, and cold welding of
the powder particles!'l. At the start, the reinforcement
particles facture due to their brittleness before sticking onto
the matrix powder in which cold welding predominates due
to plastic deformation. During the deformation and cold
welding of the matrix powder particles, the reinforcement
particles then dispersed inside the matrix. Fracture then
takes over due to the matrix hardening. Finally, a dynamic
balance between cold welding and fracture ensures the
absence of agglomeration™. In addition, the collisions can
cause the break-up of agglomerated particles!*. However,
it is of interest to note that using larger particles or ball
milling result in a morphological change to the powder,
which, in turn, may affect the powder flowability. Hence,
a careful control of the powder preparation parameters
is needed. With controlled parameters used during the
process, the centrifugal effect of ball milling results in
uniform dispersion of the reinforcement particles in
the powder mixture with minimum change in powder
morphology. It has been found that mechanical alloying

Table 5. Mean, S/N ratio of sample density, and calculated weight fraction of TiB,

Taguchi number Laser power (W) Scanning speed (mm/min) Hopper speed (rpm) Mean density (g/cm®) S/N f

1 1000 200 200 7.891+0.004 17.943 1.8%
2 1000 400 300 7.879+0.011 17.929  2.0%
3 1000 600 400 7.874+0.016 17.924 2.1%
4 1200 200 300 7.887+0.002 17.938 1.9%
5 1200 400 400 7.876+0.002 17.926 2.0%
6 1200 600 200 7.855+0.012 17.903  2.4%
7 1400 200 400 7.876+0.003 17.927 2.0%
8 1400 400 200 7.883+0.006 17.934 1.9%
9 1400 600 300 7.862+0.008 17910 2.3%
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improves the distribution of Si,N, and AIN in Al6061
aluminum powder. While the process also decreases the
reinforcement particle size, it improved the composite
characteristics by eliminating the reinforcement particle
defects. Furthermore, the mechanical alloying also
improved the matrix characteristics due to deformation
and dislocations®!. During mechanical alloying, it is
possible for the morphology of powders to change from
spherical to flattened and finally to nearly spherical
again™!. It was also observed that while the particle size of
the mixed powder decreases with increase in milling time,
there is a limit after which, the particle size will remain
stable due to equilibrium between the cold welding and
repeated fracture?. Hence, it is important to investigate

SEM Image 50 um TiKa1 50 um

Figure 7. Energy dispersive X-ray spectroscopy element mapping for
titanium. Red circles demarcate areas of high titanium concentrations,
which coincide with the location of precipitates seen in the scanning
electron microscopy image.

Table 6. Response for density

and determine the optimum process conditions for powder
mixing.

The effect of each variable on the density of the DED
samples is shown in Figure 8. Table 6 shows the ranks and
deltas of the S/N ratios. The delta is the difference between
the highest and lowest average response for each variable.

It was found that the variation of density was not
significant across the various parameters and that the
effect of each of the variable was negligible on the density
of the DED 316/TiB, MMC. The spread of mean density
across the DED samples was <0.5% and the delta is <0.1
for all three variables. However, the DED samples were
still denser compared to same material produced using
sintering and L-PBF®. Furthermore, no visible pore or
crack was observed in the samples.

3.3. Microhardness

The mean and S/N ratio of the measured Vickers hardness
of the DED samples are shown in Table 7. The mean
microhardness varied between 168.5 HV and 186.4
HV, which is similar to pure 316L samples produced by
DEDBY,

The addition of TiB, did not increase the hardness as
compared to DED produced 316L stainless steel. This may
be due to the low actual content of TiB, in the obtained
DED samples. AlMangour et al. found that there is a
critical weight fraction of TiB, between 3 wt.% and 6 wt.%
that would significantly increase the hardness values of
316L/TiB, MMC produced by L-PBF™. In addition, Du

Level Laser power Scanning speed Hopper speed 2 .

X -~ — — et al. obtained 316/TiB2 MMC with up to 900 HV using 20
wt.% TiB,". Hence, the TiB, content in the DED samples

2 17.922 17.930 17.926 must be increased to achieve higher hardness.

3 17.924 17.912 17.926

Dela 00097 00235 00009 The effect of each variable on the microhardness of
DED samples is shown in Figure 9. Table 8 shows the ranks

Rank 2 ! 3 and deltas of the S/N ratio for hardness.

Table 7. Mean and S/N ratio of hardness

Taguchi Number Laser Power Scanning Speed Hopper Speed Mean Hardness S/N

w mm/min rpm HV

1 1000 200 200 183.5+£8.5 45.244

2 1000 400 300 178.7£9.8 45.006

3 1000 600 400 186.0+8.4 45367

4 1200 200 300 173.9£10.4 44.762

5 1200 400 400 186.4+5.1 45.399

6 1200 600 200 181.1£5.0 45.151

7 1400 200 400 181.949.9 45.161

8 1400 400 200 168.5£5.5 44.519

9 1400 600 300 177.6£6.1 44.977
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Main Effects Plot for SN ratios
Data Means
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Figure 8. Main effect graph for sample density.
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Figure 9. Main effects graph for microhardness.

Table 8. Response for microhardness

Level Laser power Scanning speed Hopper speed
1 45.21 45.06 44.97

2 45.10 44.97 44.92

3 44.89 45.16 45.31
Delta 0.32 0.19 0.39
Rank 2 3 1

Hopper speed was found to be the most influential
in affecting the microhardness of the DED 316L/TiB,
MMC, followed by laser power and scanning speed.
The optimum parameters for maximum hardness were
found to be laser power of 1000 W, scanning speed of
600 mm/min, and hopper speed of 400 rpm. This gives a
predicted microhardness of 182.5 HV. As these optimum
parameters are identical to Taguchi No. 3, there is no
confirmation run conducted. The experimental value of
microhardness obtained from this run is 186.0 HV which
means the predicted value has a 1.9 % error which showed

the accuracy of the prediction. The Taguchi method was
effective in determining the optimal set of parameters for
DED 316L/TiB, MMC.

4. Conclusions

In this study, 316L/TiB, MMC was successfully fabricated
using DED. The effect of DED process parameters on the
microstructure and mechanical properties of 316L/TiB,
MMC was studied. The L9 Taguchi array was used to
vary laser power, scanning speed, and hopper speed at
three levels to optimize the mechanical properties of
316L/TiB,.

It was found that the laser power, scanning speed,
and hopper speed had negligible effects on the density
of the samples produced. Although 6 wt.% of TiB, is
added, the average weight fraction of TiB, in DED
316L/TiB, was calculated to be 2 wt.%, indicating loss
of TIB, during the DED process. Tumble mixing was
found to be unsuitable for the preparation of powder
mixture feedstock for DED as it does not result in
sufficient adhesion between the TiB, and 316L stainless
steel particles. No pore and crack were observed in
all the DED samples. Columnar grains were found
predominantly within the layers while equiaxed grains
were found at the interlayer zones for the DED samples.
Fine and intricate sub-grains were also observed
within the grains. EDS analysis showed that the sub-
grain boundaries are enriched with molybdenum and
chromium. The microhardness of DED 316L/TiB, MMC
ranged between 168.5 HV and 186.4 HV.

In the future, effect of different powder preparation
methods for 316L/TiB, can be studied to improve the
efficiency of the process. Then, the different compositions
of MMC can be investigated to expand the material library
available for the DED process.
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Abstract

The cold gas dynamic spray process is a manufacturing process strategically designed
for coatings. The conditions for the deposition of materials to form coatings have
evolved over several decades. Copper and copper-based cold spray coatings are
an interesting field for investigation, as it has substantial commercial demand and
acceptance. Several important works have already been performed in this regard that
shows theimmense popularity of its applicationsin powerindustries. Cold gas dynamic
spray, being an economic process, can produce coatings with superior quality and low
oxidation. In this paper, a particular focus has been given to copper-based cold spray
coatings along with their deposition parameters. The various mechanical, electrical,
corrosion, and tribological properties of these copper-based cold spray coatings are
commendable and economically lucrative. A good amount of experimental data has
also been included in this review article to provide comprehensive information and
future scope of research about copper-based cold spray coatings.

Keywords: Cold spray; Copper-based alloys; Coatings

1. Introduction

Copper, having good ductility and exceptional thermal and electrical properties,
has a great potential to be employed as coatings for different substrates according
to their commercial acceptance in aerospace, automobile, power, and metallurgical
industries. There are several coating processes to form copper-based coatings with
various reinforcements, such as the cold gas dynamic spray process (CGDS), which is a
prominent and essential additive manufacturing technique for research and industrial
applications. The cold gas dynamic spray additive manufacturing technique has a
wide commercial acceptance. This technique was first developed in the 1980s at the
Institute of Theoretical and Applied Mechanics of the Siberian division of the Russian
Academy of Science at Novosibirsk!"?. To date, the cold spray process technology is
gaining a lot of attention from researchers for its exceptional capability of depositing
powders onto the substrate without any high-temperature phase transformations or
oxidation. The dense and adequately thick coatings having proper corrosion resistance
and desirable mechanical properties make cold-sprayed coatings supreme. The CGDS
is a low-temperature process that sprays powder particles onto a substrate; these
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powder particles are accelerated with the help of carrier
gas. Hence, the particles impact the substrate with high
kinetic energy and form the coatings®*..

1.1. Production of metal powders

There are several methods to produce metal powders
required for spraying purposes, additive manufacturing,
and other fields. These methods include mechanical milling,
atomization, chemical precipitation, and reduction. In the
atomization process, the liquid metal alloy is continuously
dispersed in the form of fine droplets due to the impact of
the medium used for atomization. The different types of
atomization processes are gas, water, plasma, and centrifugal
atomization; plasma and gas atomization techniques are
the most popularly used!. However, the spherical powders
produced by such techniques have a low cold spray
deposition efficiency compared to irregular-shaped powders.
For this reason, mechanical milling remains a popular choice
for creating powders for the cold spraying process!”..

1.2. Powder feedstock preparation for cold spraying

A prominent powder processing technique for processing
the powder feedstock before the cold spraying is mechanical
ball milling. In this process, the powder mixtures are
subjected to high-energy collision by the impact of metallic
balls, leading to two opposing mechanisms, and these
mechanisms are cold welding and fracturing of the powder
particles. A higher amount of ceramic reinforcements
leads to more fracturing of powder particles; hence,
smaller powder sizes can be achieved. Furthermore, these
ball-milled powders are then cold sprayed with the help of
a convergent-divergent nozzle and a carrier gas to increase
the speed of powder particles to supersonic velocity™®. The
convergent-divergent nozzle has an inlet and outlet with a
pressure difference existing between them. The gas flows
in the convergent part of the nozzle at a subsonic speed
and then accelerates to supersonic velocity in the divergent
part of the nozzle. The parameters such as dimensions
of the nozzle, type of the gas used, gas temperature, and
pressure help determine the in-flight characteristics of the
powder particles”.

