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4043 Al-5Si alloy components were fabricated by wire and arc additive manufacturing based on cold metal
transfer (WAAM-CMT). Three deposition strategies, i.e. the method of building the layers and tracks (Line
90°, Cycle line 90°, and Line 45°), were employed during the process, and their impact on the
microstructure and tensile properties of the deposited Al-5Si alloy was evaluated. Results showed that the
samples with different deposition strategies exhibited similar phase composition (a-Al, Si phase, and AlySi
phase), but various deposited layer size, grain size, and Si morphology owing to different deposition
strategies. Recrystallization was observed in all deposition processes. The average micro-hardness was ~
52.3 Hy, yield strength (YS) varied between 130 and 150 MPa, ultimate tensile strength (UTS) changed
between 200 and 230 MPa and elongation (EL) ranged between 10 and 12%. Based on the fractographic
analysis, the fracture mechanism was identified to be due to the presence of numbers of sharp-angled

defects like cracks and chain-like micro-pores.

Keywords Al-5Si alloy, deposition strategies, microstructure,
tensile properties, WAAM-CMT

1. Introduction

Aluminum alloys have been widely used as materials in
aerospace, automotive and marine applications owing to their
lightweight, high specific strength, specific modulus, wear
resistance, and excellent corrosion resistance, among which Al-
Si alloys occupy the vast majority of application market in
industrial applications comparing to other series of aluminum
alloys (Ref 1, 2). In recent years, they have gained much
attention to be produced by additive manufacturing (AM)
process (Ref 3, 4) due to their good thermal conductivity, low
tendency to produce cracks, and better castability/weldability.

Among all AM processes, wire and arc additive manufacture
(WAAM) based on cold metal transfer (CMT) provides a
promising method for rapidly manufacturing Al-Si alloys with
low heat input and large geometries, at low cost (Ref 5). For the
WAAM-CMT Al-Si alloys process, it is evident that a correct
understanding of WAAM-CMT deposition and parts processing
is necessary, in order to control the deposition quality and
performance of parts. Chen et al. (Ref 6) had proved that the
manufacturing system using WAAM-CMT technology had
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stability and reliability of Al-5Si parts deposition, and they
reported that this technology possesses the characteristics of no
spatter, good AM ability and low thermal input based on a
specific short-circuiting transfer process. Yang et al. (Ref 7)
studied the effect of heat treatment on the elemental distribu-
tion, microstructure and mechanical properties of WAAM-
CMT AISi7Mg0.6 alloy. It was noted that the shape change of
Si phase and precipitation strengthening improved the strength
with no reduction in ductility. Ortega et al. (Ref 8) investigated
the transfer mechanisms and geometrical characteristics of the
Al-5Si alloy deposits using the CMT process as well as
improved the geometrical accuracy of parts by better control-
ling the main process parameters such as travel speed and wire
feeding speed. The deposition strategy as one of the process
parameters is also considered to play an important role during
the WAAM process. Several studies have been focused on
analyzing the impact of the laser deposition strategy on the
processing of metals and alloys (i.e. in selective laser melting
(SLM)). For example, Larrosa et al. (Ref 9) investigated the
effect of build orientation by 90° rotation of consecutive layers
on the porosity of SLM AlSil0Mg samples, while Zhang et al.
(Ref 10) reported the effect of changing scanning strategy to
decrease defects (pores) and improve mechanical properties in
AlSi10Mg parts. Liu et al. (Ref 11) showed that rotations of 67°
during SLM AlSi10Mg deposition process resulted in equiaxed
and columnar grains, and a higher cooling rate promoted the
formation of equiaxed grains. Similar research by Kimura et al.
(Ref 12) in AlSi7Mg0.3 samples showed fine dendritic cell
microstructures and superior mechanical properties. Guan et al.
(Ref 13) found microstructural evolution and texture orientation
of AlSi10Mg samples were influenced by the scanning strategy
of SLM. Prashanth et al. (Ref 14) showed that varying scanning
strategies had a crucial impact on texture and the crack
propagation mechanism in the Al-12Si sample. From these
research works, it could be seen that the effect of deposition
strategy on WAAM-CMT deposited aluminum alloys has not
been researched yet and it is necessary to study the microstruc-
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tures and mechanical properties of aluminum alloys under
various deposition strategy, considering that the WAAM-CMT
is a very promising AM process.

In this work, three different deposition strategies (i.e. the
trajectory of building the layers and tracks) have been
employed to WAAM-CMT AI-5Si alloys. And the effect of
microstructural characteristics on the variation of mechanical
properties of the samples and tensile fracture mechanism has
been investigated.

