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Abstract
In addition to laser powder bed fusion, directed energy deposition (DED) is also 
gaining interest as an effective metal additive manufacturing technique. Due to its 
system configuration, it is more efficient and flexible for materials development. 
Therefore, it can be used for processing of metal matrix composites (MMCs) through 
the use of powder mixture as feedstock. 316L stainless steel has high corrosion 
resistance, biocompatibility, and ductility. Several studies have shown the feasibility 
of using DED to process 316L stainless steel. The material properties of 316L stainless 
steel can be improved using reinforcement particles such as TiB2 to form MMCs. In this 
study, the effects of process parameters on microstructure and mechanical properties 
of 316L stainless steel reinforced with TiB2 (316L/TiB2) MMC were studied. The process 
parameters, including laser power, scanning speed, and hopper speed, were varied 
and analyzed using Taguchi L9 array. It was found that the process parameters 
have insignificant effect on the bulk density of the samples produced. Through this 
study, it is also found that tumble mixing was not suitable for the powder feedstock 
preparation for MMCs to be processed by DED. The microstructure of DED 316L/TiB2 
MMC samples consists of columnar and equiaxed grains. Columnar grains were 
located within the layers while equiaxed grains were located at the interlayer zones. 
Fine sub-grains were also observed within these grains and their boundaries were 
enriched with molybdenum and chromium segregations. Precipitates containing 
titanium were also observed to segregate at the sub-grain boundaries. Finally, the 
Vickers microhardness of the DED 316L/TiB2 MMC was found to be similar to pure 
316L stainless steel produced by DED.

Keywords: Additive manufacturing; 3D printing; Directed energy deposition; Metal 
matrix composites; Steels

1. Introduction
Additive manufacturing (AM) is a disruptive technology that has gain increasing traction 
in recent years. AM is a family of techniques and processes that involve the addition of 
material layer-by-layer with the help of computer-aided designs and computer-aided 
manufacturing[1]. Compared to traditional manufacturing that produces parts by 
removing material, AM is more flexible and efficient that can reduce manufacturing 
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costs and environmental impacts[2]. AM is also able to 
create near net shape parts with complex geometries that 
would otherwise be difficult to manufacture[3,4].

Directed energy deposition (DED) is a popular AM 
technique for metals that uses a laser beam to melt metal 
powders onto a substrate. There are various names used 
for DED, including laser metal deposition, laser cladding, 
and laser engineered net shaping. One of the key features 
of DED is its relatively low energy input, resulting in lower 
residual stresses and smaller heat-affected zones[5]. Due to 
its configuration, DED is ideal for repair and reinforcement 
cladding applications[6-8]. Furthermore, DED is able to 
create metal matrix composites (MMC) and functionally 
graded materials that can be customized to meet specific 
requirements[9,10].

316L stainless steel is one of the most suitable 
materials for DED. It is a low carbon austenitic steel alloy 
that has excellent corrosion resistance, ductility, and 
biocompatibility[11]. It is suitable for marine, biomedical, 
chemical, and even nuclear industry[12,13]. However, 316L 
stainless steel still have relatively low strength, hardness, 
and wear resistance compared to other alloys such as 
Ti6Al4V which limits its applications. These shortcomings 
can be overcome by adding reinforcement particles such as 
SiC, TiC, and TiB2 to form MMCs that have significantly 
higher strength and hardness[12,14-17]. Among the various 
reinforcement particles, TiB2 is considered one of the most 
suitable due to its compatibility with 316L stainless steel[18]. 
TiB2 has high thermal stability, chemical resistance, and 
wettability with molten steel[19].

One of the main challenges of the DED process is the 
optimization of the variables involved. The part properties 
from DED process is highly dependent on these variables 
such as scanning paths and build part geometry as well 
as process parameters[20]. Variation in these variables 
will cause a significant change in microstructure and 
mechanical properties of DED parts. Mukherjee et al. 
observed changes in the thermal distortion of AM parts 
with process parameters, build geometry, and material[21]. 
Saboori et al. also demonstrated that the microstructure 
and tensile strength of 316L stainless steel cuboids created 
by DED varied depending on the deposition strategy due 
to the differences in cooling rate[22].