1.3. Role of surfactants in mechanical alloying

Mechanical treatment by ball milling is advantageous for
the preparation of composite powders®!?. Mechanical
alloying involves mixing different metals and forming
an intimate powder mixture as a product. On the other
hand, mechanical milling is a process of reducing the
powder sizes with uniform chemical composition. These
two processes take place due to the high-energy impact of
the balls on the powder particles, resulting in cold welding
and fracturing. As a result, the powder particles always

have atomistic clean surfaces that might allow them to
get combined, resulting in welding. However, with time,
plastic deformation of powder particles also increases,
leading to the fracture of particles. In this process, the
powder particles may probably adhere to the vial and
ball surfaces. Ductile particles are more prone to the cold
welding process. The cold welding of ductile particles can
be controlled either by altering the surface of these particles
or by milling at cryogenic temperatures™..

The altering of the surface of powder particles can be
achieved using process control agent (PCA) or commonly
referred to as surfactants. The surfactants get absorbed
into the powder particle surfaces, as shown in Figure 1,
which results in a decrease in cold welding and an increase
in fracturing. This may be due to the decrease in surface
energy of the newly formed surfaces of powder particles,
which prevents them from cold welding. The use of
surfactants in the milling of ductile powder particles
increases powder yield.

The amount of surfactant used should be appropriate
enough to cover the surfaces of the powder particles
completely so as to serve as a deterrent to cold welding of
the particles. Moreover, the quantity of surfactant required
for the purpose of milling is dependent on: (i) The ductility
of the powders to be milled, (ii) thermal as well as chemical
cost ability of the PCA or surfactants, (iii) quantity of
powder to be milled and its initial size, and (iv) duration
of milling. For example, the amount of surfactant for
ductile materials is higher than that of the brittle materials.
Surfactants with a large molecular weight (like stearic acid)
form monolayers by adsorption on powder particles. On

Powder particles Surfactant

Figure 1. Surfactant added to the powders for ball milling. Surfactants
get adsorbed to the surface of the powder particles preventing them
from agglomeration". (Reprinted from Critical Reviews in Solid State
and Materials Sciences, 39(2), Nouri, A., and Wen, C, Surfactants in
Mechanical Alloying/Milling: A Catch-22 Situation, 81 - 108, 2014, with
permission from Taylor and Francis).

Volume 1 Issue 2 (2022)

https://doi.org/10.18063/msam.v1i2.12



Materials Science in Additive Manufacturing

Cold spray additive manufacturing of Cu-based materials

the other hand, methanol (with lower molecular weight)
allows multilayer formations on the powder particles.
The multilayer formation can reduce the cold welding
of the powder particles while milling™*. Kollo et al.l'*!
investigated that there was no sticking of aluminum silicon
carbide powders on the milling tool when heptane was
utilized instead of stearic acid as a surfactant. Some other
factors governing the quantity of surfactant required for
mechanical milling/alloying processes are speed of milling,
milling temperature, and ball-to-powder ratio. These
factors can greatly affect the adsorption of surfactants on
the surface of the powder particles.

Lu and Zhang"'®! demonstrated the effect of the amount
of surfactants used during milling on the milling time.
They reported that the aluminum-magnesium powder
yield after milling with 4 wt.% stearic acid was much
higher than the milling done with 1 wt.% stearic acid for
the same milling time. Another critical observation by
Shaw et al.l”? was the decrease in crystallite size with the
increase in milling time. However, with the increase in the
amount of surfactants, the actual crystallite size increases.
They reported that powders milled for 4 h without any
surfactant had the same crystallite size as that of powders
milled for 8 h with 1 wt.% stearic acid and almost the
same for powders milled for 16 h with 2 wt.% stearic acid.
Furthermore, the hardness of powders is affected by the
reaction of surfactants with powder particles. Kollo et al.!'*)
observed that when heptane was used as a surfactant, the
hardness of powder particles was less compared to the
case when stearic acid was used as a surfactant during
milling. Therefore, the choice of surfactant and its amount
to be used for milling have great significance in deciding
the milling parameters before cold spraying the milled
powders.

1.4. Cold spray process

Among additive manufacturing-based technologies, there
are two distinct groups of techniques primarily divided
based on their functional task, material types being
handled, or the degree of complexity in their deposition
process. These are powder based and non-powder based.
In the non-powder feed method, such as wire arc AM or
laser melt deposition wire, a wire feed is melted in a nozzle
through plasma arc or laser. Whereas in the powder feed
deposition method, the powder as feedstock is sprayed
onto a substrate in a supersonic/transonic atmosphere
to develop 3D coatings or freeform objects through self-
consolidation. The technique thus works as a direct AM
process in high productivity requirements.

The common denomination among the two groups is
the requirement of a high thermal energy source, either

in the form of laser, oxy-fuel combustion, flame spray, or
detonation spray. Compared with these technologies, cold
spray neither uses high temperature (e.g., selective laser
melting or direct metal deposition) nor engages in complex
chemical processes (e.g., electroplating). This makes cold
spray the best fit for working with geometries of complex
shapes and simultaneously accomplishing deposition
without thickness limitation. According to ASTM F2792-
12A standard, cold spray is a promising AM technology in
the industry-scale manufacturing landscape. This standard
is later replaced by ISO/ASTM 52900:2021.

In the cold spray process, the parameters that
determine a successful deposition also include particle
morphology shape, type of the material, and the standoft
distance between substrate and nozzle. The gases used for
cold spray are helium, nitrogen, and air”. Helium is costly
and is helpful in cases where powder particles should reach
high critical velocity required for highly dense coatings.
Helium provides a good working temperature; however,
nitrogen and air can cut the cost of the manufacture of
coatings"®. Nitrogen can also prevent oxidation of the
coatings"”.. Furthermore, annealing treatments could be a
good alternative to increase the denseness of the coatings
instead of using a costly process gas!"l.

The typical size range of the powder particles required
for a successful cold spray should be less than 100 pm.
The particles having a size larger than 100 um may not
get cold sprayed as they are difficult to get accelerated
to supersonic velocity by the carrier gas. In general, for
depositing composite powders, the spray conditions and
parameters are typical, and they may not be the same as
the parameters used for single-powder deposition. Before
spraying, the different powders are mechanically milled
together to make composite agglomerate. In a cermet
powder feedstock, the metal powder particles act as a
binder and help to ameliorate bonding. A combination of
soft metal powders and hard ceramic powders can prevent
damage to the hard ceramic particles and, hence, help in
retaining the desired properties intended. This mechanical
milling also enhances the deposition efficiency and forms
thick coatings”. Figure 2 shows the parameters required
to obtain a successful cold-sprayed coating.

1.5. The metal-ceramic interface bonding
characteristics in the cold spray process

Combining ceramics and metals is difficult due to their
different bonding characteristics. In ceramics, atoms have
ionic and covalent bonds; on the other hand, metals are
normally associated with metallic bonds. The flow of
electronsis restricted in ceramics. Moreover, the stable ionic
and covalent bonds in ceramics reduce surface interactions,
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reducing adherence with metal. There is also a mismatch
in the thermal expansion coefficient of metal and ceramic,
which makes the bonding difficult and may also result
in interfacial cracks. Cold spray is an excellent technique
for making an effective metal-ceramic interface because
it is a low-temperature process that avoids any melting of
particles or phase transformations. The effectiveness of
adherence between metal-ceramic interfaces produced by
the cold spray technique can have a great effect on their
mechanical and tribological properties®!l.

The powder particles, having a velocity greater than
the critical velocity, get deposited on the substrate. These
powder particles with high supersonic velocity bombard
the surface of a substrate and essentially perform the
desired work of removing the oxide layer on the substrate,
enhancing the bonding of coatings to the substrate in
the presence of ceramic particles along with the metal
particles, enhancing the bonding characteristics. The
ceramic particles do not deform themselves, but they
distort the ductile metal matrix and enhance the bonding.
These ceramic particles may also break into fragments and,
hence, get embedded in the metal matrix all around, which
may eventually increase the hardness of the coatings. The
cermet particles serve the following functions: (i) Cleaning
the nozzle, (ii) activating the sprayed surface, and (iii)
densifying the structure®??),

2. Pure copper cold spray coatings

Copper as an element specifically known for its exceptional
electrical and thermal conductivities is greatly used for
thermal and electrical applications commercially in
various industries. Several studies have been conducted
to explore the properties of pure copper and copper-based
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Figure 2. Parameters for successful Cu-MMC cold spray coatings.

cold spray coatings to prove its superiority in terms of
quality, sustainability, and economy as compared to other
available methods for producing coatings.

Fukumoto et al.® reported the study of deposition
behavior and efliciency of cold-sprayed copper coatings
with respect to changes in substrate temperature, particle
velocity, gas pressure, and gas temperature. The copper
particles have mean sizes 5, 10, and 15 um. According to
their observations, the 5 um copper particles produced an
increase in particle velocity with an increase in gas pressure
during the cold spraying process. However, the effect of gas
temperature was not significant on particle velocity. The
particle velocity was highest for 5 um copper particles and
lowest for 15 wm copper particles; this observation shows
that particle velocity significantly varies with particle mean
size. Moreover, higher copper particle velocity leads to
better deposition efficiency.

In the same study, it was also reported that an increase
in the temperature of the substrate could lead to improved
deposition. This increase was even more pronounced when
both pressures of the gas and substrate temperature were
increased. Figure 3 shows the increase in deposition of
copper particles with respect to the substrate temperature
and pressure. This observation could be of good use in
designing the parameters for cold spray deposition™!.

Borchers et al.? studied the deformation behavior of
cold-sprayed copper coatings by focusing on various areas
in the coating microstructures seen in the transmission
electron microscopy micrographs (Figure 4). The regions
marked as A, B, C, and D in the micrograph correspond to
the copper particle-particle boundaries. Region “D” shows
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Figure 3. Deposition of copper particles with respect to substrate
temperature and gas pressure®. (Reprinted from Journal of Thermal
Spray Technology, 16, Fukumoto, M., Wada, H., Tanabe, K., Yamada, M.,
Yamaguchi, E., Niwa, A., Sugimoto, M., and Izawa, M., Effect of Substrate
Temperature on Deposition Behavior of Copper Particles on Substrate
Surfaces in the Cold Spray Process, 643-650-108, 2007, with permission
from Springer Nature).
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flight direction

Figure 4. A particle-particle triple point of cold-sprayed copper coating
is seen in this TEM micrograph®®!. (Reprinted from Materials Research
Society Symposium - Proceedings, 674, Borchers, C., Stoltenhoft, T.,
Girtner, E, Kreye, H. and Assadi, H., Deformation microstructure of cold
gas sprayed coatings, P7.10.1-P.10.6, 2001, with permission from Springer
Nature).

high dislocation density having dislocation arrangement in
walls. The marked Region “B” displays aligned elongation
of grains with high dislocation density. Then, Region “A”
reveals the ultrafine grains with high dislocation density,
specifically at the grain boundaries. Finally, Region “C”
shows dislocation-free regions having deformation twins.
The direction of flight of the particles has been marked on
the micrograph along with three other directions showing
the particle-particle interface.

