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Abstract

Micro laser powder bed fusion (ULPBF) technology offers great benefits to industries
as it enables fabrication of complicated metallic components with greater accuracy
and minimum feature size as small as 50 um. Employing finer laser beam and smaller
metal powder in uLPBF leads to many variations from the conventional LPBF
(cLPBF) in terms of microstructure, mechanical properties and distortion, which have
not yet been well understood. This work provides a comparative study of the phLPBF
and cLPBF of the well-known material, stainless steel 316L based on the surface
quality, crystal structure, solidification microstructure, tensile properties and
distortion of as-printed parts, and their sensitivities to uLPBF process parameters are
also studied. Results show that lower surface roughness (Ra=3.4 um for top surfaces)
is obtained after uLPBF. Stronger <110> texture along building direction is developed
in the pLPBFed samples, accompanied with smaller grain size, higher density of
low-angle grain boundary (LAGB) and geometrically necessary dislocation (GND).
ULPBF creates a cellular microstructure with smaller cell size and cell wall thickness
compared with cLPBF. The yield strength of pLPBFed samples is marginally lower
than cLPBFed ones, which is dominated by the difference of compositional

microsegregation in the cellular structures. Both cLPBFed and pLPBFed samples
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show a strong anisotropy in terms of yield strength, ductility and deformation
behavior. The distortion measurement of the printed cantilever design suggests a
lower level of macroscopic residual stresses in the pLPBFed samples due to the
smaller molten pool and more thermal cycles. Moreover, the microstructure,
mechanical properties and distortion of uLPBFed samples remain at the same level
with variation of laser power and scanning speed. Overall, better surface finish, finer
microstructure, more desirable mechanical properties and smaller part distortion can

be obtained by pLPBF.
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1. Introduction

Metal Additive Manufacturing (AM) technology has been developing rapidly these
years due to its strong capability in producing near-net-shaped complex structural
components directly ready for industrial applications, which is difficult or impossible
to achieve by conventional fabrication technologies [1]. Among various metal AM
technologies, laser powder bed fusion (LPBF) is often employed for complex part
fabrication, thanks to its noticeable ability of producing components with low porosity
and high accuracy [2, 3]. Modern LPBF systems usually adopt a focused laser beam
with spot size approximately ranging from 50 to 100 um, metallic powders with size
between 10 and 60 um and layer thickness varying between 30 and 50 um. [1, 4].
Commonly, a surface roughness (Ra) of 7~20 um [1] and a minimum feature size of ~
200 pum [5-7] can be realized by these conventional LPBF (cLPBF) systems. However,
with the trend of product miniaturization and increasing requirement on surface
quality and geometrical accuracy, cLPBF system can no longer meet such demand.
Hence, micro LPBF (uLPBF) system needs to be developed and introduced to the
industry.



Generally, pnLPBF can be realized via implementation of some essential modifications
and improvements to get proper conditions [8], including refining the laser spot size
(e.g., 25 um or even smaller), improving the movement precision of building platform
and using smaller metallic powders (e.g., 0~25 pum). Our research team has been
dedicating into the development of uLPBF for fabrication of micro metallic
components [9-11]. Recently, a uLPBF system has been further developed based on a
refined laser system which can achieve laser beam diameter <= 25 pm and layer
thickness <10 pm. The pLPBF system has been successfully used to fabricate
different materials as reported in [10, 11]. To date, the relationships between process
parameters, microstructures and properties for conventional LPBF of wvarious
materials have been intensively studied and reviewed [12-17]. However, these
established data, information and knowledge related to the larger scaled LPBF cannot
be directly scaled down and leveraged into the micro-scaled one. Thus, further and
thorough studies on the pLPBF using different metals and alloys from different
aspects of process determination, microstructures detailing and mechanical properties
tailoring, etc. are crucially needed since the underlying mechanisms could be different.
Besides, the differences in surface quality, microstructure and mechanical properties
caused by uLPBF and cLPBF are complicated and may not be simply caused by a
single process parameter. The dominant factor and the underlying mechanisms of

these differences in uLPBF and cLPBF should be, but have not yet been figured out.

Austenitic stainless steel 316L (SS316L) has been widely used in the industry due to
its good mechanical properties, good wear resistance, excellent corrosion resistance,
as well as low cost. SS316L is an easy-to-process material by LPBF, and numerous
studies have been conducted to investigate its microstructure and mechanical
properties [18-22]. In traditional processing technologies, the strengthening of steels
typically comes together with ductility loss. In contrast, high strength and ductility of
SS316L produced by LPBF can be obtained thanks to the hierarchical microstructure

including grain structure, solidification cellular structures, and dislocations as



reported in [18-20]. The hierarchical microstructure dominates the mechanical
properties, and both of them can be affected and tailored by varying process
parameters. Niendorf et al. [21] reported that a high laser power of 1000 W
accompanied with a layer thickness of 150 pm could result in a strong textured
columnar coarse-grains and a lower yield strength but higher Young’s modulus as
compared with a 400 W laser and a layer thickness of 50 um. Montero-Sistiaga et al.
[4] compared 316L produced by LPBF with a 1 kW laser of 700 pum in spot size and a
400 W laser of 76 um in spot size, finding that high power leads to an increase of
morphological and crystallographic texture and coarsening of cells. Sun et al. [22]
found that higher laser power brings about higher yield strength and elongation.
Besides the microstructure and mechanical properties, other aspects like surface
roughness and part distortion due to macroscopic residual stress are also affected by
the LPBF process [23, 24]. It can be concluded that the reported results for cLPBF of
SS316L could differ from each other due to different system conditions [25, 26].
Despite of this, they provide substantial knowledge for us to understand the
underlying mechanisms of microstructures and mechanical properties. When scaling
down to uLPBF of SS316L, the resultant differences in geometric, microstructural,

and mechanical properties remain unknown, which warrants further investigation.

