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Abstract: With the development of the aerospace and automotive industries, high heat exchange
efficiency is a challenge facing the development of various industries. Pure copper has excellent
mechanical and physical properties, especially high thermal conductivity and electrical conductivity.
These excellent properties make pure copper the material of choice for the manufacture of heat
exchangers and other electrical components. However, the traditional processing method is difficult to
achieve the production of pure copper complex parts, so the production of pure copper parts through
additive manufacturing has become a problem that must be overcome in industrial development.
In this article, we not only reviewed the current status of research on the structural design and
preparation of complex pure copper parts by researchers using selective laser melting (SLM), selective
electron beam melting (SEBM) and binder jetting (BJ) in recent years, but also reviewed the forming,
physical properties and mechanical aspects of pure copper parts prepared by different additive
manufacturing methods. Finally, the development trend of additive manufacturing of pure copper
parts is also prospected.

Keywords: pure copper; additive manufacturing; selective laser melting; selective electron beam
melting; binder jetting

1. Introduction

Copper and copper alloys are widely used in industry due to their excellent physical
and chemical properties, such as thermal (400 W/(m-K)), electrical (58 x 10 S/m) and
corrosion resistance properties [1-4]. However, the physical properties of copper and
copper alloys are seriously affected by impure particles [5,6]. Pure copper material can
avoid the influence of impure particles, thus providing more stable physical and chemical
properties [7]. Due to its high thermal conductivity, electrical conductivity and machinabil-
ity, pure copper is widely used in aerospace, automotive and electric fields [8]. In particular,
pure copper is one of the main raw materials for heat exchangers and radiators, because of
the high thermal conductivity [9-11]. In recent years, with the rapid development of the
manufacturing industry and the electrical industry, the requirements for the geometrical
complexity of the structure have gradually increased [12]. Traditional production methods
are difficult to realize the processing of complex structures [13-15]. Recently, the technology
of additive manufacturing(AM) can perfectly solve the problem that complex parts are
difficult to produce [16-18].

During the last decades, AM technology developed rapidly. National Aeronautics
and Space Administration (NASA) spent a lot of time researching additive manufactur-
ing techniques [16]. The AM technology is expected to become the dominant processing
method, in combination with computer aided design (CAD) [19,20]. AM is a technique in
which materials are stacked layer by layer to form a part [21,22]. In recent years, with the
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development of AM technology, many processing methods have been proposed, such as
extrusion, melting, light curing and spraying, etc. [23]. In general, the heat sources used
in additive manufacturing are laser beam and electron beam [24-26]. Two powder bed
fusion (PBF) techniques are the main stream of AM [27], selective laser melting (SLM) and
selective electron beam melting (SEBM) respectively [28]. In addition, there are many other
additive manufacturing methods, such as binder jetting (BJ) [29], laser metal deposition
(LMD) [30] and ultrasonic additive manufacturing (UAM) [31]. Recently, additive manufac-
turing technology has been widely used in steel, copper, titanium and other metal materials
processing and manufacturing [10,32]. Lehnert et al. [33] studied the microstructure and
mechanical properties of high-alloy quenching and partitioning TRIP steel, which was
processed by EBM. RANEY®-type copper catalyst for methanol synthesis was manufac-
tured by laser metal deposition (LMD). This is the work of HefSelmann et al. [34]. The
microstructure and properties of Ti-6Al-4V fabricated by low-power pulsed laser directed
energy deposition had been researched by Tan et al. [35]. Sridharan et al. [36] studied
the forming mechanism of UAM additive manufacturing technology. They analyzed the
microstructure of the Al-Ti joint produced by UAM additive manufacturing technology
and observed the texture evolution. They concluded that the joint forming mechanism of
UAM additive manufacturing is the formation of severe shear deformation at the interface.

Pure copper has excellent physical and chemical properties, so researchers spend a lot
of energy on additive manufacturing of this material [37]. At present, a variety of additive
methods have been selected by the researchers for pure copper additive manufacturing to
study the microstructure and properties. Walkera et al. [24] used SLS to produce copper
parts and analyzed their microstructure and mechanical properties by comparing the
analysis data with that of other additive manufacturing parts, the parts produced by
SLS after a homogenization treatment. The mechanical property of the samples showed
that the strength and ductility were close to those of the sample produced using other
techniques. Zhong et al. [30] produced the additive parts of pure copper by LMD. After
analysis and verification, the Cu,O precipitation phase was found in the parts, which
were manufactured in an environment of unprotected gas. Due to the presence of the
nano-sized CuyO precipitation phase, the microhardness of the sample was obviously
improved. Raab et al. [38] produce pure copper parts via SEBM. By testing the thermal and
electrical conductivity, the impure particles are found to have a bad effect on the physical
and chemical properties. No matter what kind of additive manufacturing method is used to
produce the parts, the main purpose is to ensure the physical and chemical properties of the
parts are in good shape. In order to further improve the performance of the parts, various
post-processing methods were tested, such as abrasive polishing and hot isostatic pressing
(HIP) [19,25]. In the process of additive manufacturing, the tested also found many factors
affecting the performance of pure copper parts, but few reviews have summarized them.
Therefore, this paper will use PBF additive manufacturing techniques to introduce the
performance of its production components.

The aim of this paper is to review the status of pure copper additive manufacturing
and performance evaluation of the additive parts. This article reviews the structural design
and forming control of pure copper parts manufactured by additive manufacturing with
SLM, SEBM and B]J technologies. The mechanical properties and physical properties of the
formed parts are evaluated. In addition, the factors affecting the performance differences
are discussed. The prospects and challenges of additive manufacturing pure copper parts
are also proposed. The study of additive manufacturing pure copper via SLM, SEBM and
BJ was shown in Table 1.



Coatings 2021, 11, 740

30f30

Table 1. Study on additive manufacturing of pure copper SLM, SEBM and B]J.

Scanning

Layer

Electric

Thermal

Tensile

Micro

Method Po‘x}rer Speed Thickness Hatch E/“ergg' Def;sny Conductivity Conductivity Strength Hardness .Grams Year/Ref.
W mmss) (um) (m) - (fma) %) (%IACS) (W/(m-K)) (MPa) mv)  Stzelm)
300 400 30 50 500 84 - - - - -
800 400 30 90 741 98 88 L£2 336 £7 - - - 2019 [39]
800 400 30 70 952.38 98 86 +3 329 +£11 - - -
600 200 30 90 111.1 98 83+3 317 £ 12 - - -
800 300 50 25 2133.3 95.7 - - - - -
800 300 50 40 1333.3 95.9 - - - - -
800 300 50 50 1066.67 95.5 - - - - -
800 300 50 75 711.1 96.4 - - - - - 2018 2]
800 300 50 100 533.3 96.6 - - - - -
800 300 50 120 444 .4 96 - - - - -
195 400 30 80 203 83.01 £ 0.13 - - - - 15-75 2017 [5]
190 400 20 60 395 82 - - - 61.48 - 2019 [40]
500 400 30 90 462.96 98.8 89 - 270 93 - 2020 [7]

SLM 200 400 30 80 208.3 99.1 &+ 0.5% - - 248 £8.5 84 +42 - 2020 [9]

200 100 50 120 333.3 88.1 - - 149 - - 2016 [10]
200 300 45 50 296.3 85.8 50.3 - - - 5-50 2019 [27]
800 300 50 100 533.3 96.6 - - - - - 2020 [37]
125 2000 30 20 104.2 64.1 - - - - -
100 600 30 20 277.78 69.3 - - - - -
75 300 30 20 416.67 69.5 - - - - - 2018 [41]
150 900 30 20 277.78 71 - - - - -
75 900 30 20 138.89 63 - - - - -
725 400 30 120 503.47 98 39 - 125 £ 11 - - 2019 [1]
650 1000 30 120 180.5 94.7 - - - - -
600 1500 50 97 - - - - - 2018 [42]
200 35 10 91.2 - - - - - 2016 [43]
800 600 50 100 266.67 96.74 - - - - - 2014 [44]
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Table 1. Cont.

