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Abstract

This work investigates the possibility of reducing the anisotropic behavior of wire arc additively manufactured (WAAM)
parts by a new layer deposition technique. An experiment was carried out in which specimens were printed using AWS E6013
low carbon steel electrodes. In printing the specimens, sets of layers were deposited bottom-up (along Z-axis) at different
inclination angles (namely, 0°, + 15°, + 30" and +45°) with respect to X-axis of substrate XZ-plane. Results show that the
proposed technique does reduce anisotropic behavior of printed parts when deposition angles of +30° and +45° are used.
Parts printed with layer sets deposited at+45° inclinations showed least anisotropy and highest tensile strength, but they
also had longer building times as compared with the other specimens.

Keywords Wire arc additive manufacturing - Anisotropy - Build orientation - Layer deposition angle - Tensile strength -

Toughness

1 Introduction

Additive manufacturing (AM), which is also known as rapid
prototyping, emerged in the late 1980s with the purpose to
shorten product development process and to help designers
make more creative designs. Tremendous efforts have been
made to develop and improve the AM processes to make
them more reliable. It is known that AM processes have cer-
tain general shortcomings including low productivity and the
difficulty of making fully functional parts. This has limited
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the use of AM processes to product prototyping purposes
in most cases. Today, although better tolerances and fin-
ishes, as well as shorter processing times have become pos-
sible, printing a fully functional AM part remains difficult.
Recently, great attention was directed toward building more
functional parts wherein researchers tried to control the
factors that affect part mechanical properties. Some hybrid
(additive-subtractive) rapid processes are also being used to
improve printed part functionality. However, the well-known
anisotropic behavior of AM parts gained little attention in
research although this behavior is known to limit part func-
tionality. As the anisotropic behavior of AM parts is usually
linked to build orientation (see [1-3]), this work was under-
taken to investigate potential usefulness of changing layer
deposition pattern as a means of reducing this anisotropic
behavior. The experiments were conducted using wire arc
additive manufacturing process (WAAM).

2 Related work

As a common practice, improving the functionality of addi-
tively manufactured parts is approached by utilizing stronger
materials such as metals. Therefore, most of the research
has mainly focused on developing new processes to enable
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the use of metals in AM. Processes include wire arc AM
(WAAM), subtractive-based processes, and hybrid AM
processes. Although these processes facilitate metal AM
and hence allow building more functional parts ([4, 5]), full
functionality of the parts, especially along the build direc-
tion, has remained unachievable. Basically, poor interlami-
nar mechanical properties and the associated anisotropic
behavior are the main factors that complicate the production
of fully functional parts [6]. Moreover, anisotropy is noticed
in almost all of the mechanical properties regardless of the
AM technique used. For example, tensile and compressive
strengths, hardness, and fatigue strength were all found to
be much lower in the build direction (Z-axis) than in the
XY-plane [1-3].

Despite its significance, the build orientation factor and
its effect on anisotropy has not been investigated sufficiently
in the AM literature. The few works that were found in this
area mainly study anisotropy resulting from microstructural
variations and defects within individual layers. The works
[7-11] showed that in general, the presence of columnar
grains and dendritic structure, in addition to uncontrolled
grain size, are the factors responsible for the asymmetri-
cal mechanical behavior within individual layers, as well as
throughout the parts. Other studies such as [12—14] investi-
gated the effects of process-induced defects such as porosity,
residual stresses and associated distortions, and poor surface
finish. These studies showed that these defects contribute
to anisotropy within individual layers. Different treatment
methods therefore were used in these studies to help obtain
more isotropic properties within layers. Some of the treat-
ment methods were directed at controlling the AM process
parameters such as welding speed, peak current, travel
speed, wire feed speed, arc mode, and others. These studies
linked microstructural variations and defects to poor process
parameter control. Other treatments were based on post-dep-
osition microstructure homogenization and included differ-
ent traditional heat treatment ([15—18]), and post-process
deformation such as high pressure inter-pass (HIP) rolling
([9, 10, 15, 19]), laser shock peening (LSP) [8], and switch-
back technique [7]. Although those treatments were found
effective in reducing anisotropy within layers, anisotropic
behavior associated with poor interlaminar strength along
the build direction remained dominant.