2. Materials and Methods

2.1 Materials

In this study, commercial Al-5Si alloy filler wire (FW) with
a diameter of 1.2 mm was selected as the deposition material.
And 6061-T6 aluminum alloy plate with a dimension of 200
mmx60 mmx 10 mm was mechanically cleaned and fixed on
the workbench before the manufacturing process and was
employed as the base metal (BM). The nominal chemical
composition of BM and FW is listed in Table 1.

2.2 WAAM-CMT of Samples

The multi-track multi-layer Al-5Si alloy walls with a
dimension of 150 mm x 70 mm x 32 mm were deposited
by WAAM-CMT system equipped with 3D path simulation
software (DingzhiPNT), Fronius CMT-Advance power source,
6-axis FANUC robot, wire feeder, Ar gas and a robot controller.
To obtain sound deposited samples avoiding defects, the
optimized parameters (e.g., wire feed speed, arc current, arc
voltage, and deposition speed) for the deposition of the material
were selected, which are listed in Table 2. Among parameters,

Table 1 Chemical composition of the filler wire and base
metal (wt.%)

Composition Si Fe Cu Mn Mg Al
4043 (FW) 4560 0.8 03 0.05 0.05 Balance
6061 (BM) 0.4-08 0.7 0.15-04 0.15 0.8-1.2 Balance

Table 2 WAAM-CMT processing parameters

Parameter Value/unit
Current 113A
Voltage 11.2V
Deposition speed 0.6 m/min
Wire feeding speed 5.5m/min
Filler wire ER4043
Wire diameter 1.2mm
Shielding gas Ar

Ar flow rate 25L/min
CMT mode CMT
Weld overlap rate 25%
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the weld overlap rate represented the repeat ratio of overlap
with the value of 25% between multi-tracks. And three types of
deposition strategies with a rotation between the successive
layers were adopted to produce the Al-5Si alloy samples. As
shown in Fig. 1, the x-axis direction is along the deposition
direction (D,), the y-axis is along the transverse direction (D,),
and the z-axis is along the vertical direction (D). The
deposition strategy Line 90° was deposited with a rotation of
90° in successive layers, while 45° rotation was used in
deposition strategy Line 45°. The deposition strategy Cycle line
90° (CL 90°) possessed the paths in the clockwise direction
among the deposition layers.

2.3 Samples Machining and Analysis

The cross section of the bulk alloy (sample E) for
metallographic analysis was ground, polished (the samples
were mounted in a resin), and etched with Keller’s solution for
about 15 seconds. The 3D measuring laser microscope
(OLYMPUS- OLS40-CB) with calculated software was used
to test the center bead width and height of the sample with 10
times measures, respectively, as well as the microstructure and
secondary dendrite arm spacing (SDAS) or the length of
cellular grains of the whole sample in each alloy. Due to the
three different deposited strategies, the difference in grain size
and mechanical properties of the as-deposited samples can
result. The cooling rate analysis of the samples prepared by the
three-deposition strategies was conducted via measurement of
secondary dendrite arm spacing (SDAS) or the length of
cellular grains [measured as (Ref 7)]. The average length size
(Lave) Was subsequently calculated using Eq 1 and a charac-
teristic cooling rate could be expressed with the empirical
formula (Eq 2). Equation 1 and 2 are mentioned below:

LgN¢ + LeNg

Lo = —— — =2 Eq 1

ave INCNs ( q )
Lave —1/n

CR=|— Eq2
<B> (Eq 2)

where Lg is the length in pm and Ny is the number of dendrite
arm spaces, L¢ is the length of cellular grains and N is the
number of cellular grains, CR is the cooling rate (Ks ') and for
Al-5Si, the constants of B and n were 50 mm (Ks™')” and 0.33
(Ref 15, 16), respectively, which were determined by material
and process.

