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Abstract
Microstructure and hardness of SS316L-Si deposited by direct laser deposition (DLD) on a conventional SS316L base 
material are studied. The DLD process produced a crack-free metallic part with a density of ~ 99.5%. The as-deposited 
samples exhibit a microstructure with millimetre-sized solidified melt pools. They consist mainly of columnar dendrites 
which were formed preferentially along < 001 > direction, generating solidification texture and columnar grains. Den-
drites with cellular morphology were also formed in regions of higher solidification rates, mainly above the localized 
heat-affected zone in the layers. The deposited SS316L-Si contains a primary austenitic matrix and secondary δ-ferrite in 
the interdendritic regions. The average hardness measured along parallel and normal surfaces with respect to the build-
ing direction is nearly the same (~ 185 HV), indicating homogeneity in the microstructure of the as-deposited SS316L-Si 
along the two orthogonal surfaces. The analysis of microstructure, defects and intermetallic phases was carried out using 
optical microscopy, scanning electron microscopy and transmission electron microscopy.
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1 Introduction

Additive manufacturing (AM), or 3-D printing, has shown a 
remarkable development, starting from poor prototyping 
[1], to production of fully functional parts for various appli-
cations, including medical, aerospace, automotive, oil, gas, 
and space industries [2–6]. Today, there exist several varie-
ties of AM techniques for producing near-net shape parts 
by deposition of material using a laser beam. Some of 
these methods are laser engineered net shaping (LENS) [2], 
laser metal deposition shaping (LMDS) [3], laser solid form-
ing (LSF) [4] and direct laser deposition (DLD) [5]. DLD is in 
the category of direct energy deposition (DED) that utilizes 
a concentrated heat source such as laser or electron beam. 
The feedstock delivered to the DLD machine can be in the 
form of powder or wire that melts by an applied laser/
electron beam to achieve layer-by-layer fabrication or 

repair of components. By applying highly developed laser 
and machine technology, DLD can customize and repair 
pre-existing parts, generate components with geometry 
beyond the capability of conventional manufacturing 
techniques and reduce material wastage significantly by 
directly depositing the material with fine precision, which 
reduce the need for costly equipment and machining [6]. 
DLD can also allow the design of components with spe-
cifically refined microstructures to achieve some desired 
properties, which is not possible with conventional man-
ufacturing approaches [7]. Furthermore, the use of DLD 
is beneficial in terms of cost compared with some of the 
other AM methods.

Due to their wider range of applications, various types 
of AM-fabricated stainless steel have been studied for 
optimizing the microstructure and mechanical proper-
ties of the products. High-alloyed stainless steels such as 
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SS316L, with larger amounts of chromium, molybdenum 
and nickel, are one of the most studied in the series since it 
is characterized with high corrosion resistance, good duc-
tility, high strength and good weldability at relatively low 
cost. Consequently, the material is highly used in automo-
tive, oil, gas and refinery, chemical plants, biomedical, con-
structions and nuclear reactors [8]. However, the micro-
structure, mechanical properties and phases present in the 
AM-fabricated SS316L are known to be different from that 
produced by conventional techniques.

The studies on SS316L fabricated by different AM 
techniques have been previously reported by several 
researchers. Saeidi et al. [9], for instance, studied the SLM-
fabricated SS316L, and reported a single-phase austen-
itic structure with molybdenum enrichment along the 
sub-grain boundaries and high density of dislocation 
concentrations. The study of the DLD-fabricated SS316L 
by Yadollahi et al. [7] showed the effects due to the pro-
cess time interval. According to Yadollahi and co-workers, 
longer local time intervals led to higher cooling rates and 
finer microstructure. They have also observed pores and 
weaker metallurgical bonds as predominant defects in the 
last deposited layers due to reduced laser penetration. On 
the other hand, the relatively high cooling rates led to an 
adverse effect on layer adhesion and induced inter-track 
porosity [10]. Tucho et al. [11] studied the effects of process 
parameters on the hardness, porosity and microstructure 
of SLM-printed SS316L. Their conclusion indicates energy 
density as the most influential parameter for optimizing 
the fabrication of the SS316L with SLM technique. Based 
on the differences in technologies sought between DLD 

and powder-based methods (e.g. SLM), it is worthy to 
investigate the microstructure and mechanical properties 
of the DLD-fabricated parts. This would help to improve 
the technology for production of crucial structural parts of 
any geometrical complexity by avoiding post-processing 
such as machining and welding. The objective of the cur-
rent work is thus to study the microstructure evolution 
of the SS316L-Si parts deposited on SS316L base material 
using DLD method. In particular, the study investigates 
variations in microstructure, solidification textures, phases, 
defects and hardness tests.

