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Abstract: In order to improve the HV hardness and microstructure on the surface of TC4 titanium alloy, the high frequency scan of
electron beam (EB) was introduced to treat TC4 titanium alloy. For excellent parameters, the EB energy, focus current and scan
times, which will influence the HV hardness and microstructures, were studied. After high frequency scan of electron beam
treatment, the HV hardness, modified layer depth and microstructures of TC4 titanium alloy were analyzed. Results show that the
HV hardness on the TC4 surface treated by the high frequency scan of electron beam can be increased by almost 40 MPa compared

with that of the original material. With improved energy of EB, the depth layer influenced is increased. The focus current adjusted in

a narrow range can acquire comparatively better HV hardness on the surface. When the scan times are increased, the HV hardness

decreases, and the grains grow up.
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The titanium alloy surface modification technology
includes ion implantation™?, plasma spraying®*, laser
beam!™ and EB (electron beam) surface modification
techniques . For the restriction of energy of ion
implantation, surface modification layer is shallow. The
binding force of the coat by plasma spraying is low, which
usually is only tens of MPal”l. Comparing with ion
implantation and plasma spraying technology, laser surface
modification technology can significantly improve the
surface hardness, wearable property and corrosion
resistance. Thus, laser surface modification technology has
been widely used. However, the energy conversion
efficiency of the laser beam interaction with material is low,
which is generally 5%~10%"°\. Moreover, it needs perfect
protection during the titanium alloy material surface
modification. Comparing with the laser surface modification
technology, the energy conversion efficiency of EB interaction
with the material can reach above 90% "**%. Because of
operation in a vacuum environment, there is almost no
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surface pollution. Besides, for the good controllability, the
EB surface modification can easily realize the automation
process.

According to the output beam type, the EB surface
treatment technology can be classified into high current
pulsed EB "% and continuous EB™ .

The research about high current pulsed EB surface
treatment technology mainly cared on the surface of steel,
magnesium alloy and other materials modified " In the
past years, only a little research on titanium alloy treated by
high current pulsed EB had been reported™®. The special
equipment will be required for high current pulsed EB
surface treatment technology.

Comparatively, the continuous EB surface modification
technology does not need special equipment. A traditional
EB welding machine with high frequency deflection system
can realize the EB material surface modification.

When the magnetic field changes at high frequency, the
deflection angle of EB going through vertically will change
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in the same frequency. According to this characteristic, the
EB scan technology with high frequency is developed.

The EB scan technology with high frequency has been
used in multi beam welding, EB treatment, etc.

In PTR Company at Germany, the EB scan with high
frequency has been used to increase hardness on the surface
of shafts, in order to improve its property of attrition.

Based on high frequency deflection scan of EB, surface
modification technology for titanium alloy will be studied.
By these studies, a new technology will be obtained, which
will provide a well quality surface modification technology
for titanium alloy in the future.

In the present study, the high frequency scan of EB has
been employed to dispose TC4 titanium alloy. EB energy,
focus current and scan times are crucial parameters for the
high frequency scan of EB. With these parameters changed,
TC4 titanium alloy surface hardness, modified layer depth
and microstructures have been analyzed. At the same time,
the mechanism of hardness layer on TC4 titanium alloy
surface has be discussed.

1 Experiment

1.1 Materials and parameters of EB machine

TC4 (Ti-6Al-4V) is a+p type titanium alloy. 5.5wt%~6.8
wit% of the « stabilizing element Al, 3.5 wt%~4.5 wt% of g
stabilizing elements V, Fe < 0.3 wt%, C < 0.1 wt%, N <0.05
wit%, H < 0.015 wt%, O < 0.2 wt% and remnant Ti are TC4
nominal chemical composition. The specification of TC4
experiment sample is 30 mm>30 mm>5 mm. The EB scan
scope is 20 mm>20 mm.

The power of EB welding machine is 60 kW. The highest
operation voltage is 150 kV. Work distance is 400 mm.
Another parameter will be changed according to the
experimentation need.

1.2 Scheme of EB scan

As well known, the deflection of EB will take place when
EB goes through a vertical magnetic field. The frequency of
EB scan can be changed from several Hz to hundreds kHz,
which is named high frequency. In the high frequency status,
EB energy can be controlled accurately. Generally, deflection
magnetic field is consisted of two parts. One is X-direction
magnetic field, the other is Y-direction magnetic field.
These magnetic fields are produced by symmetrical coils
along axis. These coils are named X-direction coil and
Y-direction coil. The change of current in coil will change
magnetic field, thus the deflection angle will be adjusted
synchronously.

