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Abstract

Wire arc additive manufacturing (WA AM) has several industrial applications because of its advantages over other additive
manufacturing methods. In this study, two stainless steel 347 walls, namely as-deposited (AD) wall, and inter-layer cold
worked (CW) wall, were prepared using the WAAM method to investigate the isotropy of their mechanical properties and
wear properties in vertical and horizontal directions. For the AD wall, the mean yield strength, ultimate strength, and elonga-
tion of horizontal samples were 410 MPa, 620 MPa, and 47%, respectively. In comparison, these values for the vertical (V)
samples were 402 MPa, 590 MPa, and 49%, respectively. For the CW wall, the mean yield strength, ultimate strength, and
elongation of horizontal samples were 815 MPa, 876 MPa, and 26%, respectively, while those of vertical samples were 722
MPa, 824 MPa, and 25%, respectively. The CW wall’s tensile test results indicated that inter-layer cold working intensified
the anisotropy of tensile properties in both vertical and horizontal directions. Microstructural investigation revealed that
inter-layer cold working and the heat resulted from subsequent layers deposition in the CW wall recrystallized the layers
and reduced the grain size. Additionally, wear test results demonstrated that inter-layer cold working increased hardness and
thus wear-resistance of the samples and reduced their friction. The results showed that the coefficient of friction (COF) and
wear rates of the samples are not highly dependent on their direction.
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1 Introduction

Additive manufacturing (AM) technology has received much
attention in industry and academic settings in recent decades
[1]. AM is a process in which components are manufactured
layer upon layer based on a 3-dimensional model [2]. This
method is cost and time saving and allows the manufactur-
ing of pieces with complex geometry [3]. Ebrahimi et al.
[4] reported that various energy sources are used in the AM
process, such as electric arc, laser rays, and electron rays,
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and the utilized raw materials may be powders or metal wire,
depending on the process type.

One of the AM processes is wire arc additive manufac-
turing (WAAM) method that has advantages such as a high
deposition rate. This process is employed to manufacture
pieces in relatively large dimensions with medium geometric
complexity [5]. According to Honnige et al. [6], the disad-
vantages of this method are distortion due to high heat input
during layer deposition, high residual stress, welding defects,
poor dimensional precision, and lower surface quality than
other AM methods.

Among recent studies conducted on WAAM, Colegrove
et al. [7] explored the effects of inter-layer cold working on
Al and Ti alloy pieces manufactured by the WAAM method.
They reported that inter-layer rolling reduced porosity in the
aluminum sample and increased its flexibility. Furthermore,
inter-layer cold working miniaturized and equiaxed initial
f grains in the titanium sample. In another study, Xu et al.
[8] investigated the effects of thermomechanical processes
on INCONEL 718 Super Alloy samples manufactured by
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the WAAM method. According to their results, as-deposited
samples had lower tensile properties after heat treatment
than the wrought ones. At the same time, inter-layer cold
working in other samples resulted in non-uniform recrystal-
lization and compared to the wrought mode, their ultimate
strengths enhanced after heat treatment.

Guo et al. [9] produced an AZ8OM magnesium alloy wall
by the WAAM method and studied its tensile properties in
both horizontal and vertical directions. The results revealed
that the horizontal samples had higher tensile properties than
vertical ones because of their heterogeneous microstructures
and the aggregation of cracks in inter-layer areas. Studying
WAAM bainite steel samples, Fu et al. [10] found that AD
samples had anisotropic tensile properties in three build-
ing directions of X, Y, and Z. They showed that inter-layer
cold working provided more isotropic tensile properties in
three building directions and the fracture toughness of these
samples became three times larger than that of AD ones. Wu
et al. [11] reported that the cooling rate of layers increased
as the heat input reduced during manufacturing Ti-6Al-4V
components by the WAAM method. Moreover, they reported
that the high cooling rate of layers increased tensile proper-
ties such as yield strength and ultimate strength. Xie et al.
[12] reported that WAAM 1045 steel AD samples had aniso-
tropic tensile properties in vertical and horizontal directions.
Inter-layer cold working improved the tensile properties in
both vertical and horizontal directions; however, there was
still anisotropy in the properties in two directions.