Scanning

Layer

Electric

Thermal

Tensile

Micro

Method P?xf ' Speed Thickness I;Iatcil (E/“ergg’ De(r;suy Conductivity Conductivity Strength Hardness SGrams Year/Ref.
(mm/s) (um) Hm Jimm®) %) (%IACS) (W/(m-K)) (MPa) (HV) ize (um)
275 250 50 100 220 99.5 94 403.55 - - -
450 500 50 100 180 99.5 - - 177 £ 3.3 - -
600 1000 50 100 120 99.5 - 408.27 - 56.6 + 2.53 - 2018 [4]
850 1500 50 100 113 ; 100 411.89 ; 55.5 + 1.64 -
1100 2000 50 100 110 99.5 100 385.64 - 57.8 + 1.55 -
SEBM - 3000 50 100 80 99.831 96.24 400.1 - - ; 2016 [38]
450 500 100 99.5 - ) 231.6 + 5.4 ; - 2020 [28]
- 3000 50 100 0.275 99.5 - - - - 10-50 2015 [45]
- 80 - - - - - - - 88 60 2011 [46]
- - - - - 99.32 97 390 76 ) - 2014 [47]
- - - - - 77.7 51.72 2457 £4.7 82.0 + 5.3 - -
- - - - - 82.4 63.79 256.5 + 4.4 129.3 + 0.9 - 24.1
- - - - - 83.6 65.52 262.3 + 8.2 1158 £9.2 . 223 2019 [45]
- - - - - 85.8 63.79 2663+185 1353 +137 - 34
- - - - - 90.5 81.03 2935+ 55 1449 - 134
- - - - - 97.3 89.65 3279 £7.1 1764 + 6.5 ; 25.8
BJ - - - - - 75.22 - 247.26 7.67 - -
- - - - - 84.44 - 291.28 35.04 - -
- - - - - 94.6 - 310.78 56.53 - -
- - - - - 93.92 - 297.14 4171 - - 2020 [49]
- - - - - 82.64 - 271.12 30.77 - -
; - - ; ; 87.7 - 278.1 24.29 . -
- - - - - 92.61 - 294,51 45.85 - -
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2. Pure Copper Additive Manufacture Methods

PBF technology is a common technique in 3D printing, which can be divided into two
types according to different heat sources [50-52]. Additive manufacturing technologies
with laser as heat source include SLS, SLM, etc., and with electron beam as heat source
include SEBM, EBDM, etc. [53,54]. SLM and SEBM account for 82% of the total PBF.
The ASTM/ISO 52900 standard had defined the PBF technology [55]. This standard
specifies that the thickness of the powder layer is between 20 and 100 pm, which is cut
into layer by layer in a CAD model and then printed into a 3D part under the action of
heat source [56-58]. In this section, the research status of two most representative PBF
technologies (SLM and SEBM) is introduced in detail. At the same time, we will also
introduce a technology similar to PBEF, namely BJ technology. The basic principle of this
technology is similar to that of PBF technology. The biggest difference is the way to obtain
finished parts. This technology will be described in detail later.

2.1. Selective Laser Melting

SLM technology is a kind of PBF additive manufacturing technology, which takes
laser as the heat source [59-62]. In the SLM process, the additive results are affected
by parameters, such as laser power, defocusing amount (spot size), scanning trajectory,
scanning speed, layer spacing, etc. [63-65]. A schematic diagram of SLM technology is
shown in Figure 1 [59]. After focusing the laser light on the XY scanning mirror through the
lenses, the position of the laser light is adjusted by the deflection of the XY scanning mirror.
The parts are sliced by CAD model and printed layer by layer. After each layer is finished,
the powder layer is relaid by leveling roller [17,66]. SLM technology has many advantages,
such as fast processing speed, high process flexibility and high material utilization rate,
which make SLM technology widely used [14,67]. Therefore, pure copper parts produced
by SLM technology are used in various fields. Wang et al. [68] used SLM technology to
produce pure copper hydrophobic layer on steel surface. In this study, due to the high
flexibility of SLM technology, coatings with a contact angle as high as 160° and sliding
angle as low as 3.9° were successfully produced.

Lenses

s
e .

L 4 f—XY chnmng mirror

aser Laser beam

Leveling roller / zser

Powder feed Powder bed

Feed piston
Build chamber’
Build piston

Feed piston
Powder feed

Supply
Figure 1. Schematics of additive manufacturing (AM) by selective laser melting (SLM). Reproduced
with permission from [59], Elsevier, 2017.

Pure copper has the advantage of excellent physical properties, but also has the
extremely high reflectivity on laser in molten state and liquid state [28,38]. Commercially
available SLM devices use lasers with wavelengths in the range of 1000-1100 nm. Within
this range, however, pure copper reflects as much as 98% of the laser [26,28]. Many
scholars have pointed out the harm of laser reflection. In the study of Jadhav et al. [39],
they subjected the optical coating to unprotected exposure for 12 h while a laser with a
wavelength of 1080 nm was repeatedly scanned over a 90% reflectivity copper substrate.
The damage of optical coating after 12 h reflection is shown in Figure 2. The image shows
the apparent peeling of the coating, which demonstrates the damage done to the optical
elements by the reflected laser. In addition, high reflectivity also leads to energy loss,
resulting in insufficient heat input. In order to solve the problem of insufficient heat input
caused by laser reflection, the researchers have taken different approaches, such as using
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high-power single-mode fiber laser [8,42], use other wavelength or frequency laser to
increase the absorption rate [69] or other elements added in the powder to increase the
absorption rate of laser [1].

Figure 2. The damage to the optical mirror. Reproduced with permission from [39], Elsevier, 2019.

Copper can absorb laser wavelengths of 515 nm more easily than 1000 nm. The
absorption rate of metal to the laser is up to 25-40% [1,5,28]. Therefore, adopting green
laser as copper SLM 3D printing energy can reduce the need for laser energy and provide
focusing accuracy. In the research of Prasad et al. [69], in order to maintain the necessary
heat input, compared with additively manufactured aluminum, steel and titanium, they
use the largest power (1 kw) and the smallest speed (0.1 m/min). Other researchers are
developing SLM technologies for blue and red lasers, but not much research has been done
on pure copper [70,71].

2.2. Selective Electron Beam Melting

SEBM technology as another PBF technology, its principle is basically the same as
SLM technology [4,25,72]. As shown in Figure 3, SEBM technology also builds part models
by means of 3D modeling, and then produces them layer by layer through selective
melting of electron beams [73-75]. Different from SLM technology, the heat source used
by SEBM is electron beam, and the influence of electron beam through electromagnetic
coils makes the electron beam select the change of melting region [76-78]. In addition,
SEBM technology has many advantages, such as: High vacuum, which avoids oxidation of
parts during manufacturing; Low reflectivity, which makes it suitable for processing high
reflectivity materials; In most cases, there is no heat treatment because the SEBM additive
requires preheating of the substrate; Higher power can be used to ensure higher processing
rates [79,80].

Applicationof a
new powder layer

£ A 1

Heating Lowering of the
L platform

'

P
5

Figure 3. The SEBM process. Left: Process chamber. Right: 4-step process for building one layer.
Adapted from [25], Maney Publishing, 2016.
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At present, SEBM technology is applied in various fields, such as artificial skeletons,
aerospace and so on [76,78]. The SEBM technology will be very suitable for the processing
of high reflectivity materials due to the different ways in which materials reflect electrons
and photons [81]. Therefore, SEBM technology can solve the problem of high reflectivity
of copper in molten state. It has attracted the attention of many researchers. Moreover, in
the case of pure metal additive manufacturing, it is sensitive to the influence of pollutants,
especially the influence of oxygen on the performance of parts [82-84]. The technology
of SEBM can avoid the influence of oxygen in the environment because it is carried out
in a vacuum condition [85]. However, the oxidation of pure copper powder is inevitable
during transportation and storage. Guschlbauer et al. [28] have done research on this. They
produced parts by using powders with different oxygen content and studied the effect of
oxygen content on the performance of parts. Finally, it was proved that excessive oxide
content will cause cracks and other defects, which will seriously affect the performance of
the parts.

