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Abstract: Ti-4Al-1.5Mn dual phase titanium alloy sheet was spot welded by pneumatic resistance spot welder. The
effects of different welding parameters on shear load and nugget diameter were studied. The results show that the
maximum shear load of solder joint increases first and then decreases with the increase of electrode pressure and
welding current, while the nugget diameter increases with the increase of electrode pressure and welding current.
Electrode pressure of 0.20 MPa and welding current of 46 A are the optimal process parameters, under which the

maximum shear load of solder joint reaches 8.80 kN. The microstructure of nugget zone is coarse acicular martensite ,
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and the solder joints fail in a mixed mode of intergranular brittle-ductile fracture.
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0 Introduction

Titanium and titanium alloys are widely used in
aerospace, chemical, medical and other civil and
military industries because of their excellent charac-
teristics in specific strength, corrosion resistance,
creep and fatigue properties, biocompatibility and
so on. They can effectively meet the urgent demand
for high-performance structural materials in industri-
al applications, such as aerospace, automotive,
medical engineering'"™".

At present, welding and joining of titanium al-
loys mainly includes laser fusion brazing'’', friction
stir welding'®, diffusion welding'”, electron beam

7 ultrasonic welding'"’, and resistance

[12]

welding'
spot welding '*". Resistance spot welding has the
characteristics of high degree of automation, simple
operation, low cost, good environmental applicabili-
ty, and high welding energy density and high effi-

[13-14]

ciency . Therefore, the welding product has in-
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finitesimal distortion and small heat affected zone,
so it is widely used in welding of metal """’ In resis-
tance spot welding process, the overlapping work is
positioned between the water-cooled electrodes,
then the heat is generated by using a large electrical
current for a short period of time. There are three
stages in making spot weld. First, the electrodes are
attached to the metal and pressure is applied before
the current is switched on. Second, the current is
turned on instantaneously. This is followed by the
third stage, or hold time in which the current is
turned off but the pressure continues. During the
hold time, the electrodes forges the metal as it
cools. The weld 1s formed via solidification due to
cooling through the electrodes' "

During the electric current flow, due to the re-
sistance opposed by an electric current, contact re-
gion between electrode and the material and con-
necting elements is subject to strong localized heat-

ing. The weld quality depends on the microstructure
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of the nugget which is affected by heat process and

192U Feng et al.'® carried out the fa-

cooling rate
tigue property research of TA1 pure titanium spot
welding joints, and analyzed the fracture mecha-
nism of resistance spot welding joints. Jiang et al."*"
studied and analyzed the microstructure and proper-
ties of pure titanium/magnesium alloy dissimilar ma-
terial resistance spot welding joints, and obtained
the resistance spot welding joints with excellent per-
formance. However, resistance spot welding of tita-
nium alloy is mainly focused on thin plates, and
there are few reports about the resistance spot weld-
ing of 2 mm thickness titanium alloy sheet.
Therefore, in this paper, resistance spot weld-
ing is used to weld 2 mm thick Ti-4Al-1.5Mn plate.
The effect of resistance spot welding parameters on
mechanical properties and nugget diameter is investi-
gated. The microstructure of nugget zone and frac-

ture morphology of solder joints are analyzed.

1 Materials and Methods

Ti-4Al-1.5Mn plate
100 mm X 10 mm X 2.0 mm is selected as the

with dimensions of

base metal, and its chemical composition is shown
in Table 1. The lap length of resistance spot weld-
ing sample is 30 mm, and the shape and the size of
the sample are shown in Fig.1. The equipment ad-
opted in this study is pneumatic resistance spot weld-
ing machine (Model: medium frequency spot weld-
ing machine DZN-200 kW). The welding discharge
time 1s 10 ms, the electrode diameter is 4.0 mm,
and the electrodes on both sides are conical CuZrCr
electrodes with the end diameter of 4 mm. Before
welding, the oxide and oil stain on the surface of the
sample were polished with abrasive paper, and the
plates were degreased with anhydrous ethanol. Dur-
ing welding, the lap length was kept unchanged,
and the resistance spot welding process parameters
are shown in Table 2. After resistance spot weld-
ing, the shear resistance test was carried out by
SANS CMT-5105 electronic universal tensile test-
ing machine according to GB/2651—2008 standard
at room temperature, and the average value was ob-

tained by testing sample at the same parameters for

three times. The cross-section microhardness of re-
sistance spot welding joint was tested and analyzed
by HXS-1000A microhardness tester. The load was
200g, and the load was maintained for 15 s before
unloading. The average of three samples were mea-
sured to improve the accuracy of microhardness val-
ue. The metallographic samples were taken along
the diameter direction of the solder joints, and the
optical microscopy analysis of the samples was car-
ried out by using the orca binocular XT1-2600 mi-
croscope. The microstructure of Ti-4Al-1.5Mn sol-
der joints and fracture surface were detected with a
Hitachi S-4800 field emission scanning electron mi-
croscopy (FESEM).

