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Introduction: The wear failure of spindle will lead to a decrease in cotton
harvesting rate of the cotton picker during field operation and serious wastage.

Method: Three types of spindle samples at different installation positions and
working areas were obtained through field experiments to explore the wear failure
law of spindle hook teeth of cotton picker during field operation. Hardness of hook
tooth coating and substrate of spindles were tested, surface and cross-section
microstructure of the spindle hook teeth were characterized, and wear area and
width of the spindle hook teeth were extracted.

Results: Results showed that the hardness of the hook tooth coating is evidently
higher than that of the substrate; the average coating hardness of the No. 3
spindle hook teeth reaches the maximum at 1033.6 HV0.1; defects, such as
microcracks and micropores, exist in the coating of the three types of spindle
hook teeth; and the thickness of the coating is between 70 and 130 μm. The
wear area of spindle hook tooth changes exponentially and the wear width
changes linearly with the increase of field operation area at the same
installation position. The wear area and width of the spindle hook teeth
gradually increase with the decrease of the installation height and the wear
change of the hook teeth is negatively correlated with the installation height in
the same field operation area.

Discussion: The wear failure of spindle hook tooth is mainly caused by abrasive,
fatigue, and oxidation wear. The results of this study can provide a reference for
improving the wear resistance of spindle hook teeth.
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1 Introduction

Cotton is the second largest crop after food and an important strategic material for
the country’s livelihood (Wang et al., 2021; Li et al., 2022a). The cotton picker is a large
type of equipment for mechanized harvesting of cotton and commonly used in the
cotton harvesting process. The spindle is a key core component of the cotton picker, and
its performance directly determines the picking efficiency and effect of the cotton picker
field operation (Chen et al., 2020b; Bi, 2007; Li et al., 2022b). At the same time, the
spindle is also the most consumed among wear parts on the cotton picker, and spindle
hook teeth are very prone to wear failure problems (Wu et al., 2013; Zhang et al., 2017;

OPEN ACCESS

EDITED BY

Zhongya Zhang,
Chongqing Jiaotong University, China

REVIEWED BY

Viorel Paleu,
Gheorghe Asachi Technical University of
Iași, Romania
Femiana Gapsari,
University of Brawijaya, Indonesia

*CORRESPONDENCE

Zhantao Li,
xjtelzt@163.com

RECEIVED 08 October 2023
ACCEPTED 20 November 2023
PUBLISHED 02 February 2024

CITATION

Wang Y, Li Z, Gu Y, Zhang H, Zhao P,
Wang Y and Yang J (2024), Experimental
study on wear failure of spindle hook
teeth of cotton picker.
Front. Mater. 10:1309617.
doi: 10.3389/fmats.2023.1309617

COPYRIGHT

© 2024 Wang, Li, Gu, Zhang, Zhao, Wang
and Yang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Materials frontiersin.org01

TYPE Original Research
PUBLISHED 02 February 2024
DOI 10.3389/fmats.2023.1309617

https://www.frontiersin.org/articles/10.3389/fmats.2023.1309617/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1309617/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1309617/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2023.1309617&domain=pdf&date_stamp=2024-02-02
mailto:xjtelzt@163.com
mailto:xjtelzt@163.com
https://doi.org/10.3389/fmats.2023.1309617
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2023.1309617


Li et al., 2018; Gu et al., 2021; Li et al., 2022a). The wear failure of
spindle will lead to a decrease in cotton harvesting rate of the
cotton picker during field operation and serious wastage.