2.3. Binder Jetting

BJ technology, a type of additive manufacturing technology, originated in the 1990s
from the Massachusetts Institute of Technology [86-88]. B] additive manufacturing technol-
ogy is based on PBF technology, but there are some differences in equipment [89]. Figure 4
shows the schematic diagram of BJ technology. We can see that the printing system is
made up by a printhead, a powder spreader, a heating lamp, and a print feed bed [86].
The printing process is the main difference between BJ technology and other additive
manufacturing technologies [90]. When the powder is laid on the printing bed, unlike
PBF technology, the print head will not emit a high-energy beam according to the planned
path to melt the powder, but spray the binder. Then the heating lamp will move to the
position where the binder was sprayed for heating and curing [90,91]. When the bonded
parts were depowdered, the parts were placed in a high temperature furnace for sintering
and pyrolyze the binder [92].

Powd Heating
oo lamp Provide new powder

Printhead spreader

Printed part

T A

. O

= [

==
Printing Powder feed
bed < bed
Binder curing v Spread powder layer
S

e

— —=

Binder printing

Figure 4. The schematics of BJ-AM process steps. Reproduced with permission from [86], Springer-
Nature, 2018.

With the development in recent years, BJ technology has been widely used in various
materials, such as metals and ceramics [93]. In the current research, additive manufacturing
of metals attracts more attention. The BJ technology has been applied to copper, iron,
aluminum and other pure metals and alloys [88,90]. Wheat et al. [87] have studied the
effect of titanium alloy powders with different particle sizes on the density change of parts
produced by BJ additive technology. It is found that the density of the parts with finer
particle powder changes greatly after sintering, which also means that a large anisotropy
will be produced. In the research of Gonzalez et al. [89], the characteristics of ceramic parts
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made by BJ additive technology are discussed. Finally, parts with a relative density of
up to 96% are obtained, which creates opportunities for B] technology to be applied in
medical fields. BJ additive technology develops rapidly due to its special advantages [48].
Compared with common PBF technology, it has the following advantages: 1. There is
no size limit for production parts; 2. No supporting structure is required; 3. Wide range
of applicable materials, no need to pay attention to physical properties such as melting
point reflectivity of materials, and can be mixed with different materials; 4. Low price
of equipment, no need to close the cavity; 5. Low powder requirements [19,93]. The
special processing technology of B] additive technology is suitable for the processing of
high reflectivity materials and provides a new option for the processing of pure copper
additives [48,93]. As early as 2015, Bai et al. [29] explored the feasibility of producing pure
copper components with BJ additive technology. The article talks about the changes in
density, shrinkage and tensile strength of parts produced by different powders. Finally,
the complex structural parts as shown in Figure 5 were obtained by adjusting the process
parameters. The maximum density of parts manufactured by BJ additive technology is
85.5%. The density of parts produced by BJ additive manufacturing technology is too
low, so the tensile strength of parts is lower than that of pure copper parts produced by
traditional processing methods. The density ratio is low due to the addition of a large
amount of binder during the production of parts via BJ additive manufacturing technology.
During the sintering process, a large number of holes are left after the binder is heated and
decomposed, thereby reducing the density of the part [94]. At the same time, the existence
of pores reduces the performance of the part.

Figure 5. Complex-shaped copper made via binder jetting. Adapted from [19], MDPI, 2019.

3. Performance of Pure Copper 3D Printed Parts
3.1. Structure Design

The rapid development of AM technology provides a new method for manufacturing
complex structural parts, and it has attracted extensive attention of researchers due to its
advantages of high material utilization rate and high degree of freedom [95-97]. After more
than 20 years of development, AM technology can produce complete parts without special
tooling and expensive traditional processes, and has penetrated into various industries,
such as construction, medicine, automobiles, aerospace, etc. [11]. The principle of AM
layered manufacturing can simply create complex channels inside a part, increasing the
surface area of the part. Pure copper has good thermophysical properties, so it is very
attractive for heat exchanger applications [42,98].

The excellent thermophysical properties of pure copper combined with the ability
of AM technology to manufacture complex parts have attracted more attention from
researchers [11,99]. Tang et al. [62] used SLS additive technology to produce complex pure
copper parts with a density of 76% and a surface roughness of 1621 um, which could not
meet the standard of use. The SLS additive technology is only the sintering of powder
rather than the complete melting of powder, so it is unavoidable that the density does not
reach the required value. The researchers therefore focused on the SLM additive technique
by completely melting the powder. In the research of Gradla et al. [16], it was mentioned
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that NASA used GRcop-alloy to manufacture channel-cooled combustion chambers and
passed the test, the part reached the standard that can be used. Compared with pure
copper, copper alloy has better processability but worse performance, so the research on
additive manufacturing a complex structure of pure copper is more attractive. In the
study of Constantina et al. [13], complex pure copper components were fabricated by
SLM technique. The heat sink produced by the authors is shown in Figure 6, in which
Figure 6a is the commercial heat sink for comparison with other heat sinks manufactured
by SLM. After comparative testing, it is found that the heat dissipation effect of the same
form of heat sink is similar to the commercial, and the heat dissipation effect of the helix
and bent tubes heat sink is better. It is worth mentioning that the bent tubes heat sink
has a pore diameter of only 1 mm and a wall thickness of only 300 um. This result also
provides a new idea for micro additive manufacturing. For example, Wang et al. [68] used
SLM additive technology to produce nanoscale surface coatings, which provided a new
method for the production of surface hydrophobic layers. Although the technology of
pure copper additive using laser as a heat source is developing continuously, there are
still some problems. For example, in the research of Gu et al. [100] and Zhu et al. [101],
the influence of powder spheroidization during laser processing is mentioned, and the
spheroidization of powder will affect the surface forming condition of parts. In the study
of Sinico et al. [73], the influence of powder particle size distribution on forming parts was
mentioned. In this paper, the parts with forming density of 98.1% were obtained by using
powder with particle size range of 10-35 pum, and by comparing with powder with particle
size range of 15-45 um, it was found that the forming density of fine powder was higher.
Although there have been many studies on the production of pure copper parts through
SLM additive manufacturing technology in recent years, it is still a challenge to produce
crack-free and dense parts [10,39].

COM Columnar 8|

i

5
b
E
3
o
S
©
e
£
a

G

Printed helix

=

Printed tubes

Figure 6. Top and side view photos (a) a commercial (COM) columnar, (b) a printed columnar,
(c) a printed helix, and (d) a printed bent tubes heat sink. Reproduced with permission from [13],
Elsevier, 2020.

In recent years, with the development of science and technology, some discontinuous
laser heat sources which can be applied to SLM have appeared gradually. Kadena et al. [102]
focused on SLM with discontinuous laser, which use the ultrashort laser pulses as a
heat source. Through this study, it is found that the block metal produced by additive
manufacturing with ultra-short pulse laser as a heat source is porous structure. This is due
to the fact that there is no surface sintering in the production process but melting governs
the process. Figure 7 shows the block images and SEM images produced by ultra-short
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pulse SLM during the experiment. It can be seen from Figure 7b that the results of the parts
produced were unsatisfactory. Thus, this method is not suitable for making solid parts.
Other thin-walled parts manufactured by this method are shown in Figure 7a,c. Although
it seems that the molding effect of parts is not ideal at present, when manufacturing thin-
walled parts with such complex structures, a larger aspect ratio can be achieved, which
makes it suitable for future lightweight structures.

Figure 7. 3D image and SEM image of complex structures and block structure (a) 3D image of
complex structures, (b) SEM image of complex structures, (c) 3D image of block structure, (d) SEM
image of block structure. Reproduced with permission from [102], SpringerNature, 2017.

