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Abstract: Ultrasonic nanocrystal surface modification (UNSM) technology was applied to the surfaces
of specimens additively manufactured by powder bed fusion (PBF). The changes in roughness and
hardness due to the UNSM were set as objective functions, and the optimal conditions for the main
parameters were derived through the response surface method (RSM) and Box–Behnken design
(BBD). Regression analysis-based mathematical models for predicting the surface hardness and
roughness are presented and validated. The RSM results show that the surface roughness is highly
dependent on the load and ball tip diameter, and the surface roughness significantly improves as the
inter-pass interval and ball tip diameter decrease. Through BBD and ANOVA, the optimal conditions
for the improvement of surface characteristics were found to be a load of 40 N, inter-pass interval of
10 µm, and ball tip diameter of 2.38 m. The surface treated under these optimal conditions exhibited a
hardness of 497 Hv and surface roughness of 1.32 µm, which were significantly improved compared
to the values for an untreated specimen. In addition, it was confirmed that the grains are significantly
refined after UNSM, and scratch resistance increases for the top layer of the surface directly affected
by the UNSM horn.

Keywords: additive manufacturing; ultrasonic nanocrystal surface modification; hardness; rough-
ness; optimization; micro-structure

1. Introduction

Additive manufacturing (AM) is the construction of a three-dimensional object from a
CAD model or a digital 3D model [1]. AM has been used in the manufacturing, medical,
industry and sociocultural sectors which facilitate AM becoming a successful commercial
technology. An AM system may be classified/categorized in terms of the material feed
stock, energy source, build volume, etc. Across many sectors, metal additive manufacturing
is providing an effective alternative to existing processes, allowing additive manufacturing
companies to create cost-effective productions even at low volumes as well as shorten lead
times, reduce part count and offer many more advantages [2].

However, its wide application is limited by some inherent disadvantages, such as
poor surface finish and high porosity. Therefore, surfaces manufactured by metal AM
technology are subjected to post-processes. There are various post-processing methods:
physical methods, such as mechanical polishing and sand blasting; chemical methods, such
as etching and electropolishing; and thermodynamic processes for treating the surface with
radiating plasma. However, such post-processes are subtractive, meaning the deposited
material is removed. They do not improve the mechanical properties and only affect the
surface roughness. In recent years, surface hardening studies have been conducted to
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improve the surfaces of metal components manufactured by AM. Surface hardening is
a post-treatment process that increases hardness and wear resistance and maintains the
toughness of the material. Surface hardening is mainly divided into chemical surface
hardening, which changes the chemical composition, and physical surface hardening,
which does not change the chemical composition. Chemical surface hardening includes
nitriding, in which steel is heated in ammonia gas over an extended period of time to
form a nitride layer [3], and carburizing, in which carbon penetrates the metal surface [4].
Physical surface hardening includes metal spraying, in which molten metals are attached
to a surface by spraying them with compressed air [5]; induction hardening, in which
a surface is hardened using high-frequency current and coolant injection [6]; and shot
peening, in which the surface layer is hardened by injecting metals at high speed.

In shot peening, a type of cold working, 0.5–0.1 mm metal shot balls strike the metal
surface through high-speed airflow. A thin, plastically deformed layer is formed on
the surface through repeated impacts. In such a deformed layer, compressive residual
stress is produced. Compressive residual stress extends the fatigue life by offsetting the
tension under repeated tensile loads. Shot peening includes hot shot peening, which is
performed near the austenite or martensite transformation temperature, and a water jet
in which water is injected at a high speed for processing. Kim et al. applied shot peening
to aluminum alloys and verified that compressive residual stress improved the fatigue
life [7]. In addition, the surface and mechanical characteristics have been improved using
shot peening in many studies [8,9]. However, shot peening has low precision because
it is impossible to adjust the positions of the injected metal balls accurately. In addition,
the shot balls used cause environmental pollution. Studies on peening to address these
shortcomings have been conducted.

Laser shock peening is a method of hardening by transferring the energy of a high-
power laser beam to the material surface in the form of heat and shock waves, and it
can also produce a self-quenching effect. This technology generates structures with high
hardness values and prevents thermal deformation and stress. Laser shock peening uses
30–300 µm laser spots, thereby enabling finer and more precise processing than shot
peening [10]. Laser shock peening technology, however, requires a robot dedicated to laser
beam irradiation, and thermal deformation of the material may occur owing to plasma
exposure [11].

In this study, surface hardening using ultrasonic nanocrystal surface modification
(UNSM) was investigated. UNSM is a technology that modifies a surface crystalline
structure using ultrasonic vibration energy. It is more precise and eco-friendly than shot
peening and more economical than laser shock peening. In addition, many studies have
verified that UNSM technology improves the surface roughness, wear resistance, and
fatigue strength of metal. Lee et al. confirmed the possibility of extending the service
lives of press dies through wear tests [12]. Moreover, Cho et al. improved the surface
characteristics of an aluminum alloy, AlSi10Mg, produced by direct metal laser sintering
through the application of UNSM, and Kheradmandfard et al. utilized UNSM to improve
the surface hardness of the titanium–niobium–tantalum–zirconium alloy [13,14]. Thus,
many studies have been conducted to improve the surface and mechanical characteristics
of various materials by applying UNSM technology [15–17]. Amanov et al. applied UNSM
treatment to tool steel at 500 ◦C and confirmed an improvement in performance [18].
Pyun et al. analyzed the effects of the number and direction of UNSM treatment on the
surface and mechanical characteristics of D2 and observed the surface changes between
before and after heat treatment [19].

