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A B S T R A C T   

In this paper, a novel hybrid wire arc additive manufacturing (WAAM) and ultrasonic nanocrystal surface 
modification (UNSM) on porosity manipulation and surface properties of aluminum 5356 alloys was studied. The 
goal is to improve the quality of the WAAM-built part by eliminating bigger pores and reducing its size, reducing 
surface roughness, and increasing surface hardness. The as-built WAAM and WAAM-UNSM-treated samples were 
quantitatively studied for porosity using an X-ray micro-computed tomography (μ-CT). The surface roughness 
was measured on the surface profile of the same samples before and after UNSM treatment. Followed by the 
Vickers micro-hardness tests to evaluate the hardness modified by the influence of the UNSM treatment. It was 
found that the bigger pores in the as-built WAAM samples were eliminated and the medium-sized pores were 
shrunk to almost half the size after the UNSM treatment. Further, the UNSM treatment showed a significant 
improvement in both surface roughness and hardness on the WAAM Al5356 samples. This experimental work 
demonstrates the critical advantages of hybrid WAAM-UNSM in improving the qualities of the WAAM processed 
parts.   

1. Introduction 

Wire arc additive manufacturing (WAAM) has been considered as a 
potential solution for fabricating medium-to-large size metallic com
ponents with a near-100 % material deposition rate. In the WAAM 
process (Fig. 1(a)), metallic wire is fed and melted by an electric arc to 
fabricate a three-dimensional (3D) part in a layer-by-layer fashion. The 
long reach of the robotic arm and its flexible degree of freedom enables 
the WAAM to print complex and large metal components. However, 
WAAM often generates internal pores of various sizes, which are mainly 
caused by the hydrogen vaporized from the moisture, grease, hydro
carbon contaminants on the wire surface, and the entrapped shielding 
gas which cannot escape due to the rapid solidification in the WAAM 
process [1–6]. 

Porosity is a critical barrier preventing the WAAM technique from 
wide application [7–13]. The porosities in the Al samples built using the 

WAAM process are usually influenced by shielding gas, gas flow rate, 
meltpool temperature and phase change, and deposition strategy. For 
example, the size and number of porosities generation can be altered by 
changing the deposition strategy from hatching to circling conditions. 
The temperature effect in the meltpool region and the phase change 
could be the dominant cause of the porosity formation in the WAAM- 
processed Al samples, and the location could cover the entire cross- 
section [14]. Furthermore, the bigger pores in the WAAM-processed 
Al samples could form near the inter-layer of the deposition arbi
trarily. Hence, the WAAM-processed Al samples tend to form porosity 
throughout the deposition region arbitrarily due to various factors. This 
necessitates the use of post-processing techniques to alleviate these 
porosities. 

To alleviate porosity, the commonly used method is hot isostatic 
pressing (HIP) in which high temperature and isostatic pressure are 
applied to compress the metal part to reduce pore volume. However, HIP 
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is unable to eliminate pores, and to some extent can promote the 
regrowth of gas porosities [15,16]. In addition, it is often hard to process 
large-scale WAAMed parts using HIP due to the process space constraint. 
Another concern in the WAAM process is the low surface quality which 
is frequently observed in other metal 3D printing technologies [17,18]. 
The thermal history of each layer of printed material is not always 
consistent. It is caused by various WAAM parameters that influence the 
surface morphology and temperature of the previously printed layer 
[19]. This lead to WAAMed parts exhibiting a high level of surface 
roughness that affects corrosion, wear, and fatigue resistances, which 
are not suitable for direct use without post-treatment surface modifi
cation [20,21]. 

