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Abstract: The outer surface of the tube is worn under the interaction between the velocity difference
and rolling pressure, in the process of rolling the circular tube into a rectangular tube. In order to
predict the wear depth, according to the characteristics of roll forming, the causes of wear in the
forming process are analyzed. The finite element model of rolling forming was established based
on Archard theory, and the 40 mm × 27.5 mm × 3 mm SUS304 stainless steel rectangular tube was
simulated. The simulated results were compared with a test rolling of the steel tubes of the same size
material, and the wear areas were found to be highly consistent, which verified the accuracy of the
finite element model. The effects of the friction coefficient and the flat roller angular velocity on the
simulation results which wear depth were analyzed, and the regression model of wear depth was
established by response surface method. The results showed that the flat roller angular velocity had
the greatest effect on wear depth; moreover, the flat roller friction coefficient was the second, and the
vertical roller friction coefficient was the lowest. The minimum value of the regression model was
optimized, the simulation value of the optimization scheme was compared with the optimized value,
and the error of the two values was less than 5%, which verified the correctness of the regression
model. The wear depth of the rectangular tube after optimization was reduced by 64.69% compared
with that before optimization, which verified the effectiveness of the optimization results.

Keywords: roll forming; finite element model; tube wear; testing verification; response surface
design; optimization

1. Introduction

Roll forming plays an important role in plastic processing. Square/rectangular tub-
ing, as one of the most popular forms of cold-formed steel, is widely used in the auto-
mobile industry, construction industry, petrochemical industry, and in other fields [1].
According to the forming method, the process can be divided into the direct forming
of a square/rectangular tube and a circular tube roll forming a square/rectangular tube.
Compared with the direct forming square, the process of a circular tube roll forming a
square/rectangular tube has been widely used due to its high forming efficiency and good
forming quality. With the continuous development of the manufacturing industry, the
requirements for cold-formed products are gradually increasing, especially in the surface
quality [2]. Wear, which is considered an important factor, is often observed on the outer
surface of the tube, during the forming of the square/rectangular tube, and severely affects
the surface quality of the tube.

In the research of plastic forming, the wear problem is mainly reflected in extrusion [3,4],
stamping [5,6], rolling [7–9], and so on. Tonn [10] first proposed the formula for calculating
abrasive wear in 1937. Archard [11] proposed a wear model for abrasive conditions, which
is suitable for the cold extrusion forming [12]. Eriksen [13] studied the influence of die edge
geometry on maximum wear and wear distribution in the deep drawing process based
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on the finite element model, and verified it through a physical simulation experiment,
the results of which showed that the small die curve change could reduce the maximum
wear for the actual initial shape. Lee [14] used a non-isothermal ring compression test
to estimate the friction coefficient at different temperatures and established the wear
coefficient equation through a high-temperature wear test, which has been widely used in
wear simulation. Cora [15] studied the wear performance of seven different die samples
under the same contact conditions, and the results showed that D2’s surface scratches were
clearly visible. The mass loss of 0050A cast steel is the highest; however, no galling effect
was observed on the contact surface. The wear pattern is almost uniform along the contact
surface for the sample of Vancron 40; Vanadis 4 extra, K340 Isodur, and Carmo had similar
wear rate values. Pereira [16] adopted a novel technique to study the influence of the die
corner radius shape on the wear behavior during sheet metal stamping, and the results
showed that the small changes of the die radius profile shape can result in seriously reduced
tool life, and that this phenomenon could be explained based on numerical simulation. Li
T.T. [17] and Zhang C.S. [18] conducted the cold extrusion of an aluminum tube to study
the influence of process parameters on die wear depth, which provides useful guidance
for predicting die life. Xu W.J [19] proposed a new calculation model based on the wear
of the die, optimized the geometric structure of the die, and verified the accuracy of the
model through the wear test. Hawryluk [20], through their research of the wear of a
punch used in cover-type forging, proved that there are different wear mechanisms in the
specific areas of the tools; moreover, the research results have shown that finite element
analysis based on the Archard model is inadequate in areas where many failure mechanisms
occur simultaneously. Farzad [21] proposed a new incremental slab method to calculate
the extrusion pressure distribution and the wear depth, and the results showed that the
extrusion load and die pressure distribution predicted by the method are in good agreement
with the finite element results, and that the proposed method has a promising application
prospect. Ogbezode [22] embedded the wear model subroutine into the finite element
to calculate the die wear depth during the extrusion process of C-shaped Equal Channel
Reciprocating Extrusion (CECRE) die of magnesium alloy, the results of which showed
that the die wear depth reached the maximum under the conditions of the lowest friction
coefficient, and that the wear area was mainly concentrated on the shear planes of die
components, leading to a less ductile CECRE product. Davoudi [23] used the DEFORM
finite element model code to predict the wear behavior of the hot forging die and obtained
the key wear points on the die surface, based on Taguchi method, allowing an empirical
model for predicting the wear of hot forging die to be established, which provided a
reference for die design and the hot forging industry.