The deposited building planes of samples were subjected to
x-ray diffraction (XRD) for phase identification and crystallo-
graphic preferential orientation analysis (Bruker D8 AD-
VANCE automatic diffractometer with Cu target Ko
radiation). Electron backscatter diffraction (EBSD) test with a
scan step size of 1.2um was performed to obtain total grain size
in the deposited layers. Vickers micro-hardness tests were
performed at the mid-height and along the mid-width direction
of samples, with 200 g force and an indentation dwells time of
10 s at a periodic gap of 1 mm. Ten standard round tensile bars
were machined from blocks of each sample alloy. Five tensile
bars were oriented parallel (D,) to the Oy direction (as shown in
Fig. 2) and five tensile bars were oriented perpendicular (D,) to
it in as-deposited layers to evaluate mechanical performance.
Tensile tests were conducted in an automated mechanical
universal tensile machine (Hualong WDW-100) using a 22 kN
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Fig. 2 Schematic diagram of samples used for the tests: (a) A-a sample used for micromorphology observation, B-a sample taken for macro-
morphology observation and the measurement of micro-hardness, (b) C-a sample used for tensile sample dimension, D-a sample taken for XRD
and EBSD tests and E-a sample used for macroscopic size and microstructure observation
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load cell at a loading rate of 2.0 mm/min. Phenom-XL scanning
electron microscopy (SEM) with energy-dispersive spec-
troscopy (EDS) was used to observe the fractured samples
and test the chemical composition of fractures.
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3. Results and Discussion

3.1 Deposited Dimension of Three-Strategies Samples

The measurement of the deposited layer size fabricated
using different deposition strategies is shown in Fig. 3, the
average value of center layer bead width ranges from approx-
imately 6.97 to 7.55 mm, but the dimension of center layer bead
height is a little different. The samples in Line 90° process
exhibit the largest center layer bead widths and are statistically
equivalent.

3.2 XRD of WAAM-CMT Samples

Based on the XRD data presented in Fig. 4, the main phase
in WAAM-CMT samples with different deposition strategies is
a-Al, Si phase, and the intermetallic phase AlySi (Ref 17). New
diffraction peaks belonging to other phases (other than the ones
mentioned above) are not detected after depositing with
different deposition strategies, indicating that phase transfor-
mations do not occur during the WAAM-CMT process.
Moreover, clear differences among the three states could be
seen in the o-Al phase. There is a fairly strong peak of the main
(111) crystallographic orientation in all the samples, the peak
intensity of which increases when the deposition strategy
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changes from Line 45° process to Line 90° process, though the
sample orientations of CL 90° process have preferential growth
along the (200) plane for the Al phase. The small variations of
other o-Al phase intensity indicate the percentage of this
particular orientation varies from one to the other, which
ascribe to the change of deposition strategies. It is concluded
that the rotation of the lattice plane in samples is influenced by
the deposition strategies.

3.3 Microstructure

It is known that the most important solidification variables
are thermal gradient (G) and solidification rate (R). Moreover,
G xR (representing cooling rate) determines the fineness of the
microstructure, where with the increase in G xR, finer structures
are expected to form in sequence (Ref 18, 19). The WAAM-
CMT is a heat accumulation process, the samples of which
consist of regions of inner-layers and inter-layers. By compar-
ing with the uniform microstructures of the inner-layer regions
among different deposition strategies (Fig. 5), the mostly
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Fig. 5 Cross-section macrograph and micrograph of Al-5Si under different deposition strategies: (a, d, g) Line 90°, (b, e, h) CL 90°, (c, f, 1)

Line 45°
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columnar/columnar dendritic and a few of equiaxed morphol-
ogy were exhibited in samples, and the microstructure is
distinct and inhomogeneous. In Line 45° process, the a-Al
phase mainly tends to be more equiaxed and the Si phase is
distributed along grain boundaries with a fibrous morphology,
while some dendritic structure remains in microstructure. In
Line 90° process, the Si phase modifies into mostly needle-like
or rod-like shape. Simultaneously, the condition of the CL 90°
process presents an intermediate structure (Ref 20, 21).
Besides, there is a relatively division between the different
length sizes in secondary dendrite arm spacing or cellular grains
among three different deposition strategies. The quantitative
statistics results of dendrite arm spacing or cellular grain are
shown in Fig. 3, which shows that the average length size of the
samples is about 12.34 pum in Line 90° process, 9.84 um in CL
90° process, and 9.23 pm in Line 45° process, respectively. The
corresponding cooling rates show a decreasing trend, i.e., Line
45°: 179.37 k/s, CL 90°: 161.55 k/s and Line 90°: 69.92 k/s,
which are calculated by Eqs 1 and 2 and they are much higher
than the cooling rate of ordinary casting process (Ref 22).
The deposition samples under Line 90, CL 45° and Line 45°
exhibit morphological difference due to their corresponding
deposition direction and thermal cycle. Other than the depo-
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sition morphological difference, the microstructure appeared to
possess recrystallization in the processed material. To further
elucidate the microstructural changes occurring in the inter-
layer and inner-layer regions during the WAAM-CMT depo-
sition process, electron backscattered diffraction (EBSD) is
used to investigate the characteristics of microstructural
features. As observed from the (100) pole figures in Fig. 6, it
shows the grains appearing equiaxed along inter-layer regions
are elongated in the adjacent inner-layer regions (Fig. 6a, d, h),
and dynamic recrystallization (DRX) with various degree
occurs in all the deposited samples. Figure 6(g) and (i) shows
the overall average grain size of total regions are fine in the
samples with Line 45° deposition strategy, while they are
slightly big in samples with Line 90° deposition strategy. The
value of cooling rates shown in Fig. 3 suggests that the diverse
thermal cycle is attributed to the different deposition strategies.
Fine grains are produced as a consequence of rather high
cooling rates. Further, the amount of fine grains increased with
increasing cooling rates and the disorder degree of the grains
enhanced, which reveals that DRX occurs during the manu-
facturing thermal cycle, and new grains nucleation and growth
process occurs. The distribution and number fraction of the
DRXed (in blue), sub-structured (in yellow) and deformed (in

