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Abstract: The effects of electron beam melting parameters on the volatilization behavior of elements and
the microstructures of ingots were investigated on a β-type Ti-Mo binary alloy. The microstructures of
the ingots consisted of large and columnar grains at their bottom and top sections, respectively, and
they were similar at different melting powers, from 10.5 kW to 15.0 kW, and the melting time ranging
from 10 min to 40 min, without apparent metallurgical defects. Mass losses of ingots exhibited
an increasing tendency, with increases of both melting power and melting time. Combined with
a theoretical calculation and X-ray fluorescence results, Ti was identified as the main volatilization
element due to its much higher vapor pressure than that of the Mo element. The considerable
compensation method of the volatile Ti element was established in terms of theoretical and
experimental results, which could provide a guidance for fabricating composition-controllable Ti-Mo
binary alloys via electron beam melting technology.

Keywords: titanium alloys; electron beam; melting parameters; volatilization behavior;
compensation method

1. Introduction

Titanium and its alloys are widely used in the fields of the aerospace, bio-medical and chemical
industries due to their high specific strength and excellent corrosion resistance [1,2]. They are
commonly prepared by traditional vacuum self-consuming arc remelting (VAR), which is able to
fabricate large ingots due to its high melting speed [3]. However, high or low density inclusions and
composition segregation are proven to form via this melting method, especially in β-type titanium
alloys, with abundant heavy elements, such as Mo, Nb, Ta and Zr. For example, these inclusions are
easily broken due to their brittleness, which results in the formation of stress concentration in the form
of sites of crack initiation [4,5]. Several fracture and failure accidents of titanium components have
occurred due to the existence of metallurgical defects [6]. The fabrication of titanium alloys with a high
metallurgical quality is one key of guaranteeing their safety during the service process.

To further enhance the metallurgical quality of titanium alloys, melting methods, such as electron
beam melting (EBM) [7] and plasma melting [8], have been developed. Among them, the EBM method
exhibits an extensive application prospect for reducing impurities and eliminating segregation due
to the adoption of a high energy electron beam and high vacuum. Here, we note that the EBM
method mentioned in this investigation involves a melting furnace that fabricates ingots by using an
electron beam, which differs from the common adoption for additive manufacture technology [9–11].
During the melting process, an electron beam with a high energy density is used to bombard the
surface of the material by adjusting the melting parameters. The kinetic energy amounts of electrons
are transformed into thermal energy in order to melt the material. Due to a high vacuum, non-metallic
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inclusions, as well as volatile impurities, can be reduced effectively. Furthermore, the electron beam
can be controlled accurately in order to acquire the ingots with an excellent surface quality and
solidification structure [12,13]. Recently, this melting technology has been utilized to purify solar-grade
silicon [14,15], as well as to refine refractory metals [16], superalloys [17,18], and titanium alloys [19,20].

Alloying elements with a high saturated vapor pressure are volatilize during the EBM process with
the removal of impurities, which results in the deviation of the target composition [21]. Volatilization
models in the Ti-6Al-4V alloy have been established in order to produce this alloy in large volume,
with a homogeneous distribution of composition and microstructure [22–24]. However, little research
has been conducted on the fabrication of β-type titanium alloys by EBM technology. In the case of
β-type titanium alloys, the tendencies toward composition segregation and high density inclusions
are aggravated, which results from the addition of the aforementioned β stabilizers that exhibit a
high density and melting point [25]. For numerous β-type titanium alloys, metastable β-type Ti-Mo
based alloys are widely used in the aerospace and bio-medical fields [26–28]. Excellent mechanical
properties can be obtained from them, not only by controlling the diverse deformation modes, such
as the deformation-inducedω-phase and α′ ′-martensitic transformation, {332}<113> and {112}<111>
mechanical twinning, or the dislocation slip [29–32], but also via precipitation strengthening by the
ω and α second phases. Simultaneously, multi-function properties, such as shape memory effect,
super-elasticity, low elastic modulus, damping and biomedical compatibility, are found in these
alloys [33,34]. The enhancement of the metallurgical quality for β-type Ti-Mo based alloys can further
promote their application fields.

