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Electron beam (EB) technology treatment was carried out on CoNiCrAlY bond coats deposited on Inconel substrates via cold spray
and HVOF techniques in dissimilar thicknesses. Such treatment was carried out with regard to the final materials microstructure,
composition, surface roughness, and the quality of the coating-substrate interface. Following a multiple-step optimization of the
processing parameters (such as beam pattern configuration, accelerating voltage, longitudinal speed, and multiple beam incidence),
two final EB modifications were carried out on both coating types. It was found that the optimized EB treatment could lead to a
significant alteration of the interface from a distinctive divide into smooth chemical and structural transition between the materials,
significant decrease in surface roughness and porosity, and changes in mechanical properties (increase in Young’s modulus and

decrease in hardness of the coating).

1. Introduction

New-generation electron beam treatment [1] of materials has
been successfully used in various applications such as deep
welding [2, 3], (selective) melting [4-6], cladding and precip-
itation [7], heat-treatment and recrystallization, synthesis [8],
structure and properties modification [9-11], or, for example,
hardening [12, 13]. Among the advantages of the method
the major ones include nonoxidizing environment, rapid
and simultaneous processing, versatility, and high thermal
localized input into the material.

The modification of structure related to joining of dis-
similar materials (often via welding) is primarily based on
rapid thermal input and (selective) melting of one or both
of the components. Such processing involves materials in
liquid phase which might affect the resulting microstructure.
However, at lower, precisely positioned, and localized heat
inputs (at, e.g., lower beam currents, faster beam longitudinal
speeds), joining of two dissimilar metals could be reached
via small-scale melting and a catalyzed diffusion (while
suppressing Kirkendall effect [14]).

Inherently resistant to elevated temperatures, MCrAlY
(frequently, M = Co, Ni, or both) coatings are commonly used
as bond coats for ceramic-based thermal barrier coatings
(TBC, often ZrO, + Y,0;) topcoats. Their composition is
similar to that of superalloys used at high temperatures but
is generally richer in Al and Cr to promote a formation of
a protective oxide scale. Afterward, such compositional dif-
ference acts as a driving force for the interdiffusion between
the substrate and the coating. As a result, microstructural
changes at the interface are generated in both the substrate
and the coating, which maylead to a formation of detrimental
phases, such as sigma-phases, Laves phases, brittle carbides,
and other coating imperfections like voids and porosity.
Eventually, these may lead to changes in the mechanical
properties and a potential failure [15-17].

Cold spray [18-21] and HVOF [22-24] are two thermal
spray methods used to deposit bond coatings [25, 26] onto
Inconel substrates. The respective advantages of the methods
include lower thermal input and supersonic deposition of the
particles, leading to a very low porosity, coherent microstruc-
ture, lower oxidation of the materials, and superior adhesion
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FIGURE 1: Morphology of the used CoNiCrAlY powder.

to the substrates (as, e.g., compared to plasma spray or wire-
arc deposition), which are parameters of utmost importance
towards the functionality of such coating types.

The main motivation of the study was manifesting the
feasibility of the coating/substrate interface modification
using optimized EB treatment in order to achieve interface
with smooth (chemical) transition (to avoid the commonly
observed detrimental effects), as well as improving the
adherence between the two. The first demonstration of the
EB remelting potential was given by Ando and coworkers
[6] whereby Nb;Al 300 yum coatings cold sprayed onto Cu
substrates were modified using the beam heat input. In our
study, CoNiCrAlY powder was deposited onto Inconel 718
Ni-based superalloy substrates via cold spray and HVOF
methods. Modification of the initial structure and interface
quality via optimized EB treatment was then carried out.

2. Materials and Methods

Commercially available CoNiCrAlY powder (Diamalloy
4700, HC Starck, Germany) was used as the feedstock. The
powder exhibited spherical morphology (Figure1) and the
particle sizes were measured as —69.3 + 14.5 yum (D10-D90)
by laser diffraction; that is, the powder was proven suitable
for deposition using both methods. As substrates, Inconel
718 sheets were cut into 40 x 20 x 2mm’ coupons. To
prove the ability of the EB technology for materials treatment
under different conditions, two different technologies (PCS-
1000 cold spray, Plasma Giken, Japan, and JP5000 HVOE,
Praxair Tafa, USA) were used for the bond coats deposition.
To further demonstrate the EB variability, the coatings were
produced at highly dissimilar thicknesses (CS-A and HVOF-
A in Table 1).

Electron beam (K26, Probeam, Germany) treatment of
the samples was then carried out (1.4 x 107 bar vacuum). The
aim of the treatment was to induce microstructure changes
of the MCrAlY-substrate interface; that is, it was necessary
to optimize the depth of energy input into the components.
Preliminary optimization steps were carried out to determine
the optimal treatment conditions for both coating types.
In the steps, parameters such as acceleration voltage, beam
current, longitudinal speed, and beam oscillation (single
versus multiple beam incidence, its pattern, and frequency,
Figure 2) were modified and the obtained structures were
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FIGURE 2: Schematics of EB surface remelting.

studied [27]. Subsequently, two final modifications were
selected based on the quality of microstructure, penetration
depth, and interface features and performed to either of the
layers (single beam, linear beam pattern defocused to 8 mm
incident width, 500 Hz frequency, Table 2).

