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Chapter I: Shrinkage and Deformation Compensation in Metal Fused Filament
Fabrication (MF3) Sintered Copper Components using 3D Scanning and Inverse

Deformation.

Section 1.1. Abstract

Metal Fused Filament Fabrication (MF3) is an emerging additive manufacturing
technology which is gaining popularity due to its non-toxic & cost-effective
materials/manufacturing process. Fused Filament Fabrication (FFF) is an additive manufacturing
technology where material is extruded through a nozzle and deposited layer by layer until a final
part is fabricated. FFF novel technique, namely MF3, involves material extrusion of a filament
blend of metal powder with a thermoplastic binder which is later debinded and sintered to obtain
a fully metal part. MF3 has many applications including medical prosthetics, medical implants,
automobile, aerospace, and sensors. Current challenges involve geometry accuracy after debinding
and sintering. Sintered parts tend to shrink and deform after densification. To characterize and
further compensate for such deformation is key. The present research article involves digitally
scanning the sintered part to generate a stereolithography (STL) file, which is subsequently
compared to the original STL. Later, a pre-distorted inverse deformed model is designed, 3D
printed, debinded, sintered, and scanned which results in a sintered part that is dimensionally

accurate to the original STL.

Section 1.2. Introduction

Fused Filament Fabrication (FFF) is an additive manufacturing technique that extrudes

thermoplastic filament through a heated nozzle, melting it briefly before laying it layer by layer to



create a green part. FFF technology is widely favored due to its affordability, quick processing,
minimal material wastage, user-friendly interface, accurate management of processing parameters,
capacity to manufacture intricate components, and its ability to work with multiple materials [1]
[2] [3]. Despite being a relatively low-cost additive manufacturing process compared to others,
FFF has limited applications in the production of functional parts for global manufacturing efforts.
Several factors contribute to this limitation, including poor part properties, a limited selection of
raw materials, low printing temperature (500°C), size restrictions, and low production rates [4].
Yet, new materials are being developed to overcome the limitations of FFF technology enabling
the fabrication of metals and ceramics components using Metal Fused Filament Fabrication (MF3)

technology [4].

Similarly, to FFF, MF3 is an innovative technique that combines thermoplastic binder with
metal powder to fabricate a composite metal filament that can then be 3-D printed using the FFF
printing technique. Today, commercially available polymeric filaments that are blended with
metallic powders such as Inconel, titanium, bronze, Stainless steel, aluminum, copper and other
metals have made it easy and affordable to fabricate 3D metal objects using off-the-shelf 3D
printers [5]. MF3 fabricated parts that are 3-D printed using FFF without any post-processing are
called green parts. The green part has the binder’s mechanical and thermal properties, and thus
needs to be post-processed to obtain a fully metal part with the mechanical and thermal properties
of the metal. Post-processing involves the printed parts undergoing debinding (brown part) and
sintering (white part) processes to transform them into fully compact metal parts [6]. While metal
additive manufacturing techniques that utilize metal powder, such as Powder bed Fusion (PBF),
Direct Metal Sintering (DMLS), Electron Beam Melting, Binder Jetting (BJ), and Selective Laser

Melting (SLM), can yield superior mechanical properties and offer a wide range of material



selection, they are expensive and challenging to implement due to their high-energy processes,
atmospheric controls to prevent oxidation, and strict powder property requirement for printability
[2] [7]1 [8], [9]. In contrast, MF3 offers the advantages of FFF technology for low-cost, non-toxic,

user-friendly, and low-maintenance for the fabrication of metal parts [2] [10].

As previously mentioned, debinding and sintering are crucial steps in the process. The
debinding process is critical to remove the unwanted polymer matrix from the metal powder.
Debinding in the MF3 process involves heating the printed part until a suitable temperature is
reached where the polymer binder material can degrade and escape the part. As a result, the brown
part is in a very fragile state due to the absence of material which left voids/pores throughout the
brown part [6]. To densify the debinded part, sintering is employed. During the sintering process,
the brown part is subjected to higher temperatures that reaches close to the melting temperature
where fusion happens. This allows the part to almost densify completely [2] [6]. As MF3
technology continues to be studied, there are still many challenges that are present when using this
technology. This work focuses on addressing two primary concerns, the shrinkage/post-
deformation and oxidation that arise in copper MF3 printed parts caused by the debinding and

sintering in air environment.

In additive manufacturing, distortion compensation refers to the process of minimizing and
correcting deformation or warping that happens during the printing or post-processing steps of
objects produced using 3D printing technology [11]. This is crucial if the printed material is to be
precise and adheres to predetermined geometric and dimensional tolerances. To accomplish this,
pre-distorted models are developed to anticipate and account for deformations brought on by the
manufacturing or post-processing of such parts [12] [13]. Variables like material characteristics,

temperature, processing conditions, and printing speed are used to adjust and guarantee that the



final product meets the required specifications. To produce high-quality parts, reduce the need for
machining, and boost the effectiveness of the additive manufacturing process, distortion

compensation is a vital step [14].

Distortion Compensation is often used on high-end additive manufacturing processes such
as Laser Powder Bed Fusion and Binder Jetting which are used to fabricate high precision parts.
These technologies often produce distorted parts due to thermal stresses and high sintering
temperatures [15] [13]. When de-binding and sintering a 3D printed part through binder jetting,
the binder material is first removed through a de-binding process, which involves the removal of
the organic binder material from the green part. Once the binder material is removed, the remaining
part is called the brown part, which is then subjected to a sintering process to fuse the metal powder

particles together to form a solid, dense part [16] [17].

The brown portion must be heated throughout the sintering process to a temperature near
the metal's melting point. As a result, diffusion, and solid-state bonding work together to fuse the
metal particles together. The metal may distort and warp because of this process' heat expansion
and contraction, though. The volume of the fused metal structure will also decrease which may be
made worse by the metal structure's inherent porosity. Further contraction happens as the pores
close, and the amount of shrinkage and deformation depends on how the heat is distributed across
the bulk. Popular software like Simufact Additive or Ansys Additive Suite can be used to create
models that precisely forecast component deformation during the sintering process. These models
can be used to account for the well-known manufacturing and post-treatment impacts on diverse

materials [15] [18] [19].

3D printed copper has a wide range of applications where complex geometries with high

electrical and thermal conductivity are important [5]. To retain the geometry of the sintered part is

4



complicated and several variables are taken into account when the part densifies including
shrinkage, friction, gravity, and buckling [20]. For this purpose, this research proposes to use
sacrificial carbon to shield the green copper part from oxidation in an air environment.
Additionally, an inverse pre-distorted model that employs 3D digital scanning will be used to
evaluate the shrinkage effects and dimensional distortions of a sintered copper reverse U part, with
the goal of generating an inverse pre-distorted STL file that will precisely match the original digital

model dimensionally after sintering.

