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With the gradual depletion of shallow resources, the petroleum industry is developing toward ultradeep wells and high-speed
drillings, and the problems of corrosion and erosion failure of drill pipe materials are becoming more and more serious. On the
basis of not destroying the excellent mechanical properties of S135 drill pipe steel, three kinds of coatings, 20% Al-80% Zn, 30%
Al-70% Zn, and 40% Al-60% Zn, are cold sprayed on S135 steel. ,e morphology of the coating is observed, and the bonding
strength, porosity, hardness, and corrosion resistance of the coating are tested. Results show that the bonding mechanism between
the powder particles and the substrate of the three coatings is mainly mechanical occlusion. From the substrate to the coating
surface, the hardness value decreases gradually. With the increase of Al powder content, coating bonding strength increases,
coating becomes more compact, and porosity decreases. Corrosion test results show that three coatings can protect the substrate.
,e density of corrosion products on the coating surface increased with the increase of the Al content. Corrosion potential of the
three coatings is lower than that of the substrate, and the corrosion rate of the three coatings is lower than that of the substrate.

1. Introduction

In recent years, with the gradual depletion of shallow re-
sources, the petroleum industry is developing toward
ultradeep wells and high-speed drilling. S135 steel is widely
used as drill pipe material because of its excellent mechanical
properties [1]. As an important part of the drill string system,
the drill pipe is often used as the circulation channel of
drilling fluid. ,e drill pipe joint is the most important part
of the drilling string. It plays the role of connecting,
transforming, and transmitting torque. It must have high
strength, plasticity, and other comprehensive mechanical
properties. In the process of service, it is often affected by the
corrosive medium, which makes the joint usually have
corrosion behavior, so more than 80% of drill pipe accidents
occur at joints. In recent years, the incidence of drill pipe
failure accidents is very high, and the losses caused by the
drill pipe failure also increased significantly [2, 3]. It is
necessary to find a surface treatment method to improve the
surface properties of a material while retaining the excellent

mechanical properties of S135 drill pipe steel, which is very
necessary for improving the life of drill pipe and drilling
efficiency [4].

,e coating preparation technology has been paid close
attention by domestic and foreign research institutions in
recent years. ,e protective coating with excellent corrosion
resistance and wear resistance can be prepared by thermal
spraying or enamel technology. It has been widely used and
developed because of its mature technology, convenient
preparation, and flexible application, but there are inevitably
many defects [5–9]. Cold spraying technology is a tech-
nology in which metal particles hit the substrate surface at
high speed and form a dense coating on the substrate surface
[10]. Compared with thermal spraying, cold spraying ac-
celerates powder particles by compressed gas, and particles
impact the surface of the substrate by their kinetic energy.
After collision, plastic deformation occurs, which binds to
the substrate and deposits a coating. Cold spraying can not
only obtain nonoxidized metal deposits in the atmosphere,
but also avoid the thermal impact on the substrate, which
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makes cold spraying technology have broad application
prospects in corrosion protection and preparation of high
conductivity coatings, repair of damaged metal components,
and manufacture of metal additives.

Under the action of high-speed and high-pressure gas,
the fully solidified high-speed particles collide with the
substrate violently, and the particles deform plastically and
deposit, forming a cold spray coating. Assadi et al. used the
finite element method to simulate the stress field and
temperature field distribution of particles bonded to the
substrate. ,e results showed that there was microzone
melting at the particle edge and proposed that metallurgical
bonding might exist in the process of cold spraying [11, 12].
Al coating can provide good cathodic protection for steel
surface, and the performance of protective coating is better
than that of thermal spraying [13]. In terms of electro-
chemical protection, Zn has a better effect than Al. While in
terms of electrochemical stability, Al has a better effect than
Zn. At the same time, by comparison with the two elements,
it can be found that zinc-aluminum composite coating is a
more excellent coating material combining the excellent
cathodic protection of Zn and the excellent chemical sta-
bility of Al [14, 15]. Al-Zn composite coating has lower
porosity and better corrosion resistance than pure alumi-
num and zinc coatings [16–18]. ,e composite coating with
the substrate and the internal powder of the coating can be
well combined, and the Al-Zn alloy coating prepared by cold
spraying has higher wear resistance [19].