Basically, particles can be seen making a triple point.
Between Regions B and D, the particle-particle interface
is 70°, and between Regions A and C, the particle-particle
interface is 45°. As seen in the micrograph, there are
particles impacting at different angles, according to which
the local temperatures may also be different. This may
give rise to the process of recrystallization, which can
account for microstructural changes as compared to the
initial powder feedstock. As discussed by Borchers et al.?4,
Region C consisted of twins. This could be due to the high
strain rate deformation and subsequent recrystallization
during annealing caused by local temperature increase.
Due to the extremely short cooling time of around 10*
s, the fraction of coating that has recrystallized is very
less. As far as the deformation in Regions A, B, and D is
concerned, there could be several steps into which the
whole recrystallization process can be divided; first, the
formation of randomly distributed dislocations; second,
the development of long dislocation cells due to dynamic
recovery; and third, the elongated subgrains form, followed
by the breaking up and formation of small equiaxed grains.
In Region A, the rise in temperature is the highest because

of the equiaxed grains visible in this region. However, in
Region B, only the breaking up of elongated subgrains
was visible, suggesting that the temperature increase was
not too high as compared to the region A. Furthermore,
in Region D, only dislocation cells were seen and not the
subgrains, which shows that the temperature rise was even
lesser as compared to the Region B as well as A.

Borchers et al.? also measured the resistivity of the
copper coatings, which was identified to have values
close to the resistivity of cold-rolled copper sheets. In
their work, they suggested that the cold-sprayed coatings
can acquire better electrical properties when compared
to high-velocity oxygen fuel (HVOF)-fabricated copper
coatings. The copper coatings produced by cold spray were
very dense, consisting of good metallic bonding between
the particles. Most importantly, the oxide formation was
negligible in cold-sprayed copper coatings. However, the
bond strength of HVOF copper coatings is higher than the
bond strength of copper cold spray coatings.

3. Copper-based metal matrix composite
cold spray coatings

The metal matrix composite coatings with copper as the
base metal are of great commercial importance. Copper-
based MMC coatings can be utilized in power industries,
especially in the manufacturing of seam welding electrodes,
electrical contacts, lead wires, and conductors for high-
temperature electrical applications. These coatings can
be produced through techniques such as HVOF and
CGDS. The oxide formations and phase transformations
in the HVOF coatings degrade the properties of the
coatings. The CGDS process is currently being utilized
in fabricating various copper-based MMC coatings.
Several reinforcements such as SiC, CNT, AIN, graphene,
alumina, MoS,, WC, and TiB, have been employed to
make successful cold spray coatings. Each reinforcement
has characteristic properties; thus, they are selected
accordingly to impart the same worthy properties in the
copper metal matrix composite coatings. Several research
projects have already been done in this area, proving the
worth of such composite coatings, which are reviewed in
the next section.

4. Recent investigations into copper-based
MMC coatings

4.1. Copper-alumina cermet coatings

Several studies have been done on copper as a metallic
matrix with ceramic reinforcement (also known as
cermets). Recently, special attention has been given to
ameliorating mechanical properties and wear resistance
of various copper-based coatings using hard particles as
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additives®#]. For example, Koivuluoto ef al. successfully
deposited copper + alumina coatings onto a substrate via
cold spray process. Dendritic and spherical copper powders
were mixed with 10 vol.%, 30 vol.%, and 50 vol.% of alumina.
Then, its cold spraying characteristics were compared with
that of the pure copper coatings made with dendritic and
spherical copper powders. The thickness of the copper-
alumina coatings increased with the increasing amount of
alumina ceramic particles, mainly due to the hammering
effect of alumina particles on the ductile copper matrix.
The shot peening effect of the ceramic particles deforms the
copper powders; thus, porosity decreases, which enhances
the bonding characteristics. According to Koivuluoto et al.,
the densest coatings obtained were for dendritic copper +
50 vol.% alumina and 10 vol.% alumina + spherical copper.
Figures 5-8 show the field emission scanning electron
microscopy (SEM) micrographs of these coatings. The
reason for this, as reported, was that the dendritic copper
particles have a higher surface area and are more prone to
oxidation as compared to the spherical copper powders.
Eventually, these dendritic copper powders require more
deformation to achieve better metal-metal bonding and
an effective dense coating. However, the Vickers hardness
of copper + alumina coatings showed a constant rise with
the increase in alumina particles for the coatings obtained.

A B

Figure 5. Field emission scanning electron microscopy micrographs of
(A) dendritic copper + 10 vol.% AL O, and (B) dendritic copper + 30
vol.% coatings on steel substratel?®!. (Reprinted from Journal of Thermal
Spray Technology, 19(5), Koivuluoto, H., and Vuoristo, P, Effect of Powder
Type and Composition on Structure and Mechanical Properties of Cu +
AL O, Coatings Prepared using Low-Pressure Cold Spray Process, 1081 -
1092, 2010, with permission from Springer Nature).

A B

Figure 6. Field emission scanning electron microscopy micrographs of
(A) dendritic copper + 50 vol.% Al O, coatings on steel substrate and its
(B) detailed microstructure?®. (Reprinted from Journal of Thermal Spray
Technology, 19(5), Koivuluoto, H., and Vuoristo, P, Effect of Powder Type
and Composition on Structure and Mechanical Properties of Cu + AL O,
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 - 1092,
2010, with permission from Springer Nature).

With both dendritic and spherical copper particles,
the Vickers hardness for all the coatings obtained with
spherical copper powders is higher (ranging between 106
Hv and 127 Hv) when compared to the coatings obtained
with dendritic copper particles (ranging 83 - 103 Hv).
The corrosion resistance of these coatings made with
spherical copper powders + alumina was higher than the
dendritic copper powder coatings. The spherical copper +
alumina powder coatings were denser, as reported in the
literature!l.

In another work, Phani et al.® successfully cold-
sprayed nanocrystalline copper-alumina powders and
studied the effect of heat treatments at the temperatures
of 300°C, 600°C, and 950°C, and inferred that alumina
particles were effective in stopping the grain growth,
which is of immense value for commercial applications.
Figure 9 shows the micrographs of the as-sprayed and
heat-treated coatings. The variation in the grain size due
to the heat treatments, as reported, was significantly less
for copper-alumina coatings compared to pure copper
coatings. The same trend was detected for microhardness,
where nanocrystalline copper-alumina coatings had
higher hardness than the pure copper coatings for all heat
treatment temperatures. As reported, the copper-alumina

A B

Figure 7. Field emission scanning electron microscopy micrographs of
(A) spherical copper + 10 vol.% Al O, coatings on steel substrate and its
(B) detailed microstructure®®®. (Reprinted from Journal of Thermal Spray
Technology, 19(5), Koivuluoto, H., and Vuoristo, P, Effect of Powder Type
and Composition on Structure and Mechanical Properties of Cu + ALO,
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 - 1092,
2010, with permission from Springer Nature).

A B

Figure 8. Field emission scanning electron microscopy micrographs of
(a) spherical copper + 30 vol.% Al O, and (B) spherical copper + 50 vol.%
coatings on steel substrate®?. (Reprinted from Journal of Thermal Spray
Technology, 19(5), Koivuluoto, H., and Vuoristo, P., Effect of Powder Type
and Composition on Structure and Mechanical Properties of Cu + ALO,
Coatings Prepared using Low-Pressure Cold Spray Process, 1081 - 1092,
2010, with permission from Springer Nature).
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Figure 9. Microstructure of (A) copper coating (as-sprayed), (B) copper
coating heat treated at 950°C, (C) copper-alumina coating (as sprayed),
and (D) copper-alumina coating heat treated at 950°C1. (Reprinted
from Acta Materialia, 55, Sudharshan Phani, P,, Vishnukanthan, V., and
Sundararajan, G., Effect of heat treatment on properties of cold-sprayed
nanocrystalline copper-alumina coatings, 4741 - 4751, 2007, with
permission from Elsevier).

coatings showed only a 9% reduction in hardness post-
heat treatment at 950°C, whereas the pure cold-sprayed
copper showed a 55% decrease in hardness, which gives
nanocrystalline copper-alumina coatings an edge over
coarse-grained copper coatings. The electrical conductivity
of nanocrystalline copper-alumina coatings was reported
to be around 20 - 25 MS/m, which is lesser than the
conductivity of nanocrystalline copper coatings which
had a reported value of around 50 MS/m. This electrical
conductivity behavior of the coatings could be attributed
to the presence of alumina ceramic particles™!.

In addition to the studies above, Winnicki et al."
studied the corrosion resistance of copper-alumina cold
spray coatings with cyclic salt spray and Kesternich tests.
As reported, even after 18 cycles of NaCl sprays on copper-
alumina coatings, there was no significant corrosion,
possibly because of the low amount of ceramic particles
in the Cu + Al O, coating accounting to lesser weak metal
ceramic interfaces allowing the chloride ions to penetrate
in them, so there was no buckling in the coatings. However,
for the Kesternich test performed in sulfur dioxide
environment, there were some small cracks at the boundary
between the substrate and the coatings. Furthermore, the
electrical conductivity test performed on copper-alumina
coatings also did not show a huge difference in electrical
conductivity between as-sprayed copper-alumina coatings
and the copper-alumina coatings after the two corrosion
tests (salt spray and Kesternich tests). The electrical
conductivity reported for as-sprayed copper-alumina
coating was 62% IACS. However, interestingly, the drop

in electrical conductivity of copper-alumina coatings
was very less after the salt spray test and Kesternich test.
Electrical conductivity values of 51% IACS and 58% IACS
were measured for copper-alumina coatings after salt
spray and Kesternich tests, respectively. According to the
analysis, there were layers of Cu,CI(OH), (paracetamite),
which might also enhance corrosion resistance®..

Chen et al.P! prepared copper-alumina-graphite cold-
sprayed coatings (for lubrication purposes) with 304
stainless steel plates as substrates. The feedstock powders
prepared were pure copper, copper-alumina (10 wt.%), and
copper-alumina (10 wt.%)-copper-coated graphite (5 wt.%,
10 wt.%, and 20 wt.%) powders. As reported, the pure
copper coatings had around 365 um thickness along with
small pores. However, with the incorporation of 10 wt.%
alumina, the number of pores was significantly reduced,
possibly due to the hammering effect of alumina ceramic
particles. The thickness of the coating also drastically
improved to 859 wm. However, with the addition of
copper-coated graphite, the thickness of coatings was
reduced to 480, 400, and 562 pum for copper-alumina
(10 wt.%)-copper-coated graphite (5 wt.%, 10 wt.%, and
20 wt.%) cold-sprayed coatings, respectively. Figure 10
shows SEM micrographs of Cu-based solid lubricating
cold spray coatings.

As reported, among the hardness values of copper-
based coatings, copper-alumina coatings had the highest
Brinell hardness of 114.3 as compared to the pure copper
coating with a Brinell hardness of 97.0 as well as with
copper-alumina-copper-coated graphite coatings ranging
around 107.3 - 88.2. There was a decrease in hardness with
the increasing amount of copper-coated graphite in the
copper-based LPCS solid lubricant coatings. The lamellas
of copper in the copper-alumina-copper-coated graphite
5 wt.% are large with less plastic deformation. However,
with the increase in copper-coated graphite content from
5 wt.% to 10 wt.% and further to 20 wt.%, the relative
plastic deformation increased, which could be mainly due
to the hammering effect and the relatively higher amount
of alumina in copper-alumina (10 wt.%)-copper-coated
graphite (10 wt.% and 20 wt.%)"".

