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An issue with gas turbines that no one wishes to talk about but is ever present in
cabin air
Graeme A. Davidson*
6 Arran Court, 53-55 Kirk Street, Strathaven, Lanarkshire ML10 6LB

Modern airliners bleed air off the gas turbine engines used to propel them in order to
pressurize and heat the aircraft cabin at high altiutude. Efficient performance of such engines
requires extremely tight clearances between rotating components and their shrouds. Coating
one of the mating surfaces with an abradable material is a highly effective way of achieving
the tightness. Abrasion, however, releases ultrafine particles into the engine airstream; the
particles then pass into the cabin via the bleed air system. Due to their size and composition,
they may engender adverse health effects in human beings inhaling cabin air.
Keywords: abradable coating, aircraft, bleed air, compressor, health impacts, particles,
thermal spraying, ultrafine particles
1. INTRODUCTION

Perhaps it is time for the scientific community to review
a potential intrinsic heath issue with the modern design
and repair procedures of gas turbines used for propulsion
and auxiliary power applications. Many major
components of modern gas turbine engines have special
coatings to ensure that clearances, and hence leakages,
are kept to a minimum (Fig. 1), thereby ensuring
maximum efficiency; engine efficiency largely depends
on close clearance at gas seal locations between blades
and casing; this effect directly translates to fuel
consumption.1 Coatings can reduce these clearances to
a minimum without the risk of catastrophic failure.
These special coatings are often referred to as
abradable coatings. They are typically applied using
various patented processes (e.g., Fig. 2) and designed to
be gradually sacrificed when rubbed against by
relatively rotating components in operation; that is, they
are designed to be preferentially abraded when contact
is made with a mating part. In other words they have low
structural integrity in order to be readily abraded when
they come into contact with a moving surface with
higher structural integrity; the coatings are designed not
to damage the mating surface. The coatings can be
applied in both the compressor and turbine sections.2
Ideally, gas turbine engines would be manufactured
with minimal clearance at the gas seal locations, but in the
real world these clearances are considerably larger to
permit operation without catastrophic interaction between
rotor and casing. Thus, many gas turbine engine designs
depend in sacrificial coatings to tighten internal clearances
*
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Figure 1. Schematic diagram of an abradable coating applied to
the engine casing to ensure minimum clearance between the
casing and the rotating blade. Top panel: diagram of the
temperature gradient prevailing from the air inlet to the turbine,
where fuel combustion takes place.

Figure 2. Example of an abradable coating being applied by
thermal spraying.
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An extra gap of 0.005 inches between the rotating blades and the engine casing can increase fuel consumption by as much as 0.5%.
As fuel comprises more than half of direct airline operating costs, this waste can have a significant on airline commercial viability.
This paper concentrates on the high pressure (HP) compressor.
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between moving parts. A particular challenge in aircraft
flying at high altitudes is the large and varying
temperature gradient within the engine (Fig. 1).
Furthermore, clearance can be dynamically affected by
engine operating variables, including casing expansion
and contraction, loading due to manoeuvring, thrust, gust,
stall, vibration and manufacturing tolerances. Therefore,
even if rotor and casing were ultraprecision machined to
achieve tight clearances (in a stationary engine in a
hangar), the tightness would quickly change as soon as
real world operation commenced.
These coatings may already be applied in the original
manufacture to provide the best possible seals. They are
also applied during overhaul to make good any excessive
clearance produced during operational service. If abradable
coatings were not applied in the original manufacture,
substantial improvement in engine performance and
efficiency can be realized by subsequently applying them,
enabling operation with clearances smaller than those
achieved initially.3
Two of the most important attributes of an abradable
coating are hardness and lubricity. A good coating should
not be hard enough to cause wear of the material rubbing it,
yet not so soft that it is easily eroded by particulate matter
contained in the engine gas stream. Lubricity allows the
rubbing material to smoothly cut into the abradable coating
rather than tearing it away in large pieces.
The coating must also have satisfactory high
temperature oxidation and corrosion resistance, thereby
protecting the substrate to which it is applied.
Powders containing a combination of metallic and
nonmetallic constituents are favoured as precursors to
abradable coatings. The metallic constituent forms the
matrix and provides most of the protection for the
substrate. The nonmetallic additives provide lubricity and
can also be used to create porosity in the coating, which
further enhances abradability.
There are a number of different abradable coating
types used in gas turbine engines, catering for different
operating temperatures, corrosive environments and
mating materials. The coating structure can be either:
• Very porous with many unreacted or unmelted
particles (which would by normal standards be
considered a very poor coating) produced by very careful
selection of spraying parameters to achieve the right
degree of abradability. These coatings can be difficult to
reproduce accurately and need strict monitoring.
3
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• Dense and uniform structured coatings, with
additives such as polymers, graphite, bentonite and boron
nitride. These additives weaken the matrix material of the
coating and can provide some degree of dry lubrication.
Abradability is controlled mainly by the concentration of
additives and not by changes to the spraying parameters,
which aids in providing more consistent coatings.
Materials normally used in sacrificial coatings for gas
path seals include sintered metal powder segments,
sintered metal fibre segments, metallic honeycombs (filled
and unfilled), elastomers and thermally sprayed abradable
coatings.
This paper starts with a brief overview of gas flows
within turbine engines in order to make the need for
abradable coatings clear. The technology of thermal
spraying of abradable coatings is then outlined. Next
comes a case study of a problem of delamination of the
coating in the compressor of an auxiliary power unit is
then presented. This is followed by an examination of the
destination of material abraded away. The adverse health
effects of an inevitable consequence of abradable
coatings—release of particles into engine air streams and
their presence in the air bled off the engine to heat and
pressurize the cabin—is discussed. After the conclusions,
an Appendix gives a detailed account of work to develop a
superior coating.
2. COMPRESSOR AERODYNAMICS

