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Abstract
Metal additive manufacturing (AM), as a disruptive technology in the field of fabricating metallic parts, has shown its ability 
to design component with macrostructural complexity. However, some of these functionally complex structures typically 
contain a wide range of feature sizes, namely, the characteristic length of elements in AM-produced components can vary 
from millimeter to meter-scale. The requisite for controlling performance covers nearly six orders of magnitude, from the 
microstructure to macro scale structure. Understanding the mechanical variation with the feature size is of critical impor-
tance for topology optimization engineers to make required design decisions. In this work, laser metal deposition (LMD) is 
adopted to manufacture 316L stainless steel (SS) samples. To evaluate the effect of defects and specimen size on mechanical 
properties of LMD-produced samples, five rectangular sample sizes which ranged from non-standard miniature size to ASTM 
standard sub-sized samples were machined from the block. Tensile test reveals that the mechanical properties including 
yield strength (YS), ultimate tensile strength (UTS), and elongation to failure (εf) are almost the identical for samples with 
ASTM standard size. Whilst, relatively lower YS and UTS values, except for εf, are observed for samples with a miniature 
size compared with that of ASTM standard samples. The εf values of LMD-produced 316L SS samples show a more com-
plex trend with sample size, and are affected by three key influencing factors, namely, slimness ratio, cluster of pores, and 
occupancy location of lack of fusion defects. In general, the εf values exhibit a decreasing trend with the increase of slimness 
ratio. Microstructure characterization reveals that the LMD-produced 316L samples exhibited a high stress status at low 
angle grain boundaries, whilst its location changed to high angle grain boundaries after plastic deformation. The grain size 
refinement and austenite-to-martensite phase transformation occurred during plastic deformation might be responsible for 
the very high YS and UTS attained in this study. The experimental works carried out in this study is expected to provide a 
guideline for evaluating the mechanical properties of LMD-produced parts with complex structure, where critical parameter 
such as a certain slimness ratio has to be considered.
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1 Introduction

Additive manufacturing (AM), also known as 3D printing, 
has been identified as one of the twelve promising technolo-
gies that constitutes the fourth industrial revolution [1]. It 
becomes a very attractive and promising technology for 
the fabrication of metallic materials because it offers many 
advantages over conventional methods in producing com-
ponents with intricate geometry. Among many widely used 
AM methods, laser powder bed fusion (L-PBF, also known 
as selective laser melting, SLM) [2–4] and laser directed 
energy deposition (also known as laser metal deposition, 
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LMD) [5–7] are two primary AM technologies which are 
capable of fabricating near fully dense metallic materials 
for various industrial applications. It is reported that AM-
produced parts can result in a hierarchically heterogeneous 
microstructure, with length scales spanning nearly six orders 
of magnitude [8]. It includes microscopic features such as 
melt pools, defects, crystalline grains, cellular structures, 
and oxide-precipitates, etc. However, significantly different 
microstructural sizes and metallurgical behaviors for SLM 
and LMD are observed because the cooling rates in the melt 
pool are dramatically different [9, 10]. Usually, SLM yields 
a finer melt pool, grain size and substructure size, while 
LMD yields a coarser microstructure size. Therefore, dif-
ferent mechanical responses may be revealed for the same 
materials produced by different AM technologies [9, 10].

As far as the 316L SS is concerned, the process param-
eters-microstructure-mechanical properties relationships of 
AM-produced samples have been intensively studied [2–4, 
8, 9, 11–15]. Although LMD and SLM have similar capabili-
ties and challenges, their major difference is powder delivery 
mechanism which influences complexity, maximum print-
ing size, and quality of the as-deposited part. This study is 
interested in LMD where a feedstock material in the form of 
powder is delivered to a pre-processing substrate followed 
by a simultaneously focused laser beam, thus a melt pool 
is formed and a bulk material is finished after continuously 
depositing material layer by layer [1]. It is revealed that the 
UTS, YS, and εf of LMD-produced 316L samples are in the 
range of 536–1050 MPa, 300–850 MPa, and 4–46%, respec-
tively [5, 7, 9, 14, 16–19]. Such a wide range of mechanical 
properties observed for LMD-produced 316L SS may be 
attributed to the microstructure variations caused by differ-
ent processing parameters as well as deposition direction. 
Another reason might be that the printing machines, testing 
conditions, and sample geometry/size are different. Recently, 
Gu et al. have pointed out that AM-processed parts can con-
tain a wide range of feature sizes, for example, a crystal 
inspired hierarchical structure can have a characteristic 
scale of 0.1 mm to 10 mm during laser metal AM through 
structural design and innovation [20]. However, due to the 
dynamic nature for melting, solidification, and remelting 
of LMD is location dependent, the mechanical properties 
may vary with feature size. Therefore, investigating the size-
dependent mechanical properties of LMD-produced part is 
of great importance to make informed design decisions.

