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Abstract: Seamless flatness rollers are the core equipment for cold-rolled strip flatness detection. The
change in wear resistance of the roller surface-strengthened layer has important guiding significance for
the prediction of the roller surface life. The experimental results of the five rounds of friction and wear
testing show that the volume-wear rate of the original roller surface is only 1.85 x 10~ mm3 (N-M)~L.
After the first grinding, the wear resistance of the roller surface decreased and the wear rate was
approximately 2.76 x 10~® mm3 (N-M)~!. After the second grinding, the wear morphology, wear rate
and wear resistance of the samples in each round showed little difference. The average wear rate in
the last three rounds of the test is 3.56 x 10~® mm?> (N-M)~! and the wear resistance is significantly
lower than that of the previous two rounds of the test. The calculation shows that the original surface
wear resistance is 32.92% higher than that of the surface after the first grinding, and the average wear
resistance of the surface after the first grinding is 22.59% higher than that of the surface after the second,
third and fourth grinding. With long-term use and repeated grinding repair, the roller surface will show
a trend of wear resistance decline. When the wear resistance decreases to a certain degree, it will reach a
stage of stability. These phenomena provide regular and quantitative references for the study of the life
prediction of flatness meter rollers.

Keywords: thin strip; flatness meter roller; strengthened layer thickness; wear resistance; volume
wear rate

1. Introduction

The cold-rolled strip is one of the most important raw materials of industrial con-
struction fields, which includes, but is not limited to, the usage of the integrated circuit of
the bar, colour tube shield, battery plate, communication device, etc. [1]. With the rapid
development of global aerospace, rail transit, communication information, and household
appliances, the market has been raising the demand for all types of high-end cold-rolled
thin strips [2-4]. The flatness of strip products intuitively refers to the warping degree
of the strip and is the transverse uneven extension distribution of strip elongation. It is
essentially the distribution of residual stress inside the strip and an important quality index
of cold-rolled thin strip [5,6], which has a great impact on the yield of cold-rolled strip
and the quality of subsequent deep-processing products. It is also an important technical
index used to improve the added value of products and customer satisfaction. The flatness
meter is the core equipment for flatness detection and closed-loop control [7,8]. After
more than 30 years of research, Yanshan University has developed a seamless detection
roller and built-in wireless flatness signal transmission processor [9,10], which constitutes
the seamless flatness meter. The flatness meter has been successfully used in a series of
industrial applications and achieved a good effect. A flatness meter can bring the gain
of tens of millions of CNY annually. The seamless flatness meter is a whole-roller-type
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equipment. The sensors are installed through holes 6 mm under the surface, and the
surface is a complete cylinder [11]. This type of flatness meter does not affect the strip’s
surface quality and is easier to maintain than the segment-type, cylinder-sensor-type and
insert-type flatness meters and is the future development trend of cold-rolling detection
equipment [12].

The main point of user concern about the flatness meter is its direct economic benefits,
followed by the service life and maintenance issues of the detecting part. The core detecting
part of the flatness meter is the detection roller, which is the most valuable part of the
equipment and the most difficult part to repair, so its service performance and service life
should be focused on. The detection roller is installed before the strip coiler at the exit
side of the cold-rolling mill, and the surrounding environment of the mill is complicated.
There is a long-term pressure between the strip and the detection roller [13], and steel
chips are generated and accumulate in the production process. The surface hardness and
wear resistance are closely related to the life of the detection roller [14]. To ensure long-
term stable online operation, the surface-strengthening method is adopted for the roller to
obtain a higher hardness and good wear resistance to satisfy the requirements of the roller
surface [15,16].