The ultrasonic nanocrystal surface modification (UNSM) [22] is a 
surface severe plastic deformation (S2PD) technique that has been 
applied in a wide range of applications [23,24]. In the UNSM (Fig. 1(b)), 
a tungsten carbide ball tip is attached to an ultrasonic device to generate 
indentation strikes at 20,000 or more times per second on a cylindrical 
part rotating at a feed speed V (mm/rev) at the surface subjected to 
striking. When coupled with translational motion involved in WAAM, 
this leads to 1000 to 10,000 strikes/mm2. The striking tip scans the part 
surface with a scanning speed S (mm/min). The amplitude and frequency 
of the striking force (F) are controlled by an ultrasonic transducer. The 
striking force consists of two components, a static load Pst and a dynamic 
load P (F = Pst + P sin2πft, f is the striking frequency) [25]. The static 
and dynamic components of the loads can be independently adjusted 
with a specific combination, severe plastic deformation and grain 
refinement can be induced in the near-surface region [26,27]. The 
UNSM can generate more than 500 μm layer of nanocrystal grains 
(30–100 nm) and high levels of compressive residual stress from the 
surface down to the part [28–30]. As shown in Fig. 1(b), due to the 
plastic deformation, a significantly larger number of pores are com
pressed and closed by the compacting effect [31–34]. Smoother surfaces 
and lower subsurface porosity will certainly lead to better mechanical 
properties in the treated material [35,36]. Compared to other S2PD 
processes like water jet peening and laser shock peening, UNSM avoids 
the water medium and the optics, facilitating integration with the 
WAAM process [37,38]. 

The hybrid WAAM-UNSM process has multiple benefits. 1) The se
vere plastic deformation formed in UNSM can reduce the porosity 
formed in WAAM. 2) It allows for more flexible surface quality control of 
the WAAMed part by reducing the surface roughness. 3) The hardness of 
the WAAMed part can be enhanced with the UNSM treatment, so the 
related mechanical properties and abrasive resistance can be strength
ened. 4) The induced compressive residual stress in each layer increases 
the atomic density of the metal [43], thereby improving the mechanical 
properties. 

This study involves a hybrid WAAM-UNSM integrated process 
applied on Al5356 samples to quantify porosity, surface roughness, and 
hardness. The effect of UNSM static and dynamic loads are studied for its 
influence on the porosity distribution in the Al5356 samples. The 

improvement in porosity, surface roughness, and hardness under the 
influence of the UNSM scanning speed over its different static loads on 
the WAAMed sample is closely monitored and quantified using μ-CT 
scanning. This process and methodology are expandable to the succes
sive layers to further develop WAAM-UNSM as an integrated in-situ 
processing for Aluminum layer-by-layer. The process parameters for 
WAAM and UNSM were carefully chosen based on the laboratory 
experience of the authors on metal processing. There are many studies 
reported in the previous section that identifies critical technology ad
vantages of the UNSM and WAAM processes separately. Since the hybrid 
WAAM-UNSM is not explored and the current research fills the gap in 
developing it as an in-situ approach, layer-by-layer during the WAAM 
process. Further to avoid the use of many input parameters for both 
WAAM and UNSM as independent parameters and their influence study, 
this research study considers static load in the UNSM as the main cate
gory to study the influence on the WAAMed Al5356 samples. It keeps all 
other input parameters of WAAM and UNSM the same throughout the 
sample preparation. The study mainly aims to quantify the improvement 
of porosity, surface roughness, and hardness under the influence of 
hybrid WAAM and UNSM processes that can be expandable to develop 
an integrated process structure for each layer printed. 

2. Material and method 

The chemical composition of Al5356 alloy is outlined in Table 1. At 
first, four different Al5356 samples were printed with the same substrate 
material using the WAAM process. Three of these samples were 
considered for UNSM treatment, and one is considered an as-built con
dition for data comparison. Each sample was treated with three striking 
forces during the UNSM process. Before and after UNSM treatment, 
these samples were measured for porosity using an X-ray μ-CT scanner, 
surface roughness, and surface hardness using the Vickers hardness 
tests. 

2.1. Experimental platforms 

The WAAM platform as shown in Fig. 2 has an ABB programmable 
robotic arm (Fig. 2(a)) (IRB 140, six degrees of freedom, 810 mm reach) 
controls the motion of the WAAM process to print 3D parts. The robotic 
arm is integrated with a Fronius TPS 320i welder (Fig. 2(b)). The wire 
material used is aluminum 5356 (Al5356) with 0.889mm diameter. 
Al5356 is a widely used alloy because of its high shear strength, high 
electrical conductivity, strong corrosion resistance, and good low- 
temperature properties. 