The reported tensile property data in Refs. [5, 7, 9, 
14, 16–19] showed that loading direction and processing 
parameters have a pronounced effect on mechanical prop-
erties of LMD-produced 316L SS samples. These studies 
adopted different sample geometries, namely, rectangular 
[5, 7, 9, 16–19] and cylindrical [14] specimens. In addition, 
both non-standard [5, 7, 18] and standard [9, 16, 17, 19] 
tensile test specimens were used to assess the mechanical 

performance of the parts. The gauge length of the tensile 
tested samples in these studies ranged from 9 to 40 mm 
while the gauge width of the samples was 2.5 mm-10 mm. 
The main advantage of using non-standard miniature speci-
mens is that it can capture and mimic the location-dependent 
mechanical properties in LMD-produced samples, whilst a 
large standard tensile specimen might not capture the spa-
tial variations [21, 22]. However, unlike materials prepared 
by traditional methods such as die castings, the quality of 
specimens can be evaluated by a standard sample geometry 
and size. There is currently no standard available for qualify-
ing the mechanical properties of AM-produced specimens. 
Research to date has identified that the inevitably formed 
defects could substantially undermine the mechanical prop-
erties of LMD-produced samples. These critical defects 
such as pores and lack of fusion are still a universal prob-
lem for LMD-produced parts [22]. The adverse effect of 
these defects may become more prominent with decreasing 
specimen size [22, 23]. However, most of the studies car-
ried out investigating the size dependency tensile properties 
are mainly focused on PBF-produced materials especially 
for Ti6Al4V [21, 23–26], it is not yet understood how ten-
sile properties of LMD-produced 316L SS vary with speci-
men size. More importantly, the LMD-produced 316L SS 
samples appear more brittle features because the sizes of 
substructure, defects, and oxide inclusions are significantly 
larger than that of SLM [4, 9, 27]. Therefore, the mechanical 
properties of LMD-produced 316L samples may be highly 
related to specimen size especially for the elongation of the 
material. While, the details of the size dependency tensile 
properties of LMD-produced 316L SS are not well docu-
mented and worth thorough investigations. In this regard, 
316L SS was manufactured in this work as a studying case 
to understand the effect of defects and sample size on the 
mechanical properties of LMD-produced samples. The 
microstructure, represented fracture surfaces, and possible 
fracture mechanism are presented and discussed based on the 
experimental results from this study and those in literature.

2  Materials and Methods

2.1  Materials

As received gas-atomized 316L spherical powders with 
particle sizes ranging from 50 to 150 μm were purchased 
from Tianjin Zhujin Technology Development Corporation, 
China (Fig. 1a). The chemical compositions of the powder 
by weight were characterized by energy-dispersive X-ray 
spectroscopy (EDS) and the results are listed in Table 1. 
The reported values are averaged from two measurements. 
As can be seen in the figure, the as-used powders are spher-
ical in shape with rather smooth surfaces and exhibit the 
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Fig. 1  Experimental details in the study: a morphology of the as-used 316L SS powder, b a sketch of laser inside powder feeding nozzle, and c 
real photograph of the LMD system

Table 1  Chemical composition 
of as-used 316L SS powders 
(wt%)

Fe Cr Ni Mo Mn Si C P S

Bal. 19.30 ± 0.5 11.15 ± 0.65 1.70 ± 0.2 0.60 ± 0.3 1.40 ± 0.1  ≤ 0.03  ≤ 0.04  ≤ 0.01
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satellites which are a typical defect that can be formed in 
the gas atomized powders.

2.2  Experimental

The deposition system used in the present work is shown in 
Fig. 1c. It consists of a six-axes robot (KR16, Kuka, Ger-
many), a two-axes rotation positioner, a diode fiber laser 
system YDFL-2000-CW-MM (Shanghai Feibo Laser Tech-
nologies Co., Ltd) with a wavelength of 1080 nm, a mental 
powder feeder (RC-PGF-D-2, Raycham, China), a water 
chiller (TFLW-1000WDR, Tongfei, China), and a laser clad-
ding head. The principle of the special designed laser inside 
powder feeding nozzle was sketched in Fig. 1b. A hollow 
laser beam was obtained by using the cone mirror to split the 
input solid laser beam, and thus the energy intensity of the 
hollow laser beam was regulated along the radial direction 
to get a saddle-hacked distribution. Readers may refer to Ref 
[28]. for more detailed information. The 316L SS plate with 
a dimension of 150 mm × 150 mm × 15 mm was used as the 
substrate material. Prior to the deposition, the plate surface 
was polished and then cleaned by 75% alcoholic solution. 
Argon with 99.99% purity was chosen as the shielding and 
carrier gas to avoid oxidation of the melt pool and feed pow-
ders during deposition (Fig. 1c). The Taguchi method [2, 
29], a powerful tool to design optimization for quality, is 
used to find the optimal laser process parameters for the 
manufacturing process. An orthogonal array based on L9 
Taguchi matrix is employed and the micro-hardness of each 
LMD-produced sample was chosen as a response variable 
to assess the resultant quality. Since the focus of this study 
is not to optimize the laser process parameters, hence, we 
presented the details of optimization for hardness in Supple-
mentary Materials Appendix A for clarity and completeness. 
The optimized laser process parameters are listed in Table 2.

The laser beam was defocused to give a spot diameter 
of 2 mm. When injected powders were fed into the melt 
pool created by the laser beam, a deposited layer was subse-
quently formed followed by rapid solidification. Self-devel-
oped slicing software called “3dAM-PP-Planner” was used 
to help design the deposition path. To control the shape pre-
cision and the surface morphology of the samples, the var-
iation-orientation raster scanning strategy used in Ref. [30] 
was adopted to fabricate the parts in this work. The starting 
point of each layer is random with the angle of the laser 

rotated by 105° between each layer. In order to study the 
influence of the different specimen sizes on the mechanical 
properties of LMD-produced parts, a block with a dimension 
of 110 mm × 80 mm × 15 mm was manufactured by using the 
optimized laser process parameters listed in Table 2. There-
after, five different part sizes ranging from miniature size to 
ASTM E8 sub-sized were machined by wire cutting from 
the block. The designed five different sample geometries are 
detailed in Fig. 2a–e.

