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Abstract
Aluminium-based metal matrix composites reinforced with graphene (Gr) and its derivatives have been reported as promising 
composites due to their superior properties such as strength, damage tolerance, fatigue resistance, and density. However, 
the crack and porosity susceptibility of Aluminium 2024 Alloy (AA2024) with added Gr when fabricated using additive 
manufacturing techniques is not sufficiently well understood. The present work addresses this knowledge gap by focusing 
on the effect of graphene nanoplatelets (GNPs) and scanning speed on the AA2024 composites’ wear performance and 
microstructural and mechanical properties of specimens fabricated using laser powder bed fusion (LPBF). The experimental 
findings demonstrate that up to 0.5% presence of Gr in the composite improves its crystallite size and microhardness by up to 
37.6% and 45%, respectively; however, it increases the porosity and crack formation due to the high laser power requirement. 
Moreover, the composites’ macroscale scratch and nanoscale wear performances showed improvements by up to 50% and 56% 
with higher Gr concentration (0.5%), suggesting that Gr is distributed uniformly in the structure. The improved understanding 
of the relationship between microstructure and mechanical characteristics of the GNPs/Al2024 composites fabricated using 
LPBF in terms of cracking and porosity formation is another significant contribution of this work.

Keywords Laser powder bed fusion · Aluminium 2024 Alloy · Graphene nanoplatelets · Mechanical properties · 
Microstructure · Wear behaviour

1 Introduction

The unique properties of graphene (Gr) and its derivatives 
have attracted the attention of researchers worldwide. The 
reason behind this interest is predominantly their excellent 
electrical (6000 S/cm) and thermal (5300 W/make) 

conductivity, high specific surface area (2630  m2/g), unique 
two-dimensional honeycomb lattice structure, and low 
density (1.8 g/cm3) [1] as well as their high tensile strength 
(130 GPa) and elastic modulus (0.5–1 TPa) [2]. Due to these 
properties, Gr-based nanomaterials are frequently used as 
reinforcement elements in new applications in material 
science, to improve the mechanical properties of known 
metals such as aluminium and its alloys.

High-strength Al-Cu-Mg alloys are adopted in many engi-
neering industries such as aerospace, automotive, defence, 
marine, construction, and medicine because of their good 
resistance to corrosion, electrical and thermal conductivity, 
and density [3]. However, some of the aluminium alloys, 
including Aluminium 2024 Alloy (AA2024), demonstrate 
significant drawbacks such as high reflectivity (93% of the 
laser energy at 1-μm wavelength [4]), high sensitivity to 
relative cracking as a result of superior residual thermal 
stress [5], and poor flowability owing to the non-spherical 
morphology of the powder, which is very important for 
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additive manufacturing applications and primarily affect the 
mechanical properties of the as-fabricated samples. Carbon-
based allotropes have been successfully used as reinforce-
ment elements in some studies [6, 7] to improve the alloys’ 
mechanical properties using different fabrication techniques.

The reinforcement of Gr and its derivatives, however, 
has some unique challenges. One of the biggest problems 
for Gr as a reinforcement is agglomeration due to the van 
der Waals forces and π−π interactions [8]. The ball milling 
technique is often used to achieve uniform dispersion of Gr 
in composites as it provides sufficient output energy to break 
strong van der Waals interlayer bonds of Gr and offers a 
large variety of processing parameters such as milling and 
pause time, rotation speed, process control agent (PCA), and 
ball-to-powder weight ratio [9]. However, the changes in the 
particle morphology during the ball milling process have to 
be considered carefully.

Studies have shown that continuously applied impact 
energy by the milling balls provides more uniform disper-
sion of reinforcement material but changes the powder mor-
phology from near-spherical to near-flat shape [9]. Another 
drawback of the Gr is its reactivity with aluminium. It has 
been reported that Gr reacts with Al over 500 °C and forms 
a brittle  Al4C3 phase [10]. A certain amount of  Al4C3 can 
improve wettability and mechanical properties [11], but the 
 Al4C3 structures formed at the interface between the metal 
matrix (AA2024) and carbonaceous materials (GNPs) 
adversely affect the mechanical properties of the composite 
[12], which is another limitation highlighted in the literature 
[13].

Nowadays, additive manufacturing technologies meet the 
requirements of many high-value manufacturing sectors due 
to benefits such as rapid and easy fabrication of complex 
geometries, flexibility in design, minimisation of waste, and 
near-net-shape production [14]. In particular, laser-based 
additive manufacturing such as laser powder bed fusion 
(LPBF) offer significant potential and an unique opportunity 
for a wide range of metals and their alloys, such as stainless 
steel, nickel, aluminium, titanium, magnesium, copper, and 
many others [15].

