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Abstract

The morphology of the weld seam, the formation mechanism of interface, and the microstructure and mechanical properties of
both direct and AlSil12 (ER4047)-added dissimilar SA06AI/Ti6AI4V lap joints were investigated, respectively. The Gibbs free
energies of intermetallic compounds, such as TiAl3, TiAl, and Ti3Al, were calculated. The results showed that the interface
layers were mainly composed of Ti3Al, TiAl, and TiAl3, and the order of them was TiAl3, TiAl, and Ti3Al from outside to
inside. The addition of ER4047 interlayer could suppress the formation of IMCs and reduce the micro-cracks in TiAl; layer. The
ER4047-added joints featured good mechanical properties, i.e., the shear strength of 2087 N, 2405 N, and 2157 N respectively,
which were much higher than the shear strength of 1721 N for the direct joint. Furthermore, the fracture model of the direct joint
was brittle fracture, while that of the ER4047-added joints was quasi-cleavage. The results can provide theoretical guidance for
the prediction of Ti/Al interface reaction and welding of other dissimilar metals.
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1 Introduction

In aeronautical and automotive industries, the combination of
light weight and excellent mechanical properties has been a
critical factor in material selection [1]. Given the high specific
strength, superior toughness, and corrosion resistance and low
density, titanium alloys have exhibited great application pros-
pect in aerospace and vehicle industries, while aluminum al-
loys are widely used in these fields due to the characteristics of
low weight, better weldability, and low cost [2, 3]. In recent
years, multi-material structures have shown a higher demand
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for performance [4], and the Ti/Al hybrid structures have
attracted great attention and become relevant for application
in aerospace, shipbuilding, and automotive industries because
of the integration of excellent performances for titanium alloy
and aluminum ally [5, 6]. For example, the wing skin and
engine of the plane, the pipeline of the satellite propulsion
system, the safety track of aviation seat, and the automobile
exhaust system have been reported to use the Ti/Al hybrid
structures for further weight reduction and functional diversi-
fication [7, 8].

The wide application of Ti/Al hybrid structures puts for-
ward higher requirements for welding technology and pro-
cess. However, the welding process of titanium to aluminum
is full of challenges due to the great differences of physical
and chemical properties of them [9, 10]. Specifically, the lat-
tice size and thermal expansion coefficient of titanium and
aluminum are very large, which makes it difficult to produce
a metallurgical reaction and easy to crack. Moreover, the brit-
tle intermetallic compounds (IMCs), such as TiAls, TiAl, and
TisAl, which deteriorate the properties of joints, are easily
formed during the welding process [11, 12]. Therefore, con-
trolling the metallurgical reaction of the interface and improv-
ing the composition of IMCs are beneficial to obtain high
performance Ti/Al welded joints.

In order to reduce the joint brittleness, many researches
have used interlayer to adjust the weld composition and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-021-01129-9&domain=pdf
http://orcid.org/0000-0002-1304-3179
mailto:zhangfan219@csu.edu.cn
mailto:duanjian@esu.edu.cn

1390

Weld World (2021) 65:1389-1402

change the composition of IMCs [13]. Amlan Kar et al. [14]
studied the influence of niobium interlayer in friction stir
welding of pure aluminum to grade 2 titanium. The research
results showed that both the Ti particles and Nb particles were
homogeneously distributed and Nb restricted the reaction be-
tween Ti and Al as well as the formation of brittle Al;Ti
intermetallic phase. A.N.Alhazaa et al. [15] reported that the
Cu coatings could not only inhibit oxide layer at the Al17075
alloy surface but also improve the wettability on both alloy
surfaces during the diffusion bonding of Al7075 to Ti6Al4V
using Cu coatings and Sn-3.6Ag-1Cu as interlayer.
Samavatian M et al. [16] realized the reliable connection be-
tween Al2024 and Ti6Al4V alloy with transient liquid phase
welding by using Cu-Zn interlayer. Their results suggested
that the addition of Cu-Zn interlayer could reduce the brittle
IMCs such as TiAl; at the interface, while various other IMCs
like A12Cu, TiCu3, Ti2Cu, TianG, and Al4,2Cu3,2Zn0_7 Wwere
formed at the interface. Haodong Wang et al. [17] investigated
the TIG welding-brazing of Ti6Al4V and Al5052 in overlap
configuration by using zinc foil as the interlayer. It was found
that the adding of zinc foil interlayer could significantly im-
prove the wettability and spreading ability of the Al-Si filler
on the Ti6Al4V sheet. Although the welding processes men-
tioned above have been reported to realize the connection of
the titanium and aluminum, these processes are generally
more complex and less controllable [18, 19]. Researchers
have gradually begun to use laser welding technology to weld
Ti/Al lap joints, and the research about the effect of
aluminum-based interlayer on the properties of Ti/Al dissim-
ilar lap joints is relatively limited. In addition, the thickness of
the interlayer, an important determinant of the thickness and
morphology of the reaction layer, is rarely discussed in detail.