Improving the wear resistance and prolonging the service life of
the spindle in the field are important. At present, the method of
electroplating chromium coating is often used to strengthen the
spindle, the failure of chromium coating has been extensively
investigated (Pina et al., 1997; Wang et al., 2007; Weiss et al.,
2015; Lunarska et al., 2001; Zhang et al., 2012; Zhang et al., 2021;
Zhang et al., 2018) randomly obtained the spindle samples from the
picking head, characterized the wear failure change and morphology
of the spindle hook teeth, analyzed the wear change process and
failure form of the spindle hook teeth, and applied electromagnetic
treatment to different brands of spindles to reduce the residual stress
of the matrix and improve wear resistance. Amanov (Amanov et al.,
2019) proposed an ultrasonic nanocrystal surface modification
technology that uses ultrasonic energy to induce severe plastic
deformation, improve the surface integrity of the material, increase
the mechanical properties of the spindle surface, and improve wear
resistance. Meng (Meng et al., 2016a; Meng et al., 2016b) investigated
the friction performance modification of the spindle sleeve and the
sleeve and applied nickel coating on the surface of the spindle via
chemical method. Sun (Sun et al., 2021) used plasma spraying
technology to treat the surface of cotton picker spindles to
improve surface hardness and wear resistance. Luo(Luo et al.,
2018) characterized the micro-morphology of the spindle hook
teeth in different operation periods using scanning electron
microscopy, established the friction mechanics model of the de-
cotton process, and indicated that the wear failure of the spindle
hook teeth is mainly caused by abrasive wear. Gu (Gu et al., 2021; Gu
et al., 2022) extracted the area and the width of wear region and used
them as evaluation indexes, the results revealed that the wear area of
spindle hook teeth increases exponentially and the wear width
increases linearly with the increase of the working area. The above
research results have certain reference value for exploring the wear
failure mechanism of the spindle hook teeth. And, the wear failure of
the spindle hook teeth is mainly caused by the wear between the
spindle hook teeth and the cotton. Research on the wear change of the
spindle has mainly focused on the main picking parts of cotton, and
studies on the wear failure of the spindle at the height of the seat tube
needs further refinement. Practical field production demonstrated
that some differences exist in the wear failure changes of spindle hook
teeth at various installation positions on the spindle seat tube.

Causes of the wear failure of spindle hook teeth were analyzed to
explore the wear failure changes during the field operation of spindle
picking comprehensively. According to the spatial distribution law
of cotton bolls in Xinjiang, three different height positions (upper,
middle, and lower) on the spindle pipe were determined and spindle
samples of field operation were obtained at these positions.
Combined with structural parameters of the spindle, the sample
preparation method of the spindle sample was developed. The
surface and cross-section microstructure of the hook tooth
coating, wear failure change of the hook tooth and wear failure
morphology, and the cause of wear failure of the hook tooth were
analyzed by characterizing the microhardness of the hook tooth
coating and the substrate. The research results can provide a
reference for further improving the wear failure mechanism and
resistance of spindle hook teeth.

2 Materials and methods

2.1 Test materials

The test samples are three types of spindles currently used in
Xinjiang market, namely, No. 1, 2, and 3. The overall structure of
spindles is shown in Figure 1.

2.2 Test equipment

Cotton picker (Model: CP690, equipped with Pro-16 picking
head), scanning electron microscope (Model: S-4800), electric
spark wire cutting machine (Model: DK-7735), microhardness
tester (Model: Duramin-40), energy spectrum analyzer (Model:
XFlash5030), sample mosaic machine (Model: XQ-1), ultrasonic
cleaner (Model: DL-720D), metallographic sample grinding and
polishing machine (Model: ZMP-2000), special tools for spindle
disassembly, sample bag, sandpaper, polishing agent, and
marker pen.