Dry sliding wear performance of copper-based solid
lubrication coatings was also studied by Chen et al.';
they found that the pure copper coatings had a friction
coefficient of 0.82 and the copper-alumina coatings had
a friction coefficient of 0.94. With the incorporation
of copper-coated graphite, the friction coeflicient
was reduced due to the increase in solid lubrication.
The reported values of friction coefficients were 0.69,
0.29, and 0.34 for copper-alumina (10 wt.%)-copper-
coated graphite (5 wt.%, 10 wt.%, and 20 wt.%) cold-
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Figure 10. Scanning electron microscopy micrographs of Cu-based solid lubricating cold spray coatings: (A) Copper, (B) copper-alumina, (C) copper-
alumina-copper-coated graphite 5 wt.%, (D) copper-alumina-copper-coated graphite 10 wt.%, and (E) copper-alumina-copper-coated graphite 20 wt.%!'.
(Reprinted from Journal of Thermal Spray Technology, 27(8), Chen, W,, Yu, Y., Cheng, J., Wang, S., Zhu, S., Liu, W,, and Yang, J., Microstructure, Mechanical
Properties and Dry Sliding Wear Behavior of Cu-AlO,-Graphite Solid-Lubricating Coatings Deposited by Low-Pressure Cold Spraying, 1652 - 1663,

2018, with permission from Springer Nature).

sprayed coatings, respectively. The wear rate of these
copper-based coatings also improved with the addition
of copper-coated graphite. The reported values were
2.53 x 10* mm?*Nm, 2.18 x 10* mm?*/Nm, and 1.2 x
10* mm?*/Nm for copper-alumina (10 wt.%)-copper-
coated graphite (5 wt.%, 10 wt.%, and 20 wt.%) cold-
sprayed coatings, respectively. Graphite helps in the
formation of tribolayer, and the alumina particles
provide load support. The combination of both provides
the lowest wear rate for the copper-alumina (10 wt.%)-
copper-coated graphite (20 wt.%) cold-sprayed coating.
The increase in the amount of graphite in the coatings
leads to a lower wear rate of the coating.

In Figure 11, the worn-out cross-section of pure
copper, copper-alumina, and copper-alumina (10 wt.%)-
copper-coated graphite (10 wt.%) cold-sprayed coatings is
presented. As reported and seen in the microstructure, a
mixed tribolayer was formed on the pure copper coatings,
with a thickness of around 5 - 10 um with a mixture of large
and ultrafine grains, possibly due to the plastic deformation
of pure copper. The presence of ultrafine grains improves
the plastic deformation and, thereby, the strength and wear
resistance of the material. However, the addition of alumina
ceramic particles may induce cracks during wear test because
of the incompatibility at the ceramic metal matrix interface.
However, for the case of copper-alumina (10 wt.%)-copper-
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Figure 11. Scanning electron microscopy micrographs of wear cross-
section regions in copper-based coatings: (A) Pure copper, (B) copper-
alumina (10 wt.%), (C) copper-alumina (10 wt.%)-copper-coated graphite
(10 wt.%), and (D) energy-dispersive spectrum of copper-alumina
(10 wt.%)-copper-coated graphite (10 wt.%) tribolayer®. (Reprinted
from Journal of Thermal Spray Technology, 27(8), Chen, W, Yu, Y., Cheng,
J., Wang, S., Zhu, S., Liu, W,, and Yang, J., Microstructure, Mechanical
Properties and Dry Sliding Wear Behavior of Cu-Al203-Graphite Solid-
Lubricating Coatings Deposited by Low-Pressure Cold Spraying, 1652 —
1663, 2018, with permission from Springer Nature).

coated graphite (10 wt.%) cold-sprayed coating, a tribolayer
of copper, alumina, and graphite enhanced the solid
lubrication, which resulted in no crack formation®®!.

4.2. Copper-carbon nanotube (CNTs) coatings

The CNTs have excellent properties such as stiffness,
strength, elastic modulus, electrical, and thermal
conductivities. Because of the properties of CNTs, the
studies on the incorporation of CNTs in composites are
widely pursued®***7). CNTs can be used as reinforcements
in improving strength of composites®’. In 2012, Cho
et al."V prepared multi-walled CNT (MWCNT) reinforced
copper coatings by cold spray method. As reported, they
could substantially avoid the structural damage caused to
the CNTs by the low-pressure cold spray process compared
to other thermal and high-pressure fabrication processes.
In their work, the ball milling process employed to mix the
CNTs with copper powder ensured a satisfactory level of
mixing of the particles before spraying. The 3 vol.% multi-
walled CNT in copper powder feedstock was successfully
sprayed onto the aluminum substrate, and the coatings
produced had high thermal diffusivity compared to pure
copper coatings. The CNTs were homogeneously dispersed
in the copper matrix, which accounted for high thermal
diffusivity. In some previous reports, the presence of
bundled or non-homogeneous dispersion of CNT decreases
thermal diffusivity*>*. Therefore, Cho et al. employed ball
milling as an effective strategy to enhance the homogeneous

distribution of CNTs in the copper matrix. The MWCNT
and copper had good clean and closed interfaces,
contributing to low thermal resistance. Furthermore, these
were moderately damaged by the ball milling process,
which helped retain the desirable properties in the coatings.

Inanother study, Pialago and Park™* further increased the
amount of CNTs in the copper composite powder feedstock
to 15 vol.%. They successfully deposited copper CNT
composite powders via cold spray process after ball milling.
According to the report, with the increase in the volume
percent of CNT reinforcement particles in the feedstock
(ranging from 5 to 15 vol.%), the deposition efficiency
decreased. Furthermore, the particle size decreases with
increasing ceramic content, mostly because the embedded
CNTs initiated the cracks during ball milling. This process
enhanced the fracturing against the cold welding process of
the particles. The cold welding and fracturing of the powder
particles may also vary with different milling parameters
such as powder composition, size of the balls used, ball-to-
powder ratio, and time of milling!l.

Furthermore, from the study by Pialago et al.l*, they
fabricated copper-based metal matrix composites with
CNT and SiC additions (Figure 12). The compositions they
made were copper 5%CNT, copper 5%CNT-10%SiC, and
copper 5%CNT-20%SiC along with pure copper coatings.
As expected, it was reported that with the increase in
ceramic content, the fracturing of powder particles (while
milling) decreased compared to cold welding, possibly
because the CNT and SiC served as crack initiators.
Interestingly, the copper 5%CNT-20%SiC was an exception
as there was an agglomeration in these powder particles
because of increased surface energy due to a reduction in
the size of particles. A similar trend was seen in deposition
efficiency, where pure copper had the highest deposition
efficiency. However, the deposition efficiency decreased
with increasing ceramic content for copper 5%CNT and
copper 5%CNT-10%SiC. Note that copper 5%CNT-
20%SiC had deposition efficiency and coating thickness
almost equivalent to pure copper coatings. The reason
reported for this exception was the increased amount of
ceramics that enhance metal deformation and increase
deposition efficiency. Furthermore, copper 5%CNT-
20%SiC coatings had the highest hardness, around 240
Hv, , as compared to all other coatings**l.

The cold spray ternary coatings of copper-CNT-AIN
composites were also studied in the literature™®. These
composites were produced by the ball milling mechanical
alloying technique. The coating compositions made were
copper-5CNT,  copper-5CNT-10AIN, copper-10CNT-
20AIN, and pure copper (Figure 13). The deposition
efficiency reported was highest at around 0.2 for pure
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Figure 12. Scanning electron microscopy micrographs and powder size distributions of (A) Cu-5CNT, (B) Cu-5CNT-10SiC, and (C) Cu-5CNT-20SiCH*.
(Reprinted from Ceramics International, 41(5), Pialago, E. J. T., Kwon, O. K., and Park, C. W., Cold spray deposition of mechanically alloyed ternary Cu-
CNT-SiC composite powders, 6764 — 6775, 2015, with permission from Elsevier).

copper coatings. The deposition efficiency decreased to
0.12 with the addition of CNT (copper 5CNT coatings).
However, copper-5CNT-20AIN coatings had slightly
better deposition efficiency than copper-5CNT-10AIN
coatings. It was also reported that there were small pores
in copper-5CNT-10AIN and copper-10CNT-20AIN that
open toward the surface as compared to copper-5CNT
coatings. Furthermore, copper-5CNT-10AIN coatings
were rougher as well as porous than copper-5CNT-20AIN
coatings. The pore volumes and surface roughness were
the least for copper-5CNT-20AIN coatings compared to
the copper-5CNT-10AIN and copper coatings.

4.3. Copper-silicon carbide cermet coatings

Winnicki et al.*® manufactured and studied the corrosion
resistance of copper-SiC coatings. In their work, after
18 cycles of salt spray test, the copper SiC coatings showed
good corrosion resistance and the buckling of coatings
was not so pronounced. As reported by the author, this
could be because of the high amount of SiC particles in the
coating creating a high amount of ceramic-metal interface,
leading to the penetration of chloride ions in them. This

effect was not so pronounced in Cu+AlO, coating work
done by Winnicki et al. as mentioned above earlier.
However, after 18 cycles of Kesternich test in a sulfur
dioxide environment, the buckling of copper-SiC coatings
was evident. As reported, the electrolyte having the sulfate
ions was penetrating into the coating. Furthermore, it was
claimed by the author that SiC might be serving as an inert
electrode, facilitating the galvanic corrosion, resulting in
the delamination of copper-SiC coatings, which is not the
case with copper-alumina coatings. This lack of corrosion
resistance also resulted in a decrease in the electrical
conductivity of as-sprayed copper-SiC coatings. The
reported electrical conductivity values were 49% IACS for
as-sprayed copper-SiC coatings and around 20% IACS for
both cases of corrosion tests (salt spray test and Kesternich
test) for copper SiC coatings®”..

Recently, Chen et al®! cold-sprayed copper-SiC
coatings along with pure copper, copper- ALO,, and
copper-WC coatings. The compositions made were pure
copper, copper-alumina (15 wt.%), copper-SiC (15 wt.%),
and copper-WC (15 wt.%). As reported, the density of
SiC-ALO,, WC were 3.2 g/cm’, 3.5 g/cm’, and 15.63 g/cm’.
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Figure 13. Scanning electron microscopy micrographs and powder size distributions of (A) Cu-5CNT, (B) Cu-5CNT-10AIN, and (C) Cu-5CNT-20AIN!°l.
(Reprinted from Journal of Alloys and Compounds, 650, Pialago, E. J. T., Kwon, O. K., Kim, M.-S., and Park, C. W,, Ternary Cu-CNT-AIN composite
coatings consolidated by cold spray deposition of mechanically alloyed powders, 199 - 209, 2015, with permission from Elsevier).