This work aims at better understanding the aspects including surface quality,
microstructure, mechanical properties and part distortion of SS316L produced by the
uULPBF as compared with cLPBF. The uLPBF in this work is characterized by a laser
spot size of 25 um and powder size of 5~25 um, while in cLPBF they are 80 pm and
15~53 pum, respectively. To do so, the surface quality of as-printed parts is examined.
The crystal structure and solidification cellular microstructure are compared, and the
effects of uLPBF main process parameters, namely laser power and scanning speed,
are studied. Tensile properties and deformation behavior are analyzed considering the
effect of specimen orientation. A standard cantilever design is employed and printed

to study the distortion induced by macroscopic residual stresses.



2. Materials and methods

2.1 Material and process

Austenitic SS316L powder produced by gas atomization technology provided by
Beijing AMC Powder Metallurgy Technology Co., Ltd was used for fabrication. The
chemical composition of the as-received powder is shown in Table 1. For uLPBF,
finer powder with particle size of 5~25 pm (Ds0=16.27 um) was employed to improve
the surface quality. Finer metal powder is necessary if micro-scale feature size of
products by pLPBF is desired. One should also be aware of the powder flowability
during reduction of the particle size, since finer powder tends to agglomerate due to
larger specific surface area. The selected fine SS316L powder was tested with
reasonable flowability, which ensures good manufacturability by uLPBF. In addition,
cLPBF was utilized for comparison study, where common particle size of 15~53 um
(Ds50=33.51 pum) was selected. Fig. 1 shows the Scanning Electron Microscope (SEM)

images and the particle size distribution of the two kinds of powders.

Table 1 Chemical composition of as-received SS316L powder

Element Cr Ni Mo Mn Si P S C O Fe
wt. % 16.88 13.6 2.7 0.54 0.41 0.012 0.0063 0.0066 0.0875 Bal.
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Fig. 1. SEM images and particle size distribution of as-received 316L powder for (a, b)

pLPBF and (c, d) cLPBF.

A conventional LPBF machine and an in-house developed uLPBF one (Han’s Laser
M100) based on the same cLPBF model were employed for comparison study. The
machine configurations are almost the same except for the laser system (laser spot
size). Both machines are quite stable and can produce metallic parts with high
repeatability. A continuous 500 W IPG fiber laser (A=1.07 pum) with beam diameter of
25 pum and 80 pm are equipped in the two systems, respectively. The LPBF processes
were conducted in N> gas atmosphere at an oxygen content lower than 500 ppm. The
SS316L substrate was heated up to 80 °C before and during LPBF process to reduce
thermal stress. Based on our previous parametric study [11], appropriate process
parameters of cLPBF and uLPBF were selected. Different laser power (P) and
scanning speed (V) combinations of uLPBF were chosen to study their effects on
microstructure and mechanical properties. Table 2 shows the selected process
parameter configurations for cLPBF and pLPBF. A 99.3% relative density or higher

can be achieved with the selected parameters based on porosity examination. During



all LPBF processes, the commonly adopted hatch angle of 67 © between every layer
was set to reduce thermal residual stress since the subsequent vectors can avoid
overlapping with previous patterns during rotation. Fig. 2 shows the building setup on
the substrate with three types of samples: (1) cubes with dimensions of 5x5x5 mm for
surface quality and microstructure evaluation, (2) horizontally (A0O) and vertically
(A90) placed cubes with dimensions of 57x10x10 mm, from which dog-bone shaped
tensile specimen (Fig. 2(b)) with gauge dimension of 15x4x1.2 mm was cut by
Electrical Discharge Machining (EDM), and (3) cantilever for distortion measurement
after EDM [24], with overall dimension of 80x8x7 mm and teeth of 0.6x5 mm fixed

on a 3mm thick cantilever beam (Fig. 2(c)).

Table 2 Process parameter configurations for cLPBF and puLPBF

Process Laser power Scanning speed Hatch spacing Layer thickness R "
emarks
parameter (P, W) (V, mm/s) (H, pm) (t, pm)
EBSD, SEM, Tension
cLPBF 220 950 100 40 )
A0/A90, Cantilever
EBSD, SEM, Tension
uLPBF No. 1 50 770 50 10 i
A0, Cantilever
uLPBF No. 2 50 910 50 10 Tension A0
EBSD, SEM, Tension
pLPBF No. 3 50 1000 50 10 )
A0/A90, Cantilever
EBSD, SEM, Tension
pLPBF No. 4 55 1000 50 10 i
A0, Cantilever
uLPBF No. 5 65 1000 50 10 Tension A0
uLPBF No. 6 40 1000 50 10 Cantilever
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Fig. 2. (a) Printing setup, (b) geometry of tensile specimens and (c) geometry and

measurement schematic of cantilever.

2.2 Characterization

SEM observations were conducted on JCM-6000PLUS and VEGA3 TESCAN to
characterize the powder morphology, the surface quality, microstructure and the
fracture surface of LPBFed samples. Surface roughness of as-printed samples were
examined by 3D Laser Scanning Microscope (KEYENCE VK-X200). Imagel
software was used to process SEM image to measure the solidification cellular
structure. It should be noted that the accurate cell size cannot be easily measured due
to the cell geometry and random orientation. Therefore, the regions presenting
near-equiaxed morphology were selected for cell size approximation. The average cell
size was determined by measuring the cells positioned near the molten pool
boundaries with at least 3 molten pools involved in calculation. Grain structure,
texture and GND distribution of the as-printed samples were studied using a built-in
Oxford Instruments Electron backscatter diffraction (EBSD) system at a step size of
0.5 um on an area of 300x300 um? and 500x500 pwm? for pLPBFed and cLPBFed
samples respectively. The raw EBSD data was analyzed using MTEX 5.3, which is an
open Matlab toolbox for analyzing and modeling crystallographic features [27]. Grain