2.3 Field test process

A field experiment was carried out from 25 September 2021 to
18 October 2021 during the cotton harvesting process in northern
Xinjiang, China by installing spindle samples on the same cotton
picker. Cotton bolls in Xinjiang are mainly distributed in
250–750 mm, with a concentration of more than 95% (Zhang,
2013). The test divided the spindle installation site into three
different height ranges, namely, 150–250 (lowest installation
position of the seat tube spindle height from the ground during
field operation), 250–750, and 750–929 (highest installation position
of the seat tube spindle height from the ground during field operation)
mm, which correspond to the 1st–3rd, 3rd–15th, and 15th–20th
spindle positions on the spindle seat tube range, respectively. The
2nd, 9th, and 16th positions within the corresponding position are
selected as the installation position of the spindle, as shown in
Figure 2. The three types of spindles were installed on No. 4, 5,
and 6 picking heads of the cotton picker, and three repeated tests were
performed under the same operating interval at the same position of
the same spindle. The field operation process of the cotton picker was
tracked and recorded, as shown in Figure 3. The three types of
installed spindles were disassembled according to the experimental
design when the field operation area of the cotton picker reached
133.33, 266.66, 400, and 533.33 ha. Three spindles were disassembled
under the same installation position and the same working area. The
sample bag was sealed and marked accordingly after antirust
treatment. The field operation parameters of the cotton picker are
listed in Table 1, and the field environmental conditions during the
operation are presented in Table 2.

2.4 Preparation and characterization
methods of test samples

The first hook tooth of the spindle was selected as the research
object. The microstructure of the surface section of the hook tooth
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coating and the wear failure process of the hook tooth are explored and
an electric wire cutting machine is used to cut the spindle sample to
facilitate the characterization of the tooth surface structure of the spindle
hook tooth. Figure 4A shows the cutting process of the surface sample of
the spindle hook. The clamping position, cutting direction, and cutting

path of the spindle are presented in Figure 4B. Figure 4C illustrates the
observation sample of the tooth surface structure and the micro-
morphology of the hook tooth surface of the spindle structure and
hook tooth after wire cutting. The first hook tooth of the other row of
hook teeth on the spindle was selected for wire cutting to characterize

FIGURE 1
Test spindle sample: (A–C) spindle assembly and (a1–c1) spindle.

FIGURE 2
Diagram of the installation position of spindle.
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the cross-section microstructure of the hook tooth coating. The wire
cutting process is depicted in Figure 4D. At this time, the clamping
position, cutting direction, and cutting path of the spindle are shown in
Figure 4E. The overall structure and sample of the spindle after cutting
are presented in Figure 4F. The characterization samples of the cross
section of the spindle hook tooth coating are obtained by inlaying,
polishing, and preparing the samples under cutting.

The samples were cleaned ultrasonically for 5 min and then dried
with hot air. The hardness of the coating and substrate was tested with a
microhardness tester. The test load was 100 g, and the holding time was
15 s. Each test was repeated three times, and the average value of these
tests was taken as the hardness value of the coating and substrate. A
scanning electronmicroscope was used to characterize the tooth surface
structure of the spindle hook teeth, the microstructure of the surface
section of the hook tooth coating, and the wear failure process of the
hook teeth. The acceleration voltage was 15 kV, and the scanning time
was 30 μs. A spectrometer was utilized to characterize the elemental
composition and content of the wear surface of the spindle hook teeth.

The acceleration voltage was 16 kV, the maximum scanning area was
1 mm2, and the maximum scanning distance was 11 mm.

3 Results and discussion

3.1 Coating and substrate hardness test of
spindle hook tooth

Figure 5 shows the hardness test diagram of the hook tooth
coating and the substrate of the three types of spindles. The average
hardness of the hook tooth coating of No. 1, 2, and 3 spindles used
in this test is 963.2 ± 36.25, 973.2 ± 20.57, and 1033.6 ±
13.91 HV0.1, respectively. The average hardness of No. 1, 2, and
3 spindle hook tooth matrixes is 438.3 ± 8.61, 463.7 ± 9.39, and
482.0 ± 7.92 HV0.1, respectively. Hence, the hardness of the hook
tooth coating and the substrate of the No. 3 spindle sample is the
maximum.

FIGURE 3
Field test process: (A) installation process of the spindle, (B) field work process of the cotton picker, and (C) disassembly process of the spindle.

TABLE 1 Working parameters of the cotton picker field operation.

Cotton picker operating speed (km/h) Front drum speed (r/min) Spindle speed (r/min) Doffer pad speed (r/min)

0 ~ 7.1 0 ~ 152 0 ~ 4652 0 ~ 1960

TABLE 2 Field test environmental factors.