The present research is to investigate the effect of thickness
of ER4047 interlayers on macroscopic and microscopic struc-
tural evolution and mechanical properties. Mostly, the charac-
teristics of the laser penetration welding of Ti6Al4V titanium
to 5A06 aluminum without and with ER4047 (AlSi12) inter-
layer under the lap configuration were investigated in detail.
The macroscopic surface, cross section properties, and the
microstructure at the weld seam/Al interface of both direct
joints and ER4047-added joints were analyzed. The phase
and the formation order of intermetallic compounds (IMCs)
at the weld seam/Al interface were emphatically explored.
Moreover, the shear properties and the fracture mechanism
of both direct and ER4047-added joints were discussed.

2 Experimental details
2.1 Materials preparation

The Ti6Al4V titanium plate with specification of 50 mm x
60 mm x 1.5 mm and 5A06 aluminum alloy plate with
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specification of 50 mm x 60 mm x 2.0 mm were prepared in
this work, respectively. In addition, the ER4047 foil with dif-
ferent thickness of 0.1 mm, 0.2 mm, and 0.3 mm was used as
interlayer. The SA06 alloy with high corrosion resistance and
excellent welding performance is a non-heat treatment
strengthened aluminum alloy [20]. The annealed Ti6Al4V
alloy used at this experiment is &+f3 titanium alloy containing
about 9-30% f3 phase [21, 22]. The ER4047 is an aluminum-
based brazing alloy with low melting point and excellent wet-
tability. The elementary compositions and physical and me-
chanical properties of the materials at room temperature are
illustrated in Tables 1 and 2, respectively.

Before the welding experiment, it is necessary to eliminate
surface contamination of the samples. The 5A06 plates were
soaked in acetone, 20% (in mass) NaOH, and 30% (in mass)
HNO3, respectively, for a few minutes to remove oil and
oxide layer. The Ti6Al4V plates were also immersed in ace-
tone and the weak acid solution (5 mL HF, 30 ml HNOs, 65
mL H,0), respectively, for several minutes to remove oil and
oxides. Moreover, both the parent plates and the ER4047 foil
were dried at 50 °C for 10 min.

2.2 Laser welding procedures

Laser penetration welding was conducted on a self-built opti-
cal fiber laser welding platform with the maximum power of
1.2 kW, in which the laser beam with Gaussian distribution
was delivered by a welding head equipped with collimating
lens with 100 mm focal length and focusing lens with 200 mm
focal length. The wavelength of the fiber laser is 1070 nm, and
the size of the final focal spot is about 0.2 mm. A lap joint
configuration of Ti6Al4V plate on SA06 plate was performed
with an overlapping distance of 20 mm. The laser beam was
adjusted at an acute angle to the horizontal plane (85°) to
prevent the lens group in welding head from being damaged
by the reflected laser. According to previous experiments [23],
the upper and lower parts of the plate were protected by high
purity argon, and the flow rates were 20 L/min and 10 L/min,
respectively. The welding configuration is shown in Fig. 1,
and the specific parameters are listed in Table 3.

2.3 Mechanical properties test

After welding, the shear testing was executed to assess the
strength of the joints with different thickness of ER4047 in-
terlayer. Three identical samples were tested in order to reduce
the error of experimental results, and the samples were cut by
linear cutting machine (Proline EDM, DK773). Figure 2 ex-
hibits the setup of the shear test, and the geometry size shown
in Fig. 2b was designed with reference to GB/T 228-2002
criteria. The shear test was carried out at room temperature
using tensile testing machine (SUST, CMT5150) under a
stretching speed of 2 mm/min.



