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Abstract: Tape brazing constitutes a cost-effective alternative surface protection technology for
complex-shaped surfaces. The study explores the characteristics of high-temperature brazed coat-
ings using a cobalt-based powder deposited on a stainless-steel substrate in order to protect parts
subjected to hot temperatures in a wear-exposed environment. Microstructural imaging corrobo-
rated with x-ray diffraction analysis showed a complex phased structure consisting of intermetallic
Cr-Ni, C-Co-W Laves type, and chromium carbide phases. The surface properties of the coatings,
targeting hot corrosion behavior, erosion, wear resistance, and microhardness, were evaluated. The
high-temperature corrosion test was performed for 100 h at 750 °C in a salt mixture consisting of
25 wt.% NaCl + 75 wt.% NaySO,. The degree of corrosion attack was closely connected with the
exposure temperature, and the degradation of the material corresponding to the mechanisms of
low-temperature hot corrosion. The erosion tests were carried out using alumina particles at a 90°
impingement angle. The results, correlated with the microhardness measurements, have shown that
Co-based coatings exhibited approximately 40% lower material loss compared to that of the steel
substrate.

Keywords: co-based alloys; hot corrosion; solid particle erosion; microstructure; brazing

1. Introduction

In many high-temperature applications, industrial components are exposed to different
phenomena such as wear, corrosion, or oxidation. The cost of both wear and corrosion is
believed to be a significant fraction of the national gross domestic products GDPs estimated
from 3 to 5% and even reaching up to 10% in developing countries [1]. Although stainless
steels and superalloys are known for their remarkable characteristics in such applications,
they fail at covering some important aspects. For instance, stainless steels are a family of
materials suitable mainly for extremely severe conditions due to the corrosion protection
and high-temperature mechanical properties they provide. They are, however, less adapted
to fields requiring high-wear resistance [2,3]. A solution for extending the lifespan of
components which operate in corrosive environments with high-wear loads could be
protective resistant coatings on high-temperature resistant stainless steels and superalloys.
Usually, stainless steels are coated with superalloys for greater strength [2,4-6]. Depositing
coatings is a smarter and less expensive way of meeting the industrial design requirements
for such materials [6].
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Nickel-based alloys are preferred in many high-temperature applications due to the
attractive price of nickel. Co-based alloys are versatile and well-suited materials for
coatings with excellent surface properties under high-temperature conditions [7,8]. They
have good mechanical properties (especially strength at high temperature) and superior
wear resistance compared to nickel-based alloys [9,10]. The alloys are described as wear,
corrosion, and heat-resistant materials [11,12]. Welding and laser cladding are well-known
conventional technologies used for surface refurbishment of damaged components [13].
Other technologies like thermal spraying (flame and plasma spraying, high velocity oxygen
fuel spraying, cold gas spray, etc.) [14,15] and laser cladding [16,17] are used to deposit
these alloys on engineering components in order to prolong their lifespan [11]. Both nickel-
and cobalt-based alloys are processed nowadays using the aforementioned techniques,
which contribute to partial remelting and mixing of the base material with the deposited
coating. Thereby, new phases with a brittle aspect could be generated along the interface
coating/substrate.

This study aims at introducing the possibility of using brazing as a coating technology
for surface protection. Although brazing is commonly regarded as a joining technique, the
following research work presents a new and innovative solution for manufacturing func-
tional coatings. In comparison with the previously mentioned techniques where a whole
chain of complex equipment is usually required, for instance, for surface roughening or post
processing, the presently described technology employs a single piece of equipment and
entails fewer steps [18]. The increase in the use of fillers in aerospace, for machines exposed
to heavy environments or microwave device, pushes the material development [19-21].
These realities, and the fact that this technique does not produce waste (compared, for
instance, to thermal spraying where excess material is always left in the feeder), make
the present technology cost-effective and extremely attractive for large-scale employment.
Tape brazing is often performed by overlaying a flexible mat on top of a substrate prior
to the coating at high temperatures. The flexible mat allows coatings on complex-shaped
surfaces in a cost-effective way, as only a high-temperature vacuum furnace is needed. As
a coating technique, it is expected to provide high cohesion and adhesion of the cladding
to the substrate material [22,23]. High-temperature vacuum brazing is a viable alternative
for improving the durability of industrial components exposed to high temperatures.