Owing to these benefits of UNSM, studies have been conducted on the surface treat-
ment of additively manufactured materials using UNSM. Ye et al. proposed an innovative
method, electrically-assisted ultrasonic nanocrystal surface modification (EA-UNSM), to
process additively built Ti-6Al-4V samples. They investigated the effect of EA-UNSM on
surface finish, microstructure, porosity and in-depth hardness [20]. Shim et al. investigated
the changes in the metallurgical and mechanical properties induced by UNSM treatment in



Metals 2021, 11, 843 3 of 25

M4 built by directed energy deposition [21]. Cho et al. investigated the effects of ultrasonic
nanocrystal surface modification (UNSM) treatment at room and high temperatures (RT
and HT of 400 ◦C) on friction and wear behavior of Ti-6Al-4V alloy prepared by selective
laser melting [22]. Amanov [23] tailored a Co–Cr–Mo alloy prepared by the AM method
to contain both the gradient nanostructure and harmonic structure by UNSM at 25 and
500 ◦C, respectively. These previous studies reported that the wear and fatigue resistances
of additively manufactured material surfaces were improved by UNSM treatment.

In most studies on UNSM treatment for additively manufactured materials, the rough
surfaces were removed first through post-AM machining, and then surface treatment was
applied. On the contrary, in this study, UNSM was applied to the deposited surface without
post-processing as a surface treatment to improve the poor surface quality and mechanical
performance of products created by PBF. In this study, the process conditions of UNSM
for a PBF-deposited surface were varied to analyze their effects on surface roughness and
hardness. The response surface methodology (RSM) and Box–Behnken design (BBD) were
applied to derive process conditions that can most significantly improve surface roughness
and hardness. In addition, regression analysis-based mathematical models for predicting
the roughness and hardness after UNSM treatment are presented and compared with a
specimen whose surface was processed through machining.

2. Materials and Methods
2.1. Materials

In this study, austenitic stainless steel (316 L) was used as a base metal material and
metal powder. The base metal was manufactured using the PBF process. For the PBF
process, 316 L spherical powder with sizes of 22–53 µm was used. Table 1 lists the chemical
composition of the metal powder used in the experiment. Sodic’s (Sodic Co., Schaumburg,
IL, USA) OPM250L commercial device was used in the PBF process. For deposition, a
laser power of 370 W, feed rate of 800 mm/min, and laser diameter of 0.2 mm were used.
In addition, heat treatment was performed upon completion of the deposition to remove
the internal stress generated during the process, and then the fabricated base metal was
removed from the build bed. The base metal was a rectangular parallelepiped with a width
of 20 mm, depth of 10 mm, and height of 5 mm, and UNSM treatment was applied to a
partial section of the deposited surface.

Table 1. Chemical composition of material [wt%].

Material C Si Mn P S Cr Ni Mo Cu N

316 L
stainless-steel 0.019 0.68 1.23 0.013 0.004 17.8 12.8 2.36 0.05 0.1

2.2. Ultrasonic Nanocrystal Surface Modification (UNSM)

UNSM induces severe plastic deformation on the material (or component) surface by
causing tens of thousands of collisions per second with an amplitude of several µm using
ultrasonic vibration energy. It can refine the microstructure of a material to a certain depth
from its surface and create regular micro-dimples on the surface. The refined structure
improves wear resistance and impact resistance by enhancing the hardness, compressive
residual stress, and wear and fatigue characteristics.

Figure 1 shows a schematic diagram and the application of UNSM to the material
surface. The static load is controlled with weights, and ultrasonic waves of a certain
frequency are generated by the ultrasonic oscillator (refer to Figure 2). The generated
ultrasonic waves are used when the transducer and booster devices deliver a load to an
indenter, on which a ball tip of WC material (1700 HV) is attached. Here, the delivered load
corresponds to the static load of the weights combined with the dynamic load resulting
from the vibration energy of the ultrasonic waves. Because the UNSM device is installed
on a numerical control/computer numerical control (NC/CNC) machine tool, precise
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processing of the surface is possible. It was produced by DesignMecha, Inc. and specifically
installed on a CNC machining center.
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Figure 1. Schematic diagram of UNSM technology.
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Figure 2. Experimental procedure for UNSM treatment on as-built specimen.

In the UNSM process, the main parameters that affect surface modification are the
total load, number of collisions per area (dependent on the feed rate and inter-pass interval),
ball tip diameter, and amplitude and frequency of ultrasonic waves. For these parameters,
optimal conditions must be derived and applied depending on the material. In this study,
the ball tip diameter, inter-pass interval, and static load were set as control variables. Based
on previous studies, a frequency of 30 kHz and amplitude of 30 µm were set as fixed
variables in this study.

2.3. Design of Experiment
2.3.1. Response Surface Methodology (RSM)

In statistics, the RSM explores the relationships between several explanatory variables
and one or more response variables. The method was introduced by George E. P. Box and
K. B. Wilson in 1951 [24,25]. The main idea of the RSM is to use a sequence of designed
experiments to obtain an optimal response. Box and Wilson suggested using a second-
degree polynomial model to do this. They acknowledged that this model is only an
approximation, but they used it because it is easy to estimate and apply, even when little
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is known about the process. Statistical approaches such as the RSM can be employed
to maximize the production of a special substance by optimizing the operational factors.
Recently, the RSM alongside proper design of experiments has been extensively used for
formulation optimization [26]. In contrast to conventional methods, the interaction among
process variables can be determined using statistical techniques [27].

An easy way to estimate a first-degree polynomial model is to use a factorial exper-
iment or fractional factorial design. This is sufficient to determine which explanatory
variables affect the response variable(s) of interest. Once it is suspected that only sig-
nificant explanatory variables remain, a more complicated design, such as the BBD, can
be implemented to estimate a second-degree polynomial model, which is still only an
approximation at best. In this instance, the relationship between the levels of each factor
must be expressed as a curvature to derive the optimal conditions for the response value.
Therefore, the regression model function generally adopts a second-degree polynomial
regression model to consider this curvature relationship. The second-degree model can
be used to optimize (maximize, minimize, or attain a specific target for) the response
variable(s) of interest.