Weld World (2021) 65:1389-1402 1391
Table 1 Chemical composition of 5A06 and Ti6Al4V alloys
Alloy Elements (wt.%)

Al Ti Mg Si Cu Mn Fe Zn \% C N H (o)
5A06 Bal. 0.02 6.8 04 0.1 0.8 0.1 0.2 - - - - -
Ti6Al4V 6.2 Bal. - - - - 0.1 - 4.1 0.01 0.01 0.02 0.11
ER4047 Bal. 0.15 0.1 11.9 0.2 0.1 0.2 0.2 - - - - -

Unlike the shear samples, the cross section of the micro-
hardness testing samples with the size of 10 mm x 6 mm was
polished by water-sand paper of 180 # to 2000 # grit in turn
after cutting, and the Vickers hardness tests of the welded
joints were performed along the micro-hardness line under a
load 0f 200 g and a holding time of 10s by using digital micro-
hardness tester (Vegour, HVS-1000Z).

2.4 Weld characterization and phase determination

Transverse sections of the metallographic specimen were also
first mechanically rough polished by water-sand paper of
1804# to 7000# grit in turn and then precision polished by the
aluminum oxide suspension with particle size of 0.5 um. The
macroscopic graph of weld seam surface and transverse sec-
tion of the metallographic specimens were obtained by three
dimensional optical microscope (Keyence, VHX-5000). The
microstructure and element distribution of the weld cross sec-
tion was investigated by scanning electron microscope (SEM,
Tescan, MIRA 3 LMU) equipped with energy dispersive X-
ray spectroscopy (EDS). The phase composition of the inter-
face layer was recognized by the X-ray diffractometer (XRD,
Japanese Electronics, Rigaku Rapid IIR).

3 Results

3.1 Weld seam morphology

3.1.1 Top surface appearance

Figure 3 shows the top surface appearance of the welded joints
with various thicknesses of ER4047 interlayers. It can be no-
ticed that the top surface of the direct joints shown in Fig. 3a is

relatively rough, and only several masses of spatters are dis-
tributed at the beginning of welding. After adding ER4047

interlayer, dispersive spot spatters distribute around the weld
seam, and the number of spatters increases with the ER4047
thickness, while the top surface of weld seam becomes more
uniform than the direct joints, as shown in Fig. 3b—d. That can
be explained that the addition of ER4047 interlayer aggravates
the instability of laser keyhole and the bubbles originating
from the low melting point alloying elements break more eas-
ily, resulting in the increase of fine and dense spatters [24-26].
Moreover, the recoil pressure of evaporation is the important
factor causing welding spatters [27, 28]. It can be observed
from the Fig. 3e that whether or not the ER4047 interlayer is
added; regular wavy welds are produced under the action of
upward melt flow, surface tension, and airflow circle; and the
orientation of wave pattern is opposite to the welding direction
(V), as shown in Fig. 3f.

3.1.2 Cross section appearance

Macroscopic cross section of the joints is shown in Fig. 4a. In
addition to matrix, the typical cross section of the joint is divid-
ed into weld seam zone, titanium heat affected zones (HAZ 1),
ER4047 heat affected zone (HAZ 2), and aluminum heat af-
fected zone (HAZ 3). In order to better characterize the weld
seam geometry, the weld width (W,,), weld depth (D), penetra-
tion depth of titanium into aluminum (P), and weld width at the
upper coincidence surface (W,) are defined, respectively.
Moreover, the depth to width ratio (R,,) and penetration depth
to width ratio (R,) are also defined to characterize the whole
weld seam and the penetration layer geometry. The weld depth
to width ratio (R,,) and penetration depth to width ratio (R,,) are
calculated by the equation R,, - D/W,, and the equation R,,— P/
W,, respectively. It is not difficult to find that the value of P and
W, should be reduced as far as possible in terms of restraining
the formation of IMCs, but in terms of ensuring the conductiv-
ity, thermal conductivity and shear strength of joints, P, and W,
should be kept to a certain value [2].

Table 2 Physical and mechanical properties of base materials: density (D), thermal conductivity (TC), coefficient of linear expansion (CLE), tensile
strength (TS), yield strength (YS), and elasticity modulus (EM)

Alloy D (g/em®) TC (W/(m'K)) CLE (K™ TS (MPa) YS (MPa) EM (GPa)
5A06 2.64 117 24.7x10°° 325 160 68
Ti6Al4V 4.44 7.95 8.6 x10°¢ 967 860 112
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Table 3  The welding parameters
Sample number #1 #2 #3 #4
direct joint ER4047-added joints
ER4047 thickness, mm 0 0.1 0.2 0.3
Laser power, kW 12
Defocusing distance, mm 0
Welding speed (V), mm/s 14
Overlap distance, mm 20
Shielding gas flow rate, (L/min) Front 20
Back 10