2.3  Details of Microstructural and Mechanical 
Characterization

The top surface of the block was milled to remove 1.5 mm of 
the deposited layer. For microstructural characterizations, a 
cuboid sample with a dimension of 10 mm × 10 mm × 2 mm 
was machined from the block. Thereafter, the cuboid sam-
ple was sectioned and its top surface was used for micro-
structure observation (Fig. 2f, TD-LD plane, perpendicular 
to the build direction). A mirror like surface was achieved 
by using a standard metallography procedure detailed in 
Ref. [3]. The relative density of the part (in percentage) 
was analyzed using the Image-Pro Plus 6.0 software under 
optical microscopy (OM, VHX-5000). This method evalu-
ated the sample’s porosity by counting the area percentage 
of pores on the polished surface [3]. Afterwards, polished 
surfaces were electrolytically etched by using a solution of 
10% oxalic acid at 6 V during 20 s. The LMD-produced 
and deformed samples were then observed through OM 
and scanning electron microscopy (SEM, ZEISS). An extra 
step of oxide polishing suspensions (OPS) polishing was 
performed to prepare the samples for the electron backscat-
tered diffraction (EBSD, EOL JSM-7900F) observation. All 
observed specimens were tilted to 70° in the SEM cham-
ber at an accelerating voltage of 20 kV. The observation 
for as-built sample was carried out at the position near the 
middle of the polished surface (Fig. 2f), whilst deformed 
sample was observed near the fracture site. The step sizes 
used for LMD-produced and deformed samples were 2 μm 
and 1.4 μm, respectively. Data analysis was performed with 
the TSL-OIM analysis software. For statistics, any pair of 
indexed points with misorientation exceeding 2° is consid-
ered a boundary. The low angle grain boundary (LAGB) is 
defined as misorientation < 10°, while the misorientations 
over than 10° are referred to as high angle grain boundaries 
(HAGBs) [8, 31]. The pole figure (PF) was computed by a 
harmonic series expansion method and a Gaussian smooth-
ing of 5°. The kernel average misorientation (KAM) map 
was calculated from the EBSD data on the same cross-sec-
tion with an upper threshold of 5°, above which any mis-
orientations are excluded in the calculation. In addition, 
EDS analyses were carried out on some spherical particles 

Table 2  Optimal process parameters used in this work

Laser 
power
(W)

Beam 
diameter 
(mm)

Scanning 
speed 
(mm/s)

Powder 
feeding 
rate (g/
min)

Hatch 
spacing 
(mm)

Layer 
thickness 
(mm)

1100 2.0 6.0 10.3 1.0 0.2
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in some fractured surfaces in order to investigate their pos-
sible oxidation behaviors.

2.4  Test of Mechanical Properties

All the side surfaces of the machined tensile specimens 
were manually ground by using SiC papers to remove the 
deformed layer that may generate during the wire cutting 
process. Tensile tests were then performed at room tempera-
ture on an electronic universal testing machine (UTM5105X, 
SANS) with a strain rate of 3.33 ×  10–3  s−1. The strength 
calculations were performed using measured gauge width 
and sample thicknesses. Three repetitions were conducted 
for the standard specimens, whereas four repetitions were 
conducted for the non-standard specimens. For the conveni-
ence of subsequent analysis, we have named these speci-
mens and the corresponding sample numbers are depicted 
in Fig. 2a–e. A 5 kN load cell was used for Samples ‘w4.5’ 
and Samples ‘w10’, whilst a 100 kN load cell was utilized 
for Samples ‘S0.5’, Samples ‘S1’, and Samples ‘S2’. A pow-
erful non-contacting deformation measurement system (i.e., 
Vic-3D LS) was applied to measure the tensile strain of the 
tested samples. All the tests were conducted until fracture 
occurred. The YS, UTS, and εf values were obtained from 
the corresponding engineering stress–strain curves. After 

tensile test, some typical fracture surfaces were inspected 
by SEM.

3  Results and Discussion

3.1  Microstructure

Figure 3a depicts the typical defects generated in LMD-
produced sample. The corresponding defect size distribu-
tion is displayed in Fig. 3b. It is observed that the majority 
of defects are usually less than 50 μm and the distribution 
of these defects is not uniform. In some local areas, lack of 
fusion defect with size greater than 50 μm was observed 
(see Supplementary Materials, Appendix B). An area around 
6.4  mm2 was analyzed and the relative density of sample 
was measured to be (99.19 ± 0.76) %. This value is compa-
rable to a SLM-produced part, which relative density greater 
than 99% is usually assumed to be high-density part [3, 8, 
13, 32]. The LMD-produced sample is characterized by a 
mixture of columnar dendrites and cellular structures as 
revealed by OM and SEM images shown in Fig. 3c–e. The 
fraction of the dendrites and cells in arbitrary regions of the 
sample is roughly estimated using Image-Pro Plus 6.0 soft-
ware, and the result is 86.6% and 13.4%, respectively. The 

Fig. 2  a–e Detailed information about specimen geometries, f polished surface used for microstructural observation
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phenomenon is in accord with the observation reported in 
Refs. [18, 19], in which the dendrites are a major structure in 
a LMD-produced 316L sample. Depending on the location 
within the melt pool, various shapes and sizes of the struc-
tures can be observed. Previous studies reported that critical 
parameters such as the temperature gradient G, solidification 
rate R are the key to determining the microstructure of such 

an alloy produced by LMD [33]. The ratio G/R determines 
the mode of solidification while the product G∙R governs the 
size of the solidification microstructure [33]. To explain the 
complex microstructures observed in this study, we selected 
two typical areas in Fig. 3c for quantitative analysis. The two 
analyzed structures, i.e., cells and dendrites, are marked by 
blue and yellow rectangle, respectively. The corresponding 