Attar et al. [13] suggested that parameters such as mate-
rial feeding system and energy resource may affect the
melting, solidification, and microstructures of AM pieces,
thereby influencing their mechanical and wear properties.
Yang et al. [14] studied the effects of the wear force on the
isotropic and anisotropic wear behavior of 316 L stainless
steel samples manufactured by the Selective Laser Melt-
ing (SLM) method. They showed that wear properties were
dependent on the building direction at low forces (1 and 3
N) while the building direction did not significantly affect
the wear properties at high forces (5 N). Marenych et al.
[15] manufactured FM60 and Monel K500 samples using
the WAAM method to investigate the effects of manufac-
turing speed on the mechanical properties and wear proper-
ties. The results demonstrated that the Monel K500 samples
had higher mechanical and wear properties than the FM 60
samples, and samples manufactured at 400 mm/min had the
highest toughness and thus the wear resistance.

Among studies conducted on AM components, there are
a limited number of works on wear behavior, mechanical
properties, and the isotropy of properties in different direc-
tions. Moreover, most of the studies in this context have
explored Al and Ti alloys, while a low number of them have
investigated steel pieces. In the present study, AD and CW
stainless steel 347 walls were prepared using the WAAM

method. Then, tensile tests and the pin-on-disk wear tests
were performed to study the effects of inter-layer cold work-
ing and isotropy of mechanical and wear properties in verti-
cal and horizontal directions. Finally, the microstructures of
the samples were examined to discuss the mechanical and
wear tests’ results.

2 Experimental
2.1 Sample Preparation

The walls were built using stainless steel 410 substrates with
dimensions of 260 mm X 60 mm X 40 mm. A Fronius Cold
Metal Transfer (CMT) welding resource with an average
travel speed of 7 mm/s was used to build the layers. The wire
feed speed in the process, according to multiple pretests, was
set 0.4 m/min with a current and voltage of 135 A and 11.8
V, respectively. A shielding gas containing 97.5% of Ar and
2.5% of CO, was used in this process. The welding wire
was made of stainless steel 347 with 1.2 mm of diameter. In
this study, two walls, namely as-deposited (AD) wall, and
inter-layer cold worked (CW) wall, were built to examine
the effect of inter-layer cold working on mechanical proper-
ties and wear properties. Five layers were deposited on the
substrate at the beginning and then removed from the main
wall by machining after the wall was built entirely in order
to make approximately similar dilution and cooling rate for
all subsequent layers. Time is a factor which is important in
manufacturing products with AM method. After depositing
each layer, it takes a long time to cool down to the room tem-
perature. So the maximum temperature (150 °C) close to the
cold work temperature was specified. Moreover, a thermom-
eter was used for measuring each layer’s temperature. Also,
after depositing each layer, the next layer’s deposition was
not started unless the previous layer’s temperature dropped
below 150°C. The AD wall was built with 240, 8.5, and 124
mm of length, width, and height, respectively, without inter-
layer cold working (Fig. 1). The CW wall was built in the
same manner except that once each layer was deposited, its
temperature was decreased below 150°C, and then it was
deformed under 350 bars of pressure, followed by deposit-
ing the subsequent layer on the previous cold-worked layer.
All the layers in the CW wall were built on each other using
the mentioned process. Also, a manually operated hydraulic
press was utilized to deform the layers.

2.2 Tensile test
To investigate the effects of cold working on the walls’

mechanical properties and isotropy of tensile properties in
vertical and horizontal directions, both AD and CW walls
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were machined in the same dimensions. Then, the tensile
test samples were prepared in accordance with the pro-
cess described in the following. As can be seen in Fig. 2a,
vertical (V) and horizontal (H) tensile test samples were
extracted from the top (Hy), middle (Hy,), and bottom (Hp)
of the walls in the determined areas. For the repeatability
of the tensile test results, three tensile samples were taken
from each of the mentioned areas (V, Hy, Hy; Hg). The
tensile samples were prepared in the dimensions of 100
mm X 10 mm X 6 mm according to ASTM E 8M standard.
All the tensile tests were carried out at room temperature
with the strain rate of 0.15 mm/mm/min. Table 1 presents
the specifications of the tensile and wear samples.

