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by Electron Beam-Physical Vapor Deposition
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Fabrication of cost-effective, nano-grained net-shaped components has brought considerable interest to
Department of Defense, National Aeronautics and Space Administration, and Department of Energy. The
objective of this paper is to demonstrate the versatility of electron beam-physical vapor deposition (EB-
PVD) technology in engineering new nanostructured materials with controlled microstructure and micro-
chemistry in the form of coatings and net-shaped components for many applications including the space,
turbine, optical, biomedical, and auto industries. Coatings are often applied on components to extend their
performance and life under severe environmental conditions including thermal, corrosion, wear, and
oxidation. Performance and properties of the coatings depend upon their composition, microstructure, and
deposition condition. Simultaneous co-evaporation of multiple ingots of different compositions in the high
energy EB-PVD chamber has brought considerable interest in the architecture of functional graded
coatings, nano-laminated coatings, and design of new structural materials that could not be produced
economically by conventional methods. In addition, high evaporation and condensate rates allowed fab-
ricating precision net-shaped components with nanograined microstructure for various applications. Using
EB-PVD, nano-grained rhenium (Re) coatings and net-shaped components with tailored microstructure
and properties were fabricated in the form of tubes, plates, and Re-coated spherical graphite cores. This
paper will also present the results of various metallic and ceramic coatings including chromium, titanium
carbide (TiC), titanium diboride (TiB,), hafnium nitride (HfN), titanium-boron-carbonitride (TiBCN), and
partially yttria stabilized zirconia (YSZ) TBC coatings deposited by EB-PVD for various applications.
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l. Introduction

Coatings play an important role ranging from undersea to
space applications, including communications, sensors, satel-
lites, optics, auto, and aerospace industries (Ref 1-5). High-
temperature components of gas-turbine engines for aircraft
such as airfoils and vanes are coated with metallic and ceramic
coatings to enhance performance and reliability (Ref 6-9).
Thus, there is a continuous effort to engineer surface properties
of the material, enhancing the life of components under severe
environmental conditions where corrosion, high-temperature
oxidation, and wear are concerns. Similarly, multilayered ce-
ramic and metallic films are extensively used in the fabrication
of microelectronic and communication components (Ref 10). It
is important to understand the interrelationship of applications,
coatings, and processes. Applications dictate the selection of
coating materials, and the desired thermal, chemical, and me-
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chanical properties often determine the deposition method and
processing parameters (Ref 11).

Coating processes can be broadly classified into three
groups: vapor phase, which includes physical vapor deposition
(PVD) and chemical vapor deposition (CVD); liquid phase,
which includes painting, dipping, and electroplating; and solid
phase, which includes plasma spray processes and laser clad-
ding (Ref 12-17). Each process can again be subclassified
based on the source of energy used for the deposition of coat-
ings. Each of these processes has its advantages and disadvan-
tages. Comparison of CVD, PVD, and plasma spray processes
is given in Table 1 (Ref 18-20). Chemical and physical condi-
tions during the deposition reaction can strongly affect the
composition, residual stresses, and microstructure (i.e., amor-
phous, polycrystalline, epitaxial, and textured) of the coating.
The desired coating thickness and material properties (includ-
ing microstructure, physical, and mechanical properties) are
dictated by its application, which will determine the coating
deposition process to be used.

2. Electron Beam-Physical Vapor
Deposition Process

Electron beam-physical vapor deposition (EB-PVD) is a
simple process in which a focused high-energy electron beam
is directed to melt the evaporant material(s) in a vacuum cham-
ber (Fig. 1a). The evaporating material condenses on the sur-
face of the substrates or components resulting in the formation
of deposit, i.e., coating. During deposition, external heating is
often applied to the substrate for enhancing metallurgical bond-
ing between the coating and the substrate. EB-PVD is primarily
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Table 1 Comparison between CVD, PVD, EB-PVD, and plasma spray processes (Ref 18-20)

Coating Substrate Deposition Surface Type of Typical Coating

process temperature, °C rate roughness  bonding microstructure material Environment Flexible

Plasma spray ~ RT to 800 (flexible) >100 pm/min Very rough Mechanical Deformed lamella Metal, ceramic ~ Noise Flexible

CVD >800-1200 (must) <0.08 pwm/min Smooth Diffusional Columnar, equiaxed Metal, ceramic ~ Chemical gas Limited
(<5 pm/h) disposal

PVD sputtering <600 (flexible) <0.08 pwm/h) Smooth Diffusional Columnar Metal, ceramic ~ Clean Limited

EB-PVD RT to 1200 (flexible) 0.01 to 100 wm/min  Smooth Diffusional Columnar, equiaxed Metal, ceramic ~ Clean Flexible

(e

Fig. 1 Schematic diagram showing (a) straight, (b) 90° electromag-
netic deflected electron beam, and (c) EB-PVD chamber showing six
EB guns (1-6), three continuous ingot (A-C) feeding system, an “A-
shaped” graphite heater, deposition shutter, and rotating sample.
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a line-of-sight process; therefore, uniform coating of complex
parts (such as turbine airfoils) is accomplished by continuous
rotation in the vapor cloud during the deposition process.