In this paper, three proportions of Zn-Al coatings, 20%
Al-80% Zn, 30% Al-70% Zn, and 40% Al-60% Zn, were
sprayed on the surface of S135 steel which was commonly
used in oil drilling engineering. Microstructure, morphol-
ogy, porosity, hardness, bonding strength, and corrosion
resistance of three coatings were observed and studied.

2. Experimental Process

2.1. Experimental Materials. ,e substrate material used in
the experiment is S135 steel plate, and its chemical com-
position is shown in Table 1. ,e substrate thickness is
10mm.

Figure 1 shows the micromorphology of Al and Zn
powders. ,e particles of Zn powders were spherical and
ranging from 5 to 14 μm in size. ,e particles of Al powders
were not uniform, and most of them are strip or wormlike,
ranging from 15 to 45 μm in size. ,e purity of the two kinds
of metal powder was more than 99.9%.

2.2. Preparation of Spray Coating. In order to improve the
mechanical occlusal effect between the coating and the metal
substrate, acetone and alcohol were used for ultrasonic
cleaning to remove stains and rust on the substrate surface
before spraying. Sandblasting pretreatment with quartz sand
was used to increase the roughness of the substrate surface,
which was beneficial to the bonding between the coating
material particles and the substrate. Metal powders of Al and
Zn were mechanically mixed at the weight proportions of
20% Al-80% Zn, 30% Al-70% Zn, and 40% Al-60% Zn,

respectively. Low pressure cold spraying equipment
(DYMET-413) was used for spraying. Figure 2 shows the
working principle of the cold spraying system. ,e gas is
pressurized by a compression device and then heated
through a heater to expand at supersonic speeds at the nozzle
outlet. Metal powder particles are accelerated to supersonic
velocity by high pressure heating gas at the front of the spray
gun and then rushed to the surface of the substrate to bond
with it. ,e working gas was N2, the spray gas pressure was
0.8MPa, and the powder feeding rate was 0.556 g/s∼1.389 g/
s. Spraying temperature was 500°C.,e distance between the
spray gun and the surface of the substrate was maintained at
15∼30mm, and the lateral movement was at the speed of
20∼30mm/s. ,e thickness of coating was measured with a
vernier caliper. ,e thickness of the coating was obtained by
subtracting the thickness of the substrate before spraying
from the thickness of the test piece after spraying. Five
measuring points were selected on the spraying test piece to
obtain the average thickness. ,e thickness of 20% Al-80%
Zn coating was 327 µm, 30% Al-70% Zn coating was 346 µm,
and 40% Al-60% Zn coating was 367 µm.

3. Results and Discussions

3.1. Microstructure Observation of Coating. Figure 3 shows
the micromorphology of coatings with three powder ratios
observed by scanning electron microscopy. It can be seen
from the figures that the surface of the three kinds of
coatings is uneven, and there are some round particles with a
diameter of about 5 μm.,ere is a critical deposition velocity
determined by material properties in cold spraying. Only the
powder beyond the critical velocity can be deposited on the
substrate to form the coating [20, 21]. Most of the powder
particles have severe plastic deformation, while a few of the
small particles have not been fully deposited due to their
impact velocity not reaching the critical velocity, so there are
a few particle gaps or holes on the coating surface. With the
increase of the relative content of aluminum powder par-
ticles, the roughness of the coating decreases, porosity of the
coating surface decreases gradually, and the coating becomes
more compact. Because the particle size of aluminum metal
powder is larger than that of zinc metal powder and ir-
regular, the kinetic energy of aluminum powder particles
impacting on the substrate is larger in the gas-solid two-
phase flow field during spraying process. After aluminum
powder particles continuously impacting on the substrate,
the crystal blocks are broken and refined, the deformation is
obvious, and most of them are flat. Zinc powder particles are
brittle at a certain temperature. It is easy to be broken into
fine particles and deposited in the process of coating
preparation, which makes the coating more compact and
greatly reduces voids caused by overlapping particles, thus
reducing the porosity and the roughness of the coating.

Figure 4 shows the microstructure photos of the three
polished coating sections. It can be observed that the three
coatings are even and flat, the micropores formed in the
deposition of Al and Zn powders are less, and the combi-
nation is compact. In the coating, aluminum-zinc powder
particles become soft due to continuous heating by heated
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gas and are continuously impacted by subsequent particles,
resulting in obvious plastic deformation. ,e mutual
squeezing between the particles causes the two powders to
mechanically bond together, presenting a flat strip bonding
form and piling up layer by layer to form a dense coating.
With the increase of the content of aluminum powder, the
plastic deformation degree of powder particles is increased,
and the flat strip structure formed by the combination of the
two powder particles is more compact.

