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Abstract: The effects of graphene nanoplates (GNPs) on the microstructures and mechanical properties of nanoparticles
strengthening activating tungsten inert gas arc welding (NSA-TIG) welded AZ31 magnesium alloy joints were investigated. It was
found that compared with those of activating TIG (A-TIG), and obvious refinement of a-Mg grains was achieved and the finest a-Mg
grains of fusion zone of NSA-TIG joints were obtained in the welded joints with TiO,+GNPs flux coating. In addition, the
penetrations of joints coated by TiO,+GNPs flux were similar to those coated by the TiO,+SiC, flux. However, the welded joints
with TiO,+GNPs flux coating showed better mechanical properties (i.e., ultimate tensile strength and microhardness) than those with
TiO,+SiC, flux coating. Moreover, the generation of necking only occurred in the welded joints with TiO,+GNPs flux.
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1 Introduction

As the lightest structural alloys, magnesium alloys
are commercially available and have greatly potential
applications in automotive, aerospace and other
industries [1-3]. In order to speed up the application of
magnesium alloys in industries, development of welding
technology is necessary [4,5]. Currently, tungsten inert
gas (TIG) welding technology is widely adopted for
magnesium alloys due to the advantages of economy and
utility. However, the relatively shallow penetration in
single pass welding and low productivity restrict the
application of TIG welding technology on magnesium
alloys [2,6].

In order to improve the quality of the TIG welded
magnesium alloy joints, activating (a flux-assisted) gas
tungsten arc welding (A-TIG) technology has been
developed [7]. DUNN et al [8], SHEN et al [9] and
LIU [10] reported that greater penetration of A-TIG
welding was achieved by constriction of the electric arc

and the change of the liquid flow direction of molten
metal in the welding pool, which are caused by the
addition of activating flux. However, the grains in the
welded joints coarsened due to the flux coating, which
resulted in the decline of the mechanical properties of the
A-TIG welded AZ31 magnesium alloy joints. SHEN
et al [11] studied the effects of fluxes on distribution of
SiC particles and microstructures and mechanical
properties of nanoparticles strengthening A-TIG
(NSA-TIG) welded magnesium alloy joints. They found
that the grains were refined in the welded joints with the
addition of nano-SiC ceramic particles (SiC,). The
mechanical properties of the magnesium alloy joints
were also improved, but the ultimate tensile strength of
the welded joint still needed improvement.

Recently, graphene, as a strength enhancer in
composites, has gained tremendous attention due to high
mechanical strength and modulus, such as high elastic
modulus (1 TPa) and fracture strength (125 GPa) [12].
The physical properties between graphene nanoplates
(GNPs) composed by a few graphene layers and the
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single-layer graphene are similar. But the GNPs are
much easier to produce than graphene [13]. Therefore,
they can be used as the substitute of the graphene in
some areas. RASHAD et al [14] studied the development
of magnesium—graphene nanoplates composite. The
research results indicated that the mechanical properties
of Mg/0.3% GNPs (mass fraction) composite were much
better than those of pure Mg.

In this study, we selected GNPs to improve the
mechanical properties and explore the effects of GNPs
on the microstructures and mechanical properties of TIG
welded AZ31 magnesium alloy joints.

2 Experimental

Hot extruded AZ31 magnesium alloy plates
(100 mm x 100 mm x 5 mm) were used for this
experiments. SiC, with 40 nm in diameter (produced by
Xuzhou Jiechuang New Material Technology Co., Ltd.)
and GNPs with 15 nm in thickness (produced by
Chengdu Organic Chemicals Co., Ltd., Chinese
Academy of Sciences) were selected as the strengthening
particles (as shown in Fig. 1). TiO, with 120 nm in
diameter was selected as activating flux. The SiC,/GNPs
and TiO, were mixed by acetone. Four groups of
specimens were welded by ordinary TIG, A-TIG and

Fig. 1 SEM images of GNPs (a) and SiC, (b)

NSA-TIG (two types of nano-particles were SiC, and
GNPs) methods. During welding, the top surface of the
welding specimens was coated by the hybrid coating.
Unit areas (p,4) of different specimens were calculated by
the formula as follows:
my —ny

Pa= S (1
where m, is the mass of plates before coating, m;, is the
mass of plates after coating and S is the area of coating
on the specimen. The p, of specimens with pure TiO,
was (3.0+£0.37) mg/cm’ with a width about 20 mm
and p, of specimens with TiO,+SiC, (GNPs) was
(5£0.37) mg/cm” with a width about 20 mm. The mass
ratio of SiCy(GNPs)/TiO, was 2:3 (Fig. 2). AC automatic
welding machine (NSA—500—1) with an arc voltage
controller (HAS—01—-A) was applied for butt-welding
tests, and pre-deformation was used in the experimental
trials. The welding parameters were: welding current
(80 A), arc distance (2 mm), welding speed (100 mm/min),
and flow rate of shielding gas (7.5 L/min).