Fig. 3  a Defects detection using OM method, b the corresponding distribution of defect size in terms of the major axis length in a, c OM image 
showing the columnar dendrites (e.g., region B) and cells (e.g., region A) in the material, the yellow and blue arrows indicate dendrites and cells, 
respectively, d SEM image revealing the solidification microstructure, e a magnified view showing the columnar dendrite and cell structures
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G and R values were estimated and the detailed information 
was presented in Supplementary Materials Appendix C. The 
calculated cooling rate in region A is 1.75 ×  104 K/s, which 
is significantly higher than that of region B (the value is 
2.38 ×  103 K/s). Therefore, a relatively finer structure was 
observed in region A. In addition, the estimated G/R val-
ues in region A and region B are 1.28 ×  103 K s/mm2 and 
1.75 ×  102 K s/mm2, respectively. According to the solidifi-
cation map constructed by G and R, the solidification micro-
structures can change from cells to columnar dendrites with 
decreasing G/R values [33], and our experimental observa-
tion evidenced this phenomenon (see Fig. 3c, region A and 
region B). Therefore, it is reasonable to speculate that local 
change in G and R values result in the formation of micro-
structures with different shapes and sizes [34] (see Fig. 3c-
e). The secondary arm spacing or cell size is estimated to be 
2–5 μm, and the length of dendrite is a few tens of microns, 
which are the typical microstructural length scales of LMD-
produced 316L SS reported in the literature [35]. The image 
quality (IQ) map, inverse pole figure (IPF) image, pole fig-
ure (PF), band contrast map, KAM distribution image, and 
phase map of the sample are all presented in Fig. 4a–f. Note 
that the IPF map together with its corresponding PF map is 
calculated from EBSD data with respect to the build direc-
tion. The corresponding misorientation angle distribution 
and grain size distribution are displayed in Fig. 4g–h. It can 
be seen from the IPF map that the grains of LMD-produced 
sample is quite irregular, and both equiaxed and elongated 
columnar grains can be seen from the image. This is very 
different from a wrought 316L in which the microstructure 
is fully equiaxed and is uniformly distributed (see Supple-
mentary Materials, Appendix D). The average grain size of 
LMD-produced sample is around 38.29 μm (Fig. 4h). The 
three colors (i.e., red, green and blue) in the IPF orientation 
map indicates alignment of < 001 > , < 101 > and < 111 > ax
es with the build direction [36, 37]. Hence, grains with the 
same crystallographic orientation have similar colors. It can 
be seen from Fig. 4b that the grains are mainly dominated 
by red and green colors, suggesting that multicomponent 
cubic textures may be formed. This is evidenced by pole 
figures shown in Fig. 4c because the highest pole densities 
in the {001} and {101} pole figures at specific {001} and 
{101} positions are basically consistent with the standard 
stereographic projection. The KAM value generally can be 
reflected to geometrically necessary dislocations (GND) and 
can be used to indicate the stress status of the sample. A 
larger KAM value at a specific location in KAM map sug-
gests a relatively higher stress status [38]. Compared with 
wrought 316L, the LMD-produced part exhibited a very 
high stress status (see Fig. 4e and Supplementary Materi-
als, Appendix D). This is believed to be correlated with the 
high density of dislocations during the rapid solidification 
for additive manufactured part [38, 39]. The percentage of 

LAGBs for the LMD-produced sample is 38.7% (Fig. 4g), 
which is lower than the reported values for a SLM-manu-
factured 316L SS (the values are in the range between 41 
and 87% [8, 31, 32, 36]). Previous studies have revealed that 
LAGB is a kind of dendrite cell boundary and is enriched of 
dislocation for a SLM-produced 316L SS [12, 40]. This is 
also evidenced by the KAM mapping and band contrast map 
that the high stress status is usually located at LAGBs (see 
Fig. 4d–e). In addition, the LMD-produced sample consists 
of fully face-centered-cubic (FCC) γ austenite phase with 
no δ ferrite detected, as revealed by EBSD phase mapping 
shown in Fig. 4f. The result is in line with the works carried 
out in literature [35, 41, 42] where no ferrite peaks could be 
located on the X-ray diffraction intensity versus 2θ plots. 
It should be noted that some researchers also reported the 
presence of a small amount of δ ferrite for a LMD-produced 
316L SS [17, 27, 37]. The  Creq/Nieq ratio and cooling rate 
might be responsible for the different results observed in the 
literature and have been sufficiently discussed in the previ-
ous works [19, 27]. In fact, Elmer et al. [43] pointed out 
that stainless steel alloys can only solidify within the single 
phase austenite mode due to the suppression of solute redis-
tribution at a high cooling rate. Therefore, higher cooling 
rate in this study may be responsible for the observed fully 
austenitic microstructure.

