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ABSTRACT
Introduction of nanocarbons, such as graphene and carbon nanotubes, to metal
matrices, may enhance the electrical and thermal transport, mechanical properties and some
other properties of the composite materials. However, uniform distribution of the
nanocarbon phase in the matrix material and manufacturing the composites in large scale
can be challenging using traditional mixing methods. In this study, a facile method to
fabricate metal-nanocarbon composites was developed.
Firstly, copper (Cu)-polydopamine (PDA) composite was fabricated by coating Cu
powders with the bioinspired PDA polymer, which was then converted to a graphite-like
structure during the subsequent sintering. In terms of the properties, compared to the pure
Cu sample, the Cu-PDA composite showed increased electrical and thermal conductivity,
higher microindentation hardness, and enhanced wear resistance. These findings suggest
the inclusion of nanocarbon phase converted from PDA can simultaneously improve the
electrical, thermal, and mechanical properties of sintered Cu materials. Effect of sintering
temperature and coating time (carbon content) on the microstructure and properties of the
composites were discussed.
Secondly, aluminum (Al)-copper nanoparticles (CuNP)-PDA composite was
fabricated with a new method, to improve the sintering behavior of Al for serving as
feedstock materials of additive manufacturing (AM). CuNPs were synthesized by directly
reducing Cu ions in the aqueous solution. With the assistance of the PDA coating, the
CuNPs can be better attached to the Al powder surfaces. The composite samples showed
better sintering behavior by exhibiting higher electrical conductivities and mechanical
properties, which may be due to local nanosized alloying phases generation after sintering.
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These findings illustrated that the composite powders could be a good candidate feedstock
material for AM.
The structural characterizations of the metal nanocarbon powders and the composites
were performed with SEM, TEM, XRD and Raman spectroscopy. With the help of these
techniques, the formation of the targeted structures in the composite was studied, including
graphite-like structures of cPDA and nano alloying phases in Al-CuNP-PDA composites.
Apart from the composite materials fabrication, a novel and facile manufacturing
method based on metal powders was also developed. In this study, a new type of Cu- binder
paste was formed, which not only can be utilized with direct ink/paste printing but also can
be casted into a soft silicone rubber mold. Three-dimensional (3D) metal parts can then be
subsequently obtained after sintering. Comparing to other additive manufacturing methods
that involve high energy laser or electron beams, this new approach does not require
expensive facilities, and it is less time-consuming. Moreover, the silicone rubber molds can
be easily removed and reused.
In summary, the composite powders fabricated in this study can be utilized as
feedstock materials for additive manufacturing of metals and alloys. The new soft-mold
casting could be used as an alternative method to manufacture 3D metal components.
Therefore, the materials and the processing methods developed in the current study could
have broad applications in various metal industries.
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CHAPTER 1 INTRODUCTION
1.1 Background
Metal and alloys, such as bronze, steel, and aluminum, have been utilized for centuries.
Metals and alloys are found to possess various meritorious properties, such as high strength,
high stiffness, high ductility, good processability, and relatively low cost. They have a lot
of applications in many industries, such as automobiles, railways, mining, architecture, etc.
[1]. However, with development of technologies, more and more higher performance metal
materials will be needed.
Take the high voltage power lines as an example (Fig.1.1), in order to improve the
energy efficiency, metals with better electrical and thermal conductivities are desired. On
the one hand, the electrical conductivity should be as high as possible to reduce energy loss
due to the resistance. On the other hand, the thermal conductivity should also be increased,
so that the Joule heating can be dissipated faster to keep the power line at a lower
temperature because the electrical resistance of many metals increases with temperature.
In addition, to improve the lifespan of the materials, the mechanical properties, such as
strength, wear resistance, and corrosion resistance should also be taken into consideration
[2].
Improvement in thermal conductivity is also highly desired in the thermal
management application, such as cooling of electronics. More and more high-performance
electronics are needed to meet the growing demands by costumers. Although the higher
performance can be compensated by increasing the electronics powers. However, on the
other hand, increasing powers will lead to many problems, such as high-temperature failure
1

of semiconductors, thermal stresses and debonding of different materials due to different
thermal expansions [3], because much of the power will be converted into heat in the end.
At the same time, the sizes of the electronics are reduced with all means, which means that
there will be more heat generation within a unit volume. Therefore, high thermal
conductivity materials are highly needed for better heat management.

Fig.1.1 High voltage power line. Image source: Wikipedia
https://en.wikipedia.org/wiki/Overhead_power_line

1.2 Nanocarbon Materials
A possible method to obtain metals with enhanced properties is the introduction of
nanocarbon materials into metal matrices to obtain metal-nanocarbon materials.
Nanocarbon materials, such as graphene, carbon nanotube (CNT), graphene oxide (GO)
and reduced graphene oxide (rGO), have attracted much attention in the last several
decades because of their outstanding electrical, thermal, and mechanical properties [4-6].
Many researchers, thereby, have been trying to introduce nanocarbon materials into other
material matrices, such as metals, to form composites, to enhance the properties.
2

1.2.1 Graphene
The terminology “graphene” was firstly introduced by Hanns-Peter Boehm et al., who
produced and observed a single layer of carbons. Graphene is currently considered as a
single atomic sheet of graphite with “infinite alternant” six-member carbon rings [7].

Fig.1.2 The structure of graphene. Image source: https://www.graphenea.com/pages/graphene

Known as a “semi-metal,” graphene has outstanding mechanical, thermal and
electrical properties. The theoretical in-plane electrical resistivity of graphene can be as
low as 10−6 Ω⋅cm (i.e., 108 S/m) [8], which is even lower than silver. The thermal
conductivity of graphene can be as high as 3000-5000 W/m-K [9], which is also several
times larger than diamond of which is 1000 W/mK. In terms of mechanical properties, the
reported tensile strength and Young’s Modulus of graphene are 130.5 GPa and 1 TPa,
respectively [10], which are hundreds of times larger than many metals, such as steel,
aluminum, and other alloys.
1.2.2 Graphene Oxide (GO) and Reduced Graphene Oxide (rGO)
Graphite oxide or graphitic oxide is considered as a compound containing carbon, oxygen,
and hydrogen. It is oxidized from graphite with strong oxidizers, such as sulfuric acid
H2SO4, sodium nitrate NaNO3, and potassium permanganate KMnO4. Graphene oxide (GO)
is typically considered as the monolayer of graphite oxide dispersed in solution [11-13].
Fig. 1.3 illustrates a proposed structure of graphite oxide and thermally treated graphite
3

oxide. After oxidization, some functional groups, such as oxygen epoxide groups, carbonyl
(C=O), hydroxyl (-OH), and phenol, will not only help exfoliate the monolayer but also
make the GO hydrophilic. After heat treatment, some of the oxygen and other elements can
be removed, leaving the layer a graphene-like structure [14]. Therefore, GO is also used as
an intermediate material to manufacture graphene. Although GO has many chemical and
other defects, it also attracts many researchers attention by its processability [13].
Reduced graphene oxide (rGO) is considered as the GO losing some oxygen, shown
in Fig.1.3 [14]. The GO can be reduced through many methods, one of which is by heat
treatment, with or without vacuum assisting [15]. Researchers have developed another
method to coat or introduce nanocarbon using GO and rGO, apart from directly growing
graphene or CNTs by CVD or other methods.

Fig.1.3 The proposed structures of graphite oxide and thermally treated graphite oxide [14]
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1.2.3 Carbon Nanotube (CNT)
Carbon nanotubes (CNTs) can be regarded as a roll of a single layer of graphene with long
and hollow structure. Different rolling angles will lead to different types of CNTs, such as
armchair, Zigzag, and Chiral. CNTs can be categorized into single-wall CNT (SWCNT) or
multi-wall CNT (MWCNT), depending on how many layers of graphene are rolled in the
CNTs (Fig.1.4). Similar to graphene, CNT also possesses outstanding properties. The
strength of CNT shells can be as high as 100 GPa [16], and the longitude thermal
conductivity is about 3500 W/m-K [17]. With the relatively low density 1.3~1.4 g/cm3 [18],
the specific strength of CNT can reach up to 48000 kN·m/kg, comparing to high carbon
steel’s 154 kN·m/kg.

Fig.1.4 The structure of CNT. Image source: kailashafoundation.org

1.2.4 Polydopamine (PDA) and Carbonized Polydopamine (cPDA)
In addition to the abovementioned nanocarbons, polydopamine (PDA), a recently
discovered biopolymer, can be used as an alternative source of nanocarbons, as will be
discussed in this section.
5

PDA and its derivatives are a family of nature polymers inspired by mussel chemistry.
People observed that mussels can strongly adhere to many different surfaces or substrates,
even on wet surfaces. It was found that mussel feet contain PDA, and other similar
molecules and polymers, such as eumelanin [19, 20], which led to the discovery that PDA
and other similar polymers possess the ability to adhere to different surfaces. PDA is
generated via polymerization of dopamine (DA) molecules. Dopamine (Fig. 1.5) is a biomolecule that widely exists in the biosphere, which plays important biological roles,
including signal transmission. DA can undergo a self-assembly process in slightly alkaline
conditions. Lee et al. [19] was the first to successfully coat different substrates with PDA
with nanosized thickness. Their study showed that the PDA can not only form uniform
coatings on different substrates, regardless of the materials and shapes but also be
synthesized using a facile procedure.

Fig.1.5 Molecular structure of dopamine

The nature of uniform coating may be because of the structure of the PDA. DA and
PDA have a large number of functional groups, such as hydroxyl group (-OH) and amino
group (-NH2) [19]. However, the structure of PDA and the mechanism of PDA
polymerization remain under debating [20]. Some researchers believe the PDA has a chain
structure with covalently bonded monomers, as shown in Fig. 1.6 [19]. On the contrary,
other researchers believe the PDA may be a cluster of oligomers of which structure is
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shown in Fig. 1.7 with many forming steps [21]. Further studies are still needed to reveal
the real structure of PDA and other related polymers.

Fig.1.6 Proposed chain structure of PDA [19]

Fig.1.7 Proposed oligomer structure of PDA [21]

Although DA can self-assemble into PDA in a slightly alkaline environment, people
generally use buffer solutions, such as Tris buffer and phosphate buffer [20]. The advantage
of buffer solution over the strong base solution, such as NaOH solution, is that the buffer
can continuously provide hydroxyl groups (-OH) which is an essential element in PDA
formation with relatively steady pH value. Besides, oxidizers, such as oxygen or metal ions,
7

are also needed in the polymerization progress [22]. In other words, PDA has certain
reducibility by which metal ions, such as Ag, Au, Pt, etc., can be reduced into metals [22,
23].
Carbonized PDA (cPDA) or pyrolyzed PDA (pPDA) are PDA heat-treated at high
temperatures in inert or reductive atmospheres [24, 25]. Kong et al. reported the
morphologies of PDA and cPDA on SnO2 substrate [24]. In their study, the thickness of
PDA and cPDA can be thinner than 5 nm. CPDA is considered to have a graphene-like 2D
carbon-based structure (Fig. 1.8). CPDA also exhibits outstanding electrical properties.
Kong et al. [24] reported the electrical conductivity could reach 2.5 x 104 S/m while Li et
al. [25] found that the conductivity was related to the heat treatment temperature and the
conductivity can be as high as 1.2 x 105 S/m after 1000 oC heat treatment.

