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Abradable honeycomb sealing systems are essential for gas turbine efficiency. Experimental data on the rubbing
performance of Haynes 214 metal sheets brazed with the nickel-chromium-silicon filler metal BNi-5 is presented.
The brazing layer in the double foiled honeycomb sections turned out to have a major impact on rubbing
behavior. Damage on the rotor was analyzed with a large chamber scanning electron microscope and energy-
dispersive X-ray spectroscopy. The results demonstrate a significant influence of the brazing process on the

mechanical properties, especially after exposure to 1000 °C. A hard aluminum nitride phase formed in the brazed
metal sheets can cause severe damage to the rotor.

1. Introduction

Labyrinth seals are crucial components in turbomachinery. A laby-
rinth seal consists of rotating seal fins and a stationary liner structure
that enables a minimum clearance to reduce the leakage mass flow rate
[1]. Rubbing events between the seal fins and liner structure are inevi-
table during engine operation [2-4]. As a requirement, damage to the
seal fin must be prevented by limiting thermal and mechanical loads
during rubbing.

The most significant wear mechanisms observed during high-speed
rubbing include abrasive wear, wear from intense plastic de-
formations, melting of the friction partners, and adhesive material
transfer [3,5,6]. Adhesive material transfer can lead to vibrations and
larger wear particles. Plastic deformation can cause compaction or
smearing of the pores, worsening wear resistance in subsequent rubbing
processes and the degradation of sealing performance. Mechanical
properties such as tensile strength, yield strength, and strain to failure,
along with thermophysical properties like thermal conductivity and
specific heat capacity, significantly impact rubbing properties [7-10].

Honeycomb liners are widely used for stationary liners. They are
produced by corrugating metal sheets, spot-welding, and brazing the
spot-welded structure onto a carrier plate. Due to capillary forces, the
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liquid braze filler alloy can flow up to the rubbing surface at the edges
and in double foil sections of the corrugated and spot-welded metal
sheets [11,12]. For Hastelloy X honeycomb liners brazed with BNi-5
Ulan kyzy et al. [11] detected the formation of hard and brittle NiSi-
and Niy(Mo, Cr),Si-type silicides in the interdiffusion zones between the
braze filler alloy and the metal sheets.

As shown in previous studies [12-14], the brazing layer can also
influence the oxidation behavior of the composites. Huber et al. [15]
investigated a layered composite of brazing metal and metal sheets
employing numerical simulations. The simulations have shown that the
volume ratio of the brittle phases strongly influences the mechanical
behavior. However, little experimental work has been published on how
the brazing layer affects mechanical and rubbing properties.

Therefore, this study compares microstructure and mechanical
properties of Haynes 214 metal sheets before and after brazing with the
braze filler alloy BNi-5. Operating conditions of a honeycomb sealing
were simulated by exposing samples to air at 1000 °C for up to 150 h.
Microstructural and mechanical investigations serve to identify critical
parameters. The most important mechanical parameters are yield
strength, tensile strength, and strain to failure. The most critical
microstructural parameters are volume fractions, shape, and locations of
the different brittle particles.
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2. Experimental

The nickel-based superalloy Haynes 214 is commonly used in turbine
seal honeycomb structures. Haynes 214 exhibits excellent oxidation
resistance up to high temperatures due to the formation of a protective
alumina scale. It can be age hardened at temperatures below 925 °C
[16]. The nickel-based braze filler alloy BNi-5 (AMS4782) has a high
liquidus temperature of approximately 1135 °C [17], making it well
suited to join honeycomb structures with the base plates. The brazed
honeycomb seals can withstand service temperatures up to 1100 °C
[18]. The nominal compositions of Haynes 214 and the braze filler alloy
BNi-5 are given in Table 1.