@ Springer

2.3 Microstructural Analysis

The samples for microstructural investigation were cut from
the middle of the AD and CW walls, perpendicular to the
layers. Then, they were polished and etched in an electro-
lyte solution containing 40 ml H,O and 60 ml HNO; at a
voltage of 1.1 V for 120 s. The samples were characterized
using optical microscopy (OM) and the scanning electron
microscopy (SEM).

2.4 Wear Test

As can be seen in Fig. 2b, vertical (V) and horizontal (H)
wear test samples were extracted from both AD and CW
walls. The pin-on-disk wear tests were carried out at the
ambient temperature in dry sliding conditions, in accordance
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with ASTM-G99-05 standard [16]. Before the test, the entire
surface of the samples was prepared by emery cloths No. 80
to 2000 and polished using a 0.3 um Alumina solution. The
samples were ultrasonically washed in an alcohol-acetone
solution before and after the test. Next, they were weighed
using the A&D scale N92 with an accuracy of 0.1 mg. The
density of the samples was measured by the Archimedes’
principle. For the wear test, an AISI 52100 bearing steel
pin with 15 mm of diameter was utilized. The wear test was
performed with two forces of 5 and 10 N at a linear veloc-
ity, wear track diameter, rotational sliding velocity, and the
total distance of 0.05 mm/s, 4.5 mm, 212 rpm, and 500 m,
respectively. Each wear test was performed in triplicate, and
the mean coefficient of friction (COF) and wear rate were
recorded. The sample’s worn surfaces were investigated
using SEM.

Table 1 Specifications of tensile and wear samples

Specimen Wall Direction Region Test

Hy Cold worked, AS Horizontal Top Tensile test
deposited

Hy, Cold worked, AS Horizontal Middle Tensile test
deposited

Hy Cold worked, AS Horizontal Bottom Tensile test
deposited

\% Cold worked, AS Vertical - Tensile test
deposited

Vap AS deposited Vertical Middle Wear test

H,p AS deposited Horizontal Middle Wear test

Vew Cold worked Vertical Middle Wear test

Hew Cold worked Horizontal Middle Wear test

2.5 Microhardness Test

To determine the hardness of wear samples’ surface, they
were all polished, and the microhardness test was carried
out with a Vickers indenter at 30 g of load for 15 s using the
MICROMET BUEHLER ILLINOIS-60044 machine. All
tests were taken according to the ASTM E384-99 standard
[17].

3 Results and Discussion
3.1 Tensile Test

Tensile test results for the AD and CW walls are presented
in Fig. 3. As can be seen, for the AD wall, the mean yield
strength, ultimate strength, and elongation of horizontal
samples (Hr, Hy;, and Hg) are 410 MPa, 620 MPa, and 47%,
respectively, while those of the vertical (V) samples are 402
MPa, 590 MPa, and 49%, respectively. Moreover, in the CW
wall, the mean yield strength, ultimate strength, and elonga-
tion of horizontal samples (Hy, Hy;, and Hg) are 851 MPa,
876 MPa, and 26%, respectively, while those of the vertical
(V) samples are 722 MPa, 824 MPa, and 25%, respectively.
However, the strain rate reported in this study for tensile
tests is slightly higher than the usual strain rate for reporting
yield strength and elongation.

The minimum yield strength, ultimate strength, and elon-
gation stated in the ASTM-A240 standard [18] for stainless
steel 347 plates are 205 MPa, 515 MPa, and 40%, respec-
tively, which are in line with the tensile properties of the AD
wall. As also reported by Tan et al. [2], the AD steel samples
built by the SLM method had the minimum standard val-
ues. Elsewhere, in a study conducted by The International
Nickel Company [19], the yield strength of stainless steel
347 increased to 896 MPa due to cold working.

Comparing the tensile properties of Hg, H,,, and Hy sam-
ples extracted from the top, middle, and bottom of the AD
wall reveals that mechanical properties are almost uniform
across the wall, and they do not depend on the extraction
location. Elsewhere, Haden et al. [20] studied WAAM stain-
less steel 304 samples and proposed the tensile properties of
different locations of an AD wall to be different and depend-
ent on the extraction location.