2.3.2. Box–Behnken Design (BBD)

The BBD is an independent, rotatable quadratic design with no embedded factorial or
fractional factorial points where the variable combinations are at the midpoints of the edges
of the variable space and at the center [28,29]. In the present study, by employing the Box–
Behnken statistical experiment design and the RSM, the effects of the three independent
variables (ball tip diameter of 2.38–6.0 mm, inter-pass interval of 10–90 mm, and load of
10–50 N) on the response (surface roughness and hardness) were investigated, and the
optimal conditions were determined to minimize roughness and maximize hardness. For
single factor analysis, independent variables and their ranges were selected. Experiments
were established based on a BBD with three factors at three levels, and each independent
variable was coded at three levels of −1, 0, and +1 as shown in Table 2.

Table 2. Coded process parameters and their levels.

Parameters Symbol Unit
Coded Process Parameters and Level

Low (−1) Medium (0) High (1)

Ball tip BT mm 2.38 4 6
Interval IN µm 10 50 90

Load SL N 10 30 50

The experimental design is outlined in Table 3 as an experimental sample for the BBD.
The experiment consisted of 15 experimental designs set by randomization. UNSM was
applied to the PBFed 316 L surface according to the experimental design, as shown in
Figure 2, and the changes in the surface characteristics were analyzed.

2.4. Experimental Details

The purpose of this study was to find the optimal UNSM conditions that most improve
a deposited surface using RSM. Surface roughness and hardness were selected as response
values to analyze changes in surface characteristics before and after UNSM treatment. To
measure the roughness of the deposited surface, a contact-type surface roughness meter
(Mitutoyo, SJ-410, Tokyo, Japan) and 3D surface roughness meter (Contour GT-X, Bruker,
Billerica, MA, USA) were used. For each specimen, the roughness was measured ten times,
and the average was adopted as a response value. In addition, Minitab 18 software was
used to derive the optimal process conditions.

The hardness before and after UNSM treatment was measured using a micro-Vickers
hardness tester from Mitutoyo (Hv-112), and indentation was performed for ten seconds
using a load of 0.1 kgf. In addition, the hardness in a cross section was measured in



Metals 2021, 11, 843 6 of 25

the height direction to examine the hardness inside the material after UNSM treatment
(Figure 3). As pretreatment each specimen was cut, mounted, and then polished to #2000
grit using silicon carbide (SiC) sandpaper. Finally, it was polished using 1 and 3 µm
diamond suspensions. Upon completion of all pretreatments, the hardness was measured
at 20 µm intervals in the depth direction from the point 20 µm away from the top surface
subjected to UNSM treatment. In this instance, ten measurements were performed at each
depth, and the average values were used as representative values.

Table 3. Design of experiment with three parameters.

Standard Order Run Order

Ball Tip Interval Load

Unit Symbol Unit Symbol Unit Symbol

mm BT µm IN N SL

1 4 2.38 −1 10 −1 30 0
2 6 6 1 10 −1 30 0
3 7 2.38 −1 90 1 30 0
4 9 6 1 90 1 30 0
5 3 2.38 −1 50 0 10 −1
6 15 6 1 50 0 10 −1
7 1 2.38 −1 50 0 50 1
8 12 6 1 50 0 50 1
9 5 4 0 10 −1 10 −1

10 2 4 0 90 1 10 −1
11 14 4 0 10 −1 50 1
12 8 4 0 90 1 50 1
13 11 4 0 50 0 30 0
14 13 4 0 50 0 30 0
15 10 4 0 50 0 30 0
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Figure 3. Preparation of specimens for measurement of hardness and roughness.

An etching solution (HNO3: 79.36 mL and distilled water: 20.64 mL) was used at
an applied voltage and current of 2 V and 2 A, respectively. The microstructure of the
etched surface was examined using a field emission scanning electron microscope (FE-
SEM, MIRA3, TESCAN). Additionally, EBSD analyses (JSM-7001F; step size 1.8 µm) were
performed to determine the phases and phase fraction.

3. Experimental Results
3.1. Changes in Surface Topography

Figure 4a shows SEM images of the deposited surface and surface of the UNSM-
treated specimen. In the as-built (PBF) specimen, the formation of spatters can be seen
along the deposited track direction, which resulted from the instability of the melt pool
generated by laser irradiation on the metal powder [30]. In the PBF process, the melt pool
is formed along the transfer direction of the laser nozzle, and it rapidly cools down to form
a solidified deposited track after the nozzle passes. Convection occurs inside the melt pool
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due to the thermal energy introduced during the laser process, molten metal powder, and
rapid cooling caused by the local temperature difference [31,32]. During this process, some
of the molten metal is discharged to the outside by the vapor pressure remaining inside
the melt pool and solidifies to form spatters. The spatters and track overlap formed along
the deposited track make the deposited surface irregular [33]. Such a surface topology is
often found in the process of melting metals using a laser. Meanwhile, un-melted powder
attached to the surface can also be observed in addition to the spatters, and un-melted
powder can also be attached to the surface during the process of selective laser melting
of one layer and then spreading powder on it using a recoater for the deposition of the
next layer.
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Meanwhile, unlike the as-built specimen with dark color, a glossy surface can be
observed in the UNSM-treated area. In particular, the surface of the UNSMed sample
shows that the irregular surface of the as-built specimen due to the spatters and un-melted
powder was clearly improved by UNSM treatment. Figure 4b shows that the as-built
surface became smooth as the spatters and un-melted powder on it were compressed by
the impact of the ball tip. The crumbed traces left during the process of compressing the
spatters and un-melted powder can be observed from the surface of the UNSMed sample.
Such microscopic crumbled traces are expected to affect the surface roughness.

Figure 4c shows a cross-sectional image of the microstructure in the near-surface
layer. In the as-build specimen, an equiaxed structure can be observed at the center
of the deposited track, with columnar dendrite structures mainly formed on the outer
sides (around the layer bands) of the deposited beads. Examination of the locations and
orientations of the columnar dendrites reveals differing solidification rates between the
center and outer sides of the beads. In addition, the equiaxed structures at the center of the
deposited beads are finer than the outer columnar dendrites. The columnar dendrites grow
from the outer edge toward the center, which also attests to differing cooling rates between
the center and outer sides. Meanwhile, in the UNSMed sample, severe plastic deformation
can be observed to occur in the UNSM direction. The high-magnified images show that the
microstructures of the UNSM-treated surface are distorted up to a certain depth.