3.2  Effect of Defects and Sample Size on Mechanical 
Properties

To better understand the effect of defects and sample size 
on the tensile properties of LMD-produced 316L SS sam-
ples, five different part sizes ranging from miniature size 
to ASTM E8 sub-sized were tested, and the results are 
depicted in Fig. 5. The UTS, YS, and εf are all presented. It 
shows that the average YS values are in the range between 
660 and 741 MPa, whereas average UTS values are in the 
range between 879 and 938 MPa. The tensile yield strength 
and ultimate tensile strength of LMD-produced samples 
are much higher than that of the forged part (the values 
of YS and UTS for wrought 316L are 220–345 MPa and 
520–680 MPa, respectively [44–47]). However, significantly 
lower εf values are obtained for the LMD-produced speci-
mens compared to that of the forged counterpart (the value 
is between 30 and 55% [44–47]). The reason for the peculiar 
mechanical properties of LMD-produced 316L samples is 
ascribed to their unique microstructure [11]. It can be seen 
here that the tensile properties including YS, UTS, and εf 
are almost the identical for samples with ASTM E8 size, 
especially considering their standard deviation (Fig. 5a–c, 
Samples ‘S0.5’, ‘S1’, and ‘S2’). However, the YS and UTS 
values for samples with miniature sizes (i.e., Samples ‘w4.5’ 
and ‘w10’) generally show a slightly decreasing trend when 
compared with that of ASTM E8 samples (Fig. 5a and b). 
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This phenomenon was also reported for L-PBF produced 
304L and Ti6Al4V samples, namely, the YS and UTS values 
exhibit a decreasing trend below a critical sample thickness 
[23, 25]. In addition, it is noticed that larger standard devia-
tion for YS, UTS, and εf is observed for samples with min-
iature size (Samples ‘w4.5’ and ‘w10’). This is believed to 
be caused by both the measured uncertainties and increasing 
importance of contribution from the probability of the pres-
ence of built-in flaws and their influence [22]. The effect of 
built-in flaws which is inevitably formed in LMD-produced 
sample will be accented for the small size sample. Neverthe-
less, the elongation to failure exhibited a more complex trend 
since the highest value of εf was obtained in miniature size 
samples, namely, Sample ‘w10’, although a highest standard 
deviation was observed in these specimens (Fig. 5c). In gen-
eral, the values of εf for miniature size samples are greater 
than that of samples with ASTM E8 size. The result chal-
lenges previous viewpoint that the elongation to failure of 
PBF-produced Ti-6Al-4 V samples decreases continuously 
as the sample thickness decreases [26]. Actually, Davis [48] 
have pointed out that elongation of a material is affected 
by test-piece geometry including gage length, width, and 
thickness of the gage section. Hence, comparing elongation 
values accordingly to different sample geometries by just 
using sample thickness may be not scientifically enough. 
According to the well-established Bertella-Oliver equation, 
elongation of a material is influenced by the slimness ratio 
[48]. It is defined as the gage length divided by the square 
root of the cross-sectional area of the specimen. Here, we 
plotted the elongation of parts versus the slimness ratio, 
and the results are displayed in Fig. 5d. Overall, the values 
of elongation to failure show a decreasing trend with the 
increase of slimness ratio. The tendency is consistent with 
the conventionally manufactured steels [48] and also in line 
with PBF-produced Ti-6Al-4 V samples [22]. Interestingly, 
we observed that the εf value of Sample ‘w4.5’ was slightly 
larger than that of Sample ‘S1’ although their values of slim-
ness ratio are very close to each other. Therefore, the inevi-
tably microstructural features in LMD-produced samples, 
namely, the presence of lack of fusion and internal pores 
may also play a significant role in determining the ductil-
ity of LMD-produced parts. The following will discuss it 
through inspection of their fracture surfaces by SEM for 
samples with low and high εf values.

Figures 6, 7, 8, 9, 10, 11 show the representative macro 
fracture surfaces and some enlarged areas for Sample 
‘S0.5–1’, Sample ‘S1-1’, Sample ‘S2-2’, Sample ‘w4.5–4’, 
Sample ‘w10-4’, and Sample ‘w10-1’, respectively. The total 

elongation of Sample ‘w10-1’ is the highest among all of the 
tested samples and is inspected for a comparison purpose. 
Whilst the other samples observed have the lowest εf value 
at the specific sample size, i.e., Sample ‘S1-1’ is observed 
because its εf value is the lowest among Samples ‘S1-1’, 
‘S1-2’, and ‘S1-3’, and so on. The corresponding defect size 
distribution and area fraction of defect region measured on 
these fracture surfaces are presented in Fig. 12. As shown in 
Figs. 6, 7, 8, 9, 10, 11, the fracture surfaces are characterized 
by built-in flaws such as pores and lack of fusion defects. In 
these figures, the blue arrows indicate pore defects whereas 
the yellow dotted rectangles are used to mark lack of fusion 
defects. For the former case, the sizes of pores are usually 
less than 50 μm and are spherical in shape. Whilst, for latter, 
the defects are irregular and are strip-like in shape with its 
size greater than 50 μm (see Fig. 12). Obviously, the varia-
tion of εf value is attributed to not only the sample geometry 
(Fig. 5d), but also the distribution of pores and occupancy 
location of lack of fusion defects (Figs. 6, 7, 8, 9, 10, 11). 
The presence of these defects can act as stress amplifier 
and aid in crack propagation during tensile test. This is evi-
denced by Fig. 13a and b where the crack initiates from 
a residual pore or the crack propagates to the edge of the 
sample surface. According to the theory of fracture mechan-
ics, the stress concentration coefficient of a lack of fusion 
defect (irregular shape with edges or corners) is larger than 
that of a pore (usually with a spherical shape). Therefore, it 
is vital to avoid the lack of fusion defects so as to improve 
the mechanical property of the part. Figure 8 shows that the 
fracture was initiated from large size of the strip-like lack of 
fusion defects (Sample ‘S2-2’). These defects are located at 
the edge of the sample surface and the length of the defects 
can be as large as 1015 μm. A total area fraction of defect 
∼1.26% was measured which is higher than that of others 
except Sample ‘w4.5–4’ (see Fig. 12b). The crack initiated 
from the large size of lack of fusion defects and propagated 
to the sample’s exterior surface, resulting in a lowest value 
of total elongation to failure (εf = 11.7%). Two obvious lack 
of fusion defects were also observed in Sample ‘w10-4’ and 
these defects were situated at the edges of the sample, hence 
a relatively lower total elongation value, i.e., 15.7%, was 
obtained (Figs. 10 and 12). Compared with Sample ‘S2-2’ 
and Sample ‘w10-4’, the rest of inspected fracture surfaces 
contained relatively fewer lack of fusion defects and its size 
was also smaller (Figs. 6, 7, 9 and 12). However, relatively 
lower values of total elongation to failure were also observed 
in the rest of samples except Sample ‘w10-1’. The cluster of 
pores also had a significant impact on premature failure of 
LMD-produced samples (Figs. 6, 7, 9 and 10). We observed 
two key influencing factors that may deteriorate elongation 
of LMD-produced 316L samples. One is too many small 
pores are occupied on the fracture surfaces. The character-
istic lengths of these kinds of pores are usually less than 