There are four main components in the EB-PVD unit,
namely, electron-beam (EB) gun assembly, water cooled cop-
per crucible, which contains the material to be evaporated, the
substrate (part to be coated), and the vacuum chamber unit with
enhanced flexibility for a variety of coating applications. The
EB gun can be self-accelerated straight or electromagnetic de-
flected through 180° or 270°, as shown in Fig. 1(a) and (b).
Similarly, the evaporant material is placed in a water-cooled
copper crucible, which could be either pocket type for small
quantity evaporation application (Fig. 1) or continuous ingot
feeding through a copper-cooled crucible (Fig. 1c as marked A,
B, and C) for larger quantity evaporation. Flexibility in the
application of EB-PVD unit can be enhanced by using many
EB guns and continuous multiple ingots feeding system (Fig.
1c).

The industrial research pilot plant scale EB-PVD in the
author’s laboratory at Penn State University has six electron
beam guns, four of which can be used to evaporate the coating
material and two of which can be used to preheat the substrate
(either directly or indirectly) to facilitate coating adhesion,
proper chemistry, and microstructural control (Fig. 1c). Each
gun has an average power 45 kW capacity (with peak power 60
kW). The chamber accommodates up to three ingots ranging in
size from 25 to 68 mm in diameter and up to 450 mm length.
The overall volume of the coating chamber is approximately 1
m®. The maximum diameter of the substrate with vertical ro-
tation is about 400 mm and can be rotated at a speed of 5.5-110
rpm with a maximum load capacity of 100 kg. The unit also has
a horizontal sample holder with a three-axis part manipulator:
two rotary axes of 0-14 rpm and a 0-4000 mm/min translation
axis. It can accommodate samples weighing up to 20 kg.

The EB-PVD process offers extensive possibilities for con-
trolling variations in the structure and composition of the pro-
cessed materials. For example, coating compositions can be
varied continuously, in the so-called functional graded coatings
(FGC). Coatings can be graded from metallic-to-metallic, ce-
ramic-to-ceramic, metallic-to-ceramic, or ceramic-to-metallic
depending on what is desired (Ref 21, 22). Also, multilayer
coatings composed of alternating layers of different composi-
tions including metals, ceramics, and polymers can be made on
a variety of substrates, depending on the desired application
(Ref 23, 24). The EB-PVD process offers many desirable char-
acteristics such as relatively high deposition rates (up to 150
pm/min with an evaporation rate of ~10-15 kg/h), dense coat-
ings, controlled composition, tailored microstructure, low con-
tamination, and flexible deposition parameters (Ref 22, 23).
The microstructure and composition of the coating can be eas-
ily altered by manipulating the process parameters and ingot
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compositions. Thus, multilayered ceramic/metallic coatings
can be readily formed, and various metallic and ceramic coat-
ings (oxides, carbides, and nitrides) can be deposited at rela-
tively low temperatures. Even elements with low vapor pres-
sure such as Mo, W, Re, and C are readily evaporated by this
process. The attachment of the ion beam source to the EB-PVD
unit offers two additional features. The substrate surface can be
ion beam sputter cleaned/etched prior to deposition to promote
adhesion between the coating and the substrate or during de-
position to produce the desired microstructure and chemistry as
discussed briefly below (Ref 25-29).

2.1 lon Beam Etching and Precleaning

The function of ion beam etching or precleaning the sub-
strate is the same. In ion beam etching, an ionized beam of gas
is directed towards the substrate’s surface, prior to deposition,
to remove contamination material. This removal of surface
material is the result of physical sputtering of the material from
the surface due to the momentum transfer between the ener-
getic beam atoms and the substrate surface atoms. Generally,
for physical sputtering, an inert gas, such as argon, is used.
Bombardment of the substrate surface prior to deposition (i.e.,
sputter cleaning) promotes better adhesion. The two major ef-
fects occurring during this precleaning step are: (a) removal of
adsorbed hydrocarbons and water molecules and (b) increasing
the density of nucleation sites for condensation (Ref 28). Not
removing these materials/molecules prior to deposition results
in poor adhesion as they serve as weak links for bonding. Thus,
in situ ion beam cleaning of samples prior to coating deposition
is often used during these efforts.