Gr/AA2024 composites have been studied using fabri-
cation techniques such as hot-extrusion pressure, hot roll-
ing, and powder metallurgy. However, the effect of Gr on 
AA2024 when fabricated using LPBF is not well under-
stood. Accordingly, this study addresses the knowledge 
gap in this area by investigating the wear performance and 
microstructural and mechanical properties of graphene 
nanoplatelet (GNP)-reinforced AA2024 composites, fabri-
cated using LPBF. The focus of this work is on the effect of 
various scanning speeds (195 to 727 mm/s) and weight Gr 
ratios (0.1 to 0.5 wt.%) on the microstructure, microhard-
ness, density, wear performance, and tensile properties of the 
composites. Hence, the main contribution of this research 

is developing an in-depth understanding of the relationship 
between the Gr concentration, LPBF processing parameters, 
and the mechanical properties of the fabricated composites. 
An additional contribution is the comparison between the 
macroscale and nanoscale wear performance of the compos-
ites. Finally, this work offers some practical recommenda-
tions in terms of process parameters and concentration of 
the reinforced element.

2  Experimental procedure

2.1  Materials and processing

This study used gas atomised AA2024 powder, which is 
obtained from Carpenter Additive Technology Corporation 
(Philadelphia, USA). The chemical composition of the alloy 
was 4.9Cu-1.8Mg-0.9Mn-0.5Si-0.5Fe-bal. Al (wt.%). The 
alloy particle size differentiated between 2 and 86 μm, while 
the average particle size was 37 μm, which was determined 
by a Malvern Mastersizer-3000 (Malvern, UK) particle size 
characterisation machine (Fig. 1). The alloy had a 2.7 g/
cm3 relative density and melting point of 660 °C. On the 
other hand, GNPs, which were attained from Sigma-Aldrich 
Company Ltd. (Dorset, UK), had a 50–80  m2/g surface area 
and a 3652 °C melting point.

A laboratory-size planetary ball milling machine (PUL-
VERISETTE 5 classic line, Fritsch GmbH, Idar-Oberstein, 
Germany) was used to mill the GNPs/AA2024 composite 
under different weight ratios of Gr (0.1, 0.2, and 0.5 wt.%). 
Each milling bowl contains 800 g of milling balls and 80 
g of powder (the ball-to-powder weight ratio is 10:1). For 
the 0.1 wt% Gr-reinforced composite, the powder consists 
of 78.32 g of AA2024, 1.6 g of stearic acid (C18H36O2), 
and 0.08 g of GNPs. Gr concentration was adjusted to 0.16 
g and 0.4 g for 0.2 and 0.5 wt.% Gr-reinforced compos-
ites, respectively. The previous publication of the authors 
provides further detail on the milling procedure [16]. The 
advanced composite powders have been produced using low-
energy ball milling (LEBM). The milling speed (100 rpm), 
milling time (4 h), and percentage of stearic acid (2%) as 
a PCA were kept constant during the LEBM process. The 
optimisation of the ball milling speed [17] and wide range 
of milling time [16] were reported in previous studies of 
the authors, which concluded that while high-energy ball 
milling immediately causes a substantial change in the pow-
der morphology, LEBM at longer milling times provides a 
uniform distribution of Gr. Further details have been given 
in [16, 17].

An LPBF machine (Renishaw AM250 system, Glouces-
tershire, UK) was used to fabricate cubic and tensile test-
ing specimens for different percentages of the composites. 
Reduced build volume with plate dimensions of 78 × 78  mm2 
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was engaged to the machine to save power and time. The fab-
rication process from the powder preparation to specimens is 
illustrated in Fig. 2. Laser scanning speed varied between 195, 
380, 500, and 727 mm/s. Laser power (200 W), layer thickness 
(25 μm), and hatch spacing (80 μm) were kept constant during 
the build. The optimisation of laser power, point distance, and 

scanning speed was reported in a previous study of the authors 
[18]. The scanning speed (V) was calculated using laser expo-
sure time as outlined in the previous work of the authors [18]:

(1)V = dp∕
(

Te + Td
)

Fig. 1  The particle size distri-
bution and SEM images of the 
as-received AA2024 alloy and 
GNPs

Fig. 2  Schematic diagram of the fabrication steps from powder preparation to building LPBF samples
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where dp (80 μm) is the point distance between laser 
spots, Te (400, 200, 150, 100 μs) is the laser exposure time 
at one point, and Td (10 μs), which is a constant value for 
the AM machine, is the laser delay time from one point to 
another.

The ASTM-E8 tensile testing standard with the layers 
perpendicular to the loading direction was used to produce 
tensile test specimens. The barriers next to the cubic and 
tensile specimens were designed to keep an adequate amount 
of powder in the operation region and reduce the negative 
effect of short feeding during the fabrication.