Porosity directly affects the performance of coatings.
When coatings are used for corrosion resistance, the value of
porosity is a key index to measure the quality of coatings.
When the porosity is high, the corrosion rate of the coating
accelerates, and the corrosive medium can easily enter into
the coating or intensifies the corrosion of the substrate
interface, which leads to the decrease of the corrosion re-
sistance of the coating. ,e porosity of coatings was cal-
culated with the aid of image processing method [22]. By
using M180-50120 metallographic examination software
system, the porosity of the coating is evaluated automatically
by “calculating the distribution and size of porosity.” ,e
gray value of the metallographic photograph is analyzed by
the gray value method in the metallographic inspection
software system to capture the position and size of the pores

and determine the porosity of the coating. ,e porosity of
the three coatings is shown in Figure 5. It can be seen from
the figure that the porosity of the coating decreases gradually
with the increase of aluminum powder content in the
coating and the decrease of zinc powder content. When the
metal powder particles impact S135 steel matrix during
spraying, both of them have plastic deformation, which
makes the surface of the matrix appear pits, and the coating
powder is trapped in the pits to form mechanical bond.
Within the coating, along the stacking direction of the
coating, the plastic deformation of the powder particles
decreases, the incomplete overlapping rate of the powder
increases, the coating structure gradually becomes loose, and
the pores gradually increase. With the increase of Al content
in the powder, the large size of Al particles is easy to ac-
celerate in the gas-solid two-phase flow field, the deposition
efficiency of the whole coating increases, and the large ki-
netic energy is obtained to generate sufficient plastic de-
formation. In addition, the continuous impact of the powder
particles makes the crystal block broken and refined, greatly
reducing the incomplete overlap between the particles and
reducing the porosity. ,e porosity of the three types of cold
spraying coatings are all less than 1.6%, of which the 40% Al-
60% Zn coating was only 0.62%, indicating that the porosity

Table 1: Chemical composition of S135 steel (wt.%).

C Si Mn S P Ni Cr Mo Ti Cu Fe
0.28 0.25 0.64 0.004 0.008 0.29 0.98 0.42 0.009 0.02 96.876

20µm

Figure 1: SEM image of mixed powder of Al and Zn (40% Al-60% Zn).
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Gas control system Gas heater

Powder feeder Supersonic nozzle

Particle flow

Spray coating

Substrate

Figure 2: Principle diagram of cold spraying process.

Advances in Materials Science and Engineering 3



of the three types of cold spraying coatings produced in this
experiment is lower than that of the thermal spraying
coating in which porosity is usually 5%–15%. [23, 24].

3.2. Hardness and Bonding Strength of Coatings. Coating
hardness is a key index to evaluate the quality of coatings,
and it can reflect the wear resistance of coatings. When the
particle velocity reaches the critical velocity, severe plastic
deformation will occur after the particle impacts the sub-
strate and then the coating will be deposited. In addition,
some particles whose velocity is less than critical velocity will
produce shot peening strengthening effect on the deposited
coatings, which will result in deformation hardening effect in
the coatings.

Figure 6 is a schematic diagram of the hardness testing
position. Five locations are taken from the substrate to the

coating along the thickness direction for hardness testing.
Five points in the horizontal direction are taken for hardness
testing at each location, and then the average value is taken
as the hardness value of the position. ,e hardness result is
shown in Figure 7. According to the figure, the hardness
values of the three coatings decrease gradually from the
substrate to the surface of the coatings. Because of the high
hardness of the substrate, the spray particles impact the
substrate at high speed and form the initial coating. ,e
initial coating is greatly affected by the matrix hardness, so
the hardness is higher. At the same time, the impact of
subsequent particles also strengthens the deposited coating
and obviously improves the hardness of the coating. ,e
closer the coating surface is, the less and less the impact of
subsequent particles on the coating is, and the weaker the
hardness strengthening effect is. As the hardness of the zinc
powder particle is much higher than that of aluminum

100µm 10µm

(a)

100µm 10µm

(b)

100µm 10µm

(c)

Figure 3: Surface micromorphology of different coatings: (a) 20% Al-80% Zn, (b) 30% Al-70% Zn, and (c) 40% Al-60% Zn.
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powder particle, the hardness of coating increases with the
increase of the content of zinc powder particles. Because the
drill pipe joint is more prone to corrosion failure, the surface
hardness requirement of drill pipe joint is not as high as that
of corrosion resistance. In this paper, although the hardness
of the coating obtained by cold spraying Al-Zn coating is
lower than that of the substrate, we can try to improve the
hardness in the follow-up study, in order to obtain a coating
with better comprehensive performance.