Fig. 1. (a). Wire arc additive manufacturing (WAAM) [39,40]; (b). ultrasonic nanocrystal surface modification (UNSM) [41,42].  

Table 1 
Material composition of Al5356 wire (wt%).  

Alloy Si Fe Cu Mn Mg Zn Al 

Al5356 0.25 0.4 0.1 0.05–0.2 5.0 0.1 Balance  
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2.2. Wire arc additive manufacturing of Al5356 

The WAAM process parameters considered to print Al5356 are given 
in Table 2. The printed samples with a print strategy and the sample 
dimension are shown in Fig. 3. At first, the Al5356 substrate with 38 ×

38 × 12 mm dimension was fixed onto a bench vice, and the same ma
terial in the wire form is fed through a wire feeder with a feeding rate of 
595 in/min. The wire serves as both heat source generated by arc at the 
wire tip with a current of 136 A passed through the power source and as 
a filler material. An arc between the wire tip and the workpiece melts 
both to form a deposition pool. A single layer with 12 tracks printed 
along the ±y axis with a hatch spacing of 2 mm, as indicated in Fig. 3(a). 
A total of four samples set printed as shown in Fig. 3(b) to be used for 
UNSM treatment. 

2.3. Ultrasonic nanocrystal surface modification of Al5356 WAAMed 
samples 

The UNSM platform (see Fig. 2(c)) used in this study was supported 

by Sun Moon University (South Korea). This UNSM system (UNSM 
LM520) is integrated into a lathe platform and has a controller and ul
trasonic generator. The LM-520 UNSM platform can induce a dynamic 
load at 20 kHz with the displacement amplitude of the ultrasonic 
oscillation of 30 μm. The WC with a 2.4 mm tip (Fig. 2(d)) diameter was 
used to scan multiple tracks on the surface profile using a square wave 
with a scanning speed of 1000 mm/min. The area covered under the 
UNSM treatment was 14 mm × 14 mm. For the UNSM surface treat
ment, three different static load cases of 50 N, 80 N, and 100 N were 
considered. Further, the dynamic load of 20 kHz and scanning speed of 
1000 mm/min were kept constant. The first sample was considered an as- 
built condition to compare with three UNSM cases. These samples rep
resenting the as-built and after-UNSM treatment are shown in Fig. 4. 

The UNSM-processed Al5356 samples possessed smoother surfaces 
compared to the as-built sample because of severe plastic deformations. 

Fig. 2. Robotic arm integrated with metal inert gas welding principle based WAAM process platform to deposit Al5356 wire involving (a) ABB programmable robotic 
arm (IRB 140, six degrees of freedom, 810 mm reach), (b) WAAM process power source with wire feed. (c) UNSM platform mounted on a lathe setup and its working 
principle (d) involving WC ball tip causing an S2PD at an ultrasonic frequency. 

Table 2 
Printing parameters considered for the WAAM process to 
print Al5356.  

Parameters Values/units 

Printing voltages 19.8 V 
Printing currents 136 A 
Wire feeding rates 595 in/min 
Hatch space 2 mm 
Tracks number 12 
Traveling speed 20 mm/s  

Fig. 3. (a) Al5356 substrate with printing path strategy considered for four 
Al5356 single layer multi-track samples (b) printed using WAAM process with a 
hatch spacing between the tracks of 2 mm. 
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Due to this, the 3D printed texture where the influence of hatch spacing, 
the visibility of the area of the valley, overlapping region, tracks, depths, 
and depressions of the wave-like surface was no longer visible in the 
UNSM treated region. Except, only the 50 N UNSM case sample saw 
similar WAAM textures. 