2.2  Characterisation

The specimens were fabricated on 2 mm supports, and the 
chamber was filled with argon gas in order to prevent the 
as-fabricated sample from oxidation during the building 
process. Archimedes’ density (also known as bulk density) 
of the samples was determined using a density determina-
tion kit.

Next, the fabricated cubic samples were mounted in an 
electrically conductive resin so that the building direction 
was parallel to the analysed surface. The surfaces were 
sanded with 200, 400, 800, 1200, 2400, and 4000 grid sili-
con carbide sandpapers first and then polished with 5, 3, and 
0.1 μm polishing cloths using diamond suspensions and alu-
minium oxide lubricant in order to obtain a smooth surface 
for observation. Next, a Nikon eclipse LV-100 (NY, USA) 
Optical Microscope (OM) was used to examine the surface, 
and ImageJ software was employed to calculate the rela-
tive density of the specimens from the obtained OM images. 
Three different layers of the specimens were examined in 
order to obtain more accurate results. In addition, Keller’s 
reagent (5 ml HNO3, 3 ml HCl, 2 ml HF, and 190 ml dis-
tilled water) was applied on the surface for about 30 to 40 s 
to observe the microstructure of the specimens.

Phase identification of the powders and the samples was 
performed using a Siemens/Bruker D5000 X-ray powder 
diffraction machine with CuKα radiation (λ = 0.15406 nm) 
at 40 kV and 30 mA settings. The average crystallite size 
(D) of the milled powder and fabricated composites was 
calculated as follows:

where K is a Scherrer constant close to unity (0.9), λ is 
the wavelength of the CuKα X-ray radiation (0.15406 nm), 
β is the line broadening at full width at half maximum, and 
ϴ is the Bragg’s angle.

A Nova 330/360 IMP Innovatest (Maastricht, Nether-
lands) microhardness test machine was used to measure the 
Vickers microhardness performance of the samples under 
200 g load, 10 s dwell time.

(2)D = (K ∗ �)∕(� ∗ cos�)

Afterwards, uniaxial tensile tests were performed at room 
temperature using a Zwick/Roell tensile tester with a strain 
rate of 0.001 mm/s. Rotating pin-on-disc wear tests were 
conducted under 1 kg normal load, 25 rpm rotation speed, 
30 min sliding time, and 5 mm rotation diameter at room 
temperature and quiet place in order to eliminate the nega-
tive effect of temperature and vibration. Diameter grade 100 
hardened AISI-52100 chrome-steel balls (3/8″) were placed 
on the test pin. The friction signals (F), recorded for each 
sample during the tests, were used to calculate the friction 
coefficients (μ), as recommended by the ASTM D3702-94 
standard:

where A denotes the mechanical advantage of the lever 
arm (approximately 0.6 for the present experiment), and 
N represents the normal load. Additionally, the wear rate 
(ωr) of the specimens after the wear test was calculated 
as [19]

where V∆ and L represent the volume of loss and sliding 
distance, respectively. The volume of loss was determined 
by dividing the weight loss (W∆) by the density of the spec-
imens as recommended by the ASTM G99-95a standard. 
The wear test was repeated three times for each specimen to 
verify the results.

Atomic force microscope (AFM) model XE-100 from 
Park Systems mounted with a probe composed of a stain-
less steel cantilever and a diamond tip (model DNISP from 
Bruker) was used to measure the nano-wear behaviour of the 
samples, by producing 10 scratches at 20 μm length under 10 
μN normal force and 2 μm/s scratching speed. Additionally, 
the lateral voltage output (M), which was recorded by the 
position-sensitive detector of AFM, was used to calculate 
the friction coefficient (μ) as [20]

where α represents the conversion (calibration) factor. 
More details about the determination process of α may be 
found in the respective literature [21, 22]. The Archimedes’ 
density of the samples, which shows variety due to the Gr 
concentration, was determined using the density determina-
tion kit.

3  Results

3.1  Phase identification

Figure  3 shows X-ray diffraction (XRD) patterns of 
as-received powder (0 h) and 4 h milled powder, in 

(3)� = F ∗ A∕N

(4)�r = VΔ∕N ∗ L

(5)� = � ∗ M∕L
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addition to as-received alloy sample (0% Gr) and 
Gr-reinforced composites (under 200 W laser power, 
195 mm/s scanning speed, and 80 μm hatch spacing). 
The machine identified only the AA2024. Neither carbon 
element nor iron (as a contamination element from the 
milling equipment) was detected, which shows that 
2 wt.% stearic acid is sufficient to protect the powder 
from contamination from the milling equipment. Another 
factor can be the lower volume percentage of iron and 
carbon in the composite, which was lower than their 
detectable levels in the XRD machine. The patterns in the 
figure show that milling time of the powder preparation 
process and the addition of Gr in as-fabricated samples 
influence intensity. Furthermore, the main difference 
between powders and as-fabricated composites can be 
seen at 2ϴ values. The highest peak (at 38°) for the 
powders was shifted to 45° for as-fabricated samples due 
to the lattice defects.

