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A B S T R A C T   

Laser powder bed fusion of 316 L (LPBF-316 L) has been known to exhibit high ductility but low strength, along 
with strong corrosion resistance and weak anti-friction properties. Graphene is commonly utilized as a rein
forcement phase in metals fabricated through LPBF, as this process helps reduce the tendency of graphene to 
agglomerate. Therefore, it is crucial to investigate the impact of incorporating graphene into the LPBF-316 L 
alloy, aiming to enhance toughening and anti-friction properties while maintaining the original corrosion 
resistance. Various concentrations of graphene were incorporated into 316 L powder and processed using LPBF. 
The study examined the impact of graphene concentration on the electrochemical, mechanical, and friction 
properties of the resulting composites. The study revealed a significant reduction in corrosion current from 8.05 
± 0.6 × 10− 7 A/cm2 to 6.61 ± 0.8 × 10− 8 A/cm2. The 15-day immersion experiment further validated that the 
incorporation of graphene contributed to enhancing the stability of corrosion resistance. Additionally, the 
presence of graphene led to improved strength and ductility in LPBF-316 L through grain refinement and pre
cipitation. Notably, samples containing 0.2 wt% graphene exhibited a tensile fracture strength of 927.4 MPa and 
ductility of 54.75%. In addition, the compressive fracture strength of 2342.8 MPa, both surpassing that of LPBF- 
316 L. Furthermore, the study investigated the impact of graphene content on the friction of LPBF-316 L, 
revealing that graphene addition increased matrix hardness, reduced COF, and enhanced wear resistance. 
Overall, the findings suggest that graphene serves as an effective reinforcing agent for 316 L stainless steel matrix 
composites, enhancing mechanical properties, friction resistance, and wear resistance while preserving original 
corrosion resistance.   

1. Introduction 

Austenitic 316 L stainless steel is known for its strong intergranular 
corrosion resistance, good weldability, and excellent ductility, making it 
a popular choice in both daily life and industrial applications [1–3]. 
Recently, manufacturing processes have evolved to include plastic 
working methods for creating 316 L structures such as plates, wires, and 
cables. However, the increasing demand for high-strength and light
weight constructions has led to the development of more complex 
structures like TPMS structures, BCC lattice structures, and others. These 
intricate designs present a challenge for traditional preparation tech
niques, making it difficult to effectively handle the complexities of these 
structures. 

In recent years, additive manufacturing (AM) has emerged as a 
distinct process compared to traditional subtractive fabrication 
methods, enabling efficient production of intricate or personalized parts 

[4–7]. These techniques involve building materials layer by layer in a 
vertical direction based on various 3D models. Among the methods used 
for metal fabrication, laser powder bed fusion (LPBF) stands out as a 
popular choice, including selective laser melting (SLM), direct laser 
deposition (DLD), directed energy deposition (DED), and others [8–10]. 
The study of LPBF-316 L has garnered attention from researchers and 
scholars worldwide [11]. Larimian et al. [12] conducted a study on laser 
processing strategies, showing that alternating laser processing 
enhanced the densities, mechanical properties, and microhardness of 
LPBF-316 L. Dutt et al. [13] found that laser processing parameters such 
as laser power, scanning speed, layer thickness, and hatch spacing 
significantly affect tensile strength, with LPBF-316 L achieving a 
strength of 743.1 MPa through parameter optimization. These experi
ments indicate that parameter-optimized LPBF-316 L exhibits superior 
mechanical properties compared to conventional processes due to the 
fine-grained metal tissue retained during the fast melting and cooling 
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processes of LPBF. Furthermore, studies by Wei et al. [14] on the 
lightweight and high-strength 316 L Kelvin unit lattice structure, and 
Rosa et al. [15] according to the amplitude dependent internal friction 
(ADIF) mechanism, a highly damped 316 L BCC lattice structure is 
produced using the additional internal friction generated by partially 
molten particles and spatter produced during the additive 
manufacturing process, highlighting the promising applications of 
LPBF-316 L alloy. Despite these advancements, challenges such as wear 
resistance and low strength persist, limiting the use of 316 L in extreme 
environments, reducing component service life, and increasing losses in 
moving mechanical parts. 