The purpose of this study is to fabricate ingots of the β-type Ti-Mo binary alloy via EBM
technology, and to examine the effects of the melting power and melting time on the volatilization
behavior of the element and the microstructures of the ingots. Based on mass loss, composition analysis,
and theoretical calculation, a considerable compensation method for volatile elements is discussed.

2. Theoretical Analysis of Element Volatilization

As an important thermodynamic factor, the saturated vapor pressure (Po) of each component
affects the volatilization behavior [35]:

lgPo = A1 · T−1 + A2 · lgT + A3 · T + A4 (1)

where Po is the saturated vapor pressure, given in mmHg; T is the absolute temperature; and A1,
A2, A3 and A4 are constants associated with the evaporate component, which can be referred to in
handbook [35]. Figure 1 shows the saturated vapor pressures of common elements in titanium alloys
as a function of the temperature. Pure Ti and Mo elements are represented by red and blue lines,
respectively. However, the certain deviation between the ideal and actual alloy solutions should be
considered, due to the interaction of the alloying elements. The actual vapor pressure of each element
(Pi) in the alloy is modified with the activity, as illustrated in Equations (2) and (3):

Pi = αiPo
i (2)

αi = γixi (3)

where αi, γi and xi are the activity, activity coefficient, and mole fraction of the component i in the alloy,
respectively. The activity coefficient of each component in the binary alloy can be calculated according
to the Miedema model [35,36]:

ln γi = αij fij ·
{

A/B + xj[(ED + FC)B]− GA]/B2
}

(4)
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where A, B, C, D, E, F, G, and fij are constants, which are only related to categories of component and
their contents. αij is a variate, as the function of the temperature and melting points of the components
i and j, as shown in Equation (5):

αij = 1− 0.1T(
Tmi + Tmj

Tmi · Tmj

) (5)

As the activity coefficient of the component i is determined, the activity coefficient of the other
component j in the binary alloy can also be calculated via the following equation:

ln γj =
1
xj
(∆Hijαij − xi ln γi) (6)

where ∆Hij is the enthalpy change, which can be calculated via Equation (7) [37]:

∆Hij = fij
xi · [1 + µixj(φi − φj)] + xj[1 + µjxi(φj − φi)]

xiV
2/3
i · [1 + µixj(φi − φj)] + xjV

2/3
j [1 + µjxi(φj − φi)]

(7)

where φ is the electronegativity, V is the mole volume, x is the mole fraction, and µ is the constant.

Figure 1. The saturated vapor pressures of the pure elements as a function of the temperature.

For example, the activities of Ti and Mo in the Ti-15Mo (mass%) alloy, as a function of the
temperature, were calculated, and the results are presented in Figure 2. The activities of Ti and Mo
increased with the temperature increase, while the activity of Ti was much higher than that of Mo in
the Ti-15Mo alloy. According to Equations (2) and (3), the vapor pressures of Ti and Mo in the Ti-Mo
binary alloys with a Mo content from 5% to 30%, as a function of the temperature, were obtained, as
shown in Figure 3. They exhibited an increasing tendency with the temperature increase, which was
similar to that of the pure element. Furthermore, the vapor pressure of Ti increased, while it decreased
for Mo as the Mo content increased in these alloys. As the vapor pressure of Ti was much higher than
that of Mo, it could be deduced that Ti was the main volatilization element in the Ti-Mo binary alloy
during the EBM process.

