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Microstructure and Failure Mechanism
in As-Deposited, Vacuum
Plasma-Sprayed Ti-6Al-4V Alloy
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The microstructure, phase composition, and chemical composition of vacuum plasma-sprayed Ti-6Al-4V
alloys were examined in detail using a variety of techniques, including x-ray diffraction, x-ray photoelectron
spectroscopy, and transmission electron microscopy. The observed chemistry and structure were related to
the conditions under which the deposit was formed and the phase equilibria in the Ti alloy system. The
porosity of the deposit was in the range of 3 to 5%. A slight decrease in the Al content and a slight increase
in the amount of oxygen and hydrogen was found relative to the starting powder. Within individual splats, a
columnar solidification structure can be seen. However, the as-deposited material is >90% o’ martensite that
is present in the form of fine lathes on the order of 500 nm in width surrounded by residual B-phase. This
herringbone structure obscures to some extent the preexisting columnar structure of the as-solidified
B-phase. The material fails at low elongations (~1%) when tested in tension, with a macroscopic stress-strain
curve, which appears to be quite brittle. Examination of the fracture surface, however, reveals a ductile
failure mode within individual splats, which is consistent with the structure described above. Sections per-
pendicular to the fracture surface show that failure occurs at the weak splat boundaries through the devel-

opment and growth of voids between splats.

Keywords characterization, failure mechanism, mechanical prop-
erties, microstructure, Ti-6Al-4V, vacuum plasma
spraying

1. Introduction

The vacuum plasma spray (VPS) process has been used for
over 20 years to deposit a thin layer of protective coating on a
variety of substrates to improve surface properties such as wear
resistance, corrosion resistance, and thermal stability. Recently,
VPS forming (VPSF) was identified as a process that is capable
of manufacturing near-net-shaped components for applications
in aerospace, the chemical process industry, and defense. Ti-
6Al-4V alloys are widely used in these and other industrial sec-
tors due to good stability at high temperature, high specific
strength, especially at high operating temperatures, and high
corrosion resistance in many corrosive media (Ref 1-4). In this
study, the microstructure and mechanical behavior of the VPSF
Ti-6Al-4V alloy is examined.

Because the quality requirements for VPSF materials that are
intended for structural applications are different from the re-
quirements for coatings, simple microstructural characteristics
such as porosity, oxide content, powder and splat morphology,
and solidification structure do not fully address the microstruc-
ture requirements, which must be met to assure optimal proper-
ties. As with any structural materials, metallurgical consider-
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ations such as grain size, phase composition, and phase
distribution must be considered for the VPSF structures. On the
other hand, microstructures of the VPSF materials are different
from cast and forged structures due to the high cooling rate dur-
ing solidification, the impact of molten powders on the substrate
or prior deposition, the large thermal gradient during deposition,
a lamellae type microstructure, and the existence of unmelted
and partially melted powders in the microstructure. Moreover,
due to the absence of convectional heat transfer from the sub-
strate or prior deposition and more interaction between the
plasma jet and the substrate, the VPSF deposit is maintained at a
high temperature (up to 1000 °C) during the process. This results
in microstructural evolution during the process, including re-
crystallization, polygonization, and stress relief, thereby en-
hancing intersplat bonding (Ref 5).

To study solidification during VPSF, researchers have exam-
ined a number of nickel-based alloys (Ref 1-5). Their results
show that the rapid solidification of the molten droplets occurs
during deposition in a low-pressure environment, with the de-
posits achieving nearly theoretical density. They reported that
even in the case of heating the substrate up to 900 °C during the
deposition, the cooling rates were likely to be equivalent to those
of rapid solidification processes (i.e., 10° to 107 K/s). Several
studies on particle temperature, velocity, and solidification dur-
ing VPS have been reported. Zhao et al. (Ref 1, 2) have devel-
oped a numerical model to calculate the distribution of plasma
gas temperature, enthalpy, and velocity under a range of plasma
currents, gas flow rates, and chamber pressures for Ti particles in
VPS. Sampath and Herman (Ref 5) have reviewed solidification
parameters, morphological stabilities, and cooling rates for Ni,
Al, and Mo using various techniques such as dendrite arm spac-
ing and splat thickness correlation. They reported cooling rates
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Table1 Chemical composition of Ti-6A1-4V powders