Figs 3–6 illustrate the V2500 jet engine.4 An axial high
pressure (HP) compressor (Fig. 7) consists of one or
more rotor assemblies that carry rotor blades of aerofoil
cross-section. The rotor is located by bearings, which are
supported by the casing structures. Note that under
certain operating conditions the bearing housing can leak
engine lubricants into the air stream of the compressor.
The HP compressor casing incorporates stator vanes,
also of aerofoil cross-section, which are axially aligned
behind the rotor blades. Each rotor and downstream
stator row form a stage (module) (Fig. 8).
As the air passes through each stage, the air pressure
and temperature increase progressively. The last stator in
the core (stream) removes all the circumferential velocity
(swirl) from the air. The core air passes into the combustor
prediffuser before entering the combustion system.
From the front to the rear of the compressor there is
gradual reduction of annulus area to maintain the axial

This technology is now spreading to other applications, such as land-based turbines and rotor seals in turbochargers for internal
combustion engines.
This engine had a very poor introduction due to performance issues linked to degradation of power traceable to the high pressure
(HP) compressor. The problem was rectified by applying abradable coatings to minimize the clearance between the compressor
blades and the casing.
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Figure 3. Cutaway view of the V2500 engine.

Figure 4. General arrangement of the V2500 engine.
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Figure 5. Interface between the V2500 engine and the airframe.

Figure 6. V2500 engine: stage numbering.
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Figure 7. HP compressor assembly of the V2500 engine.

Figure 8. A high pressure compressor stage (module) in the V2500 engine.

velocity at a near-constant level. This is usually achieved
by a rising hub line or falling casing line. For core
compressor, the ratio of total pressure across each stage is
in the range 1.3–1.4. The reason for this small pressure
increase is that the rate of deceleration (diffusion) of the
airflow through each of the blades and vanes must be
limited to avoid losses due to flow separation and
JBPC Vol. 21 (2021)

subsequent blade stall. Multistage axial compressors are
designed with controlled air velocities to minimize losses,
resulting in high efficiency and, in turn, low fuel
consumption.
Fig. 9 shows the engine airflows, and Fig. 10 shows
the many places where abradable coatings might be
applied to minimize losses.
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Figure 9. Engine internal airflows of the V2500 engine.

Figure 10. Schematic diagram of a typical gas turbine engine showing where abradable seals are deployed.
3. THERMAL SPRAYING

Thermally sprayed coatings offer advantages over other
materials, including direct application, easy removal and
repair, variety of coating materials and good performance.
Abradable coatings are therefore typically applied by
thermal spraying or metalizing, a coating process in which
hot materials are sprayed onto a workpiece to produce a
coating (which may be a metal, alloy, ceramic or
composite) (Fig. 2). Coatings may also enhance
withstanding high temperatures, corrosion and wear. There
JBPC Vol. 21 (2021)