According to Fig. 4 b and c, it is observed that both the weld
depth (D) and penetration depth (P) decrease with the ER4047
thickness. It can be explained that when the laser beam pene-
trates into the ER4047 interlayer from the Ti6Al4V plate, part
of the laser heat is lost between the layers, resulting in the sharp
decrease of the penetration depth of the SA06 plate [29].
Therefore, the thicker the ER4047 interlayer, the greater the
heat loss and the smaller the whole depth of laser penetration.
As presented in Fig. 4b, when the ER4047 thickness increases
to 0.1 mm, the heating width of the molten pool decreases
owing to the heat loss at ER4047 interlayer, resulting in the
decline of the W,,. When the ER4047 thickness is greater than
0.1 mm, the W, increases from 2267 to 2585 pum, which can be
explained that the decrease of D makes the molten pool expand
laterally. As shown in Fig. 4c, with the ER4047 thickness in-
creases to 0.2 mm, the W, increases from 617 to 700 um be-
cause of the lower melting point of ER4047. However, when
the ER4047 thickness is 0.3 mm, the transverse heating width
begins to decrease as a result of the significant increasing of the
heat loss at ER4047 interlayer, leading to the decrease of W..
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Figure 4d shows the variation of weld depth to width
ratio (R,,) and penetration depth to width ratio (R,) against
ER4047 thickness. The R,, decreases with the ER4047
interlayer thickness, indicating that the whole weld seam
becomes more short and fat with the ER4047 interlayer
thickness, as shown in the upper part of Fig. 4d. In addi-
tion, the R, decreases straight first and then increases
slowly, suggesting that the pudgy degree of the penetra-
tion layer increases first and then decreases. As shown in
the lower left of Fig. 4d, the penetration layer of weld
seam #3 is the shortest and fattest, and the remaining weld
seams are #4, #2, and #1 in descending order from high to
low.

Figure 5 shows the cross section morphology of the
joints with different thickness of ER4047 interlayer.
According to the weld seam surface profile marked in the
upper right corner of the picture, when ER4047 interlayer
is not added, the middle part of the weld protrudes upward,
but a slight undercut occurs in the weld seam. When the
ER4047 interlayer is added, the middle part is almost flat
with the surface of the upper sheet, and the undercut of
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Fig. 1 a Physical drawing of laser welding process; b schematic diagram of X direction; ¢ schematic diagram of Y direction

@ Springer



Weld World (2021) 65:1389-1402

(a)

ER4047 interlayer

1393

(b) w)

~ —|

i '

i i T ¥

L 20 |
Unit: mm

. Y

| o —

Q| w

l SA06 s/c;m . AV

| 100 |

Fig. 2 The setup of the shear test: a loading schematic; b dimension of the shear test sample

weld seam increases with the ER4047 thickness. This can
be explained that the increasing spatters originated from
the ER4047 interlayer (Fig. 3) could cause serious loss of
molten metal in molten pool, which leads to the increase of
undercut [24, 29]. Furthermore, as shown in Fig. 5a, a
small number of large pores appear at the weld bottom of
direct joint, which can be explained that bubbles are diffi-
cult to escape upward and deposit in the bottom of weld to
from large pores under the effect of the sharp fluctuation of
keyhole shape [30, 31]. However, when the ER4047

interlayer is added, the vaporization of low melting point
alloying elements intensifies, and the hydrogen is easily
decomposed and penetrates into the molten pool, resulting
in the appearing of the small and dense pores at the bottom
of the weld, as shown in Fig. 5b—d [32, 33]. Moreover, as
shown in Fig. 4a, a small number of holes also appear in
the HAZ 2. These holes may be pores, originated from
bubbles floating at the bottom of the molten pool or infil-
trating from the air, or may be molten holes formed by
over-melting of ER4047 layer [31, 34].

r
|
I

H Gas nozzle

Laser
Shielding gas
7 o

Fig.3 Top surface appearance of welded joints with ER4047 interlayer thickness of a 0 mm, b 0.1 mm, ¢ 0.2 mm, and d 0.3 mm; e magnification of area

E marked in Fig. 3b; f schematic diagram of wave pattern formation

@ Springer



1394

Weld World (2021) 65:1389-1402

700

650 |

Numerical value (jum)

600

T

il

0.0 0.2 0.3

ER4047 thickness (mm)

Fig. 4 Macroscopic cross section of the Ti/Al dissimilar lap joint: a cross
section characteristics of the typical joint; b the variation of weld depth
(D) and weld width (W,,) against ER4047 thickness; ¢ the variation of
penetration depth (P) and weld width at the upper coincidence surface