Coatings

Base materials (AZ31)
(a)

50 , 57

20

12.5]

’\R12.5
174.85

(b)

Fig. 2 Configuration for welding specimen (a) and tensile

specimen (b)

After welding, the welded joints were photographed
and the cross-sections of welded joints were prepared by
standard metallographic procedures, including grinding,
polishing and etching (2 g picric acid + 50 mL ethyl
alcohol + 5 mL acetic acid). The microstructures of the
welded joints were observed by an optical microscope
(MDJ 200). An energy dispersive X-ray spectroscopy
(Oxford, Inc., ISIS300, EDS) was used to detect the
distribution of elements and phases formed in the welded
joints. The penetrations and the widths of the weld bead
were measured for the calculation of D/W ratios (D is the
depth of specimen; W is the width of specimen). The
microstructures of the welds were observed by a
scanning electron microscope (TESCAN VEGA Il LMV,
SEM). Based on the quantitative stereology theory, the
average grain sizes of the welded joints were collected.
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As per the ASTM E8/E8M—13a, test specimens
(Fig. 2(b)) were sectioned from the welded seams by a
numerically controlled linear cutting machine to evaluate
the ultimate tensile strength (UTS) of welded joints,
respectively. The tensile tests were carried out by an
electronic testing machine (SANS XYA105C) at room
temperature with a rate of 1.5 mm/min and the tensile
direction was perpendicular to the welded seams. Three
tensile test results were collected on specimens with the
same coating and the average value of them was adopted.
Microhardness tests were performed by using a Vickers
hardness tester (V—1000) with a load of 50 g and a load
period of 20 s. The microhardness values were obtained
from an average value of five data points. The phases
were characterized by an X-ray diffractometer (XRD)
(D/max 2500 PC, made by Rigaku Corporation, Japan)
using Cu K, radiation with a scanning angle from 10° to
90° and at a scanning rate of 4 (°)/min.

3 Results and discussion

3.1 Macromorphologies of welded joints

The outlines of the fusion zone (FZ) of the welded
joints with/without different flux coatings are shown in
Fig. 3, respectively. The effects of different coatings on
the depth/width (D/W) ratio of the welded joints are
shown in Table 1. From Fig. 3, the penetration in the
cross-section of the welded joint without TiO, coating
(Fig. 3(a)) was about 1.5 mm. However, the penetrations
with different flux coatings (Figs. 3(b)—(d)) all reached
about 5 mm. Moreover, the penetrations and the D/W
ratios of the welded joints increased gradually due to the
addition of TiO, flux coating. Besides, the values of D/W
ratios of the weld joints with different strengthening
particles are similar.

As demonstrated in previous study [15,16], the
shape of the welded seam was determined by the change
of the liquid flow in the weld pool. When TiO, flux
coating was adopted, the fluid flow of the molten pool
surface transferred from the pool edge to the center easily,
leading to the formation of narrow and deep welded
seams (Figs. 3(b)—(d)). Although the strengthening
particles are different, the mass values of TiO, flux
coating were similar. The values of D/W ratios and
penetration of the welded joints with different
strengthening particles were similar, which indicated that
the addition of GNPs had minor influence on penetration.

3.2 Microstructures of welded joints

Figure 4 shows the typical microstructures of
welded joints with/without TiO,+GNPs flux coating. The
welded joint was composed of a FZ, a heat-affected zone
(HAZ) and a base material (BM) area. The BM was
characterized by a fine and uniform equiaxed structure.

Due to the addition of TiO,, the width of HAZ of the
welded joint with TiO,+GNPs flux coating was larger
compared with that without flux coating.