Figure 5 shows X-ray diffractograms of the microstructures and microstructural phases
formed on the surfaces of the as-built and UNSMed specimen. Hence, it was confirmed
that the phase mainly constituting as-built is austenite (γ). In addition, several peaks were
observed. After UNSM treatment, the austenite phase decreased notably. This phenomenon
occurred because severe plastic deformation was induced on the austenite by the UNSM;
consequently, the austenite was transformed into martensite. Umemoto [34] reported on
a mechanism for martensitic transformation as one cause of the increased fineness of a
metal surface structure following severe plastic deformation. Furthermore, the martensitic
transformation phenomenon of surface structures occurring in metals and alloys such as
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pure iron (Tao et al. [35]), AISI 304 (Zhang et al. [36]), and AISI 316 L (Roland et al. [37])
have been discussed.
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After the UNSM treatment, the width of the XRD peak increased and the diffraction
intensity weakened, as confirmed by Figure 5. This behavior occurred because the surface
structure fineness was increased by the UNSM and, also, the crystal lattice became distorted
through the occurrence of micro-strain due to the severe plastic deformation (Amanov
et al. [15]). Through XRD analysis, it was confirmed that UNSM treatment is a useful means
of refining as-built microstructure and grain size.

Figure 6 shows the specimens after the application of UNSM based on the experimental
design in Table 3, while Table 4 summarizes the response values of each specimen treated
according to the design of experiment in Table 3. For each treatment condition, the surface
roughness ranged from an Ra of 1.19 to 4.75 µm, and the hardness ranged from 409 to
473 Hv. The minimum surface roughness and maximum hardness were observed for
standard orders #1 and #7, respectively. It was found that the samples subjected to the
minimum load exhibited high surface roughness and low hardness. This indicates that the
load has a significant influence, which is further analyzed in the next section.

3.2. Results of ANOVA
3.2.1. Roughness

Based on Table 4, ANOVA was conducted to derive the second-degree regression
model between the factors and roughness response value, and the results are listed in
Table 5. In the table, Ra is the roughness response value (in µm), SL is the coded load (in N),
IN is the coded interval (in µm), and BT is the coded ball tip diameter (in mm). ANOVA
for a regression model was conducted to examine the influence of a factor on the response
value, i.e., its significance. For ANOVA, factors with high F-values have a strong influence
on the response. The p-value used to analyze the significance of each regression coefficient
represents the probability that the F-value will not deviate from the F-distribution [38].
If the F-value deviates from the F-distribution, the test result is judged to be significant.
Therefore, a small p-value means that the regression constant is significant because the
F-value deviates from the F-distribution. Therefore, for ANOVA, the regression model
is judged to be more significant as the F-value increases and p-value decreases [39]. In
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this instance, the confidence level of the p-value for determining the significance of the
regression model was set to 95%. In other words, if the p-value was lower than 0.05, the
factor was determined to have a strong influence on the response value.
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Table 4. Response values of each specimen treated according to design of experiment.

Standard Order Run Order
Ball Tip Interval Load Surface Roughness (Ra) Surface Hardness (SH)

BT IN SL um Hv

1 4 −1 −1 0 1.19 473
2 6 1 −1 0 2.46 441
3 7 −1 1 0 1.88 422
4 9 1 1 0 3.17 422
5 3 −1 0 −1 3.61 417
6 15 1 0 −1 4.11 424
7 1 −1 0 1 1.63 473
8 12 1 0 1 2.51 434
9 5 0 −1 −1 4.43 431
10 2 0 1 −1 4.75 409
11 14 0 −1 1 3.19 469
12 8 0 1 1 2.59 432
13 11 0 0 0 3.15 429
14 13 0 0 0 3.34 431
15 10 0 0 0 2.33 430

Table 5. ANOVA results of roughness.

Source Degrees of
Freedom (DF)

Sum of Squares
(Adj SS)

Mean Square
(Adj MS) F-Value p-Value

(Prob > F) Significance

Model 9 13.3490 1.48322 6.70 0.025 significant
Linear 3 8.1818 2.72727 12.31 0.010 significant

BT 1 1.9375 1.93750 8.75 0.032 significant
IN 1 0.1609 0.16092 0.73 0.433
SL 1 6.0834 6.08340 27.46 0.003 significant

Square 3 4.9165 1.63882 7.40 0.028 significant
BT × BT 1 2.1814 2.18139 9.85 0.026 significant
IN × IN 1 0.0002 0.00022 0.00 0.976
SL × SL 1 2.3570 2.35701 10.64 0.022 significant

Interaction 3 0.2507 0.08356 0.38 0.774
BT × IN 1 0.0002 0.00017 0.00 0.979
BT × SL 1 0.0361 0.03614 0.16 0.703
IN × SL 1 0.2144 0.21437 0.97 0.370

Residual error 5 1.1076 0.22152
Lack-of-fit 3 0.5304 0.17681 0.61 0.669 Not significant
Pure error 2 0.5772 0.28859
Cor total 14 14.4566

S = 0.470662 R-sq = 92.34% R-sq (adj) = 78.55%

Because the p-value of the model term, i.e., the entire regression model, is 0.025 (<0.05),
the second-degree regression model for Ra is judged to be significant. In addition, because
the p-value of the linear term is 0.010 (<0.05), it is judged that there are significant factors
among the load (SL), interval (IN), and ball tip diameter (BT). In addition, the p-value of
the square term indicates that there is a significant square factor. However, as the p-value
of the interaction terms is above 0.05, it can be seen that there is no significant interaction
term for Ra. As shown in Table 5, there is no significant term for SL × IN, IN × BT, or
SL × BT. Meanwhile, when the p-value of the lack-of-fit term is less than or equal to
the significance level, it can be concluded that the regression model does not correctly
represent the relationship [39]. Because the p-value of the lack-of-fit term in Table 5 is
0.669 (>0.05), it can be concluded that the regression model for the hardness response was
properly derived.
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The process of seeking a more suitable model based on ANOVA results is referred to
as stepwise regression or pooling [40], and it is possible to derive the final regression model
by leaving only significant terms for which the p-value is smaller than the significance level.
In this study, the backward elimination method, which gradually removes terms that are
not significant in the regression model from the interaction term to the linear model, was
used. The interaction term and square term IN × IN, which were not significant, as shown
in Table 5, were pooled, and the final derived regression model is as follows:

Ra = 1.811 + 1.785 BT + 0.00355 IN − 0.1634 SL − 0.1923 BT × BT + 0.001996 SL × SL (1)

Although the linear IN term was found to be insignificant in the ANOVA, it was
included in the regression model because it is known from previous studies as a factor
that affects surface roughness. ANOVA was conducted for the regression model derived
through stepwise regression (Equation (1)). It was found that the p-value of the model
term of the derived model is zero and that the p-value of the lack-of-fit term is 0.856.
Because this is higher than the significance level (0.05), the model is deemed suitable for
the response value.

3.2.2. Surface Hardness

Based on Table 4, ANOVA was conducted to derive the second-degree regression
model between the factors and surface hardness response value, and the results are listed
in Table 6. Because the p-value of the model term, which represents the entire model, is
0.000 and less than 0.05, the second-degree regression model for the surface hardness is
deemed significant. In addition, it can be concluded that the regression model was properly
derived because the linear, square, and interaction terms in the model are considered
significant, and the p-value of the lack-of-fit term is 0.204, which is above the significance
level. Comparing the p-values of each UNSM factor, it is possible to identify the influence
of each factor on the surface hardness within the set variable domain.

Table 6. ANOVA results of surface hardness.

Source Degrees of Freedom
(DF)

Sum of Squares
(Adj SS)

Mean Square
(Adj MS) F-Value p-Value

(Prob > F) Significance

Model 9 5622.59 624.73 204.89 0.000 significant
Linear 3 4601.40 1533.80 503.03 0.000 significant

BT 1 519.16 519.16 170.26 0.000 significant
IN 1 2083.02 2083.02 683.15 0.000 significant
SL 1 1999.22 1999.22 655.66 0.000 significant

Square 3 167.00 55.67 18.26 0.004 significant
BT × BT 1 121.11 121.11 39.72 0.001 significant
IN × IN 1 54.20 54.20 17.78 0.008 significant
SL × SL 1 9.52 9.52 3.12 0.138

Interaction 3 854.19 284.73 93.38 0.000 significant
BT × IN 1 253.84 253.84 83.25 0.000 significant
BT × SL 1 544.51 544.51 178.58 0.000 significant
IN × SL 1 55.83 55.83 18.31 0.008 significant
Residual

error 5 15.25 3.05

Lack- of-fit 3 13.09 4.36 4.05 0.204 Not
significant

Pure error 2 2.16 1.08
Cor total 14 5637.84

S = 1.74618 R-sq = 99.73% R-sq (adj) = 99.24%
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As with the surface roughness regression model above, regression analysis was con-
ducted using the backward elimination method based on the results of ANOVA conducted
on the surface hardness response. The square term SL × SL, which is not significant, as
shown in Table 6, was pooled, and all remaining terms were left in the regression model.
As a result, the modified regression model for the surface hardness response value is
as follows:

SH = 450.15 − 11.46 BT − 0.8934 IN + 2.191 SL + 1.401 BT × BT + 0.002317 IN ×
IN + 0.0996 BT × IN − 0.2917 BT × SL − 0.00467 IN × SL

(2)

where SH is the surface hardness (Hv). When the ANOVA was conducted on the
derived regression model, the p-value of the model term of the modified model was found
to be zero, and the p-value of the lack-of-fit term was 0.167. This indicates that the regression
model (Equation (2)) was properly derived for the surface hardness response value.

3.3. Analysis of Response Surface
3.3.1. Surface Roughness

Figure 7 shows the response surface and contour plot for the regression model of the
surface roughness represented by Equation (1); Figure 7a shows those according to the ball
tip diameter and interval. In this instance, the load was fixed at 30 N, which is the mid-level.
As shown in the figure, the change in surface roughness due to the ball tip diameter was
found to be larger, indicating that the ball tip diameter has a greater influence on surface
roughness than the inter-pass interval. This result is in agreement with the ANOVA results
in Table 5. The surface roughness was low when the ball tip diameter ranged from 2 to
2.5 mm and the inter-pass interval was less than 40 µm. It also decreased as the ball tip
diameter exceeded the 4–5 mm range. The surface roughness was found to improve as the
inter-pass interval decreased. Figure 7b shows the response surface of roughness according
to the load and ball tip diameter. The inter-pass interval was fixed at 50 µm, which is the
mid-level. The surface roughness significantly varied depending on the load and ball tip
diameter, and it was found that the influence of the load was slightly higher than that of
the ball tip diameter. This agrees with the ANOVA results in Table 5. Figure 7c shows
the response surface of roughness according to the inter-pass interval and load. The ball
tip diameter was fixed at 4.0 mm, which is the mid-level. It was found that the influence
of the load on the surface roughness was higher than that of the inter-pass interval. It
must be noted that the surface roughness was almost unchanged by the inter-pass interval.
This is in agreement with the p-value of the inter-pass interval factor in Table 5 (above
0.05), and the quadratic term of the inter-pass interval is not significant for the surface
roughness response value. The surface roughness decreased as the load increased, and
the lowest surface roughness was observed when the inter-pass interval was lower than
approximately 20 µm. As can be seen from Figure 7b, the roughness increased again as
the load exceeded 40 N. This indicates that the application of a high load to the surface
may cause surface irregularities due to plastic deformation of the surface microstructure
caused by excessive energy. Finally, the following optimal values for the three conditions
to obtain the minimum surface roughness could be derived through RSM: ball tip diameter
of 2.38 mm, inter-pass interval of 10 µm, and load of 41 N. The surface roughness that
can be obtained under these conditions is expected to be 1.30 µm, which is a significant
improvement compared to the roughness of the PBFed specimen before UNSM treatment
(20.16 µm).
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3.3.2. Hardness