There have been some studies on the effects of variables 
on MMCs using 316L stainless steel as the matrix. Ertugrul 
et al. showed that using proper powder preparation, the 
addition of TiC particles increased the hardness by about 
100 HV as compared to pure 316L stainless steel[14]. Wu 
et al. showed that increasing the SiC content in 316L 
stainless steel MMCs would result in higher hardness but 
lower corrosion resistance[12]. Other researchers such as 

AlMangour et al. were able to find that for laser powder 
bed fusion (L-PBF), which is another type of metal AM 
technique, 316L with 10 vol.% TiB2 was optimum to 
produce finer microstructure and better mechanical 
properties[18]. They attributed the improvement in 
mechanical properties to Orowan and grain boundary 
strengthening. However, there is currently no known 
research on the process parameter optimization of 316L 
stainless steel reinforced with TiB2 particles for DED. 
Optimizations of these process parameters are crucial to 
produce parts with desired mechanical properties with 
minimal defects, thus, increasing the flexibility and usage 
of DED for a wider range of applications.

In this study, an optimal set of process parameters 
for 316L stainless steel with TiB2 MMC (316L/TiB2) was 
determined. The effects of process parameters on the 
mechanical properties and microstructure of 316L/TiB2 
were evaluated. The Taguchi L9 array was used to design 
the experiments and to optimize the process parameters 
for optimum mechanical properties. The three process 
parameters varied were laser power, scanning speed, and 
hopper speed at three different levels. Pre-mixed 316L 
stainless steel with 6 wt.% TiB2 powder was used and other 
parameters such as laser spot size and scanning strategy 
were kept constant. Optical microscopy and scanning 
electron microscopy (SEM) were used to evaluate the 
microstructure of the samples. Finally, the density and 
Vickers hardness of the samples were also determined and 
discussed.

2. Materials and methods
2.1. Powder preparation

Gas atomized 316L stainless steel powder with particle size 
distribution 40–100 µm from TLS Technik (Germany) was 
tumble mixed with 6 wt.% TiB2 nanoparticles. The powder 
mixture was mixed for 8 h at 60 rpm using the Inversina 
2L Tumbler Mixer (Bioengineering AG, Switzerland). The 
chemical composition of the 316L stainless steel powder is 
listed in Table 1.

The powders before and after mixing were examined 
using SEM to ensure that the TiB2 particles adhere to 
the 316L stainless steel particles and are homogeneously 
dispersed. TiB2 particles were observed to be evenly coated 
and distributed on the 316L stainless steel particles. The 

Table 1. Chemical composition of 316L stainless steel 
powder

Material Chemical composition (wt.%)

 316L C
0.03

Mn
2

P
0.045

S
0.03

Si
1

Cr
16-18

Ni
10-14

Mo
2-3

Fe
Bal.
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SEM images of the 316L stainless steel and TiB2 powder 
before and after mixing are shown in Figure 1.

2.2. DED

The fabrications were conducted using a DMG Mori 
LASERTEC 65  3D (Germany). The laser unit consists of 
a 2.5 kW diode-pumped laser that has 3  mm laser spot 
size and produce wavelengths ranging from 900  nm to 
1080 nm. The powder focus distance used is 11 mm and 
the argon gas flow rate for shielding was 6 l/min. The fixed 
parameters used for the fabrication are shown in Table 2.

To optimize the process parameters, a L9 Taguchi array 
was used that varied laser power, scanning speed, and 
hopper speed at three levels. The Taguchi L9 array and 
the parameters used are tabulated in Table 3. The energy 
density, ε, is calculated using the following equation:

 
 v d
Ρ

ε =
×

where P is the laser power (W), v is the scanning speed 
(mm/min), and d is the laser spot size (mm).

The range of each parameter was obtained by 
preliminary experiments that vary the parameters for 
single clad. For example, at 600 W laser power, very little 
material was deposited while at 1800 W laser power, 
overheating was observed. The parameter ranges were also 
chosen such that the energy density for all the Taguchi runs 
is between the known optimal DED process parameters 
for pure 316L stainless steel and its composites. Due to 
formation of powder clouds during the DED process, 
which is attributed to the presence of TiB2 particles, the 
powder flow rate could not be accurately measured; hence, 
hopper speed was varied instead.

For each set of Taguchi parameters, three 20  mm × 
20 mm × 10 mm cuboids were fabricated on 304 stainless 
steel substrates. Each of the three cuboids was built 
concurrently, layer-by-layer, in a zig-zag path as shown in 
Figure 2.

The DED produced cuboids were then separated from 
the substrate using wire electrical discharge machining. 
The samples were cut 1  mm above the substrate such 
that the samples analyzed are not contaminated with the 
substrate material due to dilution effect.