Figure 3 also shows the calculated average crystallite 
size (D) of the powders and as-fabricated composites. 
While continuous impact energy results in the reduction 
of crystallite size in the milled powders, the addition of 
Gr also leads to finer crystallite size. Previous research 
also demonstrates that longer milling times result in finer 
crystallite size [16]. Higher percentages of Gr in the 
as-fabricated composites also lead to gradual reduction 
because the addition of Gr improves the thermal conduc-
tivity and increases the dislocation density, which results 
in fine grain microstructure [23, 24].

3.2  Porosities and densities

OM images of as-fabricated composites with relation to Gr 
concentration from 0 to 0.5% and laser speed from 195 to 
727 mm/s are shown in Fig. 4. At various scanning speeds, 
the pores of MMCs increase dramatically from 0.3 to 22.3% 
when 0.1% Gr is added. At slower scanning speeds, adding 
more Gr causes a reverse impact on porosity, decreasing 
from 22.3 to 4.1%. However, the porosity increased even 
further to 28.6% at faster scanning speeds. The best (see 
Fig. 4 c1) and the worst results (see Fig. 4 c4) among the 
Gr-reinforced MMCs are achieved in 0.5 wt.% Gr-reinforced 
composites, at different scanning speeds.

Pore size and crack length of Gr-reinforced MMCs are 
depicted in Fig. 5. Similar patterns have been seen in relation 
to scanning speed. The 0.2% Gr-reinforced composites show 
better results at all scanning speed parameters examined. 
The significant decrease in crack size for the 0.2% Gr rein-
forcement at slow scanning speeds illustrates the beneficial 
effect of Gr on crack length. The crack length pattern is 
nearly stable for the fast-scanning speeds. It is important to 
note that even though the pore sizes of the 195 mm/s scan-
ning speed samples are essentially identical to one another, 
the crack length plays a key factor in the determination of the 
optimum parameter for the as-fabricated specimens.

Figure 6 and Fig. 7 show the relative and Archimedes’ 
densities of as-fabricated composites, respectively. A com-
parison of the as-received alloy without Gr (0% Gr) and 
Gr-reinforced composites illustrates that the addition of Gr 

Fig. 3  XRD graph and crystallite size (D) of 0 h, 4 h milled powders, and Gr-reinforced composites
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dramatically reduces the density of the as-fabricated com-
posites. Additionally, the destructive effect of Gr on relative 
density is more obvious at faster scanning speeds (Fig. 6). In 
addition, Archimedes’ density results show that the 0.2 wt.% 
Gr-reinforced composite has the best results among the other 
percentages across all applied scanning speeds (Fig. 7). On 
the other hand, Gr addition caused a severe reduction in 

Archimedes’ densities (between 8.8 and 17.4%) in compari-
son to as-received alloy due to the lesser density of the Gr.

3.3  Microstructure

The microstructures of the as-fabricated composites are 
shown in Fig.  8 and Fig.  9. Non-uniform formation of 

Fig. 4  OM images showing the porosity of GNP-reinforced composites plotted against laser speed (195 to 727 mm/s) and GNP concentration (0 
to 0.5 wt.%)

Fig. 5  Pore size and crack 
length of 0.1 to 0.5% Gr-rein-
forced composites in relation 
to scanning speed from 195 to 
727 mm/s
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microstructure was obtained due to the re-melting process. 
Both coarse-grain and fine-grain microstructures were 
formed at the melt-pool. Some melt-pools were surrounded 
by heat-affected zone (HAZ) due to the re-melting and high 
laser energy. Additionally, microcracks were formed from 
the bottom to the top of the melt-pool because of the den-
drite orientation during the cooling time. Both defects and 
pores are visible in OM (Fig. 8) and SEM (Fig. 9) images. 
Furthermore, a high cooling rate (as a result of high laser 
energy density) caused the trapping of non-uniform gas bub-
bles in the melt-pool and created spherical pores, which is 
unavoidable in laser-based additive manufacturing technolo-
gies [25]. On the other hand, GNPs were dissolved in MMC 
during the fabrication process under high laser energy. 
Melted carbon elements form a brittle Al4C3 phase [10], 
which explains why Gr nanoparticles were not detected in 
the SEM images (Fig. 9).

