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ABSTRACT

The material transfer behaviors of AI-hBN and NiAlI-hBN coatings rubbed by a Ti6Al4 V blade at different
linear speeds and single pass depths were studied using a high-speed rubbing tester. The blade height
variation analysis, morphologies, energy-dispersive spectroscopy, and X-ray diffraction studies of the
blade and the coating wear scars indicated that the coating material transferred to the blade during
rubbing with the Al-hBN coating. For the NiAl-hBN coating, the blade material transferred to the coating.
The temperature differences at the interface, varying melting points of the coatings, and blade plastic flow
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softening under high temperatures were regarded as factors for different material transfer behaviors.

Introduction

To increase the efficiency and reduce the fuel consumption of
aircraft turbine engines, the gaps between rotating and station-
ary parts, such as the clearance between the case and the blade,
should be kept as small as possible. However, given the differ-
ent thermal expansion coefficients of the case and the blade,
along with blade elongation caused by high-speed rotation, a
small reserved clearance can cause the blade to rub against the
case, which seriously threatens engine security.

To guarantee flying safety and prevent the blade from rub-
bing against the case, an abradable seal coating is applied on
the engine. This coating is sprayed on the case that faces the
rotating blade. As the blade elongates, it will rub first on the
abradable coating, which is designed to be easily rubbed, and
serves as a sacrificial material. A wear scar in the shape of the
blade tip will form on the coating. Consequently, the blade
remains undamaged, clearance is maintained at the smallest
scale, and engine efficiency is increased.

The lack of research has led to blade wear and transfer
behavior, including coating transfer to the blade and vice versa,
occurring frequently in the engine. This situation seriously
threatens engine security and decreases engine efficiency.

Numerous studies on the high-speed rubbing behavior
between a blade and an abradable seal coating have been con-
ducted to address the aforementioned problem. Borel, et al. (1)
drew a wear mechanism map of AlSi-plastic coating and Ni-
graphite coating based on the correlations obtained between
test values and wear mechanisms. Both blade wear and coating
adhesion to the blade were seriously influenced by the test
parameters. For example, AlSi-plastic coating with low-melting
plastic (molten at 350°C) transferred to the blade during high-
speed rubbing under most test conditions at extremely high

linear speeds (>400 m/s). The blade was then melted by high
frictional heat, thereby resulting in blade wear. Bill and Shiem-
bob (2) studied the wear behavior of three types of seal coatings
under a range of working conditions and predicted that a low
incursion rate tended to promote smearing, with consequent
wear to the knife edge. Stringer and Marshall (3) found that a
single pass depth exerted considerably great influence on the
wear mechanism, with tests at a high single-pass depth showing
minimal wear or adhesion, whereas tests at a low single-pass
depth showed significant adhesion and wear. Fois, et al. (4)
used a stroboscopic imaging technique to identify three phases
for adhesive transfer during a test: (1) an initiation phase with
a low adhesion rate, (2) a steady-state adhesion phase, and (3)
the fracture of the adhered material followed by reinitiation.
However, both Stringer and Marshall (3) and Fois, et al. (4)
gave minimal attention to the mechanism of coating adhesion
to the blade. Laverty (5) conducted a rub energy study and
reported that the incursion rate exerted the greatest influence,
in which coating transfer to blade and blade wear were aggra-
vated at a high incursion rate. Bounazef, et al. (6) studied the
transfer behavior of BN-SiAl-bounding organic element coat-
ing and found that coating transfer to the blade was minimal at
a high linear speed and incursion rate but severe at a low linear
speed and incursion rate.

In summary, most of the studies on high-speed rubbing
between a seal coating and blade have focused on the relation-
ship between test conditions and blade wear or transfer behav-
ior. As to the more important issue, which is the mechanism of
blade wear and material transfer, there is still no consensus
explanation and few studies have been carried out on the issue.
However, it is recognized that the high frictional heat due to a
high sliding speed is the key impact factor on blade wear and
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material transfer (Stringer and Marshall (3); Kennedy (7); Ken-
nedy and Ling (8)). Yet, there are few research studies on the
effects of frictional heat such as temperature rise and its rela-
tionship with thermal properties of rub pair materials. Obvi-
ously, these results have important impacts on the wear
behaviors.

The current research includes a high-speed rubbing test of
two types of abradable seal coatings. It attempts to discuss the
mechanism of blade wear and transfer behavior from the per-
spective of temperature increase caused by frictional heat and
by comparing the different wear behaviors of the two coatings.
This research is significant to understand friction and wear
behavior during high-speed rubbing. It is also helpful to engi-
neering applications of seal coating.

Materials and methods
Materials

The blade sample for the rubbing test was cut from
annealed Ti6Al4 V alloy via wire electrode cutting. The
rubbed face of the blade sample was a 4 mm x 4 mm
square. Before the test, the rubbed face of the blade sample
was abraded with sandpaper to achieve a final surface
roughness R, of 0.5 um, which is the average blade rough-
ness in a real engine (ground by high-speed grinding). The
blade sample was cleaned with absolute ethanol, dried in
warm air, and preserved in a dryer.