Therefore, due to this density, the deposition of SiC and
ALO, was good enough as compared to the tungsten
carbide particles during the cold spray process. The ceramic
content of copper-SiC and copper-AlL,O, coatings on an
average reported was 7.5 + 3.2 vol.% and 10.5 + 2.7 vol.%,
respectively. The wear rate of pure copper coatings was
289.57 x 10° mm’/Nm and the reported wear rates for
copper-SiC and copper-AlL O, cold-sprayed coatings
were 207.42 x 10° mm’/Nm and 70.88 x 10°°® mm?3/Nm,
respectively. The microhardness values reported for copper-
SiC and copper-AlL O, were 167.36 Hv and 165.01 Hy,
which were higher as compared to the cold-sprayed copper
coatings around 159.55 Hv. Again, the nanohardness values
of copper-SiC and copper-Al O, coatings are 2.18 GPa and
2.28 GPa, respectively, which are higher than that of pure
copper coatings around 2.06 GPa. Furthermore, according
to Chen et al., the wear mechanism of pure copper and
copper-SiC coatings is adhesive in nature, whereas the
copper-Al O, coatings have an abrasive wear mechanism
due to the high bond strength between copper-alumina
particles. Furthermore, the thermal conductivities of
copper-SiC and copper-Al O, which were 164.388 W/m-K

and 156.911 W/m-K, respectively, at 50°C increased
to 209.407 W/m-K and 213.482 W/m-K after the heat
treatment of these cold-sprayed coatings. Therefore, the
merits of copper-alumina coatings seem to be better, but
a thorough research on copper-SiC coatings might bring
their characteristic properties into light and prove their
commercial importance.

4.4, Copper-graphene coatings

Graphene is a wonder material, having excellent electrical
conductivity, thermal conductivity, and mechanical
strength™*l. Good quality graphene can be produced
by chemical vapor deposition (CVD) method®.
Graphene nanoplates (GNPs) are widely used in the
production of metal matrix composites as they can be
manufactured economically and in large quantities®™!.
Yin et al®? produced GNP-reinforced copper matrix
coatings intending to improve anti-friction performance.
As reported, ball milling of copper and GNP powders
was done; thus, copper-GNP (1 vol.%) powder feedstock
was produced. The feedstock was then cold sprayed on
an aluminum substrate. Then, a wear test was performed
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on pure copper cold spray coatings, cold-sprayed copper
GNP (1 vol.%) coatings, and spark plasma sintered copper
GNP coatings. Interestingly, the friction coeflicient of
cold-sprayed copper GNP (1 vol.%) coatings was 20%
lesser than that of pure copper cold spray coatings.
Furthermore, when compared to spark plasma sintered
copper-based coatings, the cold-sprayed copper-GNP
coatings performed better at the same volume percent of
GNP in the copper matrix. The anti-friction performance
was the optimum for copper-GNP cold-sprayed composite
coatings. The worn surface of copper-GNP cold-sprayed
coatings had very little debris and delamination. The GNPs
existing at the worn surface were fractured during the wear
test, which provided a graphene-rich film that lubricates
the worn surface. Hence, the anti-friction performance is
significantly improved®.,

In another work, Choi et al.*®! deposited graphene-
copper cold spray coatings with copper powders and
graphene grown on copper powders by CVD technique. As
reported, the copper particles were coated with graphene
through CVD process by introducing the powder copper
particles to CH,, H,, and Ar gases at 100 Pa pressure for
30 min. The graphene-coated copper powder particles were
then mixed with pure copper particles at a 1:3 ratio mixture,
which was then cold sprayed onto an aluminum plate. The
author claims to have created graphene copper composite
cold spray coatings with minimal damage to graphene. The
possibility of agglomeration due to high surface energy and
Van der Waals forces of graphene could also be avoided by
the CVD processing technique followed by cold spraying.
The damage to graphene that happened during cold spray
was evaluated by I /I ratio through Raman spectroscopy

/ o
Sliding direction'%,

Figure 14. Scanning electron microscopy micrographs of sliding mark
on the copper surface and composite film surface®. (Reprinted from
Diamond and Related Materials, 116, Choi, J., Okimura, N., Yamada, T.,
Hirata, Y., Ohtake, N., and Akasaka, H., Deposition of graphene-copper
composite film by cold spray from particles with graphene grown on
copper particles, 108384, 2021, with permission from Elsevier).

4um *
—

analysis. The I /I ratio for composite particles was 0.72,
which became 0.62 after the cold spray process. This result
shows that the damage to graphene was not significant. It is
possible that the low temperature of carrier gas could have
prevented thermal damage and oxidation of graphene.
Furthermore, the band for the graphene also did not shift.
It was at the same position 1588 cm™ for both composite
powders and coatings, indicating very low compressive
residual stress induced during the cold spray process. The
interatomic forces between graphene and copper particles
due to the high electron density at the interface between
copper and graphene prevented the pullout of graphene
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Figure 15. The measured coefficient of friction for copper and composite
film®*. (Reprinted from Diamond and Related Materials, 116, Choi,
J., Okimura, N., Yamada, T., Hirata, Y., Ohtake, N., and Akasaka, H.,
Deposition of graphene-copper composite film by cold spray from
particles with graphene grown on copper particles, 108384, 2021, with
permission from Elsevier).
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Figure 16. Coefficient of friction for copper, copper-MoS, and copper-
MoS,-WC!®!. (Reprinted from Tribology International, 123, Zhang, Y.,
Epshteyn, Y., and Chromik, R. R., Dry sliding wear behavior of cold-
sprayed Cu-MoS2 and Cu-MoS2-WC composite coatings: The influence
of WC, 296 - 306, 2018, with permission from Elsevier).
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from copper particles by the Van der Waals forces, which
became an advantage for cold spraying and enhanced wear
resistance characteristics®®.

In Figure 14, worn areas of copper and its composite
coatings are shown™!. The graphene copper composite
coatings had a better friction coefficient of 0.46, and
copper coatings had a friction coefficient of 0.6, as shown
in Figure 15. Furthermore, the wear rates for graphene
copper composite coatings were 5.2 x 10 mm?*/Nm and
that for pure copper coatings were 8.6 x 10 mm?/Nm[.

4.5. Copper-MoS, composite coatings

Metal matrix composites that have good wear resistance
and self-lubricating properties can be used for making
bearings"®*. In this material type, MoS, particles can play
an effective role in reducing friction and wear rate®.. The
addition of ceramic particles into self-lubricating metal
matrix composites is a good practice to ameliorate the wear
resistance and strength of these composites™-*". Moreover,
cold spray can be a beneficial method for spraying metal
matrix composites powder feedstock containing MoS,
because there could be no decomposition or phase
transformations of solid lubricant MoS, as the cold spray
process does not involve very high temperatures. Brittle
compounds such as Cu,S and CuMo,S, may cause an
increase in friction and wear, eliminating the purpose
of solid lubricant when the Cu-MoS, composites are
fabricated through sintering®?.

Zhang et al® studied the sliding wear behavior of
copper-MoS, and copper-MoS -WC cold spray coatings.
As reported, the sliding wear experiment done showed that
copper-MoS,-WC coatings had low friction and wear rate
compared to copper-MoS, coatings. The tungsten carbide
particles helped reduce the friction; wear became uniform
throughout the wear track, as shown in Figure 16. The
tungsten carbide particles embedded in the coating had a
thin layer of copper, which could be an advantage because
the function of hard particles like tungsten carbide is not
only to reduce friction but also to not serve as abrasives
during wearing by having direct contact. In that work,
the authors did not use a high volume percent of tungsten
carbide in the coatings; probably, because tungsten carbide
particles can compromise the bond strength. As far as
copper-MoS, coatings were concerned, the MoS, particles
smeared out during sliding and replenishing the particles
continued with sliding. However, for copper-MoS,-WC
coatings, more wear debris accumulation due to WC
particles suggests a low wear rate. There was an active
transfer of material due to rapid wear debris removal in
the case of copper-MoS, coatings. This led to detachments
and cracks on copper-MoS, wear tracks, which was not

observed in copper-MoS,-WC wear track. Furthermore,
the subsurface microstructures of copper-MoS,-WC wear
tracks suggested that the WC particles also served as load
bearers and protected the rest of the surface from severe
plastic deformation. The presence of the ultrafine grains
only around the WC particles proved it. While for the
copper-MoS, coatings, the ultrafine grains were present
everywhere on the worn surface. The cracks on copper-
MoS, wear tracks were again due to the already work
hardened ultrafine grains present all over the surface of the
wear track.

4.6. Copper-TiB, composite coatings

Copper-TiB, composite fabrication has received much
attention due to its vivid applications that require properties
such as electrical conductivity, thermal conductivity, wear

Figure 17. Copper-43 vol.% TiB, feedstock powders formed as product
after the SHS reaction for cold spraying”. (Reprinted from Composites
Science and Technology, 67(11), Kim, J. S., Kwon, Y. S., Lomovsky, O. I,
Dudina, D. V., Kosarev, V. E, Klinkov, S. V., Kwon, D. H., and Smurov,
L, Cold spraying of in situ produced TiB2-Cu nanocomposite powders,
2292 - 2296, 2007, with permission from Elsevier).

Figure 18. Microstructures of copper-43 vol.% TiB, cold spray coating:
(A) Etched with (NH,),S,0, aqueous solution and (B) etched with FeCl,
aqueous solution”. (Reprinted from Composites Science and Technology,
67(11), Kim, J. S., Kwon, Y. S., Lomovsky, O. L, Dudina, D. V., Kosarev,
V. E, Klinkov, S. V., Kwon, D. H., and Smurov, I, Cold spraying of in
situ produced TiB2-Cu nanocomposite powders, 2292 - 2296, 2007, with
permission from Elsevier).
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resistance, and strength!*¢l. Titanium diboride particles
do not react with copper; it has a high melting point,
high strength, resistance to wear, and hardness®!, which
make them attractive for applications in the electrical
industry!®®7l,

In 2007, Kim et al™ were successful in spraying
copper-43 vol.% TiB,. As reported, titanium, boron, and
copper nanocomposite powders were subjected to ball
milling for 2 min and then subjected to self-propagating
high-temperature synthesis reaction (SHS). Further, the
product obtained after self-propagating high-temperature
synthesis reaction was milled again to obtain optimum size
TiB, particles, as shown in Figure 17. The heat of the SHS
reaction got distributed evenly all around due to the good
thermal conductivity of copper, which helped in the proper
formation of TiB, particles. This powder feedstock was
sprayed onto a copper substrate. The cold-sprayed coating
was reported to be 70 wm in thickness. The coatings were
very dense, possibly due to the huge plasticity difference
between the copper and TiB, in these coatings. As reported,
the coatings etched with (NH,),S,0, aqueous solution, as
shown in Figure 18A, display the microstructure of the

composite coating. The powder particles are closely packed
in the coatings. Furthermore, in Figure 18B, the coatings
etched with FeCl, solution are shown where the selective
removal of copper from the surface leaves behind the
network of TiB, phase. The Vickers hardness of copper-43
vol.% TiB, coating was reported to be 378 Hv which was
much higher than that of the pure copper cold spray
coatings, having a Vickers hardness of around 159.55 Hv as
reported by Chen et al.'¥”). The titanium diboride structure
is responsible for the high hardness of copper-43 vol.%
TiB, cold-sprayed coatings.