The dispersion of harder and stiffer ceramic-reinforced particles into 
soft steel matrices has proven to be an effective method for enhancing 

their strength and wear resistance upon most occasions [16,17]. It is 
crucial to incorporate this type of hard particle reinforcing phase into 
LPBF processes, as the rapid cooling involved can significantly decrease 
the diffusion growth time of the few micro/nanoparticle reinforcing 
phases, resulting in a more uniform reinforcement distribution. Y2O3 
added to LPBF-316 L was found to increase its strength due to the 
Orowan strengthening mechanism caused by fact that the added nano
particles acted as barrier to dislocation movement according to Zhai 
et al. [18]. Similarly, the addition of TiC to 316 L, as studied by 
AlMangour et al. [19], Zhai et al. [20], and Li et al. [21], also demon
strated improvements in mechanical properties and friction. However, 
these additives primarily enhance friction resistance, with a trade-off of 
reduced ductility. In addition to ceramic reinforcements, graphene 

Fig. 1. SEM image of 316 L powder after mixing graphene with different contents, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.3 wt%.  

Fig. 2. (a) Scanning strategy of 316 L, (b) The 316 L samples with 0.2 wt% graphene fabricated by LPBF.  

Fig. 3. XRD profiles for 316 L powders and bulks with graphene addition, (a) Powders, (b) Bulks.  
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exhibits exceptional properties in various aspects, leading to the for
mation of graphene-reinforced metal matrix composites that enhance 
mechanical and friction properties. The addition of 0.6 wt% graphene to 
AlSi10Mg alloys, as shown in a study by Ref. [22], resulted in a syner
gistic increase in both ductility and strength. In the case of LPBF-316 L, 
Mandal et al. [23] found that incorporating graphene enhanced hard
ness, reduced wear, and improved friction resistance. However, there is 
limited literature exploring the impact of graphene on corrosion and 
mechanical properties. 

In this paper, the primary objective is to enhance the mechanical 
properties and friction resistance of LPBF-316 L while maintaining its 
anti-corrosion properties. This study examines the impact of different 
concentrations of graphene (0.1 wt%, 0.2 wt%, and 0.3 wt%) on the 
microstructure and phase composition of LPBF-316 L. The research in
cludes a detailed evaluation of its anti-corrosion, frictional, and me
chanical characteristics, followed by a comparative analysis for 
performance optimization. This approach offers a novel strategy for 
improving the overall performance of LPBF-316 L. 

Fig. 4. Metallographic structure of 316 L powder with different graphene content, (a) LPBF-316 L, (b) 0.1 wt% graphene, (c) 0.2 wt% graphene, (d) 0.3 wt 
% graphene. 

Fig. 5. SEM images showing microstructures of LPBF-316 L with graphene, (a) 0.1 wt% graphene, (b) 0.2 wt% graphene, (c) 0.3 wt% graphene.  
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2. Experimental procedures 

2.1. Powder preparation and fabrication of sample 

The gas-atomised spherical 316 L stainless steel powder, with par
ticle sizes ranging from 15 to 53 μm, was combined with 0.1 wt%, 0.2 wt 
%, and 0.3 wt% graphene as reinforcing particles, each with a length of 
0.5–1 μm and thickness of 2–7 nm, as shown in Fig. S1. These composite 
powders were created using a planetary ball mill machine (Changsha 
Tianchuang Powder) with a disk rotation speed of 300 rpm and a milling 
time of 10 h. The microstructure of the mixed 316 L powder is illustrated 
in Fig. 1, along with their energy dispersive spectrometer (EDS) map
ping. The analysis indicates that there was no significant alteration in 
the sphericity and particle size of the mixed powder, while the graphene 
powder was uniformly adhered to the surface of the 316 L powder. 

The LPBF machine utilized in this study was the EOS device (M100, 
Germany). A scanning strategy involving a 60◦ rotation between layers 
was employed, as illustrated in Fig. 2a. The established processing pa
rameters included a laser power of 100 W, scanning speed of 1000 mm/ 
s, layer thickness of 20 μm, and hatch spacing of 80 μm. Fig. 2b displays 
the fabricated samples, which comprised a dog-bone-shaped tensile 
sample, a cylindrical compression sample, and a square corrosion/fric
tion sample. Each sample was labeled based on the graphene content 
added: 0.1 wt% graphene, 0.2 wt% graphene, 0.3 wt% graphene, with 

the sample without graphene denoted as LPBF-316 L. 