2  Material and experimental methods

The SS316L-Si parts studied were fabricated by direct 
laser deposition method using a TruLaser Cell 3000. The 
machine was equipped with a TruDisk 3001 laser of 3 kW 
solid-state Nd:YAG (neodymium-doped yttrium alumin-
ium garnet) diodes. The DLD technique is schematically 
illustrated in Fig. 1a. The fabrication was carried out in an 
argon atmosphere to prevent the melt pool from oxida-
tion. Helium was used as carrier gas for the powder mate-
rial. The applied process parameters are given in Table 1.

The feedstock used was a gas-atomized MetcoClad 
SS316L-Si nickel–chromium stainless steel powder 
that is generally prepared for use by a laser cladding 
technique. The chemical composition of the powder is 
given in Table 2. The nominal size range of the powder 
is 44–106 µm. Silicon content in the powder material is 
higher than in the regular SS316L. It was implemented to 

Fig. 1  Direct laser deposition. 
a Schematic of the deposi-
tion process, b laser scanning 
tracks in different planes. The 
numbers (1,3,2) indicate the 
deposition sequence of the 
material for the layers N1 to 
N15. c) SS316L base material 
and the deposited wings of 
SS316L-Si
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act as a fluxing agent during the multi-pass deposition to 
improve wetting and facilitate a cleaner material deliver-
ance [12].

The scanning sequences of the tracks are shown in 
Fig. 1b. The labels indicate deposition sequence, such that 
the middle track was scanned last. The deposited parts/
wings consist of 15 layers along the building direction. The 
SS316L-Si part was deposited on a 70-mm-long conven-
tionally produced 316L stainless steel rod with an outer 
diameter of 10 mm. Three wings were deposited along the 
axis of the rod with a separation of about 120° from each 
other as shown in Fig. 1c. The length, height and width of 
each of these wings are about 50, 10 and 4 mm, respec-
tively. During deposition, the laser scans across the length 
of the wings (parallel to the axis of the rod). The width of 
the wings is limited to 3 tracks, which is about 4 mm at 
the bottom.

The specimens studied were prepared from two orthog-
onal surfaces relative to the building direction. The speci-
men corresponding to the cross-sectional view (normal to 
the laser scanning plane or building direction) is referred 
to as sample CS, whereas the specimen with its surface 
parallel to the building direction is referred to as sample 
PS.

The microstructures of the specimens were studied 
with light optical microscopy (LOM, Olympus GX53), 
scanning electron microscopy (SEM, Gemini SUPRA 35VP 
equipped with EDAX energy-dispersive X-ray spectros-
copy (EDS) detector) and transmission electron micros-
copy (TEM, JEOL-2100 with  LaB6 filament, operating at 
200 kV, equipped with EDS, bright-field and dark-field 
detectors). The crystallographic orientation and phases 
were studied using electron back-scattered diffraction 
(EBSD) detector equipped on SEM using TSL orientation 
imaging microscopy system. For microstructural observa-
tions with LOM and SEM, the specimens were ground and 
polished according to ASTM E03-11(2017) preparation 
guidelines for metallographic specimens [13]. After pol-
ishing, the samples were etched in a 10% aqueous oxalic 
acid by applying 15 V for 24 s for LOM observations. For 

SEM analysis, the specimens were not chemically etched, 
but ultra-polished using 0.04-µm colloidal silica (OP-S). For 
the TEM analysis, thin foils were prepared, first by thinning 
down mechanically to a thickness of about 100 µm, and 
then 3-mm discs were punched from the foils. These discs 
were then electropolished using a dual jet polishing sys-
tem (Struers TENUPOL-5) at -40 °C and 15 V in an electro-
lyte solution of 95% methanol and 5% perchloric acid.

To estimate the amounts of pores, SEM images were 
recorded from at least 50% of the total surface area from 
the cross-sectional view of the wings. The images were 
processed using ImageJ (license-free software) to quan-
tify the porosity level. Hardness measurements were taken 
using a Vickers Struers DuraScan hardness tester under 
5 kg HV force for a dwell time of 10 s during indentations. 
Surfaces of the specimens were polished according to 
the requirements for Vickers hardness testing. The hard-
ness measurements were taken on two sets (normal- and 
parallel to the build direction) of specimens to assess ani-
sotropic properties of the material. The interval between 
successive indentations was 1 mm. Similarly, the closest 
indentation near the base material is about 3 mm. The 
mean hardness values were obtained by averaging a mini-
mum of 8 measurements for each specimen tested.