Based on the above research, most scholars’ research has mainly reflected the wear of
the die; however, the wear of the deformable body is relatively less, especially in the field
of roll forming. Compared with the direct forming of rectangular tubes, greater force is
required when the circular tube roll is forming rectangular tubes, which is conducive to the
occurrence of tube surface wear. When the circular tube roll is forming a rectangular tube,
the relative sliding velocity in the side area of the rectangular tube is large due to the pass
shape, which makes the area prone to scratch phenomenon, leading to a reduction in the
quality of the product.

In order to reduce the surface wear of the rectangular tube and improve the product
quality effectively in actual production, this work studied the surface wear of rectangular
tubes by means of finite element simulation and testing verification, explored the influence
of forming process parameters on the wear, and optimized it based on the regression model.
The finite element model provides guidance for the actual production.

2. Analysis of Rectangular Tube Forming
2.1. Principle of Roll Forming

The process of the circular tube roll forming square/rectangular tube is shown in Figure 1.
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Figure 1. Diagram of a circular tube roll forming a rectangular tube.

In roll forming, the law of constant volume and the principle of equal metal flow per
second should be satisfied [24]:{

CM−1(NL) = kM·CM(NL) = µM·εM·CM(NL)
RM

RM−1
= µ′M

(1)

where CM−1(NL) is the circumference of the neutral layer on the (M − 1)-th pass. kM is
the (M)-th pass expansion coefficient. CM(NL) is the circumference of the neutral layer
on the (M)-th pass. µM is the (M)-th pass elongation coefficient. εM is the thickening
coefficient of the (M)-th pass. RM is the average roller radius of the (M)-th pass. RM−1 is
the average roller radius of the (M − 1)-th pass. µ′M is the average extension coefficient of
the (M)-th pass.

In theory, µM = µ′M = constant. Due to the effect of the pass shape, the particle on the
tube has a certain difference on the axial velocity, and a floating interval will appear on µ′M.
When the difference between the overall tube velocity and the particle velocity is large, the
possibility of the tube surface wear will be increased.

2.2. Force Analysis of Particles on the Tube

In order to avoid the difficulty of roll forming, the deformation difference between
passes should be reduced, and the bite condition is (Figure 2) [25,26]:

Tx > Nx + N′x + T′x
Tx = Tcosθ
Nx = Nsinθ

N′x = N′sinθ′

T′x = T′cosθ′

(2)

where Tx is the horizontal component of the friction force on flat roller. Nx is the horizontal
component of the normal force on flat roller. N′x is the horizontal component of the normal
force on vertical roller. T′x is the horizontal component of the friction force on vertical
roller. T is the friction force of flat roller. θ is the bite Angle of flat roller. N is the normal
force of flat roller. N′ is the normal force of vertical roller. θ′ is the bite Angle of vertical
roller. T′ is the friction force of vertical roller.
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Figure 2. Diagram of the bite condition.

The force analysis of the particles in the middle region and edge region on the rectan-
gular tube is carried out (Figure 3). In the Z direction, the difference between the velocity
values of particle 2 and the tube is greater than that of particle 1 and the tube. In the Y
direction, the contact normal force on particle 2 is greater than that on particle 1. The wear
at particle 2 is likely to be the most severe, comparing the two influencing factors of contact
normal stress and relative sliding velocity.

Figure 3. Force analysis of particles.

3. Finite Element Model
3.1. Flow Stress Model

Uniaxial tensile test is carried out on an SUS304 stainless steel sample. The chemical
compositions of SUS304 stainless steel are shown in Table 1. The tensile speed is 3 mm/min,
the standard distance length is 50 mm, and the thickness of the sample is 3 mm. The flow
stress model is fitted using the piecewise fitting method, which is not effective due to direct
fitting [27]. The equation is:

σ0 = E·εe
σ1 = σs + A1εp

n1(0 ≤ εp < 0.02)
σ2 = A2εp

n2· exp
(
bεp
)(

εp ≥ 0.02
) (3)

where σi is the flow stress (i = 0, 1, 2); σs is the yield stress; εp is the equivalent plastic
strain; E is the elastic modulus; εe is the elastic strain; A1, A2, n1, n2, and b are the material
parameters. In the flow stress model fitting, the curve continuity condition should be
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satisfied at εp = 0.02 (Figure 4), and the results of the relevant parameters are shown in
Table 2. A1, n1, A2, n2, and b are calculated as follows

σ1 = σs + A1εp
n1(0 ≤ εp < 0.02

)
εp = 0.01, σ = 345.41

εp = 0.02, σ = 375
(4)


σ2 = A2εp

n2· exp
(
bεp
)(

εp ≥ 0.02
)

σ′1 = σ′2
(
εp = 0.02

)
εp = 0.02, σ = 375

εp = 0.23, σ = 760.15

(5)

Table 1. Chemical compositions (wt%) of SUS304 stainless steel.

C Si Mn P S Ni Cr

≤0.08 ≤1 ≤2 ≤0.045 ≤0.03 8∼10.5 18∼20

Figure 4. Fitting result of the flow stress model.

Table 2. SUS304 stainless steel material parameters.

Parameters E (MPa) σs (MPa) H (HV) K A1 n1 A2 n2 b

values 199,046 270.61 200 2.985× 10−6 684.93 0.48 502.26 0.087 2.36

3.2. Calculation Model of Wear Depth

Based on the Archard wear model, the wear rate at the contact point is [11]

.
w =

K
H
·σn·Vre (6)

where
.

w is the wear rate (mm/s). K is the wear coefficient, the value ranges from
10−7∼10−2 [21,28]. H is the material hardness (HV). σn is the contact normal stress (MPa);
Vre is the relative sliding velocity of the contact surface (mm/s). The specific parameters
are shown in Table 2.
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In finite element calculation, the cumulative wear depth is represented by the wear index

wn+1 = wn +
.

w·∆t (7)

where wn+1 is the wear depth of step n + 1 (mm). wn is the wear depth of step n; ·t is the
increment of time (s).

3.3. Simulation Model

The finite element model of the small corner SUS304 stainless steel rectangular tube
(40 mm × 27.5 mm × 3 mm) was established in MSC.MARC (Figure 5). The flow stress
model is written in the FORTRAN language based on a WKSLP subroutine. The Archard
model can be set up in MENTAT or written in the FORTRAN language based on the
UWEARINDEX subroutine. The wear depth is calculated during the contact between the
roller and the tube. The accumulated wear depth is displayed using custom nodes. A 1/4
model, for which rectangular tube forming is symmetrical, was established to reduce the
computation. There is a total of five passes in the forming process: the first pass is the
sizing stage, and the model is established from the second pass. The roller is defined as a
rigid body, while the tube is defined as a deformable body. Two symmetrical planes are
set in the X and Y directions. The tube is divided by hexahedral mesh, and the mesh is
subdivided in the corner area. At the entrance, the tube is pushed into the pass through
the push plate; after the roll forming is stable, the push plate is cancelled. According to
the principle of equal metal flow per second, the push plate velocity should be less than
the linear velocity of the flat roller at the entry pass. In the forming process, the flat roller
is the driven roller, and the vertical roller is the idler roller. The roller diameter increases
gradually with an increase in pass. According to Formula (2), the vertical roller is kept in a
smooth state in the actual production process, therefore the friction resistance of the vertical
roller is ignored, and the friction coefficient of the flat roller should conform to the formula

T′x ≈ 0
Tx > Nx + N′x

N′x = K·Nx
µ > (1 + K)tanθ

(8)

where K is the proportional coefficient; µ is the friction coefficient of the flat roller.

Figure 5. Simulation model of roll forming.

Combined with Equation (8) and references [25,29,30], the friction coefficient of the flat
roller was set as 0.2 (Table 3). Because the vertical roller rotates freely, the friction coefficient
was set as 0.001 [25].
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Table 3. Roll forming parameters.

Parameters
Friction

Coefficient
of Flat Roller

Friction
Coefficient
of Vertical

Roller

Flat Roller
Angular
Velocity

Diameter of
the Circular

Tube

Thickness of
the Circular

Tube

Diameter of
the Second
Pass at the
Top of the
Flat Roller

Flat Roller
Diameter of
the 5th Pass

values 0.2 0.001 2 rad/s 47 mm 3 mm 158 mm 164 mm

The simulation results based on grid independence verification (Figure 6) show that
the node wear depth has little change with an increase in corner mesh. The mesh division
was reasonable, and an increase in the mesh is not sensitive to the forming results.