Section 1.3. Materials and Methods

Section 1.3.1. Materials and equipment

The multicomponent filament was composed of a polymer binder and copper particles. The
copper filament (The Virtual Foundary, Stoughton, WI) had a diameter of 1.75 mm in a 1kg spool
which contained 87.0% - 90.7% metal with a density of 4.8 g/cc - 5.0 g/cc. The 3D printer used to
fabricate the parts was from Raise3D E2 printer (RAISE3D, Irvine, CA) with a print volume of
330 x 240 x 240 mm. Max build plate and nozzle temperature are 110 °C and 300 °C respectively.
The debinding and sintering process was carried out using Deltech Furnace DT-31-FL-8-E3504
Front Load Furnace (Deltech Furnaces, USA) and sintering carbon (The Virtual Foundary,
Stoughton, WI) to shield the part from oxidation. The debinding and sintering was performed at

air environment and the schedules can be seen in table 1.1.

Table 1.1. Debinding and sintering schedule parameters.

Ramp rate Target temperature  Dwell time
Debinding 1 °C/min 482°C 4 hours
Sintering 2 °C/min 1052°C 5 hours



Section 1.3.2. Part fabrication

3D printed parts were designed on Fusion 360 (Autodesk, USA) and sliced using
Ideamaker (version 4.4.0 Alpha) 3D slicer software. This machine has a direct drive extruder with
a brass nozzle which was replaced by a hardened steel nozzle with a diameter of 0.6 mm to prevent
clogging. The test specimen used was a reverse U geometry chosen based on simplicity
and deformation caused by the overhang, thickness, and height. All specimens were printed using
a rectilinear infill pattern with three perimeter shells, and 100% infill density. The reverse U was
printed flat in the printing bed and the reference orientations for deviation can be in figure 1.1.

Printing parameters can be found in table 1.2.

Top view Thickness

30

20

uonIanp
piing

Figure 1.1. Original part dimensions and printing orientation

Table 1.2. Printing parameters

Nozzle Bed First layer Layer Nozzle First layer extrusion
temperature (°C) temperature height (mm) height speed width percentage (%)
(°C) (mm) (m/s)
247 65 0.12 0.2 47 125




To obtain a fully compacted copper part, the 3D-printed green copper part underwent post-
processing which included debinding and sintering. The whole fabrication process can be observed

in figure 1.2.

Raise3D E2 Multi-material Printer

i

Gceode

Create CAD/STL File The Virtual Foundry

Copper Filamet™
— ) >

87% - 90.7% METAL
Density:
4.8g/cc-5.0g/cc.

Printing Temperature:
247°C

Side Top Front

Packing - Shielding Sintering Carbon
R e A After Sintered Sintered Part

N |

Figure 1.2. MF3 manufacturing process schematic

Green Part Post-Processing

| ‘ o

Air environment M [~

Section 1.3.3. Debinding

To perform the debinding process, packing was done by placing the 3D green part inside
an Al20s crucible, subsequently, adding sacrificial carbon (The Virtual Foundary, Stoughton, WI)
to protect the printed parts from oxidation in the ambient air. Additionally, a lid was placed on top
while leaving an opening to limit the amount of carbon that will be used, since less carbon pellets
were exposed. The debinding schedule parameters included a ramp rate of 1°C/min, a target
temperature of 482°C, and a dwell time of 4 hours, as previously stated. The debinding process
facilitates the removal of binder material from the part by heating. Any residual binder material
can be eliminated during the sintering process. The debinding packing process can be visualized

in Figure 1.3.



Sintering Carbon (SC) SC packing

Lid of Al,O; Place cruciblein Furnace

Figure 1.3. MF3 debinding/sintering packing process.
Section 1.3.4. Sintering
The debound parts underwent sintering, employing a ramp rate of 2°C/min, a target
temperature of 1052°C, and a dwell time of 5 hours. Once sintered, the parts were cooled to room
temperature under ambient air conditions. Similarly, the sintering packing process is followed in
the same way as the debiding packing process. A schematic of the debinding/sintering process can
be seen in Figure 1.4.

o Copper Particles
PLA Particles

Debinding Sintering
at 482°C Brown Part at 1052°C

Final Part
Green Part

Figure 1.4. MF3 debinding and sintering manufacturing process schematic



Section 1.3.5. Characterization
To analyze the density, grain size, microstructure, composition, and geometrical accuracy
of the sintered parts, several characterization techniques were employed, including Gravimetric

analysis, metallography, Optical Microscope, X-Ray Diffraction (XRD) and digital scanning.

Section 1.3.5.1. Density analysis

An Archimedes Principle-based apparatus equipped with a TDKO03 kit and a Sartorius
model QUINTIX613-1S (Thermo Fisher Scientific, Waltham, MA, USA) was utilized to
determine the density of the sintered specimens. The density was calculated by measuring the
weight of the part in air and water (in accordance with ASTM Standard B962-15) [21]. All sintered

samples underwent debinding and were subjected to the same heating schedule.

Section 1.3.5.2. X-Ray Diffraction

X-Ray diffraction (XRD) analysis was performed on 3 different sintered copper surfaces
to assess the shielding effectiveness of sintering carbon. X-ray diffraction (XRD), using CuKa
radiation on a DISCOVER diffractometer (Bruker, Boston, MA, USA) was used to perform the

analysis.

Section 1.3.5.3. Optical Microscope

Optical microscopic images were obtained using digital imaging with a VFX-970F
Keyence Digital Microscope (Keyence, Itasca, IL, USA). The samples were analyzed at a
magnification ranging from 20-500X and porosity area was measured with the Keyence measuring

tool.



Section 1.3.5.4. Metallography

The metallographic sample was prepared by grinding the sample at 180 grit paper to 600
grit. The polishing media used was Monocrystalline Diamond Suspension, which was done in
three steps starting with 6 um, 3um and 1um. Potassium Dichromate etching for 15-20 seconds
revealed the microstructure of the MF3 Copper. Subsequently, the Olympus Optical Microscope
GX53 (Olympus Corporation, Japan) was used to obtain the micrographs. The average grain size
was calculated using equation 1 and determined through the line intercept method, which was
measured by avoiding the pores to attain the most accurate value. A comparison of pore size
relative to the microstructure area was conducted for pore size analysis. Pore size analysis was
done using ImageJ software by converting the image type to 8-bit mask, adjusting the threshold to

black & white then using the analyze particles option.

Total line length

Average Grain Size =
g # of intercepts

Section 1.3.5.5. Digital scanning

To achieve the purpose of this investigation, the distortion compensation process was
carried out. After the sintering process, the printed part is taken out of the furnace and scanned
with the Shinning 3D EinScan-SP Desktop, which generates an STL file. The STL is then imported
into the GOM Inspect software, which provides a comparison between the nominal CAD model
with the desired dimensions and the 3D scan. This software enables the observation of the
distortion compensation and stress behavior under the debinding and sintering temperatures. By
analyzing these stresses and distortions, the required displacements to correct for deviations from
the nominal CAD model can be determined and applied to a new CAD model, which is modified

using software such as Fusion 360. The modified CAD model is then reprinted, undergoes the
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sintering process again, and the cycle is repeated to evaluate the new deviations as seen in Figure
1.5. The findings obtained were subsequently assessed to evaluate the geometrical accuracy and

properties of the sintered parts.

%" Analyze
Sinter Scan measure
Printed Model Sintered Part
Compensate and
creates new STL model Sinter @
I I the same
Compared scan to New Printed Model Sintered Part

original digital file

Figure 1.5. Digital scanning schematic. Printed model (1), sintered part (2), scan (3), compared

scan to original digital file (4), inverse compensated printed model (5), and sintered part (6).