Fig. 4  Microstructure of LMD-produced 316L SS sample observed 
by EBSD: a IQ map, b IPF image, c PF image, d band contrast map, 
e KAM map, f phase mapping, g misorientation angle distribution, 
and h grain size distribution

◂
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50 μm and situated at the edges or subsurface of the samples 
(see Figs. 6, 7a–b and 12). The other is pores are relatively 
large compared to the cross-section of the sample. As shown 
in Fig. 9a, two large pores with diameters around 88 μm and 
121 μm were observed near the center of the fracture sur-
face. The measured total pore area fraction is 1.81% which 
is the highest among all of the tested samples (Fig. 12). 
These pores can not only act as a stress amplifier which in 
turn accelerated crack propagation during tensile loading, 
but also cause a reduction of effective cross-sectional area, 
both of which are adverse to sample total elongation to fail-
ure. In contrast, Sample ‘w10-1’ had relatively smaller sized 
lack of fusion defects at the edges, and the stochastically 
distributed pores in the sample were both small in size and 
in quantity, resulting in a highest value of total elongation 
to failure among all of the tensile tested samples (εf = 35%, 
Figs. 11 and 12). Note that the value of slimness ratio for 
Sample ‘w10-1’ is the lowest among all the tested samples. 

A highest εf was obtained for Sample ‘w10-1’ although the 
area fraction of defects was relatively higher than that of 
Samples ‘S0.5-1’ and ‘S1-1’. Therefore, it concluded that the 
highest εf value is the combination of smaller slimness ratio 
(i.e., geometry effect) and with fewer defects. The above 
analyzed results indicated that there may be at least 2 differ-
ent conditions resulting in the premature failure of the speci-
men. One is large size of lack of fusion defects situated at 
the edges of the samples, such as Sample ‘2–2’ and Sample 
‘w10-4’. The other is big pores or cluster of pores reduced 
the effective cross-section area of LMD-produced samples, 
such as Samples ‘S0.5-1’, ‘S1-1’, and ‘w4.5-4’. However, 
at a high magnification, all fracture surfaces are character-
ized by fine dimples with a size comparable to the dendrite 
arm spacing or cell size (Figs. 6, 7, 8d, 9, 10c, and 11d). 
Zhong et al. [4] have pointed out that the detachments of 
cellular substructure for a SLM-produced 316L SS sample 
form the ductile dimples on the tensile fracture surface, and 

Fig. 5  A summary of mechanical properties versus specimen size for LMD-produced 316L SS samples: a yield strength, b ultimate tensile 
strength, c elongation to failure, and d slimness ratio dependence of elongation to failure with different specimen sizes
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this is the reason why the sizes of dimples are constrained to 
cell size of the part. Therefore, it is reasonable to speculate 
that the substructure of LMD-produced sample may also 
play an important role in determining the size of dimples. 
It should be noted that the dimple size of LMD-produced 
316L sample is an order of magnitude larger than that of 
SLM, and this is one of the reasons why the ductility of a 
LMD-produced sample is lower compared with that of SLM.

Another possible reason for the observed low total elon-
gation to failure for LMD-produced samples in the study 
may be attributed to formation of oxide particles (see 
Figs. 6, 7, 8, 9, 10, 11, the green arrows indicate oxide par-
ticles). The oxidation behavior is a common phenomenon 
in LMD-produced 316L sample and is difficult to elimi-
nate [15, 17, 27]. This is because LMD process is usually 
conducted in open environment and shielding gas such as 
argon is adopted to prevent local oxidation of materials. The 
high affinity of Si/Mn element to oxygen at high tempera-
ture results in the formation of oxide particles [27, 49]. It 

should be highlighted that oxide particles are also reported 
in a SLM-produced 316L sample even though the oxygen 
content in the build chamber is less than 1000 ppm [4, 8]. To 
indicate the chemical composition of oxide inclusions and 
LMD-produced 316L base material, EDS was performed 
on various sample fracture surfaces. The average results are 
listed in Table 3. It can be observed that these oxide inclu-
sions are rich in Si or Si/Mn compared to the LMD-pro-
duced base material. The result is consistent with the works 
carried out in the literature [15, 17, 27]. The formation of 
these oxide particles can change the failure behavior of a 
sample from ductile to brittle mode. This is because these 
oxides could decrease the maximum capacity of material to 
be plastically deformed [27]. As a result, the elongation to 
failure of the sample is decreased. It should be highlighted 
that some researchers also concluded that the formed oxide 
nano-inclusions in a SLM-produced sample could strengthen 
the material properties [4, 49]. However, recent works using 
Orowan strengthening model [8] and Russel-Brown model 