Friction and wear problems have always been the focus of surface science research [17-19].
Roller wear for steel rolling has always been a key problem in the metal-rolling process [20-22],
and there have been many studies on work-roller wear. Li [23] changed the alloying element
content of the work roller for cold rolling by adding 4% Cr and Ti elements. The wear and
wear resistance of the work roller were experimentally studied. The test results showed that
Ti changed the original friction form and improved the wear resistance of the original roller
material by 175%. Anh Kiet Tieu et al. [24] studied the difference in wear resistance between
the original surface of hot rolls in dry air and the surface oxide layer in wet air. The results
showed that a high temperature makes the oxide skin peel off into the friction pair, resulting
in great differences in the tribological characteristics of the two surfaces. Masayasu Ueno
et al. [25] adopted the method of spark coating to improve the wear resistance of the roller
surfaces and compared it with the conventional Cr plating coating. The results show that
a hard layer with a Vickers hardness above Hv1500 can be formed when the TiC sintered
electrode is used to discharge the 2% Cr steel, and it has better wear resistance than the
conventional Cr-plating roller.

The seamless-detection roller is perforated 6 mm under the roller surface to install
precision piezoelectric sensors, as shown in Figure 1a, which is the most significant dif-
ference from other rolling rollers [8-11]. To ensure that the surface of the detection roller
does not crack when the sensors are installed, the depth of the strengthened layer of the
roller is limited. Meanwhile, long-term use of the roller will cause surface wear, which
decreases the surface finish, as shown in Figure 1b. The grinding roller is required to repair
the roller surface. The grinding quantity is 0.2-0.3 mm in a single time, which further thins
the strengthened layer and gradually changes the wear resistance. The surface repair is the
most direct factor leading to the strengthened layer-thinning and the long-term friction with
the strip may also affect the performance of the roller surface. In the process of grinding
repair and long-term grinding with the strip, whether there is a qualitative or quantita-
tive rule in the change of wear resistance of the roller surface is worth the attention of
researchers and users. At present, there are many research results on the wear resistance of
work rollers in the process of rolling production, but qualitative and quantitative analyses
on the wear resistance of detection roller surfaces have not been studied. In this paper, the
wear resistance values of the original surface of the detection roller and the restored surface
of the grinding roller are experimentally compared, and the influence of the reduction of
the strengthened layer-thickness on the wear resistance of the detection roller is analysed
and calculated to provide a quantitative reference for the study of its life prediction.
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Figure 1. (a) Working principle and (b) surface wear of the detection roller.
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2. Materials and Methods
2.1. Detection Roller Sample and Friction and Wear Testing Machine

When the detection roller is in normal operation, it basically runs online and does not
leave the production line without problems. When the defects of the roller surface appear
and are reflected on the strip surface, the mill needs to be stopped and the detection roller
needs to be repaired by grinding. In order to simulate the actual working and repairing
conditions of the roller and to obtain the evolution law of the wear resistance with the
declining thickness of the hardened layer, the following experimental scheme is designed.
Figure 2a shows the cut part of the ® 300 mm detection roller, and the roller material is high
carbon steel 9Cr,MoV. The elements and content are shown in Table 1. In order to obtain the
appropriate thickness and hardness of the strengthened layer, the heat treatment method of
the roller surface is induction quenching at 9000 Hz of ultra-audio frequency and tempering
at 195 °C for 30 h. The microhardness gradient on the surface of the detection roller is
shown in Figure 2b. The surface thickness of the sample affected by the heat treatment
is approximately 4 mm, within which the thickness of the part with a hardness of above
600 HV (55 HRB) is approximately 3.25 mm, and the maximum hardness is approximately
720 HV (61 HRB). The surface quenched layer is mainly martensite, and the matrix is
pearlite. As shown in Figure 3, the MS-2A friction and wear testing machine can perform
ring-block sliding friction experiments to record the load, friction torque, speed and friction
coefficient in real time. The grinding ring material of the test is Cr;,MoV, which is installed
on the outer port of the main shaft of the testing machine and synchronously rotates with
the motor. The grinding sample of the experiment is the surface cut of the detection roller
at the sample location, as shown in Figure 2a, which is placed in a special fixture. The
sample is 30 mm long, 7 mm wide, and approximately 6 mm high.

s ]
700 ., (b)
6mm "l..
U \
I 3 "\
g 500k % sampling point \
= 9 g "
= % “ ------ “ E
T
1 400 S ~
) mounting holes™ @ \
5 A EEEEEN
\ g 300  Surface sample of roll
0 1 2 3 4 5

Distance from roll surface/mm

Figure 2. Samples and their hardness distribution: (a) Roller section and sampling location; (b) Hard-
ness distribution along the radial direction of the roller.
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Table 1. Element content of 9Cr,MoV(%).