are many types of thermal spray methods, each with their
own advantages and disadvantages, including:
* Flame spraying
* Plasma spraying
* Wire arc spraying
* High velocity oxy-fuel coating spraying (HVOF)
* Warm spraying
* Cold spraying
* Hardfacing
* Detonation spraying.
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Commonly used thermally sprayed abradable coatings,
in order of increasing temperature capability, are:
• Aluminium silicon alloy/polymer composite
• Aluminium silicon alloy/graphite composite
• Nickel/graphite composite
• Aluminium bronze/polymer composite
• Nickel chromium aluminium/boron nitride composite
• Nickel chromium aluminium/bentonite composite
• Nickel/aluminium composite sprayed porous
• Nickel chromium aluminium composite sprayed porous
• MCrAlY/BN/polyester composite
• YSZ ceramic/polyester composite.
Whether the process is automated or manual,
spraying essentially molten material at high speed
presents a health and safety risk in the workplace; intense
ultraviolet light emitted by the plasma can burn skin or
eyes, and the intense heat can pose a fire or explosion
hazard. The heated materials and coating overspray can
generate significant volumes of fumes and dust,
constituted from very fine particles, down to
submicrometre levels and even the nanoscale, of nickel,
lead, aluminium, cadmium, chromium etc. Thermal
spraying typically occurs in confined areas with limited
ventilation, hence the concentration of fumes can rise to
become dangerous to a worker’s health. State
occupational health & safety agencies have established
permissible exposure limits (PELs) for the more common
hazards. The use of efficient fume and dust collection
systems is critical for protecting an operator’s breathing

zone (as well as for limiting particles from contaminating
the coating).5 Thermal spray operations present the risk
of developing diseases such as:
• Metal fume fever
• Lung cancer
• Bronchitis
• Emphysema
• Pneumoconiosis.
Moreover, fine metallic dust can also pose a general
combustible dust hazard, particularly with highly reactive
metals such as aluminium, titanium, and magnesium,
which pose a flash fire and explosion risk.
Proprietary abradable coatings commonly used
during rework of the HP casings are Metco 2460, Metco
2390 and Durabrade 2192. Metco 2460 is a hard, nickelbased alloy. When subjected to rubbing (as in anticipated
normal operations), it gives off a dust that is a severe
irritant; it can enter the air bled off the engine and thus
pass into the aircraft cabin.
4. CASE STUDY: A PROBLEM OF DELAMINATION

The problem concerned the 131-9[A] auxiliary power unit
(APU) installed on the A320 series aircraft (Fig. 11). Six
removals were necessitated for high exhaust gas
temperature (EGT) shutdowns in an interval of 12
months. On-wing visual inspection identified
discrepancies between engine compressor shrouds from
two different manufacturers (Fig. 12).

Figure 11. Major features of the 131-9[A] APU.
5

See, for example, the UK Health & Safety Executive (HSE) document G222 Powdered Coatings for clear guidance on the safe
application of materials in the workshop.
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Figure 12. The internal thermal barrier–abradable coating
exhibited on two different manufacturer assemblies of the ring
(colour online). Left, Fiat; right, CAPO.

Some salient background features:
• 214 engine compressor shrouds were
manufactured by Fiat for the 131-9 fleet from 27 March
1998 to 2 June 1999
• 131-9[A] exposure to suspect shrouds was
estimated to be approximately 70% of the first 100
engines with Fiat-sprayed shrouds.
Material analysis on Fiat shrouds carried out at
Honeywell and at Fiat revealed discrepancies in abradable
material composition, traceable to a change in process
since the original date of certification. It was found that
process controls had not been followed correctly. Hence,
a stop order was placed on all Fiat-sprayed shrouds until
recertification of the coating process.
APU testing indicated that a delaminated engine
compressor shroud caused significant loss in compressor
efficiency, leading to compressor surge and bleed shutoff
or high EGT autoshutdown.
New abradable thermal spray coating materials had
been proposed for industrial turbine engines at operating
temperatures up to 980 °C. These new materials were
created and tested by VAC AERO in order to quantify
their performance during cyclic oxidation, hot corrosion
and hot abradability (see Appendix). From the results it
was concluded that a significantly improved coating for
abradable seals in industrial gas turbine engines was now
available. It could prevent excessive blade tip wear
between 24,000 h inspection intervals at operating
temperatures up to 980 °C. The successful coating
consists of a specially heat-treated MCrAlY bond coat,
applied by HVOF, covered with a proprietary abradable
top coat, applied by air plasma spray.
5. WHAT IS THE FATE OF THE ABRADABLE MATERIAL
DISPLACED WHEN THE ENGINE IS IN SERVICE?

