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A B S T R A C T

316L stainless steel has a wide range of engineering applications. However, its relatively low yield strength limits
its applications. In this work, strengthened 316L stainless steel was fabricated via selective laser melting (SLM)
with the addition of 3 wt% micronsized TiC particles. The grains of 316L are significantly refined to approxi-
mately 3 μm. Although micronsized TiC particles were used as reinforcement, in-situ formed nanosized TiC parti-
cles were observed. Tensile tests were carried out and the yield strength of SLM 316L-3TiC was
803 MPa–832 MPa with the elongation ranging from 25.8% to 28.5% when fabricated with laser power between
225 W and 275 W. Relative to SLM 316L without TiC particles which has a yield strength of 599 MPa, the
strength enhancement is found to be 97 MPa from grain refinement and 140 MPa from Orowan strengthening.

1. Introduction

Developing lightweight and cost-efficient alloys with superior me-
chanical properties is attractive for a variety of structural applications.
Among the various alloys, austenitic stainless steels are widely used in
engineering applications due to their excellent corrosion and oxidation
resistance. Among the numerous types of austenitic stainless steels,
316L has a wide range of engineering applications and therefore pro-
vides the impetus for widespread processing-structure-property based
studies. However, its relatively low yield strength (170 MPa, according
to ASTM A240) hinders its wider applications. There has been a grow-
ing interest in developing 316L with high strength and good ductility
[1–3].

Currently, the main method used in enhancing the mechanical prop-
erties of 316L is grain refinement, which can be achieved through an-
nealing following severe plastic deformation by cold rolling [4], equal
channel angular pressing [5], high-pressure torsion [6] or dynamic
plastic deformation with high strain rate [2]. During severe plastic de-
formation, a large amount of strain-induced martensite is produced.
Following this, the needle-like martensite can be reverted to nano-
/ultrafine-grained austenitic structure by thermal annealing. These ul-
trafine grains can result in an enhancement of strength [3,7,8] with a si-
multaneous increase in ductility. However, the severe plastic deforma-

tion processes are often too complex to be incorporated into industrial
production.

Recently, additive manufacturing has gained tremendous attention
owing to its great advantage in fabricating components with complex
geometry using a layer-wise building method which allows the cus-
tomization of production of engineering parts with desired configura-
tions. Importantly, additive manufacturing is a high throughput and en-
ergy efficient process. Selective laser melting (SLM) is a specific type of
additive manufacturing technique which utilizes high power-density
laser to melt powders. Compared to conventional wrought 316L, higher
yield strength of up to 600 MPa has been reported for SLM fabricated
316L, without compromising ductility [1,9–12].

The introduction of foreign reinforcements is a potent strategy to
further improve the yield strength of SLM fabricated 316L metal matrix
composites (MMCs). The small melting zone (∼100 μm in width and
depth) and fast cooling rate (106 - 108 K/s) helps to prevent the parti-
cles from segregation. The coarsening of reinforcements can also be
prevented due to the fast cooling rate (106 - 108 K/s) of SLM [13,14].
These are advantages of SLM in terms of fabricating MMCs when com-
pared to traditional methods, such as casting and powder metallurgy
which would lead to undesirable coarse grains and inhomogeneous dis-
tribution of reinforcements.

Among the various types of particulate reinforcements, TiC is com-
monly used to strengthen Fe-based alloys due to its low density, supe-
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Fig. 1. (a) Micronsized TiC particles; (b) a larger number of particles of sizes 0.5–2 μm; (c) a close-up of the small TiC particles; (d) 316L powder; (e) 316L-3TiC pow-
der mixture; and (f) a close-up of (e) showing the distribution of TiC particles.

Fig. 2. Relative density of SLM 316L-3TiC fabricated with different laser pow-
ers.

rior corrosion resistance, high hardness, as well as thermodynamic and
thermal stability in Fe-based alloys AlMangour et al. [15,16] have pre-
viously attempted SLM of TiC reinforced 316L. However, high energy
ball milling was applied to prepare the powder feedstock in their work.
It is well known that efficiency can be a problem when the high energy
ball milling process is applied. After the high energy ball milling
process, the shape of 316L powder becomes irregular. For SLM, the
spherical powder is preferred because of its good flowability. Moreover,
they obtained the yield strength from compression tests, which are less
sensitive to defects (such as porosity and lack of fusion) than tensile
tests. It has been reported that fracture strain measured from compres-
sive test is larger than that from tensile test for SLM MMCs with defects
[17]. Therefore, it is not known whether the strengthening of TiC parti-
cles to 316L is gained at the expense of drastically reduced ductility. In
another instance, Zhao et al. [18] studied the SLM of 316L with nano-
TiC reinforcement. The powder feedstock was prepared by direct mix-
ing. After the mixing, the nanosized TiC particles were uniformly dis-
tributed on the surface of the 316L power. Unfortunately, the highest
ultimate tensile strength of nano-TiC-reinforced 316L was measured at
only 748.6 MPa, which was even lower than SLM 316L without any re-
inforcement. The reason may lie in the choice of laser processing para-
meters, which could have resulted in the low relatively density

