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Abstract. Recent technological advancements now allow for copper to be
3D printed, opening the doors for this technology to take a greater part in
heat transfer applications. In this study, copper samples were additively
manufactured through a print-debind-sinter process and thermally
characterised in terms of thermal conductivity and specific heat capacity,
and mechanically characterised in terms of Vickers hardness. The
microstructure porosity levels appeared to control the thermal properties
measured, with the thermal conductivity, while the specific heat was
unaffected, while the heat treatment effect caused by the sintering process
appeared to control the Vickers hardness measured.

1 Introduction

The 3D printing of copper and other high thermal conductivity metals using laser beam
techniques struggles as a result of the heat of the laser beam rapidly being conducted away
from the printing site, resulting in severe defects of the print [1]. High thermal conductivity
materials are an important next step in 3D printing, as they will open the technology up to
the field of heat transfer and as such a green laser based system has been developed to print
copper [2], although these are typically prohibitively expensive proprietary technologies.
Beamless 3D printing techniques have thus been investigated to solve this [1], with print-
debind- sinter style methodologies having been developed as a typical cost effective answer
to this problem.

There are a number of print-debind-sinter technologies used to produce more cost-
effective 3D printing of metals than laser-based methods, each with variations on a standard
methodology of suspending metal powder in a matrix that can be removed through a
debinding step, before sintering the powder form to create a solid part. Chemical debinding
processes use a solvent soluble matrix, such as a polyethylene glycol matrix that dissolves in
water [3], so called “catalytic debinding” using gaseous nitric acid in a nitrogen atmosphere
[4] or proprietary solvent [5]. Thermal debinding processes meanwhile use a high-
temperature kiln to melt and sublimate the binder [6, 7].

The thermal sintering processes for the debinded metal powders also varies between
manufacturers, with pure hydrogen or a vacuum required by some [4], while others submerge
the part in sintering carbon to act as a sacrificial shield against oxidation [6].

Furthermore, many of these processes are fairly restrictive, with parts either being sent
away to service providers to perform the debinding and sintering using proprietary
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technologies [4] or require the purchase of multiple pieces of proprietary equipment if in-
house processing is attempted [7]. Thus the user has little control over the process, which is
not ideal for research purposes. This array of proprietary methods thus creates great
uncertainty of the characteristics of the final printed parts and the process influences on them.

However, there are approaches that allow the user to control every step of the process
[6]. The print-debind-sinter process itself can thus be varied, allowing for complete control
to the user and so for research purposes, is a very powerful tool.

Characterisation of the specimens printed with these print-debind-sinter has begun to
appear in literature, which have further highlighted how important process parameters such
as sintering time, temperature and ballast can be on the final properties of the printed part.
Dehdari Ebrahimi and Ju [8] showed that the thermal conductivity and Young’s modulus of
a copper printed specimen can vary between themselves by as much as a factor of 2, while
the yield stress can vary by as much as a factor of 6, all as a result of variations made to the
sintering process. Keraghel, et al. [9] found that hardness of bronze specimens varied by a
factor of up to 2.5 due to changes in the sintering process. This wide range of characteristics
thus shows the need to individually test samples to determine the characteristics that can be
expected from any particular process, especially as these processes are still new and often in
development.

For those processes where the sintering takes place in a sintering carbon and talc ballast
in order to prevent sample oxidation and provide sample support [6] (rather than an inert
atmosphere), no mention has been made in the literature of the effect the ballast has on the
sintering process, such as the rate of inclusion of ballast as impurities within the sintered
sample and the resulting effect on thermal and strength properties.

In this paper, the Vickers hardness, thermal conductivity and specific heat will be
experimentally measured of debind-and-sinter 3D printed copper samples to determine their
particular characteristics. This will serve as a first step in using 3D printed copper in heat
transfer applications for future studies.

2 Methodology

2.1 Copper filament used

The copper filament used is approximately 90 % by weight copper powder, and 10 % by
weight PLA, leading to a final density of the filament to be between 4500 to 4700 kg/m?
[10]. As the density of copper and PLA are estimated as 8940 kg/m? [11] and 1240 kg/m?
[12] respectively, this equates to a volume fraction of the copper of approximately 40 %.

2.2 3D printing process

2.2.1 Printing process

The samples are printed using a Fused Filament Fabrication (FFF) style 3D printer,
where filament composed of copper powder and a polymer matrix (PLA) are extruded to
produce the part.

The only modifications needed to a standard desktop style printer (Ender 5 Plus) was a
0.6 mm hardened steel nozzle to ensure the metal particles within the filament did not wear
the standard brass nozzle away, and a “filawarmer”, which is a tube heater that the filament
is fed through and heats the filament to 60°C to allow for sufficient flexibility of the filament
to prevent breakages as it enters the printer feeder [6].
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2.2.2 Debinding and sintering process

The green 3D printed samples were thermally debinded and sintered to produce the final
sintered part.