Gatti and Montanari analysed engine oil samples, air filters
in the cockpit and samples of pilots’ clothes worn during
6

work [9]. Autopsies of brain samples from deceased
pilots verified the presence of foreign bodies in the tissues,
and their chemistry was compared with those of the
particulate matter identified in the oils and on the pilots’
clothes. The study benefited from the development of
improved methods to identify particulate matter in
environmental samples and in tissue samples.
Environmental scanning electron microscopy (ESEM)
and X-ray microanalysis (energy dispersive spectroscopy,
EDS) were used and results from all samples were crosscorrelated, from which it could be inferred that the origin
of the foreign bodies in the brain tissue was the aircraft
lubricating oil. The main findings were:
1. Similar particles are deposited on air filters placed
in the main engines and the APU; the latter had fewer
particles than the former.
2. There is a difference between fresh, unused oils
and used oils: the latter are enriched in elements such
as bismuth, chromium, iron, lead etc. Used oil also
contained metallic debris of carbon (coke), chromium,
iron, titanium etc.
3. The dust collected in the cockpit is composed of:
(a) dust mostly composed of silicates of calcium and
aluminium sucked in by the engine together with the
exterior air, which is then contaminated by engine oil,
hence acquiring a carbonaceous coating; (b) wear debris
from the engine components, mostly aluminium,
chromium, iron, iron–chromium, titanium, etc.; (c)
submicrometric carbonaceous fragments; and (d)
inorganic particles of potassium and sodium chloride,
implying the possible formation of acids in the engine.
4. The analysis of the ties worn by pilots as part of
their uniform revealed that they accumulated a great
quantity of particulate matter.
5. The brain samples showed the presence of microand nanosized foreign bodies composed of calcium
compounds, chromium, iron–chromium, various iron
compounds, silicates and sodium phosphate. They were
similar to those identified in the oil, in the cockpit air and on
the ties. Calcium phosphate spherules, probably
hydroxyapatite, detected in the brain samples are
presumed to be of natural origin; they can be a result of
biological reactions to micro- and nanometric foreign
bodies.
6. ADVERSE HEALTH EFFECTS OF ULTRAFINE PARTICLES

If inhaled into the lungs, nanoparticles6 can enter the
bloodstream, in which they travel throughout the body.
Micro- and nanoparticles such as those dispersed in

Strictly speaking, the term “nanoparticle” refers to spherical nano-objects [1]; The author uses it in this paper to also refer to
irregular, but approximately spheroidal or ellipsoidal, objects.
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aircraft cabin air have a high probability of entering into
the lungs of cabin occupants [2,3,7,13], thanks to their
ultrafineness, which then enables them to cross the relevant
physiological barrier and enter the bloodstream. Indeed, it
has been demonstrated that 100-nm particles, if inhaled, can
cross the lung barrier in 60 s and in 1 h can reach the liver
and the kidneys and, in fact, virtually any other organ [8,12].
The blood–brain barrier (a layer of tightly packed
cells) is supposed to control what can enter the brain in
order to protect neurons from hazardous substances;
nanoparticles, however, can pass through [6], or enter the
brain via the olfactory bulb and the mitral cells [6,14,15],
thus being the potential trigger of neurological effects. In
this case the path is particularly short and in a very short
time neurological effects can occur. It would appear that
nanoarticles can interfere with the transmission of neural
signals, possibly by impairing the function of receptors
[11]. Empirical studies have demonstrated the occurrence
of cognitive deficits and brain abnormalities in subjects
exposed to more or less severe urban air pollution [4,5].
Nanoparticles are prone to engender free radicals
[10,18], which are capable of causing generalized
damage to living cells, and is presumably one of the main
molecular causes of inflammation, a known result of the
presence of nanoparticles within the body [16].
lymphocytes (white blood cells) are dispatched to the zone
where the nanoparticles are. Inflammation is supposed to
be an acute reaction, but when exposure to nanoparticles
is chronic (e.g., because of air pollution) the inflammation
can persist, leading (for example) to hardening of the
blood vessels, and fostering the deposition of fatty plaque
within the vessels, which hinders blood flow [17].
The presence of solid particles in the blood, harder
than any other blood component, can trigger the
transformation of fibrinogen into fibrin, thus initiating
the formation of thrombi, which can induce cell
adhesion, but can also scratch the endothelium, thus
causing vessel damage that can be the origin of
different pathologies, including vasculitis. Particles of
metals and alloys like stainless steel can corrode and,
over time, release toxic and possibly even carcinogenic
ions like those of chromium and nickel. Small particle
size may greatly enhance the solubility compared with
that of bulk material.
In summary, there are plenty of studies linking,
especially, brain damage to nanoparticulate inhaled air
pollution. This small selection of work from the plethora of
published studies suffices to evidence the dangers. Since
the nanoparticles produced from the abradable coatings
in jet engines are typically composed of metallic elements
that are intrinsically toxic, it is a matter of concern that a
route exists for the exposure of the aircraft cabin
JBPC Vol. 21 (2021)