Experimental investigations were conducted in order to explore the microstructure, the
susceptibility to high temperature corrosion, and the particle erosion behavior of vacuum
brazed cobalt-based Amdry MM509B-C alloys deposited on an AISI 904L stainless-steel
substrate. The feedstock materials (the powder and the organic binder) are adapted to
the production of functional coatings aiming at increasing the component lifespan and at
repairing worn surfaces (Co-based superalloys components). The manufacturing process
of the tapes is accessible, economical, and environmentally friendly. Hot corrosion is
an accelerated form of oxidation at temperatures higher than 600 °C in the presence of
molten salts. Low-temperature hot corrosion (LTHC) is also known as Type II hot corrosion
and occurs in the temperature range 600-750 °C. The mechanism involves a severe acidic
fluxing of protective oxides (decomposition to the corresponding cations and O?~). The
localized corrosion attack is triggered by the formation of low melting point eutectics,
consisting of sulphates of some elements from the base alloy and of alkali metal sulphates
(ex. CoSO4/NaySOy) [24]. Depending on the kinetics of the corrosion reaction, two stages
of hot corrosion can be reached, namely the initiation stage (initial slow stage) and the
propagation stage (a much more severe stage of attack) [25]. The occurrence of LTHC
attack shortens the time for which an alloy would be able to form protective oxide scales
on the surface.

2. Materials and Methods

A cobalt-based powder with the commercial name Amdry MM509B-C from the com-
pany Oerlikon Metco, Langenfeld, Germany, was used as a brazing material. Its chemical
composition contains boron as a melt-depressant and it is recommended to be used as
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blend material for braze repairs, such as restoration of worn or damaged areas, crack repair,
or restauration of surface flaws on aerospace and industrial gas turbine components [26].

The Amdry MM509B-C powder (particle size: —106 + 45 um), having the chemical
composition shown in Table 1, was mixed and bonded together with a water-based adhesive
(Aleene’s Tack-It Over and Over from Aleene’s Duncan Enterprises Company, Fresno, CA,
USA) in order to manufacture the coatings in form of flexible tapes. The tapes were
manufactured by adding 6 wt.% adhesive to the brazing powder. Subsequently, by using a
DRM 150 RE rolling mill from Durston, UK, the powder mixture was shaped into flexible
tapes with a uniform thickness of 2 mm. The resulting tapes were then cut into the desired
shape and size and positioned on 40 x 40 mm? AISI 904L stainless-steel (Fe, <0.02% C,
19-23% Cr, 23-28% Ni, 4-5% Mo, <2.0% Mn, <1.0% Si, <0.045% P, <0.035% S, 1.0-2.0%
Cu) substrate material samples. The coating process was carried out at 3.5 1072 Pa by
vacuum brazing using a water cold-wall vertical controlled high-precision atmosphere
furnace (HITERM 80-200, HITEC Materials, Karlsruhe, Germany), equipped with an oil
sealed rotary and a turbomolecular pump. The iTools Engineering software served as
user interface for the heat-treatment program development. Prior to the deposition, the
stainless-steel substrate was cleaned with ethanol and ground with 1000 SiC paper to
remove surface impurities.

Table 1. Chemical composition of Amdry MM509B-C powder.

Co Cr Ni \2Y Ta B Ti Zr C
wt. (%) wt. (%) wt. (%) wt. (%) wt. (%) wt. (%) wt. (%) wt. (%) wt. (%)
balance 22.4-24.25 9.0-11.0 6.5-7.5 3.0-4.0 2.0-3.0 0.15-0.30 0.30-0.60 0.55-0.65

The vacuum heat-treatment process parameters were established according to the
recommendations of the Amdry brazing powder supplier and based on the literature
reference [23]. The program used for experiments is illustrated in Figure 1.
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Figure 1. Experimental vacuum heattreatment brazing process parameters.