Composition, wt.%

Composition, ppm

Element 25-45 pm 45-63 pm 63-75 pm Element 25-45 pm 45-63 pm 63-75 pm
Al 5.94 6.02 5.87 C 240 <100 210
\% 3.95 3.98 3.99 (0] 980 820 750
Fe 0.084 0.086 0.082 H 27 10 15
Ni 0.016 0.017 0.017 N 80 70 80
Cr 0.019 0.019 0.018
Ti Balance Balance Balance
on the order of 107 to 10% K/s for splat solidification during VPS. Table 2 Vacuum plasma spray parameters
Literature reports indicate that the splat cooling rates depend not )
. . Gun F4VB, Plasma—Tecknik

only upon substrate or prior deposit temperature, but also on Current. A 200
substratg Fhermal conductiyity. Deposition on a lpw-thermal- Total g;S flow rate, (Ar, H,, He), slpm 60
conductivity substrate or prior coating as well as high substrate Secondary gas proportion, (H,, He), % 30
temperatures show an order of magnitude lower cooling rates Powder carrier gas (Ar), slpm 2
compared with those with a lower substrate temperature and Feed rate, g/min 30
higher thermal conductivity (Ref 5). This article examines mi- Chamber pressure, mbar 140

12 y o . Spray distance, mm 300
crostructural development in the Ti-6Al-4V alloy during VPS Substrate temperature, °C 700

and correlates the microstructural features with the tensile fail-
ure mechanisms. It is anticipated that such analyses will lead to
better control of the deposit microstructure and, consequently, of
the material properties.

2. Experimental Procedure

The specimens were made by the deposition of various pow-
der sizes of standard feedstock Ti-6Al-4V powders (Table 1)
produced by PyroGenesis Inc. (Montreal, Canada) using a
vacuum plasma spraying process. An F4VB gun from Plasma—
Tecknik (Luzern, Switzerland) was used in a low-pressure con-
trolled atmosphere chamber. To form near-net-shaped struc-
tures, a copper mandrel mold was used. The temperatures of the
mandrel as well as the prior deposit were maintained at approxi-
mately 750 °C during the spraying. The typical spray parameters
are summarized in Table 2.

The oxygen content of the powders was determined using a
LECO (St. Joseph, MI) carrier hot gas extraction analyzer. The
chemical compositions of the powders and the as-sprayed struc-
tures were obtained from inductively coupled plasma mass spec-
troscopy. Two techniques of porosity measurement were used,
mercury intrusion porosimetry (MIP) and image analysis (IA)
on cross-section images by optical and scanning electron mi-
croscopy (SEM). A Measurescope-11 microscope (Nikon, To-
kyo, Japan) was used for optical microscopy. SEM and energy-
dispersive x-ray spectroscopy (EDS) was conducted on an
Hitachi (Tokyo, Japan) S-4500 microscope.

Two types of specimens were prepared for transmission elec-
tron microscopy (TEM): cross sections; and sections parallel to
the surface of the deposit. They were produced by mechanically
grinding and polishing to a 20 um thickness followed by jet pol-
ishing to form electron transparent regions. The TEM observa-
tion was performed using a transmission electron microscope
(H-800; Hitachi) that was operated at 200 kV. X-ray diffractom-
etry was performed on a Siemens D5000 diffractometer system
(Siemens, Madison, WI), using a high-power Cu Ka source op-
erating at 50 kV/35 mA over an angular range of 30° <26 <90°.
The diffracted beam was monochromatized by a Kevex solid-state
detector (Kevex, Madison, WI). Surface hardness measurements
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were conducted using a Vickers indenter in a Zwick hardness tester
(Zwick, Ulm, Germany) under a load of 2000 gram force (gf).

3. Results and Discussion

3.1. Initial Powders

Powder characteristics have been known to play a critical
role in the quality of the as-sprayed structure. Factors such as
chemical composition, impurities, size distribution, and mor-
phology will directly affect the properties of the structures as
well as the spraying process. For the VPSF of Ti-6Al1-4V, a pow-
der with low levels of contamination, a high degree of chemical
uniformity, and a spherical morphology is desired. In this study,
various particle sizes of titanium alloy powders were used to
form freestanding structures. The free-flowing plasma-atomized
powder of the Ti-6Al-4V alloy used in the VPSF process is
shown in Fig. 1.

The chemical compositions of the powders are given in Table
1. The level of oxygen and hydrogen in the initial powders de-
creased with increasing the powder size. It can be assumed that
the oxygen and hydrogen are stored in a thin layer on the surface
of the powder. Therefore, oxygen and hydrogen in the powders
are proportional to the reciprocal value of the average powder
size (Ref 6). The x-ray diffraction (XRD) pattern of the powders
is plotted in Fig. 2. Compared with the reference patterns of both
a-hexagonal and B-body-centered cubic (bec) Ti, the main
phase is found to be aTi in the initial powder. It is worth noting
that all reflections are quite broad. This means that in the pow-
ders, the aTi phase appears with a strained lattice, suggesting
that a metastable o’-phase (martensite) had formed due to the
rapid cooling.