Figure 8 shows the surface plot and contour plot for the regression model of the
surface hardness response value represented by Equation (2). Figure 8a shows the response
surface of hardness according to the ball tip diameter and inter-pass interval. The load
was fixed at 30 N, which is the mid-level. The hardness varied significantly depending
on the inter-pass interval and ball tip diameter. This agrees with the ANOVA results in
Table 6. The hardness increased as the inter-pass interval and ball tip diameter decreased.
The response surface of hardness according to the load and ball tip diameter (Figure 8b)
also shows that the hardness significantly varied depending on these two parameters. The
hardness increased as the ball tip diameter decreased and increased as the load increased.
The hardness significantly varied as the strain energy density E increased because the
amount of strain energy transmitted to the surface increased; thus, the microstructures
were refined more easily, as shown in Equation (2). Figure 8c shows the response surface of
hardness according to the inter-pass interval and load. This response surface is similar to
that shown in Figure 8a. The hardness varied significantly depending on the inter-pass
interval and load. The hardness increased as the inter-pass interval decreased and load
increased. Because the transmitted energy density can be maximized at high loads and
low inter-pass intervals, the hardness was significantly increased by grain refinement,
strain hardening, and an increase in compressive residual stress due to the energy increase.
Finally, the following optimal values for the three conditions to obtain the maximum
surface hardness could be derived through RSM: ball tip diameter of 2.38 mm, inter-pass
interval of 10 µm, and load of 50 N. The obtainable surface hardness under these conditions
is expected to be 504 Hv, which is significantly improved compared to the hardness of the
PBFed specimen before UNSM treatment (250 Hv).

3.4. Multi-Objective Optimization

RSM finds the optimal conditions for factors to achieve the desired response value
by deriving a regression model between the factors and response value and analyzing
changes in the response value depending on the factors. This study aimed to find optimal
conditions for UNSM treatment that can improve the surface roughness and hardness
most significantly. A desirability function can be considered to determine the optimal
conditions for multiple objective functions. In this study, the minimum surface roughness
and maximum hardness were set as objective functions. A desirability function can be
defined as Equation (3) [41], where y is the response, T is the target, U is the upper value,
and r is the weight. The desirability has a value between 0 and 1, and it represents the
target as it gets closer to 1. In this study, response optimization was performed to determine
the optimal conditions for the regression models of Equations (1) and (2) by setting the
weight for the hardness and surface roughness response values to r = 1.

Desirability = 1 (for y < T), (
U − y
U − T

)
r
(for T ≤ y ≤ U), and 0 (for y > U) (3)

Figure 9 shows the results of the response optimization for surface roughness and
hardness. A load of 41.11 N, interval of 10 µm, and ball tip diameter of 2.38 mm were
derived as the conditions that improve surface roughness and hardness most significantly.
Under these optimal conditions, the hardness was predicted to be 490 Hv (desirability for
SH = 100%), and the roughness was predicted to be 1.30 µm (desirability for Ra = 96.94%).
The composite desirability for these is 98.46%, which is close to the maximum. According
to previous single-objective optimization results, the optimal conditions for roughness
were a ball tip diameter of 2.38 mm, interval of 10 µm, and load of 41 N, and the expected
surface roughness under these conditions was 1.30 µm. For hardness, the derived optimal
conditions were a ball tip diameter of 2.38 mm, interval of 10 µm, and load of 50 N, and
the expected hardness under these conditions was 504 Hv. In the results for both single-
objective optimization and multi-objective optimization, the same conditions were derived
for the ball tip diameter and interval. However, for the optimal load condition, 50 N was
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derived in the single-objective optimization for hardness, while 41.11 N was derived in
the multi-objective optimization for surface roughness improvement. This demonstrates
the ability of multi-objective optimization to improve surface roughness and hardness
simultaneously. Nevertheless, a high hardness of 490 Hv could be obtained as the final
expected hardness. Consequently, the optimal conditions by multi-objective optimization
were favored. However, considering the minimum units of the parameters that could be
set in the experiment, a load of 40 N, interval of 10 µm, and ball tip diameter of 2.38 mm
were selected as the final optimal conditions.

Metals 2021, 11, x FOR PEER REVIEW 16 of 27 
 

 

Figure 8. RSM results for hardness between (a) inter-pass interval and ball tip diameter, (b) load 

and ball tip diameter, and (c) load and inter-pass interval. 

3.4. Multi-Objective Optimization 

RSM finds the optimal conditions for factors to achieve the desired response value 

by deriving a regression model between the factors and response value and analyzing 

changes in the response value depending on the factors. This study aimed to find optimal 

conditions for UNSM treatment that can improve the surface roughness and hardness 

most significantly. A desirability function can be considered to determine the optimal con-

ditions for multiple objective functions. In this study, the minimum surface roughness 

and maximum hardness were set as objective functions. A desirability function can be 

(a)

(b)

(c)

Surface hardness (HV)

(hold value: SL 30 N)

Surface hardness (HV)

(hold value: IN 50 μm)

Surface hardness (HV)

(hold value: BT 4 mm)

Surface hardness (HV)

(hold value: SL 30 N)

Surface hardness (HV)

(hold value: IN 50 μm)

Surface hardness (HV)

(hold value: BT 4 mm)

Figure 8. RSM results for hardness between (a) inter-pass interval and ball tip diameter, (b) load and
ball tip diameter, and (c) load and inter-pass interval.



Metals 2021, 11, 843 17 of 25

Metals 2021, 11, x FOR PEER REVIEW 17 of 27 
 

defined as Equation (3) [41], where 𝑦 is the response, 𝑇 is the target, 𝑈 is the upper 

value, and 𝑟 is the weight. The desirability has a value between 0 and 1, and it represents 

the target as it gets closer to 1. In this study, response optimization was performed to 

determine the optimal conditions for the regression models of Equations (1) and (2) by 

setting the weight for the hardness and surface roughness response values to 𝑟 = 1. 