occupants to such particles. Given the adverse cognitive
effects that may ensue upon such exposure, safety as
well as health may be jeopardized.
7. CONCLUSIONS

Abradable coatings in gas turbines solve a difficult
engineering problem of minimizing variable clearances
under very demanding conditions. The designed result of
abrasion is, however, inevitably the release of particles
into the engine airstream, which then find their way into
the cabin of high-altitude aircraft in which cabin air is bled
off from the engines. The size and composition of these
particles renders them liable to engender adverse health
effects in human beings inhaling the cabin air.
The mechanism identified in this paper of ultrafine
particle generation and their transport into the the aircraft
cabin via the environmental control system (ECS) solves
the puzzle of the high ultrafine particle numbers found in
flight [19]—means of 106–108 particles/m3 over all flight
sectors on 100 flights (measured using a P-Trak ultrafine
particle counter, which can detect and record particles in
the range 20 nm–1 µm). Subsequent analysis of the data
of ref. 19 concluded that it was unlikely that the particles
detected were aerosols of engine oil and suggested that
they were particles of mineral origin [20]. In the present,
we provide an explanation of the origin of these particles.
It is hard to conceive of any other source of abundant
particles at high cruising altitudes where the air is pristine.
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APPENDIX. DEVELOPMENT OF A NEW ABRADABLE
COATING BY VAC AERO

Under more preferable circumstances, replacement of
damaged components would not be required until at least
14,000 h of operation. Worn blades or ring segments can be
replaced more cost-effectively during the major disassembly that takes place during the 14,000 hour inspection.
For this reason, a 50% improvement in blade tip wear is an
attractive target. Such an improvement would equate to an
extension of blade life until the 14,000 hour inspection and
reduce the high costs associated with replacing blades prior
to the scheduled disassembly of the engine. Ideally, blade
tip wear would be entirely eliminated by improving the
abradability of the coating on the sealing surface. An
improved coating would also minimize early corrosive
damage of the ring segments that form the casing.

A1. Motivation
The OEM recommends that an engine undergo a gas
flow path inspection after every 8,000 h operation. Gas
flow paths are then visually inspected for erosion, foreign
object damage and excessive deposits of engine residues.
This inspection is considered comparatively minor. It does
not require major disassembly of the engine and is
therefore relatively inexpensive.7
Past experience from these inspections led to the
OEM determining that blade tip wear due to abrasion
against the sealing surfaces often reaches unacceptable
levels by 16,000 h of operation (under some operating
conditions, even by 8,000 h). In addition to tip wear,
cooling holes in blade tips may become blocked by coating
torn from the sealing surface. As the coating deteriorates,
the ring segments that form the sealing surfaces may also
suffer from severe degradation due to oxidation and
corrosion. When severe damage is detected during a gas
flow path inspection, major disassembly of the engine is
required to replace worn components.
7

A2. Selection of candidate coatings
The gas fIow path seal coatings currently in use by the
OEM are standard MCrAlY compositions (M is Co, Ni
or both) applied by shrouded plasma or high velocity
oxygen fuel (HVOF) spray to a total thickness of about
1.5 mm. While these coatings provide satisfactory
protection for the substrate against hot oxidation and
corrosion, they have poor abradability and cause