2.2. Microstructural characterization 

Before micro-characterization, different samples were mechanically 
ground with emery paper ranging from 80 to 200 grit size, and polished 
with alumina suspension followed by a suspension of colloidal Silica 
successively. Ultimately, use an ethanol solution with a purity of 99.99% 
for rinsing. The phase composition is identified utilizing an X-ray 
diffraction (XRD, SHIMADZU XRD-7000, Japan) with Cu Kα radiation at 
40 kV and 30 mA, and the scanning speed was 2◦/min and the scanning 
range was 30◦–90◦. The microstructure was observed by scanning 
electron microscope (SEM, ZEISS EV018, Germany) respectively, and 
the energy dispersive spectroscopy (EDS, Oxford, UK) of the SEM was 
used to analyze the composition of the samples. In addition, electro- 
polishing was done before electron backscattered diffraction (EBSD, 
Oxford, UK), with a solution consisting of perchloric acid and methanol 
mixed in a ratio of 20:80 at 12 V for14 s maintaining at 15 ◦C. It is mainly 
used to express the grain size, texture strength and direction of the 
sample. 

2.3. Electrochemical, mechanical properties and friction experiments 

For electrochemical experiments, the corrosion resistance of the 

Fig. 6. Line scanning of 316 L powder with different graphene content, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.3 wt%.  
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samples was evaluated by an electrochemical workstation (three-elec
trode system) in 3.5 wt% NaCl. The sample (1 cm2) was connected to the 
working electrode, and the saturated calomel electrode and platinum 
sheet were connected to the reference electrode and the reverse elec
trode, respectively. First, the sample was soaked in the solution for 1 h to 
ensure a stable open circuit potential. Electrochemical impedance 
spectroscopy (EIS) is measured in the frequency range of 10− 2 Hz–105 

Hz (interference potential 10 mV). The polarization curve is measured in 
the voltage range from − 0.5 V to 0.5 V (scan rate 1 mV/s). In addition, 
the experiment needs to choose an appropriate scanning rate. When the 
scanning rate is too fast, the electrode potential changes too fast, and the 
measured polarization curve may deviate from the actual value, while 
the scanning rate is too slow, and the test period will be prolonged. 
Finally, we chose a more suitable scan rate of 1 mV/s. Corrosion current 
density (Icorr) and corrosion potential (Ecorr) were obtained by the Tafel 
extrapolation method. To evaluate the long-term corrosion resistance 
and stability of the material, the immersion test was carried out in 3.5 wt 
% NaCl for 360 h. During the experiment, EIS measurement was carried 
out at a specific time node to detect the change in corrosion resistance. 
After soaking, the surface morphology and composition of the material 
were analyzed by SEM and EDS. The test of mechanical properties is 
tensile tests carried out on the KQL computer-controlled electronic 
universal testing machine with the loaded strain rate is 3 × 10− 4 s− 1, 
universal tensile testing machine with a capacity of 10 kN at room 
temperature. Three successive tests were conducted for each sample. 
The fracture morphology was characterized by SEM. The broken surface 
is carefully cleaned and any contaminants are removed with ethanol 
ultrasound. And the surface nature of failure in tensile coupons of each 
sample were analyzed. In addition, Viker’s hardness of the specimens 
were recorded by a micro-hardness testing machine at an applied load of 
500 g. And 5 data points were collected for averaging the hardness of the 
specimens. Furthermore, the nanoindenter (Anton Paar Step-NHT3, 
Austria) was used to measure the nano-hardness, and the indentation 

adopted a load of 20 mN, and pause 5 s. The friction experiments are 
carried out by multifunctional friction and wear testing machine (MFT- 
5000, Rtec, US). The friction counterpart was a 4 mm stainless steel 
quenched steel ball with a reciprocating stroke of 5 mm, an applied load 
of 30 N, a friction speed of 5 Hz, and a time of 30 min. 

