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Abstract: The welding property of TiB,/ZL101 composite was investigated using electron beam (EB) welding experimental system
with a function generator. The fine defect-free welding seam was obtained under proper processing parameters and scanning rate.
The reinforcement particles TiB, distributed homogeneously in welding seam without any segregation. The tensile results show that
fracture occurs at the base metal and elastic modulus increases compared with base metal. Wear resistance of welding seam is
improved greatly compared with base metal. The results show that the TiB,/ZL101 composite can be successfully welded by EB

technology.
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1 Introduction

In situ TiB,/ZL101 composite is a kind of new
structure-functional material which has been used in the
military and semiconductor industry. Compared with SiC
often chosen as reinforcement, TiB, particles have many
advantages such as higher melting point, higher hardness
and higher elastic modulus, and also much better surface
wetting ability with aluminum than that of SiC [1]. But
the weldability of this kind of new material has not been
deeply studied. Currently the most common welding
methods for aluminum matrix composites mainly include
arc welding, capacitor discharge welding, laser welding,
diffusion welding, brazing and friction welding. But it is
very difficult to get the fine defect-free welding seam
due to porosity and particle segregation, and there is also
a great interface reaction tendency for reinforcement
during the welding process [2—4]. LI et al [5] made a
deep study on weld ability of SiC, reinforced Al-matrix
composite by arc welding and found that the interface
reaction could not be prevented. However, GARCIA et
al[6] carried out metal inert gas welding (MIG) of Al
1010/TiC/50, composites by applying the electric arc
indirectly, and the dissolution of reinforcement was
successfully controlled and Al,C; was not detected. LI et
al [7] carried out the experiment of welding A356A1/TiB,

using friction stir welding (FSW) and found that the
welding quality was very sensitive to FSW parameters.
LIU et al [8] studied the laser welding ALL,O;,/6061 Al
composites and found that segregation of Al,O; was also
present due to the great difference between ceramics and
aluminum matrix. NIU et al [9] made deep study on
ALO5,/6061 Al by diffusion welding (DFW) and found
that the key parameter affecting joint strength is welding
temperature. Electron beam (EB) welding has been
improved to be an flexible method to aluminum matrix
composites by CUI et al [10] and some exciting results
were obtained. But the further mechanical properties
have not been studied and reported yet. Also, JT et al [11]
discussed the problems in EB welding of SiC particulate
reinforced aluminum composite.

How to obtain the defect-free welding seam by
optimal EB parameters will be discussed in this work and
research on the joint mechanical properties including
tensile property and wear resistance will be carried out.
The qualified welding performance of this new material
will be helpful to expand its application.

2 Experimental
In situ TiBy/ ZL101 composite (14% TiB,, mass

fraction) was employed, which was supplied by Institute
of Ecology and Environmental Materials of Shanghai
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Jiao Tong University, China. The chemical compositions
of TiB,/Z1L101 are shown in Table 1. The microstructure
of this aluminum matrix composite material is presented
in Fig. 1. The nanometer-sized TiB, particles cluster
together and the mean cluster size changes from 2 to
100 pm.

Table 1 Chemical compositions of TiB,/ZL101 (mass fraction,
%0)
Si Mg Zr Fe Al

6.67 0.45 0.42 0.14 Bal.

Fig. 1 Microstructure of TiB,/ZL101 composite

All welding experiments were carried out on a
EBW-6C model electron beam welding machine, and
the scanning circular heat source with a certain
frequency was applied to the surface of composite plate.
The size of experimental plate used in EB welding was
8 mm in thickness, 100 mm in length and 50 mm in
width. The pieces were cleaned carefully with acetone
thoroughly to eliminate dirt and grease before welding.
Microstructures of the polished metallographic cross-
sections were observed by SEM. Tensile tests were
carried out at room temperature on a universal testing
machine. The degree of vacuum in EBW was 7.0x10°>
Pa. The dry-sliding wear tests were carried out on a
universal wear resistance machine. The section of weld
beam along the welding direction was taken as wear
surface with 7 mm in length and 7 mm in width.

Table 2 Process parameters of EB welding
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3 Results and discussion

3.1 Cross-section appearance of EB welds made at
different heat inputs

Table 2 shows some welding parameters used in
this experiment. Cross-section and surface appearance of
EB welds made at different heat inputs is shown in Fig. 2,
and the typical ‘nail’” welding seams can be observed.
The higher the heat input is, the deeper and wider the
beads are. The full penetration of the plate just occurs
under EB power of 2 340 W (sample 3), as shown in Figs.
2 (¢) and (d). In the tests, all the depth-to-width ratios
were above 2.5, and heat affected zone (HAZ) was very
narrow because beam diameter of the EB was only 0.1
mm. When the power was increased to 2.8 kW, the
excessive penetration occurs, as shown in Figs. 2(e) and
(f). Figure 3 shows the cross-section and surface
appearance of welding at power of 2 340 W, the porosity
is not observed in the bead.