Fig.1.8 Proposed structure of cPDA [25]

1.3 Powder Metallurgy Method
A common approach to fabricate metal-nanocarbon composites is powder metallurgy (PM).
PM is a family of processing methods using powders as raw materials. As well as metals,
8

powder metallurgy is also widely used to process ceramics [26]. The general PM
processing procedure includes powder synthesis, powder manipulation, shaping of the
component, sintering, finishing operations, and quality control. The advantages of PM
include that there are little materials loss in the whole process; the processing temperature
is lower than the melting point of the materials which means low energy consumption; the
homogeneous, fine grain properties can lead to uniform properties; the usage of the mold
enables the manufacturing of complex shape parts at mass production level, etc. [26, 27].
Among all the PM steps mentioned above, the powder synthesis, shaping of the
component, and sintering are the most important and essential. Sintering is the process of
compacting and forming a solid mass of material by heat or pressure without melting it to
the point of liquefaction [28]. The driving force of sintering is that at a higher temperature,
the powders tend to densify by atom diffusion so that the surface free energy of the system
can be lowered [26].
In summary, PM is a mature and powerful technology for metal and ceramic
manufacturing. However, the PM approach is limited by the usage of molds for green body
(parts before sintering) fabrication. In this way, some complex shapes and designs, such as
hollow and concave structures, can not be achieved, since it is very difficult to demold with
current technology. Hereby, novel and advanced manufacturing methods, such as additive
manufacturing method, are essential to be deployed.
1.4 Additive Manufacturing
Additive manufacturing (AM, also known as 3D printing) has become more and more
appealing. It is a processing and manufacturing method that can directly render CAD
(Computer-Aided Design) models into 3D parts. It has seen potential applications in the
9

aerospace and the automobile industries. The raw materials can vary from plastics to metals
and even ceramics. There are many advantages of AM. AM is a mold-free technology.
Molds used in various powder metallurgy methods can be expensive, especially for metal
processing, such as injection molding. It usually requires a large budget to fabricate the
molds, which requires the manufacturing to be performed at the mass production level to
achieve economic benefit. It is not cost-effective for small quantity manufacturing. In this
case, mold-free AM can reduce the cost associated with mold fabrication Secondly, AM
enables the designing with hollow structure and holes, which can lower the weight
comparing to the bulk samples. By proper designing, parts with low weight but high
performance can be obtained. Thirdly, AM usually has high material usage rate, similar to
many powder metallurgy based methods. Comparing to traditional processing methods,
such as machining, AM has high material usage rate. Most AM methods have very few
wasted materials, and for some other AM methods (e.g., binder jet), the wasted materials
(e.g., unprinted powders) can also be easily recycled.
Nonetheless, the AM method still has limitations in many aspects, such as feedstock
materials, processing parameters, and so on. Generally speaking, many AM processing
facilities are very expensive (e.g., selective laser melting). A lot of products of AM have
rough surfaces, which means post-processing is needed. In addition, only a few metal
materials can be printed with the current technologies. Therefore, research is needed to
further expand the industrial application of additive manufacturing.
1.4.1 Metal Additive Manufacturing
There are several metal additive manufacturing (MAM) technologies, such as selective
energy beam melting/sintering, binder jetting, direct ink/paste printing, etc.
10

Selective energy beam melting/sintering is an AM method using with energy beam
emitting onto the pre-loaded metal powder beds for fusing with desired shapes and patterns.
The beams can be laser beams, electron beams, or other high energy beams (Fig.1.9). One
of the biggest challenges of this method is the high cost of the equipment (e.g., ~ $ 1 M),
which in turn limits their applications.

Fig.1.9 Schematic of selective laser melting

Other MAM technologies with lower equipment cost have also been developed. The
basic idea is to separate the shaping or part creation from fusing/sintering. One of the
methods is binder jetting (Fig. 1.10a). For the binder jetting, binders are printed on the preloaded powder beds with designed patterns, followed by removing the unprinted powders
(e.g., by blowing using compressed air). After the binders are cured, the green bodies can
be obtained, which need to be sintered later on. Another alternative method is direct
ink/paste printing (Fig. 1.10b). Unlike binder jetting, the printing materials are in paste or
ink forms, which needs to be adjusted to the appropriate viscosity. If the viscosity is too
high, the paste will clog the nozzle; if the viscosity is too low, the watery paste will make
the green body unsteady. Although these methods require less capital investment, either
11

binder jetting or direct ink/paste printing is usually very difficult to obtain fully dense
products.

(a)

(b)

Fig.1.10 Schematic of binder jetting (a) and direct ink printing (b)

1.4.2 Aluminum Alloys As Feedstock Materials
As mentioned in the previous section, currently only a few metal powders can be used for
MAM. Although aluminum alloys (AA) are preferred in many applications, because of
their high strength and low weight, the challenges and drawbacks associated with additive
manufacturing of AAs are also obvious. Firstly, the Al powders have uniform nanosized
oxidation layers, which will hinder the sintering by decreasing the mobility of Al atoms,
and preventing powder particle from fusing by reducing the wetting. Secondly, the thermal
conductivity of AAs is high. This will lead to high heat dissipating during laser melting,
which correspondingly requires higher intensity lasers. Thirdly, AA powders have poor
flowability because of their low density. This will lead to poor powder spreading and highly
12

porous structure in the final products. Therefore, design and manufacturing AA powders
with good sintering behavior, low thermal conductivity, and high flowability is an area that
undergoes continuous research.
1.5 Summary
Metal-nanocarbon composites have been fabricated to improve the properties of the metal
matrix due to the outstanding properties of nanocarbon materials, such as electrical,
thermal, and mechanical properties. General methods existed for the fabrication of
composites include mechanical mixing of metal powders and nanocarbon phases and
synthesis of the metal phase on the nanocarbon phase or vice versa.
Polydopamine (PDA) is a bioinspired material, which has the ability of universal
adhesion on different surfaces. PDA can be synthesized from its monomer dopamine (DA)
in alkaline solutions. PDA can be converted to carbonized PDA (cPDA) after heat
treatment, which is believed to have a graphene-like structure and thus high electrical
conductivity. CPDA may be used as an alternative source of nanocarbons.
Composite samples can be fabricated with powder metallurgy methods. Powders can
be compacted with dies and sintered in order to obtain the bulk samples. With sintering
process, necking and bonding can be formed at first, and they will be converted into grain
boundaries with higher temperature or longer time sintering.
Metal additive manufacturing has many potential applications in many industries.
With this technology, metal parts with complex structures and designs can be obtained.
However, additive manufacturing using high energy beams is expensive. Therefore,
alternative methods with reduced cost, such as binder engaged methods are developed.
13

For metal additive manufacturing, Al and its alloys are very important feedstock
materials. However, their poor sinterability limits their applications in this area. Better
sintering methods, (such as spark plasma sintering and microwave sintering), or alloying
methods, (such as Mg, Cu, Ti, and Ni) can be utilized. Nanosized materials can be utilized
because of higher specific areas which will lead to higher reaction efficiency.

1.6 The Scope of This Study
In this study, a novel and facile method to fabricate metal-nanocarbon composites is
developed. In this method, a bioinspired polymer polydopamine (PDA) will be utilized as
the nanocarbon source to coat the metal powders and then compact into pellet samples.
With this method, the nanocarbon phase can be uniformly distributed, with the potential
for scale-up manufacturing. Furthermore, the microstructure and the properties of the
composite materials, such as mechanical, electrical, and thermal properties are studied.
In addition to the synthesis of metal-nanocarbon composites, this study develops a
novel and facile method to form a copper powder-binder paste, which is suitable for direct
ink printing. The paste is capable to be casted into soft silicone rubber molds for green
body manufacturing. With this method, metal products are fabricated and their properties
are examined.
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CHAPTER 2 EXPERIMENTAL METHODS
2.1 PDA Coating on Metal Powders
In this study, the dopamine chloride powders, and Tris buffer were utilized to synthesize
PDA. In a typical coating process, 0.154 g of DA powders (white, molecular weight 153
g/mol) was added into 50 mL 50 mM Tris buffer of which pH is 8.5 [29]. The Tris buffer
was diluted from as-received concentrated Tris (2 M, pH~13) with deionized water (DI
Water) and pH was tuned with hydrochloride acid (1 M). Then a certain amount of metal
powders (e.g., 10 g Cu powders) were added in the solution for coating [30]. Stirring was
essential to form a suspension and better assist the PDA coating uniformly distributed on
individual powder particle. For non-magnetic powders, magnetic stirring was utilized
while for magnetic powders, such as iron powders, mechanical stirring was used instead.
In some cases, some other salts, such as NiCl2, were also added to let the PDA form
chelations during polymerizing. The whole setup should be left in open air, because
oxidizers are essential for the reaction and oxygen was mostly utilized as the oxidizers.
Besides oxygen, other oxidizers such as metal ions can also be utilized.
The color change of the solution can illustrate the progress of the polymerization.
Before the reaction, the DA powders can fully dissolve into the Tris buffer, and the solution
was colorless. After tens of seconds of stirring, the solution would turn brownish,
indicating the reaction started. With the reaction progress, the color would become darker
and darker, finally turned into black and opaque (Fig. 2.1). After sitting in the open air for
a long time, PDA film would also grow at the solution-air interface.
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(a)

(b)

(c)

(d)

Fig.2.1 The color of the solution after (a) 1 min, (b) 30 min, (c) 80 min and (d) 2 days

2.2 Fabrication of Composite Powders
To fabricate the Cu-PDA composite powders, the Cu powders were purchased and coated
with PDA using the abovementioned method. After filtration and drying, the treated
powders were uniaxially pressed into pellets with hardened steel dies with different
diameters (e.g., 0.5 inch and 1 inch) by a hydraulic press. After pressed for a certain time
at a certain pressure, the green body can be obtained after demolding. For better green body
strength, powders with larger roughness, instead of perfect spherical powders, could be
utilized for better contacting among powders due to larger contacting surfaces.
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For the Al-CuNP-PDA composite, the copper nanoparticles (CuNP) were synthesized
using the single-replacement reaction method from copper aqueous solution. CuCl2
powders were fully dissolved in deionized water, and then a certain amount of aluminum
powder was added into the solution. The copper nanoparticles could be obtained by
reducing Cu2+ with Al. The solution was occasionally stirred to prevent the CuNP from
aggregating into clusters. The mixture of the Al powders and CuNP was obtained by
filtering the suspension after its color changed from light blue to colorless. The whole
reduction reaction would take roughly two hours.
The polydopamine (PDA) was synthesized by dissolving dopamine hydrochloride
(DA) powders into 50 mL Tris buffer. The solution was left in the open air and stirred for
24 h, and the concentrations of the PDA solution can be controlled with the added DA
powders weight. In a typical coating process, the Al and CuNP mixtures were added into
the PDA solutions and stirred for two more hours. Then the coated powders can be
harvested by filtration, followed by air drying at 50 oC for 24 h.
To fabricate bulk pellet samples, the dry powders were loaded into a hard steel die of
which the diameter was 0.5 in and uniaxially compressed at room temperature for 3 min.
Then the pellet samples were sintered in a tube furnace. During compaction, the friction
between the punch and the die was usually very large, which did not occur for Cu powders.
The reason was that a small amount of Al was attached on the inner surface of the die, and
Al is very ductile. The large friction also led to difficulties in demolding. It was very
difficult to remove the leftover Al by polishing or ultra-sonication. The reason may be that
the adhesion between Al and steel is too high after compaction. In order to clean the die,
Cu pellets can be compacted after compaction of Al samples so that the leftover Al powder
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would be transferred from the inner surface of the die to the Cu pellet samples. By repeating
compacting Cu pellets, the friction would be mostly reduced. Then some graphite powders
would be compacted to lubricate the die and the punch.
The sintering was conducted in a tube furnace with flowing inert or reductive gases,
such as Ar or forming gas (e.g., 95% N2, 5% H2). The heating and cooling rate of the
sintering is typically 5 oC/min. The sintering temperature is mainly determined by the
melting temperature of the material.