After every 14,000 hours of operation, or as determined in the approved maintenance programme, a comprehensive inspection is
performed, which does involve a major disassembly of the engine. The 14,000 hour inspection is labour-intensive and much more
expensive to carry out than the gas flow path inspection.
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excessive blade tip wear during engine operation. The
engines operate at a steady state temperature of about
985 °C. The OEM believes that most blade tip rubbing
occurs during engine startup and shutdown cycles at
temperatures between 650 and 815 °C.
Based on a literature survey and consultations with a
major powder manufacturer, it was concluded that
coatings with an MCrAlY matrix and additions of
lubricating and volatile elements (to create porosity) held
the most promise for abradable applications in the
intermediate range of engine operating temperatures. To
ensure that the substrate had hot oxidation and corrosion
protection at least equivalent to the coatings currently in
use, an MCrAlY bondcoat was applied beneath the
abradable top coat.
Three powder compositions were selected as
candidate abradable top coats. The amounts of MCrAlY
matrix and the lubricating element in each of the
compositions were fixed. To determine the effect of
porosity on the performance of the abradable top coat, the
amount of volatile element was varied to yield three
different porosity levels.
A3. Experimental
A3.1 Coating
The MCrAlY bond coat was applied by HVOF to L605
base metal coupons, a readily available cobalt alloy very
similar to that used on the OEM’s ring segments. Spray
parameters, coating thickness and post-spray vacuum
fusing treatment parameters were developed to achieve a
coating with mechanical properties exceeding the OEM’s
requirements. All bond coat deposits were evaluated for
microstructure, superficial hardness and bond strength.
Each was also subject to a furnace cycle test involving
repeated exposure to a temperature of 982 °C in air
followed by fan cooling. The deposits were inspected after
each exposure for spallation and general deterioration.
The abradable top coat materials selected for evaluation
were designated VA/TC1, VA/TC2 and VA/TC3. VA/TC1
powder contained the least amount of the volatile
constituent, while VA/TC3 contained the most. In
addition, two MCrAlY top coats were prepared for
evaluation, one applied by HVOF (designated VA/MC1)
and the other applied by air plasma spray (designated
VA/MC2). They were not considered to be abradable and
were included only to demonstrate that VAC AERO was
capable of applying an MCrAlY coating equivalent to the
OEM’s current coating. Spray trials determined optimum
spray parameters for each composition. As a benchmark
in these evaluations, the OEM provided coupons sprayed
with a coating, designated WB, representative of that
currently in use in the engine.
JBPC Vol. 21 (2021)

Prior to application of the MCrAlY bond coat, the
surface of the substrate was properly prepared to ensure
good coating adhesion. Numerous spray trials were
performed to establish the optimum parameters for
application of the MCrAlY bond coat. These parameters
produced an as-sprayed bond coat with microstructural
properties meeting the OEM’s requirements for MCrAlY
coatings. Vacuum fusion trials. were conducted and
optimum fusing parameters determined to produce a
coating bond strength exceeding 10,000 psi when tested
according to ASTM C633. Using the optimum bond coat
spray and fusing parameters, a number of coupons were
coated and subjected to furnace cycle testing along with
coupons coated with the benchmark coating. No
spallation or degradation of the bond coat or benchmark
coatings was visually apparent through more than 100
cycles. It was concluded that the new MCrAlY bond
coat had attributes at least equivalent to the coating used
by the OEM. Parameters for the application of the bond
coat were then fixed for subsequent top coat trials.
Due to the presence of the volatile element in the
abradable top coat powders, air plasma spray was
considered the best technique for applying these coatings.
Optimum spray parameters were established based on
coating appearance, superficial hardness, bond strength
(measured by bend test) and microstructure. Porosity
content varied extensively among the three abradable top
coats, with volume fraction of porosity increasing with
increasing concentration of the volatile constituent in the
powder. The abradable top coats were first evaluated
through a high temperature exposure test at 982 °C. At
intervals through 200 h exposure the coatings were
examined for changes in porosity and superficial
hardness. There was some concern that continuous long
term exposure would result in increased levels of porosity
and reduced hardness. Both of these conditions were
expected to have a detrimental effect on abradability.
However, there were no significant changes in porosity or
hardness throughout the 200 h exposure.
Based on these analyses, it was concluded that
optimum spray parameters had been developed for the
three candidate abradable coatings. Using these
parameters, coupons for burner rig and hot abradability
testing were prepared for each coating. After spraying, the
abradable coatings were subject to a burnout cycle in an
unprotected air atmosphere, in order to vaporize the volatile
constituent from the coatings prior to further testing.
A3.2 Testing
All top coats were subjected to a high temperature
exposure test of 982 °C for approx. 200 h, and inspected
at intervals for superficial hardness and porosity.
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The burner rig at the Institute of Aerospace Research
of the National Research Council of Canada was used for
endurance testing of turbine hot section components, with
test parameters specified by the OEM. Testing is done in a
high velocity hot gas generated by a laboratory combustor
system that closely simulates the mixing, flow and
combustion chemistry of fuels in turbine combustors. Two
types of burner rig tests were conducted:
(I) A cyclic oxidation test simulating the thermal
stresses to which the coatings would be exposed through
multiple engine startup and shutdown cycles. The
coatings were subject to 1,000 cycles, each cycle involving
4 min exposure to the burner rig gas stream followed by
2 min forced air cooling. At intervals, the coupons were
measured for weight change. The temperature of the
gas stream was 1210 °C, which generated a coupon
temperature of approximately 970 °C.
(II) Hot corrosion testing simulating longer-term
exposure of the coating to corrosive elements in the
engine gas stream. Test coupons were cycled through the
burner rig gas stream for intervals of 3 h followed by
forced air cooling for 3 min. Weight change was
measured as a function of exposure time throughout the
total test duration of 100 h. Salt water was added to the
gas stream to increase its corrosiveness. A sulfurenriched fuel was used to further enhance the corrosive
effect. In the hot corrosion test, a gas stream temperature