The results obtained from the experiments were 
converted into a signal-to-noise (S/N) ratio. The S/N ratio 
converts the results into a logarithmic scale to account for 
non-linear relationships. It is also robust as it considers 
both the mean and variance of the results. The “larger is 
better” S/N ratio approach was used and the formula for 
S/N ratio is given by:

=
=−

∑ 2

10

1

/   10 

n

i i
iy

S N log
n

 (1)

Where yi is the raw measurement value and n is the 
number of measurements for each Taguchi parameter.

2.3. Microstructure analysis

The DED samples were ground using 320 grit sandpaper, 
followed by polishing using 9 µm, 3 µm, 1 µm diamond 
suspension, and 0.25 µm standard fumed silica suspension 
(OP-S). Samples were rinsed with water after each step.

The polished samples were first observed using an 
Olympus SZX7 (Japan) optical microscope to check for pores 
and cracks. The samples were then etched by swabbing the 
surfaces with Marble’s Reagent for 10 s. The microstructure 
was then observed using JEOL 5600LV (United States) SEM. 
Energy dispersive X-ray spectroscopy (EDS) was also used 
to identify the compositions of the microstructures found 
using the same equipment as the SEM.

Table 2. Fixed process parameters for DED

Fixed process parameters Values

 Spot size 3 mm

 Powder focus 11 mm

 Shield gas Argon

 Gas flow rate 6 l/min

 Overlap rate 50%

 Layer step height 1 mm

 Scanning pattern Zig-zag

Figure 1. Scanning electron microscopy images: (A) pure 316L stainless 
steel powder, (B) TiB2 nanoparticles, (C) mixed 316L/TiB2 powder 
mixture, and (D) higher magnification showing TiB2 particles adhering 
to surface of a 316L stainless steel particle.

BA

C D
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2.4. Density measurements

The method of hydrostatic weighing was used to measure 
the bulk density of the polished samples based on 
Archimedes’ Principle. The XS204 balance machine with 
density kit (Mettler Toledo, Switzerland) was used to 
perform the density tests.

The actual TiB2 content of the DED samples was 
calculated using the rule of mixture:

ρ ρ

ρ ρ

−
=

−

1 1 
 

1 1
S

T S

f  (2)

Where f is the weight fraction of TiB2, Ps and PT 
are the density of 316L stainless steel (8.00  g/cm3) and 
TiB2 (4.52 g/cm3), respectively. The calculated TiB2 weight 
fraction assumes that the DED samples have no porosity.

2.5. Microhardness

The Vickers hardness of the polished samples was measured 
using FM-300e hardness tester (Micro Measurement Pte 
Ltd, Singapore) at a load of 300 g for 15 s, according to ISO 
6507-1:2018. Six evenly spaced indentations were made on 
both the top and side surfaces.

3. Results and discussion

3.1. Microstructure

The optical micrographs of the polished side and top 
surfaces with clear boundaries between the melt pools are 
shown in Figure 3.

The melt pool boundaries were formed during 
the remelting of layers and adjacent scan tracks when 
subsequent powder is deposited following the scanning 

path. As seen in Figure 3B, the scan tracks formed straight 
lines following the scanning path but stops abruptly near 
the edge of the sample. This is due to the laser momentarily 
turning off and on as it shifts to the adjacent linear path, 
remelting and forming a separate melt pool during the 
DED process. No crack or visible pore can be observed in 

Table 3. L9 Taguchi array with estimated powder flow rate and energy density

Taguchi 
Number

Run 
Order

Laser power 
(W)

Scanning speed 
(mm/min)

Hopper speed 
(rpm)

Estimated powder 
rate (g/min)

Energy density 
(J/mm2)

 1 1 1000 200 200 5.44 100.0

 2 2 1000 400 300 7.85 50.0

 3 3 1000 600 400 9.95 33.3

 4 8 1200 200 300 7.85 120.0

 5 9 1200 400 400 9.95 60.0

 6 7 1200 600 200 5.44 40.0

 7 6 1400 200 400 9.95 140.0

 8 4 1400 400 200 5.44 70.0

 9 5 1400 600 300 7.85 46.7

Figure 3. Optical micrographs: (A) side surface and (B) top surface with 
melt pool boundaries.

BA

Figure 2. Scanning path used in directed energy deposition.
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all the DED samples. The optical micrographs using higher 
magnifications are shown in Figure 4.