2.3 Copper Powder-Binder Paste and Sample Fabrication
In order to make the Cu-binder paste, 1 g of acrylic binder was fully dissolved into 10 mL
of acetone with the assist of magnetic stirring. Then the paste can be formed by adding 45
g of Cu powder. The paste was loaded in a syringe tube for directly printing with the desired
pattern. The printing was conducted on a Teflon sheet for easier demolding.
On the other hand, the paste could be casted into a soft silicon rubber mold. The silicon
rubber mold was fabricated with casting and curing in a 3D printed mold with ABS plastic
(3D printer, Ultimaker 3, Geldermalsen, Netherlands). For both the directly printed patterns
and casted samples in soft molds, the samples were loaded in a tube furnace for sintering,
after the solvent was fully evaporated. The nominal heating and cooling rates were 5
o

C/min and hold time at peak temperature was two hours. To prevent the samples from

oxidation, flowing forming gas (95% N2, 5% H2) was utilized during the sintering process.
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2.4 Characterization Methods
This section discusses the major characterization techniques utilized in this dissertation
work.
2.4.1 Scanning Electron Microscope
The scanning electron microscopy (SEM) is a good characterization method for sample
morphology. The SEM used in this study was FEI Quanta450 FEG, shown in Fig. 2.2a.
The imaging mechanism of SEM is that a high energy electron beam emits and scans the
surface of the samples, which will lead to two major signals: secondary electrons (SE,
excited by emission beam) and backscattered electrons (BSE, reflected or scattered back
by the sample atoms). By converting the signals, the images of the sample surfaces can be
obtained. This SEM can also combine the SE and BSE signals with artificial colors so that
the users can have more comprehensive information from the samples. Equipped with
energy-dispersive X-ray spectroscopy (EDS, or EDX), the SEM is able to detect the
elemental composition of the samples.
2.4.2 Transmission Electron Microscope
The transmission electron microscopy (TEM) is another characterization method for the
sample morphology imaging. The TEM used in this study is JEM-1400, JEOL, shown in
Fig. 2.2b. Comparing to SEM, there are several differences. Firstly, instead of scanning the
sample surfaces line by line, the electron beams from TEM electron guns will penetrate the
samples, and the detector (or charge-coupled device, also known as CCD camera) which
can convert the signals into digital images is underneath the samples. This requires that the
samples should be thin enough (usually less than 100 nm, different TEMs may vary).
Secondly, the resolution of TEM is normally better than SEM. The TEM resolution is
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normally in nanometers or even in Å. Thirdly, sample preparation for TEM is more difficult
than SEM.

(a)

(b)

Fig.2.2 Image of FEI Quanta450 FEG (a) and JEM-1400, JEOL (b)

In terms of the sample preparation, it can be divided into two groups. The first group
is the nanoparticles and nano-thin film. For this kind of materials, standard TEM grids are
needed. Nanoparticles can be made into suspensions with DI water, alcohol, or acetone.
Then some droplets of the suspensions can be directly dropped with pipettes on the grids.
After the solvent is evaporated, the samples can be observed by TEM. For nano-thin film
samples, since they are usually synthesized in aqueous solution, the TEM samples can be
made by scooping with the grids directly and followed by drying.
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The second group is bulk materials. The preparation of TEM bulk samples is more
cumbersome. Firstly, the samples should be machined into 3 mm disks of which thickness
is in hundreds of microns. Secondly, the samples should be mechanical ground and
polished until some of the areas are thinner than 50 microns. Lastly, the samples should be
further thinned with ion milling or electrochemical methods. After the samples are prepared,
they are directly loaded in the TEM stage without using grids. The images can be taken in
some nanosized thin areas. Hereby, the larger the nanosized thin areas, the more views can
be seen under TEM.
Besides imaging, electron diffraction (ED) is also a powerful method for materials
characterization, especially for crystalline materials. The ED pattern can provide
information about the reciprocal lattice of the samples projected on the screen. By indexing
them, the phases and crystal structure can be identified.

2.4.3 X-Ray Diffraction
X-ray diffraction (XRD) is a method for crystal structure characterization. The XRD used
in this study is D8 Discover, Bruker, shown in Fig. 2.3. The XRD can help to determine
the phases in the materials. According to the Bragg’s equation, the two theta values of the
profiles can be converted into the plane spacing, which is a characteristic property of a
material. It will be more efficient by combining with other characterization methods, such
as EDS. By knowing the existed elements in the materials, it will be easier and faster to
determine the phases, since the combinations of the elements are limited.
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Fig.2.3 Image of XRD D8 Discover

2.4.4 Raman Spectroscopy
Raman spectroscopy is a method to identify the molecules, especially chemical bonding
types. The Raman spectroscopy in this study was performed on NT-MDT Ntegra Spectra.
It is utilized to study the molecular structure of PDA and cPDA. The test was carried with
a green-light laser with a wavelength of 532 nm. A plot of intensity with Raman shift (cm1

) can be obtained. The intensity should be normalized before comparing different samples

or diagrams.

2.4.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a method to evaluate the samples’ thermal stabilities.
The TGA tester used in this study is Pyris 6, Perkin Elmer. With TGA, the sample mass
loss as a function of temperature can be obtained, with which the thermal degradation of
the samples can be studied. The tests can be performed in either air or inert atmosphere. A
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diagram of mass percentage comparing to the initial mass with heating temperatures can
be converted from the raw data.

2.4.6 Nanoindentation
Nanoindentation is a mechanical test technology that has been developed relatively
recently. In a typical nanoindentation test, the indenter tip, which is usually made from
diamond, indents on the sample surfaces, and then the loading depth and loads can be
recorded by the computer. With the loads-depth diagram, the reduced Young’s modulus
can be obtained. The samples’ Young’s modulus can be calculated from the reduced
Young’s Modulus, samples’ Poisson’s ratio, and the indenter tip’s properties with Equation
(2.1).
1
𝐸𝑟

=

1−𝜈𝑖 2
𝐸𝑖

+

1−𝜈𝑠 2

(2.1)

𝐸𝑠

Where Er is the reduced Young’s Modulus; ν is the Poisson's ratio; i and s indicate the tip
and sample, respectively. It is a good method to characterize mechanical properties of small
samples of which sizes are in less than microns, considering the indents from
nanoindentation can be very small (e.g., in hundreds of nanometers). Fig. 2.4 shows the
nanoindentor used in this study, which is Hysitron TI980.
Besides the single indent mode, by which the reduced Young’s modulus and hardness
can be obtained, other testing modes can also be performed, such as nano scratch, nano
wear mapping, nano creep, nano DMA, etc. These tests can be used to measure various
properties, including friction coefficient, wear resistance, creeping, viscoelasticity, and so
on. Moreover, the nanoindenter also has a high-temperature stage, which enables high23

temperature tests from room temperature to 800 oC. Berkovich tip, conical tip, and flat
punch tip can be selected based on different needs.

Fig.2.4 Image of the nanoindentor Hisitron

2.4.7 Microindentation
In order to determine the hardness of the samples, micro Knoop indentation was performed.
Knoop microhardness testing was performed using a Wilson/Tukon micro-hardness tester
with a 100-gram force and a loading time of 10 sec. The hardness was calculated with the
length of the indents and the loading force with the Equation (2.2):
𝐻𝐾 = 𝐶

𝑃

(2.2)

2
𝑝𝐿

Where the P is the load; Cp is the shape factor and 0.070279 for ideal indenter tip; and L is
the length of the indents along the long axis.
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2.4.8 Micro Three-Point Bending
Micro three-point bending test was performed with a micro tester (Microtest 200N, Deben,
Suffolk, UK) equipped with a 200 N load cell at a fixed speed of 0.1 mm/min in this study.
A load-displacement diagram can be obtained with the test, which needs to be converted
into a stress-strain curve in order to determine the properties of the samples, such as
Young’s modulus and strengths. The stress and strain can be calculated by Equations (2.3)
and (2.4):
3𝐹𝐿

𝜎𝑓 = 2𝑏𝑑2
𝜀𝑓 =

(2.3)

6𝐷𝑑

(2.4)

𝐿2

Where σf is the stress on the outer sample surface at the midpoint; εf is the strain on the
outer surface; F is the load; L is the supporting span; b is the width of the sample; d is the
depth of the thickness of the sample; and D is the deflection or displacement of the midpoint.

25

CHAPTER 3 ELECTRICAL AND THERMAL PROPERTIES OF CU/PDA
COMPOSITE: EFFECT OF SINTERING TEMPERATURES
Chapter 3 is based on the following publication

Yao Zhao, Hsin Wang, Bosen Qian, Haoqi Li, and Fei Ren, “Copper-polydopamine
composite derived from bioinspired polymer coating”, Journal of Alloys and Compounds.
742: 191-198 (2018).

3.1 Introduction
Nanocarbons, such as carbon nanotubes (CNT), graphene, and reduced graphene oxides
(rGO), exhibit superior mechanical, thermal, and electrical properties [4-6]; and various
studies have demonstrated that incorporation of nanocarbons into metal matrices can lead
to improved properties including mechanical strength [31, 32] and thermal conductivity
[33-35]. For example, Kim and coworkers [32] found that the nanopillar compression
strength of copper was improved by two orders of magnitudes when single-layer graphene
was introduced in the matrix. Goli et al. [34] observed an increase of up to 24% in the
thermal conductivity of graphene-Cu-graphene heterogeneous films where few-layergraphene was deposited on both sides of Cu. Thermal conductivity of a composite is highly
dependent on the microstructure and distribution of each phase. In some cases thermal
conductivity could be impeded by phonon scattering due to addition of interfaces; and in
other cases the favourable orientation and formation of network of the second phase could
enhance thermal conductivity [36]. Subramaniam et al. [37] reported that high-temperature
electrical conductance of copper could be enhanced by inclusion of CNTs aligned in the
electric current direction.
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Metal-nanocarbon composite materials can be manufactured using various physical
or chemical methods. For example, they may be fabricated by mechanical mixing of metal
and nanocarbon powders with or without aid of liquids, followed by various consolidation
methods [38-40]. The composites may also be obtained by blending nanocarbon powders
into metal melts [41, 42]. However, it is often difficult to achieve good distribution of the
nanocarbon phase through these physical blending methods. On the other hand, composite
powders may be fabricated by either growing nanocarbons on metals [43, 44] or growth of
metal particles on the nanocarbon phase [37, 45]. However, material manufacturing beyond
the laboratory scale still presents a challenge for these approaches [37, 43, 45].
In this study, we explored a new processing method to fabricate Cu-nanocarbon
composite using polydopamine (PDA) as the carbon source. PDA is considered as a
biopolymer synthesized through oxidation/polymerization of dopamine (DA) molecules
[19]. Multiple functional groups, including amine (-NH2) and hydroxyl (-OH) groups,
contribute to the affinity of PDA to many material surfaces [46, 47], making PDA a
“universal” adhesive/surface modification agent [22]. Furthermore, PDA was shown to
possess reductive property that can facilitate reduction of metal ions [48].
Thermal annealing of PDA under inert or reducing atmospheres can result in carbonlike materials with high electrical conductivities, which were termed as carbonized PDA
(cPDA) [24] or pyrolyzed PDA (pPDA) [49]. For example, Li and coworkers [49] found
the electrical conductivity of cPDA reached 1.2 x 105 S/m after heat treatment at 1000 oC.
Kong et al. also reported electrical conductivities as high as 2.6 x 105 S/m for cPDA films
[24]. The high electrical conductivity of cPDA was likely a result of its graphite-like
structure. Ai and coworkers [50] proposed a hypothetical structure of cPDA, which is
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essentially nitrogen-doped graphene, where nitrogen atoms exist either in the graphitic
state or the pyridinic state. The conversion process from amorphous PDA to
nanocrystalline graphitic cPDA was discussed in our recent study [51].
In this study, copper powder particles were coated with PDA thin films followed by
uniaxial compression and sintering. It was observed that the sintering behavior of the
composite powder was enhanced, which resulted in improvement in thermal conductivity
for all sintering temperatures and electrical conductivity when the sintering temperature
ranged between 300 oC and 750 oC. On the other hand, Knoop micro hardness was not
affected by the introduction of PDA in the composites.