3.4  Microhardness

Among the various percentages of Gr, the highest micro-
hardness results are achieved in the 0.2 wt.% Gr-reinforced 
composite at all scanning speeds (see Fig. 10). In compari-
son to the as-received alloy (0% Gr), the addition of Gr 
improved the hardness up to 44.3%. This result suggests 

the uniform distribution of Gr and its effective participa-
tion in composites. After the peak point (0.2 wt.%), further 
addition of Gr (0.5 wt.%) caused a 14% reduction at every 
scanning speed. This finding was also supported by the 
XRD results (Fig. 3), showing that the smaller crystallite 
size improves hardness as a result of restricted dislocation 
movement. This finding is also supported by the literature 
[25], where a 30% improvement in microhardness has also 
been observed in the 0.2% Gr-reinforced AlSi10Mg alloy.

Traces of the microhardness indentation tool on the 
observed surfaces and depth properties in the alloy and 
composites are shown in Fig. 11. Even though the diago-
nal angle of the indentation tool was 136°, the penetration 
angle on the observed surface was less than that due to 
the bounce back caused by elastic deformation after the 
indentation tool was removed [26]. More details on the 
finite element analysis of elastic/plastic deformation dur-
ing and after indentation may be found elsewhere [27]. 
According to the Orowan looping mechanism, reinforced 
Gr in the composites reacts as an interstitial atom, which 
restricts the dislocation movement and improves the hard-
ness [28]. Consequently, a higher percentage of Gr in com-
posite results in a wider penetration angle because of the 
reduced ductility of the composite. Similarly, a narrower 
penetration angle in comparison to the indentation tool 

Fig. 6  Relative density of the 
composites in relation to Gr per-
centage and scanning speed
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dimensions has been reported in another literature study 
[26].

3.5  Pin‑on‑disc wear behaviour

Friction coefficients of as-received alloy (0% Gr) and Gr-
reinforced composites (obtained by tribology test under 1 
kg load for half an hour of sliding) are shown in Fig. 12. 
Despite the presence of large fluctuations at the beginning 
due to the vibration, nearly stable coefficient signals were 
observed afterwards. Relatively, similar friction coefficient 
patterns for the composites have been observed. In com-
parison to the average friction coefficient of the as-received 
alloy, Gr-reinforced composites offered a 60% improvement, 
which could be explained by the uniform distribution of Gr 
in the composite. Similar improvement on the tribological 
properties of Gr-reinforced Al6061 alloy has been reported 
previously [23]. Furthermore, the trend lines of the mid-
points tend to plot upstream lines for the alloy and com-
posites (except 0.5 wt.%) due to the local hardening at the 
friction regions. Another reason is that the highest contact 
has been achieved after the 13th min as a result of the deep 
grooves between the specimen and the wearing ball [29].

Additionally, Fig. 12 shows wear rates of the compos-
ites, which were calculated using Eq. 4. In comparison, the 
Gr-reinforced composites demonstrate better performance, 
with a proven positive effect of the Gr on the wear behav-
iour. While one of the reasons for this could be the uniform 
distribution of the reinforcement material in the composite, 
the other reason is that improved microhardness allows for a 
significant reduction in the wear rate [30]. Additionally, the 
0.2 wt.% Gr-reinforced composite has the best performance 
among the others. However, the wear performance is reduc-
ing at the further point (0.5 wt.%). This could be explained 
by the 0.2 wt.% of Gr in AA2024 depicting the peak point; 
beyond that, the structure starts to fail due to the surpassing 
of the carbon amount in the composite.

3.6  Nano‑scratch behaviour

The lateral output voltage signal of the PSPD detector built 
into the AFM instrument was used to detect the friction force 
of the AFM tip during the scratching time. Therefore, the 
friction coefficient was calculated from the lateral signal 
using Eq. 5. It can be observed from Fig. 13 that, while the 
lateral voltage output of the 0% and the 0.1% Gr-reinforced 

Fig. 8  OM images showing microstructure, pores, and microcracks of a 0.1% Gr, b 0.2% Gr, and c 0.5% Gr-reinforced composites
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composites display similar patterns, the other composites 
have substantially higher voltage owing to the hardness of 
the composites. The reason why the 0% and 0.1% Gr-rein-
forced composites have similar values is that the Gr distribu-
tion of the 0.1 wt.% Gr may not be homogeneous enough to 
make a difference at nanoscale. It is important to note that 

composites that exhibit higher microhardness have higher 
friction coefficients, similar to the pin-on-disc results. While 
the 0% and 0.1% Gr-reinforced composites have lower fric-
tion coefficients in comparison to the pin-on-disc results, the 
other composites exhibit similarities. In addition, the highest 
output was obtained from the 0.2% Gr-reinforced composite.