(96%–99%) of the materials they prepared. Therefore, further studies
need to be conducted on TiC particles strengthened 316L using SLM.

In our previous work [19], it was demonstrated that the addition of
1 wt% and 3 wt% micronsized TiC particles led to a significant increase
in yield strength (660 MPa and 832 MPa) while maintaining good duc-
tility (56% and 29% elongation). The strength enhancement is attrib-
uted to the grain refinement as well as the dispersed TiC particles. How-
ever, the effect of laser power on the densification behavior, mi-
crostructure evolution and mechanical performance is still unclear.
Moreover, with the addition of 3 wt% micronsized TiC particles, the
yield strength was increased by 233 MPa (from 599 MPa to 832 MPa).
The increase was attributed to grain refinement and Orowan strength-
ening. However, calculations performed using the Hall-Petch relation-
ship [7] and the Ashby-Orowan relationship [20] showed that the en-
hancement was much less than the experimental result. Therefore, fur-
ther research should be conducted to study the strengthening mecha-
nisms. In this work, different laser powers were used for fabricating
SLM 316L-3TiC. A detailed investigation has been carried out to evalu-
ate the effect of laser power on densification behavior, microstructure
evolution, mechanical performance and the strengthening mechanism.

2. Materials and methods

2.1. 316L powder and TiC particles

Commercial 316L powder (Höganäs, Belgium) with the chemical
composition of Fe-16.8Cr-12.7Ni-2.5Mo-1.5Mn-0.7Si-0.011C-0.074O
(wt%) was used for SLM. The mean size of the powder was measured as
42.3 μm using an LA-960 laser scattering particle size distribution ana-
lyzer. TiC particles, as shown in Fig. 1(a), with the size ranging from 0.5
to 21 μm were added as reinforcement. There is a large amount of small
TiC particles of sizes 0.5–2 μm, as shown in Fig. 1(b and c). The mor-
phology of 316L powder is shown in Fig. 1(d).

3 wt% of TiC particles were added to 316L powder. The 316L-3TiC
powder mixture was prepared using a low energy ball milling process,
which was described in our previous work [19]. Using this method, the
TiC particles can be uniformly distributed on the surface of 316L pow-
der, as shown in Fig. 1(e and f). The low energy ball milling method is
efficient and only has a negligible effect on the shape and flowability of
316L powder [21]. It can be a potential method for the preparation of
the powder feedstock of additively manufactured metal matrix compos-
ites.
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Fig. 3. Optical micrographs and drawings (insets) showing evolution of melt pool size and morphology with increasing laser power.

Fig. 4. Formation of cavity due to partial melting of 316L powder.

2.2. SLM facility and printing procedure

SLM was conducted using ProX DMP 300 (3D systems, South Car-
olina, US) equipped with a 500 W continuous wave fiber laser with a
wavelength of 1.070 μm and beam diameter of 75 μm at the focal point.
The printing chamber was filled with Ar gas to limit the oxygen content
to below 300 ppm. The laser scanning direction was rotated 90° be-
tween two adjacent layers. To study the effect of laser power on the mi-
crostructure and mechanical properties of 316L-3TiC, different laser
powers of 150, 175, 200, 225, 250 and 275 W were selected. The laser
scanning speed was kept at 800 mm/s. The layer thickness was kept as
30 μm. The hatch spacing was kept as 70 μm.

2.3. Microstructure characterization

The microstructures were observed using optical microscope, Scan-
ning Electron Microscope (SEM, JEOL 7600F), Energy Dispersive X-Ray
Spectroscopy (EDS), X-Ray diffraction (XRD, PANalytical Empyrean),
Electron Backscattered Diffraction (EBSD) and Transmission Electron
Microscope (TEM, JEOL 2010). The samples for microstructural analy-
ses were firstly ground with progressively finer SiC papers (320–4000
grit) and then polished with silicon oxide polishing suspension (OP–S).
A self-mixed etching solution (HF: HNO3: H2O = 1: 6: 12) was used for
cellular structure and melt pool observations under the optical micro-
scope and SEM. The accelerating voltage of 10 kV was used for the SEM
observation. XRD measurement was conducted using Cu Kα1
(λ = 0.15406 nm) at 30 kV and 30 mA with the step size of 0.01° and
scan speed of 1.2°/min. A step size of 0.6 μm and accelerating voltage
of 20 kV were used for EBSD observation. TEM sample was prepared us-
ing ion milling and the sample was observed at the accelerating voltage
of 200 kV.