3.2 Materials and Methods
Copper powder (14-25 µm, 99%) and dopamine (DA) chloride were purchased from a
commercial source (Sigma Aldrich, St. Louis, MO, USA) and used without further
treatment. In a typical coating experiment, 0.124 g of dopamine chloride was completely
dissolved in 50 mL of 50 mM Tris buffer (pH = 8.5, ThermoFisher Scientific Inc.,
Waltham, MA). After adding 10 g of Cu powders to the dopamine Tris solution, the
suspension was agitated in air using a magnetic stirring bar for 1 h. Tris buffer and PDA
particles were removed by repeated (three times) centrifugation and dilution with deionized
water. The Cu powder was collected through filtration and air dried at 50 oC for 24 h.
For each sample, approximately 3 g of dried powder were loaded into a steel die and
uniaxially compressed at room temperature under a pressure of 470 MPa for 5 minutes.
The pressed pellets were 12.7 mm (0.5 in) in diameter and 2 mm thick. Sintering of the
pellets was conducted in a flowing Ar furnace. The peak sintering temperatures were 300
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C, 400 oC, 500 oC, 600 oC, 750 oC, and 950 oC, and the hold time at peak temperatures

was 1 h. Nominal heating and cooling rate was 5 oC/min. In addition to PDA-coated
powders, as-received Cu powders were also pressed and sintered using this procedure.
Mass densities of the bulk samples were calculated from the mass and sample
geometry. Morphology and microstructure of the powder and bulk samples were examined
using scanning electron microscope (SEM) (FEI Quanta450 FEG, FEI Inc., Hillsboro, OR,
USA) equipped with energy-dispersive X-ray spectroscopy (EDS). Transmission electron
microscopy (TEM) (JEM-1400, JEOL, Tokyo, Japan) was performed to study the PDA
coating on Cu powder particles. Electrical resistance was measured using the four-point
configuration on rectangular bars cut from the pellets. Electrical conductivity was then
calculated from the resistance and the dimensions of the bars. Knoop microhardness testing
was performed using a Wilson/Tukon micro-hardness tester with a 100-gram force and a
loading time of 10 sec. Room temperature thermal diffusivity of the bulk samples was
measured using the laser flash method (LFA 457 MicroFlash, NETZSCH-Gerätebau
GmbH, Germany).

3.3 Results and Discussion
Using the coating method described in the previous section, a uniform PDA thin film could
form on Cu particle surfaces, where the thickness of PDA coating was approximately 20
nm (Fig. 3.1a). Selected area electron diffraction (SAED) of the PDA-coated Cu particles
revealed both patterns associated with Cu (indicated by Miller indices in Fig. 3.1b) and two
diffraction rings near 4.9 nm-1and 8.81 nm-1 (indicated by the arrow in Fig. 3.1b),
corresponding to interplanar spacings of 0.204 nm and 0.114 nm, respectively. There
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orderings were also observed in our previous study using both TEM and neutron diffraction
[51]; however the nature of these rings was not clearly identified. The thickness of the PDA
layer decreased when subjected to thermal annealing. For example, Fig. 3.1c shows the
coating thickness was reduced to less than 10 nm after heat treatment at 500 oC.

(a)

(b)

(c)

(d)

Fig.3.1 (a) TEM image showing the PDA coating on a Cu particle prior to compaction and sintering. (b)
Selected area electron diffraction (SAED) obtained from PDA-coated Cu powder sample. (c) TEM image of
a PDA-coated Cu particle after heat treatment at 500 oC. (d) X-ray diffraction profiles of uncoated and PDAcoated Cu powders before and after thermally annealed at 950 oC
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X-ray diffraction conducted on powder samples showed similar results between
uncoated and PDA-coated powders. Fig. 3.1d compares the two types of powders before
and after heat treatment at 950 oC, where only Cu peaks are observed. After thermal
annealing, the width of the Cu (200) peaks is reduced, which could be related to relaxation
of residual [52].
Fig. 3.2 illustrates the mass density of sintered pellets as a function of the sintering
temperature. For the Cu/PDA samples, mass density started to increase around 500 oC,
while the uncoated samples did not show significant increase until the sintering
temperature rose beyond 600 oC (Fig. 3.2). After sintering at 950 oC, the mass densities of
both the coated and uncoated samples were approximately 8.05 g/cm3, which is about 90%
of the theoretical density of Cu (8.96 g/cm3).

Fig.3.2 Mass density of PDA-coated and uncoated Cu samples as a function of sintering temperature

Different sintering behavior between the Cu/PDA composite and the uncoated Cu
materials was further examined using SEM (Fig. 3.3). The uncoated Cu samples mainly
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consisted of loosely connected powder particles after being sintered at 600 oC or below
(Fig. 3.3a). Necking was observed when the sintering temperature reached 750 oC (Fig.
3.3b). The Cu samples sintered at 950 oC appeared to be dense with isolated surface pores
(Fig. 3.3c). In contrast, the Cu/PDA samples exhibited necking behavior at sintering
temperature of 500 oC (Fig. 3.3d). When the sintering temperature increased to 950 oC, the
composite sample appeared to be dense except for some surface pores (Fig. 3.3f). Although
both materials sintered at 950 oC possessed similar mass density (Fig. 3.2), the grain size
of the composite sample (~ 10.0 µm) was larger than the uncoated Cu (~ 6.3 µm), indicating
enhanced grain growth in the Cu/PDA material. It is important to note that the actual
crystalline size of the starting Cu powder was likely smaller than the nominal particle size
provided by the vendor (14-25 µm). As shown in Fig. 3.3g, the as-received Cu particles
were aggregates of “sub-particles” that were micron-sized or smaller. Therefore, it is not
surprising that the average grain sizes of the sintered samples are smaller than the nominal
particle size of the as-received Cu powder. On the other hand, it is interesting to observe
that the Cu-PDA composite samples exhibited better sintering behavior than the uncoated
Cu. It is possible that the PDA coating can “scavenge” the oxide on the particle surface due
to its reductivity [23], and during sintering assist the migration of the oxide along the grain
boundary. Fig. 3.3h illustrates the migration of surface oxide to triple junctions of Cu grains
with and without PDA coating, where PDA presents the migration process is enhanced
resulting in improved sintering of Cu grains, e.g., larger grain size. Goli and coworkers
compared the grain size of Cu films and noticed that grain size in Cu films coated with
graphene was typically larger than the uncoated Cu annealed under identical conditions
[34].
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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Fig.3.3 SEM images of Cu sintered at (a) 600 oC, (b) 750 oC, and (c) 950 oC; and Cu/PDA sintered at (d)
500 oC, (e) 750 oC, and (f) 950 oC. (g) SEM of as-received Cu powder particles, which were aggregates of
smaller “sub-particles”. (h) Schematic drawing comparing the sintering of PDA-coated and uncoated Cu,
where PDA coating could help migration of surface oxide and lead to enhanced sintering (e.g., larger grain
size)

Some small bright particles, a few micrometers in diameter, were observed in the
Cu/PDA composite material sintered at 750 oC (indicated by arrows in Fig. 3.3e). These
particles preferentially located near the grain boundaries, and EDS analysis indicated they
were associated with a high oxygen concentration (Fig. 3.4b). Using nanoindentation, the
Young’s modulus of these oxygen-containing particles was determined to be 159 ± 19 GPa.
In contrast, Young’s modulus measured from the grains was 115 ± 17 GPa, comparable to
those reported on Cu measured by nanoindentation [53]. The high oxygen concentration
and the higher Young’s modulus imply the bright particles observed at the grain boundary
might be oxides of Cu or other impurities. However, these phases could not be identified
using XRD (Fig. 3.1d) possibly due to their low concentration. Similar particles were
observed in the composite (Fig. 3.3f) and uncoated samples sintered at 950 oC (Fig. 3.4c &
d). The oxygen might come from the surface oxide on the as-received Cu powder particles.
Incomplete removal of oxygen containing groups (e.g., –OH) in the PDA layer might also
contribute to the observed oxygen in the Cu-PDA samples.

34

(a)

(b)

(c)

(d)

Fig.3.4 (a) Particles with higher oxygen concentration in a Cu/PDA sample sintered at 750 oC, and (b)
the corresponding EDS mapping of oxygen. (c) Particles with higher oxygen concentration in an uncoated
Cu sample sintered at 950 oC, and (d) the corresponding EDS mapping of oxygen

Fig. 3.5a shows the room temperature electrical conductivity. Except for the
unsintered powder compacts, the Cu/PDA composite samples exhibited higher electrical
conductivities than the uncoated Cu samples sintered at the same temperature. The
maximum difference between the two types of samples occurred at a sintering temperature
of 500 oC, where the electrical conductivity of the Cu/PDA composite sample was 115%
higher than the uncoated Cu sample. The enhanced electrical conductivity in the composite
samples is likely a result of improved mass density (Fig. 3.2). Fig. 3.5b shows the
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dependence of electrical conductivity on the mass density, where the composite material
and the uncoated Cu material exhibited similar trends and the two curves almost overlapped
when the mass density increased above 6.9 g/cm3. After being sintered at 950 oC, both
materials had similar mass densities (Fig. 3.2 and 3.5b) and thus exhibited similar electrical
conductivities (Fig. 3.5a and 3.5b). For both Cu/PDA and uncoated Cu samples, the
electrical conductivity – mass density data above 6.9 g/cm3 can be described by a model
proposed by Montes et al. [54].
P

σE = σ0 (1 − P )t

(3.1)

M

Where σE is the electrical conductivity of the sintered body; σ0 is the electrical
conductivity of the fully dense material; P is the porosity; PM is the tap porosity; and t is
related to PM by
4

t = 1 + (1 − PM )5

(3.2)

In this study, PM is determined to be 46.2%, and t is calculated as 1.61. Comparison
between the experimental data and the Montes model is illustrated in Fig. 3.5b.
Fig. 3.5c also illustrates the thermal conductivities as function of the sintering
temperature, where the thermal conductivity values were calculated using the Dulong-Petit
law from the measured thermal diffusivity data, mass density (Fig. 3.2), and the specific
heat. The specific heatcapacity of Cu is 0.387 J∙g-1∙K-1 [55]. Based on the thickness of the
PDA coating (< 20 nm), it is estimated that the volume fraction of PDA in the composite
material is less than 1% and the specific heat of the composite should be very similar to
that of the pure Cu. As shown in Fig. 3.5c, all sintered Cu/PDA samples exhibited higher
thermal conductivities than the uncoated Cu samples sintered at the same temperature. For
samples sintered at 950 oC, the thermal conductivity of the Cu/PDA samples is 342.2 W/m36

K, which is 12% higher than the uncoated Cu samples. Fig. 3.5d shows the thermal
conductivity as a function of the mass density, which is similar to the trend observed for
electrical conductivity (Fig. 3.5b). However, for materials sintered at 950 oC, although the
Cu-PDA sample possessed similar density, its thermal conductivity is significantly higher
than the Cu sample (Fig. 3.5d).This increased thermal conductivity could be a result of
enhanced grain growth. As previously shown, the average grain size of the Cu-PDA
composite sintered at 950 oC was 10 µm, which is larger than the uncoated Cu (6.3 µm).
Similar effect of grain growth on thermal conductivity enhancement was also observed by
Goli and coworkers [34], who studied the thermal conduction of graphene-Cu-graphene
heterogeneous film and commented that the improved thermal conductivity was likely a
result of enlargement of the Cu grains during the deposition of graphene.
On the other hand, it is unclear how the PDA phase contributed to the thermal
conduction of the composite. Our previous study showed the thermal conductivity of PDA
thin film was approximately 0.3 W/m-K in the thickness direction [51]. Unfortunately, it
was not possible to directly measure the conductivity in the in-plane direction, which could
be similar to or higher than the value measured in the thickness direction, depending on if
the film is isotropic (as we previously suspected [51]) or anisotropic (if there exist some
degree of texture as seen in many graphitic materials). On the other hand, it is unclear
whether PDA could react with Cu to form new phase(s). It is commonly believed that there
is limited reactivity between Cu and C. However, some studies reported that Cu and C can
react to form a so-called “covetic” phase, and the covetic Cu exhibited enhanced thermal
conductivity even with a very small amount of carbon [56]. Therefore, future work is
needed in order to obtain a detailed understanding of the contribution of PDA to the thermal
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conduction in the composite. These studies will include phase and interphase identification
and thermal property measurements of these phases.
Fig. 3.5e presents the Knoop hardness data of the pure copper and the Cu/PDA
samples sintered at different temperatures. For both materials, no significant increase was
observed until the sintering temperature was above 600 oC, likely as a result of insignificant
densification at lower sintering temperature (Fig. 3.2). After being sintered at 950 oC, the
mean hardness values of both materials are approximately 0.6 GPa, which is comparable
to values reported on sintered Cu [38]. Comparison between the Cu/PDA composite and
the uncoated Cu samples does not show significant difference between the two, implying
little effect of PDA on the mechanical property.