3  Experimental results and discussions

3.1  Microstructure

The overview of the microstructure of sample CS (cross-
sectional view) and sample PS (plane view) is displayed 
in Fig. 2a, b), respectively. As the images reveal, the main 
building components of the microstructure of the DLD-
deposited part are arc-shaped, solidified melt pools. This is 
consistent with previous reports on AM-fabricated metals 
revealing a common feature with other AM techniques. 
The size of the DLD-fabricated melt pools is in the order of 
millimetres, which is by far larger than that of the powder-
bed techniques such as SLM (about 100 µm). The trans-
verse (width) of the deposited wings at the base is about 
4 mm, each. As shown in Fig. 2a, the base of the wing adja-
cent to the base material consists of three melt pools. The 
width of the wing at the top, however, accommodates only 
one melt pool to meet the designed shape. The height 
of each of the wings is equivalent to 15 layers. The aver-
age thickness of the layers is about 1 mm. Measurements 
show that each of the overlaying layers penetrates the 

Table 1  The DLD-based process parameters for fabricating of 
SS316L-Si parts

Laser 
power 
[W]

Laser 
feed rate 
[mm s−2]

Spot 
diameter 
[mm]

Powder 
feed rate 
[g s−1]

Layer 
thickness 
[mm]

Hatch 
spacing 
[mm]

840 12 2.5 0.1 0.52 1.3

Table 2  Chemical composition 
(in wt. %) of MetcoClad 
SS316L-Si powder

C Mn Si Cr Ni Mo Other Fe

0.03 1.0 2.3 17.0 12.0 2.5 ≤ 0.5 Balance
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preceding layer by about 150–250 µm. The overlapped 
nature of the layers ensures a strong fusion between them 
and consequently produces a dense structure.

Figure 3 shows the local variations in the microstructure 
as recorded with LOM. The heat-affected zones shown in 
Fig. 3a are approximately 100 µm wide and characterized 
with a coarser structure compared to the adjacent regions. 
As the layer is deposited, the previous layer still maintains 
a high temperature (due to repeated remelting), which 
prevents the melt pool from cooling quickly. This favours 
the formation of a band containing cellular and some pla-
nar dendrites between the layers. Some of the dendritic 
structures are grown further beyond the zone, being influ-
enced by the thermal gradient. The occurrences of these 
features in the microstructure are mainly due to the high 

temperature gradient and cooling rates associated with 
the rapid solidification process of DLD.

The cooling rate experienced by the material can be 
calculated by measuring the secondary dendrite arm spac-
ing (SDAS). The image shown in Fig. 3b exhibits some of 
the evenly distributed dendrites with secondary arms. The 
average SDAS (λ2) measured is about 2.39 μm. The cooling 
rate, Ṫ  , can then be calculated using the well-established 
formulation given by Eq. (1) [14] as implemented on sev-
eral types of austenitic stainless steel [15].

Using Eq.  (1), the average cooling rate obtained is 
approximately 4400  Ks−1, which is consistent with the val-
ues reported in the literature [16]. The individual meas-
urements of the SDAS, however, show variations in the 
cooling rate between the deposited layers. Areas in close 
proximity to the surrounding material, just above the local 
heat-affected zone between two layers, experience the 
highest cooling rate that gradually reduces towards the 
middle of the melt pool and upwards. The temperature 
gradient between the melt pool and the pre-deposited 
material is normally highest perpendicular to the pre-
viously deposited layer, resulting in thermally guided 
growth of the dendrites.

The microstructural morphology of the deposited 
SS316L-Si can be estimated based on the ratio  GV−1, 
where G and V are temperature gradient and solidification 
velocity, respectively. The model proposed by Rosa and 
co-workers [17] illustrated in Fig. 4 also give comparable 
results with the predictions obtained based on the ratio 
of  GV−1.

As the solid–liquid interface and heat accumula-
tion migrate, the temperature gradient decreases in the 

(1)𝜆2 = 25Ṫ−0.28

Fig. 2  LOM images showing the microstructure of etched sample 
surfaces revealing melt pools and fusion lines—a sample CS and b 
sample PS

Fig. 3  LOM images of sample CS. a Fusion lines and local heat-affected zones between adjacent layers. b Dendritic structure of the depos-
ited SS316L-Si secondary arms
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deposited layer. As the solidification velocity increases, it 
favours the growth of columnar dendrites along the tem-
perature gradient. The perturbations that occur along the 
sides of the columnar dendrites may eventually evolve 
into secondary dendritic arms. Towards the centre of the 
melt pool, the temperature gradient is low which results 
in a low solidification velocity. This condition favours 
the growth of a cellular dendritic structure [18]. Further 
analysis shows that when  GV−1 exceeds a critical value 
of 0.5 for SS316L, the grains formed are mainly equiaxed 
[19]. Figure 5a, b shows how the secondary arms tend 
to fuse together to form columnar grains. Furthermore, 
the columnar grains continued growing epitaxially since 
parts of the grains subjected to repeated remelting pre-
vent nucleation of new grains. Like welding techniques, 
the formation of large columnar grains tends to influence 
the yield and the tensile strength of the material. Addition 

of inoculants to the powder material could facilitate het-
erogeneous nucleation of equiaxed grains in front of the 
growing dendritic interface and thus refine the columnar 
grain structure [20].