Test place Field work time Temperature (°C) Humidity (%)

Kuitun, Xinjiang 8:00 a.m. ~ 12:00 p.m −2.00 ~ 18.50 22.62 ~ 67.92
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3.2 Characterization and analysis of surface
and cross-section microstructure of spindle
hook tooth coating

Figure 6 presents the tooth surface structure and the cross-
section microstructure of the coating surface of the three types of
spindle hook teeth. Figures 6A–C illustrate the tooth surface

structure of No. 1, 2, and 3 spindle hook teeth, respectively.
Among the three types of spindles used in the experiment, No.
2 spindle hook teeth are the sharpest and a certain passivation
phenomenon occurs in No. 1 and 3 spindle hook teeth. The evident
coating damage of the No. 2 spindle hook tooth tip is related to the
accidental collision in the spindle transportation. The surface of the
spindle hook tooth presented that the surface of No. 1 and 3 spindle
hook tooth coatings is disorderly distributed with many dot-like
protrusions of different sizes and the surface of the No. 2 spindle
hook tooth coating is relatively smooth. The local enlarged
observation of the surface of the three types of spindle hook
tooth coating is shown in Figure 6(a1), 6 (b1), and 6 (c1).

Dot-like protrusions in the overall morphology of No. 1 and
3 spindle hook teeth correspond to the convex hull structure on the
surface of No. 1 and 3 spindle hook tooth coatings at this time. The
convex hull is caused by the partially cleaned surface of the spindle
hook teeth before electroplating or impurity-polluted plating
solution (Yu et al., 1990; Mahdavi et al., 2020). The surface of
the No. 2 spindle hook tooth coating presents a typical electroplating
layer surface morphology with cellular structure. The surface quality
of the No. 2 spindle hook tooth coating is satisfactory. The
microscopic morphology photos of the cross-section micro-
morphology of the coating of the three types of spindle hook
teeth are shown in Figure 6(a2), 6 (b2), and 6 (c2). Evident
microcracks and holes can be observed in the cross section of the
coating of the three types of spindle hook teeth. The appearance of
microcracks is attributed to the release of residual stress during the
electroplating process, while the presence of holes is related to the

FIGURE 4
Sample preparation process: (A) surface sample cutting process, (B) clamping method of spindle, (C) surface sample, (D) section sample cutting
process, (E) clamping method of spindle, and (F) section sample.

FIGURE 5
Hardness test of hook tooth coating and substrate.3.2. Figures,
Tables and Schemes.
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hydrogen produced by the side reaction (hydrogen evolution
reaction) during the electroplating process (Yu et al., 1990). The
coating thickness of No. 1, 2, and 3 spindle hook teeth is about 70,
100, and 130 μm, respectively.

3.3 Wear failure changes of spindle hook
teeth at different installation positions

Scanning electron microscopy was used to characterize the wear
changes of hook teeth in the field test (Figure 7). The three types of
spindle hook teeth all show a “trapezoid” wear morphology at different
installation positions. The area of the “trapezoid” on the surface of hook
teeth gradually increases with the increase of field working area. Evident
wear on the surface of the hook teeth of three types of spindles installed
in the upper part is absent and slight wear is observed on the surface of
the hook teeth of No. 1 and 2 spindles installed in the middle part when
the spindle picking area reaches 133.33 ha. The hook teeth of No. 1 and
2 spindles installed on the upper part show slight wear and the wear on
the hook teeth of theNo. 3 spindle was unclear when the spindle picking
area reaches 266.66 ha. Evident wear phenomena were observed on the
surface of the hook teeth of the three types of spindles installed in the
middle and lower parts. The surface of the three types of spindle hook

teeth at different installation positions demonstrated wear when the
spindle picking area reached 400 ha. The surface of the three types of
spindle hook teeth at different installation positions showed serious
wear when the spindle picking area reached 533.33 ha. The wear of the
hook teeth of the three kinds of spindle samples first occurred at the tip
and edge of the hook teeth. The wear area of the No. 3 spindle hook
teeth at different installation positions is smaller than that of No. 1 and
2 spindles under different working areas. The high hardness and
thickness of the hook tooth coating of the No. 3 sample can protect
the hook tooth of the spindle from wear for a long time.