2.4. Mechanical properties

Microhardness and tensile tests were performed to investigate the
mechanical properties of SLM 316L-3TiC fabricated with different laser
powers. Microhardness was measured under 500 g with a dwell time of
15 s. For each sample, 21 indentations were tested. Tensile tests were
conducted at room temperature at the strain rate of 10-3 s-1 using In-
stron 5982 universal tensile testing machine. The gauge dimensions of
the tensile samples were 14 mm × 4 mm × 2 mm. A non-contact In-
stron AVE 2 extensometer was used to measure the tensile strain. Three
tensile samples were tested for each condition.
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Fig. 5. Evolution of number and size of TiC particles with increasing laser power from 150 W to 275 W.

Fig. 6. (a) EDS line scan and (b) TEM bright-field image showing that there is no intermetallic layer between micronsized TiC particles and 316L matrix and their
good bonding, with the embedded image in (b) showing the SAED pattern of a TiC particle.

3. Results

3.1. Densification behavior

Samples of dimensions 10 × 10 × 25 mm3 were prepared for the
density measurement. The density was measured based on Archimedes
principle and the relative density was calculated, as shown in Fig. 2. At
low laser power of 150 W, the relative density was only 97.84%. With
the increase of laser power, the highest relative density (99.52%) was
achieved at the laser power of 225 W. The relative density was slightly
decreased with a further increase of laser power. Notably, the relative
density of SLM 316L-3TiC fabricated with laser powers of 225, 250 and
275 W were all near 99.5% which was very close to full density.

To get near fully dense selective laser melted alloys, various para-
meters (laser power, laser scanning speed, layer thickness, hatch spac-
ing, etc.) should be carefully optimized. The heat input for the melting

of powders mainly depends on the laser power and scanning speed.
During the SLM process, the melt pool depth should be larger than the
layer thickness and overlapping of the adjacent laser tracks is necessary
to avoid lack of fusion.

To reveal the relationship between relative density and laser power,
the size of the melt pool was observed, as shown in Fig. 3. Owing to the
unique track-by-track and layer-by-layer building strategy of the SLM
process, the as-built SLM 316L-3TiC presented a hierarchical mi-
crostructure. The melt pools of SLM 316L-3TiC fabricated with low heat
input (150, 175 and 200 W) presented a conduction mode while that
with high heat input (225, 250 and 275 W) presented a keyhole mode,
as illustrated in the top right-hand corner of each figure in Fig. 3. The
width and depth of the melt pools resulting from the application of dif-
ferent laser powers were measured and are summarized in Fig. 3(d). It
can be seen that both width and depth were increased with increasing
laser power.
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Fig. 7. (a) SEM image showing the overall microstructure of SLM 316L-3TiC using 225 W, (b) a close-up of the cellular structure and (c) TEM bright-field image
showing the cellular structure boundaries consisting of dislocation networks, with the embedded image in (c) showing the SAED pattern of austenite phase.

Fig. 8. XRD patterns of 316L powder, TiC particles, SLM 316L and 316L-3TiC.

Low heat input generated small melt pools which were not sufficient
to fully melt the powder. In the SLM 316L-3TiC sample fabricated with
laser power of 150 W, a partially melted 316L powder and a cavity
were observed, as shown in Fig. 4. The cavity defect was the main rea-
son for the low relative density of SLM 316L-3TiC fabricated with the
laser power of 150 W. The irregular shape of the cavity gave rise to the
sharp edges in the void. Sharp edges can act as crack initiation loca-
tions, which significantly impacted the mechanical properties of the fi-
nal part.

at low laser power of 150 W.