With the development of medicine, there is a growing need for artificial bones. In
the review by Sing et al. [81], the research on the production of artificial bone by SLM and
SEBM techniques is comprehensively described. They think additive manufacturing will
have great potential in the production of artificial bones. The SEBM additive technology,
which uses electron beam as heat source, has attracted a lot of researchers’ attention due to
its unique advantages [95]. Compared with SLM additive technology, SEBM technology
has a higher energy utilization ratio. The production of parts in a vacuum environment also
makes the parts less susceptible to pollution. Moreover, the temperature is always kept at a
high level during the production process, which reduces the temperature gradient during
cooling and reduces the generation of internal stress [103]. Since SEBM technology was
developed in 1997, the SEBM technology is used in different materials due to the increasing
demand for complex structural parts [97]. For example, Schwerdtfeger et al. [74] studied
the mechanical properties of Ti6Al4V periodic auxetic structure. Similar research has
been done by Warmuth et al. [83], who concluded that the proper selection of the support
amplitude is instructive for the change of deformation mechanism. Wolf et al. [72] studied
the microstructure and mechanical properties of complex aluminum bronze parts produced
by SEBM. With the development and innovation of a thermal manager, the production of
pure copper complex components has also been put on the agenda, and the production
of pure copper complex components by SEBM additive manufacturing technology has
also attracted a lot of attention [101,104]. Ramirez et al. have published more than one
paper [105]; they used SEBM technology to produce open-cellular copper structure and
studied the microstructure and mechanical properties of the produced parts. Figure 8
shows the open cellular Cu sample produced by SEBM, and Figure 8 (1), (2), (4), and (6)
shows the complex structure with stochastic mesh. Figure 8 (3), (5) shows the regular mesh
structure. The slope of the Cu mesh structure is n = 2, while the slope of the random Cu
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foam is n = 2.4, which is consistent with the ideal opening foam slope of Gibson—Ashby
foam model. The research also lays a foundation for the development of a pure copper
heat exchanger. In the later research of Frigola et al. [47], complex pure copper parts were
also produced through SEBM additive technology. In their research, it was found that
Cu,0O in the parts would affect the physical properties of the parts. Although the existence
of CupO was also found in the study of Ramirez et al. [105] and it was confirmed that
CuyO improved the mechanical properties of parts to a certain extent, it did not mention
the impact on the physical properties of parts, while the study of Frigola et al. [47] filled
in this gap.

’ 2 . K" d
Shw, ! 502 i)
R B 13(:':3‘/‘
\ J - ~ B W e *\ "'\ '
Yoy s e s
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Figure 8. Examples of open cellular Cu mesh and foam specimens Stochastic foams are shown in
(1), (2), (4) and (6): reticulated mesh samples are shown in (3) and (5). Reproduced with permission
from [105] Elsevier, 2011.

It is difficult to find the defects in additive manufacturing of complex components.
These defects will affect the performance and service life of the parts, and it is difficult to
detect the existence of defects with traditional nondestructive evaluation techniques [6].
Ledford et al. [85] provided a new method for artificial monitoring of the SEBM additive
process. They monitored the additive process using in situ real time backscatter electron
monitoring. After detection, it is found that the real-time monitoring results are highly
consistent with the real results. When this technology is combined with parts processing, it
will provide good feedback for mass processing. In recent years, the application of pure
copper additive manufacturing in industrial production had been put on the agenda.

One of the studies in 2009 proposed to use additive manufacturing to produce complex-
shaped heat exchangers, and to promote the development of the industry. Researchers
have explored different additive manufacturing technologies. The feasibility of BJ ad-
ditive technology in the production of pure copper parts was explored in the research
of Bai et al. [29]. In this paper, it is pointed out that the research on the production of
pure copper by BJ technology should focus on improving the density of sintered parts.
Although BJ additive manufacturing technology does not produce greater internal stress
than PBF additive manufacturing technology due to low processing temperature, and is
more suitable for the production of pure copper parts, there are still some problems in
processing [106]. Miyanaji et al. [86] studied the influence of the raw powder material,
print head and the interaction between binder and powder bed on part forming, and
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proposed how to produce a qualified pure copper part by controlling these conditions and
using BJ additive technology. In addition, the parts produced by BJ additive manufactur-
ing technology need post-processing. It is also mentioned in the paper that if you want
to produce a qualified part, the coupling of post-processing technology and production
parameters should be considered. When using BJ additive technology to produce parts,
it is inevitable that the parts will not be compact enough, which will be challenged by
defects. Some scholars reduce the occurrence of defects by adjusting process parameters
and other methods, while some scholars use defects to produce parts with foam structure.
In the study of Miyanaji et al. [107], the foam structure of pure copper was produced by BJ
additive manufacturing. Figure 9 shows the pure copper foam structural parts produced
during the experiment. It is found that after annealing at 600 °C for 2 h, the final porosity
can reach up to 59% and the volume shrinkage rate is the lowest (5%).This is contrary to
the traditional idea of increasing density, but the disadvantages of B] additive technology
are turned into advantages and given full play.

g

Figure 9. Copper foam part fabricated via AERO-Binder Jetting (a) green part (b) after sintering and
annealing. Reproduced with permission from [99] Elsevier, 2020.

3.2. Shaping Property
3.2.1. Forming Properties of Parts Manufactured by SLM

The density is an important indicator for judging the formation of samples [108]. At
present, most of the studies on pure copper additive manufacturing are still seeking to
solve the problem of low density. Due to the high reflectivity of pure copper to laser [2].
In the previous study by Syed-Khaja et al. [109], it was also mentioned that there are
challenges in applying pure copper to SLM additive manufacturing, but there are also had
great application prospects.

Figure 10 shows the relationship of laser power, energy density and relative density
of pure copper part manufactured via SLM additive manufacturing in recent years. The
formula for calculating energy density is that:

P
B = Tan

where E,, is the energy density, P is the laser power, v is the scanning speed, d is the hatch
distance, and h is the powder thickness.
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Figure 10. The relationship between laser power and relative density of pure copper part manufac-
tured via SLM additive manufacturing [1,2,5,7,9,10,27,37,39-42,44].

As can be seen from the figure, when the power is less than 300 W, the relative density
of parts produced by SLM is difficult to meet the industrial use standard. The laser power
and the relative density of the part show a positive correlation trend. The phenomenon
is due to the high reflectivity and high thermal conductivity of pure copper. Nowadays,
the most widely used laser wavelength range is 1000-1100 nm. The pure copper powder
has a reflectivity of 71-72% to this wavelength range laser [27]. In the early years of
commercial SLM equipment, the maximum power was generally less than 200 W [10],
so the relatively high density of formed parts was rarely produced in the study of pure
copper at that time [40]. In addition, it can be seen from Figure 10 that when the energy
density is concentrated in the region of 250-750 J/mm?3 (the green region in Figure 10),
combined with high power, parts with relatively high density could be obtained. In the
research of Jadhav et al. [39] also confirmed that it is easier to get denser formed parts
under high laser power. Although SLM devices do not provide higher power output,
researchers have found a way to increase the relative density of parts. Some scholars make
up for the shortcomings of insufficient heat by preheating the substrate, and others use
different wavelengths lasers to increase the powder’s absorption rate of the laser. In the
study of Pavel et al. [43], it was found that when the substrate was preheated at 140 °C, the
porosity inside the parts decreased from 3% to 0.88%. In the study by Trevisan et al. [5],
a laser power of 200 w was also used and the substrate was preheated at 100 °C. The
finally formed parts with a relative density of 83% were obtained. In the research of
Wang et al. [70], a SLM device based on blue laser (445 nm) was developed for the first
time. It was found that the absorptivity of the steel powder to the blue laser was 2.5 times
than the laser of wavelength range is 1000-1100 nm. This technology also provides a
new method for pure copper SLM. Although the density of these parts has been greatly
improved, it is still difficult to reach industrial standards. In addition to changing the
wavelength of the laser, Zhang et al. [44] improved the spot of the laser and transformed
the traditional Gaussian heat source into a uniformly distributed heat source. Compared
with the Gaussian source, the uniformly distributed laser beam can reduce the energy
loss in the additive manufacturing process and reduce the occurrence of defects. With the
advancement of technology, the SLM equipment had been continuously upgraded and had
the ability to produce parts with high power. Some researchers even assemble individual
modules to build high-power SLM equipment. For example, in the study of Matteo et al.,
they built a 1 kW single-mode SLM system. Through a large number of experiments, they
found that the samples produced by high-power single-mode laser were well formed and
the density could meet the requirements. In the paper of “Selective laser melting of pure Cu
with a 1 kW single mode fiber laser”, they determined the range of acceptable parameters
after a large number of experiments [8,42]. As shown in Figure 11, the portion of the blue
dotted box is the area of acceptable parameters for SLM of pure Cu indicated. The parts
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produced in this area are shown in Figure 11, in which macro picture is on the left and
optical microscopy picture is on the right. The density of the parts within this acceptable
machining area is measured at over 97%.