3. Results 

3.1. Porosity studied based on the μ-CT observation 

The WAAM Al5356 samples in as-built condition and UNSM-treated 
condition were statistically analyzed for porosity. The μ-CT scanning 
parameters considered for scanning are given in Table 3. The μ-CT data 

was obtained from X-ray micro-computed tomography setup as shown in 
Fig. 5. The scanned region includes the UNSM treated region, AM 
printed region, and substrate region. The reconstructed volumetric im
ages were visualized and statistically analyzed using ORS Dragonfly 
software [44] for the porosity size, volume, and sphericity. In the soft
ware, a resolution of approximately 50μm was achieved to capture the 
smallest porosity size possible. Any porosity less than the resolution was 
ignored. 

The average WAAM deposited layer height in the as-built condition 
is ~4.6 mm. From μCT, it was observed that the UNSM effect on the 
porosity alleviation is >1.5 mm. The severe plastic deformation has 
eliminated most of the pores until a depth of ~500 μm. Beyond the 500 
μm, up to a depth of ~2 mm, the micro-pores (<100 μm) got eliminated 
and some of them got converted into medium pores (<400 μm), and the 
bigger pores (>400 μm) got reduced to medium pores. From Fig. 6(a3), 
it was observed that in the as-built sample, due to deposited layer 
overlapping and the hatch spacing in the printing have caused an un
even surface profile. The pores were more concentrated along these 
hatch-spacing lines as shown in Fig. 6(a2). Fig. 6(b2, c2, d2) highlights 
the reduced sphericity of the pores. The quantity of pores and their size 
is shown in Fig. 6(a1, b1, c1, d1). The number of pores with a diameter 
of ∼ 200 μm which represents most of the pores in the WAAM as-built 
sample saw a significant decrease upon increasing UNSM static load 
during the surface treatment. Similarly, the number of pores with a 

Fig. 4. Illustrating surface roughness and profile of the four WAAMed Al5356 samples with three of them surface treated with UNSM process involving (a) as-built 
condition, (b) UNSM 50 N case, (c) UNSM 80 N case, (d) UNSM 100 N case. 

Table 3 
μ-CT scanning of the as-built and WAAM-UNSM-treated Al samples.  

Parameters Values 

X-ray detector size 24′ × 24′ 

Source-to-object distance 85.276 mm 
Source-to-detector distance 772.7959 mm 
Voxel resolution 22.155 μm 
Number of projection 720 
Tube voltage 185 kV 
Filament current 62 μA  
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diameter of ∼ 400 μm also saw significant reduction or elimination 
during the UNSM treatment. It was observed that in the UNSM static 
load 50 N case, the large pores (> 400 μm) have been reduced to smaller 
size pores and was mostly eliminated upon increasing the static load 
from 50 N to 100 N. 

Fig. 7 visually demonstrates the distribution of the individual pores 
in the as-built and UNSM-treated samples. It depicts the relation be
tween the pore size and the shape of the pore through sphericity. The 
sphericity of 1 represents a perfect sphere and 0 represents flat geome
try. To distinguish between individual pores, each pore is color coded 
and scaled to the volume of the pore as shown in Fig. 7(f1: g2). This 
helps in highlighting the major pores, their size, and their shape. From 
Fig. 7(e1, e2), the as-built sample saw more dispersed bigger pores of 
size > 1 mm. These bigger pores have a sphericity of >0.5 representing a 
spherical shape in their formation. The 50 N UNSM case saw an im
mediate reduction of these pores and was eliminated in the 100 N UNSM 
sample. However, the 100 N UNSM case saw bigger pores with <0.2 
sphericity. From the μ-CT, these pores were observed near the substrate 
where there was minimal effect of the UNSM. From Fig. 7(f2), the 
porosity distribution in the as-built sample saw bigger pores in the 
deposited region. There are >15 pores that have a volume bigger than 
0.3 mm3. >90 % of the rest of the pores have a volume of <0.15 mm3. 
Because of these bigger pores, the as-built sample saw a larger pore 
volume range of 0.659 mm3. To analyze the porosity data, these bigger 
pores are considered regular pores even though it behaves like outliers 
that should have been omitted from consideration. 

