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Abstract. Al — 5Si alloy (4043), because of its good formability, high specific strength, and excellent corrosion
resistance, is widely used in aerospace and automotive engineering. With the research and application of additive
manufacturing technology such as wire/power laser additive manufacture, wire/power arc additive manufacture
and so on. In this study, the Al — 5Si alloys have been used as raw materials for additive manufacturing research
and wire arc additive manufacturing system equipped with 3D path simulation software, arc heat source and
robot controlling platform is adopted to fabricate Al — 5Si alloy. The microstructure and mechanical properties of
this Al — 5Si alloys are investigated. The x-ray diffraction results reveal that the as-deposited alloy is composed
of a-Al, Si phase and intermetallic phase AlgSi. According to optical microscope observation, it is found that as
the deposition height increases, the eutectic Si phase is significantly coarsened and the columnar grains are
gradually refining and transforming into finer equiaxed grains, and the grain size of the microstructure of the
inter-layer regions is smaller than that of the inner-layer regions at any height. The average micro-hardness
presents 47.5 + 3.4 Hv, and the strength properties present only 1.6 — 5.0 MPa difference in ultimate tensile
strength, 2.4 — 5.9MPa difference in yield strength and 0.1 — 1.1 % difference in elongation between tensile
samples cut from different locations. It further indicates the better stability of wire arc additive manufacturing
samples, and it is a better manufacturing method to fabricate metal parts.
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Annomayus. Crnas Al — 5Si (4043) Gnarogaps cBoeil XOpoluel MIACTHYHOCTH, BBICOKOW yIEJIBbHON MPOYHOCTH U
OTIIMYHOW KOPPO3MOHHOW CTOHKOCTH INHUPOKO HCIHOJB3YeTCS B aBHAIMOHHOM M aBTOMOOWIBHOM
MaIIMHOCTPOCHUH. DTO CTaJ0 BO3MOXHBIM, Oilaromaps pa3sBUTHIO W MPUMEHEHHUIO IPOBOJOYHBIX M TYTOBBIX
TEXHOJIOTHI a[UINTUBHOTO MPOM3BOACTBA. B Hactosimiedr paborte crumaBbl Al — 5Si GbuUTH HCIIONB30BaHBI B
KayecTBE CBHIPhS JUIS HCCICIOBAHMSA aJAWTUBHOTO Mpou3BojacTBa. CuHCTeMa IyrOBOTO aIJIUTHBHOTO
MIPOU3BOJICTBA, OCHAIIEHHAs MMPOrPaMMHBIM oOecliedeHneM Il MoJeaupoBanHus 3D TpaekTopun, HCTOUHHKOM
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Teria Ayrd ¥ miathopMoil 1uisl ympaBieHds poOoToM, ObLIa MpHHsITA Ui M3rotoeieHus cruaBa Al — 5Si.
HccnenoBanbl MHUKPOCTPYKTYpa M MeXaHH4eckue cBoWcrBa cruiaBa Al — 5Si. Pe3ynbrarTel peHTreHOBCKOM
J(paKkIUK MOKa3bIBAIOT, YTO CIIAB COCTOUT U3 a-Al, a3sl Si m nHTepMeTaumueckoit daser AleSi. [To nqanHbIM
ONTHYECKOTO MHKPOCKOIIMYECKOTO HAOJIOJCHUS] YCTAaHOBJICHO, YTO C YBEIWYEHHEM BBICOTHI OCAKICHUS
9BTEKTHUEeCKas (a3a Si 3HAYMTEIBHO OrpyOJsieTcs, CTOJNOYaThle 3EpHa IIOCTEIIEHHO H3MENbYaloTCs |
MpeBpaInaioTcsi B 0ojIee MEJIKHE PAaBHOOCHBIE 3€PHA, a pa3Mep 3epHa MUKPOCTPYKTYPBI MEKCIIOEBBIX 00JIacTel
MeEHbIIIe, YeM BHYTPHUCIIOCBBIX obyacTeil Ha mr000i BeicoTe. CpeqHsisi MUKPOTBEpIOCTs cocTaBisieT 47,5 + 3,4
HV, a mpouHOCTHEIE CBOMCTBA OTINYAIOTCS TONBKO Ha 1,6 — 5,0 MIla o npexeny npounocty, 2,4 — 5,9 MIla o
npexeny tekydectd u 0,1 — 1,1 % mo yuimHeHHIO MeX Iy 00pa3aMy Ha PAacTSXKCHHUE, BBIPE3aHHBIMU U3 Pa3HBIX
MecT. JTO TaKKe yKa3bIBae€T Ha JIydINyl0 CTaOMIBHOCTH OOpa3loB, M3TOTOBJIECHHBIX METOJOM aAJUTHBHOTO
MIPOM3BOJICTBA C HCIIOIb30BAaHWEM MPOBOJIOYHON HyTrHM, M Ha TO, YTO 3TO JIyYIIHI METOJ H3TOTOBJICHHSA