3. Results and discussion 

3.1. Microstructure 

Fig. 3 illustrates the X-ray diffraction (XRD) results of both powder 
and processed bulk samples. The analysis shows that both the powder 
and bulk samples exhibit a single austenitic γ phase, with no martensitic 
phase detected in the 316 L sample produced via LPBF. A comparison 
between the XRD spectra of 316 L powder and bulk samples reveals that 
the diffraction peak of the pure 316 L block becomes broader post LPBF 
treatment, indicating the presence of residual stress leading to peak 
broadening. The introduction of graphene mitigates this effect, resulting 
in a negligible increase in peak width, suggesting that graphene incor
poration aids in reducing residual stress levels [24]. In addition, the 
distortion of crystal faces due to residual stress from rapid melting and 
solidification during laser processing can contribute to peak broadening 
[25–27]. Moreover, diffraction peak broadening is influenced by lattice 
defects, microscopic distortions resulting from irregular atomic posi
tions in the lattice, and variations in grain size introduced during the 
printing process. Notably, the addition of graphene causes a leftward 
shift in the diffraction peak of the bulk sample, possibly attributed to an 
expansion in lattice constant within the matrix at sub-grain boundaries 
induced by graphene doping [28]. 

In Fig. 4, perpendicular to the printing direction, the laser additive 
manufacturing process involves a layer-on-layer superposition process, 
resulting in a well-organized and regular melt pool due to repeated 
scanning. However, the previously solidified matrix is partially remelted 

Fig. 7. EBSD map of LPBF-316 L with and without graphene addition: (a) LPBF-316 L (b) 0.1 wt% graphene, (c) 0.2 wt% graphene (d) 0.3 wt% graphene (e) Euler 
angles with different color, (f) Grain size distribution of LPBF-316 L samples with different graphene contents. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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during the next laser scanning, leading to the formation of large-size 
columnar crystals. Notably, the addition of graphene transforms some 
columnar crystals into equiaxed crystals, achieving grain refinement. 
Furthermore, the incorporation of 0.2 wt% graphene results in the for
mation of more equiaxed crystals, enhancing the grain refinement effect. 

Fig. 5 depicts the microstructure and morphologies of LPBF-316L/ 
graphene composites from a top view. A black, flaky precipitate is 
observed in the sample with added graphene, with its amount gradually 

increasing as the graphene content increases. To further analyze this 
precipitate’s composition, a line scanning was conducted on the 
precipitated area, as illustrated in Fig. 6. The carbon content signifi
cantly increased in the black material region, while the levels of ele
ments such as Fe, Cr, and Ni remained relatively unchanged. This 
indicates that the graphene addition did not lead to carbide formation, 
and the graphene still exists in the form of nanoplatelets without un
dergoing interfacial chemical reactions with the stainless steel matrix 

Fig. 8. Pole figures (PF) along with LPBF-316 L with different graphene, (a) LPBF-316 L (b) 0.1 wt% graphene, (c) 0.2 wt% graphene (d) 0.3 wt% graphene.  
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[29]. 
Different sample inverse pole figures (IPF) were displayed in Fig. 7a- 

(d), showcasing various colors corresponding to grain orientation rela
tive to the lattice, with each color representing a unique combination of 
Euler angles as shown in Fig. 7e. Consequently, grains sharing the same 
crystal orientation exhibit similar colors. Additionally, the average grain 
sizes of the different samples were determined and illustrated in Fig. 7f. 
The IPF of pure 316 L exhibited the common epitaxial columnar grain 
structure observed in other LPBF-processed alloys [30]. Upon the 
introduction of graphene, the columnar crystal growth transitioned to 
equiaxed crystals, resulting in a noticeable grain refinement effect, with 
calculated average grain sizes of 8.18 μm (LPBF-316 L), 7.16 μm (0.1 wt 
% graphene), 5.57 μm (0.2 wt% graphene), and 7.29 μm (0.3 wt% 
graphene). This grain refinement phenomenon is attributed to the 
abundant heterogeneous nucleation sites provided by graphene, 
enhancing nucleation rates and promoting grain refinement [31–33]. 
Furthermore, the graphene particles enhance laser absorption of the 
composite powder, effectively increase the temperature gradient of the 
molten pool, elevate supercooling levels, and further boost nucleation 

rates [23]. Moreover, graphene nano-scale particles or plates within a 
metal matrix can impede grain growth. However, the addition of 0.3 wt 
% graphene may lead to grain coarsening, primarily due to excessive 
precipitate concentration weakening hindrance to grain boundary 
migration and accelerating grain growth. The aggregation, non-uniform 
dispersion, and inhomogeneity resulting from excessive graphene 
addition also contribute to increased grain size [34,35]. Intriguingly, the 
presence of graphene does not appear to affect the prominent orienta
tion based on color distribution. 