Precipitates between 1 µm and 2 µm were identified 
to be TiB2 within the 316L stainless steel matrix, which 
can be a result of agglomeration of the particles. Further 
magnifications also revealed finer precipitates that were 
smaller than 1  µm. These nanoinclusions are not pores 
and were identified by Saeidi et al. to be silicate-chromium 
phases[23]. Due to the low wettability of silicon with steel, 
it tends to separate from the melt pools during the DED 
process. It is also circular to reduce surface tension due to 
the high viscosity of the silicate melt. These nanoinclusions 
could also be TiB2 due to their similarity in size. The SEM 
images of the polished and etched top and side surfaces 
reveal the microstructure of DED 316L/TiB2 MMC as 
shown in Figure 5.

The microstructure mainly consists of epitaxial 
columnar grains that grow along the build direction. This 
is because the previously deposited layers act as a heat sink 

and affect the direction of heat flow, resulting in a vertical 
temperature that encouraged columnar grains to grow[24]. 
At the interlayer zone, the microstructure morphology 
is made of fine equiaxed grains that were formed during 
remelting when a subsequent layer is deposited on top of it. 
The high cooling rates during the deposition of subsequent 
layers result in equiaxed grain growth. It is well documented 
that the difference solidification microstructure formed is 
due to the thermal gradients and cooling rate[23-25].

Within each of the columnar and equiaxed grains, 
there exist complex and intricate sub-grains. These sub-
grains are not actual grains but were formed due to the 
segregation of the alloying molybdenum during the rapid 
solidification process[23]. There is insufficient time for the 
heavier molybdenum to dissolve into the matrix during 
solidification, leading to the enrichment of molybdenum 
at the sub-grain boundaries. The sub-grain boundaries 
are more chemically resistant than the matrix as revealed 
during the etching process. They also have high dislocation 
concentrations and help to strengthen the DED samples. 
Tan et al. were able to relate the Vickers hardness of DED 
316L stainless steel to the sizes of these sub-grains using the 
Hall-Petch relationship[24]. The molybdenum enrichment 
at the sub-grain boundaries is confirmed using EDS for 
both equiaxed and columnar grains, as shown in Table 4. 
The locations for EDS are shown in Figure 6.

There is an enrichment of molybdenum and chromium 
with depletion of iron in the sub-grain boundaries 
compared to the matrix for both equiaxed and columnar 
grains. This agrees with the results obtained for pure 
316L stainless steel[24]. EDS analysis of some of the 
larger precipitates showed presence of titanium, which 
confirmed that TiB2 was successfully deposited during the 
DED process. Element mapping for titanium (Figure  7) 
shows high concentration of titanium that coincided with 
the location of precipitates. These precipitates are located 
the sub-grain boundaries and suggest that the actual TiB2 

Figure 5. Scanning electron microscopy image of side surface (A) showing columnar and equiaxed grains and (B) higher magnification showing the sub-
grains in the columnar and equiaxed grains.

A B

Figure 4. Optical micrographs of unetched samples at ×5 magnification 
for (A) side surface and (B) top surface and at ×50 magnification for 
(C) side surface and (D) top surface.

BA

C D
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content in the MMC samples may be significantly lower 
than 2 wt.%. This may account for the negligible differences 
in the results obtained for 316L/TiB2 MMC as compared to 
pure 316L stainless steel.

3.2. Density

The mean and S/N ratio of the measured density is 
tabulated in Table 5, with the calculated weight fraction of 
TiB2 in the DED samples. The average weight fraction of 
TiB2 is 2 wt.% which is significantly lower than the added 

weight fraction of 6 wt.%. This indicates that the powder 
clouds formed during the DED process can be the TiB2 
particles that escaped during the powder deposition.