Table 1 Chemical compositions of Ti-4Al-1.5Mn alloy
substrate %

Element H N C Si Fe Mn B Al Ti
Welght ) 06 0.15 0.012 0.05 0.08 1.43 0.22 4.09 Bal.
percent
20 Upper plate

| e I - 1
Lower plate Join} point Back-up plate

| | J | e

20
100 !

Fig.1 Schematic diagram of resistance spot welding

sample

Table 2 Resistance spot welding process parameters

. Welding current/ Electrode pressure /
Welding time/ms
A MPa

10 33—65 0.10—0.25

2 Results and Discussion

2.1 Influence of resistance spot welding param -

eters on spot welding properties

2.1.1 Electrode pressure

Under the condition of welding current of 52 A
and welding time of 10 ms, the influence of elec-
trode pressure on shear load and nugget diameter
was revealed by adjusting the electrode pressure dur-

ing spot welding. As shown in Fig.2, when the elec-
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from 0.10 MPa to
0.20 MPa, the shear load of resistance spot welding

trode pressure increases
joints increases gradually, reaching the maximum
value of 8.60 kN. When the electrode pressure con-
tinues to increase, the shear load of the resistance
spot welding joints decreases gradually. The varia-
tion of nugget diameter with electrode pressure is
similar to that of shear load, and it also increases
first and then decreases. When the electrode pres-
sure is low, the surface of the resistance spot weld-
ing plate 1s rugged, so the contact resistance be-
tween the test plates is high. According to Joule’s
law Q = P'RT, the higher the contact resistance,
the more heat will be produced during spot welding,
resulting in spatter, and it can affect the mechanical
properties of the solder joints. When the electrode
pressure gradually increases, the point contact be-
tween the upper and the lower plates decreases and
the surface contact increases, which results in a de-
crease in contact resistance. While heat input de-
creases, little or even no spatter occurs, and the
nugget diameter also increases, which is conducive
to obtain high shear load of the spot welding joints.
When the higher than
0.20 MPa, the Ti-4Al-1.5Mn plates are in surface

contact. At this time, the heat input decreases and

electrode pressure is

the heat dissipation area increases, which leads to
the decrease of the shear load of the solder joints,
the further decrease of the nugget diameter, and

even the lack of penetration.
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Fig.2 Effects of electrode pressure on shear load and nug-

get diameter of solder joints

2.1.2 Welding current

Under the condition of electrode pressure of

0.20 MPa and welding time of 10 ms, the influence
of welding current on shear load and nugget size was
analyzed by varying welding current. The change
tendency of shear load of the solder joints is similar
to that in Fig.2, which shows the trend of first in-
creasing and then decreasing. With the increase of
welding current, the nugget diameter of solder joints
continues to increase. As shown in Fig.3, when the
welding current is in the range of 33—46 A, the
shear load of the solder joints increases from
6.96 kN to 8.80 kN with the increase of welding cur-
rent. When the welding current exceeds 46 A, the
shear load of solder joints decreases with the in-
crease of welding current. Therefore, when the
welding current is 46 A, the maximum shear load of
solder joints reaches 8.80 kN. According to Joule’s
law Q = FRT, it can be found that the welding cur-
rent 1s directly related to the heat input in spot weld-
ing process. When the heat input is low due to small
welding current, the Ti-4Al-1.5Mn plate is not fully
melted during the welding process, resulting in the
smaller nugget diameter and the lower shear
strength of the solder joints. When the welding cur-
rent reaches 46 A, the metal in nugget zone is fully
melted and has good metallurgical bonding. The
shear load is high due to the increased diameter of
nugget. While the welding current further increases,
the resistance between the two electrodes becomes
greater, which leads to excessive heat input, seri
ous melting of titanium alloy, and a large number of
spatter and other defects are produced at the solder
joints. Finally, it greatly reduces the shear load and

reliability of the solder joints.
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Fig.3 Effects of welding current on shear load

and nugget diameter of solder joints
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2.2 Microstructure and microhardness analysis

of solder joints

Fig.4 shows the optical morphology of resis-
tance spot welding joints of Ti-4Al-1.5Mn titanium
alloy, which is mainly composed of nugget zone
(NZ) and heat affected zone (HAZ). The nugget
zone has a typical as-cast structure. 3 columnar crys-
tal is epitaxial grown by intergrowth crystallization
on the basis of semi-melted grains of base metal.
Moreover, due to the accumulation of heat in the
weld zone, it i1s difficult for the heat transfer of the
alloy. Under the effect of welding heat, the grain of
nugget zone is very coarse, leading to the coarse-
ness of B-columnar crystal. During the cooling pro-
cess at the center of resistance spot welding joints,
o acicular martensite transformation will occur
along with the nucleation and growth of B columnar
crystal. Fig.4 shows the cross-sectional morphology
of solder joints at electrode pressures of 0.15, 0.20
and 0.25 MPa, respectively. When the electrode
pressure is low, the gap between the upper and the
lower plates is large. The heat transfer in the weld-
ing process can not only pass through the heat con-
duction of the titanium alloy plate, but also take
part of the heat by the heat radiation of the air in the
gap, so the grain in the nugget zone is fine. Howev-
er, when the electrode pressure is too high, i.e.
0.25 MPa, the material extrusion occurs seriously,
and owing to the serious accumulation of heat in the
nugget zone, the grains in the nugget zone are ab-
normally coarse, it is harmful to the mechanical

properties of the solder joints.