Figure 6. Grid independence verification.

3.4. Testing Verification

Figure 7 shows the test process of the rectangular tube roll forming. It is found that
there is significant surface wear in the side area of the rectangular tube, which is consistent
with the analysis in Section 2.2.

Figure 7. Roll forming test.

By comparing the simulation results with the test (Figure 8a,b), it can be seen that the
simulation results of the section size are in good agreement with the test, which verifies the
accuracy of the finite element model. Under an FEI-SCIOS scanning electron microscope
(FEI, Hillsboro, OR, USA), the wear areas on the surface were observed using a scanning
voltage of 10 kV and a current of 0.4 nA (Figure 8e,f). There are some defects on the worn
surface, such as plastic deformation, grooves, material spalling pits, and tiny wear chips;
moreover, the wear in the forming process is mainly adhesive wear and particle wear. The
wear area on the surface of the rectangular tube was compared with the simulation results
(Figure 8c,d), and it can be seen that the test and simulation have a high coincidence, which
verifies the feasibility of the wear model.
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Figure 8. The test results are compared with the simulation results: (a) Dimension of the section
forming. (b) Simulation of the section forming. (c) Wear on the surface of the rectangular tube.
(d) wear simulation. (e) Scanning electron microscope (SEM) photo of the wear area. (f) SEM photo
of the area enlargement.

4. Prediction and Optimization of Rectangular Tube Surface Wear
4.1. Influences of Process Parameters on Surface Wear

The effect of the flat roller angular velocity on the wear depth was analyzed by finite
element simulation results (Figure 9). When the flat roller angular velocity increased, the
wear depth also increased gradually. As can be seen from Figure 10, with an increase in
the angular velocity, the relative sliding velocity and contact normal stress in the wear area
increase, resulting in an increase in wear rate. Therefore, in the actual production process,
on the premise of ensuring the production efficiency, the forming velocity should be lower,
which can reduce the relative sliding velocity and wear depth.
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Figure 9. Influence of flat roller angular velocity on wear depth.
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In the finite element model, the surface wear was analyzed by changing the friction
coefficient between the flat roller and the tube (Figure 11), and it can be clearly observed
that, with an increase in the friction coefficient, the wear depth first decreases and then
increases; however, the trend change is not obvious. Combined with Figure 12, the relative
sliding velocity and contact normal stress of the two schemes are almost unchanged, and
the wear depth tends to be consistent.
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Figure 11. Influence of flat roller friction coefficient on wear depth.
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The influence of the vertical roller friction coefficient on the wear depth was analyzed
(Figure 13). It can be seen that, with an increase in the friction coefficient, the wear depth
first decreases and then increases. Figure 14 shows that, when the friction coefficient is
0.01, the relative sliding velocity is higher and the contact normal stress does not change
significantly, which results in a higher wear rate and a relatively large wear depth.
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Figure 13. Influence of vertical roller friction coefficient on wear depth.

Figure 14. Simulation results of wear parameters under different vertical roller friction coefficient.

4.2. Prediction Model and Variance Analysis of Wear Depth

Box–Behnken Design (BBD) is a frequently used test design method in response
to surface analysis, and it has been widely used because of its low test times and high
efficiency [31,32]. The process parameters in Section 4.1 were taken as impact factors, and
the BBD was carried out using a simulation instead of a test. The wear depth of the same
node in the wear area was taken as the response value. The specific calculation results are
shown in Table 4.
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Table 4. BBD and results.

Process No. A B C Wear Index (mm)

1 0.15 1.5 0.01 0.000207997
2 0.2 2 0.001 0.000306506
3 0.2 1.5 0.0055 0.000200535
4 0.25 1.5 0.01 0.000194054
5 0.15 1.5 0.001 0.000217845
6 0.2 1.5 0.0055 0.000200535
7 0.2 1.5 0.0055 0.000200535
8 0.15 2 0.0055 0.000304261
9 0.2 1 0.01 0.000125557
10 0.25 2 0.0055 0.000293714
11 0.25 1 0.0055 0.000127219
12 0.25 1.5 0.001 0.000200883
13 0.15 1 0.0055 0.000109441
14 0.2 1 0.001 0.000106302
15 0.2 2 0.01 0.000318103
16 0.2 1.5 0.0055 0.000200535
17 0.2 1.5 0.0055 0.000200535

The regression model of wear depth is

Y = −0.0000829967 + 0.000411121A + 0.00014757B− 0.0017489C
−0.00028325AB + 0.00335444AC− 0.000850889BC
−0.0001597A2 + 0.000034092B2 + 0.24983C2