Figure 11. (a) Qualitative categorization of process outcome; (b) Final demonstrator produced by
pure copper powder. Adapted from [42] Elsevier, 2018.

However, the laser power is not as high as possible. When the power is too high,
it will also cause defects. In the study of Yin et al. [110], they found that when the high-
power additive was used, the molten pool would become unstable and spatter would form.
This conclusion is similar to the experimental result of Colopi et al. [42]. In the study of
Ken et al. [37], it was also found that when the power is too high, the laser forms a keyhole
in the molten pool. The keyhole is not stable during the laser advancement process, which
causes spatter and internal defects of the parts. It can be seen that the stability of the molten
pool is a key factor affecting the forming of parts [110]. In the process of SLM additive
manufacturing, the way of heat transfer in the molten pool determines the stability of the
molten pool [30,57]. The schematic diagram of heat transfer in the SLM process is shown
in Figure 12. Figure 12a shows the heat transfer in the laser molten pool during the SLM
process, and Figure 12b shows the simplified mathematical model of the laser molten pool.
As shown in Figure 12a, in the SLM additive process, the heat from the laser is not 100%
absorbed, but released through convection, radiation and evaporation. According to the
research, the heat loss is about 20% of the total energy input [9].
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Figure 12. Schematics of heat transfer process of a molten pool during SLM processing (a) Heat
transfer in laser molten pool during the SLM process; (b) simplified mathematical model of the laser
molten pool. Reproduced with permission from [9] Elsevier, 2020.

In the study of Constantina et al. [13], the stability of the molten pool under different
heat input conditions was verified. It can be seen from Figure 13 that the surface forming
of parts is different when different scanning speeds are adopted. When the scanning speed
is 200 mm/s, the surface tension of the molten pool is greatly different due to the large
temperature gradient inside the molten pool. As a result, the molten pool flows toward
the middle, resulting in the defects of curling. When the scanning speed is 400 mm/s, the
molten pool is stable and the parts are well-formed. When the scanning speed is increased
to 600 mm/s, it is difficult to maintain a stable molten pool due to insufficient energy, so
porous parts are produced.



Coatings 2021, 11, 740

15 of 30

SEM of sample as-built Optical image of Schematic illustration of
surface polished surface the molten pool
@_, TZa 4 (t)

/
Lot

600 mm/s
0.12 mm

S=
h=

Figure 13. (a,d,g) SEM micrographs of as-built surface sand (b,e,h) optical images of polished
surfaces with scan speeds of 200, 400, and 600 mm /s, respectively, and (c,f,i) schematic illustrations
of the molten pool shapes at different laser scan speeds. Reproduced with permission from [13]
Elsevier, 2020.

In addition, not only the laser power has the influence on the forming of parts, there
are also some factors in the production process that will affect the forming of parts. In the
study of Matteo et al. [8], it is found that different substrates have an impact on the forming
of parts. By using the same process parameters to compare the parts manufactured on
different substrates, it was found that the parts manufactured on the substrates with low
thermal conductivity have higher density. By comparing the steel, copper and steel-copper
substrates, they found that the parts added on the steel plate have a higher density, and
it is proved that the substrate with high scanning speed and low thermal conductivity
needs to be matched under the condition of high power. Under the above conditions, the
part density is up to 99.1% + 0.2% with a build rate of 12.6 cm®/h. This conclusion is
also supported by the work of Siva [69] and Sciammarella et al. [110]. In their study, it
was believed that the deficiency would be caused by insufficient heat input when SLM
additive is used to produce pure copper. The high thermal conductivity of the substrate will
accelerate the heat loss and make it difficult to form the parts. The purpose of using a low
thermal conductivity substrate is also similar to preheating the substrate of SLM additive
fabrication with a low-power laser in earlier studies. In the study by Ikeshoji et al. [2], the
influence of different hatch distance on shaping was studied. In their initial speculation,
they thought that the smaller hatch distance would melt the splash and bulge. However,
in the follow-up observation, it was found that small hatch distance could not reduce the
impact of these defects but would continuously aggravate the occurrence of defects. When
the hatch distance is too large, the effective overlap will be insufficient. It is difficult to melt
all the powders and cause defects. Figure 14 was shown the positions of different hatch
distances from the edge of the weld pool in the x direction. It could be clearly seen that
when the hatch distance is 0.1 mm, the molten pool was the most stable, and the relative
density of 96.6% part was obtained.



Coatings 2021, 11, 740 16 of 30

086
Laser power 800W #e
Hatch pitch 0.05mm  #7 Powder side Laser spot
0.4 AN Spot (+)
£ #1 #2 #3 #a #5 ; Melt pool ™. Xy
= y Spot(+) —4 i—-—t o ‘Spot
S oo |¥m e, center
= | L - — Xmin ™,
w
2 ' i - Solidified side Spot (-)
00 -—c 2 Scanning direction
Lot | spotcenter
oin  SPOR(-)
0.2 16
(a) . 400 805(31 1200 150 Laser power 800W
& 1.4 | Hatch pitch 0.15mm
#Ha
1.0 12 #7
Laser power 800W Hg #1 #2 #3 #4 #5 #HE
- Hatch pitch 0.10mm "7 1.0
#1 #2 H3 #4 #5 #HE
E_ 0.8
0.6 _5 —
g — % 08 i ‘Loverlap width
2 0
c -1 o - melt pool
o 04 = y oy .
- i $ melt pool 0.4 | spot(+) == T width
& " . width Kmax | 27
02 ! —
overlap width 02 'I_'
4 |_{-=}~spot center
B --.- --="spot center 0.0 '_-_-_: “spot(-)
0 X e
" spot{—} Xmin
e 02
0.2 0 400 800 1200 1600
] 400 800 1200 1600 Step
(b) Step (c)

Figure 14. Positions of melt pool rim in x_direction (width) for hatch pitch of (a) 0.05 mm, (b) 0.10 mm,
and (c) 0.15 mm. Reproduced with permission from [2] Springer Nature, 2017.

3.2.2. Forming Properties of Parts Manufactured by SEBM

The way of SEBM additive manufacturing is different from SLM additive manufac-
turing, the key research direction of SEBM additive manufacturing is not to increase the
relative density. Using SEBM additive manufacturing can easily obtain formed parts with
a relative density of more than 99% [47]. This is due to the fact that the pure copper
powder is much less reflective to the electron beam than the laser beam, and can provide
higher heat input under the conditions of SEBM additive manufacturing [28,82]. For
example, in the study of Guschlbauer et al. [4], only 275 W energy input was used to
obtain parts with a relative density greater than 99.5%. However, due to the difficulty
of heat dissipation, the cooling time of parts produced by SEBM additive manufacturing
conditions is too long, which is prone to element segregation and defects. In the study of
Soroush et al. [111], copper-chromium alloy powder was used for SEBM additive manufac-
turing. It is found that there are chrome-rich spheres (<1 pm) embedded by Cu matrix in
the microstructure of formed parts. In the manufacturing process of SEBM additive, the
oxidation of pure copper powder due to storage and other reasons cannot be ignored, and
the presence of oxide has a great influence on the forming of parts. For this reason, many
researchers have done related research on the influence of oxygen on the performance of
parts. Guschlbauer et al. [28] studied the effect of oxygen on part performance during
SEBM production. The authors used two batches of pure copper powder, one of which
had higher oxygen content (0.0545 £ 0.0009 wt%). Figure 15a shows the distribution
diagram of the forming status of high-oxygen powder under different process parameters
when the substrate is preheated to 530 °C. It can be seen from the figure that when the
scanning velocity was less than 1 m/s, the sample appeared cracks, and when the scanning
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velocity was between 1-1.5 m/s, the sample was basically not formed. Figure 15b—d shows
the distribution diagram of copper oxide for two powders produced under SEBM. The
scanning speed and power used are 0.5 m/s and 450 W, respectively. Figure 15b,c shows
the distribution diagram of CuO with cracked parts produced by high-oxygen powder
processing, and Figure 15d shows the distribution diagram of Cu,O produced by powder
processing with low oxygen content. It can be seen from the figure that CuyO distribution
in parts produced by powder with high oxygen content is regular, and the content of
Cuy0 is high. In the research of Lodes et al. [45], it is found that to a certain extent, the
scanning speed has little effect on the forming of parts produced by SEBM technology, but
cooling is the key factor. Their research results show that lower processing temperatures
are required when producing large part, and a certain amount of cooling time needs to be
added if necessary.
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Figure 15. (a) High oxygen content powder at a process temperature of 530 °C; (b—d) Light micro-
scope pictures in dark-field mode showing the Cu20 distribution. (b,c): set I with cracks, (d): set I
without cracks. Reproduced with permission from [28] Elsevier, 2020.

