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Abstract: Sand erosion has always been a key threat to the performance and service life of aeroengines. The compressor, the key component installed at the front of the aero-engine, suffers the
most from sand erosion, especially compressors serving in deserts. Ceramic hard coating is a
traditional way to improve the hardness and wear resistance of cutting and grinding tools. It may
also be used to improve the erosion resistance of aero- engine compressor. However, the mechanism
of erosion damage is complicated, which may include wear, secondary erosion, anisotropic erosion,
impact, and fatigue. Recent research discovered the major problems with ceramic hard coating on
aero-engine compressors. In this paper, these following problems are discussed: the design of
coating material and structure, the preparation method and technology, the effects of droplets and
clusters of coating surface, microstructure and characteristics of interface. The review of the major
problems and possible solutions discussed in this paper may contribute to the future research on
erosion coating theoretically and practically.
Keywords: sand erosion; coating; structure design; damage modes; surface and interface

1. Introduction
Sand erosion is a common phenomenon in the industrial field [1–3], especially in area with both
wind and sand such as power and energy equipment, resulting erosion on inner wall of the pipeline
and so on. However, the erosion issue in the field of aviation is quite different and more severe than
the above [4–7], such as helicopters and transports taking off and landing in desert areas, as sand
particles are sucked into the engine at high speed, as shown in Figure 1. High concentration of sand
leads to serious damage to high speed rotating compressor located at the front of the engine [8], which
may further lead to downgrade of engine performance, decrease in reliability and even shorter the
service life. Erosion has become a serious problem affecting the service in harsh environment of
equipment, which needs to be solved urgently.
In order to solve the problem of sand erosion of aero-engine compressors and improve the
performance of service in desert, many methods have been tested, such as the design of special
particle separation devices for aero-engines [9], a change of engine compressor material [10], and so
on. However, similar to the facemasks we wear in smog days, the separation device has limited ability
to filter out fine particles, and it is very likely to cause an airflow problem. Changing the material will
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cause the engine to increase weight. At present, these methods can not solve the erosion problem
completely and effectively.

(a)

(b)

Figure 1. Engine exposed to sand: (a) helicopter flying in desert environment; (b) engine swallowing.

Coating is an effective technology against erosion [11–15]. Coating with good strength and
toughness on the surface of the material [16,17], combined with the use of a particle separation device,
can negate the impact of the sand swallowed and promote service performance of the engine to the
greatest extent. Though for many years, ceramic erosion-resistant coating has been used to improve
the surface strength of materials in machinery industry, such as cutting and grinding tools [18–21],
the aero-engine erosion is quite different from the conventional ones. There are still a number of
problems that need to be studied.
First of all, the erosion in aero-engine is the combination of wear, secondary erosion, anisotropic
erosion, impact, fatigue, and other damage modes [22–24]. The standards in strength and toughness
of the coating are higher, and the protection of a single hard coating does not suffice. To address the
high-speed erosion of the aero-engine compressor, the material system and structure of the ceramic
coating should be redesigned.
At the same time, titanium alloy materials often used in aero-engine compressors are very
sensitive to surface conditions [25], so it is very important to study the preparation methods and
processes, which may have adverse effects on the properties of the substrate. At present, the key
problems affecting erosion performance and damage assessment methods are still under study [26].
With the demanding requirements of aviation anti-erosion coatings and the continuous advancement
of erosion/corrosion integration requirements, the application of coatings is still facing some
challenges.
In this paper, the essence of sand erosion problem of aero-engine compressor is summarized,
and the fundamentals affecting the erosion performance of protective coating are analyzed. Highspeed cameras are used to observe the sand-break and secondary erosion phenomenon. Aiming at
the special high strain rate erosion problem of compressor, the stress and strain fields of the coating
under high strain rate impact are analyzed by finite element simulation, and the formation
mechanism of annular crack is verified and explained by experiments. The advantages and
disadvantages of different materials and structural system coatings are compared, and the
preparation principle and process method of erosion resistant coatings for complex shape
components are introduced. The effects on the erosion properties of the coatings of droplets, surface
clusters, and interfaces formed during arc ion plating were analyzed by scanning electron microscope
(SEM, TESCAN MIRA 3, TESCAN, Brno, Czech Republic) and transmission electron microscope
(TEM, JEM-2100F, JEOL, Akishima, Japan), the anisotropic erosion and damage mechanism of the
nanocomposite coatings were obtained based on the micro-nanomechanics. This paper is a summary
of the research results of erosion coatings for many years, and some of the research results are of great
significance to promote the theoretical and technological development of erosion resistant coatings.
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2. Modes of Aero-Engine Compressor Erosion
The erosion damage of the aero-engine compressor includes wear, secondary erosion,
anisotropic erosion, impact and fatigue, which are superimposed and coupled with each other. The
complexity of the damage which is different from rather simple wear and tear on the surface of
cutting or grinding tools urges us to take careful observation of the erosion in the aero-engine and
have good understanding of the erosion characteristics which would guide the design of the coating
structure, the selection of the fabrication process, and also the use of the performance evaluation method.
2.1. Wear and Secondary Erosion
In the service course of an engine, sand particles first interact with the high-speed rotating
compressor surface. Because of the irregular shape of sand particles and the influence of air flow, the
incident angle, defined as the angle between particle velocity vector and the material tangential
surface, is randomly distributed ranging from 0° to 90° as shown in Figure 2. This incident angle is
also being referred as erosion angle in this paper. The mechanism of erosion damage varies with the
change of incident angle. It is roughly defined that the small angles are those less than 30°, at which
wear mainly occurs, and large angles are those more than 30°. Generally speaking, for ductile
materials, the most severe erosion damage take place at small angle with cutting being the main
failure mode. For brittle materials, the most severe damage take place at large angles as layer spalling
caused by elastic–plastic deformation and fatigue crack growth being the main failure mode [1,27–
31]. Considering the bending shape and air flow characteristics of the engine compressor, the majority
of sand erosion angles are generally not greater than 45°.

