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Abstract: Ball milling (BM) is the prime method to disperse graphene into metal powders; however,
it inevitably introduces structural defects to graphene. The balance between dispersion quality and
structural damage of graphene during BM is a significant issue for fabricating graphene/metal
composite powders. In this study two metal powder characteristics, namely type and size, were
investigated to understand the effect of the BM process on graphene structure in graphene/metal
composite powders. Graphene nanosheets (GNSs) were added into commercial Ti-6Al-4V and pure
Al powders with different diameters by three kinds of BM processes with distinct energy levels.
According to the microstructure and Raman spectra, the results suggested that metal particle size had
a minor influence in low-energy BM, while it played an important role in high-energy BM (HEBM).
The structural defects of GNS crystals increase with increasing BM energy. However, increasing
energy in BM has limited damage as the discrepancy in particle size is quite large. Furthermore, Al
powders with lower hardness tend to deform with lower BM effect, which will cause less damage
to GNSs compared to that in the harder Ti powder. Those findings may have implications for the
development of high-performance metal matrix composites reinforced with nanocarbon materials.

Keywords: graphene; ball milling; powder metallurgy; Raman; metal matrix composites

1. Introduction

Ceramic particles, such as MgySi [1], Al,O3 [2], SiC [3], TiB [4], TiC [5], and others, have
been utilized to enhance metal matrix composites (MMCs) and have been applied in the
automobile [6] and aviation industries [7]. However, high-performance MMCs are always
required with the development of industries. Thus, it is hoped that potential reinforcements
with super properties will further improve the properties of MMCs. Because of its super-
high strength (up to 130 GPa), high Young’s modulus (up to 1 TPa), low density (~1 g/cm?),
and high thermal conductivity (3000 to 5000 K), graphene has drawn great attention for
the fabrication of high-performance MMCs [8,9]. However, the huge discrepancy between
metals and carbon materials is still a challenge for graphene uniform distribution, which is
a crucial issue for exerting the strengthening effects of reinforcements [10-12]. Therefore,
effective approaches for the homogeneous distribution of high-volume fraction graphene
have been imperative in the field of nanocarbon-MMCs in recent years [13-15].

To overcome the uneven dispersion problem, various novel methods have been devel-
oped in metal matrix composite production by a powder metallurgy method with flexible
procedures, such as molecular level mixing process [16], in situ space-confined synthe-
sis [17], and in situ grown on the surface of metal powders [18]. However, disadvantages,
such as cumbersome procedures and immature technologies, limit their further applica-
tion in the dispersion processes. As a classical dispersion method with the advantages
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of cost saving and simplicity, BM has been successfully applied in extensive studies to
fabricate kinds of MMCs, such as Al [19-21], Mg [22-24], Cu [16,25,26], and Ti [27-29]. For
example, Dong et al. [29] used HEBM to disperse the nanocarbon materials uniformly in
Ti64 powder. They showed that all nanocarbon materials attached on the surface of Ti64
powder with higher structure defects because of the milling effect. Munir et al. [30] utilized
HEBM to disperse 0.5-1 wt% of carbon nanotubes (CNTs) in titanium powder. Their work
implied that the CNTs were broken into short fragments with much higher defects in the
CNTs crystal. Moreover, some in-situ carbides caused by the dry milling process would
appear during uncontrolled HEBM. Kim et al. [26] combined vibration dispersion and
HEBM methods to distribute multi-layer graphene homogeneously in Cu powders. Their
results suggested that higher defects would be introduced into the graphene because of
the milling effect, even though the chemical reaction tendency between graphene and Cu
was poor. All of those results illustrate that a HEBM procedure not only distributes the
nanocarbon materials homogeneously, but also breaks the bulk of nanocarbon materials
into smaller pieces with higher damage because of the milling effect. Therefore, decreasing
the introduced damage in nanocarbon materials by controlling the milling effect during
HEBM is necessary.

Recently, the addition of a process control agent has been confirmed to decrease the
milling effect by controlling the milling process. Chen et al. [31] developed solution BM
(SBM) to distribute homogeneous CNTs in Al composites with the addition of isopropyl
alcohol solution. Their work suggested the solution dispersion conditions would homo-
geneously disperse CNTs with less damage and larger aspect ratios. Munir et al. [32,33]
combined HEBM and a process control agent of stearic acid to disperse 0.5-1 wt% CNTs
in titanium powder. They found that the HEBM process with the addition of stearic acid
would also decrease the damage to the crystal structures of CNTs. However, how the dis-
crepancies of particle size and hardness between nanocarbon materials and metal powder
impact the defects are rarely reported. Therefore, in order to further understand the milling
effect on the crystal structure of graphene, the contributions of the size and hardness of
metal powders have to be clarified.