When the EB impacted the surface metal,
vaporization occurred and then the keyhole formed. The
keyhole was depressed by the metal steam reaction force
(F,) and the EB pressure (F.) while the o and the
hydrostatic pressure (Fy) played an opposite role. The
basic equation relating F,, F., o and F4 can be obtained:

(1)

In fact, F, can be 10*~10° times F,, so the F, plays a
much more important role in deepening the keyhole
compared with others. This means that the depth of
keyhole increases as the heat input gradually increases.
By the way, the heat conduction in vertical direction
along the keyhole by metal vapor is much easier than
that in horizontal direction by solid metal. In this study,
the thermal conductivity of this aluminum matrix
composite in horizontal direction further reduced after
adding TiB, particles. The thermal conductivity of this
composite can be calculated by Maxwell model [12]:

F+F,z20+F,

24, =AW, + A +24,
A“eff:ﬂm 2 —F s = (2)
(A = A W)y + 2 + 22,

Weld No. Accelerating Beam current/mA Welding S,Ifeed/ Scanning Heat i,nl,):lt/ Depth-to-width ratio
voltage/kV (mm-s ) frequency/Hz (J'min )
1 60 28 20 - 84 3.05
2 60 35 20 - 105 2.90
3 60 39 20 - 117 2.75
4 60 47 20 - 141 2.51
5 60 39 20 600 117 3.68
6 60 39 20 900 117 3.30
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Fig. 2 Cross-section and surface appearance of welding seams under different EB process parameters: (a), (b) Sample 1; (c), (d)

Sample 3; (e), (f) Sample 4

Fig. 3 Cross-section (a) and surface (b) appearance of sample 5

where A is the thermal conductivity of this composite;
Am is the thermal conductivity of base metal; A, is the
conductivity of TiB, particle; and ¥, is the volume
fraction of TiB, particles in the composite. The result
shows that when TiB, particles (Ww=14%) are added, the
thermal conductivity drops to only about 80% of the
original conductivity. When the heat input increases, the
depth of the bead becomes greater in the vertical
direction while the width of the bead slightly changes.

Porosity can be observed close to fusion line (FL)
at different degrees, confirming that most of the small
pores may be hydrogen porosity [13]. The defect of
porosity is mainly due to significantly different hydrogen
solubilities for aluminum in the solid and liquid during
welding process. The long-narrow weld seam is
favorable for reducing the HAZ while it is also
unfavorable for gas escaping in the bead. With proper
process parameters and certain frequency scanning
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waveform, welding defects and porosity could be
prevented successfully. This is because the scanning
waveform makes the temperature distribution more
homogeneous, in other words, the solidification rate
decreases; at the same time, the flow of melt pool
becomes much more violent due to the EB stirring effect.
Both of the above facts are favorable for pores escaping
from the bead. HALLUM and BAESLACK [14] carried
out the similar experiment and also confirmed this point.

3.2 Refinement of matrix metal and dispersion of

TiB, particles

Figure 4 shows the refinement of the matrix metal
and the dispersion of TiB, particles in the base metal and
the bead respectively. Not only is the grain of matrix
metal in the base metal much larger than that of the bead,
but also TiB, prior to welding is presented as larger
clusters (diameter >20 pum) in the base metal while the
clusters are separated (diameter <100 nm) after welding
in the bead.

The matrix metal is well refined after welding. This

Fig. 4 Microstructures of sample 6: (a) Base metal; (b), (c)
Welding seam

is mainly because the nucleation rate (/) increases in the
solidification process, which can be calculated by the
following equation [15]:

AG, +AG,

T ) 3)
where N, is the number of liquid atoms; v is the atomic
vibration frequency; p is the probability factor; k is the
proportional coefficient; n: is the possible position
number for atoms on critical grain surface; AG, is the
variation of Gibbs free energy; AG, is variation of
active free energy; T is the temperature. As we know, the
solidification rate of EB welding process is very high and
the under-cooling to liquid metal could be great enough
to decrease the nucleation energy. As previously
mentioned in Eq. (3), the nucleation rate / will increase
significantly so the matrix metal grows into fine
equiaxed grains after EB welding. The refinement of
matrix metal will have a great influence on the
mechanical property of welding seam.