Fig. 9  SEM images showing 
dendrite orientation, pores, and 
microvoids of a 0.1% Gr, b 
0.2% Gr, and c 0.5% Gr-rein-
forced composites

Fig. 10  Microhardness results 
in as-received alloy and Gr-
reinforced composites
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The top view of the AFM tip and the scratches can be 
seen in Fig. 14. All lines are parallel to each other, and 
each line is 20 μm length. The experiment has been con-
ducted in a 20 × 35 μm2 area. Removed debris particles 
during the stretching time by the AFM tip can also be seen 

at the end of the lines in Fig. 14b. As shown in Fig. 13, at 
the beginning of the scratch (0 to 0.5 s), the AFM tip is 
subjected to large fluctuations until the instruments adjust 
the required force (10 μN). After this point, the line is 
smoother until the end (10th s).

Fig. 11  OM images showing the microhardness indentation tool trace and penetration angles of Gr-reinforced composites on the surface

Fig. 12  Friction coefficient variation, the trend line of mid-point, and the average friction coefficient of the composites
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3.7  Mechanical properties

The tensile properties of the as-received alloy (0% Gr) [18] 
and Gr-reinforced composites are shown in Fig. 15. Both 
195 and 380 mm/s scanning speeds have been examined 
due to the better relative and Archimedes’ densities of 
the cubic specimens. While the 0.2% Gr-added compos-
ite depicts slight improvement (6.2%) at 195 mm/s, 0.1% 
and 0.5% Gr-reinforced composites resulted in a reduc-
tion (4% and 50%, respectively) of UTS in comparison to 
the 0% Gr. It is important to note that despite the severe 
reduction in density (8%) of the composite from the 0 to 
0.2% Gr-reinforced composites, the tensile strength showed 

improvement. However, faster scanning speeds resulted in 
lower UTS at all Gr concentrations due to insufficient energy 
density. Additionally, percentages of Gr above and below 
0.2 wt.% result in reductions. This may be due to the fact 
that the adequate percentage of Gr in the composite leads to 
improved mechanical properties of the composite. In addi-
tion, the uniform distribution of the Gr in the composite 
could be another reason that positively affects the tensile 
property. On the other hand, despite the lesser reduction 
(4%) of density between the 0 and the 0.5% Gr-reinforced 
composites, tensile strength showed dramatic reduction 
(50%) due to the exceeded concentration of the carbon ele-
ment. On the other hand, the composites’ low elongation at 

Fig. 13  Lateral voltage outputs and average lateral signals of the composites

Fig. 14  AFM images showing 
the top view of the tip and the 
scratches
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break validates the tensile test specimens’ brittleness. The 
brittleness of the composite is highly influenced by its high 
relative crack susceptibility and porosity, which is enhanced 
with the addition of Gr.

SEM images of the fracture surface of the composites 
fabricated under 195 mm/s scanning speed and 200 W laser 
power are shown in Fig. 16. Similar fracture microstructure 
on the observed surfaces can be seen for the composites. 

Pores and inner cracks that cause an early failure of the sam-
ple in the tensile tests are highlighted with arrows. Even 
though high laser energy was used during the fabrication 
process, several unmelted powders and powder holes (pores) 
on the observed surface can still be seen in Fig. 16 (which 
suggests that a higher laser power than 200 W might be 
required for the composites to reduce unmelted powder in 
the structure). Additionally, dimple structure and cleavage 

Fig. 15  Ultimate tensile 
strength and elongation of the 
as-received alloy (0%) [18] and 
the Gr-reinforced composites 
using 195 and 380 mm/s scan-
ning speeds
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Fig. 16  SEM images of the fracture surface showing pores, cracks, and unmelted powders
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can be seen locally. Zoomed SEM images of the 0.2% Gr-
reinforced composite are shown in Fig. 17 in order to see the 
dimple structure. Very fine dimple structures (dimple size: 
0.1 to 2 μm), which also implied ductile behaviour, have 
been observed from the fracture surface [11, 31].

4  Discussion

Previous research shows that the milling time and Gr addi-
tion have a direct effect on the crystallite refinement [32]. In 
particular, the effect of the milling time on the phase iden-
tification was investigated, and it had been reported that 
continuous impact energy in the milling bowl causes more 
lattice defects in powder as a consequence of severe cold-
working and plastic deformation. This study shows that a 
higher amount of Gr improves the crystallite density (see 
Fig. 3). This is due to the contribution of Gr subsequent to 
the fabrication in the pinning of the displacements, which 
produces further strain in the matrix [25]. The peak shift and 
broadenings following the fabrication can also be explained 
by the incredibly high cooling rate and the existence of a 
Gr-related increase in the dislocation density as a result of 
induced lattice strain [33].