Two different abradable seal coatings were tested for com-
parison. The first was Al-hBN, which is an Al-based seal coat-
ing, and the second was NiAl-hBN, an Ni-based seal coating.
The most significant difference between the two coatings was
their varied metal substrates. The other aspects, such as the
spray method, solid lubrication phase, and transitional layer,
were the same.

Both coatings sprayed using air plasma were developed
for use in a compressor. The nominal constituents and
weight percentage of the sprayed power for the NiAl-hBN
coating were 67 wt% Ni, 8 wt% NiAl, and 25 wt% BN. For
the Al-hBN coating, they were 75 wt% Al, 20 wt% BN, and
5 wt% Na,SiO; binder. The spray parameters for Al-hBN
coating are indicated in Table 1. For military secrecy, the
spray parameters of NiAl-hBN coating cannot be given.
Both substrates, which were made of stainless steel, were
grit blasted before spraying. The metal-phase Ni (with
about 8 wt% NiAl alloy) for the NiAl-hBN coating and Al
for the AI-hBN coating served as the matrix and provided
strength to the coating. The hBN was a solid lubricant that

Table 1. Spray parameters for Al-hBN coating and NiAl transitional layer.

Unit

Spray parameters NiAl transition layer Al-hBN coating

Spray distance 140 mm 110 mm
Plasma gas (Ar) flow rate 90 L min~" 90 L min~'
H, flow rate 10 L min~" 5L min~"
Arc current 550 A 400 A
Voltage 60V 52V
Powder feed rate 40 g/min 50 g/min
Carrier gas (N,) flow rate 4L min~! 41 min™!

could decrease friction and mitigate wear. Both coatings
had numerous porosities, which could promote its breakage
during rubbing. To enhance bonding strength between the
coating and the substrate, an NiAl transitional layer with a
thickness of about 0.05 mm was first sprayed onto the sub-
strate of both coatings. The spray parameters for NiAl layer
are included in Table 1. The final thicknesses of the coat-
ings were approximately 2 mm. The surfaces of the coating
samples were first ground flat using a grinding machine
and then abraded with sandpaper until an R, of approxi-
mately 6 um was attained. The roughness was determined
based on estimation of the applied coating in the engine;
the final coating surface was acquired through rough turn-
ing in a real engine.

The hardness of all of the coating samples was tested on a
surface Rockwell hardness tester (WRHS-60D, Beijing Wowei
Science and Technology Company). The selected scale was
HRI15Y, which meant that the indenter was a half-inch ball, the
load was 15 kg, and the dwelling time was 10 s. Only the sam-
ples with an HR15Y hardness value of approximately 50 were
used. The section morphologies of the Al-hBN and NiAl-hBN
coating are shown in Fig. 1.

Methods

All high-speed rubbing tests were conducted on a test rig
built by our research group (Xue, et al. (9)). A sketch of the
test rig is shown in Fig. 2. The blade sample is inserted into
a metal disc driven by a high-speed motorized spindle and
rotates quickly. The coating sample is fastened onto a slid-
ing table and moves to the rotating blade at a given incur-
sion speed and depth. As soon as the moving coating
comes into contact with the rotating blade, the rubbing
begins. The test parameters listed in Table 2 were selected
based on the different flying stages of the engine. Single-
pass depth refers to the incursion depth during a single rub
in one blade rotation. Incursion speed refers to the sliding
speed of the coating to the rotating blade.

The height change of the blade was recorded using a
screw-thread micrometer with a precision of 1 pum. The
macromorphologies of the blade and the wear scar of the
coating were inspected using a digital camera. The micro-
morphologies were observed using a scanning electron
microscope (SEM). The element distribution on the surface
of the wear scar was studied with an energy-dispersive spec-
trometer (EDS). The thermal conductivity of the coating
was determined using an unsteady heat conduction method
on a thermal property analyzer. The thermal diffusivity of
the coating was acquired through a laser pulsing method.
The process included testing each coating three times in a
chamber at temperatures ranging from 200 to 300°C. The
average of six tests was the value used in the study. The
density of the coating was determined using a weighting
method. The melting point of the coating was determined
via differential thermal analysis (DTA). Due to the different
thermal limits of the two coatings (the metal matrix Ni of
NiAl-hBN coating has a higher melting point than the
metal matrix Al in the Al-hBN coating), different test pro-
cesses were employed to determine the coating melting
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Figure 1. Section morphologies of the Al-hBN and NiAl-hBN coating: (a) Al-hBN coating and (b) NiAl-hBN coating.

point. The testing process for the AI-hBN coating was as
follows. First, the coating was rapidly heated to 200°C and
maintained at this temperature for 5 min. Then, the coating
was heated to 700°C at a heating rate of 10°C/min and
finally rapidly cooled to room temperature. The testing pro-
cess for the NiAl-hBN coating began by rapidly heating the
coating to 500°C and then maintaining it for 5 min at this
temperature. Then, the coating was heated to 1500°C at a
speed of 10°C/min and finally rapidly cooled to room
temperature.