In the present study, 10 mA beam current and 0.1 mm
diameter beam spot had been used largely. In order to
achieve full scan scope at 20 mm>20 mm, the scan mode of
line by line has been employed. This scan mode is shown in
Fig.la. It can be seen from Fig.la that two hundred
X-direction scans can cover the sample along Y-direction.
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Fig.1 Scan mode (a) and scan wave of T, and T, (b)

The current waves in X-direction coil and Y-direction coil
are shown in Fig.1b. For example, if the scan frequency of
Y-direction is up to 500 Hz, the scan frequency of
X-direction will be 100 kHz.

In order to acquire super technology of high frequency
scan of EB, the HV hardness and microstructures affected
by high frequency EB scan were researched.

2 Results and Discussion

2.1 HV hardness analysis

The surface HV hardness of samples treated by several
parameters of high frequency scan of EB had been tested.
The DHV-1000 micro hardness test apparatus was adopted
to detect the surface micro-hardness. The 1000 g test load and
15 s load residence time were chosen as test condition. On
the test surface of the TC4 titanium, six test points with 1
mm interval were detected. Besides, six test points were
done along a line. The start test point was in the center of
the TC4 samples.

When the EB energy, focus current or scan times change,
the HV hardness of the surface will be influenced by these
parameters.

2.1.1 HV hardness influenced by EB energy

Besides the changed EB energy, other parameters were kept

unchanged. The constant parameters are listed in Table 1.
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Table 1 Constant parameters with EB energy changed

Work Focus Frequency/  Scan
Voltage/kV distance/mm  current/mA kHz times
150 400 2485 96.48 10

When EB energy increases from 4 mA to 18 mA, the HV
hardness influenced by EB energy is shown in Fig.2. As
Fig.2 shown, the HV hardness is improved, except for 4 mA
beam current.

Comparing that of with that of original material of TC4
titanium alloy, the HV hardness on the surface treated by 4
mA beam current is lower. When the EB energy exceeds 10
mA, the hardness on the TC4 surface will be improved. The
average HV hardness is 3980 MPa when the 13 mA beam
current was introduced to treat the surface.

2.1.2 HV hardness influenced by focus current

When the focus current was changed, other parameters
remain constant, which are shown in Table 2.

Fig.3 shows the HV hardness influenced by different
focus currents. In Fig.3, it is found that the HV hardness
can be accordant at 4824 mA EB focus current. The HV
hardness undulate range is larger at another focus current
introduced. Considering the microstructures change, this
phenomenon will be discussed as follows.

2.1.3 HV hardness influenced by EB scan times

Besides the EB scan times changed, 10 mA focus current
and other parameters shown in Table 2 were kept
unchanged.

The status about HV hardness influenced by different
scan times is shown in Fig.4.

It can be seen from Fig.4 that the HV hardness on TC4
surface treated by high frequency scan of EB will be
decreased, with the scan times increasing. When the scan
times are less than 10, the HV hardness on TC4 surface will
be enhanced.

2.2 Microstructure analysis

Not only HV hardness on the surface is influenced by the
high frequency scan of EB, but also the microstructure will
be changed. For every sample, microstructure on the
surface and the microstructure at section were detected. The
microstructure and alterant layer influenced by different
parameters of high frequency scan will be analyzed as
follows.

2.2.1 Microstructure influenced by EB energy

When the EB energy was changed, other parameters were
kept invariables (see Table 1). The 4, 10, 13, 16, 18 mA
were introduced to treat the surface of TC4 titanium alloy.
It is found that the surface of TC4 titanium alloy is hardly
influenced by EB less than 4 mA.

The typical microstructures on the surface of TC4
titanium alloy are shown in Fig.5. As shown in Fig.5, TC4
titanium alloy was melted at 16 mA electron beam.
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Fig.2 Influence of EB energy on HV microhardness

Table 2 Constant parameters with focus current changed
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Fig.3 Influence of EB focus current on HV microhardness
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Fig.4 Influence of EB scan times on HV microhardness

The B phase grains shown in Fig.5 are clear. Also, the long
needle shape o' phase can be seen in the initial g phase
grains. This phenomena indicates that these grains grow up
during the high frequency scan of EB operation.
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Fig.5 Microstructure on surface with 16 mA EB energy

The typical microstructures at cross-section influenced
by EB energy are shown in Fig.6. At 10 mA EB current, the
depth of the influence layer doesn’t exceed 160 pm.
Nevertheless, when EB energy is increased to 16 mA for the
high frequency scan, the depth of the influence layer
exceeds 300 um. Fine grains are distributed equably in the
influence layer. From the top to bottom on the cross-section
of TC4 titanium alloy, there are a fine grain zone and based
material in turn. In the fine grain zone, the short
club-shaped microstructure, punctate microstructures and
little sheet microstructures are distributed desultorily.