(a)

38

(b)

(c)
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(d)

(e)
Fig.3.5 (a) Effect of sintering temperature on electrical conductivity. (b) Electrical conductivity as a
function of mass density. (c) Thermal diffusivity and conductivity as a function of sintering temperature. (d)
Thermal conductivity as a function of mass density. (e) Knoop hardness
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3.4 Conclusions
In this study, a new method to fabricate Cu-nanocarbon composite material was examined.
Nanometer thick PDA coating on Cu particles was obtained by a facile dip coating method.
Cu/PDA composite samples were then obtained by compaction of the coated powder
particles and sintering of the powder compact. The Cu/PDA composite material exhibited
better sintering behavior, which led to improved thermal conductivities for all sintering
temperatures between 300 oC and 950 oC. Meanwhile improvement in electrical
conductivity was observed at sintering temperature of 750 oC or below. On the other hand,
hardness measurement showed that addition of PDA had little effect on the mechanical
property of the composite material.
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CHAPTER 4 ELECTRICAL AND THERMAL PROPERTIES OF CU/PDA
COMPOSITE: EFFECT OF NANOCARBON CONCENTRATIONS

Chapter 4 is based on the following publication

Yao Zhao, Zhenggang Wu, Filippo Di Carlo, Haoqi Li, Bosen Qian, Zhili Feng, and Fei
Ren, “Enhancing the electrical and mechanical properties of copper by introducing
nanocarbon derived from polydopamine coating”, Journal of Alloys and Compounds, 778:
288-293 (2018).

4.1 Introduction
Incorporation of nanocarbons, such as carbon nanotube (CNT), graphene, and graphene
oxide (GO), can improve the performance of metal matrix composites due to the
outstanding mechanical, thermal, and electrical properties of the nanocarbon phases [4-6].
For instance, Kim and coworkers [32] introduced single-layer graphene into copper matrix
and found the compression strength of the composite was increased by two orders of
magnitudes. Li et. al. [31] reported that inclusion of reduced graphene oxide in aluminum
matrix composite could improve its tensile strength and Young’s modulus by
approximately 150% and 120%, respectively; while the ultimate strain was not
significantly affected. Goli et al. [34] observed an increase of up to 24% in the thermal
conductivity of Cu foils by growing few-layer graphene on both sides of the Cu foil using
chemical vapor deposition. The graphene layer not only enlarged the grain size, but also
reduced the surface roughness of the Cu foil, which could also be the explanation of the
enhanced thermal conductivity of the sandwich composite [34]. Subramaniam et al. [37]
fabricated Cu composites with aligned CNTs and reported improved electrical conductance
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along the CNT direction. At 500 K, the conductivity of the composite was enhanced by
approximately 100% when the volume fraction of CNT was 45% [37].
Various methods have been employed to manufacture metal-nanocarbon composites,
which can be roughly categorized to two groups. The first group utilizes mechanical mixing,
where nanocarbon powders or suspensions are added to metal powders or melts. For
example, Li et al. [38] blended rGO with Cu powders by ball milling method, followed by
spark plasma sintering. However, mechanical blending faces the challenge of nonuniform
distribution of the nanocarbon phase. On the other hand, metal-nanocarbon composites can
be obtained by growing metal particles on nanocarbon skeletons or vice versa. For example,
Subramaniam et al. [37] synthesized Cu nanoparticles on pre-aligned CNT forest and then
consolidated the compound to fabricate the composite. Nonetheless, these reported wet
chemical-based methods could only yield small amount of materials at a time and their
scalability is yet to be demonstrated.
In our previous study [30], we reported a novel method to fabricate Cu-nanocarbon
composite powder, where Cu particles were initially coated with a biopolymer
polydopamine (PDA) through a self-assembly process [19, 57]. After compaction and
sintering in an inert atmosphere, the PDA converted to a carbonized phase (carbonized
PDA or cPDA) [24, 49, 57]. The composite samples showed improved electrical
conductivity and thermal conductivity [30]. Meanwhile, no significant change in the
hardness was observed between the pure Cu and PDA coated samples [30].
While the previous study focused on the effect of sintering temperature [30], the
current work aims to examine the effect of the weight fraction of the PDA phase in the
composite by varying the coating time (1 h – 48 h). In addition, Cu powder with higher
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purity and a forming gas environment were used in the process in order to reduce the
impurity in the sintered material, which could be responsible for the relatively low
conductivity encountered in our previous work [30]. In this study, electrical conductivity,
thermal diffusivity, hardness, and wear resistance were measured at room temperature,
which demonstrates that simultaneous improvement in the electrical, thermal, and
mechanical properties of sintered Cu materials can be achieved by inclusion of PDAderived nanocarbon phase.

4.2 Materials and Methods
Copper powder (45 μm, 99.7%, dendritic) and dopamine (DA) chloride were purchased
from a commercial source (Sigma Aldrich, St. Louis, MO, USA) and utilized without
further treatment. The surface area of the as-received Cu powder was measured using the
BET method (Brunauer–Emmett–Teller) with surface area and porosity analyzer
(ASAP2020, Micromeritics, Norcross, GA, USA). In a typical coating process, 0.124 g of
dopamine chloride was dissolved in 50 mL Tris buffer (50 mM, pH = 8.5, ThermoFisher
Scientific Inc., Waltham, MA). Then 10 g of Cu powders were added into the buffer and
agitated with magnetic stirring for 1 h, 4 h, 24 h, or 48 h, respectively. Coated powders
were then obtained by centrifugation and filtration, followed by air drying at 50oC for 24h.
To fabricate bulk samples, the dried powders were loaded into a stainless steel die of
which diameter is 12.7 mm, and uniaxially pressed at room temperature under a pressure
of 470 MPa for 3 min. The pellets were then sintered in a tube furnace (GSL-1500X, MTI
Corp., Richmond, CA, USA) at 1000 oC for 4 h in flowing forming gas (95% N2, 5% H2),
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with nominal heating and cooling rates of 5 oC/min. Pure Cu samples without coating were
also fabricated using the same pressing and sintering procedure.
Morphology of the coating on the Cu powders was examined with transmission
electron microscopy (TEM) (JEM-1400, JEOL, Tokyo, Japan). To determine the coating
thickness, PDA coating on Cu substrates (MTI Corp., Richmond, CA, USA) was also
prepared using the same coating and heating procedure. The coating thickness was
measured using AFM (Dimension Icon, Bruker, Billerica, MA, USA).
The mass density of the pellets was calculated based on the mass and the dimension.
The morphology and the microstructure were studied with scanning electron microscope
(SEM) (FEI Quanta450 FEG, FEI Inc., Hillsboro, OR, USA). Knoop hardness testing was
conducted with Wilson/Tukon micro-hardness tester (100-gram force, loading time of 10
s). The scanning wear testing was performed with a nanoindentor (TI 980 TriboIndentor,
Hysitron, Eden Prairie, MN, USA). A conical diamond tip was utilized to avoid any
dimension effects. Flat areas with 5 by 5 microns were scan-scratched under 80 μN normal
force with a scanning rate of 20 μm/min. The volume loss during scratch tests was
computed from the height difference between the worn region and the surrounding area.
The Young’s modulus was also measured using nanoindentation.
Electrical conductivity calculated from the dimension and the resistance of on
rectangular bar cut from the pellet samples. Electrical resistance was measured using a
four-probe configuration with a nano voltmeter (34420A, Agilent, Santa Clara, CA, USA).
Room temperature thermal diffusivity was measured using a xenon flash system.

45

4.3 Results and Discussion
After coating in the dopamine-containing solution, Cu particles were found to be covered
by PDA layers. TEM images (Fig. 4.1) show the coating thickness varies from
approximately 10 nm after 1 h coating to ~ 100 nm after 48 h of coating. For shorter coating
periods, (i.e. 1 h and 4 h), the PDA layers were conformal and uniform (Fig. 4.1a&b).
However, after extended immersion in the coating solution, spherical particles ranging
between 10 nm and 100 nm were observed on Cu surfaces (Fig. 4.1c&d), which are loose
PDA particles.

(a)

(b)

(c)

(d)

Fig.4.1 Representative TEM images showing PDA layers on Cu particles after (a) 1 h, (b) 4 h, (c) 24 h,
and (d) 48 h of coating
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The growth of PDA layer on Cu was also studied by coating flat Cu substrates. As
shown in Fig. 4.2a, the thickness of PDA coating increased from ~ 10 nm to ~ 100 nm as
the coating time increased from 1 h to 48 h, which are in good agreement with TEM
observations (Fig. 4.1). After heat treatment at 1000 oC, the thickness of carbonized PDA
(cPDA) reduced by an order of magnitude (Fig. 4.2a), which is due to the loss of noncarbon elements (e.g., oxygen, hydrogen) during the carbonization process [24].
Combining the thickness of cPDA layers and the surface area of the Cu powder, as
determined to 0.2966 m2/g by the BET method, the volume fraction of cPDA in the
composite was estimated, which increased from about 0.4 vol. % to 3.8 vol. % when
coating time increased from 1 h to 48 h (Fig. 4.2b). Correspondingly, the weight fraction
of cPDA increased from approximately 0.1 wt.% in the 1 h-coated sample to 0.78 wt.% in
the 48 h-coated sample (Fig. 4.2b), assuming the mass density of cPDA is similar to that
of graphite (2.26 g/cm3) [58].

