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Abstract

Metal additive manufacturing (MAM) offers an excellent capability for designing complex
geometries with topology-optimized and near-net-shaped structures. The optimization-
designed MAM parts with constrained volume require superior mechanical properties to
broaden their utilization in the industry. However, the intrinsic defects generated during the
building process deteriorate the mechanical functionality and limit utilization in various
industrial applications. In this study, we propose a new strategy to reduce generated defects
using ultrasonic nanocrystal surface modification (UNSM) on laser powder bed fusion (LPBF)
processed 316L stainless steel. Subsurface pores and high surface roughness in MAM parts
were significantly improved through the impact of UNSM treatment, and a gradient structure
with mechanical incompatibility was developed. Consequently, the LPBF-processed samples
after UNSM treatment show a excellent combination of strength and ductility, which is
attributed to the high synergistic hardening from the gradient microstructure and the

suppression of damage evolution by controlling built defects.
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Main text
1. Introduction

Metal additive manufacturing (MAM) is a leading manufacturing technology with
excellent capabilities for fabricating customized parts with geometrically complex structures
[1]. Among the various techniques for MAM, laser-powder bed fusion (LPBF) has attracted
significant attention owing to its high resolution for building parts and achieving high
mechanical performance [2]. As LPBF produces parts in a layer-by-layer fashion through
cycles of powder spreading and laser selective scanning, it can produce components with
geometrically complex structures such as near-net shapes [3]. Therefore, MAM enables a
maximum weight reduction strategy with near-net shape and topology optimization, which is
challenging in conventional manufacturing [4, 5]. The lightweight structure of LPBF-processed
parts considerably reduces the cross-sectional area subjected to the load during service. The
lightweight components in industrial applications require superior mechanical properties to
ensure structural safety during service [6]. However, the building defects inherent in LPBF
processing from selective laser melting and solidification have a greater influence on the MAM
parts when employing the weight reduction strategy [7].

Undesirable defects, including porosity and high surface roughness, are critical
quality inhibitors in MAM parts, leading to a deterioration of the mechanical functionality of
the parts [8, 9]. The pores during building come from various sources: the entrapment of gas
during rapid solidification (gas pores), unstable vapor due to excessive energy density
(keyhole), and the insufficient overlap of melt pools (lack of fusion) [10]. Furthermore, the
source of pores can be attributed to the feedstock itself, where existing pores in powders [11]
and contamination from the environment play a role [12]. Although the porosity of LPBF parts
can be alleviated through great effort in optimizing processing parameters, it is difficult to
completely control the porosity in LPBF parts. In addition, rough surfaces in LPBF parts are
inevitable due to their layer-by-layer fabrication, partially-melted powder, agglomeration, and
splashing particles [13]. Highly rough surfaces act as crack initiation sites, possibly resulting

in inferior mechanical properties of the MAM parts [14, 15].



The MAM-built defects can be addressed through polishing/grinding or hot isostatic
pressing (HIP) [16, 17]. While surface polishing/grinding improves surface roughness, it still
has limitations in addressing volumetric defects such as pores. On the other hand, the high
temperature and pressure during HIP can effectively decrease internal pores, but it does not
refine the high surface roughness of the LPBF samples [18]. Furthermore, HIP can deteriorate
the mechanical properties of LPBF parts because excessive heating during HIP eliminates the
unique microstructures in LPBF materials, such as fine grain size and high dislocation density
[19]. Therefore, in this work, to control defects in MAM parts, the new approach of ultrasonic
nanocrystalline surface modification (UNSM) was employed on LPBF-processed samples.

The UNSM treatment involves striking the surface of the substrate with a tungsten
carbide horn at ultrahigh frequencies, inducing surface severe plastic deformation. The UNSM
can greatly enhance mechanical properties by developing a gradient microstructure within the
substrate [20-22]. Furthermore, the UNSM-modified surface improves wear resistance, surface
roughness, and fatigue strength [23-26]. The surface severe plastic deformation including
UNSM has been generally conducted on the machined surface of the substrate to develop a
nanocrystalline gradient structure [27-30]. To date, evaluating the mechanical properties of
MAM has been generally conducted on machined surfaces without considering the effect of
surface defects [31-34]. However, LPBF processing creates unavoidable surface defects, and
mechanical testing on the as-built part itself is needed to consider the characteristics of LPBF
processing.