Cr Mo A%
0.20~0.40 0.10~0.20

Element C Si Mn P/S
Content 0.85~0.95 0.25~0.45 0.20~0.35 <0.30 1.70~2.10

Friction part

MS-2A friction and wear
testing machine
Result display interface

Detection roller sample

Grinding ring

Figure 3. MS-2A friction and wear testing machine.

2.2. Test Scheme Design

In total, 13 detection roller surface samples are taken for 5 rounds of friction and
wear tests and the diagram of the test process is shown in Figure 4. At the end of each
round, one sample (No. 9-13) will be removed to measure the change in the strengthened
layer hardness and excluded from the test process. The remaining samples were ground
approximately 0.3 mm on the surface grinder before each round, and the next round of
friction experiments was conducted. The last 8 samples (No. 1-8) will be used to statistically
analyse the experimental results. The experimental parameters are unchanged for each

round, as shown in Table 2.
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The roller repair process is simulated by grinding the surface of the sample
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Figure 4. Diagram of five rounds of friction test.

Table 2. Friction and wear test parameters.

Speed . . Grinding Grinding Ring Grinding Ring o c e

Load/N /r-min—1 Time/min Ring Material Hardness Diameter/mm Temperature/°C Lubrication
Room 0.04 mL-
200 200 30 Cr;pMoV 55HRC 40 temperature Glycerin

2.3. Evaluation Methods for Wear Resistance

The friction coefficient is the ratio of the friction force between the sample and contact
surface of the grinding part, to the positive pressure perpendicular to the sample surface,
and can be directly obtained from the friction and wear experiment [26,27]. In the mutual
friction process, the friction coefficient is a comprehensive characteristic of the friction pair,
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which is affected by multiple factors, such as the rigidity, elastic geometric characteristics,
sliding speed, humidity, temperature, and normal load of the friction pair [28,29]. Under
identical experimental conditions, the friction coefficient is not related to the contact area
but to the roughness of the contact surface. The wear morphology is an important basis
to determine the wear mode. The wear morphology is magnified by scanning electron
microscopy that can provide feedback on the wear condition and wear mode of the sample
surface material and is one of the commonly used methods to characterize the wear
resistance of the sample material [30-32]. Wear quantity, including volume wear quantity
and mass wear quantity, is an important parameter to quantitatively characterize the wear
resistance of specimens. Due to the small mass loss, it is difficult to accurately measure.
In this paper, the volumetric wear rate is used to represent wear resistance. Formula (1)
calculates the volumetric wear, and Formula (2) calculates the volumetric wear rate.

2 2

1, 2rt —w* 1 w?
V= <2r arCCOST — Ew r2 — 4> b (1)

where V is the wear volume; w is the width of the sample wear mark; r is the radius of the
grinding ring, and » = 20 mm; b is the length of the sample, and b = 7 mm. The volume

wear rate K is: v

T IT
where F is the pressure load (N), and T is the sliding stroke (m).