2.2 Microstructure and Property Enhancement

In the last several years, ion beams have gained increased
importance during the deposition process to enhance the prop-
erties of the depositing film. Ion bombardment of the substrate
occurs, whereas the source material is evaporated by either
resistance or EB. The state of the internal stresses developed in
the coating can be changed from tensile to compressive stress
by the forcible injection of high-energy atoms (i.e., ion implan-
tation). Thus the ability to control the stress level is an addi-
tional feature of the ion-beam-assisted deposition (IBAD) pro-
cess (Ref 29-33). Chemical vapor deposited coatings generally
form with tensile stresses due to the thermal expansion mis-
match with the substrate, which often limit the coating thick-
ness before spallation occurs. Ion bombardment during depo-
sition has a tendency to reduce the tensile stress and often
changes the intrinsic stress from tensile to compressive. De-
pending on the energy of the ion beam, texturing or preferred
crystal growth orientation can be controlled (Ref 34-36). IBAD
can be used to change optical properties and decrease the per-
meability of water by increasing the density of the deposited
film. Changes in the crystal structure of the film have also been
reported with IBAD. For example, the microstructure of ZrO,
was changed from amorphous to polycrystalline using IBAD
(Ref 37). In addition, the morphology of molybdenum films
deposited on silicon were shown to change from columnar to
isotropic due to ion bombardment (Ref 38). In addition, nu-
merous authors have reported increases in the average hardness
of coatings deposited with IBAD (Ref 23, 28, 39). The increase
in hardness is obtained by increasing the density, decreasing
grain size, changing stress state, and controlling the crystallo-
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graphic texture of the coating. Improved step coverage (i.e.,
high surface roughness or complex geometries) has also been
reported when using IBAD. This is most likely the result of
increased atom mobility under bombardment. In addition, ion
beams are used in synthesizing coatings by reacting the evapo-
rant with the ionized reactive gases including nitrogen, oxygen,
methane, and acetylene. lonized gas chemically reacts with the
vapor cloud, forming alloyed coatings such as nitrides of Hf,
Ti, Zr; carbides of Ti, Hf, Ta, and Zr, and oxides of Zr and Al.
The choice of the deposition technique is determined by the
application for the coating, the desired coating properties, tem-
perature limitation of the substrate, uniformity or consistency
of the process, and its compatibility with subsequent process-
ing steps. Chemical and physical conditions during the depo-
sition reaction can strongly affect the resultant microstructure
of the coating (i.e., single-crystalline, polycrystalline, amor-
phous, epitaxial).

3. Applications of the EB-PVD Process

EB-PVD is a derivative of the EB melting technique. Per-
haps the most consequential growth phase in EB technology
began in the early 1980s and is still in progress. This significant
progress was driven by three factors: (a) greatly improved
vacuum generation technology, (b) significant advancement in
computers, and (c) availability of high quality EB-guns. EB
technology was developed for a wide range of applications
including surface treatment, welding, glazing, and evaporation
for coatings. Incorporation of an ion source in the EB-PVD
chamber with multiple ingots has increased its versatility in
developing new materials with a very wide range of applica-
tions such as the microelectronics, sensors, optics, aerospace,
and bio-medical industries. Some successful applications of the
EB-PVD and ion beam-assisted EB-PVD processes are given
below.

3.1 Superhard Coatings for Machining Tools and Forging
Die Industries

Metallic borides, carbides, nitrides, and oxides have been
known to be very hard and wear-resistant materials. Applying
these hard coatings to cutting tools and inserts can increase
their life by several hundred percent (400-600%), reducing
costs associated with tool procurement, set-up time, and ma-
chine down time. Wear-resistant coatings are often character-
ized as having high melting temperatures as well as high hard-
ness values. Performance of the coating depends on many
factors including structural, chemical, and thermal stability,
metallurgical bonding, and machining conditions. All these
factors depend upon the process selected for applying the coat-
ings along with its microstructural characteristics including
grain size, degree of texture, and density. Most wear-resistant
coatings are applied by either CVD or PVD sputtering with
typical coating thickness between 2 and 6 pm.

The first wear-resistant coatings, primarily monolithic films
of transition metal-nitrides and carbides, were commercially
applied by the CVD process, but today they are applied by both
CVD and PVD (Ref 40). However, there are two main chal-
lenges in the CVD process. First, CVD is a high-temperature
deposition process (>800-1200 °C), and thus, coating tempera-
ture-sensitive substrates is limited. Second, hazardous chemical
gases are often produced during the CVD coating deposition
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Fig.2 (a) SEM micrographs showing nano-grained TiB,_, coatings and (b) average Vickers hardness number (VHN) for TiB, and TIBCN coatings
deposited on WC-6 wt.%Co-0.3 wt.%TaC by argon/nitrogen ion-beam-assisted co-evaporation by EB-PVD.

process and may present environmental concerns. In contrast,
PVD coatings are deposited below 500 °C and are more envi-
ronmentally friendly as hazardous chemical gases are not pro-
duced. For the last few years, the trend in applying wear-
resistant coatings has changed from single layer to multilayers
coatings (typically composed of TiN/AIN, TiN/TiC/TiN, TiN/
CrN, and TiN/NbN) that offer superior performance during
machining (Ref 41). Research effort is underway in different
laboratories to develop new hard materials including TiBCN
(Ref 42).

3.2 TiB, Coatings Formation by Direct Evaporation

Often, direct evaporation of multicomponent materials re-
sults in fractionation. In the case of direct electron beam evapo-
ration of TiB, a TiB,_, coating was produced with a hardness
of 2940 VHN, o5, (Ref 23, 24). The hardness of the coating
was increased to 3040 VHN, s, by argon ion-beam-assisted
deposition. This was further increased to 3340 VHN, o5, by
applying a negative bias and bombarding the TiB,_, growing
film with argon ions during deposition. The resulting surface
morphology shows a uniform, fine-grained surface with an
average grain size of less than 100 nm as shown in Fig. 2(a).
One of the main challenges in the direct evaporation of TiB, is
the loss of B due to fractionation (dissociation of Ti and B)
resulting in nonuniform stoichiometric composition, i.e.,
TiB,_,. The loss of boron can be compensated by introducing
boron tetrachloride gas into the evaporation chamber during
deposition. Unfortunately, boron tetrachloride is colorless,
odorless and poisonous, which causes safety issues. Instead,
the TiB, pool was enriched with boron metal to account for the
loss of B from TiB, fractionation.