As depicted in Fig. 8, the texture of the grains exhibits strength in the 
[101] direction, with varying intensity levels. The texture index de
creases from 9.35 in LPBF-316 L to 3.91, 3.04, and 3.26 in samples with 
different graphene contents. This is mainly due to the addition of 
nucleating particles, which weakened the epitaxial growth trend of 
LPBF-316 L and reduced the anisotropy of the texture [20]. A high 

Table 1 
Parameters obtained from polarization curves of different samples.  

Samples Ecorr Icorr 

(V vs.SCE) (A/cm2) 

316 L − 0.25 ± 0.3 8.05 ± 0.6 × 10− 7 

0.1 wt % graphene − 0.26 ± 0.2 1.45 ± 0.7 × 10− 7 

0.2 wt% graphene − 0.24 ± 0.2 6.61 ± 0.8 × 10− 8 

0.3 wt% graphene − 0.28 ± 0.3 3.12 ± 0.6 × 10− 7  

Fig. 9. Electrochemical tests (a) Polarization curves, (b) Nyquist plots, (c) Bode plots of |Z| vs. frequency, (d) Bode plots of phase angle vs. frequency.  

Table 2 
The fitted values of EIS measurements.  

Samples Rs 

(Ω.cm2) 
CPE S s^n cm2 Rct (Ω.cm2) 

Y0(Ω− 1cm− 2sn) n 

316L 41.2 ±
3.4 

1.3 ± 0.2 × 10− 5 0.97 ±
0.4 

3.7 ± 0.2 ×
105 

0.1 wt% 
graphene 

49.7 ±
4.7 

8.6 ± 0.3 × 10− 6 0.90 ±
0.2 

5.8 ± 0.3 ×
105 

0.2 wt% 
graphene 

50.3 ±
3.3 

7.3 ± 0.2 × 10− 6 0.87 ±
0.3 

7.3 ± 0.2 ×
105 

0.3 wt% 
graphene 

46.8 ±
4.2 

1.1 ± 0.3 × 10− 5 0.91 ±
0.2 

5.2 ± 0.3 ×
105  
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texture index suggests a pronounced texture inclination and a distinct 
anisotropic structure in LPBF-316 L. Upon the incorporation of gra
phene, the maximum texture index in 316L-0.2 wt% graphene reduced 
to 3.04, leading to a notable weakening of the anisotropic trend and a 
gradual shift towards an isotropic microstructure. This phenomenon is 
likely due to the presence of nucleating particles in additively manu
factured alloys, which are anticipated to diminish the texture [20]. 
Furthermore, we conducted analyses on phase distribution maps, Kernel 
Average Misorientation maps (KAM), and Schmid Factor maps (SF) 
(refer to Figs. S2–S4). Despite this, it appears that the addition of gra
phene had minimal impact on the phase composition and KAM. 
Generally, according to the geometric dislocation density formula ρGND 
= 2KAMave/μb, which KAMave is the average value of KAM, μ is the step 
size chosen for the EBSD experiment and b is the length of the Burgers 
vector. The density of geometrically necessary dislocations is closely 
related to KAM and shows a positive linear relation with the average of 
KAM [36–38]. The findings indicate that the FCC phase in the matrix 
remained unaffected by the inclusion of graphene (the results are 
consistent with XRD), and the geometrically necessary dislocations 
within the matrix did not alter due to graphene addition [39]. Notably, 
in the SF images, different colors represent varying SF values, with SF 
primarily distributed between 0.3 and 0.5. The proportion of LPBF-316 L 
samples with SF values exceeding 0.35 is slightly lower than that of 
LPBF-316 L-graphene samples, particularly evident in the 0.2 wt% 
graphene sample (96.7%). 