In this work, as-built samples fabricated by LPBF were UNSM treated to control the
built defects. The high external impact during the UNSM process levels the surface elevation
[35]. Moreover, the severe external impact may close the porous materials, leading to more
fully dense materials, especially in thin samples. Therefore, the new methodology of UNSM
treatment was investigated to overcome the intrinsic defects of MAM parts, thereby achieving

further superior strength-ductility.

2. Experimental procedure
The commercial 316L stainless steel powders fabricated by gas atomization in MK Inc.
were used for LPBF processing. Figure 1 shows the spherical morphology and the distribution
of particle size of 316L stainless steel powders with an average particle size of 29.7 um, which

is suitable for LPBF processing. The LPBF-built samples with a thickness of 1.2 mm were
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fabricated. The LPBF process was performed on a GE Concept laser (M2 Series 5) using
optimized processing parameters as listed in Table 1 [36]. The laser scan strategy involved 67°
rotations at each layer with bidirectional laser scanning. The laser scanning path was divided
into a contour scan and a filling scan. During the LPBF process, discontinuous scanning of a
filling scan at the surface produces a bumpy surface. Therefore, an additional laser line scan
on the outer surface (i.e., contour scan) was conducted to ensure dimensional accuracy and

surface roughness [37].
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Fig. 1. (a) SEM micrograph and (b) particle size distribution of 316L stainless steel powders.

Table 1. Processing parameters for LPBF.

Parameter Filling scan Contour scan
Laser power (W) 370 120

Laser scanning speed (mm/s) 1350 220

Laser spot size (um) 130 50

Hatch spacing (um) 0.09 -

Layer thickness (mm) 0.05 -

The UNSM treatment was performed on both sides of the built samples using the
processing conditions in Table 2 (Fig. 2). UNSM strikes the substrate with a WC tip of a 2.38
4



mm ball diameter at a high frequency along the building direction. To analyze the effect of
UNSM treatment on the defects of the built materials, UNSM treatment was conducted on the
as-built samples without any post-processing such as machining. After UNSM treatment, the
sample thickness was reduced from 1.20 mm to 1.14 mm. For comparison, the as-built samples
were polished until 1200 grit silicon carbide paper on both surfaces normal to the Y direction
(Fig. 2). The three main samples investigated in this work were as follows: as-built LPBF
samples (as-built), polished as-built samples (as-polished), and UNSM-treated as-built samples
(UNSM-treated). The surface roughness was measured using a surface profilometer (SJ-210)

with a scan speed of 0.25 mm/s and a scan length of 2.4 mm.

Table 2. Processing conditions for the UNSM treatment.

Frequency Amplitude Load Feed-rate

20 kHz 30 pm 30N 0.03 mm/rev
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Fig. 2. A schematic showing a fabricating procedure for the UNSM-treated samples.

Vickers microhardness was measured with an FM-700 tester to establish hardness
variation as a function of distance from the surface. The hardness test was conducted under a
load of 100 gf and a dwell time of 10 s. Three indentations were made at each depth, and the
average values were plotted. Uniaxial tensile tests were conducted with Instron 5582 at a quasi-

static strain rate of 107 s!. The tensile samples were extracted along the building direction with



a flat dog-bone shape, having a gauge length of 1.5 mm and a gauge width of 1 mm (Fig. 2).
The tensile testing was performed three times with digital image correlation (ARAMIS v6.1,
GOM Optical Measuring Techniques) to measure the precise strain. Loading-unloading-
reloading (LUR) tests were conducted at a strain rate of 102 s to quantify the hetero-
deformation-induced (HDI) strengthening of the UNSM-treated sample. Details of the method
to calculate the HDI stress are available in Ref. [38].