Fig. 3 Images of cross-sections of FZ of TIG welded joints
with/without different strength particles: (a) Without coating;
(b) With TiO, coating; (c) With TiO,+SiC, coating; (d) With
TiO,+GNPs coating

Table 1 Effects of different flux coatings on depth/width (D/W)
ratio of welded joints

Flu.X No coating TiO, SiC,+TiO, GNPs+TiO,
coating
g/tipz 0.19+0.08 0.51+0.12 0.50+0.09 0.48+0.11

Figure 5 shows the second electron (SE) images of
the FZ of the welded joint with TiO,+GNPs flux coating
and the corresponding EDS results of the points. Figure 6
shows the XRD patterns of the FZ with/without different
flux coatings. The microstructure of the FZ of the welded
joint with TiO,+GNPs flux coating consisted of a-Mg
and secondary phases (Fig. 5(a)). According to EDS
results, two kinds of phases distributed throughout the
0-Mg matrix. One is composed of Mg and C elements
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and the other is composed of Mg and Al elements. Based
on the EDS results, XRD analysis results and the Mg—Al
equilibrium phase diagram, it could be concluded that the
secondary phases were GNPs particles (Point 4 in
Fig. 5(a)) and intermetallic compound p-Mg;;Al;,
particles (Point B in Fig. 5(a)). Since the sizes of second
particles were quite small and the spatial resolution of
electron probe was limited, the data of matrix and
neighbor phases were included and reflected in spectrum
peaks. Therefore, the composition deviation appeared in
the phase analysis due to the excessively high content of
matrix element (Mg).

Fig. 4 Microstructures of welded joints with/without TiO,+
GNPs flux coating: (a) Without flux coating; (b) With TiO,+
GNPs flux coating

The average sizes of a-Mg grains in FZ were
collected and listed in Table 2. The sizes of the a-Mg
grains in the FZ of the welded joint with flux coatings
were all larger than that of the welded joint without flux
coating. However, among all the specimens with flux
coatings, the finest a-Mg grains formed in the FZ of the
welded joint with TiO,+GNPs flux coating.

The stable GNPs or SiC, in magnesium matrix
played an important role in reducing the sizes of the

Element w/% x/%

C 60.84 74.32
Mg 39.16 25.68
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Fig. 5 Second electron (SE) image of FZ of welded joints with
TiO,+GNPs flux coating (a) and corresponding EDS results of
Points 4 (b) and B (c)
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Fig. 6 XRD patterns of FZ of welded joints with/without
different flux coatings
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Table 2 Average grain size (d) of a-Mg grains in FZ of welded
joints with/without different flux coatings

SiC,+TiO, GNPs+TiO,

Flux coating No coating  TiO,

d/pm 17.4+1.48 2594221 22.5+1.61 20.4+2.08

a-Mg grains, which can be explained by the following
two factors [17-19]. 1) The GNPs/SiC, acted as
nucleation agent to refine the grains in the FZ of
magnesium alloy welded joints during solidification.
2) The GNPs/SiC, absorbed the energy from the matrix
(a-Mg), which increased the cooling rate at the a-Mg
grain boundaries. So, the moving of the grain boundaries
was hindered, which induced the grain refinement.
According to the Zener limiting grain size principle,
assuming a completely uniform distribution of clustering
GNPs/SiC,, the Zener limiting grain size d; can be
calculated as follows [20]:

_ A

d, =
Z3Vf

2)
where r is the radius of strengthening particles and V7 is
the volume fraction of clustering strengthening particles,
respectively. From Eq. (2), the smaller radius of
strengthening particles resulted in the finer a-Mg grains.
Thus, the welded joint with TiO,+GNPs flux coating
obtained the finer grains because of the smaller radius of
GNPs. On the other hand, GNPs with high aspect ratio
absorbed more energy from the matrix than that with
SiC,, which induced that the welded joint with
TiO,+GNPs flux coating obtained the finer grains.
However, heat input caused by the flux coating of TiO,
has a stronger influence on the size of a-Mg grains than
that of strengthening particles. Thus, the finest a-Mg
grains were obtained in the welded joint without flux
coating.

Element maps of the FZ of the weld joint with
TiO,+GNPs flux coating are shown in Fig. 7. Figure 7
reveals that element C was uniformly dispersed in the
matrix of the FZ. This result also proved that most of the
added GNPs were almost uniformly dispersed in the
matrix, which is beneficial to the improvement of
mechanical properties of the AZ31 magnesium alloy
welded joints.

3.3 Mechanical properties of welded joints
3.3.1 Microhardness of welded joints

Figure 8 shows the distribution of the
microhardness of the TIG welded AZ31 magnesium
alloy joint with TiO,+*GNPs flux coating and the
relationship between different flux coatings and the
average microhardness of the FZ of the welded joints.
From Fig. 8, the microhardness values of the BM and FZ
are higher than that of the HAZ. What is more, the
microhardness of the FZ of the welded joint decreased

Fig. 7 Element maps of FZ of weld joint with TiO,+GNPs
coating: (a) a-Mg grain chosen arbitrarily for surface scanning
analysis; (b) Result of element C dispersed in chosen a-Mg
grain
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Fig. 8 Distribution of microhardness of TIG welded AZ31
magnesium alloy joint with TiO,+GNPs flux coating (a) and
relationship between different flux coatings and average
microhardness of FZ of welded joints (b)
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from HV 58.6 to HV 53.6 with the addition of TiO, flux
coating. The average microhardness of the FZ increased
from HV 53.6 to HV 61.7 with the addition of TiO,+
GNPs flux coating and the microhardness of the FZ with
Ti0,+GNPs flux coating is higher than that of BM.