Besides, the works [20-26] studied the effect of rastering
angles within X'Y-plane on the surface roughness, accuracy,
tensile properties, ductility, and hardness of AM parts. Dif-
ferent rastering directions in XY-plane (0°, +45°, 90°) were
tested and found to cause considerable anisotropic behavior
in built parts [27-32]. The effect of build orientation on
tensile strength, fatigue life, and reliability of AM parts was
addressed in several works such as [33-37]. These works
were limited to studying either the effect of rastering angles
within XY plane ([33, 34]) or the effect of build orientation
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(namely, horizontal, slanted at 45°, and vertical) while
depositing all the layers parallel to each other ([35-37]).
Similar to the rastering effect, these studies verified the fact
that build orientation has significant effects on the fatigue
life, tensile strength, and reliability of AM parts.

To summarize, the research effort in AM has focused on
anisotropic behavior resulting either from microstructural
variations within deposited layers (i.e. dendritic structure
and columnar grains) or from processing defects. To our
knowledge, no work has considered reducing the anisotropic
behavior that is linked to weak interlaminar bonding. This
work assumes that this kind of anisotropy can be reduced
by changing the layer deposition pattern and proposes a
new deposition technique for these purposes. The proposed
technique has been tested using a WAAM process and is
presented in the next sections.

3 Methodology

Traditionally, to build a part using WAAM, the wire is
deposited on a substrate, layer by layer in bottom-up
approach (Fig. 1a). Although multiple beads can be built
beside each other to widen the layers (Fig. 1b), the build
direction remains perpendicular to the deposition direction.
In addition, the angle between the newly deposited layer
and the layer underneath is Zero throughout the whole part.
This building pattern is thought to be the main contributor
to the weak interlaminar strength and anisotropic behav-
ior of printed parts. In this work, we propose a new layer
deposition technique in which sets of layers are deposited
at different angles with respect to reference axis (X-axis) in

a
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b
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Fig.1 Traditional deposition of layers
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XZ-plane as shown in Fig. 2. An experiment was conducted
using various deposition angles and electrode diameters,
with the purpose to investigate the effect of this deposition
technique on the printed part anisotropic behavior.

3.1 Description of the proposed deposition process

As illustrated in Fig. 2, to build a part using the proposed
technique, the base plate (substrate) is first clamped to
the machine bed using table flat bench and inclined at the
required angle. Next, the process of adding metal layers
starts while maintaining the deposition nozzle parallel to

Fig.2 Proposed deposition
technique showing the sequence
used to build test coupons

PROCESS

STEP-1

Torch

Fig.3 Preliminary testing of the

proposed deposition technique LPROCESS

STEP-1

Torch

—) Torch Moving
Horizontally

Torch Moving
Horizontally

z-axis and moving it along the x-axis (Fig. 2, Step 1).
Passes are repeated until a set of layers has been deposited.
The substrate is then rotated to the same angle in the oppo-
site direction and a new set of layers is deposited (Fig. 2,
Step 2). For example, if the starting angle is 15° counter-
clockwise from the x-axis, then after depositing the first
set of layers, the part will be rotated 15° clockwise from
the x-axis. This process is repeated until the required build
height is achieved (Fig. 2, Step 4). It is worth noting that,
after each layer deposition, the layer surface is cleaned
to remove any possible flux or grease that might weaken
interlaminar bonding. Figure 3 shows sample photos taken
during the preliminary testing in this work.

STEP-2

STEP3 7

~
ROTATE

7~
ROTATE

L

X

At end of step 2
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Table 1 Process factors and levels

Factor Level

Deposition angle 0° 15° 30° 45°
Electrode diameter 2.5 mm 3.2 mm

Material: E6013

Table 2 Chemical composition of wire (%)

C Mn Si S P Fe
<0.12 0.3-0.6 <0.35 <0.035 <0.040 Balance

3.2 Experimental setting

In this work, shielded arc additive manufacturing (SAAM)
as one of the WAAM processes was selected to test the pro-
posed deposition technique. Table 1 summarizes the experi-
ment design factors used to build the testing coupons. It
should be noted that only four build angles were used in this
work with a maximum build angle of 45°. The maximum
build angle was limited to 45° because above this angle,
interference between deposition electrode and build coupon
was noticed during the preliminary tests.