Section 1.4. Results and Discussion

Section 1.4.1. Density Analysis

To evaluate the efficiency of the sintering process, gravimetric analysis was conducted on
reverse U sintered parts with 100% infill, and their densities were recorded, as illustrated in Figure
1.6. The results showed that the average density of the sintered reverse U parts was 7.88 g/cm3,
which is lower than the ideal fully dense copper at room temperature (8.96 g/cm3), but is consistent

with literature on sintered copper parts [22]. During the debinding process, the binder melts and evaporates
exiting the part which leaves gaps and pores in the sintered part which leads to lower densities [23]. The

lower densities observed in the original sintered part can be attributed to higher distortion, which resulted
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in more internal voids. Overall, the sintered parts achieved densities ranging from 7.65 to 8.03 g/cm3, which

are consistent with dense sintered copper parts [24].

Density Analysis

0
2 3 4

Original Sintered 1

Density (g/cm3)
N w H (6] o)) ~

[EEN

Figure 1.6. Density measurements of sintered reverse U iterations.

Section 1.4.2. Optical Microscope

Digital images were captured at magnifications ranging from 20-500X to evaluate the pore
size and microstructure of the sintered specimens. Porosity is a critical quality factor that has a
direct impact on the mechanical properties of the samples [25]. While mechanical properties are
not the main focus of this study, it is important to note that porosity can affect the density of the
sintered part and contribute to additional defects such as warping, shrinkage, and deformation after

sintering.
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Lens: ZS20:X20

Figure 1.7. Digital optical microscope image at 20-200X magnification. Reverse U green part.

Particle measurements.

Table 1.3. Reverse U green part particle size diameter and area analysis.

Particle ) . . Particle .
Particle Particle Area Particle Particle Area

Number Diameter (um) (Lm”2) Number Diameter (um) (Lm”2)

1 41.53 1280.16 6 63.67 3212.75

2 55.72 2450.12 7 62.88 3062.44

3 22.77 371.57 8 455 1636.61

4 22.55 385.53 9 72 4043.71

5 71.2 3881.47 Average 50.87 2258.26

Figure 1.7. displays a microscopic image of the reverse U-shaped green part with minimal
porosity, as the pores are filled with the thermoplastic matrix that maintains the integrity of the
body. The porosity of the green body can be attributed to various factors such as defects, nozzle
size, printing parameters, lack of extrusion multiplier, and resolution of the 3D printer, which may
result in porosity between adjacent layers [23]. In addition, particle diameter was measured which
ranged from 22.55 um to 71.2 um. Particle sizes and corresponding areas measured can be
observed in table 1.3.
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Figure 1.8. Digital optical microscope image at 20-200X magnification. Cross section of Reverse

U green part.
In addition, the cross section of a green body was investigated and can be seen in Figure
1.8. The cross section shows the copper particles suspended in the thermoplastic binder matrix;
however, the thermoplastic is smeared due to the sample being cut with a diamond saw. The
thermoplastic being ductile causes it to smear across the sample. Moreover, copper particles of
comparable sizes are visible, akin to those depicted in Figures 5 and 6. Finally, uniform dispersion

of copper particles can be seen throughout the entire 3D-printed component.

Figure 1.9. showcases the microstructure, pore sizes, and pore areas of the sintered reverse
U sample. The observed porosity in the micrographs is attributed to the printing parameters and
the debinding/sintering schedule. In printing parameters, the porosity of the sintered body can be
controlled to some extent by adjusting the infill percentage parameter in the gcode. Ait-Mansour
et al., demonstrated the strong correlation between infill percentage and the sintered part [26]. For
instance, setting the theorical infill percentage to 50% can result in a density of 55%, whereas
100% theorical infill percentage can achieve a density of 80-85%. This supports the reason for

observing minimal porosity since 100% infill was utilized. Porosity attributed to debinding is
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explained by [27] [28]. The process involves two stages: initially, the internal pressure of the liquid
polymer increases, causing it to flow from the interior to the outer surfaces, where it degrades and
escapes; subsequently, the remaining liquid polymer in the interior continues to degrade into vapor
and flows to the outer surfaces via convection and diffusion [23]. Due to the mechanism at which
the polymer escaped the part, provides the porosity and voids that can be seen. In addition,
sintering ramp rate and set temperature play an important role in the densification of the part [23].
Table 1.4. shows the recorded pore sizes and areas at two different magnifications: 200 and 500X,
respectively. The pore size diameter recorded ranged from 5.42 um to 21.21 um with an average

pore size diameter of 15.44 um. Lastly, the presence of sintering carbon used in the process may

explain the black glossy surface observed in some of the pores.

Figure 1.9. Digital optical microscope image at 20-500X magnification. Reverse U sintered part.
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Table 1.4. Reverse U sintered part pore size diameter and area analysis.

Magnification: 200x Magnification: 500X
Pore Pore Diameter Pore Area Pore Pore Pore Area Pore Pore
Number (um) (Lm”™2) Number Diameter (Lm”™2) Number | Distance
(um) (um)
1 9.64 73.66 7 13.11 115.47 1 16.51
2 15.81 165.59 8 15.60 154,52 2 17.92
3 16.00 208.51 9 17.71 202.42 3 23.07
4 16.2 173.07 10 20.01 296.85 4 16.7
5 14.53 165.87 11 21.21 318.17 5 13.73
6 20.03 276.08 12 5.42 32.95 6 19.72
Average 15.44 181.93 Average 17.94

Section 1.4.3. Metallography

The green part of the sample has not undergone sintering, resulting in the presence of
metallic particles within the polymer matrix. The blurriness of the images is due to the
microscope's inability to capture the depth of the pores. Copper particles can be seen surrounding
the polymer matrix or binder that is observed in Figure 1.10.[a-b]. After sintering, a drastic change
in the morphology of the Mf3 part can be examined in Figure 1.10.[c-d]. The as-polished condition
will not reveal any grains until it has been etched, only porosity is seen in these images, hence
porosity analysis is ideal in this microstructural state. These micrographs demonstrate the
formation of twin boundaries common in FCC structures that have a mirror image on the same
crystal lattice seen in Figure 1.10.[e-f] [29] [30]. This statement is supported with the XRD FCC
structure of the copper. Sintering leads to incomplete visibility of grains, resulting in the formation
of partial-like grains due to coalesced particles, ultimately leading to pore formation [31] [32].
Porosity is typically inversely related to grain size as sintering time and temperature has a

significant effect on pore formation [33] [34]. In addition, a major drawback of sintering is the
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high porosity percentage that leads to undesired mechanical properties. But it can be managed by
altering the parameters of the sintering process. By using ImageJ and narrowing down the pores
by selecting the threshold and particle analyzer in Figure 1.10.[g-h], the pore size data was then
automatically tabulated. The average pore size is 27.1um, the pore count is estimated at 167414.1

hence the total average pore area relative to the entire microstructure is 18.12%.
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Figure 1.10. a) Green part at (100x), b) Green part at (200x), ¢) As-polished condition

of Sintered Copper microstructure at (100x), d) As-polished condition of Sintered Copper
microstructure at (200x) e) Sintered Copper microstructure at (100x), f) Sintered copper
microstructure at (200x), g) Porosity analysis in the as-polished condition at (100x), f) Porosity

analysis in the as-polished condition at (200x)
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Table 1.5. Average Grain Size, using line intercept method.