Results
Blade height variation results

The blade height variations after rubbing with the two coat-
ings at varying single-pass depths and linear speeds are
shown in Fig. 3. All of the values were calculated by sub-
tracting the pretest value from the posttest value, which
means that a negative value indicates the height loss and a
positive value indicates the height gain. As shown in the
figure, the heights of the blades that rubbed against the
NiAl-hBN coating decreased under all test conditions,
whereas the heights of the blades that rubbed against the
AI-hBN coating increased. Posttest observations showed
that the coating materials adhered to the blades rubbed

Dummy
blade

Metal disc

High-speed electrical
spindle

Bearing pedestal
Bearing
pedestal

Abradable coating

Dynamometer device

Radial sliding stage

Horizontal sliding stage

Figure 2. Sketch of the high-speed test rig.

against the AIl-hBN coating, and the height increase was
believed to be the result of such adhesion. In addition, the
height decrease of the blades rubbed against the NiAl-hBN
coating was attributed to blade wear.

With regard to the influence of the test parameters, the
adhesion of the Al-hBN coating to the blade was highest when
the single-pass depth was low and the linear speed was high.
The wear of the blade rubbed against the NiAl-hBN coating
increased with linear speed when the single-pass depth was
constant.

Rubbed by the blade of same material, the two coatings dis-
played completely different wear behaviors, which were
believed to be relative to the different coating thermophysical
properties.

Material transfer behavior of the Al-hBN coating

As shown in Fig. 3, blade height increased significantly during
the tests at a low single-pass depth, and linear speed profoundly
affected blade height. Hence, blade and coating wear scars
rubbed at the lowest single-pass depth of 0.085 um and two lin-
ear speeds (30 and 150 m/s) were checked.

Figure 4a shows that the coating material adheres to the
rubbed blade. An increase in blade height resulted from
such adhesion, which was not uniform. Two separate
regions of the blade tip were covered by the coating

Table 2. Test parameters used in the study.

Single-pass depth Linear speed Incursion speed Incursion depth

(um) (m/s) (um/s) (um)
0.085 30 2 400
0.085 20 6 400
0.085 150 10 400
0.142 30 3 400
0.142 20 9 400
0.142 150 15 400
0.856 30 20 400
0.856 920 60 400
0.856 150 100 400
4.264 30 100 400
4.264 90 300 400
4.264 150 500 400
7.107 30 167 400
7.107 90 500 400
7.107 150 833 400
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Figure 3. Blade height variations after rubbing with the two coatings at different
linear speeds and single-pass depths.

material, whereas the remaining area was nearly bare. As
shown in Fig. 4b, coating material adhesions on the blade
were lamellar and scattered on the blade tip. As can be
seen form Fig. 4c, the coating wear scar was divided into
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two separated grooves that corresponded to the two adhered
regions on the blade. Plastic deformation and smearing are
observed in Fig. 4d, whereas the remaining area displayed
spalling. The smeared area corresponds to the shiny metal-
colored area in the wear scar in Fig. 4c. EDS analysis was
conducted on the smeared and spalling region of the wear
scar. The spectrum and element atomic percentage are
shown in Fig. 5. Metal Al was the main composition in
region 1 and no B was detected, which indicated that the
metal-phase Al in the coating wear scar was smeared and
the shiny metal color belonged to metal Al. A comparison
of Figs. 4a and 4c showed that the adhesion on the blade
tip displayed a shiny metal color that indicated that the
smeared metal Al transferred to the blade tip. In region 2,
which represented coating spalling, the main composition
was B from the solid lubrication, which accounted for
nearly 50%. Hence, coating spalling occurred when a large
amount of solid lubrication BN was present.

The blade and coating wear scar morphologies rubbed at
150 m/s and 0.085 pum are shown in Fig. 6. The blade pro-
file in Fig. 6a indicates that the adhesion formed a thick
layer that covered the blade tip. This result is in accordance
with the measured height variation. The SEM image

Figure 4. Macromorphology and SEM picture of (a), (b) blade and (c), (d) Al-hBN coating wear scars tested at 30 m/s and 0.085 m.
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Atomic percentage
Element
Region 1
14.56
13.44
70.56

1.44

Point 2
Atomic percentage
Element
Region 2

B 48.45

N 17.11

0] 8.51

Al 25.2

Si

Figure 6. Macromorphology and SEM picture of (a), (b) blade and (c), (d) Al-hBN coating wear scars tested at 150 m/s and 0.085 pzm.
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Figure 7. EDS spectrum and element atomic percentage of the rectangular area in Fig. 6d.

(Fig. 6b) showed that the coating material was smeared on
the blade tip and formed a dense layer that was significantly
different from the scattered layer of 30 m/s. As shown in
Fig. 6c, many furrows that emerged in the coating wear
scar corresponded to the uneven adhesion on the blade.
Microrupture and ploughing were the main coating wear
mechanisms, as shown in Fig. 6d. The EDS spectrum and
test results of the rectangular area in Fig. 6d are presented
in Fig. 7. Compared with the results in Fig. 5, the main
composition was metal Al and no B was detected.