Furthermore, the comparison of the tensile properties of
horizontal samples (Hg, Hy;, and Hy) to those of the vertical
samples of the AD wall shows apparent isotropy, suggesting
that the tensile properties of the AD wall are not dependent
on the horizontal and vertical directions of the samples. This
result is consistent with those of Gu et al. [21] and Qi et al.
[22]. However, this apparent isotropy between as-deposited
horizontal and vertical samples is not seen in the work of
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Fig.3 Tensile test results of AD and CW walls in horizontal and vertical directions. Error bars represent standard deviation of three tensile tests

of each area

Guo et al. [9], who studied magnesium alloy samples, and Fu
et al. [10], who investigated WAAM bainite steel samples.
Comparing the tensile results of the AD and CW walls
demonstrates that inter-layer cold working increased the
yield strength and ultimate strength and reduced the elon-
gation. In a similar study, Gu et al. [23] reported that yield
strength and ultimate strength increased with an increase in
the amount of inter-layer cold working for WAAM samples.
Comparing the tensile properties of Hy, Hy,, and Hy
extracted from the top, middle, and bottom of the CW wall
shows that the tensile properties are uniform across the CW
wall and are independent of the sample extraction location.
Additionally, comparing the tensile results of horizontal
samples (Hg, Hy;, and Hy) with those of the vertical (V)
samples in the CW wall indicates that inter-layer cold work-
ing intensified the apparent anisotropy of horizontal and ver-
tical samples’ tensile properties. In comparison to the AD
wall, inter-layer cold working changed the difference in the
mean yield strength between horizontal and vertical direc-
tions from 8 to 93 MPa and the mean ultimate strength from
30 to 52 MPa. In a study by Xu et al. [8] on INCONEL 718,
inter-layer rolling changed the difference in the mean yield
strength between horizontal and vertical directions from 19
to 76 MPa and the mean ultimate strength from 62 to 10
MPa. In a study by Xie et al. [12] conducted on stainless
steel 304, inter-layer rolling did not provide isotropic tensile
properties in horizontal and vertical directions. At the same
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time, in Fu et al. [10] and Martina et al. [24], inter-layer
cold working provided isotropic tensile properties in hori-
zontal and vertical directions. Overall, in this study, tensile
properties of the CW wall were dependent on the horizontal
and vertical directions of the samples, but not the sample
extraction locations.

The microstructures of the AD and CW walls were inves-
tigated to explore the causes of anisotropic tensile properties
between horizontal and vertical directions due to inter-layer
cold working. Studying the microstructure of the AD wall
(Fig. 4a, b) revealed that the layer’s solidification micro-
structure was composed of columnar dendrites of austenite,
vermicular ferrite, and lathy ferrite. This observation was
reported in Inoue et al. [25, 26], Elmer et al. [27], Yilmaz
et al. [28], and Kotecki et al. [29], as well.

Since layers are built on each other in the WAAM
method, the heat resulting from depositing each layer
changes the temperatures of the previously built layers.
Microstructural investigation of the AD wall’s layers
shows that the heat cycle induced by the subsequent lay-
ers’ deposition did not significantly affect the previously
built layers’ microstructural evolution. At the same time,
it is seen in Fig. 4c, d, e (of the CW wall) that inter-layer
cold working and the heat due to the deposition of the
subsequent layers evolved the microstructure of previ-
ously built layers. Through this microstructural evolution,
austenite column dendrites recrystallized during the CW
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walls’ building process in the areas near to the layer sur-
face and the grain sizes decreased. In a similar study, Cole-
grove et al. [7] transformed initial f grains of Ti—-6Al-4V
alloy microstructure into fine equiaxed grains during the
WAAM process by interlayer rolling. Moreover, Xu et al.
[8] applied inter-layer rolling during the WAAM process
and transformed solidified INCONEL 718 microstructure
with large column grains into a non-homogenous micro-
structure consisting of a recrystallized core with fine equi-
axed grains and small column grains.