As another important performance index of coating,
bonding strength can reflect the bonding between coating
and substrate or the adhesion inside coating, directly reflect
the mechanical properties of coating, and affect the service
life of coating. On the multifunctional material surface

performance testing machine, the scratch test was carried
out on the coating surface with 120° natural diamond in-
denter. Under the condition of the preloading load of 15N,
loading speed of 100N/min, and scratch length of 10mm,
the acoustic signal of scratch interface is collected by the
acoustic signal receiver. ,e bonding strength between
coating and S135 steel substrate is reflected by themagnitude
of loading force when the acoustic signal changes abruptly.
,e scratches produced by the indenter on the substrate are
shown in Figure 8. ,e craters can be clearly observed in
scratch photographs which prove that the coating has been
scratched to the substrate when the sound signal suddenly
changes. ,ere is no large area of coating falling off on both
sides of the scratch, showing good bonding performance

20µm

(a)

20µm

(b)

20µm

(c)

Figure 4: Metallographic photograph of the coating section: (a) 20% Al-80% Zn, (b) 30% Al-70% Zn, and (c) 40% Al-60% Zn.
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Figure 6: Schematic diagram of the hardness testing position.
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with the substrate. ,e critical loading forces between the
coating and the substrate are measured as shown in Table 2.
It can be seen from the table that different loading forces are
required to penetrate the binding interface of the three
coatings and the substrate. ,e bonding strength of the
coating increases with the increase of the Al content. Due to
the large particle size of Al metal powder, it is easy to be
accelerated in the gas-solid two-phase flow field during

spraying, and the kinetic energy obtained and the impact
force generated when it collides with the matrix are large. At
the same time, due to the large amount of plastic defor-
mation caused by the irregular shape of Al particles, the
bonding strength between powder particles and matrix is
improved. ,e critical failure loads of the three coatings are
not very large, which is mainly related to the hardness of the
matrix material. Because, under the external load, the
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Figure 8: Scratch charts of three coatings: (a) 40% Al-60% Zn, (b) 30% Al-70% Zn, and (c) 20% Al-80% Zn.
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deformation of the coating and the substrate must be in a
state of collaborative deformation, so that the film has the
best bonding performance.

3.3. Corrosion Behavior of Coatings. As a kind of anode
coating, Al coating not only has the function of isolating
corrosion medium and making it unable to react with the

substrate but also is a kind of sacrificial anode material,
which plays the role of cathodic protection. Zn coating is
often used as sacrificial anode to protect steel. Al-Zn
composite coating has both advantages. 10% NaCl solution
was chosen as corrosion solution in the immersion corrosion
experiment. ,e morphology of coating was observed after
480 hours. By observing the corrosion surface morphology
of the three coatings after immersion corrosion, it was found

Table 2: Critical loading force of three coatings.

Powder proportion Critical loading force (N)
20% Al-80% Zn 41.73
30% Al-70% Zn 44.53
40% Al-60% Zn 48.95

100µm

(a)

100µm

(b)

100µm

(c)

Figure 9: SEM diagram of surface morphology of coating after corrosion: (a) 40% Al-60% Zn, (b) 30% Al-70% Zn, and (c) 20% Al-80% Zn.
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Figure 11: XRD diagrams of three coatings after corrosion: (a) 20% Al-80% Zn, (b) 30% Al-70% Zn, and (c) 40% Al-60% Zn.
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that a layer of white dense corrosion products was deposited
on the coating surface. ,e surface morphology of the
coating after corrosion is shown in Figure 9. It can be seen
that a few holes and island particles appeared on the surface
of the coatings. ,e distribution of corrosion products is
uneven, and there are obvious corrosion pits and ag-
glomeration of corrosion products around the corrosion
pits. ,e corrosion products of coating 40% Al-60% Zn are
relatively dense, and most of the corrosion products are
flocculent. ,e density of corrosion products on the coating
surface increased with the increase of the Al content. When
the content of Al is relatively low, Zn is relatively active and
is first corroded, forming a cathodic protection effect on Al.
From the overall corrosion morphology, with the increase
of the Al content, the density of corrosion products on the
coating surface increased. ,e denser the corrosion
product, the more it can prevent the coating being
corroded.