In comparison, the 50 N UNSM case saw a bigger pore with a 
maximum volume of < 0.25 mm3 which is less than half of the maximum 
volume of the as-built sample. The 50 N UNSM case saw a pore volume 
range of 0.264 mm3. It has <10 pores that have a volume between 
0.15 mm3 and 0.25 mm3. Moreover, the bigger pores in the as-built 
sample saw >95 % of them with a sphericity of >0.65 whereas, in the 
50N UNSM static load case, >90 % of the bigger pores have a sphericity 
<0.5. Further, from the porosity data of the 50 N UNSM case, >90 % of 
the rest of the pores have <0.05 mm3 volume. That means, in between 
0.05 mm3 and 0.15mm3 volume range, there are now only fewer than 13 
pores compared to a larger number in the as-built case. These bigger 
pores with a volume of >0.13 mm3 were eliminated in the 80 N and 100 
N UNSM cases. In comparison with the 50 N UNSM case, the 80 N and 
100 N UNSM cases saw a maximum volume of 0.125 mm3 with a range 
of 0.15 mm3 and 0.135 mm3 respectively. However, compared to the 50 
N UNSM case, these cases saw a greater number of pores with a volume 
between 0.05mm3 and 0.125mm3. Furthermore, the 100 N UNSM case 
saw these bigger pores with lower sphericity and lesser pore size 
compared to the 80 N UNSM case. 

Based on these distributions of pores, with their standard deviation 
and mean values, the coefficient of variation (cv) for pore size, volume, 
and sphericity was tabulated in Table 4. As noted before in the as-built 
case, the outliers in the data are not omitted in analyzing for the porosity 
as bigger pores are important and the focus of this research. The cv 
highlights the influence of the UNSM on the porosity distribution in the 
WAAM Al5356 samples. 

In the pore volume data, the drastic reduction in the cv between the 
as-built and the UNSM-treated samples represents less dispersion in the 
porosity data due to outliers. As-built samples saw more outliers with 
bigger pores whereas 100 N UNSM static load case saw a significant 
reduction in the cv. In the pore size, the 50 N UNSM case saw an increase 
in cv compared to the as-built case whereas the 80 N and 100 N cases saw 
a reduction in cv with an exponential distribution pattern. Furthermore, 
the cv in the sphericity represents more of a normal distribution in the 
data between as-built and UNSM test cases even though the UNSM test 
case has a slightly lower cv compared to the 100 N UNSM case. 

The number of pores is based on their size, and the distribution of 
these pores is a subjective structure. It depends on the number of class 
intervals to which the sample range was considered. The individual 
pores visualization in Fig. 7 provides the relationship between the pore 
size and its class of variables such as sphericity or volume. However, it 
does not provide accurate information on the nature of the distribution 
of pores in the samples. Hence, to better understand the porosity dis
tribution, the probability density function based on individual locations 
of all the pores sample data was considered using Kernel density esti
mation (KDE). Fig. 8 represents the non-parametric density function that 
uses the Gaussian function as a kernel with a bandwidth factor of 1 for 
univariate and bivariate density plots. The area under the curve provides 
the probability of the individual pores being located based on their size, 
volume, and sphericity. 

From the univariate KDE Fig. 8(h1), it was observed that the central 
tendency of the pore size for the 50 N UNSM case was ~40 μm that has 
shifted to the left of the as-built which was around ~95 μm. Similarly, 
the central tendency of the pore size for the 80 N UNSM case was ~110 
μm, and for 100 N was ~130 μm which is to the right side of the as-built 
case. Compared to the as-built, the 50 N UNSM case has a significant 
overlap with the as-built case. From the bivariate KDE plot in Fig. 8(h2), 
this overlap was seen in the region of pore size <50 μm with sphericity 
between 0.95 and 1.0. Continuing further, in Fig. 8(i1), the as-built 
sample exhibits a bimodality in the sphericity, with one peak at ~0.92 
and another higher peak at ~0.98. Compared to this, the 50 N UNSM 
case also saw a bimodality in the peaks however the greater peak is at 
~0.92. This means the sphericity of the UNSM cases was on a decreasing 
trend with an increase in the UNSM influence. Further, the 80 N and 100 