According to the powder supplier, the brazing temperature range should be set
between 117 and 1260 °C. The coating deposition by vacuum brazing was accordingly
performed at a maximum temperature of 1200 °C. The heating process was gradually
performed with holding ramps (Figure 1) in order to provide enough time for the organic
binder to decompose and for the powder alloy to melt and partially fill the gaps remaining
from the decomposition of the organic binder.

The morphology and microstructure of the coatings were investigated by scanning
electron microscopy (SEM: Quanta FEG 250, FEI, Hillsboro, OR, USA) equipped with
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energy dispersive X-ray spectroscopy analysis (EDX with Apollo SSD: detector, EDAX Inc.
Mahwah, NJ, USA) and by confocal laser scanning microscopy using a Keyence VK-X260K,
Osaka, Japan. The SEM micrographs were acquired at a cathode voltage of 20 kV and a
working distance of 11 mm.

The phase composition of the powder and brazed coating was identified at room
temperature using a Philips X'Pert, Eindhoven, Netherlands diffraction equipment. The
diffracted intensity was recorded at diffraction angle 20 from 20 to 100°. The measurements
were performed with a CuKa radiation source, in reflection mode, at 40 kV and 40 mA at a
scan rate of 0.01° 20 min~!.

In order to evaluate the hot corrosion behavior, the coating and the substrate were
sunk in two ceramic crucibles in a bath of salt mixture consisting of 25 wt.% NaCl+ 75 wt.%
NaySO4 and inserted in an oven at 750 °C for 100 h. The degree of corrosion attack was
micrographically investigated in cross-section.

The erosion tests were carried out in accordance with ASTM G76. The samples
(30 mm x 30 mm) were cleaned with acetone, dried, and weighed. The testing parameters
were: Al,O3 erodent particles (dsy of 50pum), impingement angle 90°, nozzle to sample
distance: 10 mm, dried and compressed air at 2 bar, particle mass flow rate: 7 g/min, testing
time 20 min (divided in 4 periods of 5 min each). To ensure reproducibility, three samples
of each batch were weighed at the beginning of the tests and every 5 min during testing.

The microhardness HV0.3 (load force 300 gf, dwell time 5 s) of the coatings was
measured using a Zwick/Roell YHVp-S, Ulm, Germany tester equipment.

3. Data analysis and Preliminary Results
3.1. Microstructural Analysis

Figure 2 shows the microstructure of the vacuum-brazed coating at different magni-
fications. The cross-section micrographs display a homogenous phase distribution and a
small quantity of pores. No microcracks were identified. Despite the fact that the tapes
were rolled to a thickness of 2 mm after the brazing process, the deposited material was
densified, and the coating thickness was reduced to values ranging between 1.3 mm and
1.5 mm. Good adherence of the coating to the substrate is revealed by the interdiffusion
line. The microstructure displayed in Figure 2a—c consists of a discontinuous and randomly
oriented dendritic hypoeutectic microstructure, with primary dendrites of Co-based solid
solution surrounded by interdendritic lamellar eutectic with Cr-, Co-, W- carbides, or even
Laves phases. These regions appear in different greyscales, depending on the local chemical
composition (Cr-rich or W-rich regions) [27-30].

By examining the chemical composition of the phases via EDX analysis (Figure 2d),
it can be noticed that the eutectic regions marked with point 4 in Figure 2c are W-rich,
whereas the eutectic regions marked with point 1 and 5 are Cr-rich (the difference of the
grayscale is based on the different W or Ta content). Supplementary Ta-rich formations are
marked with point 3 in Figure 2c and are randomly dispersed into the cobalt solid solution
(point 2- Figure 2c). In this research, Ta-rich formations (although randomly dispersed)
tend to lie in the proximity of the hard phases, and not near the substrate or the top of
the coating, as suggested in the research reported by Mora-Garcia et al. [31]. The EDX
analysis also reveals a certain degree of diffusion of the iron (Fe) into the deposited coating,
which occurred during the vacuum brazing process [32]. In comparison with the findings
of Xiong et al., who identified Cr as reacting at the interface, no such phenomena could be
observed in the present research [33].
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Figure 2. Cross-section back-scattered electron micrographs of the brazed coating (a—c); EDX-

spectra (d).