Fig. 6  Represented fracture surface of sample ‘S0.5–1’ (εf = 12.9%). a Macroscopic fracture morphology, b, c are enlarged images showing the 
pore defects, d a high magnified image revealing the dimple fracture and oxide particles
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[50] revealed that the oxide strengthening effect is negligi-
ble. According to the Orowan strengthening mechanism [8, 
50], a smaller oxide particle yields a higher strengthening 
effect. For a LMD-produced sample, the sizes of the oxide 
particles are usually larger than 300 nm (Figs. 6, 7, 8d, 9, 
10c, and 11d), which is substantially greater than that of 
SLM (the size is usually less than 100 nm [8, 50]). There-
fore, the strength contribution effect from oxide particles 
for a LMD-produced 316L sample may also be negligibly 
small. Moreover, the oxide particles are dispersed randomly 
in the fabricated samples due to the distribution of these 
oxide particles are not a controlled processing process. 
Hence, the non-uniformly distributed oxides should have 
a very limited strengthening effect in LMD-produced 316L 
samples. Recently, Saboori et al. [17, 27] have pointed out 
that the presence of these oxide particles in LMD-produced 
samples does not have any strengthening effect, and it plays 
a detrimental role in mechanical properties especially for the 
elongation of a material. Further work should be carried out 

to reduce the content of oxide particles but is not the focus 
of this study.

Although various types of defects have been revealed 
by SEM through the inspection of fracture surfaces for 
LMD-produced 316L samples, very high YS and UTS 
values are still achieved in this study (Fig. 5). Here, we 
compared our experimental results with the reported 
LMD-produced 316L SS data from the literature (includ-
ing rectangular and round specimens), and the results are 
depicted in Fig. 14. It is observed that most of the stud-
ies conducted were using rectangular tensile specimens, 
and non-standard tensile specimen dimensions were also 
adopted to evaluate the mechanical properties of the LMD-
produced 316L SS samples (see Supplementary Materials, 
Appendix E). A classical strength-ductility tradeoff behav-
ior for such an alloy produced by LMD is clearly revealed. 
This behavior is very different from a SLM-produced 316L 
(see Supplementary Materials, Appendix E), which the 
strength and ductility could be simultaneously enhanced 

Fig. 7  Represented fracture surface of sample ‘S1-1’ (εf = 14.2%). a Macroscopic fracture morphology, b, c are enlarged images showing the 
pores and lack of fusion defects, d a high magnified image revealing the dimple fracture and oxide particles
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[3, 8, 12, 13, 31, 38, 39]. In addition, it is observed that the 
tensile sample geometry (i.e., sample size and shape) has 
a significant impact on the elongation to failure, although 
microstructural variation and various types of defects 

caused by the utilization of different processing parameters 
in these studies should also be responsible for divergent 
mechanical properties. Note that various testing condi-
tions were used in the literature, namely, the utilization of 

Fig. 8  Represented fracture surface of sample ‘S2-2’ (εf = 11.7%). a Macroscopic fracture morphology,b SEM image revealing the lack of fusion 
defects, c an enlarged image showing the pores, d a high magnified image revealing the dimple fracture and oxide particles

Fig. 9  Represented fracture surface of sample ‘w4.5–4’ (εf = 12.2%). a Macroscopic fracture morphology, b, c enlarged images showing the 
dimple fracture and oxide particles
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different processing parameters, printing machines, and 
tensile strain rates, etc., and all of these factors could affect 
the final mechanical properties of the samples (see Supple-
mentary Materials, Appendix E). The various influencing 
factors impede us for analyzing the size effect although the 

tensile specimen size may be a key reason for divergent 
results reported in literature. Therefore, building a corre-
lation between elongation to failure and slimness ratio is 
difficult, and further analysis by adopting the data listed 
in Fig. 14 was not carried out in this study.

Fig. 10  Represented fracture surface of sample ‘w10-4’ (εf = 15.7%). a Macroscopic fracture morphology, b SEM image revealing the pore 
defect, c a high magnified image revealing the dimple fracture and oxide particles

Fig. 11  Represented fracture surface of sample ‘w10-1’ (εf = 35%). a Macroscopic fracture morphology, b, c are enlarged images showing the 
pores and lack of fusion defects,  d a high magnified image revealing the dimple fracture and oxide particles
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3.3  Microstructure Evolution After Plastic 
Deformation

To investigate the possible fracture mechanism and the 

microstructure evolution after plastic deformation, the 
deformed sample was observed by SEM and EBSD, as 
illustrated in Figs. 13c and 15. An intergranular fracture 
mode was observed for such an alloy produced by LMD 

Fig. 12  Defect size distribution measured on the observed fracture surfaces. The corresponding area fraction of defect region is also presented. a 
Sample ‘S1-1’, b Sample ‘S2-2’, c Sample ‘S0.5–1’, d Sample ‘w10-1’, e Sample ‘w10-4’,  f Sample ‘w4.5–4’

Fig. 13  OM and SEM images showing a representative side view of LMD-produced specimen after tensile testing: a OM image showing the 
crack propagates to the edge of fractured sample surface, b OM image showing the crack initiates from the pore,  c SEM image showing an 
intergranular fracture mode
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(see Fig.  13c). We have revealed that the dendrite cell 
boundaries, which are a kind of LAGBs, are heavily strain 
localized at the as-built state (Fig. 4e). However, the loca-
tion of high stress status changes to HAGBs after plastic 
deformation (Figs. 15, 16b, d). One reason for this behavior 
might be the fact that the blocking ability of the dendrite 
cell boundaries is weaker than that of grain boundaries in 
terms of the strengthening effect [40]. As seen in Fig. 13, 
the dendrite cells remain relatively stable after deformation 
and are almost unchanged compared with that of the LMD-
produced sample (see Fig. 3c–e), possibly due to the low 
ductility observed in the study. This is also evidenced by the 
band contrast mapping and misorientation angle distribu-
tion map shown in Fig. 15b and f that the deformed sample 
is still dominated by LAGBs. The role of the pre-existing 
high density of dislocations inside dendrite cell boundaries 
is to retain dislocations and offer a progressive work hard-
ening mechanism [8, 51]. Another reason might be that the 
hetero-deformation induced (HDI) hardening rate caused 
by dendrite cell boundary was lower than that of the grain 
boundary determined by HAGBs [40]. It is reported that 
there is high HDI stress in heterogeneous material during 
tensile plastic deformation [52–54]. The microstructural 
heterogeneity can lead to dramatic strength differences in 
different domains, thus GND and strain partitioning are 