Line Line Length # of Average
Intercept (um) Intercepts Grailrrln ?ize
1 353.26 7 48.12
2 239.74 8 48.85
3 230.93 4 54.58
4 321.88 8 64.60
5 252.11 3 47.32
6 290.55 6 46.18
7 265.77 6 50.92
Total Average 2044.23 42 48.67

The average grain size due to the coalescing nature of particles during the sintering process
showed to have an Austenitic microstructure that have similar resemblance to classic copper
microstructures. The average grain size calculations had to be done avoiding the pores best as
possible to attain an accurate measurement. By using seven-line intercepts, 74 grains were

intercepted along the total line length of 3756.19 um, resulting in an average grain size of 50.76

pm.

Section 1.4.4. X-Ray Diffraction

Three different XRD analysis were conducted for each individual surface of the sample to
view the crystallinity phases dependent on post-process treatment. Figure 1.11. shows three
different surfaces of sintered Cu samples which have individually been treated differently. Figure
1.11.ashows an image of a sintered Cu surface which was polished using a DREMEL 4000 (Robert
Bosch Tool Corporation, Mt. Prospect, IL) to remove all the impurities left in the surface of the

sintered part. The XRD results show crystallinity peaks of Cu in 26 43, 50, and 74° which represent
19



(111), (200), and (220) for crystalline orientations respectively and are standard for Cu results that
are sintered [35]. Figure 1.11.b shows the surface of a sintered unpolished sample that was
untouched after sintering showing XRD results with small oxidation peeks forming in 26 35.5°
corresponding to crystalline orientation of (-111) that occur during the preheating energy during
sintering [36]. Figure 1.11.c shows an image of a heavily oxidized Cu surface which shows a
visible indication of oxidation as the printed part was placed in a crucible where a sintered copper
part had previously been oxidized. XRD analysis in Figure 1.11.c shows an increase in the peak
of Cu oxidation which is caused from higher temperature exposures to the material while the
sintered part is exposed to the contaminated oxidized surface [37]. A second small peek is seen
forming around 26 38.8° from the continuation of high temperature exposure made the part into a

crystalline layer of cupric oxide (CuO) at the cost of a cuprous oxide (Cu20) phase [38].
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Figure 1.11. XRD patterns of 3D printed sintered parts showing different faces. Polished (a),

unpolished (b), and oxidized surfaces (c).
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Section 1.4.5. Geometry analysis and distortion compensation

Distortion compensation in FFF (Fused Filament Fabrication) is a process used to
counteract the warping or deformation that occurs during the printing of parts using FFF
technology. This is due to the cooling and contraction of the melted plastic material as it is
deposited layer by layer [39]. However, in this study, the FFF printed parts are subjected to
sintering due to the composite characteristics of the material, only the metal component, copper,
is desired from the filament used for printing. Parts are subjected to de-binding and sintering
processes to eliminate the polymer component and achieve the optimal properties of copper; this
distortion compensation is used to reduced shrinkage and warping from the post-processing
procedures such as in the case for Binder Jetting. Borujen et al. developed an algorithm that
compensates for sintering deformations and shrinkage for binder jetting sintered parts with a 3%
tolerance level. The team analyzed the deformation and shrinkage of five different geometries:
cube, window, reverse-U, frame, and Z structure. The study considered factors such as
densification, gravity, friction, and buckling of walls [40]. In contrast, our study presents a
methodology to minimize shrinkage and warping deformations in MF3 sintered parts by using

inverse pre-distortion from 3D scanned sintered reverse U parts.

Finally, our study provides a detailed exploration of shrinkage and distortion in MF3
sintered parts. Figure 1.12. provides a visual comparison of the original green part, the sintered
part, and three iterations of the reverse compensation process. Each iteration aimed to reduce the
deviation from the original digital file caused by sintering deformations and shrinkage. The
comparison helps to illustrate the effectiveness of the methodology in minimizing deformation and
shrinkage in the sintered parts. The iterations were repeated until the deviation percentage was

within an acceptable range of less than 6%.
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Figure 1.12. Inverse pre-distortion model iteration process results from original to iteration 3.

The gradient in Figure 1.13. represents the deviation in mm of the part compared to the
digital file. The red gradient indicates an increase in distance or deformation, while the blue
gradient represents negative values for shrinkage. Figure 1.13.a illustrates that the printed green
part has already deviated from the digital file with an increase in distance. Figure 1.13.b
demonstrates that the deviation has changed from an increase to a decrease due to shrinkage that
happened from the sintering process. In Figure 1.13.c, the first iteration of the process resulted in
an overall deviation of 1.39 mm increase and -1.32 mm decrease. In Figure 1.13.d, the second
iteration showed an increase of 1.72 mm and a decrease of -2.39 mm. These changes can be
attributed to a reduction in part deformation and warping, as well as the implementation of the new
pre-distorted part. It is possible that the pre-distorted part had more defects compared to the
previous iteration print, which could have contributed to the observed deviations. However,
overall, these changes resulted in less shrinkage in the print-head direction. Finally, the deviation
was reduced by reverse compensating the distance in the print-head direction in the pre-distortion

model, resulting in an increase of 0.81 mm and a shrinkage of -0.68 in Figure 1.13.e. This
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optimization was achieved by carefully adjusting the pre-distortion model, particularly in the print-

head direction, to reduce deformation and warping in the part.

To gain a better understanding of deviation in each printing orientation, a comprehensive
study was conducted. All iterations were digitally scanned and analyzed with GOM inspect.
Multiple points were created per printing orientation with the deviation label tool, and areas were
selected where the most severe deformations or distances were observed. Then, the data were
exported to a CSV file, averaged, and statistically analyzed in Excel. Figure 1.14. shows the
geometry deviation comparison from the original CAD in all three printing orientations (i.e. print-
head, print-bed, and build directions). The deviation analysis of the original green part revealed
high deviation values of 3.34%, 21.89%, and 6.16% in the print-head, build, and print-bed
directions, respectively. These values indicate that significant deviation was already present in the
green part before sintering. After sintering, the deviation values shifted towards shrinkage,
resulting in values of -8.54%, -25.94%, and -9.71%, respectively, which is typical for sintered
parts. The first pre-distortion iteration substantially reduced the deviation values, with -5.43%, -
5.88%, and 2.39% for the print-head, build, and print-bed directions, respectively. However, in the
second iteration, the deviation values fluctuated, and the only improvement achieved was a
reduction of -3.74% in the build direction, while the deviation increased for the print-head and
print-bed directions by -6.76% and 2.51%, respectively. The third and final iteration of the pre-
distortion process significantly minimized the deviation percentage in the print-head and print-bed
directions to 1.82% and 1.50%, respectively, while increasing the deviation in the build direction
to 5.28%. This increase in the build direction deviation can be attributed to the interlayer gaps

created during the printing process [40].
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Figure 1.13. Maximum/minimum distance, mean, and standard deviation of reverse U Original

stl vs scanned sintered part. Original vs green part [ISO Standard view X+ Y- Z+] (a), original vs
original sintered part [ISO Standard view X- Y- Z+] (b), original vs first iteration [ISO Standard
view X+ Y- Z+] (c), original vs second iteration [ISO Standard view X- Y- Z+] (d), and original

vs third iteration [ISO Standard view X+ Y- Z+] (e).
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Figure 1.14. Deviation percentage of compared by iteration from the reverse U STL.