3.2. Electrochemical corrosion behavior 

To investigate the impact of graphene on the corrosion resistance of 
LPBF-316 L, both short-term electrochemical experiments and long-term 
immersion experiments were conducted. The corresponding Icorr and 
Ecorr values (Table 1) were derived from the results of the polarization 
curve (Fig. 9a). All three graphene-doped samples exhibited lower 
corrosion current densities compared to the 316 L samples (8.05 ± 0.6 
× 10− 7 A/cm2). Among these, the sample with 0.2 wt% graphene 
demonstrated the lowest corrosion current density (6.61 ± 0.8 × 10− 8 

A/cm2). A decrease in corrosion current typically indicates higher 
corrosion resistance and improved chemical stability [40–42]. The 

enhanced corrosion resistance observed after adding graphene may stem 
from its ability to impede ion transfer between the electrolytic solution 
and slow down the reaction of the corrosion solution with the metal 
surface [43]. The obvious passivation was observed in the polarization 
curve of 0.2 wt % graphene samples, indicating that the oxide film 
formed on the metal surface can protect the matrix. In addition, the 
study shows that the increase of grain refinement can also improve the 
corrosion resistance of the material. After doping graphene, the grain 
size of the material is refined, which reduces the corrosion hazard to a 
certain extent [44,45]. 

Fig. 9 (b)–(c) shows the EIS results for four samples. In the Nyquist 
diagram, the diameter of the capacitor ring can reflect the corrosion 
resistance of the sample, and the larger the diameter size means the 
better the corrosion resistance [46]. The Nyquist diagram shows that the 
three samples doped with graphene show large capacitive ring di
ameters, and the 0.2 wt% graphene sample has the largest diameter. At 
the same time, graphene-doped samples also have higher |Z| values at 
low-frequency, and higher Bode phase angles at medium-frequency. All 
these indicate that the corrosion resistance of doped graphene samples is 
better, which is consistent with the polarization curve results [47]. To 
explain the corrosion behavior in depth, an equivalent circuit (EC) with 
a time constant is introduced. Among them, Rs represents the solution 
resistance of the corrosive fluid, Rct represents the charge transfer 
resistance, and CPE represents the constant phase element. Rct correlates 
with corrosion behavior, and 0.2 wt% graphene samples exhibit the 
highest Rct value (7.3 ± 0.2 × 105 Ω cm2), indicating the best corrosion 
resistance. CPE can be calculated from YCPE (jω) = [Y0 (jω) n]− 1, where 
Y0 is the admittance and n is the power index. The Y0 value of the 316 L 
sample is higher than that of the graphene-doped sample, indicating that 
the surface corrosion area is larger and the corrosion resistance is poor 
[48]. All the above results indicate that doped graphene powder can 
improve the corrosion resistance of 316 L samples (see Table 2). 

The corrosion morphology (Fig. 10) was observed by electron mi
croscope after the corrosion experiment. A large number of corrosion 
products appeared on the surface of 316 L samples after soaking, the 
corrosion reaction was severe, and the corrosion products decreased 
after doping graphene. Among them, the surface of the doped 0.2 wt % 
graphene sample (Fig. 10c) is still smooth after corrosion, and the 

Fig. 10. SEM of samples after electrochemical testing: (a) LPBF-316 L, (b) 0.1 wt % graphene (c) 0.2 wt % graphene, (d) 0.3 wt % graphene.  
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Fig. 11. EDS line scanning of the samples after electrochemical testing: (a) 0.1 wt % graphene, (b) 0.2 wt % graphene, (c) 0.3 wt % graphene.  
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corrosion products are few, indicating that the 0.2 wt % graphene 
sample has the best corrosion resistance. This is consistent with the 
potentiodynamic test results. In addition, EDS line scanning was used to 
detect the components of the precipitates after corrosion of doped gra
phene samples (Fig. 11). The main element of the precipitate is C 
element aggregation, which means that the precipitate is mainly gra
phene. There are fewer corrosion products around the precipitates, 
indicating that graphene can slow down the corrosion reaction. 

The long-term immersion test assesses the corrosion resistance and 
stability of the sample over time. In Fig. 12, the EIS test results and 
corresponding Rct values during the soaking process are depicted. As the 
soaking time increased, the diameters of the four sample types decreased 
to varying degrees. Notably, the doped graphene sample consistently 
exhibited a larger capacitive ring size compared to the 316 L sample 
throughout the immersion process. The Bode plot and Rct value also 
confirmed this observation. This may be due to the fact that the presence 
of graphene powder effectively reduce the grain size of 316 L, thus 
hindering the corrosion of the solution on the matrix and improving the 
long-term corrosion resistance [44]. 