The preceding results indicated that the B element disap-
peared in the coating wear scar when coating adhesion
occurred. As is known, BN functions as a solid lubrication
that can decrease coating adhesion to the blade. Coating
adhesion was believed to be related to the missing BN dur-
ing rubbing.

Material transfer behavior of the NiAl-hBN coating

Compared with the AI-hBN coating, the high-speed wear
behavior of the NiAl-hBN coating rubbed by the same
Ti6Al4 V blade was completely different, although only the
metal phase was changed.

Coating-b.

Figure 8. Wear scar morphologies of the rubbed blade and NiAl-hBN coating
tested at the lowest single-pass depth and different linear speeds.

To compare with the Al-hBN coating, the wear scar
morphologies of the rubbed blade and the coating tested at
the lowest single-pass depth and different linear speeds are
presented in Fig. 8. No adhesion was found on the blade
tip. The colors of the blade tip were different after rubbing
at different linear speeds. The oxidation study of the Ti
alloy indicated that the oxide color changed from silvery
white to light yellow to deep yellow to deep blue to grayish
blue with increasing furnace temperature (Luo, et al. (10)).
Different colors were produced by varying oxidation levels,
which resulted in various Ti oxides. For the tests conducted
in this study, oxidation of the blade tips became more
severe at higher linear speeds. The intense frictional heat
due to a high linear speed was believed to be responsible
for the oxidation.

As shown in Fig. 8, many fragments with a metal shine are
scattered on the coating wear scar. Compared with the blade,
the fragments had the same color as the rubbed blade tip.
Hence, the fragments could have come from the transfer of the
blade material to the coating during rubbing.

SEM pictures of the blade wear scars are shown in Fig. 9. No
adhesion could be found on the blade tips. Furrows and plastic
smearing were observed after rubbing at 30 m/s. At 90 m/s, a
large area of plastic flow appeared on the blade tip. At 150 m/s,
a layer full of cracks nearly covered the blade tip. This layer was
believed to be an oxidation film.

Blade oxidation was aggravated at a higher linear speed
as indicated by the color change of the rubbed blade tip.
The SEM picture (Fig. 9¢) also presented a layer that was
recognized as an oxidation film. To further validate this
conclusion, a minor angle and parallel light XRD test was
conducted on the rubbed blade tips. The peak identification
obtained by universal XRD peak search and matching soft-
ware is presented in Fig. 10. Peaks that belonged to TiO
were detected, which indicated that oxidation occurred dur-
ing the rubbing performed at different linear speeds. At
30 m/s, the main peak (located at 44°) of TiO was
extremely low. As the linear speed increased, the main peak
intensity became higher, which proved that blade oxidation
intensified at high linear speeds.

The micromorphologies of the coating wear scars are shown
in Fig. 11. Many fragments full of cracks adhered to the wear
scar surface in accordance with the macromorphology
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Figure 9. Surface morphologies of the blade rubbed against NiAl-hBN coating tested at (a) 30 m/s, (b) 90 m/s, and (c) 150 m/s when the single-pass depth was

0.085 pm.

observation (Fig. 8). The remaining area without covered frag-
ments exhibited a spalling morphology. EDS detection was
conducted to identity the composition of the fragments. The
results are presented in Fig. 12.

The main composition included Ti and O, and coating
material Ni was also detected. This observation indicated
that the fragments resulted from blade material that was
transferred and mixed with the coating material. A transfer/

Intensity (a.u.)

20 30 40 50 60 70 20
20 (deg)

Figure 10. XRD test results of the blade tips rubbed against NiAl-hBN coating at
different linear speeds with the single-pass depth maintained at 0.085 pm.

mixed layer was formed on the coating wear scar. In addi-
tion, the ratio of O and Ti increased with linear speed,
thereby proving once more the previous conclusion regard-
ing blade oxidation. In summary, blade oxidation wear
occurred and blade material transferred to the NiAl-hBN
coating with the formation of a transfer/mixed layer during
high-speed rubbing.

Discussion

Comparison of the transfer mechanisms of the two
coatings

The tests of the AI-hBN and NiAl-hBN coatings rubbed by the
same Ti6Al4 V blade indicated that Al-hBN coating material
transferred to the blade, whereas blade material transferred to
the NiAl-hBN coating during rubbing. Both transfers signifi-
cantly influence the abradability of the rubbing system. In addi-
tion to transfer direction, the structure and composition of the
resulting transfer layer were compared.