Curves of the wear area and width of the hook teeth with the
installation position are shown in Figures 8A–C and 8(a1)–8(c1) to
explore the influence of the field operation area of the spindle on the
wear area andwidth of the hook teeth of the three kinds of spindles. The
wear area of the three types of spindle hook teeth at different
installation positions exhibited an approximate exponential change,
and the wear width presented an approximate linear change. The
increase of wear area and width of the three types of spindle hook teeth
at different installation positions showed a trend of slow to fast with the
increase of the field operation area. The hardness test results
demonstrated that the hardness of the coating on the surface of the
spindle hook tooth is about two times that of the substrate. The spindle
hook tooth matrix is exposed during the field operation when the

FIGURE 6
Structure of the spindle hook teeth and the microscopic morphology of the hook tooth coating surface and section: (A–C) No.1–3 spindle hook
teeth, (a1–c1) surface morphology of No.1–3 spindle hook teeth, and (a2–c2) cross-section morphology of No.1–3 spindle hook teeth.
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FIGURE 7
Wear variation of No. 1–3 spindle hook teeth under different height locations and working area conditions: wear variation of No. 1–3 spindle hook
teeth under different height locations and different working area conditions when the working area is (A–I) 133.33 ha, (a1–i1) 266.66 ha, (a2–i2) 400 ha,
and (a3–i3) 533.3 ha.
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coating on the surface of the spindle hook tooth wears out. Rapid wear
will occur during the continuous field operation because of the low
hardness of the matrix that loses coating protection. At the same time,
the microstructure analysis of the wear failure of the spindle hook teeth
showed that evident fatigue spalling exists at the wear failure boundary
of the coating. According to the literature, fatigue spalling of the coating
will further accelerate the wear failure of the coating (Korzynski et al.,
2009a; Imaz et al., 2014; Zhang et al., 2014; Chen et al., 2020a).
Therefore, the wear area and width of the spindle hook teeth
gradually accelerate. The comparison of changes in the three kinds
of spindles at different installation positions exhibited that the wear area
and width of the No. 3 spindle are always smaller than those of No.
1 and 2 spindle hook teeth during field operation. However, the
difference between the wear area and width between No. 2 and

3 spindles gradually decreases with the increase of the field
operation area. The coating can improve the wear resistance of the
spindle hook teeth and prolong the service life of the spindle in the field.
The thick coating of the No. 3 spindle can protect the hook teeth from
wear for a long time in the early stage of wear; hence, the wear area and
width between the No. 3 and 2 spindles are very different in the early
stage of wear. However, the wear rate of the hook teeth of the No.
3 spindle gradually accelerated and the wear area and width gap
between the No.3 and No.2 spindles gradually decreased with the
increase of the field working area of the spindle because of the poorer
coating quality of the No. 3 spindle compared with that of the No.
2 spindle. The coating quality of the spindle hook teeth exerts a certain
influence on the wear resistance of the hook teeth during field
operation.

FIGURE 8
Variation curve of wear area andwidth of No. 1–3 spindle hook teeth under different working area conditions and height locations: variation curve of
(A–C) wear area and (a1–c2) wear width of No. 1–3 spindle hook teeth at different height locations.
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FIGURE 9
Variation curve of wear area of No. 1–3 spindle hook teeth under different height locations when the working area is (A) 133.33 ha, (B) 266.66 ha, (C)
400 ha, and (D) 533.33 ha.