The relative density of each sample was measured at least five times using
Archimedes' method with Mettler Toledo equipment. The initial surface morphology and
fractography for each specimen were observed with a field-emission scanning electron
microscope (FE-SEM, JEOL-2100F). X-ray diffraction (XRD, D8-Davinci) was performed
with a step size of 0.01° and a scan speed of 0.3°/min. The residual stress was investigated by
an X-ray diffraction tester (XTRESS3000 diffractometer) on the (311) plane.

To evaluate the porosity in each sample, the samples were prepared with polishing using
1200 grit abrasive papers and 3, 1 um diamond suspension, and optical microscopes (OM,
BX51 M, Olympus) were used for observations. For microstructural analysis of the cross-
section on the normal plane to the X direction (Fig. 2), the specimens were mechanically
polished with 1200 SiC papers, followed by electropolishing with an electrolyte of 10%
CH3COOH and 90% HCl1O4. FE-SEM (FEG-XL30S) with an electron backscatter diffraction
(EBSD) detector and FE-SEM (JEM-2100F) with a back-scattered electron (BSE) detector
were used for microstructural characterization. The step size for taking EBSD images was

150 nm. The EBSD data were analyzed using TSL OIM analysis 7 software.

3. Results and discussion

The OM images for building defects of the present samples are shown in Fig. 3. The
as-built sample presents a rough surface, whereas the as-polished and UNSM-treated samples
exhibited a smooth surface (Fig. 3a-c). The results of surface roughness measurement show
large roughness in the as-built samples with an average surface roughness (Ra: ~8.01 pm) while
a significant improvement in surface roughness in the as-polished (Ra: ~0.02 um) and the
UNSM-treated samples (Ra: ~1.07 um), as shown in Fig. S1. It indicates that both the post-
processing of polishing and UNSM treatment effectively smoothened the rugged surface of the
LPBF sample. It is worth noting that the as-built and as-polished samples exhibited a high
number of pores near the surface. Plessis et al. [39] through X-ray microtomography (u-CT)
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reported that the pores in the LPBF-processed stainless steel parts are mainly distributed near
the surface. The near subsurface pores are attributed to the high energy density in the contour
process. The energy density during LPBF processing can be calculated using the following
equation:

E=P/vht, (1)
where E, P, v, h, and ¢ represent volumetric energy density, laser power, scan speed, hatch
spacing, and layer thickness, respectively. The calculated energy densities for the filling and
contour process are 61 J/mm?® and 121 J/mm?, respectively (Table 1). The energy density in the
contour process was approximately twofold that in the filling process because high energy
density will assure the surface quality and dimensional precision. However, the high energy
density used for contour processing results in deep and narrow melt pools, leading to gas
entrapment and the generation of pores [40].

Figure 3d shows the porosity obtained from Fig. 3a-c. The subsurface pores are
distributed until a depth of ~200 um on both sides of as-built samples (Fig. 3a). The present
surface polishing to improve surface roughness is insufficient to remove the surface porosity
completely, as shown in Fig. 3b, d. However, interestingly, the UNSM-treated samples were
nearly fully dense without pores at the surface region (Fig. 3c, d). More clearly, the relative
densities for each sample are presented in Fig. 3e. The UNSM-treated sample has the highest
value of relative density (p = ~98.4%), followed by the as-polished sample (p = ~97.8%), and
finally the as-built sample (p =~97.4%). The UNSM tip strikes the surface at high frequencies.
Therefore, the external impact from the UNSM treatment compresses the empty spaces and
closes pores mechanically, making them into fully dense materials. Consequently, the UNSM
treatment shows effective improvement in surface roughness and closure of pores, which are

the intrinsic defects in LPBF processing.
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Fig. 3. OM images of the (a) as-built (b) as-polished, and (c) UNSM-treated samples. Bar charts
showing (d) porosity and (e) relative density for all the samples. The yellow arrows and red dot

boxes in (a, b) represent high surface roughness and pores, respectively.

