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Abstract: Ti-Al thin sheet with dimension of 450 mm×450 mm×0.2 mm was prepared by electron beam physical vapor 
deposition(EB-PVD) technology. The surface and cross-section pattern of as-deposited sample were studied by SEM and AFM, and 
then the composition and phase were analysed by XRD and EPMA. Finally, the effect on deposit by re-evaporation of Al was 
explored by calculating the ratio of re-evaporating capacity with depositing capacity of Al on the substrate. The results indicate that 
the evaporation process with Nb addition into the molten pool makes it earlier to reach the steady-state. The existing equiaxed crystal 
and columnar crystal along the cross-sectional may be caused by the transformation latent heat released during the transition course 
of atoms from gaseous state to solid state. The effect on deposit by re-evaporation of Al can be neglected because the re-evaporating 
capacity of Al is far below that of the depositing capacity. 
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1 Introduction 
 

Ti-Al intermetallic compounds have received 
considerable attention due to their low density, high 
specific modulus, and relatively good strength retention 
at elevated temperatures[1−3]. These properties make 
Ti-Al intermetallic a potential attractive material for high 
temperature space and aerospace applications such as 
thermal protective skin materials for reusable hypersonic 
vehicles[4−6]. 

Due to the intrinsic brittleness, it is difficult to 
prepare Ti-Al thin sheet with thickness below 0.3 mm by 
the traditional process methods such as rolling process 
and powder metallurgy technique[7]. Magnetron 
sputtering technique can be used to synthesize materials 
with nanometer dimension, but the relative lower 
deposition rate restricts its application to prepare 
materials with large size[8]. In this work, electron 
beam-physical vapor deposition(EB-PVD) technology 
has been introduced to prepare Ti-Al alloy thin sheet 
with dimension of 450 mm×450 mm×0.2 mm 
successfully. EB-PVD makes possible both the 
deposition of materials that have non-equilibrium 
chemistries and microstructures, and the manufacture of 

components having geometries that can not be achieved 
by more conventional techniques. 

EB-PVD technology is currently widely used in the 
preparation of high-temperature structural materials and 
structural component. For example, GUAN and HE[9] 
have prepared Ni-20Cr-0.6Al alloy sheet about 0.2 mm 
thickness and its room temperature strength reaches    
1 685 MPa. Moreover, the Fe-19Cr-5Al-0.2Ti-0.8Y2O3 

(PM2000) alloy sheet prepared by EB-PVD can be used 
as s surface board of thermal protective system and its 
maximum static oxidation resistance temperature is    
1 315 ℃[10]. The overseas research on EB-PVD is 
mainly focused on the preparation of micro-laminate 
materials used as hot-end component with complex 
shapes such as turbine blades. GE Company and the Oak 
Ridge National Laboratory have been engaged in the 
study of preparing Nb-Si and Mo-Si micro-laminate with 
EB-PVD technique[11]. 

In order to obtain lightmass and high strength 
structural material used at 500 ℃ to 800 ℃, Ti-Al alloy 
was selected as subject due to its excellent properties and 
potential application in the fields of aerospace. The 
present work describes the process of preparing Ti-Al 
thin sheet by high-power EB-PVD, and then the micro-  
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structure and the phase were studied by SEM, AFM and 
XRD. Finally, the effect on deposition by re-evaporation 
of aluminum from substrate was analyzed. 
 
2 Experimental 
 

The primary source material used in this study was 
Ti-Al alloy in cylindrical shape of about d98.5 mm×300 
mm. The alloy has a nominal composition of Ti-48Al in 
mole fraction. 

The experimental equipment used in this study was 
L5 type EB-PVD apparatus with horizontal feed mode. A 
schematic of the physical set-up as shown in Fig.1 
illustrates the process of evaporation and deposition. One 
of the crucibles contains the Ti-Al alloy evaporation 
source. A stainless steel substrate with a certain vertical 
distance from the crucible may be preheated by the 
EB-gun above the substrate and the temperature 
regulation can be carried out by changing the current 
flow. During the preparation process, the temperature 
and the rotational speed of the substrate were fixed at   
1 000 K and 8 rad/min. In order to increase the heat 
efficiency during the process of evaporation, a heat 
protective shield was mounted on the appropriate 
position in the vacuum chamber. The description of 
principle for EB-PVD method and equipment can be 
referred to correlative literatures[12−13]. 
 