In this study, the purpose was to reveal the role of particle size and hardness of metal
powders in the milling effect on the crystal structure of graphene. In order to investigate
the particle size influence, the same GNS was incorporated into three kinds of Ti64 powders
with various diameters (15~300 um) through three dispersion methods. The low-energy
BM procedure was displayed in rocking milling. The HEBM methods were applied in the
planetary BM and 3D (three-dimension) BM processes. Furthermore, a lower hardness
Al powder was applied to survey the hardness of powders in the milling effect during
the HEBM process. The morphology of the powder after BM was studied to observe
the deformations of the powders. The Raman spectra were analyzed to investigate the
structural defects in GNS crystals, and the relationship between particle size, hardness,
and the milling effect was discussed.

2. Materials and Methods
2.1. Raw Materials

The gas atomized spherical Ti64 powders with different diameters, 15-53 um, 45-105 um
(supplied by Sino-Euro Materials Technology of Xi’an Co., LTD, Shanhai, China) and
100-300 pum (bought from Shaanxi Vic’s Sic. Tech. Co., LTD, Shaanxi, China), were adopted
as the starting metal materials. Pure aluminum powders with a diameter of 45 um (bought
from Haoxi-Nano Co., LTD, Jiangsu, China) were also used as another starting material.
The GNSs (3—-10 nm thickness and a diameter range of 5-10 pm) were bought from Nanjing
XFNANO company, Nanjing, China. To better discriminate the different diameters of the
powders, the powders with a diameter range of 15-53 um are marked as #1, the powders
with a diameter range of 45~105 um are marked #2, and the powders with a diameter range
of 100~300 pm are marked #3. The schematic topographies of the raw materials are shown
in Figure 1a.
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Figure 1. Schematic diagram of the fabrication of composite powders: starting materials (a); rocking
milling (b); planetary BM (c); 3D BM (d).

2.2. Dispersion Methods of the Composited Powders

Three powder dispersion methods, rocking milling (Figure 1b), planetary BM (Figure 1c,)
and 3D BM (Figure 1d), were utilized to disperse the GNSs into metal powders with a ball
to powder weight ratio of 1:1. Milling balls with a diameter of 10 mm were used in all
processes. The schematic diagram and the illustration of powder shape are displayed in
Figure 1.

A mechanical rocking mixer (NV-2F, Sanshin Trading Co., Ltd., Osaka, Japan) was
used in rocking milling with low energy. Polycarbonate bottles (250 mL) were used as the
mixing container, and the volume of powders and balls occupied 15-35% of the volume of
the bottles. In this study, for example, 100 g GNSs/Ti64 powder and the same weight of
ZrO; milling balls were poured into a 250 mL polycarbonate bottle. Then the bottles were
symmetrically loaded into the machine (Figure 1b) with a parameter of 60 Hz and milling
time of 2 h.

In the planetary BM process, a planetary BM machine (Pulverisette 5, Fritsch, Rhineland-
Palatinate, Germany) equipped with four symmetrical loading positions was utilized. A
ZrO; jar (500 mL) was used as the mixing container with the total volume of balls and
powder less than 1/3 of the capacity of the jar. Here, for example, 400 g GNSs/Ti64 powder
and ZrO, milling balls were filled into the jars together. Before running, the jars were
stuffed with argon and sealed (Figure 1c). Then the jars were symmetrically loaded into the
positions, and milling was performed at 200 rpm for 4 h (running for 10 min and pausing
for 20 min).

In 3D BM, a three-dimensional BM machine (SPEX 8000D, PYNN Co., Boston, MA,
USA) was used. Eighty milliliter WC milling jars were used as the mixing containers with
the total volume of powder and WC milling balls less than 25% of the capacity. Here, for
example, 30 g of powder and milling balls were poured into the jars inside the glove box
where they were filled with argon. Then, jars were sealed and loaded into the machine and
run at 1450 rpm for 1 h (milling for 15 min and pausing for 15 min).

2.3. Morphology Characterization

The microstructure of the powders was observed by scanning electron microscope,
SEM (TESCAN VEGA 3 LMU, Tescan Orsay Holding, Brno, Czech Republic), back electron
microscope, BSE (Helios Nano-Lab G3 UC, Nanolab Technologies, Milpitas, CA, USA)
and transmission electron microscopy, TEM (FEI Talos F200X, Thermo fisher scientific,
Waltham, MA, USA) equipped with an energy dispersive spectrometer (EDS). HRTEM
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(high revolution TEM) and HAADF (high-angle annular dark field) were also obtained
from the same instrument.