3.2 Elements distribution and interface layer analysis
3.2.1 Element distribution

The distribution of major alloying elements on cross section of
the direct joints and ER4047-added joints shown in Fig. 6
depicts the diffusion and migration of the atoms. As shown
in Fig. 6e, obvious melt holes are formed in ER4047 interlayer
under the effect of higher heat transfer from 5A06 plate.
According to the distribution of Al and Ti atoms of both direct
joints and ER4047-added joints, it can be noted that under the
action of metal vapor pressure, self-gravity, and recoil pres-
sure, the fusion of upper and lower metal liquids results in the
distribution of a large amount of Ti atoms and a small amount
of Al atoms in the weld seam [35]. Moreover, the Ti atoms
diffuse rapidly around the weld seam/Al interface [36]. Unlike
Ti and Al atoms, the Si atoms in the direct joints are almost
invisible because of low content in base metal, while the Si
atoms in the ER4047-added joints enrich to the weld seam/Al
interface. As shown in Fig. 61, when the ER4047 interlayer
thickness is 0.2 mm, the enrichment of Si atoms along the
interface layer is the most obvious. It can be observed that

@ Springer

(b) 2800 -
=3
- [ Ww
£ 2600 - il
Py -
S 2400F [
S 2200}
% —
2000 I—_
0.0 0.1 0.2 0.3
ER4047 thickness (mm)
(dl 1.2 1.2

-
o

0.9 1.0

-\ l\% ‘().‘)

Penetration layer
1 1 1 1 ()x
0.0 0.1 0.2 0.3

ER4047 interlayer thickness (mm)

o
%

-~
b
~

Weld depth to width ratio (R,,,

e
o

Penetration depth to width ratio (R,,)

(W,) against ER4047 thickness; d the variation of weld depth to width
ratio (R,) and penetration depth to width ratio (R,) against ER4047
thickness

with the addition of ER4047 interlayer, the diffusion of Si
atoms is strengthened, which effectively changes the compo-
sition of the weld seam [37, 38].

3.2.2 Prediction of IMCs formation

Because the generation of IMCs is closely related to the me-
chanical properties of the whole joint, it is of great significance
to study the formation mechanism of Ti-Al IMCs. It is well
known that the Gibbs free energy formation (2 G) is an author-
itative criterion for judging whether a chemical reaction oc-
curs spontaneously. Specifically, when 2G is greater than or
equal to zero, the chemical reaction is in a state of non-
spontaneous and equilibrium, respectively. Furthermore,
when 2G is less than zero, the chemical reaction can proceed
spontaneously, and the smaller the 4G value, the greater the
possibility and trend of the chemical reaction. According to
the Ti-Al phase diagram shown in Fig. 7a, it is noted that
several IMCs, namely, TiAls, TiAl, TiAl,, and TizAl, may
be formed in the Ti-Al system during the welding solidifica-
tion process. To predict the formation order of the four IMCs
near the Ti/Al interface, the effective way is to calculate the
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Fig. 5 OM images of weld seam cross section with ER4047 thickness of a 0 mm, b 0.1 mm, ¢ 0.2 mm, and d 0.3 mm

AG of corresponding chemical reactions. According to the .

classical thermodynamic theory, the 2G is represented by AGriy, = ~142256 +21.0327 (4)

the first approximate equation as follows [39]: A G‘} = —72802 + 6.648T (5)
0 _ 0 0

AG7 = AHoyTAS20; M) AGY; ) = —32251 + 6.986T (6)

where 6 represents the standard atmospheric pressure state A
HYoq and AS%o are standard enthalpy and entropy variations,
respectively, and calculated according to the following formu-
las:

o _ AH = (mAH?
AHSg = Z(";AH J,f,z93) (Prodiucts) Z("nAH l,f,298> (Reacants)
(2)
208 Z nj J,298) (Products) Z Mid; 208 (Reactants) ( )

where AH 19 £203 and AH f £ 208 are the standard molar heat of
formation of reactants and products and Sfm and Sizgg are
the standard molar entropy of reactants and products, respec-
tively. The n; and n; are the quantities of reactants and prod-
ucts, respectively. By using the thermodynamic database of
Ti-Al binary system in references [40-42] and substituting
into Egs. (1) to (3), the calculated Gibbs energy functions of
Ti-Al IMCs can be obtained as follows:

Based on the above equations, the relationship between 2G
and the temperature (at the range of 0—1200 °C) is shown in
Fig. 7b. According to the calculated results of 2G, it can be
concluded that the metallurgical reaction of TiAl; is likely to
happen first compared with TizAl and TiAl because of the
lowest Gibbs free energy of formation, TiAl is the second,
and TizAl is the last.