Nm,T(Ti) = 4.37× 10−4
√

Mi/T · xi · γi · Po
i (8)
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Based on the Hertz-Knudsen-Langmuir equation (Equation (8)), the mass volatilization rates of Ti
(Nm,T(Ti)) in the Ti-Mo binary alloys, with different Mo contents from 5% to 30%, could be calculated
in the range of 2000–2500 K, as shown in Figure 4. Mi in Equation (8) is the mole mass of component i
in the alloy. The mass volatilization rate of Ti was the highest in the Ti-5Mo alloy, and it decreased with
the increase of Mo content. For all of the alloys, the mass volatilization rate increased as the melting
temperature increased.Metals 2018, 8, x FOR PEER REVIEW  4 of 13 
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3. Experimental Section

3.1. Electron Beam Melting Process

A SEBM-30 mA type electron beam melting furnace (Guilin Strong Numerical Control Vacuum
Equipment Co., Ltd., Guilin, China) was used, and its schematic diagram is shown in Figure 5.
The experimental apparatus consisted of a melting chamber, two electron beam guns with an
accelerating voltage of 30 kV, a water-cooled copper crucible, a circulation water cooling system,
and two independent vacuum systems. In order to decrease the melting point, an as-received Ti-32Mo
intermediate alloy in the shape of flake was adopted in this investigation. Additional titanium was
supplied by pure titanium partials with a purity of 99.7%. Given the crucible size (the diameter was
23 mm), 301.7 g of raw materials containing 168.4 g of pure titanium and 133.3 g of Ti-32Mo intermediate
alloy (including the impurities contained in them) were adopted according to the composition of the
Ti-15Mo alloy. The diameter of the original materials was calculated to be around 10.7 mm, which
was regarded as the diameter of the molten pool during the melting process. A series of experiments
were carried out with different melting powers and melting time. The ingots were melted at different
melting powers (10.5 kW, 12.0 kW, 13.5 kW and 15.0 kW) for 20 min and at a melting power of 12.0 kW
for different lengths of time (10 min, 20 min, 30 min and 40 min) to examine the effects of the melting
parameters on the volatilization behavior of the element and microstructures of ingots.
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Figure 5. The schematic diagram of the electron beam melting apparatus.

Before the melting experiment, the raw materials were ultrasonically washed in alcohol. The pure
titanium partials were placed at the bottom section of the water-cooled crucible, while the Ti-32Mo
intermediate alloy was placed above them due to its higher melting point. Subsequently, the electron
gun and melting chamber were evacuated to pressures under 5× 10−3 Pa and 5× 10−2 Pa, respectively.
The electron beam was irradiated on the surface of the raw materials with an area of around 89 cm2.
The size of the beam spot was controlled via a scanning current. The smaller and bigger beam spots
were used during the heating and melting processes, which corresponded to a scanning current
of 5 × 5 mA and 10 × 10 mA, respectively. The melting time of zero was defined when the raw
materials were completely melted [14,15]. The scanning pattern of the electron beam was circular, in
order to ensure that the ingot was heated homogeneously and steadily. After the melting process,
the electron beam was immediately turned off to acquire a very large cooling speed. Under each
melting condition, the ingot was flipped and re-melted two times, in order to obtain a homogeneous
composition distribution.
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3.2. Microstructural Characterization

The mass of the raw materials and Ti-Mo ingots after the first and second melting was weighted by
electronic balance (ACS-DII, Want Balance Instrument Co., Ltd., Changzhou, China) with a precision
of 0.1 g. Based on the raw materials’ and ingots’ masses after the melting process, mass loss rates were
calculated for the different melting parameters. Samples were cut from the ingots along a vertical
section via wire electrical discharge machining. Their chemical compositions were analyzed via an
X-ray fluorescence spectrum (XRF-1800, Shimadzu, Kyoto, Japan) with a diaphragm of 10 mm in
diameter. The volatilization rates of Ti and Mo under different melting parameters were obtained based
on their original and analyzed masses in the raw materials and ingots, respectively. The microstructures
of the vertical section at the ingots’ center position, which were subjected to a mechanical–chemical
polishing and etched via a solution of distilled water, nitric acid and hydrofluoric acid (100:3:2
in volume), were observed through an optical microscope (Leica MEF4, Leica Camera AG, Solms,
Germany). The phase identification was conducted via X-ray diffraction (XRD, Panalytical B.V.,
Heracles Almelo, Holland) with an EMPYREN diffractometer, using Cu-Kα radiation, operated at
40 kV and 30 mA, with a step size of 0.02◦ and a scanning speed of 2◦/min.