3.2. As-Sprayed Structure

3.2.1 Physical and Mechanical Properties. The plasma-
sprayed deposits consist of billions of individual splats that are
connected together by mechanical and chemical bonding. The
interlamellar boundaries are also associated with significant po-
rosity, which depends on the thermal spray process parameters.
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Krepski (Ref 4) has claimed that perhaps only 20 to 30% of the
intersplat boundaries can be viewed as microwelds (depending
on the process). Therefore, the physical and mechanical proper-
ties of such deposits mainly depend on the cohesive strength
between the splats, and the size and morphology of the porosity,
the cracks, and defects, and less on the microstructure within the
splats themselves (Ref 5).

Chemical compositions of the as-sprayed structures using
various sizes of initial powders are shown in Table 3. Decom-
position of the initial powders during the spraying process
causes a decrease in the aluminum content in the as-sprayed
samples. Because hydrogen is used as a part of the plasma gas
(Table 2) during the spraying, and because of the leakage of
oxygen into the system, a pick up of hydrogen and oxygen can be

Fig.1 Micrograph (SEM) of Ti-6Al-4V powder
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observed. Furthermore, with increasing powder size, an increase in
oxygen content of the as-sprayed structure can be noticed. A pos-
sible explanation is that, before the hot-sprayed particle is cooled
down or oversprayed by the next droplet, it reacts with oxygen in
the surrounding atmosphere. Due to the higher heat content, the
larger droplets have lower cooling rates, and therefore more
oxygen can react with the coarser-sprayed particles (Ref 6).

AsFig. 3 illustrates, an EDS line scan through about 70 um of
the cross section of the VPSF structure, which consists of about
eight individual splats, verifies the very uniform distribution of
alloy elements such as Al and V as well as Ti, even in the lamel-
lae boundary. There are some variations in the Al content in the
pores located at the lamellae boundary and within the splats.

The measurement of porosity level by IA shows that the as-
sprayed structures have an average porosity of 3%. Moreover,
IA shows that the porosity slightly increases with increasing ini-
tial powder particle size. The MIP results show that the amount
of open porosity varies slightly with powder particle size. The
porosity is 0.7%, 1.8%, and 0.08%, and the average pore size is
about 0.11 pm, 0.1 um, and almost zero, respectively, for fine,
medium, and coarse powders. It is worth noting that the value of
porosity for the coarse powder structure is due to the roughness
on the surface of sample; there is no mercury penetration and
therefore no open porosity in the sample.

Hardness measurements on the cross sections indicate the in-
tersplat strength within the structure, and are reflective of the
phase present as well as the porosity distribution and content.
The hardness results are 271, 285, and 301 HV, respectively, for
fine, medium, and coarse powders. The higher value of hardness
in the coarse powder structure is probably due to a lower level of
porosity and therefore to the higher intersplat strength in the mi-
crostructure.

Tensile strength tests confirm that the tensile strength and
yield strength of materials deposited using the two larger particle
size distributions (i.e., the strength of large-particle materials)
were significantly higher than the material deposited using the
powder with the smallest particle size (700 MPa). Results show
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Fig.2 XRD pattern of Ti-6Al-4V powders
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that although the value of the tensile strength for the samples
deposited using the two largest particle sizes were close to those
of conventionally processed Ti-6Al1-4V specimens, the ductility
was as low as 1%, compared with 10 to 15% in the conventional
materials.

3.2.2 Microstructure Development. Under low-to-
medium cooling rates, three solidification front morphologies
are formed: planar; cellular; and dendritic. The stable morphol-
ogy is determined by the temperature gradient or solute gradient
in the liquid. In the case of high cooling rates such as those in the
rapid solidification process range, the stable growth morphology
is a planar growth front (Ref 5).

Microstructural development in VPSF is mainly dependant
on the solidification of the individual splats, as well as their po-
sition in the deposit. Earlier models for the solidification of in-
dividual splats showed a brick wall grain structure for the core
region of the splat, while more recent models (Fig. 4) confirm
columnar grain structures (Ref 5).