In another work, Calli et al.”" produced cold-sprayed
pure copper, copper-B,C, copper-TiB,, and copper-TiC
coatings. As reported, the electrical conductivity of pure
copper coatings was equivalent to that of the copper-
TiB, (12.5 vol.%), around 36.0 MS/m, which is more
than that of the copper-B,C (12.5 vol.%) coatings and
copper TiC (12.5 vol.%). This observation may be due to
the electrical conductivity of the ceramic particles used.
However, the relative wear rates (RWRs) were lowest
for copper-TiB, coatings compared to copper-TiC and
copper-B,C coatings. This result could be due to the third

Table 1. Summary of cold spray deposition parameters for copper-based cold spray coatings

Powder Composition Particle diameter Gas Po To SoD Q (g/min) Substrate  Ref.
(wm) (mm)
Copper Pure copper Cu (ACU 325) N, 2.8 MPa 500°C 35 32.1+1.14 Cu [45]
Cu-AlZO3 Cu 90,70,50 25+5 Air 6bar 540°C 10 Steel [30]
Al203 10, 30, 50
Cu-AlZO3 -Cu  Cu(90, 85, 80,and 70 wt.%),  Cu (20.18 um), Ale3 Air 0.8 MPa 500°C 10 14-16 304SS [31]
coated graphite AL O, (10 wt.%), (4.41 pm), Cu coated
Cu coated graphite (0, 5,10,  graphite (47.77 um)
and 20 wt.%)
Cu-CNT Cu 100, 95, 90, 85 10 - 30 N, 2.8 MPa 500°C 35 22.51-28.88 - [44]
CNT O, 5,10, 15
Cu-CNT-SiC Cu (95 vol.%)-CNT (5 vol.%) Cu (ACU 325) CNT (5 N, 2.8 MPa 500°C 35 23.60 - 28.88 Cu [45]
SiC (10 and 20 vol.%) - 20 nm) SiC (320 grit)
Cu-CNT-AIN Cu (95 vol.%)-CNT (5vol.%) Cu (ACU 325) CNT N, 2.8 MPa 500°C 35 21.95-28.88 Cu [46]
AIN (10 and 20 vol.%) (5-20nm) AIN (7 -
30 um)
Cu- MWCNT Cu (97 vol.%) 05-3 Air 0.6 MPa 200°C - Al [41]
MwCNT (3 vol.%)
Cu-graphene Cu (99 vol.%) Cu 15-38 um He 2MPa 25°C 40 - Al [52]
Graphene (1 vol.%) Graphene
5-30nm
Cu-graphene Pure copper powder coated 20 Air 0.6 MPa 720K 12 8.21 Al [53]
with graphene
Cu-MosS, Cu 85 vol.%/MoS, (15 vol.%)  Cu (26 pm) N, 5MPa 800°C - Cu (34.8) AA6061 [63]
MosS, (68 um) MosS, (3.6)
Cu-MoS,-WC Cu 85 vol.%, MoS, (14 vol.%), Cu (26 pum) N, 5MPa 800°C - Cu+WC (39.4) AA6061 [63]
WC (11 vol.%) MoS, (68 pm) MosS, (3.6)
WC (30 um)
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body abrasion mechanism, which happens due to the
detachment of ceramic particles that break the oxide layer
of metal during wear tests. The reported RWRs were 1.0,
2.7, 3.13, and 5.95 for pure copper, copper-TiB,, copper
B,C, and copper TiC coatings, respectively. The coating
thickness obtained for copper TiB, coatings was 1690 um,
which was much higher than that of pure copper (825 um),
copper B,C (270 um), and copper TiC (550 pm).

5. Cold spray deposition parameters and
properties of copper-based cold spray
coatings

Different reinforcements such as ALO,, graphite, CNT,
WC, MoS,, and TiB, provide different properties to
the copper-based cold spray coatings. These properties
vary with the number of reinforcements employed, the
morphology of powder particles, deposition conditions
implemented, interface bonding characteristics, and
characteristic properties of reinforcements. Table 1
shows the deposition parameters and compositions of the
copper-based cold spray coatings and their substrates in
the literature. The particle diameter generally preferred

for copper-based cold spray coatings is between 10 um
and 50 um to ensure good deposition efficiency. The low
deposition temperatures also ensure that changes in the
structural and mechanical properties are also minimized,
and the purpose of the addition of ceramic particles is
accomplished. The gases used for cold spray deposition
have been helium, nitrogen, and air. Helium and nitrogen
generally can help reduce oxidation. However, the authors
who utilized air for cold spray deposition did not report
any considerable oxidation of powder particles. The various
substrates used for cold spray deposition in the references
by different authors depend on various possible industrial
applications of these coatings according to commercial
acceptance. The applications of such copper-based cold
spray coatings can be for seam and spot welding electrodes,
conductors used for high-temperature applications, lead
wires, electrical contacts, switches, etc.”?”! Every material
used as a reinforcement in the copper-based cold spray
coatings serves its intended purpose.

InTable2,asummaryofthe properties of various copper-
based cold spray coatings with different reinforcements
in the literature is presented. Numerous tests have been
conducted by different authors to verify the effect of

Table 2. Comparison of various properties of copper-based cold spray coatings

Powder Composition Electrical Friction Wear rates Microhardness Ref.
conductivity coefficient
Copper Pure copper 36 MS/m 0.6 8.6x10* 140 - 160 Hv0.3 [23,53,71]
Cu-ALO, Cu (50 wt.%), 62% IACS - - 83 - 127 Hv0.3 [30]
ALO, (50 wt.%)
Cu-ALO, - Cu Cu (90, 85, 80, and 70 wt.%), - 0.34 - 0.94 2.53x10*to 1.2x10* 114.3 - 88.2 [31]
coated graphite ALO, (10 wt.%) Brinell hardness
Cu-coated graphite (0, 5, 10, and
20 wt.%)
Cu-CNT Cu 100, 95, 90, 85 - - 160 - 230 Hv0.1 [45]
CNTO, 5,10, 15
Cu-CNT-SiC Cu (95 vol.%)-CNT (5 vol.%) - - 190 - 260 Hv0.1 [45]
SiC (10 and 20 vol.%)
Cu- MWCNT Cu (97 vol.%) MwCNT (3 vol.%) - - - 303.64 [41]
Cu-graphene Pure copper powder coated with 0.46 5.2x10* [53]
graphene
Cu-MosS, Cu 85 vol.%/MoS, (15 vol.%) 0.38-0.4 210%x10° to 35x10°¢ 75 -132 Hv0.2 [63]
Cu-MoS,-WC Cu 85 vol.%, MosS, (14 vol.%), 0.27 - 0.33 123x10° to 19x10°° 87 - 135 Hv0.2 [63]
WC (11 vol.%)
Cu-TiB, Cu-12.5 vol% TiB, 36 MS/m - Relative wear rate (with 156 Hv 0.025 [71]
pure copperas 1) 2.7
Cu-B,C Cu-12.5 vol% TiB, 34.3 MS/m - Relative wear rate 151 Hv 0.025 [71]
(with pure copper as 1)
3.13
Cu-TiB, Cu-12.5 vol% TiB, 35.6 MS/m - Relative wear rate 157 Hv 0.025 [71]
(with pure copper as 1)
5.95
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reinforcements in copper-based cold spray coatings. The
electrical conductivity of pure copper and copper-based
cold spray coatings considerably depends on the deposition
parameters and porosity in the coatings. In general,
higher porosity leads to lower electrical conductivity. The
addition of reinforcements may or may not contribute
to the increase in electrical conductivity, possibly due to
the ineffectiveness of deposition, effective deformation of
copper matrix, the amount of reinforcement used, and
characteristic property of the reinforcements. Another
property with commercial importance is the friction
coeflicient and wear rate. The addition of reinforcements
such as graphite and MoS, imparts good lubrication
properties, which decreases the friction coefficient and wear
rates of the copper-based cold spray coatings. However, in
such coatings, there could be a decrease in hardness values,
possibly due to the weak interface bonding between metal
matrix and reinforcement. Furthermore, this decrease in
microhardness trend was not visible for reinforcements
specifically used to improve the strength and hardness of
copper-based cold spray coatings.

6. Conclusions and scope for future work

Pure copper and copper-based cold spray coatings are an
interesting area of research in power industries. Copper-
based cold spray coatings can enhance electrical and
thermal conductivity, wear, and corrosion resistance,
along with proper hardness and strength of components.
The deposition parameters required for the cold spray of
the copper-based coatings discussed in this work mainly
consist of the gases used for cold spray, the pressure of the
gas, standoft distance, and powder feedstock preparation
for cold spraying by milling process with the incorporation
of surfactants. Surfactants play a huge role in powder
preparation, according to the size range required for
cold spraying process. The mechanical milling process
is an effective method to produce powder feedstock
with homogeneity. The homogeneous distribution of
reinforcement particles in the metallic copper matrix
provides uniform mechanical and tribological properties.

Numerous research works focused on different types of
reinforcements in copper-based cold spray coatings have
been done. These different reinforcements provide unique
properties to the copper-based coating according to their
characteristics. The deformation and recrystallization of
copper grains in pure copper coatings have been focused
on in this work, along with the variation in properties
with different amounts of reinforcements have also
been discussed. These reinforcements have also been
responsible for increasing the deposition efficiency and
significant reduction in porosity. The copper-based cold
spray coatings have shown superior qualities in terms

of wear resistance, lesser oxidation, hardness, electrical
conductivity, and so on when compared to other coating
processes. The cold-sprayed copper coatings also retained
the inherent characteristic properties of reinforcements
without causing much damage to the reinforcements. This
could be because of the low operating temperatures of
the cold spray process that avoids any kind of melting or
oxidation.

Copper-based cold spray coatings have immense
scope for the future research works. The correct type and
amount of reinforcements that can give the best desirable
properties for copper-based coatings must be explored. The
deposition efficiency of these copper-based coatings with
the help of powder architecture and powder morphology is
yet to be investigated thoroughly. The higher the deposition
efficiency, the lesser wastage of powder feedstock used
for the cold spraying process. Recycling of process gases
and feedstock powder from economic and environmental
point of view is important, and research on it is inevitable.
The research works must include the incorporation of
two reinforcements in the metal matrix that can provide
enhanced mechanical and tribological properties. The
electrical and thermal properties of copper-based cermets
according to the various reinforcements used are a matter
of further investigation, and this can be compared with the
other coating processes such as HVOF, CVD, sintering,
and so on. The comparisons can also be made among
the various copper-based cold-sprayed coatings with
several types of reinforcements. A thorough investigation
of preserving the original grain sizes desired phases,
and the chemistry of materials is desirable. The research
works on bond strength and bonding characteristics,
fatigue strength, thermal shock resistance, oxidation, and
corrosion resistance of copper-based cold spray coatings
can be beneficial in creating worthwhile coatings having
great commercial importance.
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This article type is a collection of unsolicited letters from the readers who wish to comment on specific articles published in Materials Science
in Additive Manufacturing or another field-related journal. Alternatively, a letter can be written on an unrelated topic of interest to the journal’s
readership.