(a)

(b)

Figure 2. Erosion wear behavior of typical ductile and brittle materials at different angles [32].
Reprinted with permission from [32]. © 1960 Elsevier.

Secondary erosion is also a common phenomenon. The main composition of the sand particles
is silicon dioxide, and natural sand is doped with various elements, such as Ca, Fe, Mg, and the like
[33]. Sand particles may break upon impact of the initial erosion, and then the broken sand will erode
the surface again. This phenomenon is called secondary erosion and it is observed throughout large
and small erosion angles. As shown in Figure 3, we observe the crushing and secondary erosion of
the sand through a high-speed camera, and the small size particles have done heavy erosion damage
that cannot be ignored to the surface of the material. The pictures are taken with incident angles of
30°, 45°, 60°, and 90°, respectively. As seen from Figure 3 that sand particles are still intact at 30°;
slightly broken at 45°; and completely broken at 90°. It is concluded that sand grains are more severely
broken with the increase of erosion angle.
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(a)

(b)

(c)

(d)

Figure 3. Schematic diagram of secondary erosion process: (a) 30° (b) 45° (c) 60° (d) 90°.

Experimental results of Finnie’s paper [34,35] revealed that ductile materials like metals and
brittle materials such as ceramics exhibit different erosion patterns with the change of erosion angle
during erosion. The erosion rate of ductile materials has a peak value at small erosion angle, and goes
down as the angle increases; while the erosion rate of brittle materials goes up with the increase of
erosion angle reaching maximum at 90°.
2.2. High Strain Rate Impact
The blade of aero-engine compressor is in a state of high speed rotation. The collision velocity
between sand particles and blade is calculated to be exceeding the speed of sound (340 m/s), and the
velocity of blade tip can reach as high as 400–500 m/s. The strain rate caused by high speed impact is
very high. Compared to quasi-static mechanical condition (strain rate 10−4/s–10−1/s), the response
characteristics and mechanical behavior of both substrate and coating under dynamic mechanical
conditions (strain rate 102/s–104/s) are significantly different. The mechanical strengthening of nanomultilayer coatings is essentially resulted by the hindrance of high density interface to dislocation
movement in nano-thickness single-layer [36–38]. Under high strain rate loading, the viscous
damping effect of nano-multilayer interface on dislocation becomes the key factor affecting the
dynamic properties and mechanical behavior of multilayer coatings. Since little attention has been
paid to the difference between conditions, existing research methods on the damage problem are
limited, so does the understanding of performance at high strain rate.
As shown in Figure 4, a tensile stress ring is generated on the surface of the coating when it is
impacted by particles. The coating surface is deformed during the process. As the particle moves
downward, the tensile stress peaks on the surface of the coating propagate outward along the radius
[7,11,39–41]. These tensile peaks can easily lead to circular cracks due to the poor tensile strength of
ceramic coatings. These circular cracks and radial cracks at the interface are likely to be connected, which
can lead to the coating being peeled off. This coalescing is the main cause of coating failure [7,42].