The recrystallized equiaxed grains of the previous lay-
ers were deformed and elongated by the cold working of
the subsequent layers in the process of manufacturing the
CW wall (Fig. 4d, e). This circumstance can provide better
tensile properties in the horizontal direction than the vertical
direction in the CW wall and be the cause of anisotropic ten-
sile properties in horizontal and vertical directions. Studying
the effects of rolling on dual-phase steel’s tensile properties,
Ahmad et al. [30] suggested that rolling enhanced the anisot-
ropy of ultimate strength and slightly changed the steel sam-
ples’ elongation. They also demonstrated that the strength of
the rolled steels is higher in the longitudinal direction than
in the transverse direction. Elsewhere, in a study conducted
by Fu et al. [10] on WAAM bainite steel samples, inter-
layer rolling transformed the column dendrite structure into
equiaxed grains and eliminated the anisotropy of the tensile

properties. Also, it significantly improved the samples’ ten-
sile properties and fracture toughness.

3.2 Microscopic Fracture Behavior

Tensile samples V and H,; were selected to investigate the
AD and CW wall’s fracture surfaces. Figure Sa, c, e, and g
illustrate the SEM images of the samples’ fracture surfaces
fractography at low magnification, while Fig. 5b, d and f,
indicate the same surfaces at the high magnification.
Comparing the fracture surfaces at low magnification
indicates that the fracture surfaces of samples Hy; and V of
the AD wall (Fig. 5a, c) underwent a high plastic deforma-
tion. Moreover, the results show regions of micro-void coa-
lescence for those samples. At the same time, in samples Hy,
and V of the CW wall (Fig. 5e, g), the smooth surface ratio
to the total fracture surface increased, so it shows higher
brittleness and lower plastic deformation. The images at
higher magnification demonstrate that all the four fracture
surfaces have dimples, suggesting the presence of a ductile
fracture [11, 21, 31]. Ductile fracture surfaces typically have
a fiber appearance with deep dimples [32]. Indeed, the dim-
ples of each sample are different in size because of different
building processes. Broad and deep dimples are observed in
the fracture images of the AD wall (Fig. 5b, d), indicating
ductile fracture and high flexibility. In the images of the CW
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wall (Fig. 5f, h), due to inter-layer cold working and reduced
flexibility, the dimples are smaller and shallower, and the
fracture is more brittle than the AD wall. The formation
of fine and numerous dimples on ductile metals’ fracture
surfaces indicates their high strengths resulting from the
nucleation of a high number of microvoids during consider-
able strains [23].

3.3 Tribological Behavior

Figure 6a depicts COFs obtained from the wear samples
of the AD and CW walls in horizontal and vertical direc-
tions. The results indicate that the samples’ COFs were in
the range of 0.16-0.25 and 0.24-0.36 at loads 5 and 10 N,
respectively. So, it can be stated that an increase in the load
of the wear test increased the COFs of the studied sam-
ples. Yang et al. [14] reported that wear force considerably
affected the samples’ wear properties in different building
directions and the increased COF due to increased load for
wear of the stainless steel was reported in [33, 34], as well.
Furthermore, the same COF of samples V,, and H,p, and

a 0.6
V/7)5N
0.5 Y10 N
0.4
S Y
o) 1

0.3 o &
y/\ 1
0.2-

:EI:O: § § k |
'% 0.8 \ \ N\ §

Fig.6 a Mean coefficient of friction at steady-state and b wear rates

the same COF of V. and Hy, at both loads indicate that
COF and tribological behavior are independent of vertical
and horizontal directions.

Figure 6b compares the wear rates of samples V, and
H,p and those of samples V- and Hy at load 5 and 10 N.
Unlike results reported by Haden et al. [20], the wear rate is
not a function of the sample extraction location of the built
walls and deposition direction. In a similar study, Li et al.
[35] investigated selective laser melted 316 L stainless steel
and reported that samples’ directions did not significantly
affect the wear rates and COFs of the samples. Additionally,
comparing the results of AD and CW samples suggests that
cold working reduced wear and COF.