Section 1.5. Conclusion

Based on the experimental and statistical results presented in this study, several conclusions

can be drawn:

o Overall, the sintered parts achieved densities ranging from 7.65 to 8.03 g/cm3, which are
consistent with dense sintered copper parts.

o Particle diameter was measured which ranged from 22.55 um to 71.2 um.

o The pore size diameter recorded ranged from 5.42 um to 21.21 um with an average pore
size diameter of 15.44 um.

o The total average pore area relative to the entire microstructure is 18.12%.

o The total average grain size obtained was 50.76 pm.

o The XRD results show crystallinity peaks of Cu in 20 43, 50, and 74° which represent
(111), (200), and (220) for crystalline orientations respectively and are standard for Cu results that

are sintered.
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o CAD vs the iteration showed a deviation of 1.82%, 5.28%, and 1.50% for the print-head

direction, build direction, and print-bed direction, respectively.

Our findings show that deformation and shrinkage of MF3 sintered parts can be controlled
by 3D scanning, comparing to the digital model, creating a reverse deformation compensated part.
Moreover, we employed sacrificial carbon during sintering to shield the printed part from

oxidation, which has proven to be an effective method for reducing post-processing costs.
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Chapter Il: Electrochemical Conversion of Pollutants to Value-Added Products Using 3D

Printed Metal Fused Filament Fabrication (MF3) Parts

Section 2.1. Abstract

Metal fused filament fabrication (MF3) is a rapidly growing additive manufacturing
technology that enables the creation of complex metal parts with high accuracy and precision.
Copper, a highly conductive metal with various applications in industries such as electronics and
aerospace, is a promising material for MF3. In this study, we investigated the use of MF3 copper
parts to fabricate copper electrodes for CO2 electrochemical reduction. We examined the post-
processing manufacturing process of debinding and sintering to obtain fully 3D printed copper
parts in an air environment. Our results demonstrate that MF3 copper parts have high porosity,
providing a larger active surface area that is suitable for nitrate reduction and results in the
production of ammonia. These findings hold great potential for the use of copper in additive

manufacturing and other advanced manufacturing applications.

Section 2.2. Introduction

Fused Filament Fabrication (FFF) is an additive manufacturing method that uses a heated
nozzle to extrude thermoplastic filament, melting it briefly before depositing it layer by layer to
form a green part. FFF is a popular technology because it is affordable, allows for quick processing,
minimizes material wastage, has a user-friendly interface, allows for precise control of processing
parameters, can create intricate components, and can work with a range of materials [1] [2] [3].
Although Fused Filament Fabrication (FFF) is a cost-effective additive manufacturing process, it

has limited applications for producing functional parts on a global scale. This is due to several
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factors such as poor part properties, limited raw material selection, low printing temperature, size
restrictions, and low production rates. These limitations can impact the overall quality, complexity,
and scalability of the parts being produced. Despite these challenges, FFF remains a popular choice
for rapid prototyping and small-scale production in certain industries. There are ongoing efforts to
address these limitations and expand the potential applications of FFF in the future [4]. New
materials are currently under development to overcome the limitations of FFF technology. This
includes Metal Fused Filament Fabrication (MF3) technology, which allows for the fabrication of

metal and ceramic components [4].

The MF3 technique is an innovative approach that uses a combination of thermoplastic
binder and metal powder to create a composite metal filament suitable for 3D printing using FFF.
This technique allows for the creation of various metal objects such as Inconel, titanium, bronze,
stainless steel, aluminum, copper, and other metals using commercially available polymeric
filaments blended with metallic powders. This approach has made it affordable and convenient to
produce 3D metal objects using readily available 3D printers [5]. Metal additive manufacturing
techniques, such as Powder Bed Fusion (PBF), Direct Metal Sintering (DMLS), Electron Beam
Melting, Binder Jetting (BJ), and Selective Laser Melting (SLM), offer a wide range of material
selection and superior mechanical properties. However, they are challenging to implement and
expensive due to their high-energy processes, strict powder property requirements for printability,
and the need for atmospheric controls to prevent oxidation [2] [7] [8], [9]. Compared to other metal
additive manufacturing techniques, MF3 offers several advantages such as low cost, non-toxic
materials, user-friendly interface, and low maintenance requirements [2] [10]. Making this
technology useful where high mechanical properties are not the focus. It is well-known that

additive manufacturing is highly dependent on the specific application and is not suitable for all
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manufacturing needs. Therefore, we utilized MF3 copper to produce cost-effective electrodes with

high porosity suitable for CO2 electrochemical reduction, with copper acting as the catalyst.

In recent years, researchers have explored the use of FFF for electrochemical reduction,
which involves converting a pollutant like carbon dioxide into valuable products such as methane,
ethylene, and methanol, by using conductive composites to generate 3D-printed electrodes for
energy storage and electrochemical analysis [41] [42]. Copper is a highly conductive metal that
has been identified as a promising catalyst for CO2 or nitrate electrochemical reduction. In this
context, the use of MF3 copper electrodes to evaluate the efficiency and selectivity of copper as a
catalyst for CO2 or nitrate electrochemical reduction has attracted significant interest. The
advantages of MF3 technology include its low cost, ease of use, and capacity to produce parts with
high porosity, which provides a higher active surface area suitable for CO2, or nitrate

electrochemical reduction.

Carbon dioxide (CO») electrochemical reduction is a promising method for converting CO-
emissions into valuable chemicals and fuels. This technology has the potential to not only reduce
greenhouse gas emissions but also provide a sustainable source of feedstocks for the chemical
industry. As countries around the world work to meet their emissions reduction targets and
transition to a low-carbon economy, CO2 electrochemical reduction technology could play a
significant role in supporting global economic growth [43] [44]. Currently, 36.8 billion metric tons
are being generated annually in 2022 [43]. Furthermore, as the demand for renewable energy
sources increases, the development of this technology could drive the growth of a new industry,
creating jobs and economic opportunities [45]. In addition, ammonia is also a highly valuable
chemical product that is very important in energy/industrial applications with an annual production

of 175 million metric tons reported in 2019 [46]. In this study, we will be assessing the sintering
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process of MF3 3D printed parts under air environment conditions by using sacrificial carbon to
shield the part against oxidation while also evaluating the electrochemical reduction of COg,

nitrate, and reversible hydrogen electrode (HER) reactions.