 

Fig.1 Schematic of EB-PVD apparatus 
 

Calcium fluoride separating layer was deposited 
onto the substrate before process to make it easier to 
release the deposit from substrate. Finally, the prepared 
material with dimension of 450 mm×450 mm×0.2 mm 
was gained by mechanical stripping from the substrate 
surface when cooled to 423 K. 

X-ray diffraction(XRD) was used to analyze the 
phase composition of sample after diffusion annealing 
treatment. Scanning electron microscopy(SEM) and 
atom force microscopy(AFM) were used to investigate 

the morphology characteristics of surface and 
cross-section of the products. 
 
3 Results and discussion 
 
3.1 Microstructures 

The surface topography of prepared sample is 
shown in Fig.2. It can be seen that the grains with a low 
size-uniformity ranging from 200 nm to 500 nm 
distribute on the surface randomly, and there are a small 
number of micropores with macro gaps along the grain 
boundaries on the surface. AFM image of surface shows 
that the alloy may grow up with the island mode during 
the process of sedimentation. There are many slender 
columnar grains distributed in each island and the 
average size of the grains is about 300 nm. 
 

 
Fig.2 Surface micrographs of as-deposited sample: (a) SEM 
image; (b) AFM image 
 

The main cause to lead to such a small grain size is 
due to the high cooling velocity of EB-PVD technology. 
Gas phase particles will change into solid phase particles 
directly without the liquid phase transition, and there 
contains the processes of deposition or absorption, 
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surface diffusion and volume diffusion of gas phase 
atoms. As the temperature of substrate is so low 
compared with the evaporation temperature, the diffusion 
process is so insufficient that it is difficult for grains to 
grow up on the basis of homogeneous nucleation by the 
mode of volume diffusion of atoms[14]. Moreover, the 
evaporation atoms will nucleate primarily at the blemish 
position on the substrate surface with a high degree of 
roughness and, the subsequent atoms with higher 
deposition rates which have no time to diffuse onto the 
positions with lower potential barrier will nucleate 
without the process of choosing optimum orientation. 

The cross-sectional morphology of as-deposited 
material is shown in Fig.3, in which there exist two 
distinctive layers composed of different grains along the 
thickness direction. Zone І which is close to the substrate 
contains columnar crystal with obvious straight boundary 
among the grains, and zone Ⅱ which is far from the 
substrate is composed of equiaxed grains. Theoretically, 
when the temperature of the substrate is 700 ℃ during 
the deposition process, it should obtain columnar grain 
according to the established model by MOVCHEN and 
DEMCHISHIN[15]. The abnormal microstructure may 
be caused by the transformation latent heat released 
during the transition course of atoms from gaseous state 
to solid state, and this transition course will increase the 
temperature of the substrate, and the equiaxed grain will 
form when the substrate temperature reaches adequate 
value. 
 

 

Fig.3 Cross-section micrograph of as-deposited sample 
 

Again, it can be seen that the columnar grains in 
zone І grow up at a certain angle to the horizontal plane. 
This is because the deposition direction of the vapor 
particles is not vertical to the substrate surface and there 
forms a small angle between the evaporation path and the 
normal direction due to the relative position between the 
crucible and the substrate. The value of the angle is 
affected by the source-substrate distance and the rotary 
speed of the substrate. 

3.2 Composition and phase 
Cross sectional samples from the deposits were 

investigated using electron microprobe analysis(EPMA) 
as shown in Fig.4. It is obvious that there exists a given 
composition segregation in deposited materials and there 
is a considerable variation in the composition of the 
materials from the substrate edge to the outer edge. 
 

 
Fig.4 Changes of titanium content along cross-section of 
deposited materials 
 

This result may be induced by the different 
saturation vapor pressures of alloy components as 
explained above, and besides, the variant density of 
components may have an impact on composition 
segregation. During the evaporation process, the source 
materials will reduce gradually and the ambient molten 
materials will supply evaporation. The supplying rate of 
Al with a lower density will run faster than that of Ti and 
lead to the segregation in molten pool, so the evaporation 
capacity of Ti is less than that of Al at outset, and with 
evaporation proceeding, the output of Ti will increase 
gradually. This phenomenon can be eliminated, if a Nb 
tablet is placed on the ingot surface before evaporation, 
based on achieving 25%−30% Nb (mass fraction) in the 
future liquid pool. Then a liquid pool with a higher 
evaporation temperature is formed at melting of the ingot 
end face, ensuring transition of the additives into the 
vapor phase and the condensate without disturbing the 
pool stability (local boiling or spatter). Nb does not 
evaporate, and its content in the liquid pool remains 
practically unchanged[16]. 