Elgiloy Specialty Metals supplied cold-rolled and at 1095 °C for 2 h
annealed Haynes 214 sheets with 0.6 mm and 0.29 mm thickness. Two
strips of the 0.29 mm thick sheet were brazed with 40 pm thick BNi-5
brazing foil by Listemann AG. Sandwich structure was selected to
simulate double foil sections of the corrugated metal sheets in honey-
comb sealing systems [12]. Brazing was conducted at a vacuum level of
107! Pa or better. The brazing temperature was 1170 °C with a holding
time of 15 min. Subsequently, the samples were furnace cooled to 900 °C
(~5 K/min) and then rapidly cooled to room temperature with a cooling
rate of 20 K/min.

In order to simulate in-service conditions both, strips of 0.6 mm thick
Haynes 214 and double-layer brazed Haynes 214 sandwiches, were
annealed at 1000 °C for 75 h and 150 h in air followed by furnace
cooling.

Mechanical testing of the brazed sandwich structures at room tem-
perature was performed with a Zwick Z2.5 universal testing machine
with the plane of the braze oriented parallel with respect to the tensile
axis. The gauge length of the Zwick Z2.5 miniature specimens was 5 mm
with a width of 0.9 mm, hence, a crosshead speed of 0.05 mm/s results
in an engineering strain rate of approximately 10~2 s1. To determine
mechanical parameters at high strain rates of up to 50 s~! and high
temperatures of up to 1100 °C, the servo-hydraulic tensile testing ma-
chine Gleeble 3500 was used. The gauge length of the Gleeble 3500
specimens was 8 mm with a width of 5 mm. Samples were produced by
electron discharge machining. Strain was measured with a video
extensometer.

The mechanical in-service performances of the brazed metal sheets
were investigated with a rubbing test rig at the Karlsruhe Institute of
Technology. A schematic drawing of the test setup and a photograph of
an ongoing rubbing test are shown in Fig. 1.

The metal sheets were mounted to a foil holder and secured with two
screws as shown in Fig. 1. A stepper motor-driven traversing system
enables the radial incursion of the metal sheets into the seal fin to a
defined incursion depth of 1 mm at an incursion rate of 0.25 mm/s. The
rotor material was Inconel 718 (Table 1). The rotor fin had a thickness of
0.6 mm. The metal sheets were 15 mm high, and the contact surface A¢
was 12 mm x 0.6 mm. The metal sheets were positioned parallel to the
rotor fin to simulate contact between double foil segments of honey-
comb sealings and the rotor fin. Rubbing tests were performed with a fin
tip speed of 110 m/s. The resulting contact forces, temperatures, and
weight losses were measured. The coefficient of friction was calculated
by dividing the mean frictional force by the mean normal force. The test
rig is described in detail by Pychynski et al. [20] and Hiihn et al. [21].

Microstructure studies were carried out using scanning electron
microscopy (SEM). Element distribution analysis was performed by
energy-dispersive X-ray spectroscopy (EDS) and wavelength-dispersive
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X-ray spectrometry (WDS). Non-destructive surface analysis of the
rotor after the rubbing tests was carried out at the Leibniz University
Hannover in a large chamber scanning electron microscope (LC-SEM).

3. Results and discussions
3.1. Microstructure

The as-delivered Haynes 214 single metal sheets have an equiaxed
grain structure with an average grain size of 30 pm. Quantitative mea-
surements of carbon using WDS revealed a carbon content of 1.3 wt% in
the alloy. The microstructures of the Haynes 214 single metal sheets in
the as-delivered condition and after exposure to 1000 °C for 75 h and
150 h are given in Fig. 2.

During annealing at 1000 °C precipitates with a diameter smaller
than 5 pm form at grain boundaries. EDS measurements indicate that the
precipitates are chromium carbides. Such a formation of carbides is
expected when Haynes 214 is exposed to temperatures below its solution
heat-treatment temperature of 1095 °C [16].

Fig. 3 shows the microstructures of an as-brazed sample, after
exposure to 1000 °C for 75 h and after exposure to 1000 °C for 150 h.
The brazing process of 15 min at 1170 °C results in considerable growth
of the average grain size from 30 ym to 330 pm.