Figure 5 shows typical SEM micrographs of an etched VPSF
Ti-6Al1-4V alloy. The micrographs show clearly the columnar
grain structures within the center core of the splat, which are
oriented in the direction of heat transfer into the prior splats. The
higher-magnification image reveals the presence of two phases.
The gray (more deeply etched) regions are the o’ lathes, which
are separated by small white regions of remnant 3-phase. The
scale of the structure is quite fine, with the width of the o lathes
on the order of 0.5 um. The micrographs also indicate fusion or
microweld areas across the individual splats. Some internal po-

Table 3 Chemical composition of as-sprayed Ti-6Al-4V alloy

rosity within several splats can be observed. Optical micro-
graphs of etched (Fig. 6a) surfaces show the presence of some
nonmelted and partially melted particles in the as-sprayed struc-
ture, especially for the coarse powder size. The lamellae bound-
aries are not distinct in the unetched micrograph (Fig. 6b); how-
ever, a few isolated larger pores, 10 to 15 um in diameter, can be
seen.

3.2.3 Transmission Electron Microscopy Observa-
tion. Due to the phase transformation (3 to martensite) after the
solidification of the alloy, the internal columnar substructure
formed during solidification cannot be observed clearly by
TEM. The most frequently observed structures in the TEM ex-
aminations of the lateral and cross sections were irregularly
shaped, fine, equiaxed grains and a herringbone platelet struc-
ture (Fig. 7). Moreover, SEM micrographs from the TEM
sample show a lath or platelet structure within the columnar sub-
structure that is indicative of martensite formation. The width of
the platelets is between 200 and 800 nm. The grain size is in the
range of 100 nm to 1 pm. Polygonized cells are also observed
within the equiaxed grains, indicating that recrystallization oc-
curs during the deposition. It is generally accepted that the fine
equiaxed grains are the result of self-annealing and recrystalli-
zation of the deposit during the spraying.

A higher-magnification image of the as-sprayed structure
(Fig. 8) shows diffuse grain boundaries, which indicate disloca-
tions all along the boundaries. This effect is also a product of
polyganization in the structure, which is a precursor to self-
annealing and recrystallization. Furthermore, subgrain bound-

Composition, wt.%

Composition, ppm

Element 25-45 pm 45-63 pm 63-75 pm Element 25-45 pm 45-63 pm 63-75 pm
Al 4.6 5.28 5.7 C 160 <100 170
\% 4.25 4.02 4.16 (6] 1380 1110 1260
Fe 0.092 0.082 0.07 H 1030 840 670
Ni 0.02 0.017 0.011 N 1290 750 850
Cr 0.014 0.016 0.015
Ti Balance Balance Balance
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Fig. 3 Line scan from a cross section of the as-sprayed Ti-6Al-4V alloy
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aries could be observed inside the o’ platelets. These grain

boundaries can form during recrystallization through the rear-

rangement of dislocations, forming low-angle grain boundaries

and therefore reducing the residual stress of the structure. Me-

chanical twins or stress-induced martensite was observed in the
microstructure, which is marked with arrows in Fig. 8.

3.2.4 Phase Composition. The recent models for the so-
lidification of the individual splats would suggest a columnar
grain growth within the lamellae. The columnar grains can be
formed by heterogeneous nucleation of the solid phases on the
mandrel or prior deposit. According to the cooling rate in VPSF,
a martensitic transformation to the metastable o’-phase would
be expected. The XRD pattern of the as-sprayed sample is
shown in Fig. 9 compared with the calculated reference patterns
of both a-hexagonal and -bcc Ti. A closer examination of the
{002} reflection of the main phase reveals a shoulder. Its posi-
tion, marked with an arrow, matches well with the strongest re-
flection {110} of BTi (Ref 7). A detailed profile-fitting analysis

Fig. 6 Optical micrograph from a cross section of the VPSF Ti-6Al-4V alloy: (a) etched; (b) unetched
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Fig. 8 Micrographs from a lateral section of the as-sprayed structure: (a) a bright field (BF) image of o’ platelets and diffuse grain boundaries; (b) a
BF image of mechanical twins and stress-induced martensite; (c) the selected area diffraction pattern (SADP) from o’-phase in Fig. 8(a); and (d) the

SADP from platelets grain boundary

of this region of the pattern is shown in Fig. 10, and it confirms
the presence of the BTi as a minor phase in the sample.