Figure 4. (a) Stress fields of the coatings and (b) the distribution of cracks on the coating surface.

2.3. Anisotropy of Coating
The mechanical properties and the deformation of the coating are closely related to direction
and amplitude of the load. The irregular moving sand particles have strong randomness in all
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direction, but the direction of the coating is evidently parallel to the substrate surface. As shown in
Figure 5, the anisotropy of coating resulted in an obvious difference of the impact to coating between
different load directions. We also carried out the micro-nano mechanical property test of the coating
at different angles, specifically 0° and 90° with quasi static loading. Meanwhile, the impact damage
behavior after single sand particle impacting with high strain rate was also studied.

(a)

(b)

Figure 5. Indication of (a) 90° and (b) 0°.

2.4. Impact Fatigue of Coatings
Unlike high stress material failures such as yield or fracture, fatigue occurs when the material is
subject to low stress level. As the result of repeated load of sand and dust particles, this impact fatigue
is the main damage mode of coating erosion [22,43,44]. The fatigue behavior of the aero-engine blade
is very complex. In order to obtain some insight, we conducted experiments on a variety of load
arrangements, namely high frequency with low stress, low frequency with high stress, and
compound load.
Before the test, some approximations have to be made. In real circumstances, the impact velocity
of sand particles is hard to accurately control; the influence of irregular shapes and rotation along the
course of movement are also complex to analyze. Therefore, a simplified model is built as shown in
Figure 6, in which all the sands are considered to be hard spherical particles with identical velocity [45].

Figure 6. Schematic diagram of multiple impacts of sand and repeated impact of small balls.

The damage morphologies of physical vapor deposition (PVD)-made TiN/Ti binary coatings
with different thickness under 104 repeated impacts of hard Si3N4 pellets are shown in Figure 7.
Circumferential cracks appear at the edges of impact pits of all coatings. Coatings exfoliation occurs
at the center (O), middle (M) and edge (C). The pits formed in depth of the coating are not caused by
the peeling off. The two-dimensional contour lines are circular arc-shaped. There are materials
extruded at the edge of the impact pits. Therefore, it can be concluded that the pits are deformations
caused by repeated impact in a vertical direction by sand particles. It is also notable that there are
three main characteristics of repeated impact fatigue: circumferential crack, spalling, and
coating/matrix deformation, among which spalling is the most important one.
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(a)

(b)

(c)

(d)

Figure 7. Damage morphologies of TiN/Ti coatings under 104 repeated impacts with thickness of (a)
5 μm (b) 10 μm (c) 15 μm (d) 20 μm.

3. Integration of Coating Preparation Equipment and Coating Process
3.1. Design of Anti-Erosion Coating Material and Structure
In the past two decades, the surface engineering technology has developed rapidly. Hard coating
has been widely used in grinding tool surface to improve strength, service performance and even life
[46–49]. Ceramic hard coating is the first choice when it comes to anti-erosion coating [50,51].
However, as we discussed above, erosion in aero-engine is very different from the conventional wear.
Therefore, compared to the ceramic coating on the surface of the cutting and grinding tools, the
toughness and strength demands of coating have been raised to adapt to the wear, impact, fatigue
and other modes of the erosion damage. The performance of single traditional ceramic coating such
as TiN, CrN simply can not meet the requirements and needs to be optimized.
Meanwhile, the structure of the coating can be complex. Single-layer, multilayer, and nanomultilayer are three typical types, as shown in Figure 8. Specifically for nano-multilayer, the thickness
of a single layer coating is less than 100 nm. The soft and hard alternating structure and high-density
interface of the nano-multilayer coatings are widely considered to be advantages of improving the
strength and toughness for its ability to block dislocation movement and inhibit crack growth [52,53].
It is a hot spot for international research in recent years.

(a)

(b)

(c)
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Figure 8. Structural sketch of (a) single-layer, (b) multilayer and (c) nano-multilayer coatings.