The surface morphologies of the present samples were observed using SEM, as shown



in Fig. 4. Partially unmelted powder particles and micro-cracks were widely distributed on the
surface of the as-built sample, which act as crack initiation and propagation sites during
deformation (Fig. 4a, b) [15]. Therefore, the external defects of the as-built samples induce
large roughness on the surface, leading to the degradation of the mechanical properties. The
machined specimen exhibited a clean surface with polished traces and some pores (Fig. 4c,
d). Meanwhile, as shown in Fig. 4e, f, the severe impact of the WC ball during the UNSM
treatment changes the surface morphology. The UNSM-treated samples show crumbled traces
due to the compression of unmelted powders, while the external defects such as unmelted
particles and cracks of the as-built sample were not observed. Although the cracks are not
observed in Figs. 4e and f, the cracks may be formed by severe impact and covered by
crumbled powder [41]. The cracks by UNSM can act as crack propagation sites and deteriorate
the mechanical properties. Consequently, the UNSM treatment effectively leveled the overall
surface height by exerting a compressive force on the surface, resulting in improved surface

roughness.
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Fig. 4. SEM images of the surfaces for the (a, b) as-built (¢, d) as-polished, and (e, f) UNSM-

treated samples. (b, d, f) are magnified images of (a, c, €), respectively.

The SEM-BSE cross-section micrographs of the UNSM-treated and untreated LPBF
samples are shown in Fig. 5. The LPBF-built samples exhibited a uniform microstructure with
pores near the surface. However, as shown in Figures 3 and 5, the subsurface pores which are
distributed up to the depth of 200 um from surface were closed by the severe impact during

UNSM treatment. However, the fine pores in the center region are still present after UNSM
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treatment. Therefore, UNSM treatment has the pore closure effect up to the depth of 200 pm
from the UNSM-treated surface. It is worth noting that the UNSM treatment resulted in
significant microstructural changes due to surface severe plastic deformation. Although the
UNSM-affected regions exist as gradients, each region was divided with its distinct
microstructural characteristics. Region-I, which is the center region of the UNSM-treated
samples, contained a similar microstructure to the UNSM-untreated samples. Regions II and
III, which are the UNSM-affected regions (approximately 140 um from the surface), exhibited
deformed microstructures with twinning activity. Especially in Region III, a high density of

twins and twin bundles are observed.

Fig. 5. (a) SEM-BSE cross-section micrographs of the (a) UNSM-untreated and (b) UNSM-

treated samples. (c-¢) The magnified images of different locations in (b).

The EBSD maps of the UNSM-treated and untreated samples on the normal plane of the
X direction are shown in Fig. 6. The maps for the LPBF-built sample reveal a uniform
columnar grain morphology with an average grain size of ~19.0 um and a geometrically
necessary dislocations (GND) density of ~3.4x10'® m™. The as-polished sample shows a
similar microstructure with an average grain size of ~16.8 pm and a GND density of 3.5x10"?

m compared to the as-built samples (Fig. S2) because surface polishing did not affect the
11



microstructure below the surface. The UNSM treatment induced severe plastic deformation
and significant microstructural changes to the base samples. The UNSM-treated regions show
a significantly higher GND density than the untreated base samples. The image at high
magnification and misorientation plot confirm twinning activity in the UNSM-treated surface
region (Fig. 6e). The EBSD image of Fig. 6¢ exhibits that the map was segmented into bins
with a height of 20 pm. Subsequently, GND density and low angle boundary (pracs,
misorientation angle below 15°) fraction were plotted with the distance from the UNSM-
treated surface in Fig. 7a and b, respectively. The GND density and prags are the highest at
the surface, where the UNSM affected severely, and decreased gradually with the distance
from the surface until the depth of ~120 pm. The UNSM treatment develops a gradient layer

in the microstructure, which generates a coupling effect for enhanced mechanical properties.

.0 0.5 1.0 1.5
Distance, ym

Fig. 6. EBSD images of the (a, b) as-built and (c, d, ¢) UNSM-treated samples. (a, c)

orientation image maps, (b, d) GND density maps, and (¢) image quality map at a high
magnification near the surface. The red arrow indicates twins and the misorientation plots

along the blue arrow.
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Fig. 7. The plots of (a) GND density variations and (b) low-angle grain boundary fraction

variations as a function of distance from the UNSM-treated surface.