Fig.4.2 (a) Coating thickness of PDA layers on Cu substrate before and after heat treatment. (b) Volume
fraction and weight fraction of cPDA in the composite samples as a function of coating time.
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Fig.4.3 Raman spectroscopy profiles of samples included in this study, including sintered Cu, PDAcoated sample prior to sintering, and PDA-coated samples after sintering at 1000 oC as a function of coating
time (1 h, 4 h, 24 h, and 48 h)

Carbonization of the PDA phase in the composite samples was examined using
Raman spectroscopy (Fig. 4.3). In all PDA containing samples, both the D peak (~1350
cm-1) and the G peak (~1570 cm-1) were observed, which is consistent with our previous
studies [29, 51]. As expected, the sintered pure Cu sample does not show either G peak or
D peak (Fig. 4.3). The G peak is associated with sp2 hybridization of carbon atom, and D
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peak is related to sp3 hybridization or defects in graphite or graphene [59, 60]. The
simultaneous existence of both G and D peaks indicates the cPDA phase is a mixture of
sp2 and sp3 carbons. The intensity between the D peak and the G peak is approximately 1.1,
which implies the cPDA phase is likely consisted of nanocrystalline graphite as previously
demonstrated by our neutron scattering study [51]. As the coating time increases, the
intensity of the G and D peaks both increase as a result of increased weight fraction of the
cPDA phase.
Microstructure of sintered samples was examined using SEM. As shown in Fig. 4.4a,
residual porosity was observed in the pure Cu sample. In contrast, PDA-coated samples
exhibited better sintering behavior with little residual porosity and enlarged grain size (Fig.
4.4b). Enhancement of grain growth was also observed by other groups. For example, Goli
et al. [34] reported the grain growth on Cu substrates when few-layer-graphene was
deposited. It is known that PDA has the capability to scavenge metallic ions [22, 48]. It is
possible that the PDA coating on Cu particle surface helped remove surface contamination
and in turn assisted sintering. SEM (Fig. 4.4c) and EDS (Fig. 4.4e) analyses performed on
the sintered surface of PDA-containing sample showed a higher concentration of carbon
along the grain boundaries. Further analysis of the fractured surface revealed existence of
thin film like microstructures at the grain boundary regions (Fig. 4.4d). The corresponding
EDS map indicates this type of films primarily consists of carbon (Fig. 4.4f).
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(a)

(b)

(c)

(d)

(e)

(f)

Fig.4.4 SEM images showing the sintered surface of (a) pure Cu, (b) Cu-cPDA sample with 4 h coating,
and (c) Cu-cPDA sample with 1 h coating, and (d) the fracture surface of Cu-cPDA sample with 1 h coating.
The corresponding EDS carbon maps of images (c) and (d) are shown in (e) and (f), respectively

The mass densities of all sintered samples are listed in Table 4.1. All PDA-containing
samples had higher density than the pure Cu sample and the density seems to decrease with
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increasing amount of PDA (or increasing coating time). PDA coating, on the one hand, can
improve the sintering behavior leading to increased density; while on the other hand,
introduction of low-density cPDA would reduce the density of the composite.
All PDA-containing samples exhibited higher electrical conductivity (Table 4.1),
which may be partially explained by the improved sintering behavior [30, 34]. The mean
electrical conductivity of the samples with 1 h PDA coating is 5.37 x 107 S/m, which is
about 13% higher than the sintered Cu sample. However, higher concentration of cPDA
seems to degrade the electrical conducting property, which may be related to increasing
electron scattering at the grain boundary regions that compromises the benefit brought by
sintering enhancement.
Regarding the thermal conducting properties, the PDA-containing samples possessed
a wide range of thermal diffusivity at room temperature (Table 4.1). While samples with 1
h and 4 h coating showed similar or slightly lower values, thermal diffusivities of the
samples with higher cPDA content (24 h and 48 h coating) are approximately 100 mm2/s,
which is much higher than the sintered Cu sample. Considering the weight fraction of the
cPDA is less than 0.8% in these two composites, this result indicates inclusion of cPDA is
an effective means to enhance the thermal conducting properties of Cu matrix composite.
Besides electrical and thermal conductivities, PDA-containing samples also showed
enhanced mechanical properties with respect to hardness and wear resistance. As shown in
Table 4.1, Knoop microhardness of the 1 h coated sample is approximately 0.56 GPa,
which is nearly 70% higher than the pure Cu sample. The increase in hardness may be
explained by the increased sintering density (Table 4.1). The cPDA phase may also
contribute to the hardness increase by retarding grain boundary movement. Table 4.1 also
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shows the wear rate decreased in PDA-containing samples. The wear rate of the 1 h and 4
h coated samples are 1.78 x 10-7 mm3/m and 1.79 x 10-7 mm3/m, respectively, which is 16%
lower than the sintered pure Cu. The wear rate shows an opposite trend than the hardness
as a function of PDA coating time. This is expected because the wear resistance is
proportional to the materials’ hardness [61]. On the other hand, Young’s modulus of the
PDA-containing samples is comparable to the sintered Cu sample, and similar to the
literature value of Cu thin film measured using nanoindentation [62]. Considering the
indent size of the nanoindentation (< 1 micron), it is very likely that the Young’s modulus
only reflects the values inside the Cu grains. In contrast, microhardness and nano-scratch
tests involved multiple grains and grain boundaries, where cPDA primarily resides.
Table.4.1 Mass density, electrical conductivity, thermal diffusivity, Knoop hardness, wear rate, and
Young’s modulus of sintered samples

Cu

1h

4h

24 h

48 h

Mass density (g/cm3)

8.44±0.11 8.65±0.09 8.74±0.08 8.51±0.10 8.49±0.05

Electrical conductivity
(x107 S/m)

4.74±0.03 5.37±0.12 5.25±0.19 4.93±0.28 4.85±0.16

Thermal diffusivity
(mm2/s)
Knoop hardness (GPa)

63.9±0.6

59.8±0.8

69.5±0.9

104.5±0.5

98.7±1.2

0.33±0.12 0.56±0.09 0.53±0.20 0.45±0.16 0.33±0.14

Wear rate (10-7 mm3/m) 2.12±0.37 1.78±0.21 1.79±0.31 1.92±0.34 1.99±0.40
Young's Modulus
(GPa)

125±19

127±16
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126±20

127±18

129±13

4.4 Conclusions
In this study, Cu-PDA composite was fabricated by sintering of PDA-coated Cu powder.
The PDA-containing samples exhibited better sintering behavior. After sintering the PDA
phase primarily distributed in the grain boundary region and showed thin film-like
morphology. The conversion of PDA to graphite-like carbonized PDA (cPDA) was
confirmed by Raman spectroscopy. Existence of the cPDA phase simultaneously improved
the electrical conductivity (up to 13%), thermal diffusivity (up to 63.5%), hardness (up to
70%), and wear resistance (~ 16% in wear rate) of the composite over the pure Cu sample.
These results indicate PDA coating is a promising method to improve the thermal,
mechanical, and electrical properties of sintered Cu, and possibly other metals and alloys.
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CHAPTER 5 BIOPOLYMER ASSISTED MANUFACTURING OF ALUMINUMCOPPER NANOPARTICLE COMPOSITE
Chapter 5 is based on the following submitted manuscript

Yao Zhao, Haoqi Li, Weixiao Gao, and Fei Ren, “Biopolymer assisted manufacturing of
aluminum-copper nanoparticle composite”.

5.1 Introduction
Sintering is an important step in powder metallurgy, which converts powder feedstock to
bulk materials and components. Sintering aluminum and alloys is usually difficult due to
several challenges, including poor flowability, high thermal diffusivity, surface oxidation
layer, etc. [63-65]. Specifically, the oxide layer spontaneously formed on aluminum surface,
which is typically nanometer thick, can prevent fusion of aluminum powder particles
during common sintering practice such as pressure-less sintering [63, 66-68]. Various
methods have been used to promote sintering of aluminum alloys, including introduction
of reducing agents (e.g., H2), spark plasma sintering, and microwave sintering [69-71].
Nevertheless, improving the sinterability of the feedstock powders is essential for
successful fabrication of sintered aluminum components. Powders with better sintering
behavior will also benefit various powder-based additive manufacturing of aluminum
alloys such as binder jetting, direct paste printing, and selective laser melting/sintering.
Introducing alloying elements can improve the sintering behavior of aluminum.
Among various alloying elements (i.e., Cu, Mg, Ti, Ni, etc) [67, 72-75], Cu is commonly
utilized because of its relative high solubility in Al matrix leading to good mechanical
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properties when formed into alloys [72, 76] and its capability to improve densification of
aluminum alloys [68]. For example, Aravind and coworkers [72] mechanically mixed Al
and Cu powders and cold pressed the powders into pellets and sintered in argon. With this
method, alloying phase Al2Cu was formed, which improved the sintering of aluminum.
Nonetheless, a large number of unreacted micron-sized Cu particles remained in the
sintered material. When introducing the Cu phase, nanoparticles (NPs) are preferred since
their large specific area can lead to better reaction with Al powders [77]. However, it is
difficult to achieve good distribution of CuNPs using traditional mechanical mixing
methods, which could result in agglomeration of the CuNPs and/or separation between Al
and Cu particles due to their different densities.
Here we propose a new processing method that utilizes a polydopamine (PDA) thin
film to assist attachment of CuNPs onto Al particle surfaces. Given the fact that PDA can
polymerize through a self-assembly process and it has the ability of universal adhesion to
various surfaces, PDA is utilized as coating material on different substrate or nanoparticles
[20, 22, 51]. In addition, our previous studies [30, 78] showed that PDA might be able to
scavenge surface contaminants and assist sintering of Cu powder compacts. On the other
hand, it was shown that the PDA was porous, which enabled movement of metal ions or
NPs within the thin film [79].
In this study, Al powders with CuNPs and PDA coating were synthesized using a
facile coating method, followed by compaction and sintering. It was observed that the
composite samples exhibited better sintering behavior with enhanced electrical
conductivity and mechanical properties. These results indicate the method proposed in this
study can be used to manufacture highly sinterable Al powders.
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5.2 Materials and Methods
The copper nanoparticles (CuNPs) were synthesized using single-replacement reaction
method from copper aqueous solution. In a typical experiment, 0.21 g of CuCl2 (99%,
Sigma Aldrich, St Louis, MO) was fully dissolved into 50 mL deionized water and then 2
g of aluminum powder (15 μm, 99.97%, Alfa Aesar, Tewksbury, MA, USA) was added
into the solution. The CuNPs were obtained by reducing Cu2+ with Al. The solution was
stirred occasionally to prevent the CuNPs from aggregating into clusters. After the
solution’s color changed from light blue to colorless, the mixture of the Al powder and
CuNPs was filtered and collected.
Polydopamine (PDA) was synthesized by dissolving dopamine hydrochloride (DA,
99%, Alfa Aesar, Tewksbury, MA, USA) powder into 50 mL Tris buffer (50 mMol/L, pH
= 8.5, ThermoFisher, Scientific Inc.,Waltham, MA). Four levels of DA concentrations
were studied, which were 10, 20, 30 and 40 mMol/L corresponding to 1.9 wt.%, 3.8 wt.%,
5.7 wt.% and 7.6 wt.% of carbon in the composites, respectively. After stirring the PDA
solution in air for 24 h, the Al and CuNPs mixture was added and stirred for additional 2
h. The Al-CuNPs-PDA mixture was harvested by filtration, and air-dried at 50 oC for 24 h.
To fabricate bulk pellet samples, the dry powder mixture was loaded into a stainlesssteel die of 0.5-inch diameter, and uniaxially compressed under 300 MPa pressure at room
temperature for 3 min. Then the pellet samples were sintered in a tube furnace at 570 oC
with a flowing forming gas (95% N2, 5% H2) for 10 h. As-received Al powder was also
compressed and sintered with the same conditions.
The electrical resistance of the samples was measured by a four-probe configuration
on rectangular bars cut from the samples with a nano voltmeter (34220A, Agilent, Santa
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Clara, CA, USA). The conductivity was then calculated from the resistance and dimensions
of the bars. Each condition was repeated for three times. Three-point bending test was
performed with a micro tester (Microtest 200N, Deben, Suffolk, UK) equipped with 200 N
load cell at a fixed speed of 0.1 mm/min. Knoop hardness testing was conducted with
Wilson/Tukon micro-hardness tester (100-gram force, loading time of 10 s). X-ray
diffraction (XRD) was conducted using an X-ray diffractometer (Rigaku Miniflex, Tokyo,
Japan). The morphology and the microstructure of the samples were examined with
scanning electron microscopy (SEM) (FEI Quanta450 FEG, FEI Inc., Hillsboro, OR, USA)
and transmission electron microscopy (TEM) (JEM-1400, JEOL, Tokyo, Japan).