3.3 TiBCN

Very limited research has been conducted in producing
TiBCN by using ion-beam-assisted EB-PVD. This section will
demonstrate the application of EB-PVD in engineering new
coating materials for cutting tool industries applied in a cost
effective and environmentally friendly manner. Hard coatings
such as TiN, TiC, HfC, ZrC, TiB,, and TiBCN have been
produced by ion beam-assisted EB-PVD at relatively low tem-
peratures (Ref 23, 42-44). Metallic-nitride coatings were pro-
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duced by evaporating target materials (such as Ti, Zr, Hf) and
reacted with ionized nitrogen gas resulting in nitride coatings
(RIBA, EB-PVD). Metallic carbides are easy to produce by
coevaporation of two target materials: metallic (such as Ti) and
graphite in the EB-PVD chamber. Graphite is difficult to
evaporate as it sublimes. This challenge has been addressed by
indirectly evaporating graphite using a molten pool of tungsten
(W) above the graphite target material C(W) (Ref 42). A novel
approach was developed in forming TiBCN. Three ingots Ti,
TiB, and C(W) were coevaporated simultaneously (Ref 42).
During the evaporation, nitrogen/argon gas mixture was intro-
duced through the ion source. The ionized nitrogen gas was
reacted with the Ti, TiB,, and C(W) forming TiBCN super hard
coatings. The loss of B was compensated by incorporating C
and N into TiB,_, resulting in TiBCN. Average hardness of
TiBCN as function of the atomic fraction of B, C, and N is
given in Fig. 2(b).

3.4 Nano Modulated Thermal Barrier Coatings for the
Turbine Industry

There is a continuous two-fold thrust within the Department
of Defense (DOD) and commercial turbine industry (including
land based and aerospace) to double the thrust-to-weight ratio
and extend the life and performance of turbine components
under severe environmental conditions including erosion, oxi-
dation, and corrosion. Turbine components are generally made
of nickel-based super alloys. The life of turbine components is
increased by applying oxidation-resistant coatings composed of
platinum-aluminide (Pt—Al) or MCrAlY alloys (M = Ni, Co,
Fe, or mixed combination) beneath a thermal barrier coating
(TBC) composed of yttria stabilized zirconia, i.e., ZrO,—8wt.%
Y,0; (8YSZ), which is an ideal candidate for thermal protec-
tion coatings due to its low density, low thermal conductivity,
high melting point, good thermal shock resistance, and excel-
lent erosion resistant properties. 8YSZ has gained widespread
acceptance as a TBC material for turbine applications and is
generally applied by either plasma spray or EB-PVD processes
(Ref 45-48).

TBC applied by EB-PVD process provides advantages over
the plasma spray process that includes better strain tolerance,
erosion-resistance, bond strength, and surface roughness de-
spite the disadvantage of slightly higher initial thermal con-
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ductivity (Ref 49-50). In thermally sprayed TBC, typical grain
size is approximately 1-2 wm, and the coating microstructure is
associated with intersplat boundary porosity, unmelted, par-
tially melted particles, and microcracks (Ref 51). In EB-PVD,
TBC grain sizes vary from 1 to 2 wm near the bond coating/
TBC interface, whereas the TBC columnar grain length is often
100-250 pm in thickness with a high degree of crystallographic
texture. Keeping the total thickness of the TBC constant, the
alignment of the intersplat boundaries with typical spacing of
1-10 pm in the case of thermally sprayed coatings with voids,
microcracks have a more pronounced effect on lowering the
thermal conductivity than with EB-PVD. The initial thermal
conductivity of thermally sprayed 8YSZ is 0.7-0.9 W/m-K,
which is lower than the bulk theoretical values 2.2-2.6 W/m-K
(Ref 50). However, within the first few hours of turbine engine
operation, the thermal conductivity of plasma-sprayed TBC
can increase to 1.5 W/m K due to high-temperature sintering
effects.

The intersplat/microcracks/porosity provides initial low
conductivity for the plasma-sprayed coatings mainly because
they are involved with air gaps—air is a better thermal insu-
lator compared with zirconia (air has lower thermal conductiv-
ity)—not due to the reduced mean free path for photons/
phonon (Ref 50). In addition, the splat boundaries are probably
few compared with grain boundaries in producing a significant
phonon scattering effect. Nevertheless, the intersplat porosity
and boundaries are more effective in reducing the thermal con-
ductivity of the material than the columnar porosity in EB-PVD
coatings due to the increased thermal resistance and phonon
scattering in the heat conduction direction. If, heat resistance
and greater phonon scattering associated with the plasma
sprayed TBC microstructure could be applied to TBC produced
by EB-PVD, it could make a significant contribution to the
reduction of the thermal conductivity. In addition, radiative
heat transport becomes increasingly important at high tempera-
tures, so producing a TBC microstructure that also increases
infrared (IR) photon scattering will help decrease heat transport
through the TBC at high temperatures. Thus, a modified mi-
crostructure of the EB-PVD TBC appears to be a very prom-
ising method in lowering the thermal conductivity of the coat-
ing. Very limited research has been conducted in this area,
which could significantly impact the turbine industry by pro-
ducing TBC materials with lower thermal conductivity for
high-temperature applications. It is important to distinguish the
effects of phonon scattering, which decreases thermal conduc-
tivity, and photon scattering, which reduces radiative heat
transport. Both scattering properties are influenced by the pres-
ence of interfaces including voids, microporosity, and grain
boundaries; however, phonon scattering is affected by dimen-
sion features smaller than IR photon scattering. Combination of
layering at the micron level and introduction of density changes
from layer to layer will significantly reduce the thermal con-
ductivity of the coating. As mentioned earlier, layered period-
icity in the coating will significantly reduce both phonon
scattering and photon transport. Periodic interfaces and micro-
porosity in the TBC were produced by two approaches. The
first approach used was to periodically interrupt the continuous
vapor flux by translating the sample away from the vapor cloud
for a short period (30-60 s) and then reintroducing the samples
into the vapor cloud. During this interruption, the temperature
of the sample decreased from ~1000 to ~750 °C. Due to the
combination of discontinuous condensation and thermal fluc-
tuations of the sample’s surface temperature during this “in and
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out” method, new grain formation occurs (similar concept as
with intersplat boundaries in plasma sprayed TBC).