As shown in Fig. 13, the transfer layer of the Al-hBN coating
to the blade tip has a layered structure. Evident gaps were
observed on the blade side, which indicated that blade wear
occurred simultaneously. The result of EDS detection showed
that the main composition was coating material Al, and a trace
of blade material Ti was found. Metal Al in the transfer layer
exhibited a short, thin strip form that was different from the
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Figure 11. Surface morphologies of the NiAl-hBN coating wear scars at different linear speeds of (a) 30, (b) 90, and (c) 150 m/s for a constant single-pass depth of

0.085 pm.

large flake shape in the unrubbed coating. BN could not be
found in either the morphology observation or the EDS detec-
tion. In relation to the observed smeared metal Al in the coat-
ing wear scar (Figs. 4c, 4d, 6¢, 6d), transfer resulted from the
accumulation of deformed and melted metal-phase Al. This
process was assisted by burning (oxidation) of the lubrication-
phase BN. Both behaviors were attributed to the intense
frictional heat generated during high-speed rubbing. Before
metal-phase Al was softened, blade wear occurred in the form
of abrasive wear, and wear debris was included in the transfer
layer. Hence, a trace of Ti was detected.

The SEM micromorphology of the transfer/mixed layer sur-
face in the NiAl-hBN coating wear scar rubbed at 0.085 pum
and 90 m/s is shown in Fig. 14. The rubbing direction is indi-
cated by an arrow. Tadpole-like adhesions appeared. The adhe-
sion had a round head with longer or shorter tails dragging
behind. The direction of drag was in accordance with the rub-
bing direction.

EDS detection was conducted to determine the composition
of the tadpole-like adhesion. The results are presented in
Fig. 15. The main components O and Ti were found in both
the head and the tail of the tadpole-like adhesion. In addition,
the atomic percentages of O and Ti in the two regions were
close. Considering the shape of the tadpole-like adhesion, the
blade tip experienced plastic flow caused by the intense fric-
tional heat generated during high-speed rubbing. In addition,
the softened blade tip was sheared and smeared on the coating

wear scar. The agreement between the adhesion tail drag direc-
tion and rubbing direction reflected the aforementioned
assumptions.

The SEM micromorphology of the transfer/mixed layer sur-
face in the NiAl-hBN coating wear scar rubbed at 0.856 um
and 150 m/s is shown in Fig. 16. A distinct layered smear
adhered to the surface of the transfer/mixed layer. The smear
had a strip shape, which was wide at the top and narrow at the
bottom. The top smear did not completely cover the bottom
transfer/mixed layer. The formation mechanism of the strip
smear was assumed to be same as the tadpole-like adhesion.
Both resulted from the shearing and smearing of the softened
blade tip. The different appearance of the strip smear was
attributed to the subsequent rubbing of the tadpole-like adhe-
sion. More or less rubbing occurred after the test was stopped
because the withdrawal speed of the coating was relatively low
compared with the rotating speed of the blade. These rubs
changed the tadpole-like adhesion into strip smears. The rare
tadpole-like adhesion was preserved because rubbing occurred
when no further contact occurred between the blade and the
coating after shearing of the softened blade tip during the last
rubbing.

The section micromorphology of the coating wear scar
resulting from the rubbing at 0.142 pum and 150 m/s is shown
in Fig. 17. The thickness of the transfer/mixed layer was
observed to be approximately 20 um. Upon careful examina-
tion, the transfer/mixed layer was found to be layered and full
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Figure 12. EDS spectrum and element atomic percentage of the fragments in NiAl-hBN coating wear scars (Fig. 11): (a) 30 m/s, (b) 90 m/s, and (c) 150 m/s.

Element Atomic percentage

8.63

Figure 13. Micromorphology and EDS detection results of the transfer layer section on the Ti6Al4 V blade tip rubbed against Al-hBN coating at 90 m/s and 0.085 cm.
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Figure 14. SEM picture of the transfer/mixed layer in the NiAl-hBN coating wear scar rubbed at 90 m/s when the single-pass depth was 0.856 pzm.

of cracks. At the top of the transfer/mixed layer, an extremely
thin layer, which had a clear boundary with the bottom layer,
adhered. This finding proved that the transfer/mixed layer was
produced by successive smearing of the softened blade tip.

In summary, Al-hBN and NiAl-hBN coatings exhibited dif-
ferent transfer directions when rubbed using the same
Ti6Al4 V blade. AI-hBN coating material transferred to the
blade and formed a layered transfer layer on the blade tip. Blade
material transferred to NiAl-hBN coating and resulted in a
transfer/mixed layer, which was lamellar in the coating wear
scar. Both the transfer layers were lamellar, which indicated
that both effects were produced by successive rubbing. For the

Al-hBN coating, deformed and melted metal Al were continu-
ously smeared on the blade tip during rubbing. Conversely,
softened and melted blade material transferred to the coating
wear scar when rubbed against the NiAl-hBN coating. Blade
material transferred to the coating easily mixed with the coating
material because of the relative motion setting, in which the
rotating blade incurred stationary coating. For the Al-hBN
coating, the transfer layer on the blade tip had nearly no blade
material, although blade wear occurred.

The two coatings presented varied wear behaviors. The dif-
ferent temperatures reached as generated by the rubbing could
have led to considerable differences.