Figure 7 shows the mean microhardness of the wear sam-
ples’ surfaces. The same hardness of samples V,, (256 +2
HV) and H,p (250+5 HV) represents the isotropy of
mechanical properties. Yang et al. [14] and Li et al. [35]
investigated selective laser melting (SLM) 316 L stainless
steel components and reported the same hardness for the
faces of the prepared samples.

Inter-layer cold working compared to AD samples
increased the hardness by 34% and 38% in the vertical direc-
tion and horizontal direction, respectively. In this regard,
Gu et al. [21] reported similar results. Furthermore, they
reported that cold working increased the hardness uniform-
ity in the direction perpendicular to the layers. In the previ-
ous section, it was observed that cold working increased the
anisotropy of the tensile results; however, no cold working-
induced increase is seen in the hardness anisotropy of the
samples in Fig. 7.

Figures 8 and 9 represent the worn surfaces of wear
samples of the AD and CW walls in horizontal and vertical
directions at loads of 5 and 10 N, respectively. The worn
surfaces show similar appearances because the activated
mechanisms of the samples’ wear are the same [34]. In the
other hand increasing the load from 5 to 10 N did not cause

400

300

Y

70
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2004

HAD

Sample

Fig. 7 Microhardness of the studied samples
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a significant change in wear features and the nature of the
activated mechanisms, which discusses the nature of these
activated mechanisms, in the next paragraph.

The EDS results in Figs. 8 and 9 represent that the
chemical composition of the areas on the worn surfaces
are almost the same, and only the oxygen content consid-
erably increased in the particles on the surface (indicated
as areas No. 1) compared to the other areas. Distribution
of the particles of different sizes containing considerable
amounts of oxygen in their chemical compositions supports
the dominance of adhesion wear mechanism in the samples’
wear [33, 34]. The surface oxidation and wear debris also
were reported on stainless steel wear [33]. Other investiga-
tions show long parallel grooves in the direction of wear
on some worn surfaces, implying the activation of abrasion
wear mechanism in the samples’ wear [35, 36]. In recent
studies, the simultaneous activation of both abrasion and
mixed-mode wear mechanisms were reported for stainless

Sample

T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Wear track width (mm)

Fig. 10 Mean wear track width

Table2 Summary of wear test results

steel wear [33]. These surface properties were observed in
AM metal wear [13][36][37].

Figure 10 illustrates the mean wear track widths of the
samples. In line with the study of Rai et al. [33], it is seen
that an increase in the load increased the wear track width.
Moreover, it is seen that the AD wear track width is higher
than that of the CW wear track width at both loads of 5 and
10 N. Table 2 summarizes the wear test findings.

According to Archard’s equation, materials’ wear resist-
ance has a linear relationship with their hardness [13, 38].
In this regard, several studies have reported the effect of
ductility on wear resistance [15, 39]. Considering hardness
results (Fig. 7) and tensile results (Fig. 3), the hardness and
elongation of the vertical sample (V) did not considerably
differ from that of the horizontal sample (H) in AD mode.
The similarity of the hardness and elongation values in verti-
cal and horizontal samples has caused the wear resistance
and COF of samples V,, and H,p, to be the same. This is
also true for samples Ve and Hey,.

Moreover, Li et al. [35] reported that the building direc-
tion did not significantly influence COF and wear rate. At
the same time, a relatively high wear force (e.g., 5 and 10 N)
increases compressive stress and thus wear. The compres-
sive stress induces plastic deformation and destruction of
the oriented structure in subsurface layers [14]. Thus, the
sample’s wear behavior is not significantly dependent on
their directions.

According to Fig. 10, the increased wear track width
and load imply more intensive plastic deformation at 10
N than at 5 N, even though the same wear mechanisms
were activated at loads of 5 and 10 N (Figs. 8, 9), which
might have increased the wear rate. Rai et al. [33] and Li
et al. [35] reported that more intensive plastic deformation
increased the wear rate, despite activation of the same wear
mechanisms.