3.2. Preparation Method and Process of Anti-Erosion Coating PVD
Thermal spraying, cold spraying, physical vapor deposition and chemical vapor deposition
(CVD) are the main methods of coating technology. However, for engine compressor, considering
the thickness, roughness, bonding strength, and preparation temperature, coatings prepared by
thermal spray and cold spray are difficult to control on the order of microns; chemical vapor
deposition has some corrosion and high temperature issues. Thus, PVD has become the mainstream
technology used in the preparation of erosion resistant coatings both domestic and international.
PVD also include many specific coating preparation methods, such as magnetron sputtering and arc
ion plating [54–56]. Arc ion plating (AIP), as a common method for non-high precision coatings,
performs exceptionally well in preparing resistance coatings because of its high bonding strength,
high deposition efficiency and low cost [57,58]. There are also many important technological
processes for the preparation of coatings, like pre-treatment, coating deposition, and post-treatment.
Take pre-treatment as an example; sand blowing is essential for cleaning up the surface and
improving roughness [59]. The bonding strength of coating would be inferior if the surface layer of
the material is contaminated. Thus, the selection of methods and parameters is critical in the
preparation process.
The principle of AIP is shown in Figure 9. The vaporizer discharges the gas between a trigger
and the target material forming high current arc in a low-pressure chamber [60,61]. The arc which
generates vaporized ion-rich plasma of target material is constrained in a designated area by a
magnetic field [62]. The ions are accelerated in the electric field and deposited onto the substrate
forming the desired coating.

Figure 9. Schematic diagram of physical vapor deposition.

3.3. Erosion Resistant Coating for Complex Aeronautical Components
AIP has some characteristics such as low operation temperature, non-corrosive, high strength,
thickness-controllable and so on [63,64]. However, from the application perspective of anti-erosion
coating in aero-engines, there are still many problems yet to be solved. For instance, AIP is a line-ofsight processing technology. That is to say, it is only feasible to deposit coating along the direction of
the plasma beam. Although the deposition can be accelerated by applying negative biased voltage
on the substrate, the anisotropic effect is still notable.
Nowadays, in aeronautical components, most vane disks have non-detachable structure. The
distortion and mutual occlusion between the blades are very serious. It is necessary to determine the
injection mode and design the angle of plasma beam according to the shape and structure of the sample.
It is also important to consider the deposition efficiency and internal stress control of the coating.
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As shown in Figure 10, the blisk is fixed on a shaft which rotates at a low speed. Two arc sources
are arranged in the direction facing the blades where erosion occurs the most, and one arc source is
arranged in the opposite direction. This arrangement can effectively improve deposition rate of the
coating. The problem of uneven deposition on complex shape samples can be effectively solved by
arranging the arc sources and the shaft in this way [65].

Figure 10. Preparation of erosion resistant coating for compressor blade disk.

4. Surface and Interface Problems of the Coating
4.1. Effect of Arc Ion Plating Droplets on Erosion Performance
During arc ion plating, due to the large local current, the surface temperature of the target
material exceeded 1000°, which led to charged droplets of metal to form instead of pure plasma. The
droplets splashed directly onto the surface of the substrate, forming surface defects and increasing
roughness (as shown in Figure 11a). Experiment result shows that roughness of coating has immense
impact on the erosion rate of the coating [66,67]. These protrusions formed by droplets are susceptible
to sand erosion, and micro pits would form after the chunks are being scraped off. The pits are very
easy to become concentration sites of fatigue or corrosion, resulting in the coating being washed away
quickly (as shown in Figure 11c). Droplets can be removed by magnetic filtration [68,69], and the
surface quality of the coating can be improved (as shown in Figure 11b). However, the downside is
that the deposition rate would be negatively affected.

(a)

(b)

(c)

Figure 11. Multiple nitride-based coatings prepared by multi-arc ion plating: (a) Surface of coatings
by arc ion plating; (b) Surface of coatings by magnetic filtered arc ion plating; (c) Schematic diagram
of the effect of droplets on erosion of coatings.