It is obvious that the evaporation process with Nb 
addition makes it earlier to reach the steady-state 
compared with that without Nb addition as shown in 
Fig.4, and the composition of deposit with Nb addition at 
steady-state is much closer to that of source materials. 

The XRD analysis results of annealed samples 
obtained from the prepared materials with and without 
Nb addition in the molten pool during the evaporation 
process are shown in Fig.5. XRD pattern shows that the 
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Fig.5 XRD patterns of different samples: (a) Without Nb 
addition; (b) With Nb addition 
 
constitutive phase of sample without Nb addition during 
the preparation is TiAl3, which means that the content of 
Al of deposit is above that of source; while the sample 
prepared with Nb addition is composed of γ-TiAl and 
α2-Ti3Al phases, which means that Nb addition during 
the preparation can increase the evaporation speed of Ti, 
and make it earlier to reach the steady-state without 
disturbing the pool stability. In addition, no niobium or 
niobic compounds are detected in the XRD pattern. 
 
3.3 Re-evaporation of Al 

The substrate temperature achieved during 
deposition significantly affects the properties and phases 
of prepared materials. Related researches show that the 
transition frequency of surface atoms will tend to 
increase exponentially as the substrate temperature 
increases from 750 to 1 000 K which avails the diffusion 
of atoms on substrate surface and the formation of dense 
materials[17]. When the substrate temperature reaches  
1 000 K which is above the melting point of Al, there 
will form the re-evaporation processing of Al from the 
substrate (and this process will happen even if it is below 
the melting point of Al when the vapor pressure is low 
enough). Over-fast re-evaporation may restrain the 
deposition of Al and result in the composition deviation 
between deposits and vapor. The effect on deposition by 
re-evaporation of Al can be computed from the published 
data as discussed below. 

The rate of evaporation of a pure element in vacuum 
is given by Langmuir based on kinetic theory of gases 
and the concept of dynamic equilibrium [18]. This 
relationship has also been applied to alloy evaporation 
with the assumption that each species in the solution will 
evaporate at a rate consistent with its equilibrium partial 
pressure over the solution. For a component present in a 
solution, the surface evaporation rate can be given as 

follows[19]:  
2/1/

11 )/(e 2 TMPbK is
Tk

iiv
i−=αα                 (1) 
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Mi is the molar mass of the component i, αi is the 

evaporation coefficient, T is the evaporation temperature 
(K) which equals 1 073 K due to the indication by the 
thermo-couple, K1 and K2 are material-specific constants, 
and equal 8.33×106 and 3.815×104 respectively, then 
the surface evaporation rate can be gained as 1.87×10−14 
g/(cm2·s). 

The specific evaporating capacity (Q1) and the 
specific depositing capacity (Q2) can be written as: 
 
Q1=αv1·t·s                                   (3) 
Q2=αD1·t·s·ρ                                  (4) 
 
where  αD1 is the deposition rate on the assumption that 
the condensation coefficient is 1, the values of αD1 varies 
from 1.67×10−9 m/s to 1.67×10−5 m/s according to the 
external condition, ρ is the density of Al which equals 
2.7×103 kg/m3, t is the unit time and s is the unit area. 
Eqns.(3) and (4) are combined to obtain the variation 
range of Q2/Q1 is 2.41×108−2.41×1012. The results 
show that the re-evaporation capacity is far below the 
deposition capacity, hence the effect on deposit by 
re-evaporation of Al could be neglected. 

 
4 Conclusions 

 
1) TiAl sheet with dimensions of 450 mm×450 

mm×0.2 mm has been prepared by electron beam 
physical vapor deposition (EB-PVD) technology. 

2) Nb addition can potentially have an advantageous 
effect on alloy evaporation pools, and the material 
prepared with Nb addition into pool is composed of γ and 
α2 phases which are closer to the phases composition of 
the source. 

3) Small grain sizes about 200−500 nm were gained 
due to the high cooling velocity of EB-PVD technology, 
and there existed equiaxed crystal and columnar crystal 
along the cross-section resulting from the transformation 
latent heats released during the transition course of atoms 
from gaseous state to solid state. 

4) Calculation result of the ratio of re-evaporating 
capacity with depositing capacity of Al on the substrate 
shows that effect on deposit by re-evaporation of Al 
could be neglected. 
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