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Study of influence of additive wire-arc manufacturing

modes on microstructure of AA7075 alloy
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The article discusses the wide application of aluminum alloys in various industries, as well as the necessity to increase
their strength to meet the requirements of modern technologies. An important point is to investigate the evolution of
nanoscale precipitates in AA7075 alloy, in order to improve the mechanical properties of the material. Manufacturing
of aluminum alloy parts by additive method allows you to achieve a high level of productivity and, if necessary, to
exceed mechanical standards for these materials. Particular attention is paid to structural phase state studies, which
are necessary for the development of new technologies based on additive manufacturing, such as surface cladding
of aluminum alloys. The study showed that the surface cladding mode (Ar flow rate ~ 10 I/min, surface cladding speed
100 mm/min, current — 70-80 A, voltage — 15.8 V, wire feed speed — 4 m/min) provides the best results in terms
of quality and stability of the cladding process. The manufactured blanks had a dense structure with no visible cracks
and the porosity percentage was low. This indicates to the possibility of using this mode for the production of high-
quality cladding materials. The MIG welding process using constant optimal technological parameters allows to obtain
aluminum alloy AA7075 with desired microstructural properties by additive manufacturing method. Strengthening
phases in the alloy help prevent crack growth during mechanical testing, and the morphology of equiaxed grains may
contribute to uniform stress distribution and increase the strength of the material. It is important to note that large
columnar grains in the fusion zones can affect the mechanical properties of the material and additional studies may
be required to determine their effect on the overall strength of the alloy.

Key words: aluminum alloys, properties, additive technologies, materials, surface cladding, structure, mechanical

tests, strengthening phases.
DOI: 10.17580/nfm.2024.02.13

Introduction

luminum alloys are widely used in automotive, elec-
tronics, marine and defense industries due to their
igh mechanical properties and high machinability,
as well as high electrical conductivity, high corrosion re-
sistance and weldability, low density and fatigue resistance.
AAT7075 alloy is an important and indispensable material
in the aviation industry which has reliable properties, espe-
cially for airplane wing pylons, airframes and rocket con-
struction. However, despite the wide range of applications,
industrial uses of aluminum alloys require even higher
strengths to meet their specific requirements [1, 2].

The transportation industry is under increasing pressure
of the necessity to improve the fuel economy and safety of
vehicles. Among a large number of research papers on the
properties of ferrous and non-ferrous metals, aluminum al-
loys occupy a significant place due to their high combination
of mechanical properties and low structural weight [3, 4].

Nowadays, additive technologies are finding more
and more applications. There are a number of reasons for
this, the key of which are the possibility of manufacturing

structures that could not be produced by classical meth-
ods, also one of the important factors is the reduction of
time to bring the product-structure to the market due to
the possibility of rapid production, the fact of obtaining
unique properties of the structure due to the application
of'a new principle of production is also important. In most
cases, various types of plastics are used in additive manu-
facturing, but metal printing is also important for the de-
velopment of additive technologies. Solid-state additive
manufacturing is a promising technology for producing
alloys with complex geometries for aerospace applica-
tions [5]. Among additive metal production technologies,
additive friction stir deposition (AFS-D) is an innovative
solution for fabricating and repairing high-strength alumi-
num alloy components [6]. The material is applied layer
by layer using a hollow rotating tool to the substrate mate-
rial [7]. When the hollow rotating tool comes into contact
with the substrate, heat and friction pressure are gener-
ated which create a metallic bond between the feed mate-
rial and the substrate. In AA7075 alloy, nanoscale MgZn,
(n') and MgZn,(n) precipitates control the strength of
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the material and can be dissolved and reformed using the
AFS-D thermomechanical process. The study investigates
the evolution of grain size, phase composition and spa-
tial distribution of nanoscale precipitates in deposited and
heat-treated AA7075 material.

Additive manufacturing of parts based on aluminum
alloys allows growing with very high productivity. At the
same time, it is worth noting that the resulting products
can have mechanical properties higher than the state stan-
dards for the same alloy.

In the last decade, aluminum alloys [§—10] and alumi-
num-matrix materials reinforced with SiC particles [11—
15], Al,04 [16, 17], B,C [18-20], Si;N, [21, 22] have ex-
panded their applications, and carbon nanotubes [23, 24]
have become significantly widespread. Such materials are
used as structural materials in aecrospace [16, 24], electron-
ics [23], automotive [25, 26], military [27], and others. The
share of aluminum-matrix materials in the total volume of
structural materials of functional parts is constantly in-
creasing. This trend is explained by the unique mechanical
and thermoelectric properties of materials with aluminum
matrix in combination with low weight [28]. In addition,
the functional properties of materials with aluminum ma-
trix can be adjusted by varying the amount, size, shape and
type of reinforcing inclusions [29, 30].