Due to comparatively (to welding) low heat input and 
rapid cooling, the base material does not experience 
temperatures that lead to the formation of a large heat-
affected zone. This condition, however, results in the for-
mation of a 200-µm wide band with coarser grains in the 
base material as shown in Fig. 6a. Adjacent to the band 
of coarser grains, we have observed a narrow band with 
slightly finer grains that gradually blend into the unaf-
fected base material. The figure also shows a solid metal-
lurgical fusion between the base and the deposited mate-
rials. An EBSD inverse pole figure map of the fusion zone 
is given in Fig. 6b. It shows a band of refined grains along 
the fusion zone and slightly coarsened grains in the HAZ.

Figure 7 shows the EBSD crystal orientation map of 
sample PS, exhibiting the fusion boundary between the 
base and the first layer of deposited material, N1. The cor-
responding inverse pole figure orientation map is shown 
in Fig. 7a. The epitaxial nucleation of the grains of the 
deposited material on the base material is clearly seen. 
The fusion zone adjacent to N2 also reveals some equiaxial 
grains in the local heat-affected zone between the layers 
as shown in Fig. 7b.

Close investigation shows that the microstructure near 
the edge and centre region varies for some of the lay-
ers. However, the first deposited layer N1 exhibits similar 
microstructure in these two regions, suggesting an even 
solidification process. Due to the low initial temperature 
(room temperature) of the base material, the first layer 
experienced a high solidification rate and heat flux prop-
agating mainly perpendicular to the base material sur-
face. This condition facilitates the growth of elongated 

Fig. 4  Illustration of the dendrite structures development showing 
solidification velocity over time [17]. The figure is reproduced after 
permission from the authors

Fig. 5  LOM images showing directional growth of the dendrites. Epitaxial growth of the grains across a fusion zone (sample CS) and b sev-
eral layers (sample PS)
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and columnar dendrites. The layers towards the middle, 
along the height of the deposited wings (N7, for example), 
exhibit some variations in the microstructure between 
the two regions. These layers were deposited when the 
bulk temperature had increased significantly as com-
pared to N1, resulting in a relatively slower solidification 
rate. Since the centre line was deposited last, it was sur-
rounded by excessive heat that promoted the formation 
of clusters of cellular and columnar dendrites. The cellular 

dendrites appear without secondary arms as shown in 
Fig. 8. Accordingly, cellular dendrites dominate the cen-
tre region (Fig. 8a, b), while the edge region is seen with 
more of the columnar dendrites (Fig. 8c, d). Comparatively, 
the microstructure of N11 (a layer closer to the tip of the 
wing) appears similar to that of N7. Columnar structure is 
thus more dominant towards the edge than around the 
centre of the layer. N15 is the last deposited layer at the 
top of the wings. It consisted of homogeneous clusters of 

Fig. 6  Heat-affected zone of base material (sample CS). a SEM 
image showing the 200-µm and 50-µm bands of coarser and finer 
austenitic grains, respectively. b An EBSD inverse pole figure illus-

trating grain structures on either side of the boundary between the 
base and the deposited material

Fig. 7  EBSD map of the HAZ 
in sample PS. a Inverse pole 
figure and b image quality 
map. The upper and the lower 
dashed lines are approximate 
borders between base mate-
rial and deposited layers and 
between N1 and N2, respec-
tively
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cellular and columnar dendrites. The columnar dendrites 
in the top layer were solidified perpendicular to the previ-
ous layer in the direction of thermal gradient, and it has 
given a fan-like orientation of the grains.

Further quantitative and qualitative information on 
the microstructure of the DLD SS316L-Si has also been 
obtained using EBSD analysis. Figure 9a shows the orienta-
tion map for a region above the base material correspond-
ing to specimens prepared from sample CS. The figure 
exhibits large columnar grains that are nearly orientated 
along the building direction as confirmed with SEM and 
LOM. The length of the grain in the elongated direction is 
about 5–10 times larger than the width of the grain. The 
length and width of the columnar grains shown in Fig. 9 
is about 430 µm and 50 µm, respectively. The grain size 
distribution of the columnar grains is presented in Fig. 9e. 
Image quality map corresponding to the image in Fig. 9a is 
shown in Fig. 9b. Over 70% of the grain boundaries exhibit 
a low misorientation angle of about 1°–4° as shown in 
Fig. 9d. The lower misorientation angles and the variations 
in the colour within the grains shown in the inverse pole 
map of Fig. 9a suggest the presence of sub-grains and/or 
lattice distortions. The sub-grains measure up to 125 µm 
long with an average width of 26 µm. This result agrees 
with previous studies [7, 21] that show similar observa-
tions in microstructure. The pole figure shown in Fig. 9c 
reveals that the material has a preferential orientation 
generating solidification texture < 001 > along build, laser 
travel and transverse direction. The vertical displacement 

of the clustered poles is assumed to be attributed to the 
grains growing with a slight angle in the laser travel direc-
tion (towards the reader). The texture observed indicates 
that the material exhibits some anisotropic mechanical 
properties [22].