Figure 7c and d show the formation process of the molten
pool. As displayed in Fig. 7c, when the laser beam radiates on
the Ti6Al4V plate, the upper Ti6AI4V titanium alloy melts
and evaporates quickly to form the sagging molten pool under
the force of high temperature metal vapor and plasma [43]. As
the laser beam moves, the molten pool reaches its maximum
depth, and the molten metal no longer flows downward.
During the subsequent process, the molten metal flows up-
ward and outward from the bottom of the molten pool to the
border of molten pool under the action of the buoyancy, back-
flow of molten metal, and surface tension [44, 45], as

@ Springer
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Fig. 6 Mapping analysis results of the joints with ER4047 interlayer thickness of a—d 0 mm, e-h 0.1 mm, i-1 0.2 mm, and m—p 0.3 mm

illustrated in Fig. 7d. Meanwhile, the IMC layers are begin-
ning to form gradually at the molten pool/Al interface.
Figure 7e-h show the formation stages of IMCs. Compared
with the solubility of Al atom in titanium, the solubility of
titanium in aluminum is extremely limited, indicating that
the formation of IMCs is closely related to the diffusion of
aluminum [46]. As shown in Fig. 7e, Ti atoms begin to diffuse
to the outside of molten pool, while a large number of Al
atoms begin to diffuse to the inner direction of molten pool.
A small amount of Si atoms also migrate slowly to the molten
pool/Al interface. Under the action of flowing liquid-mixed
metal, a small amount of molten Ti is brought into the Al
fusion zone to form some small liquid masses. Because of
the presence of «-Ti stable elements, phase transformation
o-Ti—3-Ti is suppressed, and a thin «-Ti is formed in the
molten pool near the molten pool/Al interface [30].

@ Springer

According to the reaction temperature and 4G of different
IMCs shown in Fig. 7a and b, it can be found that the reactions
Ti+3Al-TiAl;, Ti+Al—TiAl, and 3Ti+Al—Ti;Al may take
place from the Al-rich side to Ti-rich side [47], and the TiAls,
TiAl, and Ti3Al layers will be formed orderly from outside to
inside at the molten pool/Al interface, as displayed in Fig. 7f
and g. Meanwhile, the dispersed titanium liquid masses begin
to solidify, and separated TiAl; masses are formed near the Al
fusion zone. Most importantly, the formation of IMCs, espe-
cially the growth of the serrated TiAlj layer, has blocked the
diffusion channels of atoms inside and outside the molten
pool, which makes the diffusion inside and outside the molten
pool very difficult. As the higher concentration of Al in the
molten pool center, the transformation (3-Ti—«-Ti+TizAl
takes place during the rapid solidification process of molten
pool [48, 49], and the TisAl is formed adjacent to o-Ti layer.
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Fig. 7 a Ti-Al phase diagram; b Gibbs free energy (2G) of the formation of Ti-Al IMCs at various temperatures; ¢ initial stage of melt flow in molten
pool; d stable stage of melt flow in molten pool; e-h formation stages of IMCs at the molten pool/Al interface

observed from Fig. 7h that the sequence of the final IMCs at

As shown in Fig. 7h, the Si atoms diffuse continuously from
the Al fusion zone to the reaction layers at the final stage
because of the lower potential energy of Si in solid Ti-Al
IMCs, which can be demonstrated in Fig. 61. It can be

the molten pool/Al interface is TiAls, TiAl, and TizAl in turn
from outside to inside, and the conclusion needs to be further

proved by subsequent experiments.

Table 4 EDS point scanning results marked in Fig. 8
Testing point Ti (at.%) Al (at.%) V (at.%) Mg (at.%) Si (at.%) Possible Ti-Al phases
Pl 20.16 78.06 0.73 0.96 0.09 TiAlz
P2 23.33 75.25 0.97 0.37 0.07 TiAlz
P3 43.66 54.44 1.48 0.36 0.06 TiAl
P4 38.00 59.31 1.42 1.21 0.05 TiAl
P5 66.84 30.45 225 0.20 0.27 TizAl
P6 75.77 21.49 242 0.22 0.11 TizAl
P7 29.88 66.00 1.07 1.25 1.79 TiAly
P8 49.37 46.61 1.49 0.17 2.36 TiAl
P9 43.60 51.74 1.45 0.18 3.02 TiAl
P10 76.32 20.32 2.54 0.11 0.71 TizAl
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Fig.8 a SEM magnified image of
area A in Fig. 6a; b SEM
magnified image of area B in Fig.
61; ¢ XRD results at weld seam/Al
interface of the typical joint; d
EDS line scanning result of direct
joints along L1; e EDS line scan-
ning result of the ER4047-added
joints with the thickness of