Section 2.3. Materials and Methods

Section 2.3.1. Materials and equipment

The copper filament (The Virtual Foundary, Stoughton, WI) used in this study has a
diameter of 1.75 mm in a 1kg spool which contains 87.0% - 90.7% metal with a density of 4.8 g/cc
- 5.0 g/cc. The 3D printer used to fabricate the parts was from Creality CR5-PRO High
Temperature model (Creality 3D Technology Co, SZ, CHN) with a print volume of
300x225x380mm. Max build plate and nozzle temperature are 110 °C and 300 °C respectively.
The debinding and sintering process was carried out using Deltech Furnace DT-31-FL-8-E3504
Front Load Furnace (Deltech Furnaces, USA) and sacrificial carbon (The Virtual Foundary,
Stoughton, WI) to shield the part from oxidation. The debinding process was performed at air
environment conditions at a ramp rate of 1 °C/min and dwell time of 4 hours at 482 °C. The
sintering schedule was conducted at air environment at a ramp rate of 2 °C/min and dwell time of

5 hours at 1052 °C.

Section 2.3.2. Electrochemical measurements

The electrochemical measurements were performed using potentiostat SP-150e from Bio-
logic (Seyssinet-Pariset, France), in an H-type electrochemical cell. The working electrode in this
study was a copper MF3 electrode, while a platinum wire served as the counter electrode, and a
commercial mercury/mercury oxide acted as the reference electrode. The 3D printing and

debinding/sintering process were utilized to control the active surface area exposed. The cathode
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and anode compartments were each filled with a specific solution to facilitate either CO2 reduction
or nitrate reduction. For CO2 reduction, a 0.5M solution of potassium bicarbonate (KHCO3) was
added to both compartments, and CO2 gas was purged for 30 minutes. Nitrate reduction was
facilitated by a solution of 1M sodium hydroxide (NaOH) and 0.1M sodium nitrate (NaNO3),
which was added to both compartments, and N2 gas was purged for 30 minutes. Measurements of
all potentials were referenced to the reversible hydrogen electrode (RHE). Cyclic voltammetry
(CV) was performed using a scan rate of 10 mV/s and Linear Sweep Voltammetry (LSV) was
performed using a scan rate of 2 mV/s. Following the voltametric experiments, the current density
was determined at a specific potential, which corresponded to the midpoint potential in either the

positive or negative sweep of the cyclic voltammogram.

Section 2.3.3. Part fabrication

Mf3 parts were designed using Fusion 360 (Autodesk, USA) and sliced using Ultimaker
Cura version 4.11.0 (Ultimaker B.V., USA) 3D slicer software. The printing parameters used can
be found in table 2.1. In addition, printed parts were printed at several gyroid infill densities
ranging from 10% to 100% infill densities. The gyroid infill pattern was selected for its ability to
generate internal porosity, which varies based on the infill percentage. For the copper electrode, a
60% infill percentage was chosen to ensure structural integrity and to maximize the exposed
surface area, which is critical for the electrochemical reduction reaction. The printed parts were
then post-processed through debinding and sintering. The complete fabrication process can be

observed in Figure 2.1.

Table 2.1. Printing parameters

Nozzle Bed First layer Layer Nozzle First layer extrusion
temperature temperature  height height speed width percentage
247 °C 80 °C 0.12 mm 0.2 mm 40 m/s 125 %
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Figure 2.1. MF3 manufacturing process schematic for copper electrode.

Section 2.3.4. Debinding

The debinding packing process was carried out by placing the printed parts in a Al203

crucible, depositing sacrificial carbon (The Virtual Foundary, Stoughton, WI) inside the crucible,

and allocating a lid on top of the crucible while leaving an opening as seen in figure 2.2. The

sacrificial carbon was added to shield the green printed part from oxidation in air environment and

the AlI203 lid was used to limit the consumption of carbon during the process. As mentioned, the

debinding schedule parameters were ramp rate, target temperature, and dwell time being 1 °C/min,

482 °C, and 4 hours respectively. The debinding process allows the binder material to exit the part

by heat. Any residual binder material can be later removed during the sintering process.
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Figure 2.2. MF3 debinding packing schematic.
Section 2.3.5. Sintering
The debound parts were then sintered using a ramp rate of 2 °C/min, target temperature of
1052 °C, and a dwell time of 5 hours. The sintered parts were then cooled to room temperature in
air environment conditions. The sintering packing process was performed identically to the

debinding packing process.

Section 2.3.6. nTopology

Structures that prioritize a high surface area are best suited to optimize the reduction of
nitrates and CO2. Thus, triply periodic minimal surface (TPMS) structures were identified as a
prime candidate for this purpose. TPMS structures are defined by trigonometric functions, and
result in zero mean curvature with a high surface area [47]. Many TPMS structures exist, but the
gyroid function was utilized due to the high surface area coupled with the macropores of the lattice.
TPMS structures have been shown to optimize piezoelectric properties [48], mechanical properties
[49] and thermal properties [50]. To generate the TPMS structure, a commercial software known
as nTopology (New York, USA) was employed. This software enables efficient and streamlined

generation of complex structures. To generate the novel gyroid cube, a 32 mm?® was created. Next,
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the TPMS block was used to generate the TPMS structure. To prioritize the macro pores, the mid-
surface offset was altered, resulting in a structure with a minimum feature size of 0.74 mm. Lastly,
the structure was given a base through a Boolean union, meshed, and exported as a STL file. The
structure may be seen below in Figure 2.3., without its base. The TPMS gyroid lattice was later

3D printed and sintered.
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Figure 2.3. Implicit body of Offset TPMS structure
Section 2.3.7. Characterization
Various characterization techniques were utilized to investigate the density, grain size,
microstructure, and composition of the sintered components. These techniques encompassed
Gravimetric analysis, Optical Microscopy, Scanning Electron Microscopy (SEM), and X-Ray

Diffraction (XRD).
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Section 2.3.7.1. Density analysis

The density of the sintered specimens was determined using an Archimedes principle-
based apparatus equipped with a TDKO03 kit and a Sartorius model QUINTIX613-1S (Thermo
Fisher Scientific, Waltham, MA, USA). The weight of the part in air and water was measured in
accordance with ASTM Standard B962-15 [21]. All sintered samples underwent the same heating

schedule and debinding process.

Section 2.3.7.2. X-Ray Diffraction
To evaluate the effectiveness of sintering carbon for shielding purposes, X-ray diffraction
(XRD) analysis was conducted on the sintered copper part. The analysis was carried out utilizing

a DISCOVER diffractometer (Bruker, Boston, MA, USA) with CuKa radiation.

Section 2.3.7.3. Digital Optical Microscope

Digital imaging was utilized to obtain optical microscopic images using a VFX-970F
Keyence Digital Microscope (Keyence, Itasca, IL, USA). The samples were examined at
magnifications ranging from 20-500X, and the porosity area was measured using the Keyence

measuring tool.