Purpose of work — Study of structural-phase state of
surface cladding layers of aluminum alloy grade 7075, pro-
duced by wire-arc surface cladding using additive manu-
facturing technologies.

Materials and methods

AA7075 alloy specimens were produced in the facili-
ties of the “Welding Processes and Technologies” R&D

Table 1
Chemical composition of aluminum wire, wt. %

-IIEI

Surface
cladding

AA7075 wire balance 0.4 0.1 1.6 2.51 0.18 6.02 0.02
Weld pad balance - 0.1 0.6 0.8 28 0.2 4.1
Table 2
Production modes of the alloy under study
No. of sample A:aftIg:N Amperage, | Voltage, V\Q;z;ede,d
(et I/min A Y m/min
1 90-100 16.8 5.2
2 70-80 16.8 4.5
8 50-60 16.8 4.0
4 50-60 20 4.0
5 70-80 15.8 4.5
6 10 80-90 15.8 5.0
7 70-80 14.8 4.5
8 80-90 14.8 5.0
9 70-80 13.8 4.5
10 80-90 13.8 5.0
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speed,

mm/min

Center using Anycubic Chiron 3D printer working on the
technology of fuse deposition modeling (FDM). A Svarog
MIG TECH 250 welding machine was used as a power
source for surface cladding. Table 1 shows the chemical
composition of the surface cladding aluminum wire ob-
tained from AA7075 alloy.

The surface cladding process was performed in 10 modes
with a common parameter of argon flow rate = 10 I/min
and a surfacing rate of 100 mm/min (Table 2).

The ingot obtained according to mode 5 was cut on
an DK7732 M11 jet-type electric discharge machine for
further studies of phase, elemental composition and me-
chanical tests.

The identification of phases of the alloy was studied
using X-ray phase analysis (XRD). X-ray phase analy-
sis was carried out using X-ray diffractometer Shimadzu
XRD-6000 on Cu — Ko radiation. The lattice period was
calculated from 4 peaks of the diffractogram using the
equation:

a=d N+ 2+ 12,

H, K, L — diffraction indices associated with crystal-
lographic relations: H=n-h, K=n-k, L=n-1 n—an
integer called the reflection order.

The structure and elemental composition of the sam-
ples were studied by scanning electron microscopy (KYKY
EM-6900 instrument equipped with Oxford Xplore energy
dispersive analyzer). Energy dispersive X-ray spectroscopy
was carried out on characteristic parts of the sample profile.

Metallographic analysis of structure changes was per-
formed using an Olympus GX-51 optical microscope.
To create optical contrast, the samples were chemically

etched with the reagents: 1.5 ml of HF and
3.5 ml of distilled water.

Results and Discussion

The initial modes for the study were the previ-
ously used surface cladding modes (mode 1—3).
The use of these modes is accompanied by a
fairly large splashing of metal, abundant gas
emission. At the same time it should be noted
that at visual measuring control a small porosity
of metal is observed (pores less than 1 mm).

When the voltage is increased to 20 V (mo-
de 4), the surface cladding process is carried out
with a large amount of smoke. At the same time,
aluminum burnout occurs. The cladding proc-
ess is not stable and therefore not recommended
for the final part production.

During the study of various cladding modes,
the modes providing low splashing of filler ma-
terial, low gas emission, as well as having good
stability of the cladding process (modes 5—9)
were identified. The macro-analysis of porosity
of the obtained samples showed that the smal-
lest number of large pores is observed in the

0.1

100
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cladding materials obtained by mode ~ Table 3

No. 5 (Table 3). Therefore, the sample
obtained by mode 5 was selected for
the research. Fig. 1 shows the appear-
ance of the clad layer AA7075 and
characteristic zones of the study.

To study the microstructure of the
fabricated workpiece, optical and elec-
tron microscopic images of the etched
samples were taken and the morphol-
ogy of the upper, middle and lower re-
gions was analyzed (Figs. 2—4). Fig. 2
shows the optical and SEM images

Mode No. 4

MATERIALS SCIENCE

Macrostructure of the faced sample ‘

Production modes of the alloy under study

Pore distribution

Amount
35

30
25
20
15
10

0-50 100-250 300-400

Size, ym

of the structure of the upper region

of the clad work piece. The part has | ModeNo.5

a dense and homogeneous structure
with no visible cracks. The dimen-
sional characteristics of the molding
including width, height and size of
the cladding were measured using a
caliper. The height and width of the
clad part are 50 mm and 150 mm, re-
spectively. No traces of solidification
cracks were observed and the average
porosity percentage was less than 5%.

0-50 50-100 100-200 200-300 300-400
Size, ym

Since the upper region has a higher
temperature gradient due to interlayer
cooling, larger and more equiaxed
structures are formed (Fig. 2) with an
average size of ~38.9 um.