3.1.1  Secondary phase (δ‑ferrite)

The analysis with TEM reveals formation of secondary 
phase of different morphologies. Figure 10 shows a TEM 
bright-field image of a 1-µm particle with globular shape. 
The inset in Fig. 10 is one of the selected area electron dif-
fraction (SAED) patterns taken from a tilt series of the par-
ticle. The SAED pattern is consistent with a body-centred 
cubic (bcc) crystal viewed along the [111] zone axis, reveal-
ing a ferritic crystal structure. The lattice parameter of the 
unit cell is about 0.295 nm. It is a bit larger than the values 
reported in the literature. For example, Liu [23] measured 
a lattice parameter, a = 0.287 nm, for a bcc lattice structure 
of δ-ferrite. Such differences in the lattice parameters can 
be associated with the variations in the nominal composi-
tions. The difference can also occur due to measurement 
related errors.

The δ-ferrite phase may appear in three different types 
of morphology—globular specks, lathy and vermicular. 
The latter has a softer and smoother appearance, while 
the lathy appears as a needle-shaped particle. Our obser-
vation shows that the δ-ferrite with globular morphology 
prevails closer to the base material, and they are mainly 

Fig. 8  LOM image showing the 
microstructure of layer N7 of 
sample CS. a Cellular dendrites 
observed around the centre, 
b high-magnification image 
of (a), c columnar dendrites 
with secondary dendritic arms 
observed towards the edge 
and d high-magnification 
image of (c)
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formed along the dendritic boundaries. The globular mor-
phology is favoured by the repeated thermal cycling of the 
deposited material. It is believed that the repeated heat 
input breaks the initial vermicular and lathy structures 
and transforms it into smaller globular specks of δ-ferrite. 
The morphology transformation is thus the result of shape 
instabilities of lathy particles and the formation of the thin 

δ-ferrite when exposed to high cyclic temperatures as 
pointed out by David and co-workers [24]. Further away 
from the base material, the δ-ferrite is identified initially as 
lathy and vermicular morphology due to less cyclic tem-
perature variation.

EBSD was utilized to quantify the phases present in the 
deposited SS316L-Si. Figure 11 shows an EBSD phase map 

Fig. 9  Quantitative data from 
EBSD orientation mapping 
of sample CS suggesting the 
presence of sub-grains, texture 
and grain boundary misori-
entation. a Inverse pole figure 
orientation map, b image qual-
ity map showing grain struc-
tures and c (001) pole figure, 
where BD, TD and LTD refer to 
building direction, transverse 
direction and laser travel direc-
tion, respectively. d shows the 
misorientation angle, while e 
is the grain size distribution of 
the columnar grains
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of the deposited SS316L-Si specimen. It reveals the pres-
ence of the austenitic phase and a smaller fraction of the 
secondary δ-ferrite. The latter appears as vermicular and 
globular morphology, which is formed mainly in the inter-
granular regions. Quantitative analysis of the phase map 
reveals a volume fraction of 2.5% ferrite. It is worthwhile 
to compare the amount of ferrite concentration obtained 
experimentally with the theoretical values. The concen-
tration of ferrite present in the austenite matrix can be 
estimated using the well-known Schaeffler diagram [25]. 
The main axes of the diagram correspond to Cr equivalent 
and Ni equivalent. The Cr equivalent is predicted from the 
weight percentage of ferrite stabilizing elements using 
Eq. (2). Similarly, the Ni equivalent is calculated using the 
weight percentage of austenite stabilizing elements given 
in Eq. (3). Based on the Schaeffler’s diagram, the feedstock 
of the DLD-deposited SS316L-Si contains a volume frac-
tion up to 5% δ-ferrite at room temperature. This value is 

twice as much as the experimental result obtained from 
the EBSD map. The difference may be related to poor sta-
tistics of the quantitative analysis.

Figure 12a shows vermicular and some globular type 
δ-ferrite. Composition analysis with EDS on the structures 
indicated by arrows in Fig. 12a confirms the formation 
of δ-ferrite phase. The elemental composition obtained 
from locations 1 and 2 is given in Table 3. The composi-
tion of the austenite matrix analysed from location 2 is 
comparable with the composition of the powder material. 
However, the composition of location 1 as listed in Table 3 
is enriched in chromium, molybdenum and silicon. These 
elements are strong ferrite stabilizers that promote the for-
mation of δ-ferrite in the printed SS316L-Si [2]. Figure 12b 
shows a lathy type δ-ferrite structure in the interdendritic 
region surrounded by austenite. Figure 12c shows a line 
scan close to a fusion boundary that contains multiple 
dendrites with a continuous network of vermicular and 
globular δ-ferrite in the interdendritic and sub-grain 
boundary region. In the interdendritic regions, Ni and Fe 
concentrations dropped, while the concentrations of Cr, Si 
and Mo increased as shown from the EDS line scan analy-
sis, confirming the result with the EBSD phase map. The 
formation of δ-ferrite generally reduces the concentration 
of Cr and Mo from the γ-matrix.