Element Atomic percentage
C
0

Al

Element

Atomic percentage

C

0

X

Figure 15. EDS detection results of the points (a) A and (b) B in Fig. 14.




Figure 16. SEM micromorphology of the transfer/mixed layer surface in the NiAl-
hBN coating wear scar rubbed at 0.856 .um and 150 m/s.

Influence of frictional heat

During the friction and wear process, nearly all energy dissi-
pated by friction appeared as heat, and heat was removed from
the contact surface via conduction and radiation Rigney and
Hirth (11); Uetz and Fohl (12); Bowden and Tabor (13)). The
generation and dissipation of the frictional heat occurred in the
contact area between asperities given that the true contact areas
between the friction pair are asperities. The highest tempera-
tures, which occurred close to the asperities, were of short dura-
tion and sometimes called flash temperatures (Archard (14);
Blok (15)). A high flash temperature indicates severe friction or
wear, particularly when the sliding speed is high. This value is
significant for understanding friction and wear behavior; for
example, determining whether the flash temperature reaches
the phase transition temperature of the contact materials or is
sufficiently high to melt one of the contact materials. However,
measuring the flash temperature directly is nearly impossible
because of its short duration and the small areas between

Figure 17. Section micromorphology of the NiAl-hBN coating wear scar resulting
from rubbing at 0.142 ;xm and 150 m/s.
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Table 3. Parameters used in calculating the rubbing interface temperature.

Coatings a(m) Vg(m/s) xc(107%m?s™") K (Wm™'K™) L
Al-hBN 0.002 150 12 23 13 x 10*
NiAl-hBN  0.002 150 6 10 25 x 10*

contacting asperities. Accordingly, theoretical analysis was
adopted to study flash temperature.

According to the theoretical analysis introduced in the
Appendix, in this study, the rotating blade sample could be
regarded as body B (Fig. A1) and the coating sample as body C
(Fig. Al). To estimate the temperature of the contact area
between the blade and the coating sample, we should firstly
determine the dimensionless quantity L in the Appendix of the
two coatings. For testing, we used the rubbing speed of 150 m/s
as an example. The thermal diffusivity and conductivity of the
coating were obtained using thermal analysis equipment. The
actual contact area was a square with a side measuring 0.004 m
and was replaced simply by a circle with a radius of 0.002 m in
the calculation. From Eq. [A3] in the Appendix, the calculated
L of the two coatings is shown in Table 3. The L values of both
Al-hBN and NiAl-hBN were higher than 5. When Lc in
Eq. [A8] of the Appendix was replaced with the calculated L,
and Ly of the blade sample was 0, { — 1, which indicated that
a large fraction of frictional heat passed to the coating sample.
Consequently, the surface temperature of the contact area was
mainly determined by the thermophysical properties of the
coating, and the calculation formula of Eq. [A5] in the Appen-
dix should be used.

As indicated in Eq. [A5] in the Appendix, using the relation-
ship x = K/pC, it can be found that the higher the coating ther-
mal conductivity or the coating diffusivity, the lower the
contact surface temperature. This result was proven via the
thermomechanical simulation of the high-speed rubbing of a
seal coating performed by Kennedy (7). Moreover, the experi-
mental study on sliding metals conducted by Bowden and
Tabor (13) showed that surface temperature increased with a
decrease in the thermal conductivities of the contacting metals.

For the tests conducted in this study, the application of
Eq. [A5] in the Appendix indicated that the ratio of the surface
temperatures of the two coatings rubbed by the same blade
samples was

1

Kal—nBN iAl— 2
« * XNiAl — hBN ) [1]
Kxial - nBN XAl—hBN

Onial—hBN _ Qnial— hBN
Oa1—hBN Qar—hBN

Assuming that frictional heat generation was the same dur-
ing the high-speed rubbing between the two coatings and the
blade, we placed the corresponding values in Table 3 into
Eq. [1] and obtained the following:

ONial—hBN ~ 1.60A] _hBN- 2]

As shown in Eq. [2], the attainable average temperature of
the contact surface rubbed with the NiAl-hBN coating was
1.6 times that of the contact surface rubbed with the Al-hBN
coating. The maximum temperature of the blade when rubbed
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Figure 18. DTA curves of the two coatings: (a) NiAl-hBN and (b) Al-hBN.

with the NiCrAl coating was 1565 K, and it decreased to 865 K
when rubbed with the AlSi coating, as predicted by the thermal
model built by Wang (16). The results obtained using the opti-
cal pyrometer agreed with those of the thermal model. The
study by Wang (16) proved the correctness of Eq. [2] to a cer-
tain extent given the similarity of the studied coatings with the
coatings used in the current study.

In addition to the thermal conductivity and diffusivity of the
rubbed material, the attainable temperature of the contact area
was related to the melting point of the rubbed material. The
experiment performed by Bowden and Tabor (13) showed that
having an interface temperature that was higher than the melt-
ing temperature of the rubbed material with a lower melting
point in the friction pair during sliding was nearly impossible.
The measured DTA curves of the two coatings are shown in
Fig. 18. For the Al-hBN coating, an endothermic peak at 660°C
indicated the melting of metal Al. For the NiAl-hBN coating,
an endothermic peak emerged at 1340°C, which corresponded
to the melting of metal Ni.