After soaking, the surface morphology and element composition of 
the sample were analyzed. The graphene-doped sample exhibited a 
decrease in Cl− attached to the surface, indicating enhanced long-term 
stability compared to the original sample (Fig. 13). Furthermore, the 

study revealed that the 0.2 wt% graphene sample did not show the Cl−

on the surface, in contrast to the 0.1 wt% and 0.3 wt% graphene sam
ples. EDS line scanning analysis of the uncorroded black area identified 
C element aggregation as graphene (Fig. 14). The absence of Cl− around 
graphene suggests its ability to resist Cl− erosion due to its excellent 
chemical stability and impermeability [49]. Therefore, the inclusion of 
graphene not only maintains corrosion resistance but also enhances it. 

3.3. Mechanical behavior 

Fig. 15 shows the stress-strain curves of LPBF-316 L with and without 
graphene at room temperature. In tensile curves, graphene-added sam
ples showed significant increases in yield fracture strength and ductility, 
reaching the highest value when the graphene content reached 0.2 wt%, 
as shown in Table 3. The increase in strength can be attributed to a 
variety of strengthening mechanisms: grain refinement [19,50], Orowan 
strengthening [16,51] and thermal mismatch precipitation strength
ening [52], etc. Fig. 16 illustrates the SEM micrograph of the tensile 
fracture surfaces of the samples at different magnifications. For pure 
LPBF-316 L samples, there are some shallow and uniform dimples at the 
fracture, which is a typical image of ductile fracture. Meanwhile, some 
river-like fracture morphology can be observed at the local fracture 
surfaces, which is the typical morphology of brittle-like behavior. This 

Fig. 12. EIS curves and the fitted results of samples immersed in NaCl for 360 h (a–d) 316 L, (e–h) 0.1 wt % graphene sample, (i–l) 0.2 wt % graphene sample, (m–p) 
0.3 wt % graphene sample. 
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Fig. 13. SEM images and EDS analysis of the samples after immersion for 360 h: (a) LPBF-316 L, (b) 0.1 wt % graphene, (c) 0.2 wt % graphene, (d) 0.3 wt 
% graphene. 
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phenomenon indicates that the specimen with a mixed fracture mode of 
the cleavage fracture and the dimple fracture. The addition of graphene 
resulted in the apparent disappearance of river-like areas, and a signif
icant increase in dimple and an increase in density, especially the 
addition of 0.2 wt% graphene, which may be the main reason for the 
improved ductility. In addition, nanosphere-type oxide particles were 
found in the samples added to graphene, and due to the very small size of 
the oxides, they have little influence on uniform plastic deformation, 
due to the cracks not forming easily and the fracture occurring only 
when the small voids extended and linked up. At the same time, the 

Fig. 14. EDS line scanning of the samples after immersion for 360 h: (a) 0.1 wt % graphene, (b) 0.2 wt % graphene, (c) 0.3 wt % graphene.  

Fig. 15. Stress-strain curves of LPBF-316 L and LPBF-316 L with graphene.  

Table 3 
The tensile and compress properties of LPBF-316 L with and without graphene.  

Experiment Result LPBF 
− 316 
L 

0.1 wt% 
graphene 

0.2 wt% 
graphene 

0.3 wt% 
graphene 

Tensile Yield 
strength 
(MPa) 

714.04 714.8 780.2 737.5 

Ultimate 
strength 
(MPa) 

764.9 859.3 927.4 878.5 

Elongation 
(%) 

49.27 50.93 54.75 51.5  
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addition of graphene to reduce defects such as voids at the fracture is 
also one of the reasons for increased ductility [53]. 