4. Results

Figure 6 shows, from the bottom to top sections, the microstructures of the Ti-Mo ingot
manufactured at a melting power of 10.5 kW for 20 min. The bottom section in contact with the
crucible consisted, as shown in Figure 6a, of relatively large grains. With the increase of the ingot
height, they gradually changed into columnar grains [38]. Furthermore, the interdendritic segregation
was observed between the adjacent column grains, as shown in Figure 6c. The composition in the
solid phase was not diffused homogeneously due to the high cooling speed during the solidification
process [39]. In addition, some small pores, characterized by the black points, were observed in
some grains (Figure 6a,b). The interdendritic segregation and small pores in the ingots affected their
mechanical properties. They could be further reduced or eliminated by subsequent heat treatment and
mechanical processing, such as forging and rolling.
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Figure 6. The overall microstructures of the ingot manufactured at a melting power of 10.5 kW for
20 min: (a) bottom section; (b) middle section; and (c) top section.

Figures 7 and 8 show, respectively, the microstructures of the Ti-Mo ingots with different melting
powers and melting time, located at the top sections. Similar microstructures were observed. Figure 9
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shows the XRD profile of the ingot manufactured at a melting power of 12.0 kW for 20 min. The typical
peaks of the β-phase were detected, in spite of some weak peaks for theω-phase.
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Figure 9. The X-ray diffraction profile of the ingot manufactured at the melting power of 12.0 kW for
20 min. The vertical section of the ingot was analyzed.

Figure 10a,b shows the volatilization rates of Ti based on the XRF results and measured mass
loss rates of the ingots as functions of the melting power and melting time. Simultaneously,
the corresponding values were summarized in Tables 1 and 2. As shown in Table 1, at melting
powers of 10.5 kW, 12.0 kW, 13.5 kW, and 15.0 kW, the mass loss rates of the ingots were, respectively,
4.5%, 5.5%, 5.2% and 8.7% for the first melting, and 3.5%, 4.8%, 5.3% and 10.3% for the second melting.
The total mass loss rates of the ingots were 8.0%, 10.3%, 10.5%, and 19.0%, while the volatilization rates
of Ti related to the raw materials were 9.2%, 10.7%, 11.5%, and 19.9% at melting powers of 10.5 kW,
12.0 kW, 13.5 kW, and 15.0 kW, respectively. The mass loss rates of the ingots at the melting power of
12.0 kW for different time were, respectively, 2.8%, 5.5%, 7.6% and 9.5% for the first melting and 4.4%,
4.8%, 10.3% and 13.5% for the second melting, as shown in Table 2. The total mass loss rates of the
ingots were 7.2%, 10.3%, 17.9%, 23.0%, and the volatilization rates of Ti were 7.9%, 10.7%, 19.0%, 24.9%
at the melting power of 12.0 kW, for different time. Based on these results, the volatilization rates of
Ti as functions of the melting power and melting time were fitted along the dotted lines, as shown
in Figure 10a,b, respectively. The following discussion and establishment of a compensation method
were based on the fitted values.
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Table 1. The mass loss rates of ingots and volatilization rates of Ti at the different powers for 20 min.

Melting Power
(kW)

Mass Loss Rate
of First Time (%)

Mass Loss Rate of
Second Time (%)

Total Mass Loss
Rate of Ingot (%)

Volatilization
Rate of Ti (%)

10.5 4.5 3.5 8.0 9.2
12.0 5.5 4.8 10.3 10.7
13.5 5.2 5.3 10.5 11.5
15.0 8.7 10.3 19.0 19.9

Table 2. The mass loss rates of ingots and volatilization rates of Ti at the melting power of 12.0 kW for
different lengths of time.