Related to the discussion on the transfer mechanism of
the AI-hBN coating in Section Material transfer behavior of the
Al-hBN coating, the metal-phase Al in the Al-hBN coating was
melted during high-speed rubbing. The corresponding temper-
ature was approximately 660°C, which was lower than the soft-
ening temperature of Ti6Al4 V. The melted Al transferred to

0
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2
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Temperature, T

the blade tip through rubbing. This process could have been
promoted by the disappearance of the BN phase, which proba-
bly resulted from burning and spalling. Because the maximum
flash temperature could be higher than 1000°C (indicated by
many tests at even lower linear speeds; Chassaing et al. (17),
(18); Rahaman and Zhang (19); Tzanakis, et al. (20)) in the con-
tact areas between asperities, burning of BN could occur. The
wear debris collected during the high-speed test was checked.
As shown in Fig. 19, debris containing metal Al and BN was
found, which indicated that solid lubricant BN could peel off
with metal Al

The attainable temperature at the interface during rubbing
with the NiAl-hBN coating was higher because of different
thermal conductivities and diffusivities. This temperature was
predicted to be approximately 1000°C by Eq. [2] considering
that the temperature of the AI-hBN coating was of 660°C. Stud-
ies on similar coatings conducted by Emery, et al. (21) and
Zenas, et al. (22) also reported a temperature higher than
1000°C. However, unlike that in the Al-hBN coating, the melt-
ing point of metal Ni in the NiAl-hBN coating was higher than
1000°C, and melting of the coating that could result in transfer
did not occur.

Temperature significantly influences the mechanical proper-
ties of Ti alloy, and many studies have reported this phenome-
non. Porntadawit, et al. (23) investigated the stress—strain

Element
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Figure 19. SEM picture of wear debris from Al-hBN coating and the EDS detection result of the rectangular area.
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Figure 20. Tangential forces acquired during rubbing with the NiAl-hBN coating at
different linear speeds and single-pass depths.

responses of Ti-6 Al-4 V alloy using compression tests at differ-
ent elevated temperatures and strain rates. The Ti6Al4 V sam-
ple demonstrated plastic flow softening when the temperature
reached 1000°C, and the corresponding flow stress did not
exceed 100 mPa. Similar studies have found identical results
(Ding, et al. (24); Shafaat, et al. (25)).

In the current study, the tangential forces acquired during
rubbing with the NiAl-hBN coating at different single-pass
depths and linear speeds are presented in Fig. 20. As an exam-
ple, the rubbing stress at the largest single-pass depth of
7.107 pum and speed of 150 m/s was calculated. The tangential
force was 20 N. The contact area was equal to the product of
the single-pass depth and the side length of the blade tip. In
particular, s = 0.007107 x 4 = 0.028428 mm?, where s was
referred to as the contact area. Then, the calculated tangential
stress a, = 703.5 mPa. Consequently, the tangential stress suf-
fered by the blade tip was considerably higher than its flow
stress when the temperature reached 1000°C. The blade tip was
softened and experienced plastic flow. The 1000°C temperature
was lower than the melting point of the NiAl-hBN coating;
hence, the softened blade material transferred to the NiAl-hBN
coating and resulted in the smear strip shown in Fig. 16.

Conclusions

The material transfer behaviors of Al-hBN and NiAl-hBN coat-
ings rubbed by a Ti6Al4 V blade at different linear speeds and
single-pass depths were studied using a high-speed rubbing test
rig. The main conclusions are summarized as follows.

1. The Al-hBN material transferred to the blade tip during
high-speed rubbing. The transfer resulted from the accu-
mulation of deformed plastic and melted metal-phase Al
This process was assisted by the burning of the lubrica-
tion-phase BN.

2. The blade material transferred to the NiAl-hBN coating
during high-speed rubbing, which formed a transfer/
mixed layer. The blade tip was softened by high frictional
heat and sheared to smear to the coating with the
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generation of the layered transfer/mixed layer. Oxidation
occurred during the aforementioned process.

3. The attainable average temperature of the contact face
when rubbed with the NiAl-hBN coating was 1.6 times
that when rubbed with the Al-hBN coating because of
the different thermophysical properties of the coatings.
Different attainable temperatures at the contact face,
melting points of the coatings, and blade plastic flow
softening behavior resulted in completely different mate-
rial transfer behaviors of the two coatings.
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Appendix. Estimation of temperature in the contact
area

Carslaw and Jaeger (26) and Jaeger (27) obtained the formulas
for the maximum and average flash temperatures on the contact
surfaces of sliding friction based on heat conduction theories
and through complex mathematical derivations. The average
flash temperature referred to is the average of the flash tempera-
tures over the entire contact area. Its value is equal to the result
of the maximum flash temperature multiplied by a constant less
than 1. Archard (14) and Archard and Rowntree (28) omitted
the mathematical complexities of Jaeger (27) and BloK’s (15) the-
ories and instead emphasized physical considerations upon
which calculations were based; he obtained the formula for the
average flash temperature. The following discussion begins with
a brief introduction of the theory of Jaeger (27) and Archard.
(14) Then, the theory is applied in studying the considerable dif-
ferences in wear behaviors presented by the two coatings, with
the help of other studies on flash temperature.