Fig. 5. Nikon C1 system X-ray micro-computed tomography setup used for porosity measurement.  
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N UNSM cases saw a wider sphericity range which produced a lesser 
probability density of these pores. This was also observed in the bivar
iate KDE of the 80 N UNSM case in Fig. 8(i2) where there is a spread in 
the range of the pore size compared. Furthermore, the volume KDE plot 
in Fig. 8(j1) saw a linear distribution among all cases. However, the 100 
N UNSM case saw the most non-overlapping region with the as-built 
case. Even though, the pore size and the sphericity spread in Fig. 8(j2) 
were like the 80 N UNSM case, due to pores outliers, bigger pores near 
the substrate region where there is minimal effect of UNSM have skewed 
the data. 

3.2. Porosity studied based on the optical microscope observation 

In order to clearly study the pore morphology under the treatments 
of WAAM-UNSM processes, optical microscope observations were con
ducted in this paper. 

As shown in Fig. 9a and b, the aluminum samples were sectioned 
with wire electronic discharge machining following the middle cross- 
section. After that, rectangular specimens were cut from the middle 
cross-section for studying the pore morphology. Series of experimental 
operations were carried out to prepare the specimens for the optical 

Fig. 6. μ-CT scanned WAAM-UNSM samples are shown. The samples are depicted for surface roughness gradient and UNSM-treated region (a3–a4; b3–b4; c3–c4; 
d3–d4), and porosity in the UNSM-treated region (a2, b2, c2, d2), and the porosity distribution in the local region selected for UNSM treatment (a1, b1, c1, d1) are 
shown. Row a# (a1–a4) represents the untreated as-built WAAM Al sample. Row b# (b1–b4) represents UNSM treated with a static load of 50 N as-built WAAM Al 
sample. Row c# (c1–c4) represents UNSM treated with a static load of 80 N as-built WAAM Al sample. Row d# (d1–d4) represents UNSM treated with a static load of 
100 N as-built WAAM Al sample. 
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microscope observation. The four rectangular specimens were mounted 
into the epoxy resin, then grinded with the sand papers from 600 grit to 
800 grit, to 1200 grit. The grinded specimens were then polished to 
further smooth the surface. 

Fig. 9c shows the pores morphology in the WAAMed specimen. 
Almost all the pores have spherical shapes with various diameters and 

have discrete distribution. Since the WAAM pores are mainly caused by 
the hydrogen vaporized from the moisture, grease, hydrocarbon con
taminants on the wire surface, and the entrapped shielding gas which 
cannot escape due to the rapid solidification in the WAAM process, the 
spherical pores are the regular pore formation during the WAAM pro
cess. Fig. 9d shows the pores morphology in the WAAM-UNSM treated 

Fig. 7. A relationship between the porosity size, volume, and sphericity distribution comparison between the untreated WAAM Al sample and the WAAM-UNSM 
treated Al samples. (e1): WAAM-UNSM-treated Al sample cases. (e2): As-built Al sample in comparison with UNSM cases. (f2): As-built WAAM sample (f1): 
UNSM static load of 50 N. (g1): UNSM static load of 80 N. (g2): UNSM static load of 100 N. 
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specimen. The static load in the UNSM process was 50 N. One important 
difference is, some pores started to be merged (as shown in the yellow 
highlighted regions in Fig. 9d) due to the treatment of UNSM process. 
Fig. 9e shows the pores morphology in the WAAM-UNSM treated spec
imen. The static load in the UNSM process was 80 N. With the increase of 
UNSM static load, the WAAMed material was further compressed. Due 
to the plastic deformation in the UNSM process, a larger number of pores 
are compressed and closed by the compacting effect. Therefore, it can be 
clearly observed that the spherical pores were transformed into oval 
pores in the UNSM treated region. Fig. 9f shows the pores morphology in 
the WAAM-UNSM treated specimen. The static load in the UNSM pro
cess was 100 N. The increase of static load can further enhance the 
compacting effect in the UNSM process. In the optical microscope 
observation, it can be found that there is no wide spread of large 
spherical pores in the UNSMed region. A lot of pores were closed thus 
the porosity was decreased. The remaining pores are shown as oval 
shapes thanks to the severe plastic deformation during the UNSM 
treatment. Another interesting finding in the Fig. 9f is, some remaining 
pores had the triangle-similar shapes with sharp corner. These pore 
morphology results from the enhanced plastic deformation in the UNSM 
with highest static load 100 N. 