Ideally, a letter should present an in-depth, scholarly re-analysis of a previously published article in Materials Science in Additive
Manufacturing or in another field-related journal, accompanied by the reader’s constructive insights and comments. Letters containing new
ideas, supporting data or data criticizing the indicated article may be subjected to peer review at editors’ discretion. Authors should specify the
intended recipient of the letters, i.e., Editor or specific author(s).

This article type typically has no more than 3 tables and/or figures in total, no more than 20 references, and 2,000 words (inclusive of
References). No Abstract is required.

(5) Editorial

An editorial piece is a solicited, concise commentary that highlights prominent topics in particular issue. Alternatively, an editorial represents
the official opinions of the editors on the journal or special issue.

An editorial piece should not exceed 1,000 words (inclusive of References). Typically, an Abstract is not required and only 1 figure or table is
allowed.

(6) Erratum

Authors should contact the editors of Materials Science in Additive Manufacturing (editor. msam@whioce.com) if certain errors made by the
journal are found. The editors will evaluate the impact of the errors and decide on the appropriate course of action. Any corrections to a paper
are published at the sole discretion of the editors.

(7) Corrigendum

Authors should contact the editors of Materials Science in Additive Manufacturing (editor.msam@whioce.com) if certain errors made by the
authors are found. The editors will evaluate the impact of the errors and decide on the appropriate course of action. Any corrections to a paper
are published at the sole discretion of the editors.

Language

All submissions must be written entirely in good American English. Spelling and use of punctuations should conform to conventions in American
English. Clarity and conciseness are critical requirements for publications; therefore, submissions that are not clearly written will be returned
to authors. Authors must ensure that their manuscripts are submit-ready or publish-ready before making submission. The articles published
in Materials Science in Additive Manufacturing are in adherence with the publishable standards of academic and scientific writing.

Please note that utilizing a language editing service is not a guarantee of acceptance.



Letter capitalization

Use sentence case capitalization in all aspects of the submission. In sentence case, most major and minor words are lowercase (proper nouns,
including name of organizations and name of guidelines, are an exception in that they are always capitalized for the first letter of each word,
except for minor words, such as conjunctions and short prepositions). The first letter of the first word should always be uppercase.

Manuscript title

The title should capture the conceptual significance for a broad audience. The title should not be more than 50 words and should be able to
give readers an overall view of the paper’s significance. Titles should avoid using uncommon jargons, abbreviations and punctuation.

Abstract

The purpose of abstract is to provide sufficient information and capture essential findings and/or messages of the paper. The length of an
abstract should be in the range of 200-400 words. The abstract should be unstructured. Abstract is only needed in original research article,
review article, and perspective article.

Keywords

Each submission should be accompanied by 3-6 keywords. Avoid using abbreviations and acronyms in keywords, unless they are established
standard keywords. Separate keywords with semi-colons (i.e, term1; term2; term3).

Abbreviations and acronyms

Define abbreviations and acronyms upon their first appearance, separately, in the abstract, main text, table legends, and figure captions and
legends.

Sections in article
(1) Section headings

Section headings should be in boldface. Examples of section headings of different levels are shown in the following:

Primary level : 1. Heart disease
Secondary level :1.3. Risk factors for heart disease
Tertiary level :1.3.2. Hypertension

Authors are suggested NOT to introduce further sub-sections after the tertiary level section (e.g., 1.3.2.1. High-salt diet).

(2) Special sectioning requirements for an original research article

e Introduction. The introduction should provide a background that gives a broad readership an overall outlook of the field and the
research performed. It tackles a problem and states its important regarding with the significance of the study. Introduction can
conclude with a brief statement of the aim of the work and a comment about whether that aim was achieved.

e Materials and Methods. This section provides the general experimental design and methodologies used. The aim is to provide
enough detail to for other investigators to fully replicate the results. It is also required to facilitate better understanding of the results
obtained. Protocols and procedures for new methods must be included in detail for the reproducibility of the experiments. Informed
consent should be obtained from patients or parents before the experiments start and should be mentioned in this section. For human
and/or research, research ethics information, such as ethics approval identifiers and the name of Institutional Ethics Review Board
or Institutional Review Board, should be indicated in this section.

®  Results. This section focuses on the results and findings of the experiments performed. After (statistical) analysis, all results,
including tables and figures, must be neatly presented. If necessary, this section can be sub-divided into multiple topical sub-sections.

e Discussion. This section should provide the significance of the results and identify the impact of the research in a broader context.
It should not be redundant or similar to the content of the results section.

®  Conclusion. Use this section for interpretation only, and not to summarize information already presented in the text or abstract.

It is acceptable to merge both Results and Discussion as a single section.



Unit of measurements

Use Sl units.

Data and image processing

Post-acquisition processing of images, photos and figures should be kept minimum to ensure that the final figures accurately reflect the original
data as it was captured and/or produced. Any alterations should be applied to the entire image. Any kind of alteration, including but not limited
to brightness, contrast and color balance, has to be clearly stated in the figure legend and in Materials and Methods section. For simulated or
model figures, the software used for production, editing, and/or processing should be mentioned. Presenting images in the same figure must
be made apparent and should be explicitly indicated in the appropriate figure legends.

Data comparisons should only be made from comparative experiments (or data from the same experiment). Same piece of data or figure
should not be used in multiple instances, unless the images/data describe different aspects of the same experiment (reasons must be stated,
wherever appropriate, in this regard). If inappropriate image/data manipulation is identified after publication, the editors reserve the right to ask
for the original data and, if that is not satisfactory, to issue a correction or retract the paper, as appropriate.

Chemical compounds

Materials Science in Additive Manufacturing requires authors to fulfill the requirements below while reporting and/or describing a chemical
compound in articles:

Scenario Requirements

Naming chemical compounds Use either IUPAC conventions or common names such as cholesterol and
cephalosporins

Reporting a new chemical compound Provide the exact structure of the compound as well as sufficient data regarding the
purity and identity of the compound

Reporting the use of a known chemical Provide sufficient data regarding the source, purity and identity of the compound

compound

Figures

Include all figures, including photographs, scanned images, graphs, charts and schematic diagrams, at the back of manuscript. Avoid
unnecessary decorative effects (e.g., 3D graphs) and minimize image processing (e.g., changes in brightness and contrast applied uniformly
for the entire figure should be avoided or minimized). All images should be set against white background.

All figures should be numbered (e.g., Figure 1, Figure 2) in boldface. Label all figures (e.qg., axis, structures), and add caption (a brief title) and
legend as a description of the illustration below each figure. Explain all symbols and abbreviations used. Each figure should have a brief title
(also known as caption) that describes the entire figure without citing specific panels, followed by a legend, which is either the description of
each panel or further description about the single image. Identify each panel with uppercase letters in parenthesis (e.g. (A), (B), (C), etc.)
Figures must be cited in chronological manner in the text.

The preferred file formats for any separately submitted figure(s) are JPEG, PNG and TIFF. All figures should be of optimal resolution. Optimal
resolutions preferred are 300 dots per inch (dpi) for RBG colored, 600 dpi for grayscale and 1,200 dpi for line art. Although there is no file-size
limitation imposed, authors are highly encouraged to compress their figures to an ideal size without unduly affecting the legibility and resolution
of figures.

If necessary, the editors may request author(s) to supply high-resolution and/or unprocessed images after submission or paper acceptance for
pre-screening/review and production purposes, respectively.

Tables

Include all tables at the back of manuscript. Editable tables created using Microsoft Word are preferred. A table should be accompanied by a
caption on top of it. Captions and legends should be concise. All tables should be numbered (e.g. Table 1, Table 2) in boldface. Explain all
symbols and abbreviations used. Tables must be cited in chronological manner in the text.

Lists and math formulae

Lists and math formulae should be properly aligned and included within the main body of the manuscript. List them using Roman numerals in
parenthesis (e.g. (1), (1), (1l), (1V), etc.) Lists and math formulae must be cited in chronological manner in the text.

Lists and math formulae should be given in editable text and not as images. Use the solidus (/) for small fractional terms, e.g., X/Y. In principle,
variables should be italicized. Powers of e are often more conveniently denoted by exp.



Footnotes

Do not use footnotes.

In-text citations

Reference citations in the text should be numbered consecutively in superscript square brackets. Some examples:
e Negotiation research spans many disciplines®®*.
e  This result was later contradicted by Becker and Seligman'®.

e  This effect has been widely studied®=>7,
Do not include citations in the Abstract.

Personal communications and unpublished works can only be used in the manuscript and are not to be placed in the References section.
Authors are advised to limit such usage to the minimum. These should be made identifiable by stating the authors, year of personal
communications or unpublished works, and the words “personal communication” or “unpublished” in parenthesis, e.g., (Smith J, 2000,
unpublished).

References

This section is compulsory and should be placed at the end of all manuscripts. Do not use footnotes or endnotes as a substitute for a reference
list. The list of references should only include works that are cited in the text and that have been published or accepted for publication. Personal
communications and unpublished works should be excluded from this section.

Authors being referenced are listed with their surname or last name followed by their initials. All references should be numbered (e.g. 1, 2, 3,
and so on) and sequenced according to the order they appear as the in-text citations. References (especially journal article’s) should follow
the general pattern: author(s), followed by year of publication, title of publication, abbreviated journal name in italics, volume number, issue
number in parenthesis and lastly, page range or article ID. If the referred article has more than 3 authors, list only the first 3 authors and
abbreviate the remaining authors as italicized “et al.” (meaning "and others"). Use of DOI is highly encouraged; include DOI, if available, after
the page range or article ID. Examples of references for different types of publications are as follows:

(1) Journals

Journal article (print) with 1-3 authors:

Younger P, 2004, Using the internet to conduct a literature search. Nurs Stand, 19(6): 45-51.

Journal article (print) with more than 3 authors:

Gamelin FX, Baquet G, Berthoin S, et al., 2009, Effect of high intensity intermittent training on heart rate variability in prepubescent children. Eur
J Appl Physiol, 105(1): 731-738.

Journal article (online) with 1-3 authors:

Jackson D, Firtko A, Edenborough M, 2007, Personal resilience as a strategy for surviving and thriving in the face of workplace adversity: A
literature review. J Adv Nurs, 60(1): 1-9. http://doi.org/10.1111/j.1365-2648.2007.04412.x

Journal article (online) with more than 3 authors:

Hargreave M, Jensen A, Nielsen TSS, et al., 2015, Maternal use of fertility drugs and risk of cancer in children — A nationwide population-
based cohort study in Denmark. Int J Cancer, 136(8): 1931-1939. http://doi.org/10.1002/ijc.29235

(2) Books

Book with 1-3 authors:

Schneider Z, Whitehead D, Elliott D, 2007, Nursing and Midwifery Research: Methods and Appraisal for Evidence-based Practice, 3rd edn,
Elsevier Australia, Marrickville, NSW, 112-130.

Book with more than 3 authors

Davis M, Charles L, Curry MJ, et al., 2003, Challenging Spatial Norms, Routledge, London, 12-30.