boundaries (GB) are classified according to their misorientation angle into low angle
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grain boundaries (LAGBs) and high angle grain boundaries (HAGBs), where the
former range between 2 ° to 15 ° and the later are characterized by misorientation
angle >15 °. The grain size is determined according to HAGBs. All GB fractions
computed in this work are length fractions. The geometrically necessary dislocation
(GND) density was estimated based on the function proposed by Pantleon [28], which
has been successfully used to quantify the GND density of many alloys with different
states [29-32]. The samples for microstructure characterization were mechanically
grinded using sandpapers followed by polishing using a 0.05 um grit silica solution,
then chemically etched using aqua regia. Vicker hardness was measured on the
FM-7E hardness tester with a load of 200g for 15s on each mechanically polished
sample surface, and the average hardness was calculated by using the values of 10
indents, excluding the maximum and minimum values. Room-temperature uniaxial
tensile tests were conducted on Instron E10000 at a speed of 0.9 mm/min (strain rate
~107 s7!) with a video extensometer recording the tensile strain of the gauge portion
of the tensile specimen. Before tensile testing, the specimens were mechanically
grinded using sandpapers to eliminate the effect of rough surface. Three tensile tests
were conducted for each specimen to ensure the repeatability of the results. The
distortion of the cantilever after EDM was measured by Coordinate Measuring
Machine (CMM), namely, FaroArm Platinum (2.4m) with a precision of £0.03 mm. A
total of 51 points (24 points on each side and 3 points on the center of cantilever were
measured (Fig. 2(c)). The deflection was obtained by the relative height difference
between the reference point (red) and other points (blue) measured on different
locations of a cantilever. The height of three points in each row were averaged to
show the deflection in the length direction. Both sides of cantilever were averaged to

eliminate random errors.

3. Results
3.1 Surface quality characterization

Fig. 3 shows the SEM images of the part surfaces printed by cLPBF and uLPBF,



where the top surfaces and side surfaces were characterized and surface roughness
were measured. The scanning direction of laser tracks can be clearly observed on the
top surfaces. The distance between adjacent laser tracks is equal to the predefined
hatch distance, namely 50 um and 100 um for pLPBF and cLPBF, respectively. There
are significantly more un-melted powders adhered on the side surfaces than those on
the top surfaces for both LPBF processes. The surface roughness Ra of both top and
side surfaces (3.40 and 5.66 um) of pLPBFed samples is lower than that of cLPBFed
ones (7.63 and 9.47 pum). The surface roughness obtained by uLPBF in this work is
lower than that in some other studies who used conventional systems [23, 33], which
is attributed to the fine laser beam and fine powder we used. Therefore, the fine laser
beam equipped on pLPBF system can not only achieve smaller minimal feature size,
but also ensure better surface finish, providing great potential for precision

engineering applications.

~ R

Fig. 3. SEM surface characterization of (a, b) uLPBF and (c, d) cLPBF produced

parts; (a, ¢) top surfaces and (b, d) side surfaces; the bottom-left black arrows denote

the building direction.
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3.2 Crystal structure

Fig. 4 shows the EBSD results of grain orientation maps and inverse pole figures (IPF)
of as-printed SS316L parts by cLPBF and pLPBF. A larger area of cLPBFed sample
of 500 um x 500 pum is selected for EBSD examination due to its larger grain size,
and an enlarged area of 300 um X% 300 um is used for direct comparison with
puLPBFed counterparts, as shown in Fig 4(a, b). A <110> texture along building
direction (BD) with different intensities for all samples is visible in the grain
orientation maps, which was also observed in [34-36]. According to the IPFs (Fig.
4(1)), the intensity of the texture <110>//BD for cLPBF is 2.1, weaker than the texture
intensity of all over 3.7 of pLPBFed samples (Table 3). Some additional <100>//BD
textured grains can be observed in all samples, which has a higher intensity in
cLPBFed sample. From morphology point of view, the grains of these LPBFed parts
are very irregular compared with conventional fabricated materials. Large columnar
grains along BD accompanied with some small equiaxed grains are formed.
Interestingly, some Chevron-shaped grains are observed in cLPBFed sample (see Fig.
4(b)), and similar Chevron patterns were observed in [36]. Fig. 4(g) shows a broad
grain size distribution extracted from EBSD raw data. The average grain size
(equivalent grain diameter) defined by HAGB is computed as 10.31 pm, 8.15 pm,
7.16 pum and 7.87 um (Table 3), corresponding to Fig. 4 (b, c, d, e). It is concluded
that larger laser beam with higher power produces larger grains (cLPBF), and small
variation of laser power or scanning speed for uLPBF does not significantly affect the

grain size.

Fig. 5(a~d) plot the grain boundary (GB) network computed from the raw EBSD data
on corresponding samples. Fig. 5(i) shows the fraction and length density of LAGB
and HAGB. The EBSD measurement shows a large fraction of LAGBs formed in the
cLPBFed and pLPBFed SS316L, which is a typical feature of LPBFed SS316L [18,
35]. Among all pLPBFed sample, LAGBs account for a same level, about 70% of the
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total GBs (Table 3). This suggests that the small variation of laser power and scanning
speed does not significantly affect the GB formation. In comparison, cLPBFed sample
contains a relatively lower fraction of LAGBs of ~60.6%. In addition, the length
density of GBs is calculated by total LAGB/HAGB perimeter divided by the observed
area. The lower length density of GBs for cLPBF is consistent with its larger grain

size.

Fig. 5(e~h) show the GND maps computed from the raw EBSD data on
corresponding samples. The dark colors (red and orange) correspond to high
dislocation density, while the light color (green) represents low dislocation density. It
is clear that the GND is distributed heterogeneously across the microstructures. It
shows a high consistence with the LAGB distribution, with GND mainly located
along LAGBs. The dark colors are predominantly present in all phLPBFed samples,
suggesting a high dislocation density. In contrast, the overall GND density becomes
much lower in cLPBFed sample, corresponding to its larger grain size and less
LAGB:s. Fig. 5(g) illustrates the frequency distribution histograms of all discrete GND
density measurements. Similar GND density distribution was also reported in [29]. It
should be pointed that before quantifying the GND density, the uncertainty of GND
measurement by EBSD needs to be considered. The noise floor of GND density is

estimated using the method proposed by Wilkinson et al. [37] as follows:

= (D
where  is uncertainty in the EBSD measurement ( 0.1°, upper-bound) [31].  and
A are Burgers vector (0.2546 nm) and step size (0.5 um), respectively. Therefore,
the estimated noise floor of GND measurement is calculated to be 7.86x10'? /m?. It is
confirmed that the GND measurements of all pixels are larger than the noise floor.
From the extracted results, the GND density for cLPBFed sample is 9.84x10!* /m?,
about half of that for phLPBFed samples, i.e., 1.77x10'% /m?, 1.75x10'* /m?, and
1.70x10' /m? for sample No. 1, No. 3 and No.4, respectively (Table 3). The GND

density across the LAGBs and within grains interiors are in the order of 10" and
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1013-10" /m? respectively, similar to the calculation in [29]. Similar to other
microstructural features, the GND density is almost the same among plLPBFed
samples. Moreover, it is found that the ratio of GND density and LAGB length
density is almost constant for all samples from cLPBF and pLPBF, indicating the two

features (LAGB and GND) are highly correlated.

I cLPEF
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Fig. 4. Grain orientation maps of as-printed 316L parts of: (a, b) cLPBF and (c, d, e)
ULPBF (for No. 1, No. 3, No. 4 respectively); (f) Inverse pole figures (IPF) along BD;

(g) Histogram of grain size distribution; The scale bar is 50 pm; BD denotes the
13



building direction.

— LAGB — HAGB , — 50 um
0 _,

102 104

(i) 100 I AGE
8017 HAGB

I cLPBF
I LLPBF_No.1

=
= 60 Il \LPBF_No.3 5, &
S B uLPBF Nod 08
8 40 t{}
w
L7
i - - - | 3
20 3
0.0 cLPBF pLPBF_No1] [uLPBF_No3] [uLPBF_No.4 'g
| [ | |
<
°'°°
=2 -7
<z
.
’éo,;."
s

Fig. 5. (a-d) GB maps and GND (e-h) maps of as-printed 316L parts by cLPBF (a, )
and uLPBF (No. 1(b, f), No. 3(c, g), No. 4 (d, h)); (i) Histogram of fraction and length
density of GBs; (j) Histogram of GND density distribution.

Table 3 Statistics of EBSD results of as-printed cLPBF and uLPBF SS316L

¢cLPBF  uLPBF No.l uLPBF No.3 uLPBF No.4

Max1mum.<110>'//BD 51 13 3 i
texture intensity
Grain size (um) 14.35 8.15 7.16 7.87
Length density
(LAGB/HAGB, um) 0.38/0.25 0.74/0.31 0.74/0.32 0.73/0.31
Fraction
(LAGB/HAGB, %) 60.6/39.4 70.5/29.5 69.8/30.2 70.5/29.5
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GND density (m?) 9.84x10"3 1.77x10" 1.75x10 1.70x10

3.3 Solidification cellular structure

Fig. 6 shows the representative SEM observation of typical solidification cellular
structure of LPBFed SS316L parts. Fig. 6(a, d, e and f) are the low-magnification
images for cLPBF and puLPBF, respectively. Yellow dashed lines decorate the molten
pool boundaries. Some high angle grain boundaries (HAGBs) perpendicular to the
molten pool boundaries can be distinguished after etching as highlighted by blue lines.
The molten pool in cLPBF is much larger than that in pLPBF, which is caused by the

larger laser beam diameter.

At finer scale (Fig. 6(b, g, h and 1)), solidification cellular structure is observed within
the molten pools. The white contrast of cell walls mainly comes from
microsegregation due to rapid solidification, with chromium and molybdenum
enriched on the cell walls [18, 38]. In a 2D map, the honeycomb-like cell arrays
demonstrate a mixed pattern with polygons or long parallel laths due to different
growth directions. In terms of cell size, as measured in Fig. 6(c), cLPBF creates a cell
size of 866.8 nm in average, over two times larger than pLPBFed ones, with 389.2 nm,
309.2 nm and 429.2 nm for sample pLPBF No. 1, No. 3 and No. 4, respectively.
Sample pLPBF No. 3 has the smallest cell size. In all of our cases, the thickness of the
cell walls ranges approximately from 40~130 nm, of similar level reported in [18].
The largest cell wall thickness of 128.6 nm is measured for cLPBFed sample,
suggesting a more significant compositional segregation. The enlarged images (Fig.
6(j, k and 1)) show the presence of precipitates both on cell walls and in the cell
interior. The precipitates are mainly detected as Mn-enriched SiO: [18, 39]. These

spherical precipitates are measured with diameter lower than 50 nm.
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Fig. 6. Solidification structure of the as-printed SS316L parts by (a, b) cLPBF and
(d~1) uLPBF (No. 1 (d, g, j), No. 3 (e, h, k) and (f; 1, 1) No. 4 respectively); (c)

Histogram of cell size and wall thickness measurement for as-printed parts.

3.4 Mechanical properties

Fig. 7 shows the results of room-temperature tensile tests of as-printed 316L parts
produced by cLPBF and pLPBF. Fig. 7(a-d) provide the representative
engineering/true stress-strain curves. Fig. 7(g and h) summarize the mechanical
properties including 0.2% yield strength, ultimate tensile strength, fracture elongation
and Vicker hardness. Table 4 lists the average values of the properties of SS316L parts
by cLPBF and uLPBF.
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Among the uLPBFed samples (Fig. 7(a, b and g)), the process parameter of pLPBF
No. 3 brings about the best combination of strength and ductility. The other four sets
of uLPBF parameters produce the same level of tensile properties, with yield strength
about 500 MPa, ultimate strength 815 MPa, fracture strain 32%. The difference of
hardness for all pLPBFed samples is not evident (all around 200 HV). In this case,
sample tLPBF No. 3 is selected to compare with cLPBF in terms of tensile properties.
In Fig. 7(c, d), a fluctuating yielding behavior is observed for phLPBFed sample while
not for cLPBFed one. In addition, it is interesting to find that for both directions (A0
and A90) the strengths of cLPBFed samples are higher than those of pnLPBFed ones,
while their elongations are comparable. On the other hand, the vertical tensile
specimens (A90) for both LPBF processes exhibits lower yield strength but higher

elongation compared with their A0 counterparts.