3.3. Surface roughness 

Surface roughness can affect the performance and functionality of a 
material or component. For example, surface roughness can affect the 
friction, wear, and lubrication properties of WAAMed components. A 
smooth surface can reduce friction and wear, while a rough surface may 
provide better grip or adhesion. Thus, by controlling and measuring 
surface roughness, it is possible to improve the reliability and quality of 
WAAMed components in many industries. 

In this study, the center line average height (Ra) was chosen as the 
parameter to be evaluated. Ra is the arithmetic mean of the absolute 
values of the profile height deviations from the mean line, measured 
over the evaluation length. Specifically, the surface roughness Ra in each 
gradient section was assessed using a portable roughness tester 
(RUGOSURF 20, TESA TECHNOLOGY). Before the measurement, a 
calibration block was utilized to calibrate the tester, thereby ensuring 
more accurate test results. Ra measurements were taken ten times in 
each region of material composition, and all the results were recorded 
and used to generate boxplots as shown in Fig. 10. 

The effect of UNSM on the surface roughness saw a greater 
smoothness in the surface profile compared to the as-built sample. Upon 
increasing the static load, the surface finish has improved from an 
average 10.4 μm to 2.34 μm. This surface smoothness has also resulted in 
a reduction of micropores near the surface and a reduction in micro
cracks. Furthermore, this improved surface smoothness could poten
tially reduce the stress concentrations on the surface that could serve as 
crack initiation sites. 

3.4. Hardness 

Surface hardness is an important property of materials that can affect 
their performance and functionality in many engineering and 
manufacturing applications. Materials with high surface hardness are 

generally more resistant to wear and abrasion than softer materials. This 
is because hard materials are less likely to deform or be damaged by 
friction or impact. Besides, surface hardness can also affect the fatigue 
resistance of materials, which is important in applications where com
ponents are subjected to cyclic loading. Generally, harder materials are 
more resistant to fatigue failure than softer materials. 

To better investigate the performance of UNSM on surface modifi
cation of WAAM samples, surface hardness is supposed to be measured 
and analyzed. Vickers hardness is selected as the hardness factor to be 
measured because it is a commonly used method to measure the hard
ness of materials. First, the surfaces of the UNSM samples were cleaned 
and flattened. Then, a square-based diamond pyramid indenter with an 
included angle of 136◦ is selected for the test. To ensure accuracy, the 
measurements of surface hardness were repeated several times, and took 
the average of the results so the error bars were made and added to the 
results of hardness shown in Fig. 11. 

From Fig. 11, it was found that the increase in static loads saw a 
significant increase of >105 % in the surface hardness. Such an increase 
in hardness can be attributed to work-hardening effects due to severe 
plastic deformations. Furthermore, the change in porosity distribution 
has contributed to the increase in hardness. 

4. Conclusion 

In this study, four Al5356 samples were 3D printed for single layer 12 
tracks with a hatch spacing of 2 mm using a wire arc additive 
manufacturing process. These samples were subjected to a destructive 
surface modification called an ultrasonic nanocrystal surface modifica
tion. The UNSM process has induced severe plastic deformation at an 
ultrasonic frequency of 20 kHz, a scanning speed of 1000 mm/min, and 
three static load cases of 50 N, 80 N, and 100 N. The as-built and the 
UNSM-treated samples are characterized for porosity, surface rough
ness, and hardness to study the influence of UNSM treatment. 

The as-built WAAMed sample saw ~2 % of the overall pores were 
bigger pores within the range of 400 μm to 4067 μm. This range got 
reduced to almost half in the 50 N UNSM case that has ~0.77 % of 
overall pores between 400 μm and 3307 μm. Further, the 80 N UNSM 
case and 100 N UNSM case saw a maximum pore size of 2597 μm and 
2346 μm respectively. These cases saw ~3 % of the overall pores that 
were bigger than 400 μm. However, most of these pores greater than 
1800 μm are located towards the substrate where there is minimal effect 
of the UNSM treatment. This effectively means the bigger pores under 
the influence of UNSM saw a greater reduction in numbers and size. 