The second approach used was to periodically interrupt the
continuous flux of the vapor cloud by using a “shutter” mecha-
nism. It is important to mention here that the temperature of the
substrate remained constant during the deposition process
(whereas it decreased to ~750 °C during the “in and out”
method”), but discontinuous vapor condensation still occurred.
During this interruption period, it is believed that the surface
mobility of the condensed species contributes towards surface
relaxation. As the vapor flux is prevented from condensing on
the surface, the surface atoms with high surface energy and
mobility have more time to diffuse to regions of lower surface
energy. The periodic relaxation and deposition will contribute
in forming layered materials with localized compositional fluc-
tuations having different elastic strains, refractive index, and
defect density. Periodicity of such microstructural modifica-
tions will have an impact on the thermal conductivity [dis-
cussed elsewhere (Ref 51, 52)] and thermal reflectance. In
addition to decreasing thermal conductivity, the diffuse inter-
faces with microporosity should also affect the hemispherical
reflectance of the coating and therefore reduce radiative heat
transport through the TBC. This suggests that more heat will be
reflected from the coatings as the number of layers increases
within the TBC. It has been found that there is an additional
benefit of interrupting coating deposition by the shutter
method. The TBC with diffused layers offered more strain
tolerance than that with the single layer. In addition, thermal
cycling data clearly shows that the life of TBC coated buttons
increased with an increasing number of diffuse layers, with the
20-layer coating showing a 185% improvement (Ref 52). Thus,
the overall benefit of the TBC produced by shutter method is
three-fold: lower thermal conductivity (25-30%), enhanced
thermal reflectance (15-20%), and enhanced strain tolerance
with improved thermal cyclic life (180%) depending upon the
layer periodicity (Ref 51, 52). Reflectance of the layered TBC
produced by “in and out” was increased from ~40% to 55% as
the total number of sharp interfaces increased from 10 to 40 at
1 wm wavelength. However, the layered TBC prematurely
failed and exhibited limited thermal cyclic life due to the pres-
ence of sharp interfaces, which introduced more residual stresses.

3.5 High Reflective Thermal Barrier Coatings

To obtain a high value of reflectance in the multilayer coat-
ings, a stack of alternate layers of high refractive index and low
refractive index materials is used. Typically, the refractive in-
dex (n) of ceramic TBC materials is ZrO, (2.10), CeO, (2.35),
HfO, (1.98), Al,O5 (1.60), SiO, (1.95), Y,05 (1.82). Similarly,
refractive index of monolithic materials can be changed by
forming alternate layers of high and low density structures, i.e.,
modulated microstructure with density variation. The advan-
tage of inhomogeneous antireflection coatings is that they are
not sensitive to the angle of incidence. By controlling the thick-
ness of each layer, reflectance of the coating can be controlled
over a wide wavelength range. This concept was demonstrated
using two materials of different composition and refractive
index, as described below.

Multilayer coatings were formed by co-evaporation of two
materials (8YSZ and Al,0O5) in the EB-PVD chamber (Fig. 3).
During co-evaporation, a partition was created between the two
ingots to avoid any intermixing of the vapor cloud. The man-
drel on which the sample was mounted was rotated above the
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Fig. 3 (a,b) SEM photographs showing 8YSZ (white color)/Al,O5 (black color) nanolayered coating, and (c) hemispherical reflectance of
8YSZ/Al,0O5 deposited by co-evaporation EB-PVD to get the desired thickness of each layer. The thickness of each Al,O5 layer was varied from
~75 to 100 nm (black color), whereas the thickness of 8YSZ remained constant at 400 nm (white color), as shown in (a) and (b). The corresponding
hemispherical reflectance of the coating is displayed in (c).The reflectance of the coating varied from 75 to 50% over the wavelength of interest.
This preliminary experiment clearly showed that the reflectance of the coatings can be tailored to achieve high reflectance over a wide wavelength

range by controlling (altering) the thickness of each Al,O; and 8YSZ layer.

partitioning. The rotation speed and evaporation rate of each
ingot was controlled