Melting Time
(min)

Mass Loss Rate
of First Time (%)

Mass Loss Rate of
Second Time (%)

Total Mass Loss
Rate of Ingot (%)

Volatilization
Rate of Ti (%)

10 2.8 4.4 7.2 7.9
20 5.5 4.8 10.3 10.7
30 7.6 10.3 17.9 19.0
40 9.5 13.5 23.0 24.9

5. Discussion

This study investigated the effects of the melting power and melting time on the volatilization
behavior of element and microstructures of the Ti-Mo alloy via EBM technology. The microstructures of
ingots under different melting parameters were similar without apparent metallurgical defects. The Ti
element with a higher vapor pressure volatilized simultaneously, resulting in the composition deviation.
The mechanical properties of the Ti-Mo alloys are intensively associated with the deformation mode,
which is a function of the Mo equivalent [40]. Thus, it is essential to establish a compensation method
of Ti for fabricating the composition-controllable Ti-Mo binary alloy.

We noted that the saturated vapor pressure of pure Ti was much higher than that of pure Mo in
the whole temperature range, as shown in Figure 1. In different Ti-Mo binary alloys, Ti also possessed
the higher vapor pressure in the range of 1900 K to 2500 K, as shown in Figure 3. Consequently, Ti was
identified as theoretically being the main volatilization element during the EBM process. Furthermore,
as shown in Figure 4, the mass volatilization rates of Ti presented an obvious distinction from different
volatilization patterns. The largest mass volatilization rate of Ti was obtained when it volatilized
in the pattern of the Ti-5Mo alloy, and it gradually decreased with an increase of the Mo content.
In addition, the mass volatilization rate of Ti increased with the increase of the temperature. Thus,
the determination of the volatilization patterns for Ti and the temperatures on the molten pool surface
at different melting powers was necessary to obtain the actual amount of volatilization. However, the
volatilization pattern of Ti during the EBM process remained unclear due to the complicated addition
mode of the raw materials and subsequent alloying process.

As shown in Figure 10, the mass loss rates of the ingots from the measure values via electron
balance were similar to the volatilization rates of Ti from the XRF results at different melting powers
and melting time. Thus, the mass losses of ingots during the EBM process were only attributed to the
loss of Ti, without considering the loss of Mo, which was consistent with the results from the theoretical
calculations. Furthermore, each ingot was melted two times under the same melting parameters, and
the mass loss rates of the ingots (volatilization rates of Ti) were approximately equivalent, as shown in
Figure 10. Thus, volatilization of Ti was regarded with the same volatilization pattern of the Ti-15Mo
alloy due to its rapid alloying during the EBM process [41]. Thus, the volatilization behavior of Ti was
considered to be a continuous process regardless of the melting time.

The temperatures during the melting process at different melting powers were not measured
directly via the EBM furnace, however, the theoretical volatilization amount of Ti was intensively
related to the temperature of the molten pool surface, as shown in Figure 4. This investigation adopted
an assumed value for the uniform temperature distribution due to the transient temperature variations
by local heating of the electron beam. The volatilization amounts of Ti at different melting powers



Metals 2018, 8, 206 10 of 14

against the melting time were shown in Figure 11. This amount increased linearly with the increase of
melting time at the melting power of 12.0 kW, and the relationship between them could be expressed
as Equation (9):

∆m = Vm.E × t + ∆mo (9)

where ∆m is the total volatilization amount of Ti in the experiment, t is the melting time, ∆mo is the
volatilization amount of Ti during the heating process, and Vm,E is the volatilization rate expressed as
Equation (10) [42]:

Vm,E = Nm,E(Ti)× s (10)