0.2 mm along L2; f EDS line
scanning results of Si element

along L1 and L2, respectively SA06
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3.2.3 Experimental verification of interface layer

The weld interface of the joints was subjected to SEM and
XRD observations in order to investigate the composition
phase of the IMCs at the weld seam/Al interface. Figure 8a

400 600 800 1000 I’OO 1400
Distance (um)

200 400 600 800 1000 1200 1400
Distance (um)

and b show the SEM images of the weld seam/Al interface of
the direct and ER4047-added joints, and the results of EDS
scanning and XRD scanning are shown in Table 4 and Fig. 8c,
respectively. It can be seen that the IMCs layers of both direct
joints and ER4047-added joints mainly consist of three layers,

Fig. 9 Micro-hardness of the (a) (b)
o ; H 1000 1200
joints with different ER4047 dsanf= —0 Ti \eld rd —0
interlayer thickness along D 00 0.1 mm 1000 ¢ l ¢ 0.1 mm
different testing lines: a transverse S i 4 02mm S >< -~ 4 02mm
hardness line at Ti side; b Z e g 0.2 ’mf“ * 03mm g._. S00F|A HAZ v 03mm
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Fig. 10 The shear strength of the joints against ER4047 interlayer
thickness

namely, the outmost TiAl; layer (marked as I), the middle
TiAl layer (marked as II), and the inmost TizAl layer [50],
which is consistent with the results discussed in
Section 3.2.2. According to Fig. 8a and b, the TiAl; layer is
far thicker than TiAl layer due to the faster growth rate during
the solidification process. Moreover, the TiAl; thickness of
the ER4047-added joints is obviously thinner than that of
the direct joints, indicating that the addition of ER4047 can
inhibit the growth of the IMCs, which has been confirmed by
Shuhai Chen [25]. However, under larger thermal stress, the
TizAl layer is also prone to cracks, and failure usually occurs
in this layer. It is worth noting that the existence of Si atoms at

Fig. 11 Fracture locations of the
joints with ER4047 interlayer
thicknesses of a 0 mm, b 0.1 mm,
¢ 0.2 mm, and d 0.3 mm

HAZ of Al originating from the ER4047 interlayer reduces the
brittleness and cracking tendency of the joint to a certain ex-
tent [S51, 52]. Figure 8d and e present the line scanning results
of direct joint and ER4047-added joint, respectively. It can be
observed that the distribution of Ti, Al, and Si atoms is not
uniform, and the fluctuation is the greatest at the interface
layer. As shown in Fig. 8f, with the addition of the intermedi-
ate layer, the Si atoms at the interface layer increase sharply
(Fig. 6h, 1, and p) to inhibit the formation of IMCs because of
the lower potential energy [52, 53].

3.3 Mechanical property of the joint
3.3.1 Micro-hardness of the joint

Micro-hardness of joints without interlayer and with different
thicknesses of ER4047 interlayers shown in Fig. 9 was mea-
sured across the weld cross section from transverse direction
and longitudinal direction. According to Fig. 9a, the hardness
at weld seam of both direct and ER4047-added joints fluctu-
ated mainly between 470 and 600 HV and is higher than the
other zones, which is mainly due to the formation of IMC
mixed layers [54]. Moreover, the hardness of HAZ on Ti side
is 340-360 HV, which is slightly higher than that of titanium
base metal (305 HV). It can be explained that the (3 phase in
HAZ transforms into needle-like martensite phase «' during
the rapid solidification process [55], and the hardness at this
zone is significantly improved due to the formation of the
phase o'. As displayed in Fig. 9b, the hardness at weld seam

200pm

200pm
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Fig. 12 Fracture surface of a the
direct joint and b the ER4047-
added joint

in longitudinal direction of both direct joints and ER4047-
added joints varies from 400 to 600 HV because of the forma-
tion of IMC mixed layers. In addition, the hardness of HAZ on
Al side is 100200 HV, which is greater than that of alumi-
num base metal (50 HV) due to the diffusion of Ti atoms and
effect of quenching.