Interestingly, >56 % of the overall pores in the as-built case were 
micro pores within the range 40 μm to 100 μm. Within this range, the 80 
N UNSM case and 100 N UNSM case saw a significant reduction in the 
number of pores close to 10 % of the overall pores. This effectively 
means the UNSM influence on micropores caused the micro pores due to 
the impact of the WC tip to either be eliminated or got merged to form a 
medium size pores between 100 μm and 200 μm. Further, the as-built 
case saw close to 40 % of the overall pores are medium size pores 
within the range 100 μm to 400 μm. Under the influence of UNSM, the 
50 N UNSM case saw a reduction of ~50 % in the medium pores. These 
medium pores got either eliminated or reduced and shifted into the 
micropores category. Further, an increase in the static load saw a con
trary effect where micropores got merged to form medium pores with 
overall sizes lesser than the 50 N UNSM case. This effectively means the 
UNSM influence on the Al5356 WAAMed samples saw an elimination of 
bigger pores, reduction in medium size pores in the 50 N UNSM case, 
and merging of micropores to form a medium size pores upon increasing 
the static load. Overall, upon gradually increasing the static load of the 
UNSM treatment, the bigger pores get eliminated, and medium pores get 
converted into micropores, which eventually leads to the merging of the 
micro pores to form medium pores of lesser pore size threshold. 

The UNSM treatment on the WAAMed samples also saw a significant 
reduction in surface roughness. Compared to the as-built, the 50 N 

Table 4 
The tabulated coefficient of variation based on the standard deviation and the 
mean values of individual pores in as-built and UNSM-treated WAAM Al5356 
samples.  

Test case cv – pore size cv – volume cv – sphericity 

As-built  0.887  8.209  0.075 
50 N  0.969  7.53  0.08 
80 N  0.69  3.65  0.131 
100 N  0.68  3.53  0.135  
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UNSM case saw a decrease in surface roughness by ~200 %. Further, 
upon increasing the static load, this lower surface roughness was both 
sustained and improved. Compared to the 50 N UNSM case, this surface 
roughness due to 80 N static load and 100 N static load saw a decrease of 
~13 % and ~23 % respectively. This effectively means the UNSM 
treatment significantly reduces the surface roughness and it improved 

upon increasing the static load. Overall, the cumulative effect of the 
reduction in porosity and its evolution, and the reduction and 
improvement of the surface roughness due to UNSM treatment was seen 
in the increase of surface hardness by ~100 %. Thus, through a series of 
experiments, the excellent surface modification performance of UNSM 
on the WAAM Al5356 samples that saw significant changes in its shape 

Fig. 8. (h1, i1, j1): One-dimensional kernel density estimated for (h1) pore size, (i1) sphericity, (j1) volume. (h2, i2, j2): Two-dimensional kernel density estimated 
distribution of pore size and sphericity for individual WAAM-UNSM-treated sample cases: (h2) UNSM static load 50 N, (i2) UNSM static load 80 N, (j2) UNSM static 
load 100 N. 
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Fig. 9. the observation of pores through optical microscope, (a) the middle cross-section selected for observing the pores formed in difference processes; (b) the 
observation specimen cut from the middle cross-section using wire electric discharge machining; (c): pores shape and distribution in the WAAMed specimen; the 
shape of pores are clearly spherical; (d) pores morphology in the WAAM-UNSM specimen with UNSM static load 50 N, the pore merging can be observed; (e) pores 
morphology in the WAAM-UNSM specimen with UNSM static load 80 N, the oval pore shapes were obviously found in the specimen due to the compression of UNSM 
process; (f) pores morphology in the WAAM-UNSM specimen with UNSM static load 100 N, it can be clearly observed that the compressed pores had oval shape and 
smaller size. 
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and form internally and externally was characterized and analyzed in 
this research. 
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