,e samples were weighed before and after corrosion,
and the average annual corrosion rate was calculated
according to the corrosion weight loss of the measured
samples. ,e calculation formula is as follows:

Va � C ×
W0 − W

ρAt
, (1)

where Va is the annual corrosion rate; C is the conversion
factor, and its value is 8.76×104;W0 is the quality of samples
before corrosion; W is the quality of the sample after cor-
rosion; A is the surface area of the sample; ρ is the density of
the coating surface; and t is corrosion time.

According to equation (1), the corrosion rate of each
coating is shown in Figure 10. ,e annual corrosion rate of
the coating is 20% Al-Zn, 30% Al-Zn, and 40% Al-60% Zn
from large to small.

Figure 11 shows the XRD composition of three coatings
after corrosion. From the diagram, the three coatings
contain AlO (OH), Al (OH)3, ZnO, and Al2O3. Passivation
film is easily formed by oxidation of aluminum in aqueous
solution. ,e anode first undergoes the anodic dissolution
reaction of aluminum. With the corrosion reaction pro-
ceeding, the passive film on the coating surface is destroyed,
and the corrosion reaction of the coating is intensified. In the
subsequent corrosion process, because zinc is more active
than the oxide film of aluminum, it can protect the oxide film
of aluminum. With the continuous dissolution of zinc and
the formation of ZnO·H2Owith the OH− generated from the
cathode, the product will cover the coating surface. ,ese
corrosion products can play a role of “self-sealing” plugging
the pores, to some extent, blocking the penetration and
diffusion of the medium into the coating [18].

,e polarization curves of three coatings in 3.5% NaCl
solution are shown in Figure 12. ,e corresponding po-
larization curve fitting results are also listed in Table 3.,ere
is no obvious passivation zone in the polarization process of
the three coatings. ,e corrosion potential of the three
coatings is lower than that of the substrate. ,e corrosion
rate of the three coatings in 3.5% NaCl solution is lower than
that of the substrate. With the increase of the content of Al

powder in the metal powder, the corrosion potential of the
coating increases, and the corrosion rate of the coating
decreases which is more conducive to the protection of the
substrate.

4. Conclusion

(1) ,ree kinds of coatings were prepared by cold
spraying technology, and no obvious defects were
observed in the coatings. With the increase of the
relative content of Al powder particles, the rough-
ness of the coating decreased, porosity of the coating
surface decreased from 1.52% to 0.62%, and the
coating became more compact. ,e denser the
coating is, the more effective it is to protect the S135
drill pipe joint material from corrosion.

(2) From the substrate to the coating surface, the
hardness value decreases gradually. ,e hardness of
coating increases with the increase of the content of
zinc powder particles. ,e bonding mechanism
between the powder particles and the substrate of the
three coatings is mainly mechanical occlusion. With
the increase of the metal Al powder content, coating
bonding strength increased.

(3) ,e potential of the three coatings is negative
compared with the substrate. With the increase of
the content of Al powder in the metal powder, the
corrosion potential of the coating increased from
− 1.026V to − 1.01V. ,e corrosion rate of the three
coatings is lower than that of the substrate. In
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Figure 12: Polarization curves of three coatings in 3.5% NaCl
solution.

Table 3: Fitting results of several polarization parameters.

Sample Icorr (μA) Ecorr (V)
20% Al-Zn 52.40 − 1.026
30% Al-Zn 47.80 − 1.022
40% Al-Zn 42.10 − 1.010
Substrate 63.70 − 0.675
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immersion corrosion experiments, the distribution
of corrosion products is uneven, and there are ob-
vious corrosion pits and agglomeration of corrosion
products around the corrosion pits. With the in-
crease of the Al content, the density of corrosion
products on the coating surface increased. ,ree
coatings can provide effective corrosion protection
for the substrate.
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