Microscopic confocal Raman spectroscopy (Alpha300R with 532 nm TEMOO laser,
WITec, Ulm, Germany) was used to detect the structure and defects of GNSs at room
temperature with a wavelength range of 0 to 3500 cm ™ 1.

3. Results and Discussion
3.1. Raw Materials Characterization

Figure 2 shows the microstructure of raw GNSs powders. The SEM image displays
the big bulk GNSs clustered together as multi-sheet layers with folds and small thin
pieces. The HAADF image (Figure 2b) shows a piece of thin GNSs (~5 pm) with some
folds appearing on the surface in bright contrast. The HRTEM image (Figure 2c) displays
the lattice fringes of GNS, and the fast Fourier transform (the insert image in Figure 2c)
illustrates the close-packed hexagonal structure of the GNS. In the white box in Figure 2c
(magnified in Figure 2d), the lattice fringes can be observed clearly with a lattice space of
0.347 nm alongside the (0002) plane.

Figure 2. SEM image (a), HAADF-TEM image (b), HRTEM image (c), and magnified HRTEM with
(d) lattice fringe of GNSs.

Figure 3 shows the morphology of the starting spherical metal powders. The #1
spherical Ti64 powders (Figure 3a) possessed an average diameter of 40 um, and the
relative EDS results on the powder surface suggest quite a low carbon content (<5%) for the
accuracy error of instruments. The #1 Al powders (Figure 3b) had an average diameter of
45 pm with various irregular shapes. It appeared as a typical satellite ball structure where
a number of small powder particles attached on the surface of bigger powders (insert
image of Figure 3b), the larger particles being near-spherical structures. The SEM image of
the #2 Ti64 powders with an average diameter of 55 pum is shown as Figure 3c. It can be
observed that most powders were spherical shapes, while some were irregular structures.
In addition, some fragmented powders with quite small sizes scattered among the larger
powders. The #3 Ti64 powder (Figure 3d) with larger sized particles (an average diameter
of 180 um) exhibited better sphericity with few small satellite balls.
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Figure 3. SEM image of #1 Ti64 powders (a), #1 Al powders (b), #2 Ti64 powders (c), and #3 Ti64
powders (d).

3.2. Powders after Low-Energy BM

Figure 4 shows the #1 GNSs/Ti64 composite powders fabricated by the rocking milling
process. After dispersion (Figure 4a), single or clustered GNSs scattered randomly among
the Ti64 powders (marked by arrows). It is obvious that the sizes of these drifting GNSs
were larger than those Ti64 powders (Figure 4b). Even though, there were still a few GNSs
attached on the surface of powders with big sizes (Figure 4c). The EDS spectra (Figure 4d)
exhibited the increase in carbon content, which confirms the positions of GNSs among the
powders and attached on the powder surface.

Ele. At%
Ti 526

Figure 4. SEM images of #1 GNSs/Ti64 composite powders via rocking milling (a), GNSs among
powders (b), GNSs on the surface (c), and EDS spectra (d).
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Figure 5 shows the BSE images of #2 GNSs/Ti64 composite powders with coarser
Ti64 powder sizes. The different contrast of black and white (Figure 5a) manifests the
different phases of GNSs (marked by arrows) and Ti64 in the composite powders. It was
also observed that some single or clustered GNSs drifted among the basic Ti64 powders.
When the selected box in Figure 5a is magnified (Figure 5b) , it can be seen that the drifting
GNSs were slightly larger than those of the surrounding Ti64 powders. Furthermore, the
drifting GNSs tended to distribute partially clustering, which is likely caused by the density
discrepancy and strong Van der Waals forces between the drifting free GNSs.

Figure 5. BSE images of #2 GNS/Ti64 composite powders via rocking milling (a) and the magnified
box (b).

When the GNSs were scattered among the Ti64 powders randomly via low-energy
rocking mill methods, only a few GNSs with tiny sizes (Figure 4b) attached on the surface
of Ti64 powders with much larger bulks. However, some GNSs (Figures 4a and 5) with
bigger diameters were still free to move among the spaces of composite powders. This
will lead to secondary agglomeration triggered by the external force as the composite
powders flow during the fabrication process, such as weighing and loading to the stamper.
Therefore, for low-energy powder such as rocking milling, there is limited ability for a
higher mass (more than 1 wt%) of GNSs to distribute uniformly in the metal powders.
Even though the large discrepancy in particle sizes between GNSs and metal powders will
lead to some small sized GNS attaching on the surface of large size powders, the increase
in the powder diameters plays a limited role in low-energy BM dispersion of GNSs.