The as-sprayed (set A) and EB modified (sets B, C)
materials were then investigated. The microstructure and
interface character was studied using SEM and additional
images further served for determination of the porosity of
the CoNiCrAlY material (image analysis method, at least 5
images per measurement under 400x and 1000x SEM magni-
fications). The surface roughness (R,) was measured using a
contact TR200 (TimeGroup, China) profile meter. Chemical
and phase analyses were carried out using EDX mapping and
XRD. Mechanical properties (instrumented hardness Hp
and moduli E;) were measured using nanoindentation tech-
niques (NHT? Nanoindentation Tester, CSM Instruments,
Switzerland). For the measurements, Oliver-Pharr method-
ology (98%, 40%) under maximum load of 70 mN was used,
and at least eight measurements per set were carried out.

3. Results and Discussion

The microstructure of the samples prior to and after the EB
modifications is shown in Figure 3. Individual splats could be
partially distinguished in the cold sprayed CoNiCrAlY struc-
ture (CS-A) with negligible amount of intersplat voids, lead-
ing to a low porosity of 0.13% (Table 1). The splats structure
consists of a distinctive two-phase eutectic pattern formed by
fine NiAl intermetallic in Ni-(Co, Cr) solid solution matrix,
identical to the composition of the feedstock powder. The
intermetallic phase was not detected in the XRD spectra as
100% Ni-(Co, Cr) phase content was measured (Table 3). The
interface between the coating and the substrate is apparent
and the materials appear well bonded. The surface roughness
of the as-sprayed set (R, = 11.7um) is a consequence of
the individual spherical-shaped particles that are seen pro-
truding from the topmost material.
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TABLE 1: Properties of as-sprayed and EB treated samples.
Sample Thickness Young’s modulus Instrumented hardness Porosity Roughness
(um) (GPa) (GPa) (%) (R, pm)

CS-A 756 8008 + 285 171+ 14 0.13 11.7
CS-B 1197 5114 + 239 190 +5 0.05 2.7
CS-C 924 5416 + 266 206 £ 6 0.02 2.1
HVOF-A 40 8175 £ 325 174+ 8 5.81 6.1
HVOF-B 37 6821 + 434 184 +11 4.15 5.7
HVOEF-C 43 4641 + 57 186 £7 1.67 3.5

TABLE 2: Annotation of the samples and optimized EB parameters
(set A denotes as-sprayed reference set, i.e., with no electron beam
treatment).

Accelerating Beam Longitudinal
Annotation voltage current speed
(kV) (mA) (mm-s™!)
CS-A — — —
CS-B 120 14 15
CS-C 120 18 20
HVOF-A — — —
HVOEF-B 120 3 20
HVOEF-C 120 4 20

The optimized treatment of the CS sets led to substantial
changes in the microstructure of the sprayed material. Indi-
vidual splats are no longer visible in the layer and the eutectic
structure was transformed partially as a distinct coarsening
of the NiAl precipitates was observed (Figure 3). This result
was further confirmed by XRD method as the phase content
of 18,3% and 19,8% NiAl was measured for CS-B and CS-
C sets, respectively (Table 3). Such changes are probably
a consequence of the beam heat input closely above the
material T, (melting temperature). No detrimental phases
(e.g., Laves phases, o-phases, and precipitated carbides)
were found in the measured spectra (both CS and HVOF).
The chemical composition changed slightly owing to two
phenomena: diffusion of elements between the layer and the
Inconel substrate (mainly Co, Ni, Fe, and Nb) and formation
of <10 ym thin Al, O3, Y,O; oxide shell at the surface (thereby
reducing Al and Y content in the bulk). Due to the changes,
the porosity was completely eliminated in the EB treatment
(as also observed in [28]) and a marked surface roughness
reduction was observed (Tablel). The structural changes
were more pronounced in case of the set B, that is, under
the slower beam longitudinal speed. Due to the interdiffusion
of the two components, the interface advanced into the
substrate region markedly. The previously distinctive layer-
substrate interface attained a transient character (illustrated
in Figure 4 for CS-B sample), completely obliterating any
interfacial voids or microcracks, thereby improving its quality
significantly. Further to that, such change could prospectively
lead to a significant increase in the respective adhesion of the
two components (currently under measurement). This effect

TABLE 3: Results of phase analyses obtained using XRD method
(wt%).

Ni-(Co, Cr) NiAl Y,0,

Powder 68,9 31,1

CS-A 100,0

CS-B 70,0 18,3 11,6
CS-C 74,0 19,8 6,3
HVOEF-A 80,5 19,5

HVOEF-B 82,3 17,7

HVOE-C 81,9 18,1

Substrate 100,0

was more pronounced for the set CS-B as well. In the study
[6], the interface appeared impaired after the EB treatment,
possibly a consequence of the coating delamination from
the substrate. This was also observed in our study during
preliminary testing at high beam powers. Given the difference
to our B, C sets, it could probably be concluded that the two
modes (delamination versus interdiffusion) may be triggered
by an optimized selection of the EB treatment parameters.