In order to minimize the influence of oxides, Christopher et al. [6] used a hydrogen
furnace to process the pure copper powder and then performed the SEBM additive experi-
ment to determine the oxygen-scavenging ability of this method. To determine the oxygen
scavenging ability of hydrogen furnace powder, the authors prepared three powders with
different oxygen content, namely low oxygen content, medium oxygen content and high
oxygen content pure copper powder. When the three powders were treated in a hydrogen
furnace, hydrogen was added to the powder and part of the oxygen was consumed. The
hydrogen heat treated and untreated hydrogen and oxygen content pairs of the three
powders are shown in Table 2. After the powder is treated, the experiment is carried out
as shown in Figure 16. Figure 16A shows the equipment required for the experiment.
Two types of equipment residual gas analysis and IR camera were added to the vacuum
chamber of the SEBM equipment, and two-color pyrometer and thermocouple were used
to monitor the temperature of the surface. In the experiment the researchers used different
kinds of powder to deposit a layer of pure copper under the action of an electron beam.
The H;O released from the melt pool will be detected by residual gas analysis. It was
found that the powder after hydrogen heat treatment was suitable for SEBM, and this
method could effectively remove oxygen elements, thus reducing the influence of oxide
on the mechanical properties of SEBM parts. Measurements of oxygen elements in the
sedimentary layer showed that the oxygen content in the pure copper parts made by SEBM
was only 50 wt. ppm. In order to avoid the influence of H,O on parts, the authors also
studied and measured it. They found that the H,O could escape from the heat-affected
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zone and molten pool during the process of SEBM, and when the multilayer parts were
deposited would provide sufficient time for H,O to overflow.

Table 2. Chemical content of copper powders. Adapted from [6] MDPI, 2019.

Powder ID Condition Average O, (wt. Standard Deviation Average H, Standard Deviation
ppm) (wt. ppm) (wt. ppm) (wt. ppm)
LO-Cu Untreated 226.51 11.36 0.87 0.56
(15-53 pum) Hydrogen Treated 54.76 8.34 1.56 0.97
LO-Cu Untreated 462.17 18.87 1.81 0.66
(15-53 um) Hydrogen Treated 282.33 3.79 31.83 2.02
LO-Cu Untreated 1507.33 12.70 1.95 0.99
(15-53 pum) Hydrogen Treated 586.97 35.28 76.44 5.77
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Figure 16. Description of in-situ H,O vapor outgassing experiment, (A) The diagram of the experi-
mental instrument, (B) The base fixture contains six 3 mm deep pockets, (C) Powder melting process
and detection, (D) The forming sample. Adapted from [6] MDPI, 2019.

3.2.3. Forming Properties of Parts Manufactured by BJ

Compared with PBF additive manufacturing, B] additive manufacturing is a unique
method. Although the applicable material types are less limited, it also brings some
problems [94]. The application of binder and heat treatment in the process of manufacturing
parts, the internal parts are easy to produce holes and other defects [93]. In order to reduce
the influence of porosity, Kumar et al. [106] have performed related research. They used hot
isostatic pressure to reduce the porosity of the parts. The powders used in the experiment
were mixed with a median particle diameter of 30 um and 5 um at a ratio of 73:27 by weight.
The comparison of section porosity between the parts treated by hot isostatic pressure and
the parts not treated is shown in Figure 17. According to the image analysis, the porosity of
the untreated parts is 1.88% (as shown in Figure 17a), and of the treated parts is only 0.13%
(as shown in Figure 17b). In addition, they found that the parts treated with hot isostatic
pressure produced anisotropic shrinkage due to graded density in the green part.

This result is similar to another study by Kumara et al. [48], which investigated
the effect of process-induced porosity on material properties of parts produced with BJ
technology. Three types of pure copper powders were used in their research, 17 um, 25 pm
and mixed powders (particle size of 30 um, 5 pm mixed in a ratio of 73:27). All parts are
produced in two copies, one of which is treated with hot isostatic pressure to obtain high
density parts. Figure 18 is a schematic diagram of performance comparison for the parts.
From the trend of the lines in the figure, it can be seen that the high density parts have
higher tensile strength and thermal conductivity. This trend is the same as that predicted
by the author in the paper. From their study, it can be seen that the mixed powder has
higher density and better performance.
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Figure 17. Sample micrographs indicating density improvement upon HIP, (a) Sintered Part,
1.88% porosity, (b) HIPed Part, 0.13%porosity calculated from image analysis. Adapted from [106]
Elsevier, 2017.
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Figure 18. Performance comparison of different parts. Adapted from [48] Elsevier, 2019.

Bai et al. [112] studied the influence of powder particle size distribution on powder
packing and sintering during parts production with B] additive manufacturing technol-
ogy. Compared with the traditional single powder production parts, the use of bimodal
powder mixtures can improve the powder fluidity and significantly reduce the porosity
and shrinkage of the formed parts. By testing the forming parts, compared with single
powder, the bimodal powder mixtures can improve 8.2% powder’s packing density, 10.5%
fluidity and 4% sintering density. At the same time, the sintering shrinkage rate was
reduced by 6.4%. In an earlier study by the authors, the role of bimodal powder mixtures
in promoting the forming of parts was discussed. It has also been verified that expanding
the particle size distribution through the bimodal powder mixtures without changing the
median particle size is a feasible strategy. The parts will shrinkage after sintered, which
is caused by the loss of the binder and the looseness of the green parts [113]. In order to
improve the forming density of parts, Bai et al. [114] used inkjetted nanoparticles instead of
binder and analyzed the parts produced by BJ additive manufacturing technology. During
sintering stage, the nanoparticles melt to form stable connections that enhance the strength
of the parts. According to the sintering conditions, the sintering density can be increased
by 12.3% [92]. When faced with some processing that requires the accuracy of parts, the
method of BJ additive manufacturing should be consider carefully.

3.2.4. Measurement and Improvement of Forming Properties

With the continuous development of additive manufacturing technology, in order to
better determine the relative density of parts, Santo et al. [41] developed a new method
of measuring the relative density of parts. In the experiment, they prepared five sets of
parts with relative density between 63% and 71%. The pressure test is carried out on the
surface of the polished part by using the tungsten carbide pressure head with a diameter
of 1 mm, and the indentation size is the same and the pressure is recorded. The test results
show that the instrument indentation method can effectively measure the density of parts
in the local range, and it is found that there is a linear relationship between the indentation
pressure and the density of samples. Faced with the production of some parts with higher
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surface quality requirements, it is difficult for the formed parts to directly reach the use
standard, so special methods are needed to treat the surface of the parts [71,115]. In the
study by Karakut et al. [116], a method called magnetically driven abrasive polishing
technique was developed. This method can be used to polish the surface of complex parts.
Figure 19 shows the schematic diagram of this method. In this process, an abrasive mixture
of magnetic and abrasive particles is used in a viscous liquid, and magnetic particles
are attracted by an oscillating external magnetic field, causing these particles to move in
sync with the magnetic field, thus achieving a polishing effect. After testing the surface
roughness of the parts, it is found that the surface roughness has been greatly improved,
from an average surface roughness of about 35 um to 4 pm.

N 2R N At 2 A
Copper workpiece

W Abrasive Particle . Iron Particle
B Carrying Fluid == Magnetic Force

Figure 19. Performance comparison of different parts. Adapted from [116] Elsevier, 2018.