A quantitative analysis was performed on the diffraction pat-
tern of the sample using the full-profile technique. The experi-
mental diffraction pattern was refined in all intensity points with

220—Volume 14(2) June 2005

the two theoretical patterns until the best fit was reached. The
relative amount of both components is calculated by a direct
composition of the integrated areas under the all-observed
peak’s profiles with those of the reference patterns, taking into
account the scale factors evaluated during the least-square re-
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Fig. 11 Schematic representation of the cooling rate of the VPSF Ti-
6Al-4V alloy

finement procedure. Unfortunately, the extensive overlapping of
the peaks limits the precision of the analysis, which yields a
phase composition of approximately 90 wt.% o'Ti and <10
wt.% BTi. The main phase, a'Ti, has lattice parameters that are

Journal of Thermal Spray Technology

150 um

Fig.12 Tensile-overload fracture surface of the as-sprayed Ti-6Al-4V
alloy

smaller than that of the reference. The unit cell least-square re-
finement yields the lattice parameters as the following: a =
2.932(5) A% ¢ = 4.675(9) A% and V = 34.8(9) A, All reflec-
tions are quite broad. This means that the major phase in the
sample, the hexagonal, aTi type, has a strained lattice. The cal-
culated microstrain 7 (Ref 8) in this sample lies within the range
of 0.6 to 0.8. This is consistent with the interpretation that in the
as-sprayed structure the major phase is a metastable o' Ti phase,
which forms due to a martensitic transformation during cooling.

3.2.5 Phase Formation. Based on the analyses described
above, a cooling curve is presented in Fig. 11, which shows
schematically the thermal history of the deposit. The droplet was
cooled down and solidified from a molten state to the 3-phase,
and then entered the two-phase o + {3 field of the phase diagram
at a very high cooling rate. Due to the high cooling rate, the
B-transus temperature would be shifted down toward the o + 3
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area compared with the equilibrium cooling condition. The criti-
cal cooling rate, r., the rate above which M, becomes indepen-
dent of cooling rate, decreases with increasing solute concentra-
tion. The cooling rate experienced in VPSF is clearly higher than
7. (Ref 9), thus the martensitic formation of «’ is expected.

The absence of convective cooling of the deposit coupled
with the very high temperature of the incoming droplets and a
strong interaction between the plasma jet and deposition, kept
the deposit at a relatively high temperature (=750 °C in this
study) during the 1 to 2 h in which deposition was conducted.
Therefore, annealing of the deposition would be expected to oc-
cur during spraying, as evidenced by the TEM observations dis-
cussed above. Oi et al. (Ref 10) have reported that the micro-
structure and hardness of cast specimens that are cooled slowly
to room temperature after rapid cooling to 800 °C are not sensi-
tive to cooling rates below 800 °C. The microstructure is mainly
determined by the cooling rate from 1000 to 800 °C. Thus, the
microstructures obtained at room temperature in this study
should represent the structure established during the deposition
process.

3.3 Failure Mechanism

The failure mechanism that is responsible for the low value of
elongation in the as-sprayed structures (~1%) was investigated
by examining the tensile fracture surfaces. The fracture surfaces
at the scale of individual splats have a dimpled structure (Fig.
12). Higher-magnification views show smaller dimples that are
present both at the edge of and within the large dimples. Fine-
scale dimples indicate that failure occurred under nearly pure
tensile conditions and that essentially no inclusions or segrega-
tion were present within the individual splats. In summary, the
intrasplat fracture appears to be thoroughly ductile (Ref 11), as
would be expected for the fine-scale o’ structure within the
splats.

Figure 13 shows a polished section perpendicular to the frac-
ture surface. A secondary crack below the fracture surface can
be seen that appears to propagate from pore to pore. Figure 14 is
an SEM micrograph of a polished and etched surface perpen-
dicular to the fracture surface. There appears to be an increase in
the density and size of the pores in this region adjacent to the
fracture surface. Unmelted particles are frequently found on and
adjacent to the fracture surface, as can be seen in Fig. 12 and 14,
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Fig. 14 A view of a polished and etched section perpendicular to the
fracture surface

especially in those samples that are deposited using the fraction
powder with the largest particle size. The boundaries around
these unmelted particles typically have a higher density of pores
than the boundaries of normal splats. These observations indi-
cate that, although the macroscopic failure behavior could be
described as brittle, the failure mechanism on a local scale does
not involve brittle, cleavage fractures. Apparently, the plastic
strain quickly localizes around the larger pores that are located at
the splat boundaries, small pores grow, and new voids appear
along the boundaries. Damage quickly accumulates along the
splat boundaries, eventually linking up to form cracks (Ref 12-
18).

4. Conclusion

The as-sprayed microstructure, phase formation, mechanical
properties, and failure mechanism of the VPSF Ti-6A1-4V alloy
were discussed in the present report. The as-sprayed structure of

Journal of Thermal Spray Technology



material deposited by VPSF consists of individual splats with a
columnar grain structure within the central core. The phase com-
position is approximately 90% «'-phase plus residual B-phase.
IA yielded a porosity level of 3% to 5%, located primarily at
splat boundaries and adjacent to unmelted particles. The low
elongation (~1%) was found to be due to damage accumulation
at the splat boundaries, based on observations of fracture surface
features.
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