Desirability = 1 (for 𝑦 < 𝑇), (
𝑈−𝑦

𝑈−𝑇
)
𝑟

 (for 𝑇 ≤ 𝑦 ≤ 𝑈), and 0 (for 𝑦 > 𝑈)     (3) 

Figure 9 shows the results of the response optimization for surface roughness and 

hardness. A load of 41.11 N, interval of 10 μm, and ball tip diameter of 2.38 mm were 

derived as the conditions that improve surface roughness and hardness most signifi-

cantly. Under these optimal conditions, the hardness was predicted to be 490 Hv (desira-

bility for SH = 100%), and the roughness was predicted to be 1.30 μm (desirability for Ra 

= 96.94%). The composite desirability for these is 98.46%, which is close to the maximum. 

According to previous single-objective optimization results, the optimal conditions for 

roughness were a ball tip diameter of 2.38 mm, interval of 10 μm, and load of 41 N, and 

the expected surface roughness under these conditions was 1.30 μm. For hardness, the 

derived optimal conditions were a ball tip diameter of 2.38 mm, interval of 10 μm, and 

load of 50 N, and the expected hardness under these conditions was 504 Hv. In the results 

for both single-objective optimization and multi-objective optimization, the same condi-

tions were derived for the ball tip diameter and interval. However, for the optimal load 

condition, 50 N was derived in the single-objective optimization for hardness, while 41.11 

N was derived in the multi-objective optimization for surface roughness improvement. 

This demonstrates the ability of multi-objective optimization to improve surface rough-

ness and hardness simultaneously. Nevertheless, a high hardness of 490 Hv could be ob-

tained as the final expected hardness. Consequently, the optimal conditions by multi-ob-

jective optimization were favored. However, considering the minimum units of the pa-

rameters that could be set in the experiment, a load of 40 N, interval of 10 μm, and ball tip 

diameter of 2.38 mm were selected as the final optimal conditions. 

 

Figure 9. Results of multi-objective optimization of surface roughness and hardness.

3.5. Experimental Validation
3.5.1. Roughness

A validation experiment was performed for the optimal conditions selected through
response optimization. The surfaces of five PBFed samples were subjected to UNSM
treatment under the optimal conditions. For comparison, specimens were prepared by
applying machining to the surface of a material manufactured by PBF as post-processing.
In addition, the machined PBFed specimens were subjected to UNSM treatment under
the optimal conditions. The hardness and surface roughness were compared for a total
of four samples. Figure 10 shows photographs of the four samples. The photographs
show that the rough surface of the PBFed sample was modified by machining and UNSM
treatment. The surface roughness of the sample obtained by applying UNSM treatment to
the PBFed sample under the optimal conditions (PBFed-UNSM) was found to be 1.3 µm.
However, the surface roughness of PBFed-UNSM was higher than that of the sample
obtained by applying machining after deposition (PBFed-machined). This appears to be
because crumbed traces were left on the surface of the PBFed-UNSMed sample, as shown
in the SEM image of the surface of the PBFed-UNSMed specimen in Figure 4a. Meanwhile,
the lowest surface roughness could be obtained in the case of UNSM treatment performed
after machining (machined-UNSMed). This is because the spatters and un-melted powder
on the surface were completely removed by machining, and then the surface was modified
more precisely by the impact of the ball tip.

3.5.2. Hardness

Figure 11 shows the EBSD results for the near-surface microstructure before and after
UNSM treatment. It was found that the SUS316L deposited region was mostly composed
of austenite [42] and relatively coarse grains (Figure 11a). According to the EBSD results at
the same position after UNSM treatment under the optimal conditions (Figure 11b), many
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dislocations occurred on the surface (up to depths of approximately 60 µm) after UNSM
treatment due to severe plastic deformation, and the grains were significantly refined
compared to before UNSM treatment. This indicates that UNSM treatment refined the
grains due to the plastic deformation of the surface and increased the hardness through
strain hardening [43]. According to the Hall–Petch equation, such refined grains increase
the strength and hardness of the material [44].
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Figure 12a shows the change in surface hardness after UNSM treatment. As is al-
ready known, machining does not affect the surface hardness. Therefore, the hardness
of the PBFed sample did not change after machining. However, it must be noted that
the hardness was significantly increased after UNSM treatment (PBFed-UNSMed and
machined-UNSMed samples) regardless of machining. Compared to the PBFed sample,
the PBFed-UNSMed and machined-UNSMed sample exhibited 98.44% and 105.25% higher
hardness, respectively. The surface hardness of the machined-UNSM was approximately
3.43% higher than that of PBFed-UNSM. This appears to be because spatters and un-melted
powder were present on the surface of the PBFed sample without machining, and some
of the energy transmitted by the impact of the ball tip contributed to the compression of
the spatters and un-melted powders. For the machined-UNSMed sample, it is estimated
that all of the energy transmitted by the impact of the ball tip was used for microstruc-
ture refinement and modification because spatters and un-melted powder were removed
by machining.

Figure 12b shows the hardness distribution in the cross-section of each sample ac-
cording to the depth from the surface. As shown in the figure, the samples treated with
UNSM exhibited higher hardness than those without UNSM treatment up to a depth of
approximately 500 µm. The increase in hardness gradually decreased as the measuring
location deepened, which is attributed to being farther away from the top surface directly
affected by the horn, and the effect of UNSM was observed up to a depth of 500 µm.

The above results show that machining is more effective than UNSM treatment for
improving the surface roughness after PBF. However, considering the increase in hardness
due to UNSM treatment, UNSM treatment can also be used as a post-process for PBFed
materials. Of course, UNSM treatment after machining PBFed materials can be proposed as
the most effective post-process. However, this causes an increase in production cost due to
an additional process. Therefore, it is necessary to select a suitable surface post-processing
method considering the surface roughness and mechanical property improvement of the
material being manufactured by PBF.