4.2. Effect of Columnar Boundary on Erosion Performance
A cluster is a kind of microstructure on surface of coating prepared by arc ion plating. This
phenomenon is rarely mentioned in the literature before. A cluster is formed of columnar crystals
creating a small bulge with clear profile. Aside from droplets, cluster of surface coating is a key factor
affecting the erosion rate, as erosion begins with the grinding of the relative protruding part of the
surface by sand particles. In order to establish the quantitative relationship between the process
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parameters, cluster microstructure and erosion macroscopic properties, we defined a new variable
called cluster density, which stands for the number of clusters in a unit area, shown in formula (1).
D=

N
S

(1)

where D is the value of cluster density, which is the ratio of the number of cluster in the statistics
area; N is the number of cluster in statistics area; and S is the measure of statistics area.
The influence of process parameters on the cluster density, and the influence of profile columnar
crystals seen by SEM electron microscope on cluster density and the influence of clusters on erosion
performance are shown in Figure 12.

(a)

(b)

(c)

Figure 12. Effect of bias on surface morphology of coating: (a) −250 V; (b) −350 V; (c) −450 V.

4.3. Interface Problem
Interface science is an interdisciplinary branch of learning, involving mechanical, physical,
material, and so on, which is being paid more and more attention in recent years. Research on
interface science is essential and very important to coating technology [52,53,70,71]. Erosion resistant
coatings are generally parallel to the surface of the material. In order to improve the bonding strength
between the coating and the substrate, a transition layer is generally adopted. For instance, if the
substrate is Ti alloy and the coating is TiN, Ti will generally be used as the material for the transition
layer [7,24,72]. Interfaces of all kinds, such as those between coating and substrate, between different
layers of the coating, and even inside the coating itself have great influence on the overall properties
of the coating. The roughness of the interface also has a great influence on the bonding strength. We
conducted experiments on the effect of interface on the bonding strength and the erosion
performance of the coating. The results showed that the bonding strength differed more than twice
in magnitude.
Figure 13a shows the microstructure of TiN/ZrN nano-multilayer coatings with nanoscale layers
periodically fabricated by PVD technology. The individual layer thicknesses of the TiN and ZrN were
140 and 100 nm, respectively, which were small enough to achieve nano-grained structures within
each layer. As Figure 13b presents, the grains in both layers were columnar structured, and the grain
sizes were approximately the same to the thickness of each layer. This also implies that a typical way
to obtain the smaller grain structure is to reduce the thickness of single layer. The interfaces are very
dense, without presence of micro/nano-scale porosities or other phases [73–77].
In order to better understand the effect of cracks in the coating, the cross-sectional erosion area
of the coating was observed by SEM. Showing in Figure 14a,b, when the crack propagates in the
multilayer coating, the crack can be branched (zone A) and deflected (zone B). Crack tips inside the
layer acted as stress concentrators that weakened the bonding strength. The multilayer coating
exhibited better resistance against crack extension as the researches discussed [78,79].
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(a)

(b)

Figure 13. (a,b) Low and magnified microstructure of the TiN/ZrN nano-multilayer coatings by bright
field (BF)-TEM.

(a)

(b)

Figure 14. Crack propagation of TiN/ZrN nano-multilayer coatings: (a) crack deflection, (b) crack
bifurcation [15].