The width of the silicon-rich diffusion-affected zone is approximately
50 pm in the as-brazed condition [22]. Furthermore, chromium carbides
were detected in the center of the joint region and along grain bound-
aries. After exposure to 1000 °C for 75 h, the chromium carbides in the
center of the joint have almost completely dissolved. Instead, formation
of aluminum nitride precipitates is observed (black particles in Fig. 3b
and c). The volume fraction of aluminum nitride precipitates increases
with exposure time and reaches a volume fraction of about 1.5 % after
150 h at 1000 °C (Fig. 3c). EDS mappings of the brazed sample annealed
for 150 h revealing the presence of the aluminum nitride precipitates
can be found in Fig. 4. The width of the silicon-rich diffusion-affected
zone with more than 1 wt % silicon in the alloy increased to approxi-
mately 150 pm after annealing at 1000 °C for 150 h.

To further study the formation of the aluminum nitrides in the brazed
and annealed samples, the oxide scale was analyzed, and the results are
shown in Fig. 5. The chemical compositions of the points marked in
Fig. 5 are listed in Table 2.

From Fig. 5 and Table 2 it is evident that a chromium oxide scale has
formed at the surface of the brazed and annealed sample (spots 5 + 6).
Beneath the chromium oxide scale, there are aluminum oxide pre-
cipitates that have formed due to internal oxidation (spots 3 + 4).
Already at a depth of approximately 40 pm below the oxide layer,
aluminum nitride precipitates can be observed (spots 1 + 2).

Haynes 214 is highly resistant to oxidation at elevated temperatures,
primarily attributed to the formation of a protective Al;O3 scale. How-
ever, annealing the brazed samples at 1000 °C results in the formation of
a chromium oxide scale. The brazing process (oxygen partial pressure,
temperature, and evaporation) and the change in composition due to
elemental diffusion from the braze filler alloy into the base material can
lead to this change in oxide scale formation. Unlike a typical aluminum
oxide scale, the chromium oxide scale exhibits permeability for nitro-
gen. Consequently, nitrogen diffuses into the brazed samples, leading to
an occurrence of internal aluminum nitrides. Nitride formation beneath
a chromia scale has been previously documented by Jalowicka et al.
[23], Michalik et al. [24] and Zheng et al. [25]. The formation of

Table 1

Nominal chemical composition (wt%) of the Haynes 214 metal sheets, the Inconel 718 rotor, and the brazing filler alloy BNi-5 used in this study [16,17,19].
Element in wt% Ni Cr Si Al Fe Nb Mo Ti Co
Haynes 214 75 (bal.) 16 <0.2 4.5 3 <0.2 <0.5 <0.5 <2
Inconel 718 50-55 17-21 <0.35 0.2-0.8 17 (bal.) 4.8-5.5 2.8-3.3 0.7-1.2 <1
BNi-5 71 (bal.) 19 10
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110 m/s

0.25 mm/sI

Fig. 1. Rubbing test rig featuring the metal sheet sample highlighted in red. The photograph on the right captures the ongoing experiment. Sparks can be observed,
emanating from the surface. Heat is causing the metal sheet to glow in the contact area. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

a) as-delivered b) 1000°C 7S h

¢) 1000°C 150 h

Fig. 2. Haynes 214 single metal sheet microstructures a) in the as-delivered condition, b) after 75 h at 1000 °C, and c) after 150 h at 1000 °C.

a) as-brazed b) 1000°C 75 h ¢) 1000°C 150 h

\'pplied

Fig. 3. Microstructure of the brazed Haynes 214 samples a) in the as-brazed condition, b) after 75 h at 1000 °C, and c) after 150 h at 1000 °C. The area marked in c)
is shown in detail in Fig. 4.
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Fig. 4. Quantitative EDS mapping in the middle of the brazing joint after 150 h at 1000 °C (area marked in Fig. 3c).

Fig. 5. Microstructure at the surface of the brazed Haynes 214 samples after
150 h at 1000 °C.

precipitates and accelerated oxidation in Haynes 214 honeycomb liners
at 1100 °C could also be found by Sporer et al. [12]. They explained the
accelerated oxidation damage by diffusion of elements from the braze
filler alloy into the base metal.