The microhardness of the alloy is affected mainly
by the grain size of primary-phase and the spacing
between second-phase particles. The increase of TiO,
flux coating caused the increase in the heat input of
welding pool. Hence, this led to the coarsening of the
a-Mg grains. According to Hall-Petch equation [21,22],
a decrease in the grain size increased the microhardness
of an alloy. However, Orowan hardening mechanism
indicated that the decrease in the spacing between
second-phase particles improved the hardness of an
alloy [23]. In this study, the application of TiO, flux
coating led to serious coarsening of the a-Mg grains in
the FZ. The microhardness of the welded joint was
mainly dominated by the Hall-Petch equation. While,
the addition of TiO,+GNPs flux coating led to the
refinement of a-Mg grains and distributed the GNPs in
the FZ (as seen in Table 2). Hence, the microhardness of
the FZ was enhanced by both the Hall—Petch relationship
and the Orowan hardening mechanism. Thus, the welded
joints with TiO,+GNPs flux coating obtained the highest
value in microhardness.

3.3.2 Tensile strength of welded joints

The relationship between different flux coatings and
the ultimate tensile strength (UTS) of the TIG welded
AZ31 magnesium alloy joints is depicted in Fig. 9. The
tensile fracture specimen with TiO,+GNPs flux coating
is shown in Fig. 10. From Fig. 9, the UTS value of the
weld joints was increased by the addition of
strengthening particles. Among all the AZ31 magnesium
alloy welded joints, the UTS value of welded joint with
TiO,+GNPs flux coating was the highest (198 MPa),
which is similar to the value of the BM (204 MPa).
Moreover, as shown in Fig. 10, necking occurred at the

200 F \ T
UTS of BM f

150 -
[}
E Z
& 100F T
j
=

50

0

Nocoating  TiO,  TiO,+SiC, TiO,+GNPs

Fig. 9 Relationship between different coatings and UTS value
of AZ31 magnesium alloy welded joints

11.4 mm

Fig. 10 Tensile fracture of welded joint with TiO,+GNPs

coating

welded joint with TiO,+GNPs flux coating, which
indicated that the ductility of the FZ increased sharply.

The UTS values of the weld joints increased from
178 to 198 MPa, in the case of the flux coating changed
from TiO,+SiC, to TiO,+GNPs. This is caused by the
effects of grain boundary strengthening (og), Orowan
looping (Gorowan) > Strengthening of ocrg and load transfer
(or7) on the microstructure.

1) Grain boundary strengthening (og)

There is a clear trend in strength enhancement with
the decrease of grain sizes, which is in agreement with
the Hall-Petch exponent that is listed as follows: [21,22].

oy =x/\d 3)

where oy, is yield strength, x is the parameter that
describes the relative strengthening contributions of
grain boundaries, and d is the size of a-Mg grains (as
shown in Table 2). From Table 2 and Eq. (3), the
specimen with the TiO,+GNPs flux coating obtained a
higher strength than the specimen with TiO,+SiC, flux
coating.

2) Orowan looping (6orowan)

Orowan looping also plays an very important role in
increasing the strength value. Since nanoscale GNPs
acted as obstacles restricted the movement of the
dislocations [24], the dislocations face more obstacles
during their motion, leading to the pile-up of dislocations.
The Orowan strengthening could be described by the
formula [25]

Gb 0.785d,
In

2n Jl - U|:(0'777\/7J - 0.785}1’[ ’
“

where G is shear modulus, b is the magnitude of the
Burgers vector, v is the Poisson ratio, d, is the particles
grain size and f is the volume fraction of the second
particles. The grain size of the GNPs selected in this
study is 15 nm and the SiC, is 40 nm. From Eq. (4), the
sample with TiO,+GNPs flux coating obtained the higher
strength.