Section 2.3.7.4. Scanning Electron Microscope

Scanning Electron Microscope (SEM) was utilized to obtain microscopic images using a
Phenom ProX desktop SEM (Thermo Fisher Scientific, Achtseweg Noord 5, 5651 GG Eindhoven,
The Netherlands). The SEM micrographs of sintered structures with different gyroid infill

percentages were examined, and the microstructure was evaluated to check interparticle bonding.
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Section 2.4. Results and discussion

Section 2.4.1. Density analysis

The gravimetric analysis was conducted to evaluate the efficiency of the sintering process.
Green 3D printed parts with different infill percentages were later sintered and analyzed as seen in
Figure 2.4. and 2.5. Different infills percentages were evaluated to maximize active surface area
for the 3D sintered parts. The different infill percentages of the green parts are shown in Figure
2.4. Infill percentages ranging from 10 to 50% were put in a crucible and were sintered together.
60 to 100% were sintered together in a different crucible. Different shapes were used to identify
the sintered parts after the sintering process. The 10 to 30% infill percentages were fragile
specimens after sintering and their partial broken structure can be seen in Figure 2.5. In addition,
polishing was performed on these specimens to remove any remaining impurities from the surface.
The results showed that the sintered parts had an average density of [6.95 g/cm3] which is lower
than traditionally manufactured copper at room temperature with a density of 8.96 g/cm3 [22]. In
Figure 2.6., densities ranging from 80 to 100% infill show a decrease in density. This can be
attributed to the printing process, where gaps can be created between the interconnect layers where
the material is deposited, resulting in defects and voids that contribute to lower density. Similarly,
the debinding process creates interconnected channels as the binder material degrades and exits
the part, leading to voids and a decrease in part density [23]. Nevertheless, the amount of porosity
induced due to the infill percentage used and the printing/debinding/sintering process can translate
to higher surface area exposed. This indicates that the sintering process was effective to fabricate
semi-dense copper parts, which can increase the reaction rate and efficiency for the

electrochemical reduction of CO> and nitrate [51] [52].
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Figure 2.5. Different sintered structures ranging from 10-100% gyroid infill percentage. 10% (a),

20% (b), 30% (c), 40% (d), 50% (&), 60% (f), 70% (g), 80% (h), 90% (i), and 100% (j).
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Figure 2.6. Density of the sintered infill percentages and electrode density.

Section 2.4.2. X-Ray Diffraction

The XRD analysis was conducted to evaluate the crystallographic structure of the sintered
parts. The XRD pattern showed diffraction peaks corresponding to the crystallographic planes of
the metal used in the printing process as seen in figure 2.7. Results show Bragg reflection angles
at 20 0f 43°, 50°, and 74° and crystal orientations of (111), (200), and (220) respectively [53]. The
absence of any other phases or impurities in the XRD pattern indicated that the sintering process
was successful in producing a pure metal microstructure. These characteristic peaks confirm face-
centered cubic (FCC) copper phase without oxidation or other impurity phases during sintering
[54]. This analysis proves that using sacrificial carbon is an effective method to fabricate these

MF3 copper parts in air environment with no indication impurities or crystallinity phase changes.
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Figure 2.7. XRD patterns of sintered copper.

Section 2.4.3. Digital Optical Microscope

Figure 2.8. shows the microstructure of a sintered part which followed the same sintering
schedule as the copper electrodes. Pore areas were measured and a table with average pore size
can be seen in table 2.2. As previously mentioned, the porosity of this sample was induced by the
printing parameters, debinding, and sintering schedules. The average pore size diameter found in
the sintered part was 48.9 um. Furthermore, the observed pore size is similar to that achieved in
another study by Mohammad Qasim Shaikh, who used the MF3 method with 59 volume % of Ti-
6Al-4V, where they achieved an average pore size diameter of approximately 50 um [55]. Yet,
porosity in MF3 sintered parts is highly dependent on the debinding and sintering schedule. A low
ramp rate during debinding allows the binder material to heat, melt, degrade, and evaporate,

relieving internal pressure and resulting in lower porosity and deformation. Similarly, a lower ramp
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rate during sintering can also contribute to densification of the part [23]. In Figure 2.9., a cross-
section of the sintered part can be examined. The cross-section was obtained using a diamond
blade, but due to the friction and melting during the cutting process, most of the cross-section was

lost, giving the appearance of a polished surface.
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Figure 2.8. Digital optical microscope image at 20-100X magnification of sintered part.

Table 2.2. Sintered part pore size diameter and area analysis of Figure 3.7.

Pore |Pore Diameter| Pore Area Pore |Pore Diameter| Pore Area
Number (um) (um”2) Number (um) (um"2)
1 52.51 2146.25 14 65.98 3315.27
2 83.19 5112.44 15 51.4 2068.68
3 21.37 263.97 16 35.05 917.98
4 26.43 519.32 17 35.7 863.03
5 39.91 1279.99 18 35.64 995.55
6 27.9 580.74 19 58.48 2633.25
7 36.59 943.83 20 39.94 1207.81
8 30.68 730.5 21 29.39 583.97
9 39.74 1199.19 22 39.88 1209.96
10 91.43 6593.91 23 39.41 1232.59
11 70.19 3879.85 24 34.63 842.56
12 75.34 4357.15 25 56.75 2512.58
13 29.62 686.33 Average 45.89 1867.1
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Figure 2.9. Digital optical irscopiage at 20X magfication of a cross-section of the
sintered part.

Figure 2.10. shows the pore size analysis of a sintered part with 60% infill, with
corresponding data presented in Figure 2.12. The measured pore size ranged from 7 to 22.5 um.
Figure 2.11. illustrates the microstructure and porosity, and the corresponding data is shown in
Figure 2.13., with pore sizes ranging from 7.5 to 21 um. The pore length of the copper sintered
electrode with 60% infill was evaluated in Figure 2.14, with the void length ranging from 0.2 to
0.64 mm. These findings suggest that the porosity in our sintered parts is consistent and
independent of the infill percentage of the printed part. All sintered parts underwent debinding and

sintering at the same temperatures, and ramp rates, therefore having the same pore size diameter.
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Figure 2.10. Digital optical microscope image at 20-200X magnification of sintered part with

60% infill.

Figure 2.11. Digital optical microscope image at 20-200X magnification of sintered part with

90% infill.
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Figure 2.12. Pore size diameter analysis of sintered part with 60% infill.
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Figure 2.13. Pore size diameter analysis of sintered part with 90% infill.
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Figure 2.14. Void length analysis of sintered copper electrode with 60% infill.

Section 2.4.4. Scanning Electron Microscope

The SEM analysis was performed to evaluate the surface morphology of the sintered parts.
Figure 2.15. displays cross-sectional images of metal fused filament fabricated prints for multiple
infill densities. The metal FFF printed parts were studied by increasing the infill density and
observing the effects the printing parameter had on its microstructure. In Figure 2.15., the different
printed shapes indicate a different infill percentage, where the hexagon indicates a 30% infill
density, the circle indicates a 40% infill density, and the square and octagon represent a 60% and
90% infill density, respectively. The increase of gyroid infill percentages resulted in the increase
of microstructure density, as anticipated. The micrographs revealed that the sintered parts had a
semi-dense microstructure with a lot of pores which provides great potential for electrochemical
CO2 reduction activity [56]. In literature, it has been reported that the pores seen in microstructures
can enable electron transfer and diffusion needed for electrochemical reactions [57]. The sintered

parts also showed fair interparticle bonding [58], indicating that the sintering process was
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successful. Interparticle bonding was characterized as the necking of two spherical particles that

are fused together through heat treatment [59].