XRD spectra of all the samples from 40° to 110° are shown in Fig. 8a. The as-built
samples show single FCC phase peaks. The as-polished samples show the main peaks of FCC
and minor peaks of BCC. The UNSM-treated samples exhibited the main FCC peaks with the
most intense BCC peaks, attributed to the martensite transformation resulting from severe
plastic deformation. Furthermore, the UNSM-treated samples show significant peak
broadening due to the high lattice microstrain and fine grain size on the surface (Fig. 8b). The
full width at half maximum (FWHM) for all samples is given in Fig. 7c. The results of FWHM
showed that the sample with the UNSM treatment had the highest value, followed by the
samples with polishing, and finally, the sample without post-processing, in order of degree of
deformation.

The residual stress measurement results are shown in Fig. 8d. The LPBF-built samples
demonstrated a large surface tensile residual stress of ~97.3 MPa, which is attributed to
thermal gradient, non-uniform shrinkage during solidification, and rapid cooling during the
LPBF process [42]. The tensile residual stress on the surface can render it susceptible to
cracking and may lead to a brittle deformation mode [43]. Mechanical polishing induces a
minor compressive residual stress of ~28.8 MPa [44]. Notably, the UNSM-treated samples
exhibited significant compressive residual stress of ~344.1 MPa. The compressive residual
stress layer on the surface contributes to the improvement in mechanical properties by

reinforcing the material's gradient structure [45].
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Fig. 8. (a) XRD plots and (b) the magnified image of (a) from 41° to 46° of the present
samples. (c) FWHM was calculated from the FCC (111) peak. (d) The residual stress results
of the present samples. The yellow arrow in (b) represents the BCC (110) peak.

Figure 9a shows the microhardness profile of the as-built samples before and after the
UNSM treatment. The as-built samples exhibited a uniform hardness value of ~262.2 + 5.2
HV. The UNSM treatment resulted in a considerable increase in hardness near the surface,
with a peak hardness of ~380.1 + 26.2 HV. Further, the hardness value gradually decreases
with distance from the surface, indicating a gradient layer in mechanical properties after
UNSM treatment. The depth of the gradient region in the hardness profile was ~150 um,
which is consistent with the gradient microstructure layer of ~140 um in Fig. 5b. The high
GND evolution, twinning activity, and high LAGB fraction contribute to the gradient layer in
mechanical properties.

The engineering stress-strain curves of all the samples are presented in Fig. 9b, and their
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tensile properties are summarized in Table 3. As can be seen, the as-built and as-polished
samples exhibited similar yield strengths (YS, as-built: 507.9 MPa and as-polished: 504.6
MPa), ultimate tensile strengths (UTS, as-built: 658.5 MPa and as-polished: 652.0 MPa), and
uniform elongations (U.El, as-built: 34.7% and as-polished: 34.5%). This indicates that
surface polishing did not affect the yield strength and strain hardening under uniform
elongation regions. However, the total elongation (T.El) was higher in LPBF samples after
polishing (~54.9%) than in the as-built sample (~46.0%) due to post-elongation degradation
in the as-built condition. Damage evolution during testing leads to a decrease in load-carrying
capacity, which is post-necking elongation regimes [46]. High surface roughness due to
unmelted powder and micro-cracks renders it susceptible to cracking [14, 15]. Therefore, easy
damage evolution in as-built samples results in degradation of ductility. The UNSM treatment
led to a substantial enhancement of yield strength (~189.2 MPa) and ultimate strength (~115.8
MPa) when compared to the non-UNSM treated samples. It is worth noting that the UNSM-
treated samples exhibited significant improvement in strength (YS: ~189.2 MPa) with a slight
loss of ductility (T.El: ~3.3%) when compared to the as-built samples. Further, post-
elongation was the highest in the as-polished sample (~23.7%), followed by UNSM-treated
samples (~21.4%), and then the as-built samples (~12.5%). It indicates that the damage
evolution was highly suppressed after post-processing. The slight decrease in post-elongation
when comparing polished and UNSM-treated samples may attributed to the potential miro-
crack during UNSM treatment [41]. As-built contained various crack initiation sites, including
surface and volumetric defects. Polishing competently eliminates surface defects such as high
surface roughness but is still limited in removing inner defects of subsurface pores. However,
the UNSM treatment effectively controlled both inner and outer defects by severe plastic
deformation on the surface. Moreover, the coupling effect from the gradient layer contributes
to the high strength and ductility combination. Consequently, the prevention of damage
evolution and development of gradient structure in the UNSM-treated samples showed an
excellent strength-ductility combination.