Chapter or article in book

Knowles MS, (eds) 1986, Independent study, in Using Learning Contracts, Jossey-Bass, San Francisco, 89—96.



(3) Preprints

Preprint article with 1-3 authors:

Ulgen A, Gurkut O, Li W, 2019, Potential Predictive Factors for Breast Cancer Subtypes from a North Cyprus Cohort
Analysis. medRxiv. https://doi.org/10.1101/19010181

Preprint article with more than 3 authors:

Wu S, Sun P, Li R,et al, 2020, Epidemiological Development of Novel Coronavirus Pneumonia in China and Its
Forecast. medRxiv. https://doi.org/10.1101/2020.02.21.20026229

(4) Others

Proceedings of meetings and symposiums, conference papers:

Chang SS, Liaw L, Ruppenhofer J, (eds) 2000, Proceedings of the twenty-fifth annual meeting of the Berkeley Linguistics Society, February
12-15, 1999: General session and parasession on loan word phenomena. Berkeley Linguistics Society, Berkeley, 12—-13.

Conference proceedings (from electronic database):

Wang T, Cook C, Derby B, 2009, Fabrication of a glucose biosensor by piezoelectric inkjet printing. Proceedings of the Third International
Conference on Sensor Technologies and Applications, 2009 (SENSORCOM-M’09), 82-85.

Online document with author names:

Este J, Warren C, Connor L, et al., 2008, Life in the clickstream: The future of journalism, Media Entertainment and Arts Alliance, viewed May
27, 2009, http://www.alliance.org.au/documents/ foj_report_final.pdf

Online document without author name:

Developing an argument, n.d., viewed March 30, 2009, http://web.princeton.edu/sites/writing/Writing_Center/WCWritingResources.htm
Thesis/Dissertation:

Gale L, 2000, The relationship between leadership and employee empowerment for successful total quality management, thesis, Australasian
Digital Thesis database, University of Western Sydney, 110-130.

Standards:

Standards Australia Online, 2006, Glass in buildings: selection and installation, AS 1288-2006, amended January 31, 2008, SAl Global
database, viewed May 19, 2009.

Government report:

National Commission of Audit, 1996, Report to the Commonwealth Government, Australian Government Publishing Service, Canberra.

Government report (online):

Department of Health and Ageing, 2008, Ageing and aged care in Australia, viewed November 10, 2008,
http://www.health.gov.au/internet/main/publishing.nsf/Content/ageing

No author:

Guide to agricultural meteorological practices, 1981, 2nd ed, Secretariat of the World Meteorological Organization, Geneva, 10-20.

Note: When referencing an entry from a dictionary or an encyclopedia with no author there is no requirement to include the source in the
reference list. In these cases, only cite the title and year of the source in-text. For an authored dictionary/encyclopedia, treat the source as an
authored book.
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*This should be included in the title page and back matter file

This is an optional section where authors can acknowledge people and/or institutions that provided non-financial support and/or helped with
the research and/or preparation of the manuscript. Examples of non-financial support include externally-supplied equipment/biological sources,
writing assistance, administrative support, and contributions from non-authors.
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*This should be included in the title page and back matter file

Authors should declare all financial support and sources that were used to perform the research, analysis, and/or article publication. Financial
supports are generally in the form of grants, royalties, consulting fees and others.

Conflict of interest*
*This should be included in the title page and back matter file

At the time of submission, authors must declare any (potential) conflicts or competing interests with any institutes, organizations or agencies
that might influence the integrity of results or objective interpretation of their submitted works. For more information, see our Conflict of
Interest policy.

Author contributions*
*This should be included in the title page and back matter file

This section should be included in original research articles and review articles. In Materials Science in Additive Manufacturing, we encourage
authors to use Contributor Roles Taxonomy (CRediT) in describing each contributor’s specific contribution to the scholarly output in the
Author Contributions section.

Definitions of each contributor role as per CRediT are as follows:

Contributor role Definition
Conceptualization Ideas; formulation or evolution of overarching research goals and aims.

Data curation

Management activities to annotate (produce metadata), scrub data and maintain research data (including
software code, where it is necessary for interpreting the data itself) for initial use and later re-use.

Formal analysis

Application of statistical, mathematical, computational, or other formal techniques to analyze or
synthesize study data.

Funding acquisition

Acquisition of the financial support for the project leading to this publication.

Investigation Conducting a research and investigation process, specifically performing the experiments, or
data/evidence collection.
Methodology Development or design of methodology; creation of models.

Project administration

Management and coordination responsibility for the research activity planning and execution.

Resources

Provision of study materials, reagents, materials, patients, laboratory samples, animals, instrumentation,

computing resources, or other analysis tools.
Software Programming, software development; designing computer programs; implementation of the computer
code and supporting algorithms; testing of existing code components.
Oversight and leadership responsibility for the research activity planning and execution, including
mentorship external to the core team.
Validation Verification, whether as a part of the activity or separate, of the overall replication/reproducibility of
results/experiments and other research outputs.
Preparation, creation and/or presentation of the published work, specifically visualization/data
presentation.
Preparation, creation and/or presentation of the published work, specifically writing the initial draft
(including substantive translation).
Preparation, creation and/or presentation of the published work by those from the original research
group, specifically critical review, commentary or revision — including pre- or post-publication stages.

Supervision

Visualization

Writing — original draft

Writing — review & editing

Below shows a sample Author Contributions section written based on the CRediT:

Conceptualization: Ali Jackson, Helen Meyer
Investigation: Ali Jackson, Tom Lewis-Hans, Han Xiang
Formal analysis: Han Xiang

Writing — original draft: Ali Jackson

Writing — review & editing: Helen Meyer, Joshua O’Brien

Supplementary files

This section is optional and contains all materials and figures that are excluded from the manuscript. These materials, figures or additional
information are relevant to the manuscript but remain non-essential to readers’ understanding of the manuscript's main content. All
supplementary information should be submitted as a separate file during submission.

Supplementary figures and tables should be submitted in a single, separate supplementary file, and must be numbered, for example, Figure
S1 and Table S1. All tables must be editable (preferably created from Microsoft Word). The acceptable formats of images and illustrations
used in figures are JPEG, PNG and TIFF. Citations of these items must be appropriately referenced in the manuscript in chronological manner,


https://msam.whioce.com/index.php/MSAM/about/editorialPolicies#custom-9
https://msam.whioce.com/index.php/MSAM/about/editorialPolicies#custom-9
https://casrai.org/credit/

for instance, “Additional information can be found in Table S1.” Note the additional letter S helps distinguish the normal from supplementary
items.

Data set file are usually prepared using Microsoft Excel (in XLS or XLSX format).

Videos (MP4 format), with a constituent maximum size of 15 MB, can be uploaded as part of the supplementary file.

Revision and response/rebuttal letter

If the editorial decision for a submission is major revision or minor revision, authors are advised to revise the manuscript (and possibly, the
supplementary files) as per the review reports and resubmit the revision file, including the manuscript, title page and back matter, cover letter,
and response/rebuttal letter, before the due date.

Revisions should be done on the latest version of the manuscript (or in some rare cases, edited manuscript provided by the editor) with the
track change on. The revisions made should be described and/or clarified in the response/rebuttal letter; ideally, explanation about the revisions
should be made clear with the help of page number and line number. If authors do not agree with reviewers’ comments and suggestions, rebut
their points with strong evidence and reasonable arguments.
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Invitation for Special Issue Proposals

Organizing and editing for a Special Issue helps Guest Editors gain
editorial experience and improve academic profile, in addition to
being a part of organizing scientific communication of

contemporary topics.

If you are published researcher and have an idea for a Special
Issue, please write in via email to our Special Issue Commissioning
Editor (felicia_wang@whioce.com). Please provide your CV,
professional profile page and a topic of interest in your email. Our
colleague will guide you in the process of writing a Special Issue

proposal.

Special Issue Alerts

Materials Science in

Additive
Manufacturing

Frequently Asked Questions

1. Are Special Issue submissions processed in
the same way how Regular Issue papers are
being pre-screened and reviewed?

Yes, all full-length article submissions to a
Special Issue will go through the same
editorial and peer-review process. The
distinct difference here is that the Guest
Editors will replace the usual editors and get
involved in the making professional decisions
on papers after peer review. Note that the
specific roles of a Guest Editor could vary
across Special Issues.

2. How many Guest Editors are required to
organize a Special Issue?
There is no fixed number; however, we
suggest no more than 4 Guest Editors per
Special Issue. More importantly, all Guest
Editors should have excellent publication
track records and demonstrated expertise in
the topic(s) being proposed.

3. Is the Special Issue governed by important
deadlines?
Yes.

Benefits of Being A Guest
Editor

A chance to get involved in the conception
and development of a specialty,
contemporary topic that is of interest to the
readers

A chance to expand your professional
network to the scholars and researchers
who are similarly involved in the research of
specialty topic

A chance to hone your editorial skills

A chance to gain first-hand experience of
editing a thematic issue publication, which is
a very valuable experience for those who
aspire to edit their own journal in future

A chance to improve your academic profile
and help establish your academic influence
within your discipline
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The Journal of Clinical and Translational Research is an open access, peer-
reviewed, multidisciplinary scientific journal that publishes studies with at least
an ex vivo, in vivo, or clinical component. The published research is centered on
any clearly defined clinical problem, which may comprise a disease or the basis
of disease, a form of therapy or intervention, and clinical diagnostics or
prognostics. Articles (original research, reviews, technical reports, medical
hypotheses, commissioned articles, special issue articles, and editorials) are
published continuously online. The key features of this journal are:

o  Open access

waysa)

No submission or publication fees
Reputable international editorial board
Easy and fast submissions - no formatting rules (“your paper, your

No word count or reference restrictions

Double blind review process to minimize bias
Rapid online publication of articles upon acceptance
Outlet for academic institutions and industry

PUBLISHING PTE. LTD.

OUR JOURNALS

International Journal of Bioprinting is an international journal covering the
technology, science and clinical application of the broadly defined field of
bioprinting. Bioprinting is defined as the use of 3D printing technology with
materials that incorporate viable living cells or biological elements to produce
tissue or biotechnological products.

We are interested in the scientific topics spanning all stages of bioprinting
process from concept creation to fabrication and beyond. Knowledge
generated in these researches must be related to bioprinting.

The journal publishes original research articles on basic and applied research
as well as associated social implications of this research. The journal also
publishes brief commentaries and reviews. Articles focusing on the practical
applications of 3D-printed products are similarly welcome.

l Clinical and
Translational
Research

Journa

Start a new journal

Write to us via email if you are interested to start a new journal with Whioce Publishing. Please
attach your CV, professional profile page and a brief pitch proposal in your email. We shall inform
you of our decision whether we are interested to collaborate in starting a new journal.

Contact: info@whioce.com
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Publishing Office:

73 Upper Paya Lebar Road, #07-02B-06 Centro Bianco, Singapore 534818
Editorial Office:
34-2B, Jalan Puteri 1/2, Bandar Puteri, 47100 Puchong, Selangor, Malaysia.

msam.editor@whioce.com
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