5. Anisotropy and Damage Mechanism of Coating
5.1. Anisotropy and Damage Mechanism by Nanoindentation
The thickness of these films is limited to the order of micro-meters due to fabrication method
and therefore the mechanical testing is restricted to small-scale techniques. The experiment utilized
nanoindentation and pillar compression; both are becoming the increasingly popular techniques in
microscale mechanical testing [42,80–85]. However, these studies are limited to the loading direction
only perpendicular to the layer direction. Little work has been done to study the performance
differences of coatings under different loading directions.
Recent anisotropic deformation and fracture mechanisms studies by Yang and He explored that
by a combination of nano-indentation and micropillar compression techniques, TiN/ZrN nanomultilayer coatings behaves differently on different loading orientations [86]. Their research showed
that compared with the 90° loading direction, the coating with 0° loading direction has a stiffer and
stronger performance. Examined by the detailed TEM characterization after nanoindentation, the
results suggested that the coatings were bended and kinked in the 0° direction, as kinking bands
appeared. At 90°, the main mechanisms were the plastic deformation of ZrN layer and the interface
Mode I cracking between TiN and ZrN layers. Also revealed by the micropillar compression
technique, the results evidenced that the layers were more brittle at the 0° direction than the 90°
direction. The SEM test after micropillar compression showed that cracking propagation and
termination induced by the interface were beneficial for the toughness property of the TiN/ZrN nanomultilayer coatings.
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5.2. Anisotropy and Damage Mechanism by Single Sand Erosion
Combined with the service condition of aero-engines in the desert, in order to understand the
mechanism of sand erosion of coating more clearly, we use single particle sand to study the erosion
of TiN/ZrN nano-multilayer coatings. For sand erosion test, the damage morphology and response
of samples are often the focus of attention. However, it has been shown that the impact response of
sand particles can also affect the erosion performance of materials. About 20%–30% of the energy
from the eroded sand is transferred to the rebounded sand [87]. The erosion protection ability of the
coating can be qualitatively reflected by recording the incident and rebounded informations and
fragmentation of the sand through the erosion test of single particle sand, which can effectively
supplement the erosion test.
The tests of single sand impacting on TiN/ZrN nano-multilayer coatings at following angles: 30°,
45°, 60°, and 90° with 130 m/s were carried by WSS-1 air gun system, and the results were observed
with a high-speed camera. Figure 15 shows the results of single sand impacting TiN/ZrN nanomultilayer coatings at 130 m/s. The number of broken sand particles is less at 30° and 45° erosion
angle than at 60° and 90° erosion angles, At 60° and 90° erosion angles, the sand is seriously broken
and becoming powder-like, which proves that the second erosion plays an important role in the
actual sand erosion. At the same time, there is a serious law of fragmentation with the increase of
erosion attack angle.

(a)

(b)

(c)

(d)

Figure 15. Diagram of secondary erosion process:(a) 30° (b) 45° (c) 60° (d) 90°.

In the process of sand erosion, the main part of the incident kinetic energy is transformed into
the fracture energy, the rebound kinetic energy, and the rotational kinetic energy of the sand particles
besides the energy exhausted by collision damage to the sample. Among which the rotational kinetic
energy carried by particle rotation is rather low and can be neglected. Therefore, the energy
conversion behavior during this process can be directly reflected by the statistics of the degree of
sand fragmentation.
Some research results showed that the impact velocity and angle of the sand particles [88], the
toughness of the target coating and the ratio of its hardness to the sand particles [89,90] all have an
impact on the erosion rate of the coating. Additional, researches showed that for the erosion test, the
erosion rate decreases with the increase of the number of broken particles [89]. Combined with the
impact rebound test of single sand particles, the relationship between the mechanical properties of
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coating and the status of sand fracture can be established, which will help to predict the erosion
resistance of the coating.
6. Conclusion
After many years of research on erosion-resistant coatings, we have come to the following
conclusions:
•

•

•

•

The erosion problem of aero-engine compressors is very complicated, which is very different
from the traditional erosion wear problems, including wear, secondary erosion, high strain rate
impact, anisotropy, fatigue, and other issues. The study of the erosion-resistant coating of the
compressor should be analyzed in combination with the characteristics of the service
environment.
The performance of the coating material system and structure directly determines the
performance of the coating. Many basic research results show that the nano-multilayer coatings
have good mechanical properties and erosion resistance, but the coating properties should be
considered by combining the material system structure, preparation method, and process.
Especially for the components with complex shape, the preparation of the nano-multilayer
coatings is still very difficult. It is also very important to improve the stability of the process and
reduce the cost.
The presence of droplets easily forms defects, changes the roughness of the surface, forms a
fatigue source, and preferentially fills the erosion zone. Cluster density is the most important
factor affecting erosion resistance. The presence of the interface can hinder dislocation motion
and limit crack propagation. Proper use of process conditions to optimize these problems can
greatly improve the erosion resistance of the coating.
The anisotropy of erosion resistant coating is different from that of hard ceramic coating used in
cutting tools and grinding tools. Although most of the coatings are parallel to the substrate
surface, the anisotropy of erosion coating is inevitable, but the anisotropy of erosion coating is
more obvious because of the randomness of erosion direction of sand particles, which has a great
influence on the properties and life of the coating. In this paper, the anisotropy of the coating is
characterized by micro-nanomechanics, and the mechanical properties of the coating are
obtained. However, as we know, the micro-nanomechanics test is still quasi-static. We are also
trying to use nano-impact and other methods, and combined with erosion experiments to further
reveal the mechanical properties and anisotropy of the coating at a high strain rate.
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