Fig. 3 shows the middle region.
Due to the smaller temperature gradi-
ent, a mixture of columnar and den-
dritic equiaxed structures was formed,
with an average size of ~15.5 um.
Due to the effect of heat accumula-

Amount
40

35
30
25
20
15
10

5

0

—_—

50-100 100-200 200-300 300-400
Size, ym

tion, the dissipation becomes smaller
with increasing height of the part,
which leads to a decrease in the temperature gradient.
Pure equiaxed grains were formed with a size of 80 um
near the upper region of the solidified layer. A columnar
grain structure was obtained near the intermediate region,
which can be explained by lower heat generation. In layer-
by-layer fabrication, columnar and equiaxed crystals are
alternately formed near the interlayer boundary. The grain
morphology was good, with an insignificant percentage
of porosity. The grains formed in the clad layer have well-
defined boundaries, indicating the separation of a second-
ary phase in the alloy, the composition of which is given in
Table 4. Above the middle region, due to a smaller temper-
ature gradient, a mixture of columnar and dendritic equi-
axed structures was formed (Fig. 4). The heterogeneous
secondary phase was formed around the grain boundaries
and may dissolve during the fabrication process if heated
repeatedly. A lower percentage of undissolved secondary
phase was found near the upper and middle region to a
greater extent than in the lower region.

Substrate material,
underlying

Fig. 1. Appearance of specimen No. 5 and the study area:
1 — lower area; 2— middle area 3 — upper area; 4 — fusion zone

This indicates less thermal effects, since the second-
ary phases are poorly dissolved in the metal matrix. The
average composition of the large number of secondary
phases at the grain boundary in the studied sample is
given in Table 4 and consists mainly of magnesium and
zinc, precipitating in the sediment. These precipitates
further hindered grain boundary movement and dissolved
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Intensity (a.u.)

111 . Al
4 + Al;Fe
V AlzMn
311
L]
200
é 220
-
vy l
* L]
Fig. 2. Image of the upper region of AA7075: bt L Asspidedibtssan)
a — optical image; b — electron microscopic image

40 60 80 100 120 140 160
2 theta (degree)

Fig. 5. X-ray diffraction of alloy AA7075

Table 5
Lattice parameters at different values
of the crystallographic plane

. Parameter a . .
Crystallographic of the lattice, Approxma}tlon
planes A error, A
111 4.04737 0.00050
) ) o ) ) 200 4.0488 0.00101
Fig. 3. Optlcal‘and. electron-microscopic images qf the middle region of AA7075: 290 4.0495 0.00163
a — optical image, b — electron-microscopic image
311 4.04973 0.00186
Average value 4.04787 0.00100

in the middle and lower regions due to the
smaller temperature gradient (Figure 4). The
secondary phase particles dissolved slowly
and mixed well with Al matrix. Regarding the
grain size, larger equiaxed grains were formed
in the lower part than in the upper and middle
regions due to repeated heat exposure. These
microstructural transformations during depo-
sition can affect the mechanical proper-
ties. Grain morphology changes with layer
thickness and columnar grains predominate
(Fig. 4). Equiaxed grains of ~80 um in size
are found at the layer boundaries. Although
there is no noticeable change in grain size, the
microstructure near the surface still has some
degree of equiaxed crystalline shape.

The formation of different phases in

Fig. 4. Optical and electron microscopic images of AA7075: AA7075 samples was analyzed by X‘ray dif-

a, b — lower region (near the substrate); ¢, d — fusion zone fraction (Fig. 5). It was found that the main

phases were Al and Al;Fe, Al,Mn. The aver-

Table 4 age value of the lattice parameter was 4.048 =
Result of energy dispersive analysis of investigated regions +0.001 A(Tab]e 5).

of AA7075 alloy

Elemental composition Conclusion
of the area Al St FeMnj Cu | Mg |Crizn| T In the present study, additively fabricated

Matrix balance - 0.2 0.6 0.80 3.10 0.2 33 0.1  AA7075aluminum alloy was produced using
MIG welding process using constant opti-

SREIEEY s selaies | — | = OB 49| 88 ] = [I7] - mum process parameters. Macroanalysis of
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the selected surface cladding mode showed the lowest
number of defects compared to the other modes. The
microstructural properties of the obtained product were
investigated layer by layer and the presence of harde-
ning phases consisting mainly of magnesium and zinc
(MgZn,) was established, precipitating in all areas of the
studied alloy, which will prevent the growth of cracks du-
ring mechanical tensile and fatigue tests. The presence of
these phases may be due to the smaller distance between
primary dendrites in the aluminum matrix. The pres-
ence of columnar and dendritic equiaxed structures, the
average size of which amounted to ~15.5 um, as well as
the uniform distribution of the morphology of equiaxed
grains with the size of ~80 um along the boundaries of
layers of the upper and lower region of the studied alloy
AA7075 were noted.

The study was funded by the Russian Science Foundation
grant No. 22-79-10245, htips.//rscf.ru/project/22-79- 10245/.
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