FIGURE 10
Variation curve of wear width of spindle hook teeth under different installation locations when the working area is (A) 133.33 ha, (B) 266.66 ha, (C)
400 ha, and (D) 533.33 ha.
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Figures 9, 10 illustrate the influence of the installation position on the
wear area and width of the hook teeth of the three kinds of spindles. The
wear area and width of the hook teeth of the three kinds of spindles
gradually increase from top to bottomunder the sameworking area. The
wear area and width of No. 1 spindle hook teeth are the largest while
those of No. 3 spindle hook teeth are the smallest in different working
areas and installation positions. This wear change is also related to the
thickness of the hook tooth coating. The wear area of the hook teeth of
the No. 1 spindle at different installation positions showed a trend of
slow to fast in the top–down direction, that is, the wear area of the hook
teeth between the upper and middle parts changes slowly and that
between themiddle and lower parts changes rapidly under the condition
of the same field working area. The wear area of hook teeth of No. 2 and
3 spindles in the field operation of in 133.33 and 533.33 ha in the
direction of top–down installation position also shows a trend of slow to
fast. Meanwhile, the wear area of hook teeth of No. 2 and 3 spindles in
the field operation of 266.66 and 400 ha gradually increases with the
decrease of installation position, thereby indicating that a negative
correlation exists between the installation position of the spindle and
the wear area. The comparison of changes of the wear width of the cast
teeth at different installation positions in the same working area of the
three kinds of spindles demonstrated that the linear change of the wear
width of the hook teeth of the No. 1 spindle from the top–down
installation position is negatively correlated with the installation position
when the field operation is 133.33, 266.66, and 400 ha. Meanwhile, the
change of the wear width of the hook teeth of the No. 1 spindle from top

to bottom is slow and then fast when the field operation is 533.33 ha. The
linear change of the wear width of the No. 2 spindle hook teeth is
negatively correlated with the installation position under different
working areas. The upper and middle spindle pick hook teeth are
worn due to the No. 3 spindle pick hook teeth in the field operation
of 133.33 ha (as shown in Figure 7). At this time, the wear width of the
spindle hook teeth from the middle to lower direction shows a negative
linear change. The linear change of the wear width of the hook teeth of
the No. 3 spindle is also negatively correlated with the installation
positionwhen the field operation is 266.66, 400, and 533.33 ha.However,
the difference between the wear widths of No. 1 and 2 spindle hook teeth
gradually increases and that between the wear widths of No. 3 and
2 spindle hook teeth gradually decreases under the conditions of different
installation positions and the same working area. Note that the most
evident change in the lower installation spindle indicated that the change
rate of the hook tooth wear width of the No. 3 spindle gradually
accelerates with the increase of the working area. This change
phenomenon is also related to the quality of the hook tooth coating.

3.4 Wear failure analysis of spindle hook
teeth at different installation positions

The wear failuremorphology of the spindle hook teeth at different
installation positions was characterized using scanning electron
microscopy. Three different positions on the hook teeth of three

FIGURE 11
Wear morphology of No. 1–3 spindle hook teeth on the upper positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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kinds of spindles with different installation positions (as shown in
Figure 7[a3]) were selected for analysis when the field operation area
reached 533.33 ha. The three selected positions corresponded to the
coating surface, wear boundary line 1, and wear boundary line 2 (as
shown in Figure 7[b3]). The results are presented in Figures 11–13.
Evident micro-cracks and scratches can be observed on the surface of
the coating of the three types of spindle hook teeth at three installation
positions. The existence of micro-cracks is related to the inevitable
residual stress in the electroplating process of the spindle, and
scratches are a typical abrasive wear phenomenon. Combined with
the field conditions, this phenomenon is mainly due to the plastic
deformation and furrows caused by small hard particles in field
sliding on the surface of the spindle coating. The comparison of
the three installation parts demonstrated that the coating surface of
themiddle and lower installation spindles exhibits more scratches and
the surface condition is more complicated than the upper installation
spindle surface. Therefore, the worse working conditions of the
middle and lower spindles are consistent with the larger wear
failure area and width of the hook teeth of the middle and lower
spindles than those of the upper spindles during field operation. The
observation of the microstructure of wear boundary lines 1 and 2 of
the three types of spindle hook teeth at the three installation sites
indicated that evident coating peeling exists at the wear failure
boundary line. According to the working condition of the spindle,
periodic high-frequency collision will occur between the spindle and
cotton stalk in the process of field operation (Dzierwa et al., 2008;
Korzynski et al., 2009b). The coating of the spindle will be fatigued
and result in fatigue spalling of the coating in the periodic high-