3.3. Mechanical and Physical Properties
3.3.1. Mechanical Properties

The mechanical and physical properties of pure copper parts are closely related to
density. In general, high-density parts have better mechanical and physical properties [38].
In the following part, the research on SLM, SEBM and BJ technology will be reviewed to
analyze the factors affecting mechanical and physical properties.

In the study of Jadhav et al. [7], pure copper parts with a relative density of 98.8%
were processed by SLM additive manufacturing. After testing the mechanical properties, it
is found that the tensile strength of the part is 270 MPa and the microhardness is 93 HV. In
the study of Lykov et al. [10], SLM additive manufacturing technology was also used to
produce pure copper parts with a relative density of 88.1%. After testing, it was found that
the tensile strength of the parts was 149 MPa. Guan et al. [40] produced parts with SLM
additive manufacturing technology with a relative density of 82% and a microhardness
of 61.48 HV. This shows that the mechanical properties of the parts are seriously affected
by the relative density. In the study of Guschlbauer et al. [4], they produced parts with
a relative density of more than 99.5% through SEBM additive manufacturing technology.
After the mechanical property test, it was found that the maximum tensile strength of the
parts was 177 MPa and the maximum hardness was 57.8 HV, but the mechanical property
was less than the pure copper parts produced by Jadhav et al. [7]. This is due to the
higher temperature in the process of producing parts under the SEBM technology, which
makes the internal microstructure of the parts coarser [93,95]. Their research found that the
oxide has a promoting effect on the absorption of laser, and played a certain strengthening
effect. Compared with SLM technology and SEBM technology, the mechanical properties
of samples produced via BJ technology are significantly lower, because the parts produced
by BJ technology are less dense. In the study of Ashwath et al. [48], they obtained a sample
with the highest density of 83.6%, and the tensile strength obtained after the tensile test was
115.8 MPa. Compared with the study of Guan et al. [40], the tensile strength is higher. This
is because the influence of internal stress is greatly reduced due to the heat preservation
process in the powder sintering process, while the SLM technology is due to It is a rapid
cooling process, so the internal stress existing in the low-density parts will reduce the
mechanical properties of the sample.
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The first method tof improving the mechanical properties of parts produced by SLM
technology is to improve the relative density of parts. In the study by Jadhav et al. [1], the
innovative addition of carbon nanoparticle to pure copper powder was used to increase the
powder’s laser absorption rate and improve the relative density of parts. It was found that
the fluidity and laser absorption of copper powder were significantly enhanced after the
addition of 0.1 wt % carbon nanoparticles. At low laser energy density (200-500 J/mm?),
the finished metal blocks with a density of more than 98% were finally produced. The
highest density of parts is produced when the laser power is 725 W. The addition of carbon
nanoparticles not only improves the laser absorption of pure copper powder, but also
reduces the influence of oxygen on the performance due to in-situ de-oxidation of carbon.
However, the test results of mechanical properties were unsatisfactory, the maximum tensile
strength was only 125 MPa. After the analysis of the fracture, they believed that the defects
were mainly caused by segregation of elements such as carbon, phosphorus and oxygen,
which reduced the mechanical properties. In terms of improving density, BJ technology is
different from traditional PBF technology. The density of formed parts is generally affected
by the sintering process. In the research of Gurminder et al. [49], the density of parts is
often improved by controlling the parameters of the sintering process. They found that
sintering temperature and holding time are negatively correlated with porosity (with the
increase in sintering temperature, porosity: 24.78-6.08%; with the extension of holding
time, porosity: 12.3-7.39%), The heating rate is positively correlated with the porosity
(as the heating rate increases, the porosity: 6.08-17.36%). In addition, in their research, it
was found that ultrasonic-assisted sintering can effectively improve the tensile strength of
parts. The research results show that compared with traditional sintering process using
ultrasonic-assisted sintering, the tensile strength of parts is increased 15-45%.

The parts produced by SEBM can obtain high relative density parts when the pa-
rameters are suitable. In the study of Guschlbauer et al. [4], it was found that when the
energy density of the electron beam is too high, the parts will have a greater tendency to
crack. They believe that on the one hand, the high oxygen content at the grain boundaries
causes brittle intergranular cracks. On the other hand, the internal stress generated by
the experimental device caused cracks to form. Besides, most scholars are looking for
ways to strengthen the performance of the parts on this basis. Pobel et al. [21] studied
the dispersion strengthening of oxide at SEBM pure copper. They added 2.28 wt% Al,O3
to the pure copper powder. As shown in Figure 20, after microstructural analysis of the
produced block, it is found that there are three phases inside the block, which are marked
in Figure 20b,c. After EDX detection, these three phases are: pure copper phase (marked
as 1 in Figure 20b); The phase containing Cu, Al and O is composed of ceramic phases
dispersed in the copper matrix (marked as 2 in Figure 20b). The second phase, which
consists of pure aluminum (marked 3 in Figure 20c). It is found that the strengthening
phase can improve the performance of the part. Although the separation of alumina from
copper can be reduced by decrease the preheating temperature. It is difficult to make the
second phase not occur inside the part. In their experiments, they found that the forming
of parts was acceptable, but the inside was full of defects such as pores. Therefore, the
oxygen content in raw materials should be minimized when making pure copper parts via
SEBM. Great efforts have also been made to address the effects of oxides in raw materials
on the performance of part.
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Figure 20. Microstructure of ODS-Cu processed via SEBM, (a) consists of three phases that are shown
in (b,c). Reproduced with permission from [21] John Wiley and Sons, 2018.

However, the presence of oxide does not always play a bad role. In the study of
Ramirez et al. [46], a new precipitate—dislocation architectures was found under the in-
fluence of CuyO.This architecture has high hardness and has the function of enhancing
the performance of parts. When this structure exists, the hardness range of the parts is
increased to 83-88 HV. Compared with the copper substrate, the microhardness of the parts
with this structure has increased by 54%. The research of Guschlbauer et al. [28] further
determined the influence of oxides on the performance of parts. They used two kinds
of powders with different oxygen content to test and found that the presence of a small
amount of oxides should enhance the performance of parts. If the content is too high, it
will cause internal defects in the part. Unfortunately, the article does not give the oxygen
content in which range can enhance the performance of the part.

3.3.2. Physical Properties

The excellent physical properties determine the broad development prospect of pure
copper parts [4,42]. In the research of Raab et al. [38], they found that the thermal conduc-
tivity and electrical conductivity are seriously affected by the relative density of the pure
copper parts. In the research, they produced pure copper parts with a relative density of
99.95% through SEBM. Through the test of electrical conductivity and thermal conductivity,
it is found that the electrical conductivity of the part is 96.24% International Annealed
Copper Standard (IACS), and the thermal conductivity is 400.1 W/m-K. They also found
that the electrical conductivity and thermal conductivity follow the Wiedemann-Franz
law. As shown in Figure 21, it is the relationship between electrical conductivity, thermal
conductivity and relative density. From the distribution of points in the figure, it can be
seen that when the relative density of the part is greater than 99%, the physical performance
is improved greatly [1,4,7,27,38,39,47]. This is consistent with the conclusion obtained by
Raab et al. [38] that the higher the relative density, the better the physical properties. In
their study, they also suggested that the presence of phosphorus in the forming parts can
affect the electrical conductivity and thermal conductivity of the parts. This is similar to
the results of Jadhav et al. [1], where parts are produced via SLM. Even though the relative
density of the tested parts was 98%, the electrical conductivity was only 39% IACS, far
below the average level. When the researchers examined the fracture, they found carbon
and phosphorus accumulating in the defect. It has been confirmed that phosphorus is
the main reason for the low electrical conductivity of the sample, thus proving that the
choice of raw materials on the performance of the parts is also particularly important. The
research of Guschlbauer et al. [4] also proved this point. The physical properties of pure
copper parts produced by SEBM using different purity powders are different. The parts
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produced by using high-purity powders have fewer defects and less segregation. This
view also applies to parts produced by BJ technology. In the study of Kumar et al. [48], the
density of parts produced by using bimodal powder after hot isostatic pressing reached
97.3%, and its conductivity reached 93.6% IACS. They study that there is still room for
further improvement in electrical conductivity, because the binder produces carbides and
oxides after thermal decomposition. These impurities accumulate at the grain boundaries,
thereby reducing the conductivity. The thermal conductivity obtained in their research
is 327.9 W/m-K. This is similar to the results of Gurminder et al. [49]. The thermal con-
ductivity of parts produced by Gurminder et al. using BJ is 338.14 W/m-K when the
density is 93.92%.