Meanwhile, the PBFed-UNSMed sample exhibited a surface roughness of 1.32 µm and
hardness of 497 Hv. These are similar to the expected surface roughness (1.30 µm; error
1.90%) and hardness (490 Hv; error 1.37%) that could be obtained under the optimal UNSM
conditions derived through the multi-objective optimization. In other words, the optimal
conditions selected through response optimization can effectively modify the deposited
surface, and it is possible to predict changes in roughness and hardness in a reasonable
manner through the derived mathematical models.

3.5.3. Scratch Test

Figure 13 shows the SEM images of each sample and 3D groove shapes around the
indentation after the scratch test. Figure 13a,b shows the scratch test results of the samples
without UNSM treatment, while Figure 13c,d shows the results of the samples treated
with UNSM. UNSM treatment was performed under the optimal conditions, as described
above. In the case of Figure 13a, the scratch test was not possible because of the large
number of spatters, un-melted powder, and deposited track boundaries generated on the
PBFed surface. Therefore, it is not reasonable to compare its anti-scratching with those of
other samples. In Figure 13b, the PBFed-machined sample shows an improved surface
through machining compared to the rough surface of the PBFed sample, but fine traces
of machining are left. Figure 13c,d confirm the generation of smooth surfaces by UNSM
treatment. However, in the case of the PBFed-UNSMed samples, the crumbed traces caused
by the plastic deformation of spatters and un-melted powder, as described above, can be
seen. When the scratched depths and areas were compared, it was found that the scratched
groove in Figure 13b was the widest and deepest, whereas those of the PBFed-UNSMed
and machined-UNSMed samples were relatively small. This can be seen as the surface
hardness being improved by UNSM treatment. In addition, the scratched groove of the
machined-UNSMed sample was smaller than that of the PBFed-UNSMed sample because
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of the slight difference in hardness between the samples. Meanwhile, it has been reported
that UNSM treatment not only increases hardness due to surface microstructure refinement
but also increases the wear resistance and scratch resistance due to the micro-dimples
generated on the surface [6].
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4. Discussion

According to RSM and ANOVA results, the surface hardness improvement increased
as the inter-pass interval and ball tip diameter decreased and load increased. As for the
change in surface roughness before and after UNSM treatment, the roughness improvement
increased as the load and ball tip diameter decreased. However, it was confirmed that the
effect decreased when the load was excessively high or low. This means that increasing
the load significantly to maximize the increase in hardness may aggravate the surface
roughness. Therefore, the selection of UNSM conditions is important for improving both
the surface roughness and hardness, for which the properties of the material, such as
strength and elongation, must be considered.

In addition, RSM and BBD were applied in this study to derive optimal conditions
that can most significantly improve the surface hardness and roughness. Based on this,
mathematical models for predicting the surface roughness and hardness implemented
through the application of UNSM were presented through regression analysis and ANOVA
and were validated. In this study, multiple response optimizations to most significantly
improve both surface roughness and hardness were performed. Consequently, it was
possible to improve both the surface roughness and hardness of the deposited surface
under the optimal conditions. The sample obtained by applying UNSM treatment to
the PBFed sample under the optimal conditions (PBFed-UNSMed sample) exhibited a
surface roughness of 1.32 µm and hardness of 497 Hv. The surface roughness decreased by
93.41% and hardness increased by 98.44% compared to those of the PBFed sample without
post-processing.

However, compared to the specimen treated with UNSM after machining (machined-
UNSMed sample), the surface roughness was 49.42% higher and hardness was 3.43% lower.
In particular, the improvement in roughness of the PBFed-UNSMed sample was insufficient
compared to the machined-UNSMed sample. Therefore, the surface modified through
UNSM after deposition cannot be applied to precision machine components that require
superior surface roughness. In other words, machining after AM by PBF can be more
effective than UNSM treatment in improving surface roughness. However, considering the
increase in hardness due to UNSM treatment, UNSM treatment can also be used as post-
processing for PBFed materials. The application of both machining and UNSM can be used
as a post-processing method for maximizing the improvement in surface roughness and
hardness. However, this may cause an increase in production cost due to the additional
post-processing. Therefore, it is necessary to select a suitable post-processing method
considering the changes in surface roughness and mechanical properties due to UNSM
treatment, as confirmed by the above comparative experiment results. In future work,
a methodology for UNSM treatment that can further improve the surface roughness of
deposited material without machining should be investigated.

5. Conclusions

In this study, UNSM was applied without post-processing after deposition to improve
the surface quality of material additively manufactured by PBF. UNSM was applied to
a surface deposited with stainless steel 316 L powder under different process conditions
to examine their effects on surface roughness and hardness. According to the results, the
following conclusions are drawn.

The surface of the UNSMed sample shows that the irregular surface of the as-built
specimen due to the spatters and un-melted powder was clearly improved by UNSM
treatment. According to the EBSD results, many dislocations occurred on the surface
after UNSM treatment due to severe plastic deformation, and the grains were significantly
refined compared to before UNSM treatment.

The RSM results show that the surface roughness is highly dependent on the load
and ball tip diameter, and the surface roughness significantly improves as the inter-pass
interval and ball tip diameter decrease. Through BBD and ANOVA, the optimal conditions
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for the improvement of surface characteristics were found to be a load of 40 N, inter-pass
interval of 10 µm, and ball tip diameter of 2.38 m.

The surface treated under the optimal conditions exhibited a hardness of 497 Hv and
surface roughness of 1.32 µm, which were significantly improved compared to the values
for an untreated specimen.

The lowest surface roughness could be obtained in the case of UNSM treatment per-
formed after machining (machined-UNSMed). This is because the spatters and un-melted
powder on the surface were completely removed by machining, and then the surface was
modified more precisely by the impact of the ball tip.

Compared to the PBFed sample, the PBFed-UNSMed and machined-UNSMed sample ex-
hibited 98.44% and 105.25% higher hardness, respectively. UNSM treatment not only increases
hardness due to surface microstructure refinement but also increases scratch resistance.
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