5.3 Results and Discussions

(a)

(b)

57

(c)

(d)

(e)

(f)

Fig.5.1 (a) TEM image of a CuNP and (b) its corresponding electron diffraction pattern. SEM images of
typical (c) as-received Al powder, (d) Al-CuNP mixture, and (e) Al-CuNP-PDA mixture and (f) its
corresponding EDS mapping of Cu

Fig. 5.1a shows a TEM image of a CuNP obtained using the reduction method described
in the previous section. Typical CuNPs are equiaxed with diameters on the order of 100
nm (Fig. 5.1a). The crystallinity of the NPs was confirmed by selected area electron
diffraction (Fig. 5.1b). The morphology of the as-received Al powder particles is shown in
Fig. 5.1c. The size of the Al particles is roughly between 10 to 30 microns. Fig. 5.1d shows
the Al and CuNP mixture after filtration and drying, where CuNPs exhibited poor
distribution among the Al particles and agglomeration of CuNPs was observed. In contrast,
the addition of PDA enhanced the distribution of NPs in the Al-CuNP mixture, as shown
in Fig. 5.1e, which is also confirmed by EDS mapping of elemental Cu (Fig. 5.1f). In the
mean time, introduction of PDA also bound Al particles to form larger clusters (Fig. 5.1e).
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(a)

(b)

(c)

(d)
Fig.5.2 SEM images showing the sintered samples using (a) as-received Al powder (b) Al-CuNP powder
and (c) Al-CuNP-PDA (20 mMol/L) powder. All samples were sintered at 570 oC. (d) Schematic showing
the processing steps to obtain Al-CuNP-PDA composite
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The mass densities of the sintered materials are comparable: 2.48 ± 0.09 g/cm3 for the
pure Al sample, and 2.44 ± 0.11, 2.41 ± 0.08, 2.39 ± 0.11, and 2.36 ± 0.07 g/cm3 for AlCuNP-PDA samples with PDA concentrations of 10, 20, 30, and 40 mMol/L, respectively.
Microstructures of sintered samples are compared in Fig. 5.2. Sample fabricated from asreceived Al powder shows little evidence of sintering after being heated at 570 oC for 10
h, which exhibits loose connections among powder particles (Fig. 5.2a). Improved sintering
behavior is observed in the sample with CuNPs (Fig. 5.2b). However, a large number of
pores are observed (Fig. 5.2b), indicating low degree of densification. When PDA is added,
the sample exhibits much better sintering with isolated surface pores (Fig. 5.2c). The
mechanism leading to enhanced sintering behavior of the Al-CuNP-PDA mixture is
illustrated in Fig. 5.2d.: CuNPs are obtained by reducing the Cu2+ in the CuCl2 solution
while the PDA is synthesized in the DA-tris solution. When the Al-CuNP mixture is added
into the PDA solution, PDA will form thin films on the Al powders, which may act as a
“web” to help attach CuNPs onto Al particle surfaces. The porous structure of PDA [79]
will enable the movement of CuNPs, which allows reaction with Al to form alloy phases
that can enhance sintering. Meanwhile, PDA will be converted to a highly conductive
graphite-like phase during sintering [24, 80].
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(a)

(b)
Fig.5.3 X-ray diffraction profiles of (a) sintered (red) and unsintered (black) composite samples, and (b)
the enlarged view of the region between 40o and 52o in (a)

To study the phase evolution during sintering, XRD was performed on powders and
crushed sintered samples (Fig. 5.3). As shown in Fig. 5.3a, pronounced Al peaks and minor
Cu peaks are observed in both unsintered and sintered Al-CuNP-PDA samples, where the
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intensities of Al peaks are roughly 20 times higher than Cu peaks. This illustrates the
existence of Cu phase in the composite and its amount is very small. Fig. 5.3b is a detailed
view of Fig. 5.3a showing the region between 44o and 52o. In addition to Cu peaks, small
Al2Cu peaks are also observed in the sintered sample, which implies local reaction between
Al particles and CuNPs. In contrast, no Al2Cu peaks are detected in the unsintered powder
(Fig. 5.3b). The relative intensities of Cu peaks are also reduced after sintering (Fig. 5.3a)
than before sintering likely due to partial conversion of Cu to Al2Cu.

40mMol/L

Intensity (A.U.)

30mMol/L

20mMol/L

10mMol/L
D

G

Al sintered

500

1000

1500

2000

2500

Raman shift (1/cm)
Fig.5.4 Raman spectroscopy data of sintered pure Al sample and Al-CuNP-PDA composite samples with
different PDA concentrations

Raman spectroscopy (Fig. 5.4) illustrates the carbonization of the PDA in the
composite samples. For the samples with PDA, both D peaks (~1350 cm-1) and G peaks
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(~1570 cm-1) were detected, which is consistent with our previous studies [29, 78, 81]. The
coexistence of D and G peaks indicates that there is a combination of sp2 and sp3 carbon in
carbonized PDA. The intensity of the D and G peaks increases with the concentration of
the PDA solution. As expected, for pure Al sample, no clear D or G peaks are detected.

Fig.5.5 Electrical conductivities of the Al-CuNP-PDA composite samples and pure Al sample (inset)

Fig. 5.5 displays the electrical conductivities of different samples. Besides the
composite samples, pure Al with and without sintering were also measured. Comparing the
two pure Al samples, the sintered Al sample (2.29 x 104 S/m) was roughly 100 times higher
than the no sintering Al (189 S/m). All the composite samples exhibit much higher
electrical conductivities (on the order of 107 S/m), which indicates that the CuNP can
improve the sintering of Al remarkably. Among the composite samples, the conductivity
initially increases with PDA concentration and then decreases. The sample with 20 mMol/L
PDA shows the highest conductivity of approximately 1.55 x 107 S/m, which is comparable
to other literature values. For example, Yaghobizadeh et al. [71] fabricated aluminum
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samples using microwave sintering and reported electrical conductivity of 1.51 x 107 S/m.
It is hypothesized that appropriate amount of PDA can enhance the binding between Al
and CuNPs; while excessive PDA can be detrimental due to the lower conductivity of
carbonized PDA [80] than Al.
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Fig.5.6 (a) Knoop microhardness and (b) three-point bending strength of the pure Al and composite
samples
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Fig. 5.6a compares the Knoop hardness of all the samples. For pure Al samples, the
sintered sample has smaller hardness, which is roughly 380 MPa, while the sample without
sintering is roughly 450 MPa. The higher hardness of the unsintered sample may be related
to work hardening during compaction. The lower hardness of the sintered sample is likely
caused by stress relaxation during sintering. All samples with CuNPs and PDA show higher
hardness values comparing to the pure Al samples, which is likely related to their better
sintering behavior. Fig. 5.6b displays the bending strength of all samples. Similar to the
trend observed in hardness, all composite samples show higher bending strength than pure
Al samples. The highest value is observed from composite sample containing intermediate
level of PDA. As previously discussed, appropriate amount of PDA can enhance the
binding between Al and CuNPs, which leads to improved sintering behavior. However,
excess amount of carbonized PDA in the grain boundary regions may behave as a lubricant
that eases the plastic deformation [81], which in turn results in lower hardness and strength.
Comparing to pure Al, composite sample with 20 mMol/L PDA shows more than 30%
increase in hardness and nearly two fold increase in strength, which demonstrates the
composite samples possess much better sinterability.
5.4 Conclusions
In this study, a novel processing method is developed to fabricate Al powder with CuNPs.
The attachment of CuNPs is improved by introducing biopolymer polydopamine. The
composite powder exhibits much enhanced sintering behavior. Consequently, the electrical
conductivity, bending strength, and micro hardness are improved by two orders of
magnitude, 350%, and 30%, respectively. These results indicate the process developed in
this work is a good candidate method for preparing aluminum powders with enhanced
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sinterability, which may assist advancing powder-based manufacturing technologies such
as recently developed 3D printing techniques.

66

CHAPTER 6 DEVELOPMENT OF COPPER POWDER PASTE FOR DIRECT
PRINTING AND SOFT MOLD CASTING
Chapter 6 is based on the following submitted manuscript:

Yao Zhao, Weixiao Gao, Jianxi Xi, Haoqi Li, and Fei Ren, “Development of copper
powder paste for direct printing and soft mold casting”.

6.1 Introduction
Additive manufacturing (AM, also known as 3D printing) is a new class of manufacturing
methods that enables direct build-up of three-dimensional (3D) parts from two-dimensional
(2D) layer-by-layer stacking. AM has become increasingly attractive in recent years due to
some unique advantages, such as complex shape design, mold-free fabrication, high
materials usage rate, etc [66, 73, 82]. Several processing methods are available for AM of
metals and alloys, including the powder-bed method, the powder-fed method, and the wirefed methods, which typically utilize high energy laser beams, electron beams, or plasma
melting [82-84]. These techniques integrate material shaping and consolidation (e.g.,
sintering and fusion) and are capable to create bulk materials with relatively good
properties. Nonetheless, one of the main drawbacks of these methods is the high cost of
the facilities, which involves high power-energy laser/electron beams and associated power
supplies [66, 82, 85-87].
In order to avoid the high equipment cost, other additive manufacturing methods for
metals and alloys are developed to separate the shaping from the melting/sintering step.
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For instance, metal parts can be fabricated with binder jetting AM method, where a liquid
binder is selectively printed onto a powder bed with the desired pattern. Once a layer is
finished, a new layer of powders is loaded onto the previous layer, and then a new layer of
binder is printed again [84, 88-92]. By repeating the abovementioned steps, a 3D green
body can be fabricated, which will then be sintered in a separate location to obtain the final
product [92]. One of the main challenges of this approach is that the green bodies are
usually fragile with limited mechanical integrity [93].
Another alternative method is direct ink/paste printing [82, 94, 95]. Instead of
separately printing/loading the binders and the powders, ink or paste containing both metal
powders, binders, and other solvent is initially formed, which is then directly printed onto
the substrate. Various types of materials can be made into the paste form. For example,
Skylar-Scott et al. [96] and Stringer et al. [97] reported silver-based ink for electronics
applications. Chen et al. [98] reported that ceramic powders, such as ZrO2 and TiO2 had
been utilized for paste/ink as well, which is a promising technique to process ceramics
considering it is very difficult to machine certain ceramics. Moreover, some nanomaterials
have been utilized in direct paste/ink printing, such as graphene oxide by Jiang et al. [99].
On the other hand, in terms of the binder type, both organic and inorganic binders have
been developed based on the powder sinterability and specific applications [100, 101]. The
advantages of these methods include low cost and high substrate compatibility [94]. It is a
balanced strategy with cost and cycle time. Nevertheless, there are very strict requirements
about the viscosity of the ink/paste and the acceptable flow rate window is very limited to
avoid potential nozzle clogging problem [95].
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In this study, a new type of paste containing copper powder and polymeric binder has
been formulated. On the one hand, this paste can be used for direct printing to create 3D
components. On the other hand, the paste can be utilized in soft-mold casting, a novel
molding strategy for metal parts, which has not been discussed in the open literature. The
soft molds, obtained by casting silicone rubber to 3D-printed plastics, are advantageous
over traditional molds (e.g., machined steel molds) because the silicone molds are flexible
and have low adhesion to metals, and thus can be easily demolded. With this soft molding
method, metal green bodies with high shape accuracy can be obtained, which can be
converted to dense parts after sintering. It is believed that this new processing method has
potential in metal manufacturing due to its simplicity and versatility.
6.2 Materials and Methods
In this study, commercial copper (Cu) powder (98%, 10-25 μm, Sigma Aldrich, St Louis,
MO, USA) was used. The material processing steps are illustrated in Fig. 6.1. In a typical
trial to make the Cu-binder paste, 1 g of a commercial-grade acrylic was first fully
dissolved in 10 mL of organic solvents (e.g., acetone) with the assist of magnetic stirring.
Then 45 g of Cu powder was stirred until a homogeneous paste was obtained.
Two types of forming methods were studied in this work. On the one hand, the paste
was loaded in a syringe tube for directly printing of desired patterns/shapes. The printing
was conducted on Teflon sheets for easier demolding. A pneumatic dispenser was used to
apply pressure to the syringe during the printing. After the solvent in the previously printed
layer was evaporated, subsequently layers were printed. By repeating this process, 3D
green bodies can be manufactured.
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The second type of forming method utilized a novel soft mold casting developed in
this study. The silicone material to fabricate the mold was purchased from a commercial
source (Ecoflex 00-50, Macungie, PA, USA). The soft molds were fabricated by casting
and curing the silicone material in 3D printed plastic molds (3D printer, Ultimaker 3,
Geldermalsen, Netherlands). To fabricate the metal green bodies, the Cu-binder paste was
slowly poured into the silicone rubber mold, followed by degassing.
For parts shaped using either of the above-mentioned forming methods, the solvent
was allowed to evaporate until the samples became rigid and ready for demolding. The
green body samples were then loaded into a tube furnace for sintering, with the nominal
heating and cooling rates at 5 oC/min and holding time at peak temperatures for two hours.
To prevent the samples from oxidation, flowing forming gas (95% N2, 5% H2) was used
during the sintering process.
The density of the sample was calculated from the mass and the sample geometry.
Thermogravimetric analysis (TGA) (Pyris 6, Perkin Elmer, Waltham, MA) was performed
on both the as-received Cu powders and dried Cu-binder paste with heating /cooling rate
of 10 oC/min in a running N2 atmosphere. X-ray diffraction (XRD) was conducted on an
X-ray diffractometer (Rigaku Miniflex, Tokyo, Japan). The microstructures of the samples
were studied with a scanning electron microscope (SEM) (FEI Quanta450 FEG, FEI Inc.,
Hillsboro, OR, USA). Knoop microhardness testing was conducted using a Wilson/Tukon
micro-hardness tester with a 100 g force and a loading time of 10 s. The electrical resistance
of the samples was measured by a four-probe configuration with a nano-voltmeter (34220A,
Agilent, Santa Clara, CA, USA) on rectangular bars cut from the samples. Then the
electrical conductivity was computed from the resistivity and the bar geometries.
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Fig.6.1 A schematic showing the preparation of the Cu-binder paste, the direct paste printing process, the
soft mold casting, and the sintering step