3.2. Tensile properties

Fig. 6 shows representative stress-strain curves for the 0.6 mm thick

Haynes 214 single metal sheets and BNi-5 brazed ~0.6 mm thick
double-layer sandwiches of Haynes 214 in the as-brazed condition and
after exposure to 1000 °C. The mean values of the ultimate tensile
strength and the strain to failure of five tests are listed in Table 3.

The yield strength and the ultimate tensile strength of the Haynes
214 samples are increased after exposure to 1000 °C. The higher tensile
strength and reduced strain to failure after annealing can be attributed
to the precipitation of chromium carbides, as observed in Fig. 2.

When comparing the stress-strain curves of the Haynes 214 samples
(Fig. 6a) with those of the as-brazed sample (Fig. 6b), it can be observed
that the strain to failure is strongly reduced from 36 % to 18 %. The yield
strength and the ultimate tensile strength decrease after annealing the
brazed samples at 1000 °C. The difference in the mechanical properties
between the 75 h and the 150 h exposure at 1000 °C is marginal. The
chromium carbide precipitates at the brazing centerline observed in
Fig. 3 cause stress concentrations in the brazed metal sheets. Thereby
strain to failure (ductility) is reduced. The dissolution of the chromium
carbides after annealing at 1000 °C leads to the increase in strain to
failure and a reduction in tensile strength for the brazed samples
(Fig. 6b).

Fig. 7 shows tensile test results at high strain rates of 1 s ! and 50 s~ *
and at high temperatures. Ultimate tensile strength and the strain to
failure at a strain rate of 1 s~! are similar to tensile tests with a strain rate
of 1072 571, The ultimate tensile strengths of the Haynes 214 samples at

Table 2
Compositions (wt%) of the spots marked in Fig. 5.
Spot Element
C N (e} Al Cr Fe Ni Deduced phase
1+2 3.4 25.6 0.0 69.1 0.3 0.1 1.5 Aluminum nitride (AIN) £ 66 wt% Al, 34 wt% N
3+4 1.9 0.8 39.7 46.1 2.6 0.5 8.4 Aluminum oxide (Al,03) £ 53 wt% Al, 47 wt% O
5+6 1.8 0.5 32.9 0.7 61.0 0.2 2.9 Chromium oxide (Cr203) £ 68 wt% Cr, 32 wt% O
a) Haynes 214 single metal sheet b) Brazed samples
1000 1000
As-brazed
800 ” 800+
HY214 0.6 mm | I
g (as-delivered) 1 = q 1000°C
4 1 - 1
= 60 ! s 60 1000°C ! 75h
= ! g :
& ! = 150h |
5 400+ [ 5 400 i
Z .‘ Z i
I I
200+ i 2001 i
| |
1 1
0 + 0 L

0 5 10 15 20 25 30 35 40

Strain in %

0 5 10 15 20 25 30 35 40

Strain in %

Fig. 6. Engineering stress-strain plots of a) Haynes 214 samples and b) brazed samples. Comparison between samples without and after exposure to 1000 °C for 75 h

and 150 h.
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Table 3
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Tensile properties of Haynes 214 (HY214) and brazed metal sheets at room temperature in the as-delivered condition and after exposure to 1000 °C for 75 h and 150 h.

As-delivered 1000°C75h 1000°C 150 h
Haynes 214 Brazed Haynes 214 Brazed Haynes 214 Brazed
Ultimate tensile strength 850 MPa 795 MPa 935 MPa 715 MPa 915 MPa 685 MPa
Strain to failure 36 % 18 % 28 % 24 % 28 % 22 %
a strain rate of 50 s~! are higher compared to the lower strain rate tensile Fig. 10.

tests. This aligns with the research by Wang et al. [26], indicating a rise
in the yield strength of a Ni-based superalloy as the strain rate increases,
particularly surpassing 10 s~'. Additionally, their findings suggest a
reduction in the strain to failure as the strain rate rises. This can also be
seen for the high strain rate tensile tests in Fig. 7b. However, an
exception arises with the Haynes 214 metal sheets at room tempera-
tures, as they exhibit a consistent strain to failure of around 35 %
regardless of the applied strain rate. At 1100 °C and 50 s}, the brazed
sample exhibits an exceptionally low elongation. This is attributed to a
defect in the brazed metal sheet, such as a pore or accumulation of
chromium carbides.