METAUIMYSCKUX JICTaJICH.

Kniouegvie cnosa: cinap Al — 5Si, MUKpPOCTpPYKTYypa, MUKPOTBEPJOCTh, CBOMCTBA HPHU PACTSHKEHHH, HPOBOJOYHOE
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Introduction

Wire arc additive manufacturing (WAAM) is a
direct energy deposition (DED) AM technology that
uses arc welding as a heat source to melt the metal
wire to deposit fabricated components layer-by-
layer, which follows a model slice and a planned
path. WAAM requires the following steps: building
a CAD model, using 3D slicing software for model
path planning and process parameter design, using a
robotic or gantry system welding device for multi-
layer deposition, and optional component post-
processing operations [1 — 3]. Compared with pow-
der-based additive manufacturing processes [4],
WAAM has the advantages of high deposition rates,
near-net-shape parts, reduced lead times and metal
waste, low material costs and low setup costs [5 —
8]. Therefore, the WAAM process is more suitable
for building many components than other AM
routes [9 — 11]. In addition, the WAAM sample
produced by the CMT process produced fewer
pores, thus, the mechanical strength of the WAAM
sample is improved.

In this study, Al — 5Si alloy was deposited using
wire arc additive manufacturing based cold metal
transfer (WAAM-CMT). The phase composition,
microstructure, micro-hardness, and mechanical
properties of the samples along the deposition
height of Al-5Si samples had been investigated.

Materials and Methods

In the experiment, the bulk Al-5Si aluminum al-
loys with a dimension of 150 x 30 x 70 mm were
deposited by WAAM-CMT system equipped with

3D path simulation software, Fronius CMT-
Advance power source, 6-axis FANUC robot, wire
feeder, Ar gas and a robot controller (Fig. 1, a), and
the optimized parameter settings are as follows:
ER4043 (Al — 5Si) alloy filler wire with a diameter
of 1.2 mm was selected as the deposition material.
The wire feed speed, deposition speed and Ar flow
rate were set as 5.5 m/min, 0.6 m/min and 25 L/min,
respectively. Before processing, the 6061-T6 alu-
minum alloy plate with the size of 200 x 60 x 10 mm
was mechanically cleaned and fixed on the work-
bench as the base metal. The nominal chemical
composition of BM and FW is listed in Table.1. The
deposited samples and the schematic of sample po-
sitions for microstructural and mechanical tests are
shown in Fig. 1, c. The cross section of the bulk
alloy (sample e) for metallographic analysis was
ground, polished, and etched with Keller’s solution
for about 15 seconds. The x-ray diffraction (XRD)
and optical microscope (OM) were used for phase
identification and microstructure analysis. Vickers
micro-hardness tests were performed along the mid-
height and the mid-width direction of samples, with
200 g force and an indentation dwells time of 10 s.
Tensile tests of standard round tensile bars were
carried out in a universal tensile testing machine at
the loading rate of 2.0 mm/min. The secondary den-
drite arm spacing, or the length of cellular grains
and cooling rate were subsequently calculated by
the Equation 1 [12].
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Fig.1 WAAM-CMT Al - 5Si alloys: (a) WAAM-CMT system; (b) Al — 5Si alloys sample; (c) schematic diagram of
samples used for the tests; (d) the locations for micro-hardness samples; (e) the locations of sample used for micromor-
phology observation
FPuc.1 WAAM-CMT cruiaBer Al — 5Si: (a) cuctema WAAM-CMT; (b) o6pasen crimaBa Al — 5Si; (C) cxema 06pasiios,
HCIIOJIBb3YEMBIX [UTS HCTIBITanHid; (d) pacmonoxerne 06pasoB MUKPOTBEPIOCTH; (€) PACTIONOKEHHE 00Pa3IoB, UCITONb-
3YCMbIX IJId MPIKpOMOp(bOJ'IOFI/I‘IeCKOFO Ha6J’IIO,I[eHI/I$[