Even though TiB2 particles were observed to be 
adhering onto the 316L stainless steel particle surfaces, the 
tumble mixing process did not induce sufficient adhesion 
which caused the TiB2 particles to separate from the 316L 
stainless steel particles during powder deposition. The 
powder deposition step involves forces induced by the 
gas flow to expulse the powder from the nozzle. Tumble 
mixing is not suitable for mixing nanoparticle composites 
for DED as the process involves injecting the mixed powder 
into a fast-moving gas stream. Larger TiB2 particles can 
also be used as they are less likely to escape due to higher 
gravitational force acting on them. Ball milling can be used 
to strengthen the adhesion during the mixing[18]. During 
ball milling, mechanical alloying is achieved due to the 
repeated deformation, fracturing, and cold welding of 
the powder particles[18,26]. At the start, the reinforcement 
particles facture due to their brittleness before sticking onto 
the matrix powder in which cold welding predominates due 
to plastic deformation. During the deformation and cold 
welding of the matrix powder particles, the reinforcement 
particles then dispersed inside the matrix. Fracture then 
takes over due to the matrix hardening. Finally, a dynamic 
balance between cold welding and fracture ensures the 
absence of agglomeration[27]. In addition, the collisions can 
cause the break-up of agglomerated particles[18]. However, 
it is of interest to note that using larger particles or ball 
milling result in a morphological change to the powder, 
which, in turn, may affect the powder flowability. Hence, 
a careful control of the powder preparation parameters 
is needed. With controlled parameters used during the 
process, the centrifugal effect of ball milling results in 
uniform dispersion of the reinforcement particles in 
the powder mixture with minimum change in powder 
morphology. It has been found that mechanical alloying 

Table 5. Mean, S/N ratio of sample density, and calculated weight fraction of TiB2

Taguchi number Laser power (W) Scanning speed (mm/min) Hopper speed (rpm) Mean density (g/cm3) S/N f

 1 1000 200 200 7.891±0.004 17.943 1.8%

 2 1000 400 300 7.879±0.011 17.929 2.0%

 3 1000 600 400 7.874±0.016 17.924 2.1%

 4 1200 200 300 7.887±0.002 17.938 1.9%

 5 1200 400 400 7.876±0.002 17.926 2.0%

 6 1200 600 200 7.855±0.012 17.903 2.4%

 7 1400 200 400 7.876±0.003 17.927 2.0%

 8 1400 400 200 7.883±0.006 17.934 1.9%

 9 1400 600 300 7.862±0.008 17.910 2.3%

Table 4. Composition for equiaxed and columnar grains

Element Equiaxed (wt.%) Columnar (wt.%)

Matrix Boundary TiB2 Matrix Boundary TiB2

 S 1.06 - 1.6 0.48 - -

 Cr 16.48 22.27 19.18 16.26 21.86 22.75

 Mn 1.38 1.83 - 1.33 1.8 2.6

 Fe 67.69 54.09 66.34 69.81 62.03 46.25

 Ni 10.13 6.38 9.03 10.66 9.3 3.86

 Ti - - 3.85 - - 5.57

 Mo - 10.69 - - 5.01 4.4

 Others 3.26 4.74 - 1.46 - 14.57

 Total 100 100 100 100 100 100

Figure 6. Energy dispersive X-ray spectroscopy locations for (A) equiaxed 
and (B) columnar grains. Location 1 is within the matrix, location 2 is at 
the sub-grain boundary, and location 3 is at the TiB2 particle.

A B
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improves the distribution of Si3N4 and AlN in Al6061 
aluminum powder. While the process also decreases the 
reinforcement particle size, it improved the composite 
characteristics by eliminating the reinforcement particle 
defects. Furthermore, the mechanical alloying also 
improved the matrix characteristics due to deformation 
and dislocations[28]. During mechanical alloying, it is 
possible for the morphology of powders to change from 
spherical to flattened and finally to nearly spherical 
again[29]. It was also observed that while the particle size of 
the mixed powder decreases with increase in milling time, 
there is a limit after which, the particle size will remain 
stable due to equilibrium between the cold welding and 
repeated fracture[30-32]. Hence, it is important to investigate 

and determine the optimum process conditions for powder 
mixing.

The effect of each variable on the density of the DED 
samples is shown in Figure 8. Table 6 shows the ranks and 
deltas of the S/N ratios. The delta is the difference between 
the highest and lowest average response for each variable.

It was found that the variation of density was not 
significant across the various parameters and that the 
effect of each of the variable was negligible on the density 
of the DED 316/TiB2 MMC. The spread of mean density 
across the DED samples was <0.5% and the delta is <0.1 
for all three variables. However, the DED samples were 
still denser compared to same material produced using 
sintering and L-PBF[33]. Furthermore, no visible pore or 
crack was observed in the samples.

3.3. Microhardness

The mean and S/N ratio of the measured Vickers hardness 
of the DED samples are shown in Table  7. The mean 
microhardness varied between 168.5 HV and 186.4 
HV, which is similar to pure 316L samples produced by 
DED[34].