3.2. Microstructure evolution of SLM 316L-3TiC

Fig. 5 shows the uniform distribution of the micronsized TiC parti-
cles in 316L matrix under different laser powers. No agglomeration of
TiC particles was observed in the samples. With low heat input (150,
175 and 200 W), cavities were observed, as shown in Fig. 5(a, b and c).
With the increase of laser power, near fully dense samples were ob-
tained. Interestingly, as shown in Fig. 5, the size of TiC particles de-
creased with the increase of laser power. In particular, it can be seen
clearly that the TiC particles are fewer in number and smaller in size in
the 275 W sample than in the samples of lower powers of 150 W and
225 W. Furthermore, the TiC particles that are larger than 5 μm are
counted as about 154, 64 and 40 in the samples of 150 W, 225 W and
275 W, as shown in Fig. 5(a, d and f). It can be deduced from the obser-
vation of the decreasing number and size of TiC particles with the in-
crease of laser power that the micronsized TiC particles were partially
melted and dissolved in the 316L melt during SLM. Notably, there were
no cracks observed with the increase of laser power, indicating a big
processing window for the fabrication of 316L-3TiC using SLM.

The EDS line scan in Fig. 6(a) shows that there was no intermetallic
layer between TiC particles and 316L matrix, unlike TiC particles rein-
forced Inconel 718 [22] and WC reinforced 1.2767 L tool steel [23],
which both contained an intermetallic layer between the particles and
the matrix. As shown in Fig. 6(a and b), the micronsized TiC particles
were observed to be well-bonded to the 316L matrix. The embedded
image in Fig. 6(b) shows the selected area electron diffraction (SAED)
pattern of a TiC particle with the zone axis of [001]. There were no gaps
or cracks in the samples. The good bonding of the 316L matrix and the
TiC particles can be attributed to the good wettability of these two ma-
terials at high temperatures. It has been reported that the contact angle
of Fe-based austenitic steel and TiC ceramic was 30° at 1550 °C [24], in-
dicating good wettability.

The overall etched microstructure of SLM 316L-3TiC using 225 W
was observed to contain melt pool boundary, undissolved TiC particles
and sub-micron subgrains, as shown in Fig. 7(a). These subgrains or cel-
lular structures are frequently observed in SLM 316L without TiC addi-
tion [1,9,25]. Here a similar cellular structure was observed in the SLM
microstructures with the addition of TiC particles. A close-up of the cel-
lular structure observed using SEM is shown in Fig. 7(b). TEM observa-
tion shows that the cellular structure boundaries consisted of disloca-
tion networks, as shown in Fig. 7(c), with an embedded image showing
the SAED pattern of austenite phase. The high density dislocations are a
result of repeated compression-tension cycles caused by the local ther-
mal inhomogeneity during the SLM process [26]. The cellular structure
boundaries consisted of the segregation of Cr and Mo elements [1],
which was attributed to the constitutional undercooling during rapid
solidification.

To examine the phase composition of TiC particles reinforced 316L,
XRD measurement was conducted and the results are shown in Fig. 8. In
316L powder, only γ austenite phase was observed. After SLM process,
the austenite phase was retained in SLM 316L. With the addition of
3 wt% TiC particles, only austenite phase was observed. No TiC phase
was detected in 316L-3TiC because the content of TiC is low.

Fig. 9 presents the EBSD results of the SLM 316L-3TiC fabricated
with different laser powers. During the EBSD measurement, the unde-
tected area was controlled at lower than 1.8%. Standard zero solutions
was performed using HKL channel 5 software. Only austenitic phase
was detected, which means the phase composition of 316L remained
unchanged with the addition of TiC particles.

Strong epitaxial growth tendency which leads to a highly
anisotropic microstructure is frequently observed in SLM 316L [19,27].
No obvious epitaxial grains were observed in SLM 316L-3TiC samples
fabricated with laser power of 175, 200, 225 or 250 W, as shown in Fig.
9(a–d). The only exception is the sample fabricated with the highest
laser power of 275 W, in which elongated epitaxial grains can be de-
tected, as shown in Fig. 9(e and f). Pole figures for the 225 W samples
are shown in Fig. 9(g) and the maximum texture index is found to be
low at 2.36. It is very close to the texture index of annealed wrought
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Fig. 9. (a) to (e) EBSD results showing morphology of grains and epitaxial growth with increasing laser power. (f) Optical micrograph showing clearly epitaxial
grains (pointed) at the highest laser power of 275 W. (g) Pole figures derived from (c).

316L steel, which is 1.8 [28]. The texture index of an isotropic mi-
crostructure equals 1. 316L fabricated using SLM normally presents a
strong anisotropic microstructure, and the texture index derived from
pole figures can be as high as 11 [29]. However, SLM 316L-3TiC pre-
sented a much less anisotropic orientation with the texture index of
2.36, indicating that the addition of TiC particles can decrease the
anisotropic tendency.