Journal of Materials Engineering and Performance
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Fig. 7 Representation of HABs and LABs in the WAAM-CMT Al-5Si alloys: (a, b) Line 90°, (c, d) CL 90°, (e, f) Line 45°

red) grains are given in Fig. 6b, e, h. When the cooling rate is
69.92 k/s in Line 90° process, the sample has sufficient time for
recovery and recrystallization, and the ratio of DRXed grains
up to 71%. Nonetheless, comparing to Line 90° process, a
heavy cooling rate causes many grains to not proceed to the
recrystallization in time, thus resulting in an increase in sub-
structured grains at the cooling rate of 179.37 k/s in Line 45°
process. At this cooling rate (179.37 k/s), the samples exhibit
the largest proportion of sub-structured grains (yellow color
accounting for 59%) and deformation (red color accounting for
1%) among the three deposition strategies, owing to the short
duration at the high temperature. Furthermore, the relative
frequency of the misorientation angles of all samples are shown
in Fig. 7, where the green color zone is the low-angle grain
boundaries (LAGB, 0 < 15°), and the black lines represent the
high-angle grain boundaries (HAGB, 0 > 15°). The fraction of
HABsS is substantially higher than that of LABs in all samples
except for Line 45° samples. The average misorientation angle
of HABs slightly decreases from Line 90°, CL 90° to Line 45°
samples in turn, and the fraction of LABs increase with the
increasing of cooling rate. This result further proves the
occurrence of partial DRX, and that the DRX fraction decreases
with increasing cooling rate during the WAAM-CMT process.

Journal of Materials Engineering and Performance

3.4 Micro-hardness Distribution

The micro-hardness distribution of the WAAM-CMT sam-
ples under different processing states is shown in Fig. 8. The
test is conducted along the path represented by the dashed line
in the inset. Along the mid-width line of the samples, the
average micro-hardness value is 55.2 Hv in Line 45° process,
50.4 Hv in the CL90° process and 48.9 Hv in Line 90° process.
In comparison to the average micro-hardness value of Line 90°
sample along the mid-height line, the value is increased by
14.1% when using Line 45° deposition strategies. It can be
concluded that varying the deposition strategy can significantly
influence the micro-hardness of WAAM-CMT Al-5Si alloy.
Fig. 8a shows along the mid-width direction, the micro-
hardness shows the fluctuation distribution, but in the mid-
height direction, it shows an initial decrease followed by an
increase. In the locations along mid-width direction as the as-
deposited condition, grain size is smaller in inter-layer regions
than that in the inner-layer regions, and hence the micro-
hardness is relatively higher (shown in Fig. 8al, a2). Similarly,
in the locations along mid-height direction, which closed to the
base metal and the top region of samples, the micro-hardness
values whether in inter-layer or inner-layer regions are higher
owing to the formation of finer grain size (shown in Fig. 8bl,
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b2) due to relatively fast cooling rate and lower thermal
accumulation when compared to the middle region. While the
presence of pores results in lower micro-hardness values, fine
grain size increases the values, especially in the inter-layer
region.

3.5 Tensile Properties

Considering the observations from microstructural studies, it
can be seen that the three deposition strategies with corre-
sponding cooling rates resulted in the differences of Si
morphology, microstructure features and show variation in
the micro-hardness values. In addition, research shows that the
increased presence of (111) a-Al phase (Ref 23), low-angle
grain boundaries, sub-structured grains (Ref 24, 25) and mostly
fibrous morphology Si phase (Ref 26) in extremely higher
cooling rate processes, contribute to the mechanical properties
enhancement of the WAAM-CMT samples.