Particles continue to separate from the surfaces of the
pin and disk during wear such that rolling and mechanical

Sample H COF w Wear track width Wear mechanism
(HV) (*107*mm’) (mm)
5N I0N 5N I0N 5N 10N 5N 10N
Dominant Other Dominant Other
Vap 256 0.25 0.35 0.66 1.10 0.95 1.43 Adhesive Abrasive  Adhesive Abrasive
+12 +0.02 +0.04  +0.07 +£006 +£0.05 +0.03
Hap 250 0.23 0.36 0.69 1.02 0.99 1.38 Adhesive Abrasive  Adhesive Abrasive
+15 +0.02 +0.03 +0.07  +0.07 +0.04  +0.02
Vew 342 0.16+0.01 0.24 0.47 0.82 0.66 1.11 Adhesive Abrasive Adhesive Abrasive
+15 +0.01 +0.09  +0.05 +0.02  +0.04
Hew 344 0.17 0.26 0.54 0.86 0.71 1.09 Adhesive Abrasive  Adhesive Abrasive
+17 +0.02 +001  +0.04 +£006 +0.03  +0.04
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alloy processes occur between surfaces. Wear debris roll-
ing between surfaces, three-body wear activation [33], and
the agglomeration and joining together of the debris [34]
are among the factors affecting COF. More intensive plastic
deformation at 10 N can make different morphologies and
dimensions of the debris between 10 N-wear and 5 N-wear.
This may change (increase) COF at 10 N from that at 5 N
[33, 34].

The presence of oxygen in different areas (areas marked
1 in Figs. 8 and 9) on the worn surfaces suggests increased
surface temperatures due to friction heating. Previous
studies revealed that the steel surface temperature locally
increased when the steel was worn by a steel counterpart
[35, 38]. The surface oxidizes in exposure to the air oxy-
gen due to the locally increased surface temperature during
wear (air-exposed iron oxidizes because of high tempera-
ture). As shown in Figs. 8 and 9, the oxide layer is easily
separated from the surface by the abrasion wear mechanism,
and the fresh surface is exposed to the air oxygen. Because
of the repetitive rotational movement of the pin-on-disk dur-
ing wear, passive oxide layers on the surface are plowed
and removed from the surface by the counterpart. In the
other hand, dispersion of the adhered materials on the worn
surface (Figs. 8b, d, e, h, 9b, d, e, h) illustrate that during
the adhesive wear, the mechanical alloying continuously
occurred, and its brittle products were removed from the
surface. This process continues to repeat until the wear is
completed [35]. At the CW mode, due to the work harden-
ing after cold work and thus increased hardness (Fig. 7),
the samples’ wear resistance increased while their COFs
reduced [40].

4 Conclusion

This study investigates as-deposited, and inter-layer cold
worked WAAM stainless steel 347 walls to explore the
effects of inter-layer cold working, the isotropy of mechani-
cal properties, and wear properties in horizontal and verti-
cal directions. The significant findings of this study can be
outlined as follows:

e For the AD wall, the tensile properties were uniform
across the wall and not dependent on the sample extrac-
tion location. Also, the tensile properties had apparent
isotropy in horizontal and vertical directions.

e Inter-layer cold working enhanced the anisotropy of the
CW wall’s tensile properties in horizontal and vertical
directions, but the tensile properties were uniform across
the CW wall.

e Microstructural investigation showed that the heat cycles
induced by the layers depositing on each other did not
significantly change the microstructure of the AD wall’s

layers. At the same time, inter-layer cold working and
subsequent layer deposition heat of the CW wall non-
uniformly recrystallized the layer surface-near areas, and
thus the grain sizes were decreased in those areas.

e The closeness of the strength, elongation, and hardness
values, in the samples in horizontal and vertical direc-
tions has caused the similarity of wear resistance and
COFs values in both vertical and horizontal directions.
Increasing the wear force from 5 to 10 N has increased
the plastic deformation, resulting in increased COF and
wear resistance. All of these are true for both cases AD
and CW.

e The wear results of the pin-on-disk test showed that COF
and wear rate were not considerably dependent on the
direction (whether horizontal or vertical). Inter-layer
cold working increased hardness and thus wear resist-
ance and reduced COF. The dominant wear mechanism
was the abrasion wear mechanism. An increase in the
load resulted in greater wear track plastic deformation
and thus higher wear rate and COF.
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