produced to accommodate strain gradient near the various 
domain interfaces. However, Zhu et al. [55] pointed out that 
GND near the LAGBs does not produce long-range internal 
stress, i.e., HDI stress. Therefore, the accommodation abil-
ity of GND at the LAGBs is weaker compared with that of 
grain boundaries. It is widely reported that additive manu-
factured 316L sample is a unique heterogeneous material 
with their microstructural length scales spanning nearly six 
orders of magnitude [5, 8, 15, 35]. Hence, a high stress status 
near the HAGBs is observed in the deformed sample (see 
Fig. 16b and d). One interesting feature observed in this 
study is that body-centered cubic (BCC) δ ferrite phase is 
formed in deformed sample (Figs. 15g and 16c). The frac-
tion of BCC ferrite phase can be up to 2.6% (Fig. 16c). A 
recent work carried out by Shiau et al. argued that BCC fer-
rite should be α’ martensite in the analysis software due to 
the low carbon composition in the 316L SS [42]. This result 
suggests that austenite-to-martensite phase transformation 
occurs during tensile deformation of a LMD-produced 316L 
SS. In addition, we also noticed a significant refinement of 
grain size near the fracture site in the deformed sample (see 
Fig. 15c). The average grain size of deformed sample is 
25.43 ± 20.83 μm, which is only 66% of the LMD-produced 
sample (the average grain size for LMD-produced sample 
is 38.29 ± 24.45 μm, Fig. 4h). This suggests that dynamic 
refinement of grain size occurs in the process of tensile plas-
tic deformation in a LMD-produced 316L sample. The for-
mation of refined grains might be related to the high strain 
localization caused by microstructure inhomogeneity or 
deformation incompatibility [56]. Therefore, the refinement 
of grain size and austenite-to-martensite phase transforma-
tion during plastic deformation should also be responsible 
for the excellent tensile yield strength achieved in the study 
(see Fig. 14).

4  Conclusions

In the present study, the effects of defects and specimen size 
on tensile properties of additively manufactured 316L SS 
samples produced by laser metal deposition technology were 
investigated. The microstructure and fracture morphology of 
LMD-produced samples were also inspected. The obtained 
tensile properties accordingly to various sample sizes were 
compared to previously published works. The major findings 
are summarized as follows:

Table 3  EDS analysis results 
of oxide particles and LMD-
produced 316L base from 
different sample fracture 
surfaces (wt%)

Spectrum location Element

Si Cr Mn Fe Ni Mo

Oxide particles 10.80 ± 1.61 27.11 ± 4.39 5.59 ± 2.93 45.25 ± 4.68 7.50 ± 1.00 2.36 ± 1.66
316L base material 0.58 ± 0.37 20.68 ± 1.82 0.60 ± 0.32 64.53 ± 2.87 10.78 ± 2.19 2.48 ± 1.35

Fig. 14  A summary of yield strength versus elongation to failure for 
LMD-produced 316L SS from our work and previous studies [5, 7 
9, 14, 16–19]. The reported values are collected from different ref-
erences where the LMD-produced samples are produced by different 
processing parameters and are tensile tested by various sample sizes 
and shapes
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1. The microstructure of the LMD-produced 316L SS con-
sists of columnar dendrites and cellular structures with 
an average grain size of 38.29 μm and dendrite spacing 
of 2–5 μm, respectively. In addition, grain boundaries of 
LMD-produced samples are decorated with a fraction of 
38.7% LAGBs where the highest stress status is located 
in these boundaries. However, the location of high stress 
status changes to HAGBs after the LMD-produced sam-
ple subjected to plastic deformation.

2. The tensile tested specimen size has a pronounced effect 
on mechanical properties of LMD-produced samples, 
especially when the non-standard miniature-sized speci-
mens are used. The YS and UTS values might be under-
estimated when a miniature-sized specimen is adopted, 
while the variation of εf values exhibits a direct correla-
tion with the slimness ratio.

3. The cluster of pores and occupancy location of lack of 
fusion defects play a significant role in determining the 

Fig. 15  Microstructures of deformed sample: a IQ map, b band contrast map, c IPF image, d KAM map, e grain size distribution, f misorienta-
tion angle distribution,  g phase mapping
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ductility of LMD-produced 316L SS samples. These 
two kinds of defects can not only act as a stress ampli-
fier which in turn accelerates crack propagation during 
tensile loading, but also cause a reduction of effective 

cross-sectional area, both of which results in a decreased 
elongation to failure.

4. Compared with a conventionally manufactured coun-
terpart and those data reported in previous studies, 

Fig. 16  A magnified image of deformed sample observed in another area: a IPF image, b band contrast map, c phase mapping,  d KAM map
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very high UTS and YS values were obtained in the cur-
rent study which are 660–741 MPa and 879–938 MPa, 
respectively. Whilst, the values of elongation to failure 
were relatively lower, with an average value ranged 
between 14.1 and 24.4% depending on the adopted ten-
sile specimen size. Despite the unique hierarchically 
heterogeneous microstructure formed in LMD-produced 
samples, the refinement of grain size and austenite-to-
martensite phase transformation during plastic deforma-
tion should also be responsible for the excellent tensile 
yield strength achieved in the study.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40195- 022- 01445-z.
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