Therewith, the finer grain and crystallite size results in 
a higher number of grain and crystallite boundaries, which 
improve the mechanical properties by restricting the move-
ment of dislocations [2] and causing dislocation shift of 
pileup at 2Ɵ values from 38 to 45° (see Fig. 3). Addition-
ally, better heat distribution of the Gr-reinforced composites 
has been reported due to the elevated thermal conductivity 
of Gr (5000 W/mK) [34], which is substantially higher than 
of AA2024 (194 W/mK) [35]. The presence of Gr in the 

composite enhances the thermal conductivity and cooling 
rate of the composite due to the excellent thermal conduc-
tivity of the Gr which results in finer grain structures [36]. 
It has been reported that the wear performance of materials 
is directly related to grain refinement, microstructure, and 
microhardness [37]. Hence, the higher cooling rates trigger 
greater dislocation density, resulting in the finer crystallite 
size, seen in the as-fabricated composites in Fig. 3.

The porosity was significantly increased with the 0.1% Gr 
reinforcement (see Fig. 4). One reason for increase is that 
Gr-reinforced MMCs require higher energy density (energy 
per unit volume) than bare alloy [25]. Insufficient and low 
energy density at faster scanning speeds led to higher poros-
ity in Gr-reinforced specimens, as expected. Surprisingly, 
further addition of Gr at slower scanning speeds (195 and 
380 mm/s), however, resulted in a better outcome than at 
faster scanning speeds (500 and 727 mm/s). The reason 
behind this slight improvement at slow scanning speed can 
be explained by the high thermal conductivity and large sur-
face area of Gr that allow the MMCs to absorb more laser 
energy to meet the required energy for the Gr-reinforced 
MMCs [36]. Furthermore, Gr agglomeration prior to LPBF 
results in a significant variation in the melting points of Al 
and Gr as well as a significant density difference between 
the components [38]. Moreover, increased Gr content in 
composite further reduces the density of the composite (see 
Fig. 4).

Pore size and crack length measurements revealed that 
slower scanning speeds (195 and 380 mm/s) lead to smaller 
cracks on the observation surface (see Fig. 5). At each scan-
ning speed, the smallest crack length values are obtained 
from 0.2% Gr-reinforced composites. Exceeding the Gr per-
centage in MMCs results in larger cracks and pore sizes.

Fig. 17  Fracture surface of the 0.2% Gr-reinforced composite showing pores and dimples on the nanoscale
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The relative and Archimedes’ densities show a similar 
pattern until the 0.2 wt.%, which can be explained by the uni-
formity of the layers (Fig. 6 and Fig. 7). While Archimedes’ 
density quantifies the density of a cube for each parameter, 
the relative density is obtained from the three separate layers 
of each specimen utilising OM images and ImageJ software. 
Similarly, the big difference between Archimedes’ density 
and the relative density at 0.5 wt.% can also be explained 
as the non-uniformity of the layers. On the other hand, in 
comparison with Archimedes’ density of the as-received 
alloy and the as-fabricated composites, Gr reinforcement 
results in a severe reduction (Fig. 7) for two reasons. First, 
more pores are formed in composites with the addition of 
Gr, and thus, Archimedes’ density results are reduced, which 
is consistent with others [25, 30, 39]. Another explanation 
for this decrease is that GNPs absorb gaseous components 
(such as oxygen and nitrogen) and generate porosity in the 
structure and therefore lowering Archimedes’ density [40]. 
Furthermore, the addition of lighter reinforcement mate-
rial and mixing parameters can reduce the density of the 
composites owing to the density and cold-welding [32]. The 
combination of these effects generates a difference between 
the as-received alloy and Gr-reinforced composites. Fur-
thermore, different measurement and estimation techniques 
(such as relative and Archimedes’ densities) may also result 
in different patterns.

OM (see Fig. 8) and SEM images (see Fig. 9) are used to 
investigate the microstructure of as-fabricated specimens. 
Due to variable temperature gradients and solidification rates 
throughout the cooling process in the melt pool, both fine- 
and coarse-grained microstructures are apparent [41]. At 
higher Gr concentrations, coarser-grained microstructure is 
more prominent (see Fig. 8). It has been reported that higher 
energy density in the melt pool results in an increase in the 
solidification rate as well as coarse-grained microstructure 
[41]. Further increasing the Gr concentration in the MMCs 
increases the thermal conductivity of the composite, which 
leads it to absorb more energy from the applied laser beam 
in the melt pool.