3.3.2 Shear strength of the joint

Figure 10 shows the effect of ER4047 interlayer thickness on
the shear strength of the joint. It is not difficult to find that the
shear strength increases first and then decreases with the
ER4047 interlayer thickness. The shear strength of direct joint
is only 1721 N, while the shear strength of the ER4047-added
joints is 2087 N, 2405 N, and 2157 N, respectively, which
indicates that the 0.2 mm thick ER4047 interlayer is suitable
for this experiment. The variation of penetration depth (P)
with ER4047 interlayer thickness displayed in Fig. 4c can
explain the shear strength value of different joints shown in
Fig. 10. For the direct joints, the higher P usually induces
thicker IMC layer at the weld seam/Al interface [56], and
the macro-crack (Fig. 8a) is easily to form at the interface,
leading to the fact that the joints are prone to fracture along
the interface, as shown in Fig. 11a. Thus, the shear strength of
direct joints is the lowest. After adding 0.1 mm and 0.2 mm
thick ER4047 interlayer, the IMC layers decrease owing to the
smaller P and the inhibition action of the silicon, resulting in
the change of fracture mode. As depicted in Fig. 11b and c, the
fracture position is shifted to the middle layer of the weld seam
with higher strength, which significantly increases the shear
strength of the joints. However, when the ER4047 interlayer
thickness reaches 0.3 mm, the shear strength of the joints
decreases again because of the excessively smaller P [57],
resulting in the fact that the fracture occurs along the interface
again, as displayed in Fig. 11d. Moreover, as shown in Fig.
11, the deformation decreases gradually with the increase of
the thickness of ER4047 interlayer. When the ER4047 inter-
layer is added, the value of P decreases with the increase of
ER4047 thickness (Fig. 4c), and the crack on the left side of
the weld becomes shallow. As a result, the shear moment
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around the bottom of the crack decreases gradually, which
leads to the reduction of deformation.

3.4 Fracture surface

Figure 12 shows the local fracture morphology of the direct
joint and the ER4047-added joint. According to Fig. 12a, the
fracture surface of the direct joint exhibits the clear boundaries
between rough areas and other areas, and the smooth surface
with some higher cleavage steps and cracks is much larger
than the rough surface with some dimples and torn edges
shown in the magnified image. Therefore, the fracture surface
of direct joint presents brittle characteristics on the whole and
belongs to brittle fracture surface, resulting in the lower tensile
strength of the joint. However, the fracture surface of the
ER4047-added joint shown in Fig. 12b not only displays the
cleavage fracture features such as river patterns and cleavage
steps but also shows the plastic fracture features such as dim-
ples and torn edges [58], implying that the fracture surface of
ER4047-added joint is the quasi-cleavage fracture surface. So,
the shear strength of the ER4047-added joint is much higher
than that of direct joint.

4 Conclusions

Laser penetration of Ti6Al4V titanium alloy to SA06 alumi-
num alloy without and with the addition of ER4047 interlayer
has been studied. The formation of weld seam, microstructure,
interfacial growth process, and mechanical properties of both
direct joints and ER4047-added joints were investigated in
detail. Based on the calculation results of free energy of
IMCs formation, the formation process of IMCs at the inter-
face was discussed, and the calculated results were in good
agreement with the experimental results. The key results can
be summarized as follows:

(1) The spatters on the top surface of ER4047-added joints
are more intensive than that of direct joints, which indi-
cates that the addition of interlayer accelerates the
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evaporation of low melting point alloy elements to a
certain extent and causes the instability of molten pool.
According to the calculated results of Gibbs free energy
and experimental results, the formation order of IMC
layer at weld seam/Al interface of both direct joints and
ER4047-added joints is TiAls, TiAl, and Tiz;Al, which
indicating that the process of calculation and analysis is
reasonable.

The results of micro-hardness tests along the transverse
hardness line at the Ti side of both direct joints and
ER4047-added joints show that the hardness of the weld
seam is the highest, followed by the HAZ and the titani-
um base metal, which is attributed to the formation of
IMC mixed layer at the weld seam and the needle-like
martensite at the HAZ. Moreover, the Ti atoms diffuse
into the HAZ of aluminum, which makes the room tem-
perature hardness of this zone significantly higher than
that of aluminum base metal.

The shear strength of ER4047-added joints is generally
higher than that of direct joints, and the maximum shear
strength of ER4047-added joints can reach 2405 N with
the 0.2 mm thick interlayer, and the shear strength of
direct joints is only 1721 N. Moreover, the fracture type
of the direct joint is brittle fracture, while that of the
ER4047-added joints is quasi-cleavage, indicating that
the addition of ER4047 interlayer improves the brittle-
ness of joints to a certain extent.
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