where Nm,E(Ti) is the mass volatilization rate of Ti in the experiment, and s is the surface area of
the molten pool (89 cm2). The volatilization rate and volatilization amount of Ti during the heating
process at the melting power of 12.0 kW were obtained, respectively, by calculating the fitted slope
and by extrapolating to zero the moment of the melting process, as shown in Figure 11. We adopted
the assumption that the volatilization amount was the same during the heating process at different
melting powers. Based on the fitted volatilization amounts of Ti at different melting powers and
their losses during the heating process, the volatilization rates of Ti in the experiment (Vm,E) at three
other melting powers were also obtained. Simultaneously, the mass volatilization rates of Ti in the
experiment (Nm,E(Ti)) were calculated via Equation (10). Based on the Hertz-Knudsen-Langmuir
equation (Equation (8)), the average temperatures of the molten pool surface at different melting
powers were calculated [43]. They were 2250 K, 2306 K, 2322 K and 2345 K at melting powers of
10.5 kW, 12.0 kW, 13.5 kW and 15.0 kW, respectively.
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Due to the negligible effects of the melting power and melting time on the microstructures and
composition segregation, a smaller melting power was an appropriate choice resulting from the lower
volatilization rate. Thus, a compensation method of the volatile element (Ti) was discussed at the
melting power of 10.5 kW for 20 min. Based on the Hertz-Knudsen-Langmuir equation (Equation (8)),
the mass volatilization rates of Ti in the Ti-Mo binary alloys were deduced, as shown in Figure 12.
Through polynomial fitting, the relationship between the mass volatilization rate of Ti and Mo content
(x, in mass%) was expressed as the following equation:

Nm(Ti) = 2.64× 10−4 + 1.13× exp [−2× (
x + 103.86

56.69
)]

2
(11)

Consequently, addition amounts of Ti for fabricating the Ti-Mo binary alloys using EBM should
take its evaporation into account. Its addition amount was related not only to the original mass
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((1 − x) × malloy) but also to the surface area of the molten pool (s) and melting time (t) when the
melting temperature was constant, as shown in Equation (12):

mTi = (1− x)×malloy + Nm(Ti)× s× t (12)

where mTi is the total addition mass of Ti, x is the mass% of Mo and malloy is the nominal alloy mass.
Figure 13 shows the schematic diagram for the addition amount of Ti for fabricating a 300 g Ti-Mo
binary alloy using pure Ti and Ti-32Mo intermediate alloy as raw materials via EBM technology.
The straight line represents the original mass which was depicted as ((1 − x) × malloy) in Equation (12).
The area in gray shows the compensation amount resulting from the volatilization of Ti, which was
represented as (Nm(Ti) × s × t) in Equation (12). Thus, the total addition amount of Ti is contained
above two sections, represented by a curve line. Through the modification, 187.1 g of pure titanium
and 133.3 g of Ti-32Mo intermediate alloy were melted at the melting power of 10.5 kW for 20 min for
fabricating the Ti-15Mo alloy via EBM technology, as mentioned in Section 3.1. The composition of
the ingot was identified as Ti-14.6Mo (mass%) via an XRF analysis, which was in accordance with the
compensation method shown in Figure 13. The considerable compensation method of the Ti element
was established in terms of the pure Ti and Ti-32Mo intermediate alloy as raw materials, while it
should be modified with different raw materials.
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them represented by the gray area indicate the compensation value; the black point represents the Mo
content of the ingot analyzed via X-ray fluorescence for the Ti-15Mo alloy.
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6. Conclusions

The effects of electron beam melting parameters on the volatilization behavior of element
and microstructures of ingots were investigated in a β-type Ti-Mo binary alloy. The considerable
compensation method of the volatile element was discussed in terms of a theoretical calculation and
experiment results. The main results were summarized as follows.

(1) Ti was the main volatilization element during the EBM process based on the calculation of vapor
pressure and on analyses for mass losses and the chemical compositions of the ingots. The mass
volatilization rate of Ti exhibited an increasing tendency with the increase of both the melting
power and melting time.

(2) The ingots without apparent metallurgical defects were fabricated via EBM technology, and they
consisted of large and columnar grains at the bottom and top sections, respectively. The effects of
the melting power and melting time on the ingots’ microstructures were negligible.

(3) Regardless of the melting time, Ti’s volatilization had the same pattern as that of the Ti-15Mo
alloy. In terms of the pure Ti and Ti-32Mo intermediate alloys as raw materials, the considerable
compensation method of the Ti element was established at the melting power of 10.5 kW for
fabricating Ti-Mo binary alloys.
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