The addition of TiB2 did not increase the hardness as 
compared to DED produced 316L stainless steel. This may 
be due to the low actual content of TiB2 in the obtained 
DED samples. AlMangour et al. found that there is a 
critical weight fraction of TiB2 between 3 wt.% and 6 wt.% 
that would significantly increase the hardness values of 
316L/TiB2 MMC produced by L-PBF[33]. In addition, Du 
et al. obtained 316/TiB2 MMC with up to 900 HV using 20 
wt.% TiB2

[15]. Hence, the TiB2 content in the DED samples 
must be increased to achieve higher hardness.

The effect of each variable on the microhardness of 
DED samples is shown in Figure 9. Table 8 shows the ranks 
and deltas of the S/N ratio for hardness.

Table 6. Response for density

Level Laser power Scanning speed Hopper speed

 1 17.932 17.936 17.927

 2 17.922 17.930 17.926

 3 17.924 17.912 17.926

 Delta 0.0097 0.0235 0.0009

 Rank 2 1 3

Table 7. Mean and S/N ratio of hardness

Taguchi Number Laser Power Scanning Speed Hopper Speed Mean Hardness S/N

W mm/min rpm HV

 1 1000 200 200 183.5±8.5 45.244

 2 1000 400 300 178.7±9.8 45.006

 3 1000 600 400 186.0±8.4 45.367

 4 1200 200 300 173.9±10.4 44.762

 5 1200 400 400 186.4±5.1 45.399

 6 1200 600 200 181.1±5.0 45.151

 7 1400 200 400 181.9±9.9 45.161

 8 1400 400 200 168.5±5.5 44.519

 9 1400 600 300 177.6±6.1 44.977

Figure  7. Energy dispersive X-ray spectroscopy element mapping for 
titanium. Red circles demarcate areas of high titanium concentrations, 
which coincide with the location of precipitates seen in the scanning 
electron microscopy image.
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Hopper speed was found to be the most influential 
in affecting the microhardness of the DED 316L/TiB2 
MMC, followed by laser power and scanning speed. 
The optimum parameters for maximum hardness were 
found to be laser power of 1000 W, scanning speed of 
600 mm/min, and hopper speed of 400 rpm. This gives a 
predicted microhardness of 182.5 HV. As these optimum 
parameters are identical to Taguchi No.  3, there is no 
confirmation run conducted. The experimental value of 
microhardness obtained from this run is 186.0 HV which 
means the predicted value has a 1.9 % error which showed 

the accuracy of the prediction. The Taguchi method was 
effective in determining the optimal set of parameters for 
DED 316L/TiB2 MMC.

4. Conclusions
In this study, 316L/TiB2 MMC was successfully fabricated 
using DED. The effect of DED process parameters on the 
microstructure and mechanical properties of 316L/TiB2 
MMC was studied. The L9 Taguchi array was used to 
vary laser power, scanning speed, and hopper speed at 
three levels to optimize the mechanical properties of 
316L/TiB2.

It was found that the laser power, scanning speed, 
and hopper speed had negligible effects on the density 
of the samples produced. Although 6 wt.% of TiB2 is 
added, the average weight fraction of TiB2 in DED 
316L/TiB2 was calculated to be 2 wt.%, indicating loss 
of TIB2 during the DED process. Tumble mixing was 
found to be unsuitable for the preparation of powder 
mixture feedstock for DED as it does not result in 
sufficient adhesion between the TiB2 and 316L stainless 
steel particles. No pore and crack were observed in 
all the DED samples. Columnar grains were found 
predominantly within the layers while equiaxed grains 
were found at the interlayer zones for the DED samples. 
Fine and intricate sub-grains were also observed 
within the grains. EDS analysis showed that the sub-
grain boundaries are enriched with molybdenum and 
chromium. The microhardness of DED 316L/TiB2 MMC 
ranged between 168.5 HV and 186.4 HV.

In the future, effect of different powder preparation 
methods for 316L/TiB2 can be studied to improve the 
efficiency of the process. Then, the different compositions 
of MMC can be investigated to expand the material library 
available for the DED process.
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Table 8. Response for microhardness

Level Laser power Scanning speed Hopper speed

 1 45.21 45.06 44.97

 2 45.10 44.97 44.92

 3 44.89 45.16 45.31

 Delta 0.32 0.19 0.39

 Rank 2 3 1

Figure 9. Main effects graph for microhardness.

Figure 8. Main effect graph for sample density.
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