As the initial austenitic dendrites grow, segregation 
of some of the heavier elements occurs. The remaining 
melt in the interdendritic regions will thus have some 
elemental fluctuations. As the austenitic dendrites con-
tinue growing, some of the remaining melt will attain 
higher concentrations of ferrite stabilizing elements. This 
enhances the formation of δ-ferrite in the cellular and 

(2)Cr equivalent = Cr +Mo + 1.5Si + 0.5Nb

(3)Ni equivalent = Ni + 0.5Mn + 30N + 30C

Fig. 10  TEM bright-field image showing secondary δ-ferrite of 
globular morphology precipitated in DLD SS316L-Si. The inset is a 
SAED pattern of the particle in the [111] projection

Fig. 11  High-magnification 
EBSD image of sample PS: a 
phase map and b the image 
quality map showing inter-
granular boundaries
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interdendritic regions and gives it an eutectic character 
with austenite as primary phase [26]. The ferrite-to-aus-
tenite solid-state transformation is small in the depos-
ited SS316L-Si since the δ-ferrite has a stable composi-
tion because of segregated alloying elements [27]. Our 
observation shows identical concentrations of δ-ferrite 
in the layers, which suggests that the regular reheating 
does not initiate solid-state phase transformation, but 
it affects δ-ferrite morphology. The presence of δ-ferrite 
in the material can be advantageous and/or introduce 
adverse effects. At higher temperatures, the δ-ferrite 
induces a higher ductility and the material is thus less 
prone to hot cracking as reported by Mozhi et al. [28]. 
The current study could be a good example as the DLD-
fabricated SS316L-Si exhibits a crack-free structure. On 
the other hand, the existence of a secondary phase in 
the deposited SS316L-Si could affect corrosion resistivity 
of the material since microheterogeneities in the matrix 
can be prone to corrosive attacks [29]. The δ-ferrite/aus-
tenite interfaces have a tendency of attracting phospho-
rus and sulphur due to the body-centred cubic structure, 

which has more space to host these elements. Such sites 
can thus facilitate the formation of undesirable phases/
defects.

3.2  Defects

3.2.1  Segregation of alloying elements

Some of the segregated elements in the deposited 
SS316L-Si are shown in Fig. 13. The analyses of the compo-
sitions with EDS from the locations labelled in the image 
are listed in Table 4. The result shows that the concentra-
tion of Mo, Ni and Si is decreased, while the concentration 
of Cr is increased compared to the nominal composition 
of the austenite matrix. Previous reports [3, 9] have also 
shown segregation of elements during solidification in the 
other AM methods, e.g. selective laser melting, and laser 
engineered net shaping. Similarly, segregation is known to 
occur during welding of 316L stainless steel [30]. Segrega-
tion of the alloying elements has a detrimental effect on 
the physical and mechanical properties of the material. 

Fig. 12  δ-ferrite in the 
deposited material. a SEM 
image showing vermicular 
and globular morphologies of 
the δ-ferrite in the microstruc-
tures of sample CS. The arrows 
indicate some of the δ-ferrite 
structures. The numbers 1 
and 2 are the approximate 
location of the composition 
listed in Table 3. b TEM image 
showing δ-ferrite with lathy 
morphology in sample PS in 
the interdendritic region of the 
austenite. c EDS line scan in the 
region of fusion line between 
two layers, showing variations 
of composition between the 
δ-ferrite structures and the 
matrix in sample CS

Table 3  EDS measured 
composition [wt%] of features 
indicated by arrows in Fig. 12a

C Mn Si Cr Ni Mo Fe

1 (δ-ferrite) N/A 0.0 5.0 32.2 6.5 7.1 49.2
2 (austenitic matrix) N/A 0.4 2.1 18.0 12.5 1.7 65.1
Powder material 0.03 1.0 2.3 17.0 12.0 2.5 balance
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The irregular distribution of Cr and Mo due to segrega-
tion, for instance, weakens the corrosion resistivity of the 
SS316L-Si.

The mechanisms for segregation of heavier elements 
in AM-fabricated materials are similar to that of welding 
since the solidification processes of the two techniques are 
identical. The explanation given for the segregation in the 
welding technology by Banovic and co-workers [31], for 
instance, is helpful to understand the segregation behav-
iour that occurs during solidification in the DLD. According 
to Banovic and co-workers, when the heat input increases, 
the cooling rate will decrease and give rise to increased 
dendrite size. In addition, the elements in the solute are 
not distributed evenly. As the weld pool increases, the dis-
tance which the elements travel to compensate for the 
difference also increases. Molybdenum and chromium, 
which have lower diffusion rates in the face-centred cubic 
austenite than manganese and nickel, are then forced to 
segregate into the liquid phase in the gradually solidifying 
melt pool. As the amount of the solidified solute increases, 
some of the regions are impoverished, while others are 
enriched in Cr and Mo. Hence, as the grains are kept 
growing, patches enriched in heavier alloying elements 
(such as δ-ferrite) are formed. The formation of δ-ferrite in 
SS316L clearly depletes the concentrations of chromium 
and molybdenum in the γ matrix. It is thus important to 
minimize segregation, by either decreasing heat input or 
increasing cooling rate during the solidification process.