A sliding friction pair based on Archard’s theory (14) is
shown in Fig. Al. Body B moves with a velocity V over the flat
surface of body C. A circular contact area with radius a was
formed. Let Q, be the quantity of heat supplied per second to
body B and Q. be the quantity of heat supplied per second to

Figure A1. Schematic diagram of the sliding friction pair.

body C. The thermal conductivity and thermal diffusivity of
body B were Ky and x3, respectively. Accordingly, K¢ and xc
were used for body C.

For body B, heat was supplied to a fixed area and a steady-
state condition was achieved. Through comparison with the
corresponding electrical problem, the average temperature was
obtained as

Q
4€lKB '

Oms [A1)]

For body C, when the sliding speed V of body B was small, such
that sufficient time for steady heat conduction was established
at each position of the contact area in body C, then, by analogy
with Eq. [1], the average temperature was

_ Qe
4aKC ’

[A2]

mC

When speed V was sufficiently large, such that the contact
time between bodies B and C was considerably less than the
required time to establish steady heat conduction, Eq. [2] was
no longer available. Under this condition, Jaeger (27) used the
dimensionless quantity L to distinguish between low- and
high-speed conditions.

=2 (A3]
2Xc

When L < 0.1, Eq. [2] was available. When L > 5, other for-
mulas should be applied. However, Jaeger (27) did not provide
the physical significance of L. Archard’s (14) discussion on the
physical significance of L in terms of heat penetration depth
into the bulk of the contact material is widely accepted.

On the basis of Archard’s (14) mathematical derivation, L is
equal to the ratio of the heat penetrating time to depth a to con-
tact time. L increased with the increase in sliding speed V, and
heat affected the increase in depth. This assumption was proven
via a simple experiment conducted by Blok (15). A torch was
made to travel at a uniform speed over a bright sheet of steel.
The higher the speed, the narrower the band of annealing col-
ors, which indicated that the heat penetration depth decreased.

From the preceding discussion, when L was extremely large,
the heat penetration depth was too small compared with the



contact radius. Hence, the sideways flow of heat could be
neglected and the problem could be regarded as one of linear
heat flow. When the theory of Jaeger (27) was used, the average
temperature was
2qté
Omc = d )

[A4]
(mKcpcee)

Ol

where g is the heat flux; ¢ is the contact time; and pc and
cc are the density and thermal capacity of body C, respec-
tively. When t = a/V, xc = Kc/p.Co, and q = Qc/ma® were
integrated into Eq. [A4] and when the rubbing speed of
body B was extremely high (L > 5), the average tempera-
ture of body C was

O = 0.36Q¢ (&)2 (A5]
K.a \Va

Although differences were found in the constants, Eq. [A5] was
in accordance with the equations proposed by other researchers
(Blok (15); Jaeger (27); Bowden and Thomas (29); Tian and Ken-
nedy (30)). However, a problem lay in the application of these
equations because the proportion of frictional heat supplied to
each of the two rubbing bodies was not determined. Numerous
studies were conducted to solve the problem.

Jaeger (27) assumed that when a steady state of heat conduc-
tion had been attained, a fraction ¢ of the heat flux g passed to
body C and the remaining fraction 1 — ¢ moved to body B.
With the temperature calculated with the deduced equation for
body C with a moving heat source equal to the temperature
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calculated for body B with a stationary heat source, fraction ¢
was determined by Jaeger (27). When the sliding speed was high,

(= KcV:
KcV? + 1.504(xKpo)?

, [A6]

in which o is the emissivity of body B. It can be seen from
Eq. [A6] that as the linear speed V increased, the frictional heat
that passed to body C increased.

Following Jaeger (27), ¢ could also be deduced from Eq. [1]
and Eq. [A5], which is

= KcV:
Kc Vi 4 1.44K5 (axc)

A7]

ol

Equation [A7] gives the same conclusion as Eq. [A6].

In addition, for the distribution fraction of frictional heat,
Tian and Kennedy (30) proposed a calculation formula based
on BloK’s (15) theory; that is,

1
(= ————,

Kp 14+Lg
1+ Ke\/ T+Lc

[A8]

where Ly = V.a/2xp and Lc = Vga/2xc. Again, when the slid-
ing speed V of body B was extremely high, most of the frictional
heat passed to body C. During high-speed sliding, the fraction
of frictional heat passing to the physically motionless body C
with a moving heat source increased with an increase in sliding
speed (Bowden and Thomas (29)).
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