The testing coupons were built using welding electrodes
AWS E6013 made of low carbon steel. The chemical com-
position of the electrode material is provided in Table 2.
The used substrate plate had dimensions 10 X3 X 1 cm, while
each coupon had dimensions 10X 10X 1 cm. The welding
process was carried out using an AC/DC multi-function TIG
welding machine with 122-A current.

The experiment was designed with four levels of the
deposition angle factor and two levels of the electrode
diameter factor. Three replicates were prepared from each
combination of the factors hence a total of 24 coupons

were prepared. Test samples cut from the coupons were
tested for ultimate tensile strength (UTS) and toughness,
in addition to examining their microstructure, fracture sur-
face shape, and the numbers of beads/layers needed in each
coupon. For the tensile tests, two samples were taken from
each coupon: one in the transverse direction and another
in the longitudinal direction (Fig. 4). The same was done
for the impact test. Statistical analysis of the results was
carried out using ANOVA.

3.3 Mechanical tests

Samples for tensile and toughness testing were cut using
CNC machine along both longitudinal and transverse
direction from each coupon, as illustrated in Fig. 4. Tensile
samples were prepared according to ASTM D638 stand-
ard in a dog-bone-shaped rectangle with a gage length of
50 mm. The samples were fully annealed prior to testing.
Tensile testing was then performed at room temperature
by universal testing with speed of 1 mm/min. Toughness
samples were prepared and tested according to ASTM
D256 standard for Charpy test. Similar to tensile testing,
all samples were also annealed prior to testing them at
room temperature.

3.4 Fracture shape examination

Fracture shape was examined using Scanning Electron
Microscopy (SEM) with an accelerating voltage of 15 kV
and 1000x-magnification. Samples for SEM were cut,
mounted in epoxy resin, ground, and polished using 1-pm
diamond particles. After polishing, the samples were
coated with Iridium prior to SEM examination.

\

Fig.4 Locations of mechanical test samples in a coupon
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4 Results and discussion
4.1 Mechanical behavior assessment
4.1.1 Tensile strength

ANOVA showed that UTS is not affected by the electrode
diameter (p >0.1), while it is significantly affected by the
deposition angle (F,; 3=5.04, p=0.012). Specifically, UTS
in longitudinal direction decreases when the deposition
angle is in the range from 0 to 30° reaching its lowest value
at deposition angle of 30°. A remarkable increase in UTS
(~34.6% in some coupons) was observed when the deposi-
tion angle was 45° compared to deposition angle of 0°, as
indicated in Fig. 5.

Moreover, cup and cone fracture shape was strongly
dominant for all specimens made using angles of deposi-
tion of 0°, 15°, and 30° with the exception of one speci-
men per each angle. In the samples built with 45° deposi-
tion angle, an inclined fracture line was dominant among
all the testing coupons except for one specimen of those
made with the smaller electrode diameter (Table 3). It is
noted that the 45° deposition angle resulted in coupons with
UTS of 417 MPa on average, which is very close to that of

Transverse
450
430
410
390
T 370
2 350
g 330 =25 mm
310 ey 3.2 MM
290
270
250
0° 15° 30° 45°
Build angle (degrees)
Longitudinal
450
430
410
390
T 370
2 350
E 330 —&—2.5mm
310 —&—3.2mm
290
270
250
0° 15° 30° 45°

Build angle (degrees)

Fig.5 Effect of build angle, electrode diameter on UTS

the original electrode material. It is worth mentioning that
the measured UTS of the electrodes was about 420 MPa on
average.

More importantly, regarding anisotropic behavior, UTS
did not statistically differ between longitudinal and trans-
verse directions in the testing coupons built with deposi-
tion angles of 30° and 45° (p>0.1). In contrast, coupons
built with 0° and 15° angles showed statistically lower UTS
values (p <0.01) in the longitudinal direction than in the
transverse direction. Thus, coupons built with angles 0° and
15° are considered anisotropic; some of these coupons had
UTS in the longitudinal direction about 30% less than in the
transverse direction.

4.2 Toughness

ANOVA results revealed that there was no significant effect
of angle and electrode diameter (and their interactions) on
toughness (p >0.1), see Figs. 6, 7. Further, toughness did
not statistically differ between longitudinal and transverse
directions in the testing coupons built with deposition angles
of 30° and 45° (p > 0.1), indicating more isotropic behavior
of testing coupons. In contrast, toughness was statistically
lower (p <0.05) in the longitudinal direction compared to
transverse direction for deposition angles of 0° or 15°. Thus,
coupons built with angles 0° and 15° are statistically consid-
ered anisotropic with respect to toughness. Some of these
coupons showed toughness in the longitudinal direction that
is as much as 44% less than that in the transverse direction
(Fig. 6).