Epitaxial growth can occur during the SLM process of 316L leading
to the evolution of a <001> texture, which was a result of the super
large cooling rate (106 - 108 K/s) of SLM. During the solidification, the
preceding layer serves as a seed. The grains in the newly printed layer
grow epitaxially in the crystalline orientation consistent with that of the
seed. Thus, elongated grains are frequently observed in selective laser
melted cubic materials.

The addition of TiC particles catalyzes the nucleation event by in-
creasing the number of heterogeneous nuclei in the melt, enabling
austenitic grains to nucleate heterogeneously on the surface of TiC par-
ticles, leading to a refined microstructure. TiC particles are efficient for
the grain refinement of stainless steels because of their small contact
angle. The free energy barrier for heterogenous nucleation is affected
by the contact angle of the melt and nucleus. The smaller contact angle
would stimulate the heterogenous nucleation by reducing the volume

of the critical nucleus. That is to say, the better the wettability, the
more efficient the nucleation is.

The average grain size of SLM 316L-3TiC fabricated with different
laser powers is summarized in Fig. 10, which was derived from the
EBSD results in Fig. 9. It can be seen that the grains coarsened with the
increase of laser power. The average grain sizes of SLM 316L-3TiC were
2.7, 2.9, 3.2, 3.3 and 3.5 μm when fabricated with laser powers of 175,
200, 225, 250 and 275 W, respectively. Two factors affected the grain
size of SLM 316L-3TiC. One was the heat input that came from the
laser. The other one was the heterogeneous nucleation contributed by
the TiC particles. These two factors affected the grain size in a competi-
tive mechanism. High heat input would lead to the coarsening of the
grains and a simultaneous partial melting of the micronsized TiC parti-
cles, which introduces a large number of nanosized TiC particles that
can act as heterogeneous nucleation sites. However, SLM 316L-3TiC
fabricated with high laser power had a larger grain size which means
the high heat input had an overall larger effect on the grain size al-
though more in-situ TiC nanoparticles were formed. With laser power
of 175 W, 24.3% of grains were smaller than 1 μm and 3.2% of grains
were bigger than 10 μm. In comparison, 21. 3%, 20.7%, 20.3% grains
were smaller than 1 μm and 3.8%, 5.0% and 5.4% grains were larger
than 10 μm with the laser power of 200, 225, and 250 W. The higher
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Fig. 10. Effect of laser power on average grain size and grain size distribution.

Fig. 11. Effect of laser power on microhardness.

heat input decreased the quantity of the small grains and increased that
of the large grains.

3.3. Mechanical properties of SLM 316L-3TiC

The microhardness of SLM 316L-3TiC is shown in Fig. 11. Typically,
metallic materials would have a higher microhardness if the average
grain size is smaller. However, the microhardness of SLM 316L-3TiC
fabricated with the laser power of 150 W and 175 W (which had a
smaller grain size) was lower than that of 200 W (which had a larger
grain size). This can be attributed to the larger number of TiC nanopar-
ticles in the 200 W sample. With the near fully dense samples (200,
225, 250, and 275 W), the microhardness was slightly decreased with
the increase of laser power, due to the larger average grain size as mea-
sured using the EBSD results. The sample fabricated with the laser
power of 200 W had the highest microhardness of 338.2 HV. Overall,
the microhardness of SLM 316L-3TiC is increased significantly, com-
pared with the microhardness of SLM pure 316L which is about 240
HV.

The tensile stress-strain curves of SLM 316L-3TiC fabricated with
different laser powers are presented in Fig. 12(a–e). The results are
summarized in Fig. 12(f). It can be seen that the elongation of SLM
316L-3TiC fabricated with laser powers of 175 W and 200 W were very
low at 10.3% and 10.6% respectively. The low elongation is attributed

to the high content of cavities in the samples. The fractographs pre-
sented in Fig. 13 show the cavities in the sample fabricated with laser
power of 175 W. Unmelt powders (Fig. 13(b)) and a cavity (Fig. 13(c))
were observed in the sample. The sharp corners of the cavity caused
premature fracture during tensile test, because fracture is highly sensi-
tive to defects [30]. Besides the elongation, the yield strength (σy) and
ultimate tensile strength (UTS) of samples prepared with laser powers
of 175 W and 200 W were also lower than that of higher laser powers.
Defects are the main reasons for the low elongation and low strength in
the samples prepared with laser powers of 175 W and 200 W. In addi-
tively manufactured samples, a cavity has a fatal effect on elongation
and strength and thus should be avoided.