3) Strengthening of octg

Strengthening of ocrg is induced by the difference
about coefficient of thermal expansion (CTE) between
particles and matrix, which could be described by the
following formula [25]:

O0rowan =
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12ATACS

b (5)

Ocrp = aGb
where o is a constant, b is the magnitude of Burgers
vector, AT is the difference between processing
temperature and ambient temperature, d, is the particles
grain size, and AC is the difference of CTE of particles
and matrix. The coefficients of thermal expansion
for GNPs and SiC, are 1x10° K" and 4x10° K,
respectively, while that for pure magnesium is only
2.5x107 K" [12,26]. From Eq. (5), the specimen with
TiO,+GNPs flux coating obtained a higher strength than
the specimen with TiO,+SiC, flux coating because of the
larger difference of thermal expansion and smaller sizes.

4) Load transfer (ot)

The strengthening orr was induced by the load
transfer from the matrix to the particles. It could be
expressed by the following formula [27]:

orr = o1/ (2m)] (6)

where o, is the yield stress of matrix, and m is the
volume fraction of the second particles. From Eq. (6), the
specimen with the TiO,+GNPs flux coating obtained a
similar strength compared to the specimen with
TiO,+SiC, flux coating. However, according to shear lag
model [28,29], large aspect ratio could achieve a better
reinforcement. Thus, the sample of GNPs with larger
aspect ratio had higher strength.

At room temperature, the ductility of magnesium
alloys strongly depends on the activation of basal slip
systems, which has a much lower critical resolved shear

stress than non-basal slip systems. Grain refinement has
been considered as the most effective method to improve
the ductility of polycrystalline magnesium alloy [30].
As shown in Table 2, the a-Mg grains were obviously
refined due to the flux coating of TiO,+GNPs. In
addition, the microstructure of the FZ of the welded joint
with TiO,+GNPs flux coating was more homogeneous.
Thus, the ductility of the welded joint with TiO,+GNPs
flux coating increased, which induced the necking.

SEM images of typical tensile fracture surfaces of
the BM and the welded joints of AZ31 magnesium alloy
with/without different flux coatings are shown in Fig. 11.
All the fractures of the welded joints occurred in the FZ
because the coarsening of a-Mg grains. As shown in
Figs. 11(a) and (e), the fracture surfaces of the BM and
the welded joint with TiO,+GNPs flux coating mainly
show the ductile fracture, which are characterized by
more tearing fibers, ridges and dimples. The joint
fracture surfaces without flux coating and with TiO,+SiC
flux coating exhibited a character of a mixed fracture
with obvious shear lips and dimples (Figs. 11(b) and (d)).
The joint fracture surface with TiO, flux coating mainly
revealed a character of cleavage fracture belonging to a
brittle fracture (Fig. 11(c)).

4 Conclusions

1) Compared with the welded joint without flux
coating, the penetration of the welded joint with TiO,
flux coating significantly increased. Moreover, the
penetration of the welded joints with TiO,+GNPs flux

(d) Joint welded with TiO,+SiC,, flux coating; (¢) Joint welded with TiO,+GNPs flux coating
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coating and TiO,+SiC, flux coating was similar.

GNPs/SiC, flux coating mainly consisted of a-Mg grains,

2) The FZ of the welded joints with TiO,+

and p-Mg;Al; particles and the finest a-Mg grains

achieved

in welded joints with TiO,+GNPs flux

coating.

3) The UTS of the welded joints with TiO,+GNPs

flux coating is about 198 MPa (similar to the value of the
BM (204 MPa)) and the microhardness was determined
to be HV 61.7 (larger than that of the BM (HV 60.5)) due
to the effects of grain boundary strengthening, Orowan

looping, strengthening of ocrg and load transfer on the

microstructure of FZ of the welded joints.
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AZERMB RN AZ31 5 SN AR RIEaE YT
BB IR IE L BB LN A e R =2

k&, OB, BHIR, ITARK, EEY, 2 4
EHRA MERIE S TR UML) E R E A sei e, K 400044

B E WA BB (GNPs)RITNINAT AZ31 854 S g KTk 18 a4 M R TR (NS A-TIG) B3 3 Sk B Al
P IR, S5 RRA, 5L IEEA-TIGMLL, NSA-TIG Bk & X1 o-Mg kil E4itk, H
WEMEFIA TIO+GNPs IHEKAE G XY o-Mg KRR /h. Mok, S5IRE TIOHSIC, WA B ML, hE
TiO,+GNPs 5 PE ISk (I IR HIZ A R AR Ak, HFE 7 51 B (R R 52 AR BR o Ao 5 55 ) S AR R 4R iy . LR
GNPs 5 HeL AR I I T B8R -
KRR A BEROT; SURBURI RS EIE . AZ31 564 B JiFMkEe
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