The strain hardening rate (SHR) curves are plotted in Fig. 9c. The non-UNSM-treated
samples exhibited a higher SHR curve than the UNSM-treated sample. Saturated strain
hardening of the UNSM-treated surface decreases strain hardening ability, leading to a
decrease in uniform elongation. The as-built and as-polished samples show similar strain-

hardening behavior until uniform elongation (i.e., before the interaction point between the true
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curve and SHR curve). However, as-built sample shows a drop in strain hardening after

necking, which may be attributed to dominant damage evolution in post-elongation region.

(b) ()
« 800 g 4000
o = — UNSM-treated
L 3500 [
= 700 o — As-built
—a— As-built ] 600 3000 — As-polished
= a0} —s— UNSM-reated i hd
= = 500 o 2500 |
4 n <
T 3sof o 400 ' 2000 |
3 [}
8 so0| £ 300 T s}
5 J 3 200 —— As-polished S it
£ 20 iNsM-2 =N < —— As-built
T UNSM-afftected = =
200 LredIEN g’ 100 —— UNSM-treated ‘© 500
100 200 300 400 500 LU 0 L L L L 1 L b 0 1 L ) I
Depth from surface 00 01 02 03 04 05 06 07 9 oo 0.1 0.2 0.3 0.4 0.5
Engineering Strain True Strain

Fig. 9. (a) Vickers microhardness profiles before and after the UNSM treatment. (b)

Engineering stress-strain curves and (c) strain hardening rate curves for all the samples.

Table 3. Tensile properties of the present samples.

: Uniform Ultimate tensile Total
Yield strength . .
Samples (YS. MPa) elongation strength elongation
’ (U.El %) (UTS, MPa) (T.El, %)
As-built 507.9+9.4 34.7£4.2 658.5£2.8 47.6£5.0
As-polished 504.6x£1.2 34.5+2.7 652.0£4.7 60.5£9.6
UNSM-treated 697.1+£103.0 20.6+£4.9 774.3£59.7 44.3+7.5

Fig. 10 presents Ashby diagrams comparing the mechanical properties of the current
samples with those from published works on 316L stainless steel fabricated by wrought,
LPBF, and direct energy deposition (DED). The comparisons of 316L stainless steel are
selected to the Ashby diagram with the dominant deformation mechanism of dislocation slip.
The data sources for the comparison are listed in Supplementary Reference. The as-built and
as-polished samples are located within the typical banana-shaped trend in the diagrams.
However, more importantly, the present UNSM-treated alloy with a gradient structure while

avoiding built defects shows an excellent combination of strength and ductility.
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Fig. 10. Ashby diagrams with the comparison of (a) yield strength vs. uniform elongation, (b)
yield strength vs. total elongation, (c) ultimate tensile strength vs. uniform elongation, and (d)

ultimate tensile strength vs. total elongation.

The gradient features in microstructure and mechanical properties can lead to strength-
ductility synergy through substantial HDI strengthening. During the deformation of
heterostructured materials, the mechanical incompatibility between the hard and soft domains
induces strain gradients at hetero-boundaries [47, 48]. Extra GNDs are accumulated in the
interface by strain gradient from mutual constraints [49]. The piled-up GNDs hinder dislocation
mobility and generate long-range HDI stress [50, 51]. The applied stress is counterbalanced by
HDI stress, which acts in the direction opposite to the applied shear stress, resulting in extra
hardening [52]. LUR tests are performed to evaluate the HDI stress during deformation [39].
Figure 11 shows the HDI stress in the UNSM-treated and untreated samples. Interestingly, the

fraction of the HDI stress to the flow stress (Oupi/ct, ~59%) in the UNSM-treated was higher
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than that in the non-treated samples (Oupr/or ~54%). The development of gradient through the