3.3. Composite Powders via HEBM

Figure 6a exhibits the SEM image of #1 GNSs/Ti64 powders after planetary BM. A
few GNSs drifted among the powders, and the spherical powders were slightly deformed
because of the BM collisions. The powder particle size was almost unchanged. When the
box in Figure 6a is magnified (Figure 6b), the surface of the spherical powder becomes lightly
coarse. The EDS results (Figure 6¢) of the surface of the blue box exhibited the high mass
content of carbon, which suggests that the GNSs were completely coated on the surface of
powders without free GNSs drifting among the spaces of powder. This is likely due to the
small difference in diameters between Ti64 powders and GNSs, where both metal powders
and milling balls can cooperate together to break and mill the big bulks of GNSs into pieces.
Thus, the tiny GNS fragments can attach on the surface of Ti64 powder.
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Figure 6. SEM images of #1 GNSs/Ti64 composite via powders planetary BM (a), the magnified box (b),
and the EDS spectra (c).

Figure 7a displays the SEM image of #1 GNSs/ Al after planetary BM. Comparing
the shapes of the raw powders (Figure 3b), Al powders were notably deformed from a
near-spherical shape into quite thin foils. These deformed foils maintained a similar size to
the raw powder materials (Figure 7b). It suggests that the BM process will have a significant
impact on the powder shape of low-hardness materials.

Deformed sate

50 pm

Figure 7. SEM image of #1 GNSs/Al composite powders (a) and magnified SEM image (b).

Due to the deformed nanoparticle foils, it is hard to distinguish the GNSs from the
Al foils. Thus, Figure 8a exhibits a bright TEM image of deformed Al foils with uneven
thickness and irregular shape. It is difficult to distinguish the GNSs from the Al matrix,
while some single GNS can be found at the edges of powders (insert image of Figure 8a).
The corresponding HAADF image (Figure 8b) illustrates that there is little discrepancy
contrast inside the foils. However, according to the EDS maps of Al (Figure 8c) and C
(Figure 8d), a big-size and thin-layer GNS is probably distributed uniformly on the surface
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or inside the Al foils without clustered GNSs. Therefore, the #1 Al powders probably had
limited influence in the milling effects with GNSs.

Figure 8. TEM image of GNS/Al composite powders: bright TEM image (a); HAADF image (b).
EDS maps of Al (c) and C (d).

In order to figure out the relationship between structural defects and diameters of
powder, #3 GNSs/Ti64 composite powders with bigger diameters after BM are seen in
Figure 9. Ti64 powders maintained a spherical shape after BM without free drifting GNSs
(Figure 9a). The EDS spectra (insert image of Figure 9a) suggests the that bumps on
the surface of powders with irregulate shapes and bulks were GNSs (marked by arrows,
Figure 9b—c). This suggests that when the powder particle sizes increase, the milling effect
with GNSs probably becomes weaker. Thus, large GNSs can remain on the surface of
bigger-diameter powders with little breakage.

Figure 9. SEM images of #3 GNS/Ti64 composite powders by planetary BM (a,b) and the magnified
box (c).

To understand the impacts of milling energy on the GNSs morphology, the #3 GNSs / Ti64
powders were also treated with a higher energy via 3D BM. Figure 10a shows that the
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#3 spherical Ti64 powders were notably deformed with irregular and flake shapes. GNSs
(marked by arrows) with different particle size appeared clearly on the deformed surface
(Figure 10b). This suggests even if the HEBM causes serious deformation of the powder,
the GNSs are observed on the surface of powder under a lower magnification. In addition,
the EDS spectra (insert image of Figure 10b) identified elements C, O, V, Al, Fe and Si
on the surface of Ti64 powders (insert image of Figure 10a). The high content of carbon
confirms GNSs attached on the powder surface. The oxygen peaks illustrate that HEBM
will inevitably lead to the powder adsorbing the remaining oxygen during milling.

Ele. At%
Ti 435
C 240
© 271

= 5.4

Figure 10. SEM images of #3 GNS/Ti64 composite powders (a) via three-dimensional BM and a
magnified powder surface (b).

3.4. Structural Defects in Graphene Crystals

Although the diversification of deformed GNS microstructures can be clearly observed
in the SEM and TEM images before and after BM, it is difficult to know if the structural
defects in GNS crystals were caused by the dispersion process. Therefore, Raman spectra
of the raw GNSs and all composite powders are presented (Figure 11) to measure the
defects via the ratio of D- (defective structure, ~1349 cm~!) to G-bond (Graphene bond,
~1580 cm~') [31,34,35]. The 2D bond (~2719 cm™!) contains information on the layer
numbers according to its intensity and shape [36,37]. Moreover, the peak shifts (D-, G-,
2D-bond) caused by stress during BM [38,39] are listed in Table 1.