Table 1. Chemical composition of the ER4043 and 6061 alloy
Tabnauya 1. Xumuueckuii cocras ciiaBa ER4043 u 6061

Composition Si Fe Cu Mn Mg Al
ER4043 | 45~6.0 | 0.8 0.3 0.05| 0.05 | Balance
6061 04~0.8 | 0.7 | 0.15~0.4 | 0.15 | 0.8~1.2 | Balance
_ LNg + LN, and transformed into finer equiaxed grains, and the

- ] 1 L]
ave 2NN @)

where Ls is the length in um and Ns is the number
of dendrite arm spaces, Lc is the length of cellular
grains and Nc is the number of cellular grains.

2.Results and Discussion

2.1 Microstructure

According to the XRD data in Fig. 2, a, the predom-
inant phases in the WAAM-CMT AI-5Si samples with
different deposition heights are a-Al, Si phase and in-
termetallic phase AlsSi [13] and do not change. But a
clear difference between the three regions can be seen
in the a-Al phase. There is a strong main (111) crystal
orientation peak in all samples, and both (200) crystal
orientation peaks and (311) crystal orientation peaks
have relatively high peaks, indicating that these are the
main crystal orientations of the samples. At the same
time, the crystal orientation peaks at the middle region
are higher than those at the top and bottom regions, and
the crystal orientation peaks at the top region are higher
than those at the bottom region. This shows that the
deposition height has an important influence on the
crystal orientation.

Fig. 2, b shows the microstructure of Al — 5Si al-
loys along the deposition height. It can be found
that after increasing the deposition height, although
the microstructure heterogeneity did not change, the
equiaxed to columnar ratio of the as-deposited sam-
ples is greatly improved. As the deposition height
increases, the columnar grains are gradually refined

grain size of the microstructure of the TLRs is
smaller than that of the NLRs at any height. In addi-
tion, with the increase in deposition height, the den-
dritic morphology of the o-Al phase is gradually
refined and transformed into honeycomb-like grains
both within and between layers. The eutectic Si
phase is significantly coarsened, and the Si is spher-
ical or square along the grain-boundary and the
bounds show a discontinuous distribution. Accord-
ing to the measurement of dendritic arm spacing or
honeycomb grains, it presents that the bottom re-
gions in this study have approximately Lae of 8.25
pm in the TLRs and 8.84 pm in the NLRs across 7
print layers. In contrast, there is the decreasing grain
size (Lave: 7.95 um in the TLRs and 8.38 um in the
NLRs) in the top regions of sample (Table 2).

2.2 Micro-hardness

Fig. 3 depicts the micro-hardness distribution of
the cross-section of the Al — 5Si alloy samples. As
shown in Fig. 3, a, the micro-hardness measurement
along the horizontal width of the Al-5Si alloy sam-
ple is selected, that is, the top region and the middle
region and bottom region. There is a periodic
change in the micro-hardness value with the deposi-
tion height. Among them, the average micro-
hardness value of the top region of the sample is
50.7HV, the average micro-hardness value of the
middle region of the sample is 48.5HV, and the av-
erage micro-hardness value of the bottom region of
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Fig. 2 (a) the XRD results of WAAM-CMT Al — 5Si alloys; (b) the microstructures of WAAM-CMT Al — 5Si alloys
under different regions
Puc. 2 pe3ynbTarsl peHTTCHOCTPYKTypHOTO ananu3a ciiaBoB WAAM-CMT Al — 5Si; (b) MEKPOCTPYKTYpBI CILTABOB
WAAM-CMT Al — 5Si B pa3nu4HbIx 0071aCTIX