At the same time, the TiB, particles are also refined
and separated. The key-hole moves along with the
welding direction, and then the metal vapor erupts
upward, which has a great impact on the back wall of the
key-hole. The metal vapor stirs the melt pool forcefully
to separate the TiB, clusters. In the fast solidification
process many new nuclei appear, and then the matrix
metal grows into fine equiaxed grains. The separated
TiB, particles contract with much more a(Al) grains than
before. When the a(Al) grains grow up, forces in all
directions will be applied to the TiB, particles. If the
lattice relationship between TiB, and Al is not met [16],
the TiB, will be pushed rather than engulfed by
solidification front during the process, so the TiB,
particles distribute more homogeneously than before.
The segregation of TiB, is prevented successfully. In
conclusion, EB welding can effectively refine the welded
metal microstructure under optimal parameters. ZHAO et
al [17] proved this point. The study on the TiB, particle
distribution provides encouraging evidence for the
analysis of mechanical property improvement.

I =Ny, pkn: exp(—

3.3 Tensile properties

The appearance of the fracture is shown in Fig. 5. It
can be found that all fractures occur in the base metal,
and the tensile strength for welded joint, which equals
that of base metal, is 199.31 MPa (average value of three
measurements). Figure 6 shows the stress—strain curves
for this tensile test; the value of elastic modulus is 59.9
GPa which is about 110% of base metal. Compared with
the base metal, samples 3 and 6 show higher elastic
modulus due to the mechanical properties improvement
in the welding seam.

Mechanical properties are determined by the
microstructure of welding seam. The enhancement of
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tensile strength can be attributed to two aspects: fine
grain strengthening and Orowan strengthening [18]. The
mechanism will be explained respectively. Firstly, the
matrix metal grows into fine equiaxed grains in the
solidification process, so the grain boundaries increase
greatly. The grain boundaries hinder the dislocations to
pass by, and then the tensile strength correspondingly
increases. Secondly, as previously mentioned, the
reinforcement particles of TiB, were separated and
distributed uniformly after welding. The spacing (1)
between TiB, particles is small enough. The equation
relating intensity variation Ao, and A can be calculated
by the following equation:

Ao =2Gb/A 4)

where G is the shear modulus; b is the Burgers vector.

So the tensile strength is greatly improved
according to the refinement of TiB, grain. Due to the fine
grains, the stress in the bead distributes homogeneously.
Once the stress concentration is significantly prevented,
the initiation and propagation of cracks have been
successfully delayed. So these welds show greatly high
elastic modulus in the tests.

3.4 Dry-sliding wear resistance

The dry-sliding wear tests were carried out at room
temperature. SEM micrographs of worn surface of both
the base metal and the EB welding seam are shown in
Fig. 7. Craters and deep grooves could be observed for
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Fig. 5 SEM image showing fracture appearance for tensile test
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Fig. 6 Stress—strain curves of tensile test

Fig. 7 SEM images of worn surface of EB joint: (a), (b) Base metal; (c), (d) Welding seam
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Fig. 9 Friction coefficient as function of wear time for base
metal and welding seam

the base metal; however, the appearance seems rather
smooth for the welding seam except some slight
scratches. Figure 8 shows the cumulative mass loss over
a period of 240 min during dry-sliding wear tests, the
mass loss in base metal is 3 times that of welding seam.
Figure 9 shows the variation of friction coefficient
during the tests which is to be about 0.100 for the base
metal and 0.075 for the welding seam. Both of the
friction coefficients vibrate slightly with time.

The results illustrate that the dry-sliding wear
resistance is greatly increased after EB welding. TiB,
particles play an important role in resisting wear attacks.
The dominant wear mechanism in the tests can be
regarded as a refinement and reinforcement mechanism.
As previously mentioned, the grain of matrix metal is
much larger in the base metal than that of the bead, and
also TiB, particles prior to welding presented as larger
clusters. a(Al) is very soft but TiB, has a very high
hardness, which can effectively carry the load. Due to the
coarse grain which made the a(Al) expose to the steel
counter surface in large area, the base metal shows very

poor wear resistance, although the reinforcement phase
TiB, is distributed in it. In contrast, the matrix metal
grains are much smaller and the distribution of TiB,
particles is much more homogeneous in the welding
seam. Due to fine grain strengthening and TiB,
dispersion strengthening, the wear resistance of weld
seam is greatly improved.

4 Conclusions

1) The good defect-free beads are obtained by EB
welding under the condition of proper process
parameters. The cross-section of welding seam is deep
and narrow. Certain scanning rate used in EB welding
could prevent porosity successfully. TiB, particles
presented as clusters in the base metal are separated and
distributed much more homogeneously after EB welding.

2) The mechanical properties of welds are superior
to the base metal. Fracture occurs in the base metal after
tensile tests, and elastic module is also greatly increased
compared with pre-welded base metal.

3) Due to the combination of homogeneous particle
distribution and fine grain microstructure, the welding
seam shows high wear resistance property compared
with the base metal.
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