3.6 Functionally Graded Materials

Functionally graded (FG) structural materials are gaining
importance in the field of high-temperature applications, where
coefficient of thermal expansion (CTE) between different ma-
terials is one of the largest concerns. Application of FG struc-
tural materials is unlimited ranging from NASA’s space rocket
engines to nuclear propulsion systems, high-temperature radia-
tors, and x-ray targets. Selection of materials for forming FG
structural materials is based upon the application (Ref 53-55).
NASA’s space rocket engine is generally made of copper-
based alloys (Cu-5%Ag-0.5%Zr or Cu-8%Cr-4%Nb), which
offer excellent high-temperature thermal conductivity and me-
chanical properties for such applications (Ref 52). The typical
space rocket engine configuration (Fig. 4) consists of many
cooling channels through which liquid hydrogen or oxygen is
passed, maintaining the temperature well below 178 K. In the
interior section of the rocket engine, the environment is ex-
treme where liquid fuel, i.e., hydrogen and oxygen, combines
in the combustion zone, resulting in very intense heat with
temperatures reaching 800-900 °C. The combustion chamber
liner often degrades due to oxidation of copper and thus need
environmental protection coatings. Applying ceramic thermal
protection coatings (such as 8YSZ) on the interior of the com-
bustion chamber liner to minimize heat transfer to the copper
liner without degrading its thermal conducting properties has
been considered. One approach, which is being considered, is
to apply a thin metallic coating as a bond coat such as MCrAlY
(where M = Ni, Fe, Co, or mixed combination) on the Cu-liner
before applying 8YSZ. The MCrAlY material was selected as
it offers excellent metallurgical bonding between the MCrAlY
and ZrO,-8wt.%Y,05 and also acts as a diffusion barrier for
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protecting copper from oxygen. The biggest challenge is in
having a minimum CTE mismatch between Cu (17 x 107 K™"),
MCTrALY (15 x 107 K™!), and 8YSZ (8.9 to 10.6 x 107 K1)
without having a sharp interface, which can be achieved only
by forming a functional graded coating with a smooth compo-
sitional transition from Cu — MCrAlY — ZrO,-8 wt.%Y,0;.
Proof of concept was demonstrated between MCrAlY and YSZ
(Fig. 4) formed by EB-PVD through coevaporation of MCrAlY
and YSZ. The functional graded structure was formed between
the MCrAlY and ZrO,-8wt.%Y,0; in which, during the co-
evaporation period, the evaporation rate of MCrAlY was de-
creased and evaporation rate of ZrO,-8wt.%Y,0; was in-
creased resulting in FG zone (Fig. 4b-4c). The deposition was
continued with only YSZ being evaporated to form a top layer
composed only of the ceramic coating, i.e., ZrO,-8wt.%Y,0;.
Future efforts would entail applying a layer of copper coating
followed by co-evaporation of copper and MCrAlY on the
combustion chamber liner to achieve good metallurgical bond-
ing with the base material.

3.7 Functional Graded Re — ReHf — Hf — HfN and Re
— ReZr — Zr — ZrN Coatings

A similar research effort was undertaken in applying HfN
and ZrN coatings as a diffusion barrier on ReMo-based alloy
substrate for high-temperature applications. One such applica-
tion is for lightweight heat pipe cooled leading edges with high
heat flux capabilities, where refractory metal tubes embedded
in the refractory composite structure serve as the containers for
liquid-metal heat pipe for space application (Ref 56). Refrac-
tory metals are used because they exhibit high melting points
and high strengths at elevated temperatures. They can also
withstand high processing temperatures required for manufac-
turing refractory-composite materials. One of the complica-
tions encountered with embedding a refractory metal tube in a
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Fig. 4 (a) NASA’s main combustion chamber made of copper-based alloys with cooling channels, and (b,c) cross-sectional optical micrographs
showing microstructure of bond coat (MCrAlY), graded zone (GZ), and ceramic coatings (ZrO2-8wt.%Y,05) produced by EB-PVD

refractory composite structure is lack of chemical compatibility
between the two materials. Many refractory metals form car-
bides or silicides when in contact with carbon or silicon at
elevated temperatures. The formation of carbide and silicides
can lower the strength and ductility of the refractory metals. In
addition, for heat pipe applications, carbon or silicon may dif-
fuse through the metal tube (i.e., heat-pipe container) and con-
taminate the heat pipe. To minimize chemical interaction be-
tween the refractory metal heat pipe tube and refractory
composite structure, various barrier coatings are being consid-
ered. Two of the diffusion barrier coatings identified are HfN
and ZrN. The biggest challenge was to minimize delamination
of the coating during thermal cyclic exposure caused by large
CTE mismatch and poor interfaces. Functionally graded Re —
ReHf — Hf — HfN structure was made by ion-beam-assisted
EB-PVD, as shown in Fig. 5. Here, Re was evaporated first
followed by the coevaporation of Re and Hf. Concentration of
Hf was continuously increased, and Re was decreased as a
function of deposition time and coating buildup, resulting in
the last layer enriched in Hf (100%). This Hf layer was then
reacted with ionized nitrogen gas during the deposition process
forming HfN. There is no distinct interface between the Hf and
the HEN structure. Figure 5(a) shows the top view of the HEN
coating exhibiting nano-grained microstructure. Figure 5(b)
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shows the cross section of the functional graded coatings
(Re = ReHf — Hf — HfN). The cause is unclear for variation
in the cross-section microstructure of the functional graded
coating in spite of continuous evaporation of Re — Hf mate-
rials without interruption.