3.2. XRD Diffraction Measurements

The XRD patterns of the powder and of the brazed coating are shown in Figures 3 and 4.
In addition to Co, Ni, and Cr, the Amdry powder contains a small amount of chromium and
cobalt carbides with lower carbon content (Cry3Cq and CosC). The obtained brazed coating
contains, besides the Co-based solution, intermetallic phases (Laves type), a higher amount
of CryC;3 (higher carbon content), and cobalt-tungsten-carbides. The carbides formation
was induced by the presence of carbon in the powder chemical composition and by the
decomposition of the organic binder. In the W-Co-C ternary phase diagram [34], M1,C,
formularized as CCoy+xWy.y, has a wide composition range from CCoyWj (also found as
CoyW4C) to CozW3C [34]. In the present research, the high heat treatment temperature and
the high W enabled the process of diffusion between the Co3;C and the W, producing the
stoichiometrically stable CCo, W4 1-phase [35]. The formation of CCop, W is also supported
by the existing literature, as this phase is referenced in the case of high-temperature
processing, and only in the case with higher than 15% Co content. [36]. Cr3Ni-based phases
identified in the coating were also reported in recent literature, showing high hardness and
excellent toughness in thermally sprayed Co-based materials [37,38]. Apart from enhancing
the solidus point of the alloy, it has recently been reported that a high amount of Cr has a
positive effect (in the case of brazing powders) on the shear strength and activation of the
solution strengthening mechanism of the alloy [39].



Crystals 2022, 12, 762

6o0f 11

Count‘f,50
Co.C: 00-043-1144
Cr::Ce: 00-062-0252
Co: 00-001-1255
5 Cr: 00-019-0323
o Ni: 00-045-1027
S
100 S
&
P
[
o
Z
3
o
50 o -
g 9 o
2 2 b 2 2 eSS
S S O = 8= z 8
0
I I I U 1 U 1
30 40 50 60 70 80 90
Position [°2Theta)] (Copper (Cu))
(a)
Count§00
CosC: 00-043-1144
] CrsNi: 01-082-8264
= CCozW:: 00-006-0611
& CreCs: 01-089-7244
-
S
200 p
m Z
o3 s
S =
-~ v
hog
= ¥
e = ]
] o 3 =
o o~ S
i ] o S o J
0 S s Y = o = - 2
= = L =z = 2 S o
= S Y o S £ 080 45 =z O
S S o Y go g @5 e om
< ' ﬁ T 2 = S U
v v o
0 I

I I 1
30 40 50 60 70
Position [*2Theta] (Copper (Cu))

(b)
Figure 3. XRD pattern of the (a) cobalt-based Amdry MM509B-C powder and (b) brazed coating.
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Figure 4. Back-scattered electron micrograph (cross-section) of the substrate (a) and coating (b)
exposed to LTHC.

3.3. Hot Corrosion Behavior

The degree of corrosion attack of the brazed coating was investigated in comparison
with that of the substrate material after 100 h of exposure to the hot salt mixture at 750 °C.
A preferential localized material degradation based on acidic fluxing of the formed oxides
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occurred (marked with arrows—Figure 4a,b). The substrate material developed a thicker
oxide scale on the surface, mainly consisting of Cr and Fe oxides (Figure 5a,b). The corrosion
products contain S and Cl, besides the elements corresponding to the chemical composition
of the stainless-steel.
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Figure 5. Cross-section back-scattered electron micrographs (higher magnification) of the corroded
samples (a,c); EDX-spectra (b,d)