UNSM treatment produces a high number of interfaces of gradient mechanical incompatibility,
which leads to a high synergistic effect. It is well reported that the cellular structure by the
rapid cooling rate in LPBF, which acts as micro-heterogeneity, results in high HDI stress [53].
However, the cellular boundary is not strong enough to withstand stress concentration by the
piled-up GNDs during deformation [54, 55]. More clearly, the increment of flow stress, HDI
stress, and effective stress after the UNSM treatment are present in Fig. 11c. The effective
stress was calculated by subtracting the HDI stress from the flow stress. The difference in flow
stress mainly resulted from a high portion of the HDI stress component, indicating that the HDI
stress predominantly contributed to the strengthening of the UNSM-treated samples.

The microstructures of the UNSM-treated and untreated samples, subjected to a true strain
of 10%, are presented in Fig. 11c, d. GNDs are accumulated to maintain the lattice continuity
in heterostructured materials during the deformation. Notably, significant GNDs are
accumulated in the gradient region of the UNSM-treated samples (Fig. 11e). Therefore, the
difference in GND density between the initial and 10% strain was higher in the UNSM-treated
samples (~2.5%10'* m™?) than in the as-built samples (~1.4x10"* m2) due to the more
heterogeneities in the microstructure of the UNSM-treated samples. Consequently, more
prominent GND evolution and HDI stress contribute to superior strength and ductility

combination.
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Fig. 11. (a) LUR plots and (b) the fraction of HDI stress to the flow stress plotted with the true
plastic strain of the UNSM treated and untreated 316L stainless steel. (c) Stress increment of
flow stress, HDI stress, and effective stress before and after the UNSM treatment. GND density
maps subjected to a true strain of 10% for the (d) as-built and (e) UNSM-treated samples. (f)
GND density plots with the distance from the surface for the initial and deformed UNSM-
treated samples. (g) The bar chart showing the total GND density for the UNSM-treated and

as-built samples at the initial and deformed states.

The fracture surfaces of the present samples are shown in Fig. 12. All the samples showed
fine dimples characterized as ductile fracture features in the center region [56]. A high number
of pores are shown in the surface region of the as-built and as-polished samples, which act as
crack initiation sites. The UNSM-treated samples showed some flat fractures due to heavily
deformed grains in the UNSM-treated surface.

Further, the main advantage of LPBF lies in the production of the part with complex
geometries. UNSM process can also be applied to curved shapes [41, 57]. Therefore, it has a
high potential to be utilized on complex shapes fabricated by LPBF.
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Center region Surface region

Fig. 12 Fracture surfaces of the (a-c) as-built, (d-f) as-polished, and (g-k) UNSM-treated

samples. (b, e, h) represent the center regions, and (c, f, k) represent the surface regions.

4. Conclusion

The laser powder bed fusion (LPBF)-processed 316L stainless steel parts contain defects
such as subsurface pores and high surface roughness, which deteriorate mechanical properties.
A new approach, ultrasonic nanocrystal surface modification (UNSM), was suggested to

control the built defects. The primary conclusions are as follows:

1. The LPBF-processed parts exhibited several building defects, including (i) a high density
of pores near the surface, (ii) large surface roughness, and (iii) high tensile residual stress on
the surface. These defects, which act as damage evolution sites, lead to a large decrease in the
ductility of built parts.

2. The UNSM treatment on built parts effectively controlled building defects through severe
external impact on the surface. The LPBF samples treated with the UNSM exhibited notable

improvements in microstructure: (i) closure of subsurface pores, (i1) reduced surface
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roughness, and (iii) significant compressive residual stress. Further, a gradient layer in
microstructure and mechanical properties was developed on the UNSM-treated samples.

3. Even with significant strength enhancement resulting from high deformation on the surface,
the UNSM-treated samples retained ductility compared to the as-built samples. Alleviating
the trade-off between strength and ductility was achieved through high synergistic hardening
from the gradient microstructure and suppression of crack initiation sites by controlled

building defects.

This study contributes to broadening the industrial applicability of metal additive

manufactured materials by suggesting a new approach to control building defects.
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