The samples fabricated with the laser power of 225 W showed the
highest yield strength (832 MPa), UTS (1032 MPa) and elongation
(28.5%). The yield strength of SLM 316L-3TiC fabricated with laser
powers of 250 W and 275 W was 821 MPa and 803 MPa, respectively.
As laser power increased from 250W to 275W, there was a decrease in
the yield strength because of the larger grains resulting from higher
heat input. The elongation of SLM 316L-3TiC fabricated with laser pow-
ers of 250 W and 275 W was 25.8% and 28.2%, respectively. The rela-
tively high elongation is because of the high density of the samples. No
cavity was observed in the fractured samples fabricated with the laser
power of 225 W, 250 W and 275 W, as shown in Fig. 14. The TiC parti-
cles were found to be cracked. This is not surprising since ceramic parti-
cles are known to be brittle in nature. Importantly, the cracked TiC par-
ticles demonstrated that the TiC particles were well-bonded to the ma-
trix. If the interface between TiC and 316L matrix were weak, the parti-
cles could have been debonded from the matrix rather than cracked.
This conclusion is consistent with the observation of polished and un-
etched samples presented earlier (Fig. 6(a)). Dimples can be seen on the
fracture surface, indicating ductile fracture mode.

4. Discussion

4.1. In-situ formation of TiC nanoparticles

Uniformly distributed TiC nanoparticles were observed using SEM
under the accelerating voltage of 10 kV from a non-etched 316L-3TiC
sample fabricated using 225 W, as shown in Fig. 15(a). This phenome-
non was observed in all the samples fabricated using different laser
powers. Although a large number of small particles of sizes ranging
from 0.5 to 2 μm is present in the raw TiC particles (Fig. 2(b)), they are
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Fig. 12. The tensile stress-strain curves of SLM 316L-3TiC fabricated with the laser power of (a) 175 W, (b) 200 W, (c) 225 W, (d) 250 W and (e) 275 W. (f) A sum-
mary of the strength and elongation of the samples prepared with different laser powers.

Fig. 13. SEM fractographs of SLM 316L-3TiC fabricated with the laser power of 175W showing the presence of unmelted 316L powders and cavities.

still much bigger than the TiC nanoparticles observed. All the experi-
mental results indicate that the TiC nanoparticles were formed in-situ in
the SLM processes.

A close-up of the in-situ formed TiC nanoparticles is shown in Fig.
15(b). It can be seen that the TiC nanoparticles are aligned at the cellu-
lar structure boundaries. TEM observation of the in-situ formed TiC
nanoparticle is shown in Fig. 15(c). Fig. 15(d) shows the SAED pattern
of γ-austenite phase from a [22–1] zone axis. Fig. 15(e) shows two sets
of SAED patterns, i.e., austenite phase from a [22–1] zone axis and TiC
nanosized phase from a [110] zone axis. The orientation relationship of
austenite and TiC was derived from Fig. 15(e) is as follow: (-110)γ ∥
(1–11)TiC [22–1],γ ∥ [110]TiC. Considering the parameters of
aγ = 0.3591 nm and aTiC = 0.4327 nm, the corresponding interplanar
spacings of = 0.254 nm and = 0.250 nm. Their mismatch
of 1.6% shows that their interface is coherent.

The possible reason for the in-situ formation of TiC nanoparticles
could be the micronsized TiC particles experienced partial melting dur-
ing SLM. Simulation studies showed that the highest temperature of the
melt pool exceeds 3000 K and that the temperature near the keyhole
can reach 5000 K [31]. The temperature is well above the melting point

of TiC, which is 3430 K. Therefore, it is reasonable to believe that mi-
cronsized TiC particles are partially melted during SLM process, espe-
cially given the observed unique shape of the TiC nanoparticle (Fig. 15
(c)) that is notably different from the original shape. The melted TiC
presents as short-range orders within the melt. When the melt pool tem-
perature falls to the melting point of TiC, TiC nanoparticles precipitate
from the melt without coarsening because of the extremely high cooling
rate (∼107 K/s) of SLM. When the temperature of the melt pool de-
creases further to the melting point of 316L, the TiC nanoparticles can
act as heterogeneous nucleation sites for austenite phase. After the melt
pool is fully solidified, refined austenite grains are observed (Fig. 8).