According to Figure 5c, the corrosion attack of the brazed coating is mainly concen-
trated in the regions of the eutectic from point 1, Figure 2c (with lower Cr-content), but also
partially in the Co-based solid solution. The EDX chemical analysis (Figure 5b,d) indicates
that the corrosion products formed on the sample surface consist mainly of Cr, O, and S,
besides Fe and Ni. In addition to these elements, the oxidation products (in the case of the
brazed coating) also comprise some easily diffused elements such as Co and Ta, which do
not affect the surface state of the sample significantly [40]. The tendency of local corrosion
attack, especially in the region of grain boundaries, and a certain degree of spallation of
the resulted hot corrosion products, mainly by stainless-steel substrate, are identified [41].
Literature reported that, due to the high thermal load in such experiments and the initial
susceptibility of this area to hot corrosion, a phase segregation can occur [42,43]. The
processing temperature for the coating manufacturing is crucial in order to ensure a good
phase distribution and, most importantly, diffusion, so no segregation of the W-, Ta-, or
Cr-rich phases occurs. The cooling process of the coating should be carefully performed, as
internal stresses can also easily inflict damage to heterogeneous materials.

3.4. Solid Particle Erosion Resistance

The solid particles erosion test was performed three times for the coating and for the
base material, respectively [44]. The variation of the erosion rate at an impact angle of 90° is
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shown in Figure 6. The damaged region of the sample surface generated during exposure
to erosion was a circle of approximately 12 mm diameter. The stainless-steel substrate
exhibited a lower erosion resistance compared to the one with the brazed coating under
similar test conditions. After 20 min of testing, the mass loss for the coatings was about
4.8 & 0.05 mg, compared with 8.4 & 0.1 mg for the substrate.

9
C - Coating

50 8 S - Substrate
g7
E 6
@ 3
<
g4
CE
172}
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28]

1
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S C
Materials

Figure 6. Histogram illustrating the material loss after the solid particle erosion test.

The Vickers microhardness values recorded on the cross section of samples are sum-
marized in Figure 7. The microhardness values measured in the coating are higher than
the ones recorded in the substrate, which corroborates a greater erosion resistance of the
coating. The microhardness values of the coatings varied between 577 and 725 HV0.3,
depending on the region where the microindentation was performed and on the material
susceptibility to crack formation. Figure 8 illustrates the size of indentation path in a region
with a higher number of hard phases, which is smaller than the one performed in the Co
solid solution. It is known that carbides, silicides, or Laves phases are harder than Co-based
solid solution [45]. Moreover, the absence of Palmqvist cracks that might have been formed
from the corners of the Vickers indentation is an indicator of good fracture toughness. The
crack propagations that could have appeared on the side of the indentation were effectively
avoided due to the presence of the Cr3Ni ductile intermetallic phase.
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Figure 7. Microhardness values measured on the cross-section of the samples.
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(@) (b)

Figure 8. Microscopic laser scanning micrographs of indentation mark of regions with (a) higher
number of hard phases and (b) the Co solid solution on brazed coating.

The existing literature underlines that for 90°-impact angle solid particle erosion, a
combination of hardness and toughness of coatings is more suitable than hardness alone,
and a high resistance of cracks propagation is also a key factor for erosion resistance [46].

Nevertheless, this research unveils only a rough feeling about the fracture toughness
and crack propagation phenomena of the coating. In-depth analyses entailing transmis-
sion electron microscopy, displacement, or loading—unloading curves could bring precise
information regarding the elastic/inelastic behavior or failure points of the coating.

4. Conclusions

The microstructure, hot corrosion, and solid particles erosion resistance of Co-based
alloys produced by vacuum brazing on the surface of a stainless-steel substrate were
investigated. The results showed that vacuum brazing could be a cost-effective coating
method for this type of chemical composition in order to produce surfaces with enhanced
erosion and corrosion resistance.

The microstructure of the deposited brazed coatings showed a dense and homogenous
dendpritic microstructure with a CCo,W, Laves phase and CryCj3 carbides distributed in
a Co-based matrix. Good adherence of the coating to the stainless-steel substrate was
observed in the interface region. The EDX analysis highlighted that iron diffused into the
coating during the brazing process. The hot corrosion behavior of the coatings revealed
localized corrosion attacks, especially in the region of the chromium rich phases, mainly
forming chromium oxide-based corrosion products. The material degradation intensified
with the increase in temperature. The formation of Laves phase and chromium and cobalt-
based carbides in the coating microstructure (identified by diffractometry) exerted a positive
impact on the hardness and erosive resistance, and thus improved the properties of the
stainless-steel substrate.
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