(9)

where Y is the wear depth. A is the flat roller friction coefficient. B is the flat roller angular
velocity. C is the vertical roller friction coefficient. The variance analysis of the model is
shown in Table 5. It can be seen that the model has a significant impact on the response
value due to the P value of the model being less than 0.05. R2 = 0.9919 approaches 1,
indicating that the model has a high degree of fitting, and that the regression model can
reflect the relationship between factors and responses. The SNR is 28.841, which is greater
than 4 and within the reasonable range. The order of the influencing factors of wear depth
is as follows: B > A > C. Figure 15a shows the fitting results of the simulated value and
predicted value. The error of the two values is small, indicating that the prediction ability
of the model is effective. Based on the above analysis, it can be shown that the virtual
simulation data can be used to establish the regression model. The wear depth gradually
increases with an increase in flat roller angular velocity, and the friction coefficient has
no significant effect on the wear depth (Figure 15b). The interaction between A and B is
relatively obvious, and the wear depth is maximum in the area of low A and high B. The
interaction between A and C is not obvious, and the same applies to B and C (Figure 15c).

Table 5. Variance analysis of wear depth regression model.

Source SS DF MS F-Value p-Value

Model 7.182 × 10−8 9 7.980 × 10−9 95.06 <0.0001 significant
A 7.006 × 10−11 1 7.006 × 10−11 0.83 0.3914
B 7.108 × 10−8 1 7.108 × 10−8 846.6 <0.0001
C 2.512 × 10−11 1 2.512 × 10−11 0.3 0.6014

AB 2.006 × 10−10 1 2.006 × 10−10 2.39 0.1661
AC 2.279 × 10−12 1 2.279 × 10−12 0.027 0.8738
BC 1.466 × 10−11 1 1.466 × 10−11 0.17 0.6885
A2 6.712 × 10−13 1 6.712 × 10−13 7.994 × 10−3 0.9313
B2 3.059 × 10−10 1 3.059 × 10−10 3.64 0.0979
C2 1.078 × 10−10 1 1.078 × 10−10 1.28 0.2945

Residual 5.877 × 10−10 7 8.396 × 10−11

Lack of fit 5.877 × 10−10 3 1.959 × 10−10

Pure Error 0.000 4 0.000
Cor Total 7.241 × 10−8 16
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Figure 15. Influence curve of wear depth: (a) The fitting of predicted and simulated values. (b) Single
factor perturbation curve. (c) Contour of the interaction on influence factors.
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4.3. Optimization of the Regression Model

In order to reduce the wear depth of the rectangular tube surface, minimum optimiza-
tion of regression model was carried out, and the problem was described as follows:

f = min(Y)
s.t. 1 ≤ B ≤ 2
0.001 ≤ C ≤ 0.1
0.15 ≤ A ≤ 0.25

(10)

The optimization results are shown in Figure 16. The selected optimization scheme
is A = 0.15, B = 1 rad/s, C = 0.0042, and the optimization value of the regression model is
0.0001099 mm. The simulation wear depth of the optimization scheme is 0.000108248 mm,
compared with the optimization value of the regression model, the error of the two is less
than 5%, which verifies the accuracy of the regression model. The simulation results of the
optimization scheme are compared with the original simulation results (Figure 17), and
the wear depth is reduced by 64.69%, which verifies the effectiveness of the optimization
scheme. The flow chart of the article is shown in Figure 18.
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Figure 18. Flow chart of the wear analysis.

5. Conclusions

(1) According to the characteristics of a circular tube roll forming a rectangular tube, the
possible wear area was analyzed. The finite element model of roll forming was established
based on Archard theory, and the roll forming test was carried out. The simulation results
were compared with the test, and the section size and wear area of the two were in good
agreement, which verified the accuracy of the simulation model.

(2) The effects of the friction coefficient and flat roller angular velocity on wear depth
were analyzed, and a regression model of the wear depth was established based on the
response surface method. Through variance analysis, it is found that the flat roller angular
velocity has the greatest influence, followed by the flat roller friction coefficient, and that the
vertical roller friction coefficient is the least. The regression model can predict the wear depth.

(3) The minimum value of the regression model was optimized, and the simulation
results of the optimization scheme were compared with the optimized value; moreover,
the error between the two was less than 5%, which verified the accuracy of the regression
model. By comparing the simulation results of the optimization scheme with the original
scheme, the wear depth is reduced by 64.69%, which verified the effectiveness of the
optimization scheme.
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