frequency collision because many defects, such as microcracks and
holes, exist in the coating of the spindle (Korzynski et al., 2009a; Imaz
et al., 2014; Zhang et al., 2014; Chen et al., 2020b). The microstructure
of the substrate surface after the failure of the three types of spindle
coating at three positions demonstrated that additional evident
scratches exist on the substrate surface likely due to the abrasive
wear phenomenon caused by the sliding of hard particles on the
substrate surface. At the same time, many small particles on the
surface of the substrate after the coating failed were observed
microscopically. The results are shown in Figure 14A. These
particles are irregularly distributed on the surface of the substrate,
and the composition of particle elements of was examined with an
energy spectrum analyzer. The results are shown in Figure 14B. The
composition of these particle elements is mainly iron and oxygen.
These particles are produced by the oxidation wear of the matrix
exposed to the air after the failure of the hook tooth coating (Bensalah
et al., 2009; Cellard et al., 2009; Purkayastha andDwivedi, 2014; Junior
et al., 2019). In summary, the damage on the spindle hook teeth is
caused by abrasive, fatigue and oxidation wear.

4 Conclusion

(1) The hardness test results showed that the average hardness of
the hook tooth coating of No. 1, 2, and 3 spindle samples was
963.2, 973.2, and 1033.6 HV0.1 and the average hardness of the
substrate was 438.3, 463.7, and 482.0 HV0.1, respectively. The
surface structure of the hook tooth and the microstructure of

FIGURE 12
Wear morphology of the spindle hook teeth on the middle positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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the coating surface were characterized via scanning electron
microscopy. The results showed that microcrack defects exist
on the surface of the hook tooth coating. A convex hull
structure was observed on the surface of the hook tooth
coating of No. 1 and 3 spindle samples. The surface of the
hook tooth coating of the No. 2 spindle sample was a cellular

structure, and its surface quality was satisfactory. Defects, such
as microcracks and micropores, exist in the cross section of the
spindle hook tooth coating. The thickness of the hook tooth
coating of 3 types of spindles is between 70 and 130 μm, and
the thickness of the hook tooth coating of the No. 3 sample is
about 130 μm.

FIGURE 14
(A) Microscopic morphology and (B) EDS analysis of oxidized particles on the substrate surface.

FIGURE 13
Wear morphology of the spindle hook teeth on the lower positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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(2) The comparison of hook teeth during field operation at different
installation positions of the spindle showed that the wear failure
first occurs at the tip and edge of the hook teeth. The wear area
and width of the hook teeth of spindle samples installed at
different positions gradually increase with the increase of the
field operation area. The wear area changes exponentially, and
the wear width changes linearly. The wear failure rate of the
hook teeth is fast when the installation position is close to the
lower part of the spindle. The wear area and width of the hook
teeth gradually increase with the decrease of the installation
position of the spindle under the same field working area. The
negative correlation of the wear area and width of the hook teeth
with the installation height of the spindle indicated that the wear
between the spindle and the cotton is not the main cause of the
wear failure of the hook teeth.

(3) Scanning electron microscopy was adopted to characterize the
wear failure morphology at three different positions on the
surface of the hook teeth of the spindle sample at different
installation positions. The results demonstrated that many
irregular scratches exist on the coating and substrate surface
of the hook teeth of the spindle sample and evident coating
peeling occurs on the wear boundary. Additional oxide particles
caused by oxidation wear appeared on the surface of the hook
teeth substrate after the coating was worn. The results showed
that the wear failure of the hook teeth of the spindle sample is
mainly caused by abrasive, fatigue, and oxidation wear.
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