Fig. 7(e) provides the evolution of normalized strain hardening rate ( ) as a function
of flow stress for cLPBFed and pLLPBFed samples with different directions. is

calculated as follows:

=*(—) @)

where and  are flow stress and true strain, respectively. The bottom light-blue
region indicates the post necking period, which starts when = 1 [38]. The excellent
strength-ductility combination of LPBFed 316L can be reflected by the continuous
and steady strain hardening ability at high stresses, which could lead to an excellent
uniform elongation [18]. Lower strain hardening rate with small change after yielding
for A90 samples by cLPBF and pLPBF is observed, presenting steadier work
hardening capability compared with AO samples, which has a higher strain hardening
rate upon yielding. The similar change of  for both cLPBF and pLPBF with same

direction indicates a similar strain hardening capability.

To better understand the deformation behavior, instant work hardening exponent, n,
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was utilized to analyze the strain hardening capability of the material. Fig. 7(f)
exhibits the evolution of #n as a function of true stress. The instant work hardening
exponent, n, is given by

= C )Y () €)
where 7 is firstly introduced in the formula known as Hollomons equation [40]. Most
metals have a n value ranging from 0.1 to 0.5. In this work, all involved samples have
a n value between 0.03 and 0.45. During plastic deformation, the exponent n scales
from a minimum to a maximum. For same tensile direction, cLPBFed samples have a
slightly lower discrepancy between minimum and maximum » than pL. PBFed samples.
On the other hand, for both cLPBF and pLPBF, the exponent n of A90 samples
increases rapidly with increasing stress, till a higher maximum value of about 0.43
and 0.45, compared with the lower maximum value of 0.24 and 0.3 for A0 samples of
cLPBF and pLPBF, respectively. The evolution of n again suggests a comparable
strain hardening capability between cLPBFed and pLPBFed samples, and A90

samples have better strain hardening capability than A0 samples.

Fig. 8 presents the SEM observations of fracture surfaces of as-printed cLPBF and
uLPBEF. Both cases indicate a typical ductile fracture, with small dimples observed.
The fracture mechanism is related to nucleation, growth and coalescence of micro
voids during plastic deformation. It is interesting to note that the dimple size is
comparable or to some extent smaller than the solidification cell size. Similar to the
SEM observation of cellular structure, the dimple size for cLPBF is slightly larger
than that for uLPBF, about 400 nm and 200 nm in average, respectively. From the
rough fracture observed in Fig. 8(b), different oriented solidification cells can be
recognized, which result in a high fracture surface area, proving large energy
absorption before fracture accompanied with a high elongation. It suggests that the
cellular structure plays an important role in affecting the deformation process and the
formation of micro voids. In addition, pores with size comparable to the as-received

powder are observed, proving the existence of inherent process induced pores.
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Fig. 7. Representative (a, ¢) engineering and (b, d) true stress-strain curves SS316L
parts by uLPBF and cLPBF; (e) normalized work hardening rate; (f) instantaneous

work hardening exponent; (g, h) histograms of mechanical properties including yield
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strength, ultimate strength, fracture strain and hardness.

Table 4 Values of properties of SS316L parts by cLPBF and pLPBF

True yield True ultimate Fraction
Samples strengthy(MPa) strength (MPa) strain Hardness (HV)
uLPBF No.1 (A0) 508.5+£5.0 815.8+6.7 0.327+0.01 205.3+4.7
uLPBF No.2 (A0) 504.2+5.7 815.24£23.2 0.327+0.03 199.0+£7.9
uLPBF No.3 (A0) 519.4+3.2 871.5+£28.9 0.373+0.02 204.5+6.2
uLPBF No.4 (A0) 499.1+1.8 810.5£31.3 0.327+0.03 197.8£5.5
uLPBF No.5 (A0) 496.8+10.3 817.4+24.1 0.332+0.03 201.7+6.6
uLPBF No.3 (A90) 496.0+£14.2 881.8+39.7 0.494+0.04 202.7£5.1
cLPBF_A0 570.3£7.0 914.84+40.6 0.366+0.04 219.5+4.3
cLPBF_A90 521.743.66 997.3£23.9 0.534+0.02 215.6+3.6

Fig.8. SEM observations of fracture surfaces of as-printed 316L tensile specimens

3.5 Cantilever distortion

fabricated by (a, b) uLPBF and (c, d) cLPBF.

Due to the constraints of substrate, the deflection of cantilever after EDM reflects the

macroscopic residual stress produced by LPBF manufacturing process. As the
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cantilever specimens were cut from substrate, different levels of distortion were
measured in the specimens of cLPBF and pLPBF. Fig. 9 shows printed cantilevers
and the average deflection of both sides of cantilevers fabricated by cLPBF and
uLPBF. cLPBFed cantilever has a 1.201 mm upward deflection along z-axis at the
end of cantilever, suggesting a larger distortion than pLPBFed cantilevers. The
different parameters of uLPBF result in deflections in the range of 0.845mm to 0.878
mm along z-axis. Among the four groups of pLPBF process parameters, No.l has the
maximum deflection due to the maximum energy input caused by the lowest scanning
speed. No.4 and No.3 respectively have the second and third largest deflection, which
are 0.863 mm and 0.853 mm respectively at the tip of cantilever. Comparing the
curves of No.3 and No.6, it is obvious that No.6 has a lower deflection reading, which

is attributed to the lower laser power.
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Fig. 9. Deflection of cantilevers produced by cLPBF and uLPBF.