Nevertheless, toughness variation trend was seen to
oppose that noticed in UTS across the angles. For those
samples cut in the transverse direction, higher toughness
was noticed at deposition angles of zero and 15° when com-
pared to those at 45° (Fig. 6). A possible justification for
these observations can be that the parts built with angles less
than 45° are under bending at layer level and that the lower
the angle, the higher the effect of bending and the less the
effect of the shear stress [38]. On the other hand, the higher
values of toughness at 15°compared to zero angle can be
linked to the fact that the ends of layers deposited at 15° are
interlocked by the ends of the opposing layers deposited at
-15°. This is unlike the layers deposited at zero angle where
there is a higher possibility of poor bonding at layer ends.

4.3 Number of layers/beads

The number of layers is of interest in this study because
it affects the part’s building time as well as its mechani-
cal behavior. ANOVA results showed that the number
of deposited layers was significantly influenced by both
electrode diameter and layer inclination angle, as well as
their interaction (F,; ;=102.8, p <0.01), (F,;3=137.26,
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Table 3 Samples of tensile fracture shape

Angle

Electrode
Diameter

0° 15°

30° 45°

2.5 mm

3.2 mm

|
y

p<0.01), and (F,3;=12.16, p<0.01), respectively. As
Fig. 8 shows, the 3.2-mm diameter electrode deposits 44
layers, compared to 64 layers by the 2.5-mm one, to build
the same part height. On the other hand, the number of
layers increases with the deposition angle because shorter
layers are deposited with each stroke when the substrate
surface is inclined with respect to the deposition direction.

It is worth noting that Pearson correlation test revealed
a positive correlation between number of layers and UTS
(r=0.455, p=0.026). Thus, the larger the number of lay-
ers, the higher is the UTS expected from coupons depos-
ited at 45°. Also, more layers in one orientation means
more layers in the opposite orientation, which results in
higher impedance to deformation and yielding under the
applied load.

@ Springer

4.4 Scanning electron microscopic examination

Samples for examination of fracture morphology using
scanning electron microscope were obtained from each
testing coupon. ASTM standard procedure was followed
for samples preparation and images capturing using SEM.
Samples of tensile fracture images for each test condi-
tion are shown in Fig. 9. Basically, dimples dominated
fracture surface for those samples made at angles 15° and
0°. Many voids with different sizes were also noticed in
fracture surface for samples fabricated at angles of 15° and
0°. These observations suggest that those sample failed
from layers bending under applied load during tensile test-
ing (voids dominant fracture mechanism), which explains
the dominancy of cup and cone shape of fracture among
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Fig. 7 Stress—strain curve at different deposition angles

all of them. In other words, when layers were deposited
horizontally, the layers were basically under dominancy
of bending during tensile testing unlike other deposition
angles where layers experienced both bending and shear
stress. As angle changes, the bending and shear stress
components change too, thus fracture results from inter-
play between the voids dominant fracture and shear-slip
fracture. It is worth noting that few shear bands can be

minor voids and fewer dimples were noticed, suggesting that
samples were both under bending and shear stress, which
explains their lower tensile strength compared to samples
at angles 0° and 15°.

5 Conclusions

This work proposed a new layer deposition technique based
on varying the deposition angle with respect to X-axis in
XZ-plane and tested it using AWS E6013 low carbon steel
electrodes. The deposition technique was found capable
of reducing the anisotropic behavior and hence improving
functionality of AM parts. Using a deposition angle of 45°
and a 3.2-mm diameter electrode helped retain the original
electrode material’s strength. This experimental study had
certain limitations related to the available resources. The
limited electrode length caused weld discontinuity in some
cases when it is fully consumed during a layer deposition.
Moreover, some of the test coupons experienced significant
bending distortions due to shrinking after deposition. There-
fore, future work should focus on mitigating these issues, in
addition to testing more electrode sizes and deposition angle
combinations. In particular, a combination of 0° and 45°
deposition angles within the same part could give a better
or similar strength with a shorter building time than what
was achieved in this study. Also, more testing on the effect
of the proposed technique on hardness and grain size is of
interest for future work.
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