T T T T T
Electrical conductivity of parts produced by SLM
<> Thermal conductivity of parts produced by SLM
Electrical conductivity of parts produced by SEBM
©>  Themmal conductivity of parts produced by SEBM
Electrical conductivity of parts produced by BJ
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Electrical conductivity (% IACS)
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T
75 80 85 90 95 100
Relative density (%)

Figure 21. The relationship between electrical conductivity, thermal conductivity and relative den-
sity [1,4,7,27,38,39,47-49].

In addition, Silbernagel et al. [27] also mentioned in their research that the crystal
structure also has a great impact on the physical properties of the parts. They use SLM
to produce parts with a relative density of 85.8%. Then the resistivity was measured in
the directions perpendicular to the substrate, parallel to the substrate and at an angle of
45°. The maximum resistivity was found in the direction perpendicular to the substrate,
24% higher than the average resistivity in the other two directions. They believed that
the difference of resistivity of different orientations was mainly caused by the difference
of interlayer and defects in interlayer caused by unmelted powder particles. Besides,
Jadhava et al. [39] studied the influence of SLM process parameters on the texture evolution
of pure copper. Due to the rotation of the scanning angle of each layer by 90°, a unique
texture was produced and the conductivity of the sample reached 88% IACS.

4. Prospect and Challenge of 3D Printing in Pure Copper

Pure copper is widely used in electric power, heat dissipation, pipelines, decoration
and other fields due to their excellent electrical conductivity, thermal conductivity, cor-
rosion resistance and toughness [117]. Some copper alloy materials have good electrical
conductivity, thermal conductivity and relatively with high strength, it is widely used in
the manufacture of electronic, aviation and aerospace engine combustion chamber compo-
nents [16]. Nowadays, we are facing the challenge of lightweight and structural complexity
in the industry. The method of additive manufacturing can solve these problems well [97].

In order to ensure the performance and availability of parts in the actual produc-
tion, the appropriate additive manufacturing method should be selected [19]. The parts
produced by SLM have high precision, but the reflectivity of copper is high, and the adapt-
ability of process parameters is high. In addition, due to the fast heating and fast cooling
of SLM processing method, it is easy to produce large internal stress inside the sample.
Although the influence of internal stress can be reduced by substrate preheating and post-
processing, it also increases the complexity of the process [97]. SEBM technology is a more
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suitable method for pure copper additive, but at the same time, due to the high equipment
price limits the wide application of this technology, the accuracy of the production parts is
also slightly lower than SLM technology [93]. The B] technology can produce green parts
at low energy density, it must be reprocessed. Compared with SLM and SEBM technology,
BJ technology is difficult to ensure the accuracy of parts during post-processing, and the
parameters in the sintering process also have a great influence on the forming of parts [92].

In the study of pure copper parts, researchers have made great efforts. In addi-
tion to the SLM, SEBM and B]J technologies mentioned in this article, many researchers
have explored other methods of producing complex pure copper parts, such as SLS [24],
UAM [118], LMD [117] technology, etc. The technologies like SLS and BJ are known as
two-step processes, through printing to get green body, and then through post-processed
in a separate operation or sintering to achieve full density [119]. SLS technology originated
in the 1980s. Nowadays, the technology has become a research hotspot, and is gradually
applied in industrial production [120]. Amorim et al. [121] Studied the EDM electrodes
performance difference between the copper alloy material and the pure copper material
via SLS technology. This study provided a new idea for the industry. Although the final
conclusion found that the effect was not ideal, the EDM electrode made by pure copper via
SLS could not achieve good working effect due to the large number of holes inside the parts,
which also pointed out the direction for future research. The UAM additive manufacturing
technology is different from SLM and SEBM additive manufacturing technology. In the
process of UAM additive manufacturing, no heat source is required [36,118,122]. A small
part of the heat in UAM technology is generated by friction, so most scholars prefer to use
diffusion bonding and friction stir welding to compare with UAM [122,123]. It is believed
that the bonding mechanism of UAM additive manufacturing technology is the stick-slip
motion between two foils. This bonding mechanism lies between the bonding mecha-
nism of diffusion bonding and friction stir welding [36,122,124]. Due to the low power of
commercial UAM additive manufacturing equipment, it is only suitable for processing
some materials such as thin aluminum. Therefore, Edison Welding Institute developed a
high-power UAM additive manufacturing technology, namely “very high power ultrasonic
additive manufacturing” (VHP UAM) [31,125]. This also provides a new method and idea
for UAM additive manufacturing of pure copper. In the study of Sriraman et al. [126], the
binding characteristics of pure copper VHP- UAM additive manufacturing were studied.
In this experiment, 150 um copper foil was used as raw material for VHP-UAM additive
manufacturing. The hardness test of the parts showed that there was obvious softening and
enhanced plastic flow in the production process. The grain size of the raw material was
25 um before processing, and a dynamic recrystallization zone of 0.3-1.0 pm was formed
at the interface after short processing. This phenomenon causes metallurgical bonding
to migrate through grain boundaries and allows continuous welding of the tape to form
three-dimensional sections. At present, there are not many studies on UAM additive tech-
nology for making copper complex parts. On the one hand, it is limited by the technology
itself, and on the other hand, it is limited by the performance of parts [36]. Most of the
current research is to use UAM additive technology to manufacture parts composed of
different materials and to study their forming mechanism [126,127]. The manufacturing
of complex structures is generally the production of parts with complex channels. LMD
as a kind of near-net-shape technology, the technology has its own unique advantages,
although the forming accuracy of this technology is far less than that of PBF technology,
but in the face of the production and repair of large parts, this technology can play a huge
role [128-130]. LMD technology is the same as SLM technology, which uses laser as the
heat source. In recent years, LMD technology has attracted much attention in the industry.
Arregui et al. [131] studied the geometric limitations of LMD additive manufacturing metal
parts in 2018. The results show that good forming parts can be obtained for 90-60° in
the case of not adjusting the laser head. Singh et al. [132] detected the 1-3 mm cladding
layer of pure copper produced by LMD and found that its binding strength could reach
48 MPa, and its corrosion resistance was good. It could be preserved for many years under



Coatings 2021, 11, 740

25 of 30

References

active corrosion conditions, but the problem of pores still needed to be solved urgently.
Yadav et al. [133] determined the process window of LMD through the process of PBF, and
finally obtained the formed parts with a density of up to 99%, whose tensile properties
were higher than those of traditional copper parts after testing.

Pure copper except for good conductive and thermally conductive properties, also
have antibacterial and catalytic effects [134,135]. In the study of Wang et al. [136], alternately
deposited nickel-copper coatings were produced to provide both excellent wear resistance
and antimicrobial properties. This provides new ideas and directions for the application of
pure coppet, which can be combined with other metals to produce complex medical tools.
At the same time, in the study of Yang et al. [137], they found that Cu0 could catalyze the
decomposition of azo compounds, and the use of nanoporous structure not only increased
the specific surface area, but also avoided the waste of raw materials so that the catalyst
could be recycled

5. Conclusions

This article reviews three methods of additive manufacturing. The ability to process
complex pure copper parts under different methods is compared, and the forming ability
under different methods is analyzed. Finally, the mechanical and physical properties of
parts produced by SLM, SEBM and BJ additive manufacturing technology are compared.
The potential of additive manufacturing has not been fully explored, and the task of
researchers is still very heavy. Currently, people are just beginning to understand the
process and realize the potential of additive manufacturing. In the future development,
better process control is needed to further improve the forming and performance of parts.
Different processing methods have different advantages, and the unremitting efforts of
researchers will eventually promote the progress of pure copper parts production. Driven
by these technologies, it is expected that solutions to the challenge of processing pure copper
parts will be found and accelerate the development and progress of various industries.
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