3.2.2  Silicate inclusions and dislocations

Precipitates with spherical morphology with the size as 
big as 300 nm are observed in the matrix of the depos-
ited SS316L Si specimens. A typical example of the pre-
cipitate is shown in Fig. 14. The precipitates are enriched 
in Si, O and Al, but depleted in Fe, Cr and Ni compared to 
the corresponding concentrations in the matrix revealed 
with EDS. Al might be an impurity in the powder material, 
whereas oxygen could be a residual gas in the building 
chamber and/or introduced from the oxide layers in the 
powder material. Since Si has a high chemical affinity for 
oxygen, it tends to react with the oxygen in the building 
chamber and form silicate type precipitates. Silicates as 
precipitates are characterized with spherical morphology 
due to their high viscous nature in the melted state that 
promotes surface tension and leads to formation of sharp 
interfaces. The silicate-based precipitates thus do not dis-
solve with the steel due to the high surface tension that 
gives rise to low wettability [9]. Alternatively, these precipi-
tates might have existed before the melting of the powder 
and readily transferred to the as-deposited part. As shown 
in the image, the precipitate impedes the movement of 
dislocations and leads to piling and entanglement of dis-
locations around the precipitate.

Fig. 13  SEM image showing segregation of alloying elements 
along the grain boundaries in sample CS

Table 4  Elemental 
composition analysed from 
points 1 and 2 indicated in 
Fig. 11c)

# Mn Si Cr Ni Mo Fe

1 [wt%] 0.2 1.6 35.8 2.9 0.9 58.6
2 [wt%] 0.0 1.6 43.4 0.9 1.1 53
Austenitic matrix 0.4 2.1 18.0 12.5 1.7 65.1

Fig. 14  TEM BF image of precipitate rich in Si, O and Al in the 
deposited SS316L. The precipitate is surrounded by a high density 
of dislocation networks. The marked region is analysed for chemical 
composition with EDS
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Dislocations are formed during solidification of the 
melt pool from the local stresses. Due to differences 
in coefficient of thermal expansion between the pre-
cipitate and the matrix (~ 5.5 × 10−7  °C−1 for silicates 
and ~ 1.6x10−5 °C−1 for SS316L), tensile stress is gener-
ated in the steel matrix in close proximity to the pre-
cipitate and subsequently a compressive stress on the 
silicate [9]. These variations in stress fields in the matrix 
may give rise to the large concentration of dislocations 
surrounding the precipitates, thus increasing the hard-
ness and improving the mechanical properties [32]. On 
the other hand, the silicate precipitates have negative 
impacts on the material since their presence introduces 
sites for possible pitting corrosion [33].

Furthermore, TEM investigation reveals dislocations in 
the proximity of sub-grain boundaries. Typical bright-field 
TEM images are shown in Fig. 15a, b, revealing disloca-
tions, along the grain boundaries and at the triple junction, 
respectively. In Fig. 15b, δ-ferrite with globular morphol-
ogy precipitated at the triple junction is seen entangled by 
a dense dislocation network. The sub-grains exhibit low-
angle boundaries, and have dimensions ranging from a 
couple of microns to a few tens of microns. The presence of 
sub-grains in the DLD-SS316L-Si is only revealed based on 
the colour variations of crystallographic orientation map 
of grains shown in 9a and the low misorientation angles 
shown in Fig. 9d. Nevertheless, the larger melt pool and 
slower cooling rate of DLD compared to other AM tech-
niques (e.g. SLM) prevent formation of intricate dislocation 
networks observed in previous studies in SS316L [34]. The 
formation of lower density of dislocations in DLD-SS316L-
Si, such as the present study, can be associated with the 
slower solidification rate, relaxation of residual stresses 
and localized strain due to the continuous reheating dur-
ing subsequent material deposition [35].

3.2.3  Pores

Both spherical and non-spherical pores were observed in 
the DLD-deposited SS316L-Si part. The pores seen in sam-
ple CS are generally spherical and found evenly distributed 
as shown in Fig. 16a. Figure 16b is taken from sample PS 
and shows that some of the spherical pores seen in sample 
CS can be the cross sections of the non-spherical pores.

The formation of pores and layered voids can be due to 
the effects of process parameters including thermal coef-
ficient of the base material, porosity in the precursor pow-
der [7] and trapped gas. As the argon gas used to create an 
inert environment in the building chamber is non-soluble 
in steels, it can be trapped in the melt pool during depo-
sition and generate spherical pores [36]. Analysis of the 
spherical pore concentrations on the surfaces of sample 
CS with ImageJ shows a material density of about 99.5%. 
As expected, this value is slightly less than the material 
density of the SLM-fabricated SS316L. Tucho and his co-
workers [15], for example, measured a material density of 
about 99.8% for SLM-SS316L and suggested further opti-
mization by tuning the process parameters.