K @

3. Results
3.1. Friction Coefficient Result

Figures 5-9 show the friction coefficients of samples No. 1-8 after five rounds of
friction and wear experiments. The friction coefficients are basically stable at 0.2, and
the wear patterns are basically identical. However, the friction coefficients sometimes
dramatically change because the surface materials fall off, and the abrasive particles remain
in the friction system during the friction process, which makes the experimental curves
of some samples fluctuate. Figure 5 shows the friction and wear curves of the original
surface layer of the eight samples in the first round of the test. The initial running-in stage
takes approximately 2.5 min. The friction coefficients of samples No. 1, No. 2, No. 4,
No. 5, and No. 7 have abrupt changes, and samples No. 2, No. 4, and No. 5 briefly return
to a stable wear state. The friction coefficients of samples No. 3, No. 6, and No. 8 are
very stable during the entire process. Figure 6 shows the curves of the second round of
experiments after the samples are ground approximately 0.3 mm on the surface grinder.
The friction coefficient curve basically follows the same pattern. Most of the samples
have several abrupt changes in the friction coefficient during the experiment, and the
curve finally returns to a stable state. As shown in Figure 7, except for sample No. 1,
the friction coefficients of the other samples are basically identical, and there are several
small mutations in the friction coefficients during the friction process. Figure 8 shows
the fourth test curve of the samples after grinding with a surface grinder for a thickness
of approximately 0.9 mm. The friction coefficient of samples No. 4, No. 5, and No. 7
decreased approximately 25 min later, which indicates that the friction torque changes after
this time and the roughness of the contact surface begins to decline. The friction coefficient
stabilizes at 0.2 at the beginning and drops below 0.2 later. Figure 9 shows the fifth test
curve of the samples after grinding with a surface grinder to a thickness of 1.2 mm. The
friction coefficients of samples No. 1, No. 2, No. 3, No. 4, and No. 5 slightly decrease in the
later stage.
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Figure 5. Friction coefficient curve of the first round of the friction test: (a) Sample No. 1; (b) Sample
No. 2; (¢) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.
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Figure 6. Friction coefficient curve of the second round of the friction test: (a) Sample No. 1;
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Figure 7. Friction coefficient curve of the third round of the friction test: (a) Sample No. 1; (b) Sample
No. 2; (c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.
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Figure 8. Friction coefficient curve of the fourth round of the friction test: (a) Sample No. 1; (b) Sample
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Figure 9. Friction coefficient curve of the fifth round of the friction test: (a) Sample No. 1; (b) Sample
No. 2; (c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.
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3.2. Comparison of Wear Morphology

Figure 10 shows the wear morphology of the original surface layer of the eight samples
after the first round of the experiment. There is a deep furrow in image No. 5, while the
wear degree of other images is low, basically abrasive wear, and the furrow is uniform.
Figure 11 shows the wear morphology after the second round of tests. Compared with the
results of the first round, the wear degree of the samples is intensified, and the furrows
on each sample are deepened, but sample No. 4 retains a certain degree of adhesive wear.
Figure 12 shows the wear morphology after the third round of tests. Compared with the
second round, the wear of the image is significantly aggravated, the furrows are deeper,
and the adhesion wear of No. 4 is more severe. Cracks appeared on the surface of samples
No. 6 and No. 7, and the surface cracks disappeared after being ground by a grinder for
0.3 mm, which indicates that the cracks were only on the surface of the sample. As shown
in Figures 13 and 14, the wear morphology of the fourth and fifth rounds is similar to that
of the third round, with deep furrows and surface cracks.

Figure 10. Wear morphology of the first round of the friction test: (a) Sample No. 1; (b) Sample No. 2;
(c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7; (h) Sample
No. 8.

Figure 11. Cont.
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Figure 11. Wear morphology of the second round of the friction test: (a) Sample No. 1; (b) Sample
No. 2; (c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.

Figure 12. Wear morphology of the third round of the friction test: (a) Sample No. 1; (b) Sample
No. 2; (c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.

Figure 13. Cont.
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Figure 13. Wear morphology of the fourth round of the friction test: (a) Sample No. 1; (b) Sample

No. 2; (c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7;
(h) Sample No. 8.

Figure 14. Wear morphology of the fifth round of the friction test: (a) Sample No. 1; (b) Sample No. 2;
(c) Sample No. 3; (d) Sample No. 4; (e) Sample No. 5; (f) Sample No. 6; (g) Sample No. 7; (h) Sample
No. 8.

3.3. Wear Result

The comparison of the wear mark width and the wear rate in five rounds of tests is
shown in Figure 15. The wear mark width is compared in Figure 15a. In the first round
of the test, the original surface has the smallest wear mark width, and the second round
has an increased wear mark width. The wear mark width of the last three rounds is
almost identical, which is wider than that of the first two tests and consistent with the
observed wear morphology result. According to the calculation results of the wear rate in
Figure 15b, the original surface has the best wear resistance, followed by the second round,
and subsequent rounds have basically identical wear resistance. The wear resistance of
the original surface layer is 32.92% better than that of the surface layer after one round of
testing. The wear resistance of the surface layer after one round of testing was 22.59% better
than that of the surface layer after two rounds of testing. The wear resistance of the surface
layer after two rounds of testing is not dissimilar from that of the third and fourth rounds.
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Figure 15. Comparison of the wear mark width and wear rate of the samples after each round of
friction test: (a) wear mark width; (b) wear rate.