3.8 Precision Net-Shaped Forming Components

Refractory metals are very attractive materials for high-
temperature structural and energy system applications such as
solar powered rocket engines, heat exchangers, and space and
missile propulsion systems. However, it is very difficult to
produce precision net-shaped components made of refractory
metals such as tungsten, hafnium, and rhenium with a density
>95%. Typically, components are fabricated by either powder
metallurgy (P/M) or CVD. Due to difficulties encountered in
the P/M fabrication and shaping of refractory parts, CVD is
mainly used in fabricating thin-walled, small-diameter, or com-
plex-shaped components and also for coatings on carbon, ce-
ramic, and metal components. However, the CVD process also
has many shortcomings. For instance, rhenium deposition is
obtained by passing chlorine gas through a heated chamber (at
500 °C) containing rhenium chips resulting in rhenium penta-
chloride (ReCls). The gaseous molecules of ReCls decompose
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Fig. 5 (a) SEM showing the top view of the coating exhibiting nano-grained microstructure and (b) cross-section SEM showing a functionally

graded ReHf material deposited on ReMo alloy plate by EB-PVD

at 1200 °C with rhenium atoms depositing on the substrate.
However, CVD rhenium deposits contain entrapped gases
(chlorine and hydrogen) as impurities resulting in lower physi-
cal and mechanical properties. CVD coating often produces
columnar microstructure that is undesirable for structural ap-
plications. The columnar microstructure is destroyed by peri-
odically removing partially coated components followed by
mechanical grinding, i.e., partially removing rhenium-coating
material and continuing recoating. This effort is repeated many
times to obtain the desired thickness and density of the coating.
It has been reported that the CVD rhenium substrate produced
in this way exhibits multiple layers. When the CVD-Re com-
ponent is heated to elevated temperature, individual layers tend
to separate, allowing slippage. This phenomenon has been
shown to decrease the mechanical properties of CVD-Re,
which is highly undesirable for the design and incorporation of
flight engines (Ref 57, 58). The second shortcoming of the
CVD process is that it requires long fabrication time in pro-
ducing components, and thus it is not a cost-effective manu-
facturing process. Because CVD is not a line-of-sight process,
the interior and exterior surfaces of complex components can
be coated simultaneously. However, it is difficult to apply uni-
form coating “thickness” on spherical components, i.e., graph-
ite balls, due to limited flexibility in maneuvering parts in the
reaction chamber, gas flow dynamics, and the entire surface
area to be coated simultaneously (i.e., 360°). Depending on the
dimension of the components, generally one component (such
as thruster) is manufactured at a time in the CVD reactor cham-
ber.

P/M techniques were explored in the fabrication of rhenium
components (Ref 59). These techniques also have their limita-
tions with respect to cost, speed, achievable geometry, required
tooling, and high-temperature isostatic pressure (HIP) treat-
ment for compaction (Ref 58). Various steps are involved in
the manufacturing of components including cold isostatic
pressing, pre-sintering at 1200 °C, and hot sintering at 2500 °C.
Densities greater than 99% are achievable only after extensive,
accumulated cold and hot working. Hot working of rhenium
must be carried out in a hydrogen environment. In air, the
rhenium metal readily oxidizes to the heptoxide (melting point
297 °C), so hot working in air is not possible. This extensive
value-added processing contributes to high cost and fairly lim-
ited range of commercial shape components. Fabrication of
components by powder-plasma spray process has also been
explored and exhibits poor mechanical properties due to the
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presence of a large volume fraction of porosity. An effort was
undertaken to address shortcomings of CVD and P/M tech-
niques and identify an alternative manufacturing method in
fabricating net-shaped components with density >95% in a
cost-effective manner (Ref 60). Electron beam-physical vapor
deposition (EB-PVD) method has met these challenges.

3.9 Fabrication of Rhenium Plate

The first effort undertaken was to demonstrate that thenium
plates produced by EB-PVD had equivalent or better physical
and mechanical properties in comparison with conventional
CVD process. The rhenium ingot was used as a source material
that was supplied by Rhenium Alloys Inc., Elyira, OH (density
98% and purity 99.99%). A focused high-energy electron beam
was used to evaporate the rhenium ingot in the coating chamber
and deposited on graphite plates. During the deposition pro-
cess, the graphite plates were indirectly heated up to 1000 °C.
The microstructure of the coating was tailored by changing
various process parameters including evaporation rate, periodi-
cally interrupting incoming vapor flux, and vapor incidence
angle (VIA), as shown in Fig. 6(a) and (b) (Ref 61). A novel
concept was developed to avoid any continuous columnar grain
formation during deposition; i.e., the in and out approach was
used in forming textured subgrain microstructure as shown in
Fig. 6(c). In addition, the rhenium plate exhibited textured
grain growth with micron- and submicron-sized microstruc-
ture. Coated plates exhibited higher hardness (283 VHN) than
the CVD rhenium plate with hardness of 245VHN. Using the
Hall-Petch equation along with the grain size and hardness, it
is predicted that the Re plate will exhibit 30% improvement in
mechanical properties as compared with CVD Re plate, which
was confirmed by measuring mechanical properties (tensile
strength of EB-PVD Re was ~72 ksi and CVD Re was ~50 ksi).
Rhenium plates were found to be free from impurities such as
copper or other materials. During the course of this investiga-
tion, it was demonstrated that the growth orientation of the
coatings can be changed by periodically changing the vapor
incidence angle (VIA) of the incoming flux, as shown in Fig.
6(c).