A model is presented above to provide a plausible explanation for
the in-situ formation of TiC nanoparticles observed. In this model, the
micronsized TiC particles are assumed to be partially melted and dis-
solved without being decomposed. However, the possibility of TiC de-
composition at high temperatures cannot be entirely excluded. If TiC
would be decomposed into Ti and C at high temperatures, it would lead
to solid solution of Ti and C in the 316L matrix and subsequent precipi-
tation of TiC nanoparticles from the supersaturated solid solution at
lower temperatures. The simple model presented needs to be studied
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Fig. 14. (a) SEM fractographs of SLM 316L-3TiC fabricated with the laser
power of 225 W showing no cavities; and (b) a close-up of a fractured TiC parti-
cle.

further to gain a better understanding of the in-situ formation mecha-
nisms.

4.2. Strengthening mechanism

Compared with the 316L fabricated via SLM without TiC particles,
the yield strength was increased from 599 MPa to 832 MPa [19]. The
yield strength can be described using the Hall-Petch relationship,

(1)

where σo is friction stress (MPa), K is Hall–Petch constant, and D is
grain size (μm). An early study estimated that the Hall-Petch relation-
ship for 316L is [7]. For the SLM 316L-3TiC, the aver-
age grain size measured using EBSD was 3.2 μm. Therefore,

= 330 MPa. For SLM 316L without the addition of TiC particles,
the average grain size was 26 μm [19]. Therefore, for SLM 316L,

= 233 MPa. Thus, the strength enhancement from grain refine-
ment was calculated to be 97 MPa.

Orowan strengthening could be another contributor to SLM 316L-
3TiC. Experimentally observed precipitation strengthening levels in mi-
cro-alloyed steels have shown excellent agreement with the prediction
of the Ashby-Orowan equation [20],

(2)

where is the increase in yield strength (MPa), G is shear
modulus (MPa), b is Burgers vector (m), f is volume fraction of particles,
and d is diameter of the particles (m). The in-situ formed TiC nanoparti-
cles were observed using SEM (Fig. 15(a and b)) and TEM (Fig. 16(a)).
Fig. 16(b) presents the size distribution of TiC, showing the average size
measured at 62 nm and the volume fraction measured at 2.8%. The vol-
ume fraction of nanosized TiC particles indicates that about half of the
micronsized TiC particles were transformed into nanosized particles.
According to the Ashby-Orowan equation, G = 78 GPa, b = 0.258 nm
[7], f = 2.8%, d = 62 nm. Therefore, = 140 MPa.

Strain hardening from the high dislocation density (See Fig. 7(c))
generated due to rapid solidification under high thermal gradient in
SLM is one of the significant contributors to the overall strength as well.
The in-situ formed TiC nanoparticles additionally reduce the disloca-
tion mean-free path, causing obstructions in the paths of gliding and
even the formation of cells (low energy configuration), thereby forcing
the dislocations to interact mutually. The flow stress during classical
work-hardening usually varies in direct proportion with the square root
of the dislocation density, according to the Taylor equation [32],

(3)

where is the increase in yield strength (MPa), A is 0.5 [33,34].
Assuming a dislocation density of m-2 typical for SLM process
[35], we estimate = 340 MPa.

Overall, the total theoretical yield strength of SLM 316L-3TiC can be
estimated by a summation of individual contributions ( ,
and ), which is 330 + 140 + 340 = 810 MPa. The experimentally
observed yield strength of SLM 316L-3TiC is 803 - 832 MPa which is in
reasonable agreement with the theoretical value.

Furthermore, it is noted from equation (1) that grain refinement can
strengthen the yield strength. However, this would be dependent on the
starting grain size and the level of grain refinement. Given a starting
grain size of 316L of 100 μm, after grain refinement, the grain size is de-
creased by 85% to 15 μm, seemingly indicating significant grain refine-
ment. However, the increase in strength is only 42.2 MPa, which is
equivalent to 20.3% strengthening. On the other hand, considering a
starting grain size of 16 μm, after grain refinement, the grain size would
be decreased by 85% to 2.4 μm. The increase in strength will be
106.2 MPa, which is strengthened by 43%. The - grain size curve
derived from the Hall-Petch relationship is shown in Fig. 17(a).

It is also noted from equation (2) that particle size has a much bigger
effect on strengthening than volume fraction. If the volume fraction is
increased by 4 times, the increase in strength would be doubled to
280 MPa. However, if the particle size is reduced from 62 nm to 6 nm,
the increase in strength would be as high as 741 MPa. For instance, if
micronsized particles of d = 6 μm were used, the increased strength
would be only 3.5 MPa. This shows the significant contribution of
nanoparticles to strengthening. The increase in yield strength – particle
size curve derived from the Ashby-Orowan relationship is shown in Fig.
17(b). A sharp increase when the particle size is near 200 nm can be
clearly observed resulting from the larger effect of particle size as dis-
cussed above.