of 1040 °C created a coupon temperature of approximately
900 °C, slightly less than the engine steady state operating
temperature of 985 °C. However, past experience with
the burner rig has shown that corrosive action is more
pronounced at this lower temperature.
The final test was hot abradability testing (carried out
by an independent laboratory). This test simulates the
rubbing of blade tips against the coated casing as occurs
during engine service. A schematic of the test rig is shown
in Fig. A1. The testing involves rubbing a vane tip specimen
against a coated coupon at simulated engine RPM and
operating temperature. During revolution, the test rig
forces the vane tip into the coating at a controlled incursion
rate that simulates thermal expansion conditions in the
engine. The vane tip is then measured for wear and the
coating evaluated for deterioration. Two sets of test
parameters were selected to simulate two engine operating
conditions. A test temperature of 700 °C, incursion rate of
10 μm/s and blade tip velocity of 400 m/s were used to
simulate engine startup conditions. To simulate engine
steady state conditions, a test temperature of 985 °C,
incursion rate of 2 μm/s and blade tip velocity of 400 m/s
were used. Two benchmark coupons and two coupons
coated with each of the abradable top coats were tested
under both sets of conditions. Two coupons coated with
V AlMC2 were tested only at the lower temperature for
comparison to the benchmark.

Figure A1. Schematic diagram of the hot abradability test rig. It consists of a rotor, movable specimen stage and heating device.
The rotor is a steel disc with four machined slots spaced 90° apart, into which dummy blade tips are fitted; they are made from
IN738, the same blade material in the OEM’s engines. Blade tip velocity can be varied up to 500 m/s. The specimen stage is driven
by a stepper motor and is used to force the coated coupon into the moving rotor. Incursion rates can be accurately controlled
between 1 and 500 µm/s. The coupon surfaces are heated by a high velocity burner creating a thermal gradient similar to that in
an engine. Test temperatures can be varied between ambient and 1200 °C. The rig is microprocessor-controlled and test
parameters are collected through a high-speed data logger. Abradability is determined by measuring incursion depth of the blade
into the coating, blade wear and abradable coating roughness.
JBPC Vol. 21 (2021)
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A4. Results and discussion
A4.1 Burner rig testing
The results of the cyclic oxidation test are shown in Fig. A2
(weight change of the test coupon v. no cycles). For a
coating with perfect oxidation resistance there would be no
weight change in the test coupons through exposure to an

indefinite number of cycles. In reality, a slight weight
increase of the test coupon is normally evident during early
cycles, a result of oxidation of certain elements in the coating
and coupon base metal. Subsequently, weight decreases as
the oxides begin to spall off of the coupon; a low rate of
weight loss is an indication of good oxidation resistance.

Figure A2. Cyclic oxidation test results.

Two samples were tested for each candidate coating
with excellent reproducibility of test results. The MCrAlY
coatings (WB, VA/MC1 and VA/MC2) all showed
relatively similar results. Oxidation resistances of WB and
VA/MC1 were virtually identical (both coatings registered
very slight weight gains in the first 50 to 100 cycles and a
very gradual weight loss through the final 100 cycles).
VA/MC2 showed a higher weight gain through the first
250 cycles, but a smaller weight loss through the final 750
cycles. It can be concluded that the VA/MC2 coating will
provide the best long-term protection from hot oxidation
of the three MCrAlY coatings, though VA/MC1 can be
considered at least equivalent to the benchmark.
As expected, the abradable coatings (VA/TC1,
VA/TC2 and VA/TC3) did not perform as well in long
term exposure as the MCrAlY coatings. VA/TC2 and
VA/TC3 actually showed weight losses through the first
15 to 20 cycles. However, this loss can be attributed to
vaporization of residual volatile element in the coating and
was not a sign of early coating deterioration. The size of
JBPC Vol. 21 (2021)