The analysis of the plane-view (parallel to the laser scan-
ning plane) specimen (sample PS) reveals layered voids, as 
shown in Fig. 16b. These types of voids are, however, not 
seen in the cross-sectional specimen (sample CS). Simi-
lar inter-track pores have also been reported previously 
[37] on cladded-fabricated material that used feedstock 
powder in the range of 40–140 µm. These types of pores 
are usually formed if the laser energy input is insufficient 
to melt all the powdered material introduced in the melt 
pools. To avoid or minimize the porosity, the overlap 
between each deposited layer should be at least 50% as 
shown by Yu et al. [38], based on laser deposition tech-
nique using a fractal pattern.

Fig. 15  Bright-field TEM image 
of sample PS showing: a dislo-
cations in the sub-grains and 
b a triple junction with a speck 
of globular δ-ferrite entangled 
with dislocations
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3.3  Hardness measurement

In order to investigate heterogeneity of the microstruc-
ture of the deposited material, hardness measurements 
were taken on the two surfaces/samples–normal and 
parallel to the build direction. The average hardness 
measured for both surfaces is nearly the same. These 
are 186 ± 4 HV for sample CS and 184 ± 4 HV for sam-
ple PS. The similarities of the hardness values of the two 
orthogonal surfaces suggest homogeneity of the micro-
structure in the two directions.

Compared to the average hardness of the conven-
tional SS316L (155 HV) [39], the hardness of the DLD 
SS316L-Si is larger by at least 19%. The higher hardness 
for the deposited material is assumed to be attributed 
to the concentration of the δ-ferrite, dislocations and 
the segregated alloying elements. These defects in the 
grains and along the grain boundaries act like road-
blocks, repressing dislocation movement and generating 
dislocation pile-ups during plastic deformation. Hence, 
their existence leads to the need of increased force to 
achieve deformation. Regardless of the complexity, the 
lack of severe dislocation networks and the homoge-
neous distribution of δ-ferrite lead to a more coherent 
resistance to plastic deformation than with other print-
ing techniques [2].

The hardness values are consistent with the results in 
the previous studies for direct-laser-deposited 316L stain-
less steel [40] and comparable with EBM-SS316L [41]. On 
the other hand, the hardness of DLD SS316L is inferior 
compared to that of SLM and LENS-fabricated SS316L. 
Tucho et al. [11] reported hardness values as high as 213 
± 3 HV in the plane normal to build direction and 188 ± 
4 HV parallel to the laser travel direction. Ziętala et al. [2] 
obtained an average microhardness value of 289 ± 16 HV 
perpendicular to the layers in the part and slightly lower 
average of 272 ± 35 HV parallel to the layers. These materi-
als generally exhibit heterogeneity in the microstructure 

that might be attributed to the nature of the defects 
formed.

The big variation in hardness between the DLD and 
other AM-fabricated SS316L is due to the difference in 
microstructure associated with respective techniques. 
The large, solidified melt pools observed from the DLD 
process accommodate larger grain structures than the 
other techniques, in particular SLM and LENS. The two lat-
ter methods generate smaller melt pools of about 100 μm 
compared to DLD, which form melt pools in the mm range. 
The structure in SLM-processed material consists of sub 
grains [11] with boundaries rich in dislocation networks 
which leads to a higher hardness than that of the DLD pro-
duced material.

4  Conclusions

• The current study investigates the microstructure and 
hardness of deposited SS316L-Si on a conventional 
SS316L base material using the DLD method.

• The study shows that the DLD process can produce a 
defect-free fusion zone with a solid metallurgical bond 
between the two materials, displayed by the epitaxial 
nucleation of the columnar grains in the deposited 
material.

• The deposited SS316L-Si exhibits a duplex micro-
structure containing primary austenite and secondary 
δ-ferrite phases. EBSD analysis shows a volume fraction 
of about 2.5% δ-ferrite in the interdendritic and sub-
grain boundaries.

• The increased hardness of the deposited SS316L-Si 
was due to the pinning of dislocations by the δ-ferrite 
and segregated alloying elements in the interdendritic 
regions.

• The study reveals formation of a few inter-track porosi-
ties in the laser travel direction together with segre-
gated alloying elements which occurred during solidifi-

Fig. 16  Porosity in SS316L-Si a 
spherical pores in sample CS 
(cross-sectional view) and b 
inter-track porosity observed 
in sample PS (parallel to the 
laser scanning plane)
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cation. Based on quantification of porosity, the material 
density of the DLD-deposited SS316L-Si is about 99.5%. 
The density can be further improved by tuning the pro-
cess parameters of DLD.
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