In the based material, there are equiaxed grains of «
phase and B phase distributed in the grain boundary. The
HAZ can’t be seen in these metallography images. Because
high frequency EB can heat samples quickly as well as cool
to metal fast for large base material, the fine grains can be
brought.

Comparing Fig.2, Fig. 5 and Fig. 6, it can draw a
conclusion that the HV hardness is increased because of
fine gains on the surface of TC4 titanium alloy treated by
high frequency scan of EB.

2.2.2  Microstructure influenced by focus current

When the parameters, which are shown in Table 2, were
kept invariable, these microstructures for focus current
adjusted had been detected. Fig.7 shows microstructure of
section influenced by different focus current.

The different focus currents mean focus location are
different. Surface focus can be obtained at 2485 mA focus
current. When focus current is increased over 2485 mA, the
electron beam diameter will be increased. At the same time,
focus location changes from surface focus to top focus.
When the focus current is set over 2485 mA, the electron
beam energy is emanative hardly, which weakens
penetrating property.

By a series of experimentations, it can be found that the
surface HV hardness will be changed by the modulating of
focus current. At 6432 mA focus current, there are coarse
grains at the section, which will bring on lower HV
hardness. At 4824 mA focus current, coarse grains of g

Fig.6 Cross section microstructures with 10 mA (a) and 16 mA (b)
EB energy

phase appears at surface layer, which is up to several um.
Because of the HV hardness increasing, it is possible that a
lot of titanium martensite microstructures appear in the
influence layer, which need more research in the future. At
other focus current, which is less than 4824 mA and larger
than 2485 mA, the sheet a phase disappear. At the same
time, there are many club-shaped microstructures, which
make the HV hardness on the surface to be higher than
original material.
2.2.3 Microstructure influenced by EB scan times

As EB scan times are different, the heat input is different,
which means that grown degree of grains is different. Thus,
the influence of EB scan times on microstructure is studied.
Fig.8 presents the microstructure on the surface of TC4
samples which had been treated by different EB scan times.

At 5 times EB scan, microstructures are hardly changed.
The surface metal will melt little at 10 times EB scan.
When the times of EB scan is increased up to 20 times, the
surface metal is melted heavily. Coarse grains can be seen
in Fig. 8b and Fig.8c, and a series of needle shape
microstructure can be seen in the initial g phase grains. As
Fig.8 shown, with the times of EB scan increasing, grains
on the surface will grow up. By 20 times EB scan, the
dimension of grain is over 10 um. There are several grains
in the scope, which is shown in Fig.8b. When the EB scan
times increase continually, the grains grow up quickly.
There is only a whole grain shown in Fig.8c.
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200 pm

Fig.7 Microstructures of the cross section with different focus current: (a) 6432 mA, (b) 4824 mA, and (c) 3216 mA

Fig.9 Microstructures in the depth direction with different EB scan times: (a) 5, (b) 20, and (c) 30

EB scan times increasing means enhanced heat input. It
will change microstructure of TC4 titanium alloy in the
depth direction. Fig.9 shows the change of microstructure
in the depth direction with EB scan times adjusted.

At five times EB scan, the influence layer is only several
um. The microstructure at cross-section treated by 10 times
EB scan can be seen in Fig.6a. In this metallography
microstructure, 150 um thick influence layer can be seen.
At twenty times EB scan, the depth of the influence layer
exceeds a 500 pum. When EB scan times is increased
continually, the depth of the influence layer will exceed 1
mm. The microstructures will grow up severely by thirty
times EB scan adopted. It can be seen from Fig.9c that
coarse columniation grains point to TC4 alloy surface. The

initial # phase grains are impenetrated by long needle shape
o' phase and lath shape a phase. Because of coarse grains,
the HV hardness is decreased. The mechanism of HV
hardness decreasing with the EB scan times increased need
to be studied deeply.

3 Conclusions

1) When the operation voltage, working distance and
scan frequency are unchangeable, energy of EB, focus
current and scan times are key parameters to affect the HV
hardness and microstructures of titanium alloy.

2) At other parameters kept unchanged, energy of EB
improved will increase influence layer depth along with
coarse grains appearing.
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3) When other parameters are invariable, focus current

adjusted in a narrow range can acquire comparatively better
HV hardness on the surface.

4) At other parameters kept changeless, the scan times

increased continually induce the HV hardness to be
decreased and the grains to be grown up.
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