3.4. Friction behavior 

Fig. 17a shows the friction coefficient curves (COF) of different 
samples. The COF decreased with the addition of graphene, which due to 
the solid lubrication properties of graphene to form a self-lubricating 
film [54,55]. It’s very soft and can prevent direct metal-to-metal con
tact during sliding. In addition, the Vicker hardness and nano-hardness 
values of the LPBF-316 L with different graphene contents are shown in 
Fig. 17b–d. The Vickers hardness value for LPBF-316 L and the com
posites with 0.1 wt%, 0.2 wt% and 0.3 wt% graphene were 252 V, 273 
HV, 329 HV and 296 HV respectively. The nano-hardness values were 
192 GPa, 230 GPa, 251 GPa and 232 GPa. This result shows that the 
addition of graphene leads to an increase in both Vickers hardness and 
nano-hardness. The grain refinement brought about by the addition of 
graphene, the reduction of residual stress and the change of lattice 
constant shown in XRD results may be the main reasons for the increase 
in hardness [52,56,57]. Of these, the 0.2 wt% graphene sample has the 

lowest COF due to its highest hardness and smallest grain size, which 
approaches about 0.4 at stability, lower than LBF-316 L (~0.6). This also 
shows that hardness and grain size play a major role in reducing COF. 

The surface morphology, three-dimensional morphology and scratch 
depth of different samples after wear are shown in Fig. 18. From the SEM 
images, it can be clearly observed that there are mild patches on the 
wear tracks, indicating that the worn form is mainly micro-ploughing. At 
the same time, the grooves in the LPBF-316 L sample were significantly 
deeper than those in the composite sample (Fig. 18a4-d4). It has been 
proved that the addition of graphene makes the wear surface smoother, 
the wear track becomes shallower and finer and effectively strengthens 
the anti-wear ability. Additionally, the low hardness of the LPBF-316 L is 
also the main reason for the formation of deep grooves during sliding. 

To further analyze the wear mechanism, the wear surfaces of 
different samples were amplified. It can be clearly found that in all the 
samples in addition to the obvious micro-ploughing, there are still 
micro-abrasive wear and adhesive wear (Fig. 19). Among them, the 
addition of 0.2 wt% graphene, due to increased hardness and enhanced 
surface lubrication, shows a smaller adhesive wear area and a shallower 
wear depth. And further proved that the wear resistance of the 

Fig. 16. SEM images showing cross-sections of the fracture surface, (a) LPBF-316 L, (b) 0.1 wt% graphene, (c) 0.2 wt% graphene, (d) 0.3 wt% graphene.  
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Fig. 17. (a) Friction coefficient curve, (b) Vickers hardness of different samples, (c) Load-displacement curve, (d) Nano-hardness of different samples.  
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Fig. 18. 2D and 3D morphologies of abrasion of different samples, (a) LPBF-316 L, (b) 0.1 wt% graphene, (c) 0.2 wt% graphene, (d) 0.3 wt% graphene.  

Fig. 19. 2D morphologies of abrasion after magnification of different samples, (a) LPBF-316 L, (b) 0.1 wt% graphene, (c) 0.2 wt% graphene, (d) 0.3 wt% graphene.  
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composite is improved. 

4. Conclusion 

The graphene-modified LPBF-316 L composite was successfully 
prepared, and its corrosion resistance, mechanical properties and 
tribological performance were comprehensively investigated. The 
addition of graphene improved the mechanical and friction resistance 
while ensuring or even improving the corrosion resistance. The key 
findings of the present study are as follows:  

(1) The addition of graphene does not form intermetallic compounds 
with the 316 L, while dispersed in the matrix in the form of C 
element uniformly, and increases with the increase of the amount 
of graphene added.  

(2) The addition of graphene resulted in the refinement of the grains 
and weakened the strong texture in the direction of <101>. The 
grain size of 0.2 wt% graphene is reduced to 5.57 μm and the 
texture strength is reduced to 3.04.  

(3) Both in terms of short-term and long-term corrosion resistance, 
the graphene-modified LPBF-316 L composite demonstrated up 
to an order of magnitude reduction in Icorr compared to the 
original sample.  

(4) The addition of graphene successfully achieved a synergistic 
improvement of mechanical strength and ductility, and the ten
sile fracture strength and ductility of 0.2 wt% graphene sample 
was increased by 20% and 5.48%, respectively.  

(5) Compared with LPBF-316 L, graphene-enhanced 316 L has good 
self-lubricating properties, higher wear resistance and lower 
COF. And the worn form is mainly micro-ploughing, the wear 
mechanism is micro-abrasive wear and adhesive wear. 
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