4. Discussion

4.1 Surface quality and microstructure

a. Surface roughness

The surface roughness of the top and side surfaces is affected by the adhered powders
and the molten pool. It can be readily understood that the horizontal layers can be
fully melted by high energy density of the laser beam. The adhered powders on the

final top surface can be attributed to the splashed powders, which cannot be melted
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due to the fast cooling rate of the molten pool. While the side surface is always
exposed to the powder sink, and a large number of powders can be partially melted
and captured at the end of the laser track. As a result, the side surface roughness is
higher than top surface roughness. Powder size also influences the surface roughness.
It was found that the larger powder size could deteriorate surface quality, since the
maximum surface grooves are significantly increased [41]. In comparison, fine
particles can be more easily melted, contributing to the high part density, process
productivity and surface quality [42]. Thus, the finer powder used in pLPBF is a
superior feature compared with cLPBF. Besides powder, the molten pool also affects
surface roughness. For cLPBF, the larger laser beam creates larger volume of molten
pool, which can promote a phenomenon known as “balling” due to surface tension
forces on the molten pool surface [43]. Balling effect increases surface roughness,
especially affects the side surface, because of the balling scattering direction to the
side of molten pool instead of top side [44]. The larger molten pool and larger powder

size in cLPBF lead to a higher surface roughness compared with pLPBF as a result.

b. Crystal structure

Since both <110> and <100> directions are the easy growth directions in FCC
materials, the <110>//BD texture is commonly reported for LPBF of SS316L [34-36],
and the <100>//BD has also been reported in some cases [4, 19, 45]. The texture
formation is governed by solidification conditions including thermal gradient and

growth rate [46], which can be tailored by manipulating the process parameters such

The hatch angle of 67 ° is widely accepted due to its effectiveness in creating a

random crystal orientation, whereas it is also reported the rotational scanning strategy
cannot eliminate the formed texture especially along BD [47]. In this work, although
hatch angle of 67 © is used, it is interesting to find that the larger laser beam with

higher power (cLPBF) leads to a weaker <110> texture, while the fine laser beam
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with lower power (LLPBF) creates a stronger <110> texture. This can be explained by
the fact that the larger molten pool with the lower cooling rate offers more
opportunities for the competitive growth of grains with different crystallographic
orientations. As a proof, the chevron-shaped grain formed in cLPBFed sample is
attributed to the competition between heterogeneous nucleation and the epitaxial
growth [36]. In addition, the strong Marangoni effect and high recoil pressure may
exist in the larger molten pool in cLPBF, which result in strong convection flow and
complex heat flux direction, and further promote the formation of the irregular grains
with arbitrary orientations [22, 48]. As a result, the grains in cLPBF are weakly
textured, while preferred grain growth with <110> aligned with BD are dominated in
ULPBF because of the relatively smaller molten pool and its high cooling rate. On the
other hand, the columnar grains formed in all samples are the result of epitaxial
solidification, leading to continuous growth of sublayer grains along building
direction penetrating several layers. For pLPBF, the smaller layer thickness of 10 um
allows the grains below several layers to preferentially grow with the optimal
direction. The epitaxial growth of grains with the preferred crystallographic
orientation dominates the solidification process in pPLPBF, finally leading to a
stronger texture [1]. For grain size, the larger molten pool is responsible for the larger
grain size in cLPBFed samples due to lower cooling rate which is estimated in the

following subsection.

c. Cellular structures, LAGBs and dislocations

Solidification cellular structure is commonly reported in Al-based, Co-based and
Fe-based alloys fabricated by AM [49]. Cellular structures form as a result of
localized heating and rapid cooling rate of LPBF [50]. The localized thermal gradient
and cooling rate within individual molten pool determines the growth direction and
size of the cells. Even within a specific molten pool, different oriented cell arrays can
be created due to the curved molten pool boundary. The elongation direction of the

cells is confirmed along <001> crystallographic directions [38, 51, 52]. In this work,
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cLPBF process produces larger cell size than that of pLPBF. This is caused by the
larger molten pool in cLPBF, accompanied with lower cooling rate which promotes
cell growth. Besides, it is found that higher scanning speed and lower laser power (see
Fig. 6(d, e, f)), namely higher cooling rate, favors smaller cell size. Therefore, among
ULPBF produced cellular structures, sample No. 3 has the smallest cell size. Actually,
the relationship between cellular spacing (um) and cooling rate T (K/s) for
austenitic stainless steel can be empirically approximated as follows [46, 53]:

—gp. —033 4)
The cooling rate for cLPBF and uLPBF (No. 3) is estimated to be 9.02x10° and
2.05x107 K/s, respectively. The calculated cooling rate is well consistent with the
values provided by prior arts of AM technologies, within the rage of 10° to 107 K/s
[54]; while that for phLPBF is quite high, mainly attributed to its special fine laser
beam. Therefore, ultrafine solidification microstructures can be expected using such
ULPBF system, and microstructure control can be realized by manipulating the

process parameters to optimize mechanical properties.

The cell walls are decorated with chemical segregation and oxide precipitates. In
addition, the high density of dislocations is another particularly important feature of
the cellular structures, as observed in [18, 22, 34, 38, 51, 55-58]. The dislocation cells
are not the same as conventional ones since they overlap with dendritic
microsegregation profiles [18, 51]. It has been confirmed that there is almost no
misorientation between one cell to another in a “packet” of specific oriented cells [S1].
Thus, the dislocations walls do not necessarily comprise GNDs, instead they could be
grouped into statistically stored dislocations (SSDs). Bertsch et al. [51] recently
revealed that the source of dislocation walls in AM materials is the deformation
induced by thermal expansion and shrinkage in a constrained medium, and the
dislocation structure development and density could be influenced by cooling rate,
thermal gradient and heating/cooling cycles. Since pLPBFed sample experiences

more heating/cooling cycles due to the smaller layer thickness (10 pm) and the higher
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strain localization for the smaller molten pool, the density of the tangled dislocations
in puLPBFed samples could thus be much higher than that in cLPBFed sample.
Moreover, the empirical relationship between dislocation density on the cell walls
() and the cell size ( ) can be expressed as [19]:

= -1/2 (5)
where is an arbitrary constant. Therefore, the smaller cell size of pLPBFed

samples indicates a higher density of dislocations on the cell walls.