3.3. Rubbing test results

Fig. 8 shows the coefficient of friction and the weight loss of various
sheet samples after rubbing. The friction coefficient increases slightly
after brazing. Moreover, the coefficient of friction in the brazed double-
layer sandwich samples further increases with longer annealing at
1000 °C.

The weight loss of as-brazed sandwiches is smaller than the weight
loss of Haynes 214 single metal sheets. Weight loss of the annealed
samples increases with increasing annealing time. The measurement
scatter in Fig. 8 is explained by the scatter of final incursion depth,
incursion rate, and resulting rub duration [20]. Nevertheless, the higher
weight loss of the brazed and annealed sandwich samples indicates
increased abrasive wear. Fig. 9 illustrates the damage observed in the
brazed and rubbed samples. In the as-brazed condition, cracks along the
brazing joint line are clearly visible.

The “mushrooming” of the sandwiches is similar to worn honeycomb
liners after seal fin rubbing, as shown by Ulan kyzy et al. [27] and Sporer
and Shiembob [12]. High contact zone temperatures of around 800 °C
[20] reduce the yield strength of the material (Fig. 7). The softened
material in the contact region is then squeezed outwards as the incursion
progresses [9].

To describe the degree of plastic deformation, Xue et al. [28] and
Ulan Kyzy et al. [27] determine the mushroom crown volume. The
mushroom crown volume Vp is calculated by multiplying the area on
both sides with the length of the sample (12 mm). The converted images
and the corresponding mushroom crown volume V), are shown in

a
( ) 1000 Brazed
RT ——HY214 0.6 mm
800 A
£
= 6001 }600°C
z 40 Strain
rate 1 s
2001 1100°C

0 10 20 30 40 50 60 70 80

Strain in %

The mushroom crown volume of the as-brazed sample is up to four
times larger than that of the brazed and annealed samples. Additionally,
cracks in the brazed joint area of the as-brazed sample are detected after
rubbing (Figs. 9a and 10a). Particles of the brittle chromium-rich phase
along the braze centerline of the as-brazed sandwich provoke cracking
along the centerline. Therefore, the brazed sandwich splits during the
rubbing test and plastic deformation of the ductile sandwich halves
result in a mushroom crown volume increase of more than 300 %.

The rubbing properties and the images of the brazed and annealed
samples show a change in the deformation mechanism from plastic
deformation to abrasive wear. The differences in the rubbing properties
suggest that the location of the brittle phases in the samples significantly
influences the deformation mechanism. While the brittle chromium-rich
phase at the braze centerline of the as-brazed samples promotes splitting
of the brazed samples, the evenly distributed aluminum nitride pre-
cipitates in the brazed and annealed samples (Fig. 3) cause an increase in
abrasive wear. Therefore, the mushroom crown volume of the annealed
samples is strongly decreased (Fig. 10). The increase in abrasive wear of
the brazed and annealed samples is also consistent with the increased
weight loss after the rubbing test (Fig. 8).

The fin of the rotor made of Inconel 718 is examined in a large
chamber SEM. The fin was sequentially employed for rubbing tests with
Haynes 214 metal sheets, followed by as-brazed samples, and brazed
annealed samples. Fig. 11 shows BSE images of the surface analysis.

At the rotor’s surface, cracks in the direction of motion of the rotor
are visible (Fig. 11a I). A corresponding EDS line scan perpendicular to
the direction of motion of the rotor as indicated in Fig. 11b is given in
Fig. 12. The dark grey areas (Fig. 11a II) have oxygen contents of more
than 20 wt%. Together with increased aluminum and chromium con-
centrations at the same area, the presence of aluminum oxide and
chromium oxide or mixed oxides is obvious. Chromium and aluminum
are depleted at the edges of the oxygen-rich zone, whereas a nickel
concentration jump is measured.