4. Discussion

A schematic diagram of wear theory is shown in Figure 16. When two contact surfaces
wear out in the friction process, dislocation will occur on the surface of the material, which
is called the plastic deformation zone. Due to the emergence of plastic deformation, the
internal dislocation density gradually increases, or even exceeds the surface dislocation
density, and dislocation plugs occur at a certain depth in the subsurface layer, which results
in vacancy or crack formation [33,34]. The figure shows the curve of the plastic deformation
degree according to the surface depth. The friction and wear process reduces the plasticity
and toughness of the material and increases the residual stress, which is the main reason for
the crack. According to the stress field analysis, the normal stress on the surface prevents
the crack from spreading to the depth direction [35,36], so the crack is generally developed
on the surface. After testing, the cracks disappear after a small amount of grinding machine
processing, which implies that all cracks are on the surface.

-—— Swipe direction
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Slider A O OO

v
N4 \>>’\>\>

0 ot T

Extension of the hole
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Hard particles with

. . . Holes in steel
dislocation stacking

Figure 16. Schematic diagram of wear theory.

After the first round of testing, there is no plastic deformation on the surface of the
sample. The material can absorb more energy than the subsequent tests, and it is difficult
to form cracks and fatigue shedding, so it has better wear resistance than the subsequent
rounds of testing. The experimental conditions of the last four wheels were almost identical.
The plastic deformation area was still not completely worn off after the surface layer was
ground off approximately 0.3 mm each time, and part of the deformation area in the
plastic extension direction was retained. Therefore, the latter four rounds have lower wear
resistance than the first round, but there is little difference between them.

As shown in Figure 17, after each round of tests, the hardness of the surface layer
decreased due to severe wear, while the hardness of the subsurface layer increased due to



Metals 2023, 13,914

15 of 17

plastic deformation. There is little difference in the surface hardness of the samples after
each grinding of 0.3 mm. After the last three rounds of grinding, the samples have a slightly
higher surface hardness than the original surface. Through the wear theory analysis, it is
not difficult to see that the plastic deformation zone affected by friction will remain at a
certain thickness after grinding, which mainly affects the wear resistance of the surface of
the detection roller.
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Figure 17. Changes in the microhardness of the samples after each round of the friction test.

5. Conclusions

The roller material in the test is 9Cr,MoV. After surface quenching, the hardness of
the strengthened layer reaches 61 HRC, and the effective strengthened layer thickness is
3.25 mm. Its wear resistance is good. After the first round of 30 min of intense friction, the
volume wear rate of the sample is only 1.85 x 10~® mm? (N-M)~!. The original surface
condition of the roller that has not been used or worn on the line has a good working
performance.

All friction coefficients of the five rounds of friction and wear tests are stable at
approximately 0.2 with little variation. The wear morphology of the first and second tests
is abrasive wear. The furrow depth is shallow, and no cracks occur in the samples. After
the last three rounds of tests, obvious furrows and surface cracks appear in some samples.

The wear resistance of the original surface layer is 32.92% better than that of the surface
layer after the first round of testing. The wear resistance of the surface after the first round
of testing is 22.59% better than that after the second round of testing. The surface layer
after the second round of testing has a similar wear resistance to that after the third and
fourth rounds of tests.

The original surface wear resistance of the flatness meter roller is the highest. After
long-term use and grinding repair, the surface wear resistance of the roller will be reduced.
With the repeated use and repair of the roller, the wear resistance will gradually decline and
will not change for a long period after declining to a certain extent and reach a steady state.
The above phenomena have a guiding significance in the life prediction of the cold-rolled
strip flatness meter roller.
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