The mechanical properties of 316L-3TiC in the current work sur-
passed all previous reports of particles strengthened 316L using laser
additive manufacturing method, as shown in Table 1. Zhao et al. [18]
added up to 4 wt% TiC nanoparticles into 316L. Unfortunately, the
highest UTS of their 316L-TiC nanocomposite was only 748.6 MPa,
with an elongation of only 24%. We added less micronsized TiC parti-
cles at only 3 wt%, but our results were significantly better in terms of
both strength and ductility. Han et al. [36] reported that the addition of
0.1 wt% single-layer graphene nanoplatelets (GNPs) can also enhance
the strength of 316L using SLM. The yield strength of 316L-GNP was
648 MPa with an elongation of 38%. Zhong et al. [37] reported the SLM
of 316L with Y2O3 nanoparticles addition. However, only a small en-
hancement (4%) of yield strength was obtained (from 552 MPa to

9



UN
CO

RR
EC

TE
D

PR
OO

F

W. Zhai et al. Materials Science & Engineering A xxx (xxxx) 142179

Fig. 15. In-situ formed TiC nanoprecipitates in 225 W sample. (a) SEM image showing the dispersion of the TiC nanoprecipitates; (b) a close-up of the TiC nano-
precipitates; (c) TEM bright-field image showing a region of interest consist of austenite matrix and a TiC nanoprecipitate, (d) SAED pattern of austenite phase,
and (e) SAED patterns showing the orientation relationship.

Fig. 16. (a) TEM bright-field image showing the in-situ formed TiC nanoparticles (pointed) from the 225 W sample and (b) their size distribution.

574 MPa) due to the agglomeration of the nanoparticles. Zou et al. [38]
reported SiC strengthened 316L using SLM method. 316L-2.5SiC
showed a high UTS at 1069 MPa but a poor elongation of about 7%.
Wang et al. [39] reported TiN particles strengthened 316L fabricated
using laser melting deposition process. The yield strength of 316L-2TiN
is 323 MPa with an elongation of 30%. The strength is further enhanced
to 394 and 457 MPa with 4 wt% and 6 wt% TiN addition. However, the
elongation is reduced to a low level of 5%. As summarized above, the
results in our work demonstrate the superior mechanical properties of
SLM prepared TiC-strengthened 316L.

5. Conclusions

1. 316L-3TiC was fabricated with the laser power ranging from 150
to 275 W. Near full dense samples were fabricated with the laser
powers of 225, 250 and 275 W. No cracks in the sample were

observed when the highest laser power was applied, indicating a
big processing window for the fabrication of 316L-3TiC via SLM;

2. In-situ formed nanosized TiC particles were observed, although
micronsized TiC particles were added. The TiC nanoparticles are
identified as precipitates. It was found that about 50% of the
micronsized TiC particles were transformed into nanosized TiC
particles with an average size of 62 nm, and were observed to be
well dispersed in the matrix. Meanwhile, no intermetallic layer
between TiC and the 316L matrix was formed;

3. High laser power induced a slightly larger grain size of 316L. The
grain size was 2.7 μm with the laser power of 175 W and 3.5 μm
with that of 275 W. The grain was significantly refined with the
addition of micronsized TiC particles;

4. The experimentally observed yield strength of SLM 316L-3TiC
was 803 MPa–832 MPa with the elongation ranging from 25.8% to
28.5% fabricated with the laser power between 225 and 275 W.

10
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Fig. 17. (a) - grain size curve derived from the Hall-Petch relationship
and (b) increase in yield strength - particle size curve derived from the Ashby-
Orowan relationship.

Table 1
Comparison of mechanical properties of additively manufactured particles-
strengthened 316L.
Material Yield strength (MPa) UTS (MPa) Elongation (%) Reference

316L-3TiC 832.3 1032.5 28.5 Current work
316L-2nanoTiC – 748.6 24 [18]
316L-4nanoTiC – 512.4 6.1
316L-0.1GNP 648 738 38 [36]
316L-1Y2O3 574 – 90.5 [37]
316L-1.3SiC – 786 12 [38]
316L-2.5SiC – 1069 7
316L-3.8SiC – 1301 3
316L-2TiN 323 640 30 [39]
316L-4TiN 394 533 5
316L-6TiN 457 676 5

Strength enhancement of 97 MPa from grain refinement and
140 MPa from Orowan strengthening was calculated.
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