Regions with higher aluminum content and lower iron content
confirm that Haynes 214 is transferred from the metal sheets to the
Inconel 718 rotor surface. Overall, no significant damage to the rotor is
observed through non-destructive testing using a large chamber SEM.
Areas with material transfer and minor cracks in the transferred material
are detected.

b
( ) Lo Brazed
——HY214 0.6 mm
800
S 600 }600°C
‘2 Strain
2 400 -
7 rate 50 s
0,
- 1100°C

Strain in %

Fig. 7. Engineering stress - engineering strain plots at high strain rates of the Haynes 214 samples and the brazed samples at room temperature, 600 °C, and 1100 °C

with a strain rate of 1 s™* (a) and 50 s~* (b).
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Fig. 8. Coefficient of friction (a) and weight loss (b) during rubbing of Haynes 214
respectively. Horizontal lines indicate mean values.

a) as-built
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b) 1000°C 75 h

single metal sheet and double-layer sandwiches as-brazed and annealed

¢) 1000°C 150 h

Fig. 9. Backscattered electron image of the rubbed double-layer sandwiches in the as-brazed condition and after annealing to 1000 °C for 75 h and 150 h.

200 pm

a) as-brazed

e

Vp = 7.8 mm?

b) 1000°C 75 h

¢) 1000°C 150 h

Fig. 10. Binary image from the ImageJ software used to measure the mushroom crown volume of the brazed samples. The brown-colored areas indicate the
measured mushroom crown area. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. BSE image of the Inconel 718 rotor fin after rubbing tests with brazed Haynes 214 metal sheets.

Avoiding adhesive material transfer is essential since the material
transfer leads to an increase in the temperature of the seal fin tip [4]. The
higher temperatures can result in an accelerated wear process and the

formation of radial cracks in the rotor fin due to tensile stress caused by
contact heat [29,30]. Therefore, the rubbing tests suggest that the
samples in the as-brazed condition exhibit better rubbing properties
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Fig. 12. EDS line scan of the Inconel 718 rotor after rubbing perpendicular to
rotor motion direction.

than the brazed and annealed samples. The brazing material within the
gap of the double wall segments in the honeycomb sealing system in-
creases the area subjected to rubbing, consequently increasing the stress
on the rotor fin.

4. Summary

In this work, the influence of the braze filler alloy BNi-5 on the
microstructural, mechanical, and rubbing properties of brazed Haynes
214 nickel-based superalloy metal sheets was studied. The differences
between the brazed and the brazed and annealed samples are summa-
rized as follows:

After brazing:

e Chromium carbides localized in the joint region and at the grain
boundaries.

e 50 pm silicon-rich diffusion-affected zone.

e Strain to failure decreases from 36 % to 18 %.

After brazing and annealing at 1000 °C for 150 h:

e Chromium oxide scale forms on the surface of the brazed samples,
while an aluminum oxide scale develops on the Haynes 214 single
metal sheets.

e Chromium carbides dissolve and aluminum nitrides are formed.

e 150 pm silicon-rich diffusion-affected zone.

The rubbing properties are significantly affected, with the brazed
samples exhibiting higher coefficients of friction against an Inconel 718
rotor. Inspection of the rotor fin’s surface reveals adhesive material
transfer, cracks, and oxide formation. The increased wear in the brazed
and annealed samples is attributed to the presence of hard aluminum
nitrides and the even distribution of chromium carbides, which are no
longer concentrated along the brazing center line as they were in the as-
brazed condition. Hence, it is imperative to eliminate any excess braze
metal alloy within the double foil segments of honeycomb sealing sys-
tems to effectively minimize thermal and mechanical stresses on the
rotor fin. To enhance oxidation behavior and prevent aluminum nitride
formation, it is advisable to apply a protective aluminum coating or to
utilize base materials with elevated aluminum content.
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