The addition of Gr improved the microhardness of the 
as-fabricated composites by 45% (at 0.2% Gr) (see Fig. 10). 
This enhancement demonstrates Gr’s effective contribution 
to grain refinement (see Fig. 3) [25]. However, the high 
porosity intensity at 0.5% Gr reduced the microhardness of 
the as-fabricated sample [42]. Similarly, the negative effect 
of the high percentage of Gr on microhardness has been 
previously reported [43]. Additionally, while the 0% and 
0.1% Gr-reinforced specimens were almost unaffected by 
scanning speed, the positive effect of the scanning speed on 
the microhardness can be seen after 0.2% Gr. The reason 
for this improvement in fast scanning speed can be attrib-
uted to the solidification rate. Slow scanning speeds cause 
an increase in solidification time, which results in a coarser 

microstructure [44]. Contrary to this, fast scanning speeds 
reduce the solidification time and form a finer microstructure 
that restricts the dislocation movement [45]. The elasticity of 
the fabricated specimens is also impacted by the composite’s 
microstructure (see Fig. 11). The ductility of the specimens 
decreases parallel to the rise in microhardness at higher Gr 
concentrations.

Tribology (pin-on-disc) testing demonstrates that the 
addition of Gr improves the wear performance of the 
composites (see Fig. 12). The friction output voltage was 
increased depending upon hardness. Parallel to micro-
hardness results, 0.2% Gr-reinforced composite provides 
56% higher output voltage. Additionally, trend lines of the 
mid-points demonstrate that the output voltage gradually 
improves after a certain point. The reason for this change 
on the trend lines is that the milling ball creates deeper 
grooves in the process, which increases the surface contact 
and generates additional temperature at the friction region 
[29]. Higher temperature results in the local hardening, 
and thus, friction coefficient starts to increase slightly [29]. 
Similarly, the wear rates of the composites have better per-
formance in comparison to the as-received alloy due to the 
better hardness.

A comparison of the AFM and the pin-on-disc tests dem-
onstrates that while AFM friction coefficients of 0.2% and 
0.5% Gr-reinforced composites show similarities, values of 
the other composites are lower in the AFM results. AFM 
tests have been conducted in a 20 × 35 μm2 area. At this sale, 
nano cracks, keyhole pores, and balling effects (see Fig. 8 
and Fig. 9) may strongly influence the outcome of the AFM 
test (see Fig. 13) [19]. This might be the explanation for why 
the 0% and 0.1% Gr-reinforced composites are lower than 
the pin-on-disc results.

On the other hand, for all Gr contents, a scanning speed of 
195 mm/s leads to superior tensile properties than 380 mm/s 
(see Fig. 15). It is a well-known fact that increased porosity 
as a result of faster scanning speed leads to a considerable 
loss of strength [46]. A severe reduction in the tensile test-
ing recordings of 0.1% and 0.5% Gr-reinforced composites 
illustrate the significant effect of the porosity and cracks in 
comparison to the as-received alloy. However, the 0.2% Gr-
reinforced composite shows that a certain amount of Gr can 
improve the mechanical properties of the composite.

5  Conclusion

The present study investigated the effect of scanning speed 
and Gr concentration on microstructure and mechanical 
characteristics of the GNPs/AA2024 composites fabricated 
using LPBF. The effect of crack and pore formation on the 
mechanical properties was also identified, and the following 
key findings were drawn from the experimental data:
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a) Not only milling the powder but also adding the Gr 
decreased the crystallite size due to the enhanced ther-
mal conductivity of the composite with the addition of 
Gr. The addition of 0.2% Gr resulted in a 37.6% reduc-
tion in crystallite size compared to the as-received alloy.

b) Microhardness of the as-fabricated composites was 
improved up to 45% parallel to the Gr concentration. 
This indicates that Gr is distributed evenly throughout 
the structure. Additionally, the faster scanning speed is 
another positive effect on the improvement of the micro-
hardness due to the high solidification rate resulting in a 
finer microstructure.

c) Due to the greater laser power requirements of the new 
composites, the addition of Gr causes an increase in the 
porosity of the composites. The best density (95.6%) has 
been achieved from 195 mm/s scanning speed and the 
0.5% Gr-reinforced composite. Even though the porosity 
of the sample has risen, the ultimate tensile strength of 
0.2% Gr was marginally enhanced (7%).

d) Both macro (pin-on-disc) and nano (AFM) wear per-
formance of the composites improved gradually with 
the addition of Gr. The 0.2% Gr had a 50% and 56% 
superior wear rate and average friction coefficient (μ) 
performance than the 0% Gr due to uniform distribution 
and improved hardness of the composite.

These results indicate a significant finding that adding 
Gr to a composite fabricated using LPBF increases poros-
ity and causes more cracks; however, a certain amount of 
Gr reinforcement can result in better mechanical properties 
(microstructure, wear performance, and tensile strength). 
Another important finding of this study is that the wear 
behaviour of the same composite might exhibit differ-
ent performance at the macro and nanoscale. In terms of 
mechanical performance, 0.2% Gr-reinforced AA2024 
composite has been recommended for LPBF under the 
applied fabrication parameters. Future work includes 
investigating the suitability of the new composite for 
advanced engineering applications.
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