The thinner as-sprayed HVOF layers consisted of splats
structure with some intersplat chained voids. The individual
splats exhibited similar structure as those of the CS set, that
is, NiAl phase in the Ni-(Co, Cr) matrix. This time, the XRD
method detected the NiAl content as 20% (Table 3) and some
negligible oxidation (<0.3%). The interface quality appeared
slightly impaired due to a presence of connected porosity.
The smaller surface roughness of R, = 6.1 um (cf. CS-A) is
probably a consequence of the feedstock particles (partial)
melting during the HVOF deposition.

The EB treatment in case of both B, C conditions led
to an improvement of the interfacial features. Unlike in CS
samples, the EB treatment of HVOF samples retained the
eutectic two-phase structure within the individual splats;
that is, no coarsening of NiAl precipitates was observed.
The difference could be probably attributed to the different
EB currents used for the treatments of different thicknesses
of materials (765 ym versus 40 ym), resulting in different
rates of heat dissipation. Negligible changes in chemical
and phase composition were recorded via EDX and XRD
methods for HVOF EB-treated samples. The change in the
beam current from 3mA (HVOEF-B) to 4mA (HVOF-C)
triggered additional changes in the material: reduction in
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FIGURE 3: Interface and surface features and detailed microstructure of as-sprayed and EB modified samples.

the porosity and obliteration of the surface roughness, more
pronounced for HVOF-C set, whereby the porosity levels
reached as low as 1.67% and the roughness was obliterated
to 60% of its as-sprayed value (Tablel). The difference
between the treatments probably stems from the fact that
the HVOEF-C material underwent increased partial melting
within the treatment. This statement was later confirmed
by the differences observed in the EDX mapping of the
element distribution in both the substrate and the deposited
CoNiCrAlY. Of the mapped elements, three were selected to
illustrate the diffusion effect: Co (nonpresent in Inconel 718
substrate), Fe, and Nb (nonpresent in CoNiCrAlY). In case
of HVOEF-B treatment, the interface remained almost intact
and the amount of interdiffused elements is negligible. The
HVOEF-C treatment evidently brought along diffusing of the
two materials, as shown in the mapping images (Figure 5).

This further resulted in a higher quality interface, as recorded
in SEM observations.

The mixing with the substrate material also introduced
marked changes in the mechanical properties of the mate-
rials. The substrate hardness and elastic moduli (measured
as Hyp = 3747 GPa and E;; = 162 GPa) were lower than
those of the as-sprayed CS-A and HVOEF-A samples (Table 1).
The EB treatment brought along a significant decrease in the
measured hardness of the layer. This could be probably caused
by three phenomena, recrystallization of the structure (i.e.,
reduction in dislocations density by a factor of up to 10* at
temperatures close to T,,), recovery of compressive residual
stresses that have arisen from the deposition process, and
the diffusion of relatively soft iron, whose distribution was
not allocated into precipitates, but it was rather evenly dis-
tributed instead. An increase of about 6%-20% in the elastic
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FIGURE 4: Transient character of the interface in EB treated CS
samples measured by linear EDX method.
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FIGURE 5: Element mapping differences in the interface character
after EB treatment under HVOE-B (a) and HVOEF-C (b) conditions.

modulus was also recorded. The increase could have been
caused by changes in the atomic bonds in the lattice due to
the interdiffusion.

4. Conclusions

The potential of new-generation electron beam technology
treatment on the surface and interface modification of CoN-
iCrAlY bond coats on Inconel substrates was demonstrated.
Through the treatment, a good quality transient interface was
obtained for coatings deposited via cold spray and HVOF
technologies at dissimilar thicknesses. The changes in the
microstructure and chemical gradient (from a distinct step
into transient) of the interface could prevent the formation
of detrimental phases upon subjecting the component to
elevated temperatures. Further to that, porosity of the bond
coats was reduced in the treatment and the initial splats
structure was not retained, thereby producing bulk-like
material.

Apart from the diffusion of elements (Fe, Nb, Mo, and
Ti) between the two counterparts, no other chemical changes
were detected after the EB treatment, a consequence of the
high EB processing vacuum. Phase composition indicated the
heat input closely to T,, levels modified the structure slightly,
with coarsening of the eutectic structure detected for thick
CS compacts. A change in mechanical properties (decrease in
hardness of ~17-43% and increase in elastic modulus of ~7-
20%) caused by diftusion of the elements from the substrate
was observed.

It could be concluded that the EB technology has shown a
strong potential for modification of close-contact metals via
enhanced diffusion without oxidation or other detrimental
chemical, phase, or structural changes (e.g., formation of
dendritic structure and detrimental phases). Considering
these and its advantages over conventional laser treatment
(i.e., beam splitting, parallel multiple processing, and high
processing vacuum), the technology could be considered a
promising technique for further processing of thick bulks.
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