The importance of achieving good interparticle bonding is due to the influence the
microstructure integrity has on the specimen’s mechanical performance. Poor interparticle bonding
can lead to defects in the print, as well as poor mechanical features such as tensile or compressive
strength. Tosto et al studied the mechanical properties of FFF printed polymer/metal hybrid prints
and analyzed the green and sintered parts using SEM [60]. The micrographs of the hybrid prints
showed that the green parts displayed voids and poor interparticle bonding that can result in
mechanical failure. Atatreh et al. also investigated the integrity of metal FFF produced parts by
analyzing their tensile properties based on infill design [61]. The SEM images showed that the
failure modes observed on the tensile tests were contributed to porosity from using the triangle
infill patterns versus a solid-filled part. In the case of the micrographs shown in Figure 2.15., the
90% infill density metal parts are anticipated to outperform the other specimens in terms of
mechanical properties. Although the 90% infill percentage may exhibit better mechanical
performance, this is not necessarily the case for electrochemical activity, where the 60% infill
percentage may be more favorable due to its higher exposed surface area which increases the
number of active sites available while also facilitating mass transport of reactants, leading to
increased reaction rates and efficiencies [52]. However, the nature of the relationship between
surface area and reaction rate depends on the specific electrochemical system that is being

examined under specific operating conditions.
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Figure 2.15. SEM micrographs of sintered structures with different gyroid infill percentages. 30
% - 200 um (a), 50 um (b), 40% - 200 um (c), 50 um (d), 60% - 200 um (e), 50 um (f), 90% - 200

um (g), 100 um (h).
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Section 2.4.5. Electrochemical reduction of CO2 - CO and NOs - NH3

The electrochemical reduction of CO, to CO and NOs to NH3 is a complex process which
has 2 major challenges. A variety of intermediate products are expected in the desired potential
range, which can compromise selectivity towards the target product, and high overpotentials favor
competing hydrogen evolution reactions at the available active sites [62]. When analyzing the
cyclic voltammetry data presented in Figure 2.16., it is apparent that the reduction and oxidation
reactions show selectivity at a potential of -0.9 V vs RHE [63] [64]. These results are evaluated in
conjunction with other reduction reactions, such as the hydrogen evolution reaction (HER) and
nitrate reduction, to assess the selectivity of the copper electrode. In Figure 2.17., the HER reaction
exhibits a lower selectivity compared to the CO> reduction results, indicating that while these
reactions are competitive, the CO- reduction shows higher selectivity than HER. On the other hand,
Figure 2.18. shows that nitrate reduction exhibits a higher affinity and increased reduction and
oxidation, indicating higher selectivity over CO: reduction and HER. Nitrate reduction is
promising to produce ammonia. Ammonia is a versatile molecule with numerous applications in
the energy industry [65]. It can be used as a fuel for power generation in combustion engines,
resulting in the production of environmentally friendly byproducts such as nitrogen and water [66].
Additionally, ammonia contains 17.6wt% of hydrogen, making it an ideal medium for hydrogen
storage and transportation [67]. Other applications of ammonia include its use in the production of
fertilizers, plastics, and as a means of carbon capture and storage [68] [69]. Thus, possessing a

higher affinity for ammonia remains advantageous in this context.
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Figure 2.16. Voltammogram of the reversible CO2 reduction of a 0.5M KHCO3 using MF3
sintered copper catalyst, at a scan rate of 10mV/s; Linear Sweep Voltammetry: 2mV/s. CO2 gas

purged for 30 minutes. [LA-UR-23-23587] [70]
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Figure 2.17. Voltammogram of HER of a 0.5M KHCO3 using MF3 sintered copper catalyst, at a
scan rate of 10mV/s; Linear Sweep Voltammetry: 2mV/s. N2 gas purged for 30 minutes. [LA-
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50



04
-50 4
-100 -
<
£-150 -
5
& -200
>
(.) B
-250 ——C Cycle 1
1 — Cycle 2
-300 Cycle 3
1 —— Cycle 4
-350 - Cycle 5
T T T T T T T T T T
-0.8 -0.6 -0.4 0.2 0.0

Potential vs RHE (V)

Figure 2.18. Voltammogram of the reversible nitrate reduction of 1M NaOH + 0.1 M NaNO3
using MF3 sintered copper catalyst, at a scan rate of 10mV/s; Linear Sweep Voltammetry:

2mV/s. N2 gas purged for 30 minutes. [LA-UR-23-23587] [70]
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Section 2.4.6. nTopology

The study analyzed the dimensional differences between the implicit model, green body,
and sintered body. Figure 2.19.b shows the printing orientation. The implicit body measured 32
mm, 32 mm, and 32.25 mm in the print-bed, print-head, and build orientation, respectively. The
green body measured 32.18 mm in the print-bed, 31.78 mm in the print-head, and 32.22 mm in the
build orientation. The sintered model measured 31.08 mm in the print-bed, 30.96 mm in the print-
head, and 28.68 mm in the build orientation. The deviation from the shrinkage was calculated by
comparing the measurements of the digital vs green and digital vs sintered. The deviation between
the green part and the original part was -0.09% in the build direction, 0.56% in the print-bed, and
2.44% in the print-head. The deviation between the sintered part and the original part was -11.07%

in the build direction, -2.88% in the print-bed, and -3.25% in the print-head.

The shrinkage in all directions from the implicit body to the green body may be explained
through the resolution of the printer being limited to 0.6 mm due to the nozzle diameter. The high
shrinkage experienced on the sintered part on the build direction is due to defects and interlaying
gaps caused by the layer-by-layer deposition nature discussed in the density analysis. Nevertheless,
nTopology greatly reduces the time required to design complex structures such as TPMS. This
significantly materializes the ability to utilize design for additive manufacturing (DfAM)
principles, specifically through lattice optimization. This has been shown to enhance mechanical
and thermal properties [5]. Employing nTopology can streamline the DFAM pipeline, as it offers
simple yet diverse lattice options as well as a suite of simulation software. DFAM, nTopology, and
MF3 were combined to fabricate a structure that would be impossible to design conventionally,

exploiting the microporosity for electrochemical reduction. Finally, the lattice structure was able
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to maintain its structure without any major warping or deformation. This enables complex

structures to be fabricated with very specific surface area.

uonoalip
pling

Figure 2.19. nTopology TPMS gyroid lattice structure meshed in nTopology (a), printing

orientations (b), Green 3D printed part (b), and sintered part (c)
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Section 2.5. Conclusion

This study presents several conclusions that can be drawn based on the experimental and

statistical results:

o Overall, the sintered parts achieved densities ranging from 5.12 to 7.72 g/cm3, which is a
good indicator for higher active surface area while retaining part integrity.

o The XRD results show crystallinity peaks of Cu in 20 43, 50, and 74° which represent
(111), (200), and (220) for crystalline orientations respectively and are standard for Cu results that
are sintered.

o The pore size diameter recorded ranged from 7 to 22.5 um with an average pore size

diameter of 12.5 um.

o Fair interparticle bonding which indicates that the sintering process was successful.
o The total average grain size obtained was 50.76 pum.
o The electrochemical reduction of CO2 using MF3 copper electrodes demonstrated

promising results, with comparable performance to what has been reported in the literature.
o The MF3 copper electrodes exhibited a higher affinity for nitrate reduction, which is

promising for ammonia production.

Our findings show that MF3 is suitable to manufacture copper components that have a

complex porous microstructure that are suitable for CO2 and Nitrate reduction.
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