Journal of Materials Engineering and Performance



Fig. 10 Fracture surface images of WAAM-CMT Al-5Si alloys along with D, (a, b, ¢) and D, (d, e, f) directions: (a, d) Line 90°, (b, ) CL

90°, (c, f) Line 45°

Figure 9 summarizes the tensile test results and the
mechanical properties (ultimate tensile strength-UTS, yield
strength-YS and elongation-EL) of the samples with the tested
direction of D, and D,. Compared to the Line 90° counterparts
(UTS: ~ 205.2 MPa, YS: ~ 132.1 MPa, EL: ~ 11.6%), Line
45° samples show excellent strength but less ductility (UTS: ~
223.2 MPa, YS: ~ 141.8 MPa, EL: ~ 10.6%) owing to their
fine grains and microstructures caused by the faster cooling
rate. Moreover, relatively higher UTS, yield strength YS and
lower EL are observed along the D, direction in these samples
comparing to D, direction. Figure 10 shows the tensile fracture
surfaces of WAAM-CMT samples. In correlation with the high
elongation values of WAAM-CMT samples shown in Fig. 9,
the fractographic observation of the tensile samples reveals that
the microscopic fracture features are all dominated by dimples
because of ductile fracture mode. The average EL values in the
Line 90° process, CL 90° process, and Line 45° process are
11.6, 11, and 10.6%, respectively. Also, some large second-
phase particles (AlgSi) are embedded in the dimples, and more
pores are distributed on the fracture surface as observed in the
D, direction (Fig. 10d, e, f, respectively).

Due to the ease of formation and propagation of a crack,
especially when the samples contain lots of pores in inter-layer
regions, resulting in the fracture occur in the samples tested by
tensile machine. Figure 11, 12 shows the optical microscope
(OM) and SEM images of the tensile-fractured surfaces of the
Al-5Si alloy parts using a Line 45° deposition strategy along
the D, and D, direction. The results indicate that in the inner-
layer regions, fracture occurs along the dendritic cell bound-
aries, in a transgranular manner, while for that in the inter-layer
regions, the final fracture tends to occur along the grain
boundaries. Both the samples along with the D, and D,
direction show mixed-mode fracture features that consisting of

Journal of Materials Engineering and Performance

intergranular and transgranular. Transgranular fracture is found
to be the main fracture mode in the samples, with a ratio of
85%. Additionally, voids, pores, and cracks are observed on the
fracture surface of the samples. As shown in Fig. 11(a), (c), and
(f), although pores and micro-cracks appear in the samples,
more number of pores and larger pores and micro-cracks are
observed in inter-layer regions compared to the inner-layer
regions, indicating that fracture is more likely to occur in this
region. Further, as the micro-cracks penetrate the pores in
sequence, a continuous fracture path is generated, and a large
number of deviating fractures appear along the micro-cracks in
the regions. At the same time, as seen in Fig. 12(d) and (e),
transgranular fracture and intergranular fracture appear in the
inter-layer fracture area. As there is no variation in the
elemental composition between them, it further confirms that
the mixed-mode of intergranular fracture and transgranular
fracture is not clearly defined by regions. While the inner-layer
region is dominated by transgranular fracture, the inter-layer
region is dominated by intergranular fracture.

4. Conclusions

In the current work, the effect of the deposition strategy on
phase formation, microstructure and mechanical properties of
Al-5Si alloy samples fabricated by WAAM-CMT have been
investigated. The key results are drawn as follows:

1. All samples exhibit (1) recrystallization during the depo-
sition process, (2) smaller equiaxed grains in inter-layer
regions and (3) mostly columnar/columnar dendritic
grains in inner-layer regions, along the building direction.
The Line 45° sample has a smaller grain size, a larger
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number of low-angle grain boundaries and fibrous Si-
morphology when compared to the Line 90° samples,
whereas the CL 90° sample shows intermediate
microstructural features.

2. The comparably better plasticity but poorer micro-hard-
ness and strength of Line 90° sample among all samples
are attributed to the (1) coarser microstructure within
grains, (2) weaker (111) orientation Al phase, (3) more
high-angle grain boundaries, (4) larger columnar/colum-
nar dendritic grains with needle-like or rod-like shape Si
phases that are distributed uniformly, together brought
forth by the heat treatment of subsequent deposition.

3. For three deposition strategies of Line 90°, CL 90° and
Line 45°, the tensile fracture initiate in the interlayer re-
gion, and micro-crack coalescence is favored due to the
pores and cracked Si phase that appears in these regions.
Eventually, the fracture at the inner-layer region is domi-
nated by transgranular mode, while the inter-layer region
is governed by intergranular fracture.
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