6.3 Results and Discussions
It is notable that the mass of the dried paste started to decrease from roughly 200 oC and
stabilized at around 400 oC. That is likely related to the removal process of the acrylic
binder. At 400 oC, approximately 2% of the total initial weight was lost, indicating that
almost all the binder was removed, given the fact the initial mass ratio of binder to Cu
powder is 1:45 (or 2.17 wt%). In contrast, the as-received Cu powders showed no
significant mass loss during the heating (Fig. 6.2), which was expected.
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Fig.6.2 Thermogravimetric analysis results of the as-received Cu powder (black) and dried Cu-binder paste
(red)

Fig. 6.3a exhibits some sintered examples formed using the direct printing method, It
should be noted that these samples were hand made, and it is expected that this method
could be integrated into machines with computerized stages. These samples showed certain
shapes and features that are of typical 3D printed components, including samples built from
layer-by-layer stacking with negatively sloped walls (e.g., the trophy sample and the
pyramid). These results demonstrated the potential of this type of paste to be used in inkbased 3D printing applications. Fig. 6.3b displays several samples obtained from the soft
mold casting method. The sample surfaces are smooth with sharp features retained after
demolding and sintering. The convex, concave, and hole structures in the samples showed
the design versatility of this method.
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Fig.6.3 Samples by (a) direct paste printing and (b) soft casting. Scale bar in (a) and (b) is 10 mm

The sintering behavior of the powder-binder paste was studied by examining the
microstructure of samples sintered at various temperatures. Materials obtained from the
direct printing and soft mold casting showed similar sintering behavior. Fig. 6.4 displays
the changes in mass density and the shrinkage (indicated by the volume ratio of the sintered
body with respect to the green body volume) as a function of sintering temperature. The
density of the green body (dried paste prior to sintering) was slightly lower than 4 g/cm3.
The corresponding SEM image (lower left inset in Fig. 6.4) showed that the powder
particles were uniformly coated by the binder, which formed a continuous matrix to
suspend the Cu powders. After sintered at 800 oC, the mass density increased to roughly
4.5 g/cm3. The corresponding SEM image (upper left inset in Fig. 6.4) showed that the
binder phase vanished during heating, leaving the Cu powders exposed and loosely
connected without significant necking or bonding formed. As a result, the density of the
sample was slightly increased. After sintered at 900 oC, the mass density significantly
increased. Necking and grain boundaries among the powder particles were partially formed
(top inset in Fig. 6.4). However, some powder particles remained isolated and discrete. The
gaps between powder particles were still evident. For the samples sintered at 950 oC, the
density showed a minor increment, and the SEM image (upper right inset in Fig. 6.4)
revealed fewer gaps and voids between powder particles. A continuous metal matrix
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formed. After sintering at 1000 oC, the density was further improved to nearly 8 g/cm3. As
shown in the corresponding SEM image (lower right inset in Fig. 6.4), very few isolated
pores can be seen and grain boundaries were fully formed. The original shape of the powder
particles could not be recognized any longer. Corresponding to the density increment, the
volume ratios of the sintered samples with respect to the green body descended to
approximately 50% after sintered at 1000 oC. All samples showed uniform shrinkage,
which was about 18% in each dimension. The observed sintering behavior was comparable
to our previous work, where the pellet samples were compacted and sintered at 950 oC (i.e.,
8.05 g/cm3) [30]. Further sintering beyond 1000 oC could lead to partial melting, especially
in regions with sharp edges. Therefore, 1000 oC seemed to be the optimal sintering
temperature in this study.
The X-ray diffraction patterns of the as-received Cu powders and the sintered paste
were shown in Fig. 6.5. Both samples showed sharp Cu peaks, which was expected.
Nonetheless, the as-received Cu powders possessed a minor peak around oxidization peak
around 36o (likely (111) peak of Cu2O), which disappeared after sintering. It is possible
that the oxide was reduced by the H2 contained in the forming gas. This is desired since the
oxygen as a type of impurity can hinder the sintering by slowing down the diffusion of Cu
atoms [78]. It is noted that no oxidation peak was observed in the sintered paste sample,
implying the new process does not introduce detectable impurities.
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Fig.6.4 The evolution of mass density (dash line) and relative volume ratio with respect to the green body
(dotted line) as a function of sintering temperatures, and the corresponding SEM images. (dried paste:
lower left; 800 oC: upper left; 900 oC: top; 950 oC: upper right; 1000 oC: lower right)
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Fig.6.5 The X-ray diffraction profiles of the as-received Cu powder (black solid line) and the paste sample
after sintered at 1000 oC (red dashed line)

Fig. 6.6 shows the electrical conductivity and Knoop hardness of the samples as a function
of sintering temperature. The dried paste without sintering had a neglectable electrical
conductivity value, which was lower than 1 S/m. This is caused by the low conductivity of
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the binder phase and the disconnection between Cu powder particles. For samples sintered
at 800 oC, the samples limited necking and bonding between powder particles, the
conductivity only increased to near 1000 S/m. Significant increase in the electrical
conductivity was observed starting from a sintering temperature of 900 oC, which further
increased to 3 x 107 S/m after being sintered at 1000 oC, the highest sintering temperature
used in this study. This value is comparable to other Cu materials obtained from powder
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metallurgy [30].
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Fig.6.6 The electrical conductivity and hardness as a function of sintering temperature

Regarding the Knoop hardness, the values of the dried paste and the 800oC samples
were low. Similar to the trend observed in the electrical conductivity, the hardness
increased remarkably from 900 oC and reached 500 MPa after being sintered at 1000 oC.
This value is similar to our previous study (560 MPa) where Cu powder was compressed
and sintered [78]. In summary, both the electrical conductivity and hardness showed
similar increasing trends with increasing density, which indicates the property gains are
likely related to the densification.
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6.4 Conclusions
In this study, a new process to create Cu powder- binder paste was developed, which can
be used in either direct printing or in a novel soft mold casting method. The paste was
formed by mixing Cu powder, acrylic binder, and organic solvent. Three-dimensional
metal green bodies were obtained from either methods, which were then converted to dense
bulk parts after sintering. Samples fabricated using the direct printing demonstrated
complexed shapes with slopes while those manufactured using the soft mold casting
showed smooth surfaces and sharp edges, demonstrating its potential in fabricating 3D
metal parts from powder materials. Sintering study showed the materials sintered at 1000
o

C possessed the highest mass density, which subsequently led to the highest electrical

conductivity and micro-hardness that are comparable to materials processed using other
powder metallurgy based methods.
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CHAPTER 7 CONCLUSIONS
In this study, a facile and novel method to fabricate the nanocarbon metal composite was
developed, which utilized a bio-inspired polymer polydopamine (PDA) as the nanocarbon
source. The PDA can be uniformly coated onto metal powder surfaces, and the coating
thickness can be controlled by varying the coating time and the concentration. The PDA
can be converted into carbonized PDA (cPDA), which is proposed to have a graphite-like
structure.
For Cu-PDA composites, the cPDA was located on the grain boundary areas of the
copper phase. A proper amount of cPDA can lead to better electrical and thermal
conductivities, as well as better mechanical performance, such as higher hardness and wear
resistance. This indicates that the PDA phase can assist the sintering of the Cu by
scavenging the surface impurities.
PDA was also used to coat Al powders to help attach of the pre-synthesized Cu
nanoparticles (NPs) onto Al surfaces. With the assistance of the PDA coating, the CuNPs
were tightly attached to the Al surfaces, which were then converted into a nanosized
alloying phase with Al after sintering process. This leads to better sintering behavior
comparing to pure Al powders, which was illustrated by higher electrical conductivities,
and improved mechanical properties.
This work further developed a novel and facile processing method to create a Cu
powder–binder paste. The paste can be directly printed into three-dimensional objects, as
well as be casted in soft silicone rubber molds made by additive manufacturing. Dense 3D
Cu parts can be obtained by sintering of the green bodies shaped using either method.
Sintering study showed the samples sintered at 1000 oC possessed the highest density and
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best properties. Therefore, the optimal sintering temperature for the Cu samples shaped
from the powder-binder paste is determined to be 1000 oC.
The encouraging results from the current study may lead to several research
directions in the future. First of all, it is worthwhile to apply the soft molding method
(Chapter 6) to the metal-nanocarbon composites developed in this study (Chapters 3, 4,
and 5). Since the Cu-PDA and Al-CuNP-PDA composite powders exhibited enhanced
sintering behavior, it is possible to achieve higher densities, and thus better properties on
additively manufactured samples using these powders as the stock materials. This approach
would be especially valuable for aluminum alloys, which are very difficult to be sintered.
The combination of the two methods could lead to metal parts with better properties and
more accurate geometries. Moreover, this approach could also be extended to other
materials, for example, thermoelectric powders, which are also very difficult to be sintered.
It is also interesting to explore design and fabrication of unique, complex structures
using the novel powders and processing methods developed in this study. For example,
layered structures with different metals (e.g., Cu in one layer and Ni in another layer) could
be fabricated. Hollow structures are also promising with respect to lower the total weight
of the designed parts.
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