the early weight loss was directly proportional to the
amount of volatile element in the powder used to make
the coating. The abradable coatings then exhibited a fairly
fast rate of weight gain through 200 cycles and relatively
stable performance through at least 500 cycles. VA/TC3
then began to show signs of deterioration which
accelerated past 700 cycles. VA/TC1 and VA/TC2 both
remained stable through more than 700 cycles before
deterioration began.
The OEM advised that most industrial turbine
engines undergo only a limited number of startup and
shutdown cycles between major overhauls. In most
cases, this number is less than 10 cycles and rarely
exceeds 200 cycles. Based on these operating criteria and
the results of the cyclic oxidation tests, it was concluded
that all of the coatings demonstrated satisfactory hot
oxidation resistance for the intended application. It should
be also emphasized that the abradable coatings are
applied as an overlay on an MCrAlY bond coat. The bond
coat will provide most of the protection for the substrate.
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Fig. A3 shows the results of the hot corrosion test.
Again, two samples for each candidate coating were
tested; with the exception of WB, results were again very
reproducible. Among the MCrAlY coatings, VA/MC2
exhibited the least weight loss, followed by VA/MC1.

Combined with the hot oxidation test results, the
conclusion that VA/MC2 has better hot oxidation and
corrosion resistance properties than the OEM’s current
MCrAlY coating was confirmed.

Figure A3. Hot corrosion test results.

Results for the abradable top coats were somewhat
mixed, with VA/TC3 showing a higher weight loss than
VA/TC1 but less than VA/TC2. From these results, no
definitive conclusions can be drawn regarding the effect
of varying concentrations of the volatile constituent in
these abradable coatings on hot corrosion resistance.
However, the results did show that each of these coatings
underwent weight losses no worse than that of the
benchmark coatings. It can therefore be concluded that
their corrosion resistance will be satisfactory for the
intended application. In summary, burner rig testing
demonstrated that in the intended application, substrate
protection equivalent to the benchmark coating could be
achieved with the use of any of the candidate coatings.
A4.2 Hot abradability testing
Results demonstrated that WB, V AlMC2 and the
abradable coating containing the least amount of the
volatile constituent (VA/TC1) had poor abradability under
JBPC Vol. 21 (2021)

both sets of test conditions. These results were not
surprising and served to confirm the practical experience
of the OEM. At the lower test temperature, these
coatings suffered from considerable adhesive wear with
significant transfer of the coating material onto the blade
tip. At the higher test temperature, these coatings became
more plastic causing melting wear of the blade and little
adhesive transfer.
VA/TC2, based on the powder containing an
intermediate amount of the volatile constituent, showed
partial abradability at 700 °C. However, the abradability
was a result of breakout of chunks of coating rather than
the more desirable cutting mechanism. In a turbine
engine, the creation of large chunks of coating during
abrasion increases the risk of cooling hole blockage in
vane tips. At 985 °C VA/TC2 became more ductile,
causing blade wear and no incursion into the coating.
VA/TC3 showed good abradability under both sets
of test parameters. No transfer of coating to the blade tip
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was evident and the abraded surface was very smooth.
No measurable blade tip wear occurred at 700 °C and
only minor wear was measured at the higher
temperature. Based on measurements of blade tip wear,
the hot abradability of VA/TC3 was much more than
50% better than the benchmark coating at both test
temperatures. Though the results of these laboratory
tests should be confirmed by engine testing, it appears
that the VA/TC3 coating would prevent excessive blade
tip wear between major engine overhauls.
A5. Conclusions
These laboratory tests demonstrated that VA/TC3 had far
better hot abradability than the benchmark coating and
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the best hot abradability of the three candidate abradable
coatings. Combined with the results from the burner rig
tests, it is apparent that a much improved engine casing
coating can be achieved by applying an MCrAlY bond
coat covered with an overlay of abradable top coat VA/
TC3. Hence, a significantly improved coating for
abradable seals in industrial and commercial gas turbine
engines was developed. This coating should prevent
excessive blade tip wear between 14,000 h inspection
intervals at operating temperatures up to 980 °C. The
coating consists of a specially heat-treated MCrAlY bond
coat covered with a proprietary abradable top coat.