Table 2. The grain size of Al-5Si alloys in NLR/TLR
Tabnuya 2. Pazmep 3epHa cniiasoB Al-5Si B NLR/TLR

Sample Lave — NLRS, um Lave — TLRS, um
Bottom region 8.84 8.25
Middle region 8.53 8.11

Top region 8.38 7.95

the sample is 43.3HV. With the increase of the dep-
osition height, the micro-hardness value of the sam-
ple shows an increasing trend, and the micro-
hardness value on the uniform horizontal line does
not change much, and the micro-hardness changing
value is 3.4 HV, which further indicates the stability
of the deposition sample. At the same time, as
shown in Fig. 3, b, the micro-hardness measurement
along the mid-height of the Al — 5Si alloy.
Pores, cracks and equiaxed grains are more prone
to product around TLRs, resulting in lower micro-
hardness at defect sites and higher micro-hardness
in the equiaxed grain region. In the mid-high direc-
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tion near the base metal and the top region of the
sample, the micro-hardness values are higher in
both the TLRs and NLRs due to the formation of
finer grain sizes [14].

2.3 Tensile properties

Tensile test results (tensile strength-UTS, yield
strength-YS and elongation-E) of two different re-
gions of alloy samples are shown in Fig. 4. Tensile
test results on the top region of the samples are dif-
ferent from those on the bottom region of the sam-
ple. The tensile strength of the samples increases by
6.6 MPa from 205.6 to 212.2 MPa as the increase of
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Fig. 3 The micro-hardness of WAAM-CMT Al — 5Si alloys along horizontal width (a) and mid-height (b) directions
Puc. 3 Mukpotseprocts cuiaBoB WAAM-CMT Al — 5Si B ropu3oHTanbHOM HANPaBJICHUH MO LIMPHHE ()
u cpexaHei Beicote (D)
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Fig. 4 The tensile properties of WAAM-CMT Al — 5Si alloys
Puc. 4 Pactsoxkumocts crtaBoB WAAM-CMT Al — 5Si

deposition height. The yield strength also increases
from 130.9 to 134.4 MPa with the elongation is rel-
atively reduced by 1.3 %. Analysis of tensile test
results show that the increase in deposition height
improve the tensile properties of the Al — 5Si alloys.
Besides, the tensile strength and yield strength in
the location 1 are also higher than those in the loca-
tion 2.

The fracture morphology of the Al — 5Si sample
is shown in Fig. 5. The fracture analysis reveals the
characteristics of ductile fracture. Fig. 5, c, d show
that the second phase particles are uniformly dis-
tributed at the center of the dimples of the fracture.
The cracking of the alloy matrix is caused by the

(2)

second phase particles and interlayer defects — pores
and cracks. During the tensile test, the stress is con-
centrated in the second phase particles and interlay-
er defects. As the stress increases, microcracks and
microcrack propagation may appear in the structure.
These microcracks connect with each other, grow
up and cause the material to fracture [15].

3. Conclusions

In the current work, the phase formation, micro-
structure, and mechanical properties of WAAM-
CMT Al — 5Si alloy samples along the deposition
height have been investigated. The main phases in-
clude a-Al, Si phase and intermetallic phase AlgSi,

Fig. 5. Fracture surface images of WAAM-CMT Al — 5Si alloys at location 1 and location 2

Puc. 5. M306paxenus noBepxuoctH uznoma ciiasoB WAAM-CMT Al — 5Si B toukax 1 u 2
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the a-Al phase is gradually refined and transformed
into honeycomb-like grains both within and between
layers. The higher micro-hardness and strength of Al —

5Si alloys among all samples are attributed to the 10.

equiaxed grains with coarsened Si phases and less de-
fects. The analysis of tensile test results among differ-
ent deposition heights shows that the increase in depo-
sition height improve the ultimate tensile strength of

the Al — 5Si alloys. But the little difference in perfor- 11.

mance indicates the stability of the Al — 5Si alloys are
better.
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