3.10 Fabrication of Rhenium-Coated Graphite Balls

Applying uniform rhenium coating on graphite balls (or
cores) by EB-PVD is a demonstration in net-shape forming
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Fig. 6 (a) Optical micrograph showing (a) continuous single colum-
nar grains, (b) textured subgrains, and (c) zig-zag microstructure of
Re-plate (2000 pwm) deposited on graphite produced by EB-PVD

components. Seventeen graphite cores (diameter ~15 mm)
were simultaneously charged into a cylindrical cage, as shown
in Fig. 7. The cage was fabricated using molybdenum wire
mesh. The cylindrical cage was rotated at 7-10 rpm above the
melt pool within the rhenium vapor. During the deposition
process, cores were heated to 1000 °C by radiation heating
under the A-frame graphite heater. The Re-coated graphite
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Fig. 7 (a) Mo-cage used for applying Re coatings on graphite cores
and (b) polished Re-coated graphite cores with surface finish <Ra 8.

cores were also simultaneously bombarded with ionized argon
gas during deposition to obtain a dense uniform microstructure.
After applying rhenium to the full coating thickness, eighteen
coated cores were simultaneously polished in the laboratory
vibromet-polishing unit to the surface finish <Ra 8 (Fig. 7b).

All coated cores exhibited uniform coatings with 100% con-
centricity, which was measured by coordinate measuring ma-
chine (CMC). It is important to mention here that there are
more than 250 pm and submicron grains through the coating
thickness (2000 pwm) with a much finer grain structure (Fig. 8).

3.11 Fabrication of Rhenium Tubes

A similar effort was undertaken in manufacturing of rhe-
nium (Re) tubes with a wall thickness of 150 wm and length of
25 cm. Such tubes were manufactured using Mo as sacrificial
mandrels on which Re was deposited. Once the Re coating is
deposited, the Mo mandrel is removed by chemical dissolution,
leaving behind the skin of the coating (i.e., Re in the tubular
form). Currently, Re tubes are manufactured by CVD. The
main drawback of this process is that the Re tube contains 2-4
grains through the wall thickness, which does not provide ad-
equate number of grains for welding and bending applications
(Fig. 9c). In addition, there are not enough grains through
the wall thickness to accommodate pressure under high-
temperature burst tests. Again, CVD process is limited in
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Fig. 8 Cross section of the rhenium-coated graphite core exhibiting dense microstructure with nano- and submicron-sized grains: (a) optical
micrograph low magnification, (b) optical micrograph high magnification, and (c) SEM micrograph.

Fig.9 (a) Tube tooling, optical micrograph, (b) cross section of Re tube
produced by EB-PVD exhibiting >40-50 grains throughout the 150 wm
wall thickness, and (c) cross section of Re tube produced by CVD ex-
hibiting 1-3 grains through 150 wm wall thickness for comparison

manufacturing of Re tubes (2-3 tubes at a time). The short-
coming of CVD process was addressed by exploiting EB-PVD
technology. Similarly, Mo mandrel concept was used in manu-
facturing of Re tubes by ion beam assisted (IBA), EB-PVD.
Tooling concept developed in the manufacturing of Re tube by
EB-PVD is displayed in Fig. 9(a). Eleven Mo mandrels were
mounted simultaneously for applying Re coatings. Mo man-
drels were periodically rotated to get uniform coating thickness
across the diameter. Mo mandrels were heated indirectly to
1000 °C during Re deposition. The cross section of the rhe-
nium-coated Mo mandrel is shown in Fig. 9(b). Rhenium coat-
ing was very uniform around the Mo tube. Optical microstruc-
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{b)

Fig. 10 (a) Diagram showing fabrication of two thrusters simulta-
neously and (b) two mirror images of titanium-coated graphite man-
drel thrusters by EB-PVD with cross section

ture of the coated tube exhibited more than 40-50 grains through
the wall thickness that is 10 times more grains than the current
CVD process, i.e., nano-grained and submicron grained micro-
structure was observed through the rhenium wall thickness.

Volume 14(4) August 2005—457



3.12 Fabrication of Net-Shaped Thruster

Net-shaped thruster fabrication was demonstrated using ti-
tanium as an evaporant due to the high cost of rhenium. The
high flexibility of the EB-PVD process, allowed two thrusters
(mirror image) to be fabricated simultaneously during the de-
position process (Fig. 10a and b). In contrast, the rhenium
thruster is currently made by the CVD process, and only one
thruster is made at a time due to the limited flexibility in the
chamber.

4, Summary

This review article demonstrated the versatility of EB-PVD
from nano-flakes, coatings, net-shaped forming components.
Sequential or simultaneous co-evaporation of multiple ingots
allowed engineering of new coating materials, forming func-
tional graded coatings, components with superior properties
including mechanical (hardness and strength), and physical
properties such as thermal conductivity and thermal reflec-
tance. Attachment of an ion source to the EB-PVD unit offers
additional benefits and flexibility in depositing textured high-
density coatings at a relatively low temperature. Processing
parameters control the microstructure, physical and mechanical
properties, and residual stresses present within the coating.
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