The debinding process involves placing the green 3D printed part under a mixture of
aluminium oxide (Al,O3) refractory and sintering carbon within a closed crucible which is
then placed in a kiln. The purpose of the refractory is to provide mechanical support to the
part as the PLA is removed during the debinding process. The kiln had a setpoint of 482°C
with a ramp rate of 55°C/hr, as per the manufacturers instruction [6].

The sintering process involves removing the refractory and replacing it with sintering
carbon. This carbon acts as a sacrificial shield to prevent oxidation from atmospheric oxygen
present in the kiln. The kiln is then set to 1052°C with a ramp rate of 111°C per hour [6].
Once the setpoint is reached, the kiln is held at 1052°C for 5 hours. As this is close to the
melting point of copper, the kiln must have sufficient control capabilities to not significantly
ramp over the setpoint and reach the melting point at 1085°C. It should be noted that if excess
oxygen gains access to the part and overwhelms the sintering carbon, severe oxidation can
occur to the point of part failure.

Once sintering was complete, the kiln door was opened, and the part was allowed to air
cool. The part was then removed, and the sintering carbon was cleaned off with a cloth.

2.3 Samples

Two solid copper reference samples of different grades were produced to test together
with the sintered samples to validate the test equipment. The grades of copper were both
99.9 % pure copper, with hardened CDA 110 copper [13] and half hard C120 copper [14]
used.

Two samples produced with the print-debind-sinter process were used.

2.4 Vickers hardness measurement

The Vickers hardness measurements were conducted with Future-Tec FM-700
microhardness tester, a fully digital tester where a diamond tipped point was pressed into the
sample and the indentation dimensions measured via microscopic inspection through a screen
readout, as per ISO 6507-1:2018 [15].

2.5 Thermal conductivity measurement

The thermal conductivity was measured using a steady state divided bar method, as illustrated
in Fig. 1. A constant heat flux was applied to the top of the sample through a heating element
supplying heat to a heated section, and a heat sink in the form of a cooling section was used
beneath the sample to remove the heat applied. The thermal stack was insulated, and the
temperature gradient was measured, allowing for the determination of the thermal
conductivity of the sample piece. Further details on this measurement can be found in [16].
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Fig. 1. Schematic illustration of the divided bar apparatus for the thermal conductivity tests

2.6 Specific heat capacity measurement

The specific heat capacity was measured using a bomb calorimeter. The test sample was
heated to 96°C in boiling water, and then placed into the insulated bomb calorimeter, which
was at room temperature. The temperature was recorded as the calorimeter came to thermal
stabilisation, and the final temperature was used to calculate the specific heat capacity of the
sample.
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Fig. 2. Schematic illustration of the bomb calorimeter used for the specific heat capacity tests.

2.7 Porosity measurement

The porosity (€) of the sintered samples was calculated as follows
e=1-— Psintered (1)

Preference
Where the density of the reference (preference) and sintered samples (Pgintereqa) Were
calculated from the measured mass and volume of the samples.
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2.8 Modelled results

The thermal conductivity of the sintered part was calculated using the Aivazov and
Domashnev [17] model, developed to predict the conductivity of porous specimens. The
model takes the form of

kporous =1— 1-€ _ (2)
km 1+11€

Where kporous is the effective thermal conductivity of the porous specimen, k., is the
thermal conductivity of the matrix and ¢ is the porosity.

3 Results

3.1 Porosity

The fully sintered samples in this study displayed porosity, as illustrated in Fig. 3. The
unsintered PLA/copper sample, illustrated in Fig. 3 (a), clearly illustrates the composite mix
of the sample, with a PLA matrix (the dark area of the image), which is about 60 % by volume
of the composite, impregnated by copper powder (the bright spots of the image highlighted
by black arrows).

The sintered sample, illustrated in Fig. 3 (b), shows clear porosity with numerous voids.
The print-debind process introduces porosity into the parts, with the printing process not
always able to lay done beads of material close enough to each other to prevent air gaps, as
well as through the debinding process, where the removal of the PLA from the copper-PLA
composite leaves voids in the remaining solid, creating a porous structure. The voids in Fig.
3 (b) appear relatively evenly distributed across the cross-section of the sample and no clear
clumping of voids are visible.

(a) Raw printed part (b) Sintered sample
Fig. 3. Microscopic images of raw and sintered sample

Based on density and volume measurements, porosity of between 20 and 27% for the
samples were calculated. Thus, while the PLA occupies a volume of about 60 % of the
sample, the porosity is approximately half of that value for the sintering conditions used in
this study.

It is well established that the subsequent sintering process is able to influence the porosity
of sintered parts [9, 18], with the sintering time and temperature in particular easily adjustable



MATEC Web of Conferences 388, 08004 (2023) https://doi.org/10.1051/matecconf/202338808004
2023 RAPDASA-RobMech-PRASA-AMI Conference

parameters that can control the porosity to some extent. For example, Dehdari Ebrahimi and
Ju [8] found a porosity of 55 % for their study, despite using the exact same filament, but
different sintering conditions. The magnitude of porosity reduction had been shown for other
sintered powders to approach 0% [19], but this has not been confirmed for this copper-PLA
print-debind-sinter process. No such effort to reduce porosity was made in this study, with
parts sintered for the default amount of time as per the procedure outlined previously in
section 2.2.