Besides the dislocations tangled on the cell walls, the AMed SS316L is also featured
by a high density of GNDs, which are highly correlated to the LAGBs. The LAGBs
are formed as a result of accumulative misorientation caused by coalescence of cells
or dendrites as they grow [59]. According to our EBSD results, numerous LAGBs
(over 60%) are formed in all as-printed samples. Similar findings have also been
reported in [35, 38]. By comparison, the fraction or length density of LAGB of
cLPBFed sample is lower than that of uLPBF. This can be explained by the difference
of molten pool in the two conditions. Firstly, the molten pool size of cLPBF is much
larger than that of uLPBF, definitely leading to the difference in the size of grain or
sub-grain due to the grain growth confined by the molten pool boundary. Secondly,
the curvature of the molten pool boundary in pLPBF is larger, which means the
direction of thermal gradient frequently changes along the molten pool boundary. In
contrast, the molten pool boundary for cLPBF is wide and flat, promoting cell growth
with less misalignment formed. As a result, in pLPBF, the accumulative
misorientation caused by the coalescence of the cells is widespread within the grains,
accompanied with a higher density of LAGBs. These regions are rich in GNDs, which
are required to accommodate the localized lattice misorientation. As a result, the GND
density for cLPBF is lower than pLPBF accordingly, and same levels of GND density

are detected among pLPBFed samples with different parameters.

4.2 Mechanical properties and deformation behavior
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a. Yield strength

The yield strength of LPBFed metals is highly related to the thermal cycles and the
resultant microstructures. According to the typical microstructure by LPBF, the yield
strength mainly results from various strengthening mechanisms including grain
boundary strengthening, composition strengthening, precipitate strengthening and
dislocation strengthening. To comprehensively understand the strengthening
mechanisms of LPBFed materials, the dominant strengthening factors need to be
identified. Our tensile tests suggest that the yield strength of cLPBFed samples is
slightly higher than that of uLPBF, by 50.9 and 25.7 MPa for the two direction AO and
A90, respectively. The difference of the yield strength should be attributed to

difference of the as-printed microstructure.

The difference of the microstructure mainly exists on the grain size, cellular structure
and dislocations. Specifically, the contribution of grain boundary strengthening

can be explained according to Hall-Petch relationship [60]:

— -1/2 (6)
where  is the grain size, and is a material constant and can be assumed to be
327 MPa Vv [61]. Thus, for cLPBFed and pLPBFed samples with grain size

about 10.31 and 7.16 um can be calculated as 101.8 and 122.2 MPa, respectively.
Dislocations are composed of GNDs near the LAGBs and SSDs tangled on the cell
walls. Since the density of SSDs is difficulty to be directly measured, the strength
contribution of GNDs is quantified for explanation. The Bailey-Hirsch relation is
used to describe the dislocation strengthening effect [29, 62]:

— 172 7)
where M is the Taylor factor derived from EBSD data to be about 3.05, =0.23 is an
empirical constant, and  is the dislocation density. b=0.2546 nm is the magnitude
of Burges vector for austenitic SS316L, and G=73 GPa is the shear modulus [29].
The for cLPBFed and pLPBFed samples is calculated to be 129.0 and 172

MPa, respectively. The above calculation proves that strengthening effect of grain
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boundary and GND for pLPBF is higher, while the obtained results show that
cLPBFed sample has higher yield strength than uLPBFed sample, thus grain
boundary and GND are not the dominant factors for the strength difference between

cLPBFed and pLPBFed samples.

On the other hand, the nano oxide inclusions are reported to strengthen the LPBFed
stainless steel [39]. By assuming an Orowan strengthening mechanism, Thomas et al.
estimated an increase of shear stress of ~50 MPa caused by precipitate strengthening
[38]. Cui et al. [29] and Smith et al. [62] predicted a precipitate strengthening effect of
11.7~14.2 MPa and 20~28 MPa, respectively. Therefore, the precipitate strengthening
is limited. And the intrinsic strength caused by friction stress for both samples could
be the same. Overall, it can be concluded that the cellular structure, which is
composed of compositional microsegregation and dislocation cells, is responsible for

the strength difference between cLPBFed and pLPBFed samples.

However, it is difficult to differentiate the strengthening effect from compositional
microsegregation and dislocation cells. On the one hand, the estimation about the
contribution of dislocation cells (SSDs) is significantly varying in current published
studies [19, 29] due to the difficulty in SSD density measurement. According to
previous empirical estimation, cLPBFed sample with larger cell size corresponds to a
lower SSD density. Thus, the SSD strengthening is not the dominating factor for the
strength difference. On the other hand, Smith et al. [62] estimated a significant
strength contribution by compositional microsegregation. Combined with our SEM
measurement, the much larger cell thickness (~128.6 nm) of cLPBFed sample
suggests a more significant microsegregation, which could offer stronger barrier for
initiation of dislocation slip and as a result a higher strengthening effect. Therefore, it
is reasonable to conclude that the microsegregation strengthening effect is possibly
responsible for the strength difference between cLPBFed and pLPBFed samples. Our

findings suggest further exploration and quantification on the role of individual
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feature in the cellular structure (compositional microsegregation and SSDs) on

mechanical properties.

The small strength difference between the uLPBFed samples may also be related to
the cellular structure, where sample No. 3 has the smallest cell size and moderate wall
thickness and as a result a slightly higher yield strength. In addition, the anisotropic of
yield strength is also observed, with A90 samples showing slightly lower yield
strength compared with AO, which is related to the crystallographic orientation of the
grains [63, 64]. The yield strength is determined by the activation of dislocation slip,
and harder slip activation yields higher strength. The slip system will be activated

once the stress along slip direction on the slip plane reaches the critical resolved shear

stress. The relationship between yield strength and critical shear stress  can be

expressed as [65]:
=—=— (8)

where is the angle between the applied load and slip direction, is the angle
between the applied load and the norm of slip plane, and the product =

is the Schmid factor. From the equation, the Schmid factor is an effective
indicator to describe the anisotropic yield behavior since it relates the yield strength to
crystallographic orientation of grain. In this case, the yield anisotropic ratio R, i.e., the
ratio of yield strength of A0 to A90 sample can be related to the Schmid factor as
[66]:

0 90

=% = _o/ T ©)
where is the critical shear stress for a certain material and independent on loading
direction. Fig. 10 shows the distribution of Schmid factor extracted from raw EBSD
data. According to Eq. (9), the theoretical yield anisotropy ratio for pnLPBFed and
cLPBFed samples is 1.052 and 1.073, respectively, which agrees well with the

experimental value 1.047 and 1.093 calculated through %/ %0 Therefore, the

Schmid factor can provide valuable insight into the anisotropic yield strength caused
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by the crystallographic texture in the LPBFed parts.
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b. Ductility and deformation behavior

Despite of the inherent pores after printing, both cLPBFed and pLPBFed samples
exbibit a good ductility, which is comparable or even larger than that reported in [18].
It has been confirmed that the cellular structure plays an important role on the
deformation behavior and the resultant good ductility. For austenitic SS316L,
deformation occurs mainly by dislocation slip and mechanical twining. At a low strain,
dislocation slip mechanism dominates during tensile deformation. The pinning effect
of micro segregated elements leads to dislocation strapping along the cell walls. Thus,
the interaction between dislocations and cell walls creates a progressive
work-hardening behavior [18]. With increasing strain, deformation twining becomes
increasingly important, which has been confirmed in [18]. Twining activity is
considered as an important contributor to the high ductility of LPBFed materials,

especially for vertically built (A90) samples [19]. Twining activity dynamically
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refines the microstructure by introducing twining boundaries and interacting with the
dislocation networks, which maintains a steady work-hardening ability and delays the

onset of plastic instability.

Anisotropic ductility and deformation behavior are also observed in this work, where
A90 sample shows a significantly higher elongation and a steadier work hardening
behavior compared with AO sample. Similar results for MAM built SS316L and other
alloys have also been reported [19, 67]. The higher elongation along building
direction is most likely attributed to the columnar grains and the vertically oriented
grain boundaries, along which the damage can be preferentially tolerated, leading to a
larger plastic deformation [67]. In addition, it is known that deformation twining
activity is dependent on the initial crystallographic texture with respect to loading
direction. Thus, the different deformation behaviors possibly indicate that different
dominant deformation mechanisms might be activated along different loading

directions.

4.3 Cantilever distortion

The cantilever deflection for cLPBF is about 40% higher than the average
deformation for pLPBF, reflecting a greater macroscopic residual stress for cLPBF
process. The differences of deformation between two types of LPBF processes are
attributed to the molten pool size and the thermal histories. Commonly, a hatch angle
of 67 ° between every layer could change the direction of stress shrinkage between
every layer to avoid horizontal cumulative effect. As a result, the horizontal residual
stresses parallel to the scanning directions cancel out most of each other layer by layer
in the uLPBF. In spite of applying this approach, warping and crack still occurs
during LPBF process. This is because vertical shrinkage is unavoidable. Due to the
difference of laser spot size, a layer thickness of 0.03 mm to 0.05 mm is usually
chosen in cLPBF, while pLPBF uses a layer thickness of 0.01 mm to match its molten

pool size in order to melt metal powder properly. The cLPBF creates a larger molten
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pool and an accompanying larger volume shrinkage of the molten pool after
solidification. Under the high cooling rate and high-speed scanning, the melting and
solidification processes are completed in a considerably short period of time. The
shrinkage of top layers is restricted by the underlying layers due to the temperature
gradient in the depth direction. As a result, the larger residual stress in the depth
direction is expected in cLPBF due to the larger volume shrinkage. On the other hand,
there are more thermal cycles in uLPBF for a given part due to its smaller laser track
and layer thickness, and the residual stress can be partially relieved for a more
significant in-situ stress relief annealing. Hence, it is the different molten pools and
thermal cycles which result in the difference of residual stress and the resultant
different deflections of the printed parts. As to the four groups of pLPBFed
cantilevers, a lower scanning speed and a higher laser power lead to a larger energy
input which results in a larger molten pool size and larger deflection [68]. Therefore,

the part distortion can be controlled by adjusting the process parameters.

5. Conclusions

In this work, the pLPBF is comprehensively compared with the conventional LPBF in
fabrication of SS316L components. The surface quality, crystallographic
microstructure, solidification cellular structure, mechanical properties and distortion
of the printed parts are studied, and the underlying mechanisms are discussed. The

main conclusions are drawn as follows:

1) A better surface finish after uLPBF is obtained, with top and side surface
roughness (Ra) measured as 3.40 and 5.66 pm. The larger laser beam and larger
powder size are responsible for the poorer surface quality in cLPBF.

2) A stronger <110> texture is developed in puLPBFed sample. The average grain size
is about 7.16 pum, smaller than that of cLPBF (10.31 pum). Both pLPBFed and
cLPBFed samples have a higher fraction of LAGBs than HAGBs. A higher
density of LAGBs and GNDs in uLPBF is detected than that in cLPBF.
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3)

4)

5)

6)

cLPBF creates a cellular structure with the average cell size of 866.8 nm, which is
over two times larger than the nLPBFed ones. Higher cell wall thickness of 128.6
nm is measured for the cLPBFed samples, suggesting a more significant
compositional segregation. The overall difference in microstructure is caused by
the different thermal cycling histories and molten pool conditions between cLPBF
and pLPBF.

The yield strength of pLPBFed sample is marginally lower than cLPBFed one,
while the ductility is comparable. It is concluded that the compositional
microsegregation in the cellular structures is responsible for the strength
difference between cLPBFed and plLPBFed samples. Future work is needed to
differentiate the contribution of compositional microsegregation from dislocation
cells.

The cantilever distortion for cLPBF is about 40% higher than the average
distortion for puLPBF, reflecting a greater macroscopic residual stress of the
cLPBF process. The different molten pools and thermal cycles are responsible for
the difference of residual stress and the resultant different deflections of parts.

The microstructure, mechanical properties and part distortion of pLPBFed
samples remain at the same level with the variation of laser power and scanning
speed. Both cLPBFed and pLPBFed samples show anisotropy in terms of yield

strength, ductility and deformation behavior.
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