G
D 2D

#3 3D BM T7;=0.6581 A\

#3 Planetary BM I:15=0.6339 A

#1 Al Planetary BM

Iy:l=1.2614

Intensity (a.u.)

#1 Planetary BM

Ip:I=1.7664

Iplg=03071 A

1,:1,=0.3073
Raw GNSs 1,:1,=0.0404
1 1 1 1 F 1 )

400 800 1200 1600 2000 2400 2800 3200
Raman shift (cm™)

#2 Rocking milling

#1 Rocking milling

Figure 11. Raman spectra of GNSs and GNSs/metal composite powders.
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Table 1. GNS peak position obtained from Raman spectra.

Powders D/cm—1 G/ecm—1 2D/cm~1

Raw GNSs 1349.6 1580.5 2719.2

#1 Rocking milling 1349.6 1580.5 2719.2

#2 Rocking milling 1349.1 1579.9 2719.6

#1 Planetary BM 1344.1 1592.1 2681.5

#1 Al Planetary BM 1343.7 1594 .4 2652.6
#3 Planetary BM 1349.8 1580 2717

#3 3D BM 1349.5 1569.3 2687.7

It suggests that the starting GNSs possessed a small value 0.0404 of Ip /Ig. Notwith-
standing, the values increased 7-8-fold after rocking milling with similar peak shapes,
which suggests that low-energy BM will introduce some structural defects to the GNSs
with few layer numbers changing. Furthermore, the ratio values of #1 and #2 composite
powder were similar (0.3071~0.3073), which implies that the diameters of powder had
little impact on the structural defects to GNSs through low-energy BM such as rocking
milling. By increasing the milling energy, such as with planetary BM, the peak shapes
of small size #1 powders changed with much higher Ip/Ig values, 1.7664 (GNS/Ti64
powders) and 1.2614 (GNSs/ Al powders), respectively. It suggests fine particle-size metal
powders will introduce much more structural defects to GNSs with a better milling effect.
Due to the hardness discrepancy of the powders between Al (0.5-1.3 GPa [40]) and Ti64
(3.5-5.3 GPa [41]), the softer Al powder will lead to less structural defects compared with
the Ti64 composites powders. Moreover, the 2D-bond shifts at 2681 cm~! (#1 GNSs/Ti64)
and 2652 cm~! (#1 GNSs/ Al) with an inferior weak intensity imply the decreased layer
numbers of GNSs for the damage. With increased diameter of Ti64 powders, the ratio value
decreased to 0.6339 in #3 GNSs/Ti64 composite, around a 2-3-fold decrease compared to
the #1 composite powders. This shows that the larger particle size of the metal powders
used, the less structural defects will be introduced to GNSs. Moreover, the 2D peak shift
(2717 cm~!) and shape were similar to the raw GNSs. Thus, it is probable that the layer
numbers are constant without further deterioration. When the BM energy was high enough
to force the Ti64 powders deformation (Figure 10), the Raman spectra of #3 GNSs/Ti64
powders via 3D BM showed that small structural defect increases may be caused by the
ball collision. Compared to the #3 powder milled by planetary BM, the value Ip/Ig was
0.6581, a little higher than the 0.6339 value. This suggests that only a few more defects
are introduced into GNSs even if the powders are seriously deformed, which confirms
that the coarse powders will have a poor milling effect on the GNSs. Furthermore, the
2D peak position shifted slightly (2687.7 cm~!) with high intensity, which implies that the
layer numbers may decrease slightly under the more serious ball collision. Thus, the larger
particle sizes of powder will have much less milling effect on GNSs.

4. Conclusions

In this work, through applying three different powder metallurgy methods with differ-
ent milling energy levels, GNSs were uniformly dispersed in metal powders with different
damage states. Examinations of microstructures and structural defects were performed for
the GNSs of composite powders with an emphasis on studying the increase in structural
defects in GNS crystals caused by milling effects. According to the experimental results
and discussion, it was concluded that the defects increased with higher BM energy. Con-
versely, a lower hardness of metal powders consumed the milling energy by deformation,
which reduced the milling effect and inhibited the increase in structural defects in GNSs.
Moreover, the increasing powder particle size helped lower the structural defects in GNS
crystals. It was found that when the diameter of powder increased from around 15 pm to
300 pum, the ratio of Ip /I decreased 63%.
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