3.2 Vickers Hardness
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Fig. 4. Vickers hardness results

The Vickers hardness test results of the CDA 110, C120 reference samples and the
sintered copper samples are illustrated in Fig. 4, with the standard deviation of the sintered
sample measurements displayed as an error bar. Vickers hardness values in literature range
between 90 and 105 for hardened CDA 110 [11], matching well with the measured value of
100. The grade C120 reference sample compares well with literature as well, and as it was a
“half hard” annealed sample, it thus had a lowers Vickers hardness the CDA 110, and it is
typically quoted as having a Vickers hardness of between 75 to 90 [11], which compared
well with the measured Vickers hardness of §3.

The sintered copper had an average measured Vickers hardness of 43, less than half that
of the reference copper samples. This compares closely with the Vickers hardness value of
50 supplied by the manufacturer [20], as well as the hardness’s of annealed coppers, with
values of 50 [21] and 57 [22] found in literature. Thus, the hardness difference can largely be
attributed to the heat treatment process the sintered copper powder undergoes during the
cooling process after the completion of sintering, with the samples air cooled in this study,
as noted in section 2.2.2, by allowing the kiln to cool with the door of the kiln open. This
suggests that in future the final hardness of the part can be significantly influenced by the
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cooling process used once the sintering is complete, similarly noted by Ayeni [23] in their
study of the hardness of bronze 3D printed parts.

3.3 Specific Heat

The specific heats measured and modelled in the study are illustrated in Fig. 5. The reference
C120 copper sample had a measured specific heat of 0.35 J/kgK, which compares well with
the expected value of 0.385 J/kgK [14]. The sintered copper sample had an average specific
heat of 0.37 J/kgK, which is within 3 % of the reference copper sample. Thus, the print-
debind-sinter process had largely unchanged this thermal property. This suggests that the
possible inclusion of impurities from the process, namely the Al,O3 debinding ballast or
sintering carbon, has not occurred to any significant extent.
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Fig. 5. Specific heat capacity results

3.4 Thermal conductivity

The thermal conductivities measured and modelled for the reference and sintered copper
samples are shown in Fig. 6, with the standard deviation of the measured sinter samples
shown as an error bar.
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Fig. 6. Thermal conductivity results

The reference copper samples measured 404 and 364 W/mK, as compared to the
typically quoted literature values of 391 [11] and 388 W/mK [14]. A maximum deviation of
7% was thus found between the C120 measured and literature values, which was considered
satisfactory agreement.

The sintered samples measured on average a thermal conductivity of 185 W/mK, which
is approximately 50 % of the reference samples. Considering that the specific heats measured
of the sintered samples were very close to that of the reference samples, it appears
insignificant inclusions and impurities are present in the sintered copper samples. Instead,
the porosity of the sintered copper samples is thought to be the major influence behind these
differences in thermal conductivity.

Aivazov and Domashnev [17] predicted an average thermal conductivity of 181 W/mK
using the calculated porosities for each sintered sample, which is within 10 % of the measured
thermal conductivities. These modelled results used a model specifically developed to factor
in the influence of porosity on the thermal conductivity of a specimen thus further support
the idea that the lower thermal conductivity can largely be attributed to the porosity.
Considering that porosity is thus considered the driving factor behind the thermal
conductivity reduction, this bulk thermal conductivity should be able to be modified through
the variation of the sintering process parameters, which will vary the porosity produced [9,
18].

4 Conclusion

The porosity, Vickers hardness, thermal conductivity and specific heat capacity of copper
samples printed with a debind-and-sinter style 3D printing process were experimentally
measured and mathematically modelled, as well as reference copper samples for validation’s
sake.

The porosity of the sintered samples was found to be between 20 and 27 %. This porosity
can be adjusted in future tests through varying sintering parameters such as sintering time or
temperature.
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The Vickers hardness of the sintered samples was found to be on average 43, which is
less than half of the 100 of the copper particles used to print the part. This reduction in
hardness is likely due to the annealing taking place as the part cools in the kiln and can thus
be modified if different cooling processes were used.

The specific heat of the sintered samples was measured as 0.366 J/kgK, which was within
3 % of the reference copper samples. Thus, the 3D printing had no significant effect on this
property. This thus suggests that no significant inclusions or impurities were noted within the
sintered sample as a result of the debinding or sintering process, where the part was
submerged in mixtures of aluminium oxide and sintering carbon.

The average thermal conductivity measured was approximately 185 W/mK, about half
that of the reference copper samples measured in this study. This reduction in thermal
conductivity was largely attributed to the porosity of the sintered sample.

The thermal conductivity of the 3D printed sample was about 50 % of a respective
reference copper sample, and the porosity of the samples is considered the primary cause of
the reduction in thermal conductivity. This could be increased in future if the sintering time
is increased so that the porosity is decreased towards zero.
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