(a) Macrostructure of solder joint welded
at p=0.15 MPa

(b) Macrostructure of solder joint welded
at p=0.20 MPa

&

(c) Mrostructure of solder joint welded
at p=0.25 MPa

Fig.4 Cross section morphologies of solder joints at differ-

ent electrode pressures

As shown in Fig.5, the microstructure of re-
sistance spot welding joints is mainly composed of
coarse needle-shaped martensite and it is distribut-
ed in a certain orientation. The growth of § grains
is coarse due to the high temperature of the nugget
zone of solder joints. During the process of §— «
phase transition, o' phase first forms nucleus at the
boundary of § phase and grows into the crystal. At
the same time, owing to the large amount of heat
input and poor thermal conductivity of titanium al-
loy, the cooling speed of welding point is slow,
which makes the needle-shaped martensite become
coarse. Under low electrode pressure of 0.15 MPa,
the surface of resistance spot welding plate is rug-
ged. The upper and the lower plates are not tightly
connected, and the defects, such as porosity and
kissing bond, are easy to be produced during weld-
ing, as shown in Figs.5(a, b). When the elec-
trode pressure is 0.20 MPa (Figs.5(c, d) , the
flawless resistance spot welding joints can be ob-
tained, which greatly improves the mechanical
properties of the solder joints. When the electrode
pressure is too high, the upper and the lower plates

are closely connected. The residual oxide, oil and
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other impurities on the surface of the plate are diffi-
cult to be discharged by the gas generated by the
high temperature metallurgical reaction, resulting
in the formation of welding pores, as shown in
Figs.5(e, ).

Fig.6 shows the microhardness curves of the

Kissing bond PoreAcicular o m B grain

Acicular o' in gr—ain o
boundary of B

(a) Microstructure of NZ (p=0.15 MPa)

(b) Microstructure of HAZ (p=0.15 MPa)

N

Acicular o' in B gréin

Acicular o in grain

— / boundary of p* -

1 TC

(d) Microstructure of HAZ (p=0.20 MPa)

7o .
Acicular o' martensite

Pore

- =

Coarse f grain

g 500 um
[ 1

(e) Microstructure of NZ (p=0.25 MPa)

(f) Microstructure of HAZ (p=0.25 MPa)
Fig.5 Microstructures of resistance spot welding joints in

different regions

white dotted resistance spot welding joints which
are showed in Fig.4. It can be seen from the figure
that the microhardness of nugget zone is generally
higher than that of HAZ. The main reason is that
the temperature of NZ is high and the cooling rate is
fast, and a large amount of acicular o' martensite is
produced in the cooling process after welding. It im-
proves the mechanical properties of NZ. The micro-
hardness of HAZ is the lowest in the whole solder
joints, which is the weak area of solder joints.
When the electrode pressure is 0.15 MPa, the mi-
crohardness in the central region of nugget decreas-
es to the lowest, which is due to a large number of
welding defects in this region. When the electrode
pressure is too high, i.e. 0.25 MPa, owing to the se-
rious heat accumulation in NZ, the grain size is ab-
normally coarse and the microhardness of NZ de-
creases correspondingly. However, when p—
0.20 MPa, there is a few defects in the joint, and

the grain size in NZ is smaller, so it has higher mi-

crohardness.
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Fig.6 Microhardness distribution of resistance spot

welding joints

2.3 Fracture morphology

Fig.7 shows the fracture morphology of solder
joints under the optimal process parameters: Weld-
ing time of 10 ms, electrode pressure of 0.20 MPa
and welding current of 46 A. It can be seen from
Fig.7(a) that the fracture surface of resistance spot
weld presents a typical button fracture, and the
crack initiates in the weakest area of the solder
joints, that is, HAZ, and it propagates to NZ. By
enlarging different typical fracture regions, it can be
found that Region 1 (Fig.7(b)) presents typical in-
tergranular fracture mode, forming large tearing
holes. Tearing edges are distributed around the
holes, and there are typical cleavage surfaces inside
the holes, which are mainly caused by the coarse
B-columnar crystals in NZ; a large number of small
dimples can be clearly seen in Region 2 (Fig.7
(¢) ), and there are ductile faults in this area.
Therefore, the fracture mode of spot weld is inter-

granular brittle-ductile fracture.

(a) Macro fracture of solder joints

(c) Fracture morphology of Region 2

Fig.7 Fracture morphology of solder joints

3 Conclusions

The detailed conclusions were drawn from this
research as follows.

(1) 2 mm Ti-4Al-1.5Mn plate was successful-
ly welded by resistance spot welding. When the elec-
trode pressure is 0.20 MPa and the welding current
18 46 A, the maximum shear load of 8.80 kN.

(2) The nugget zone is mainly composed of
coarse B-columnar grains, which is a typical as-cast
structure. The phase composition is mainly com-
posed of coarse acicular martensite, which is ar-
ranged in a certain orientation. The fracture mode of
resistance spot weld is intergranular brittle-ductile

fracture.
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