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Abstract—Using the developed model of alternating elastoplastic bending on processing metal strips on a
roller straightening machine, we calculate the geometric and deformation parameters of the straightening
process. The dependences of the bending radii, the relative and true strains on the strip surface, and the elas-
tically deformed central region thickness on the strip thickness in the range 0.25—3.0 mm and the recom-
mended gaps in a EcoMaster® 25 machine are constructed and analyzed. The straightening parameters that
provide the maximum deformation effect on the strip material are determined.
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INTRODUCTION

When studying the deformation of metal strips
during their processing on a roller straightening
machine (RSM), we detected changes in their
mechanical properties. Thus, the straightening opera-
tion has acquired an independent value as a tool for
controlling the properties of sheets to preserve their
sizes.

Straightening is carried out by bending a sheet
under alternating load, and the kinematics of this pro-
cess is reduced to alternating the upper and lower posi-
tions of the center of the bending radius relative to the
median plane of the strip; i.e., when going from the
previous to the next bend, the direction of the loads
changes by 180°. As a result, the deformation of, e.g.,
fibers on the upper surface of the strip changes from
elongation to shortening and vice versa. Since the
sheet width during straightening far exceeds its thick-
ness, a flat deformation scheme is conserved in the
course of bending and the material to be processed is
physically subjected to shear deformation.

In addition, the deformation during bending of
strips is elastoplastic, since the central part of the strip
always contains elastic strain due to the fact that the
stresses decrease because of their linear profile across
the strip height when the central plane of the strip is
approached and become zero in this plane. The
boundary between the areas of elastic and plastic
strains can be conditionally considered the plane in

which the stresses reach yield strength 6, , of the mate-
rial of the processed strips.

Note that our previous works concerning calcula-
tions and experiments on the processing of metallic
materials on an EcoMaster® 25 precision RSM [1, 2]
were limited to a strip thickness of 3.0 mm, the maxi-
mum for this machine. In this work, the problem of
determining the geometric and deformation condi-
tions of elastoplastic alternating bending was solved for
the entire thickness range of the strips processed on
this machine.

CALCULATION PROCEDURE

Based on the results of the analysis [2] of various
models of the interaction of a strip and working rollers
during straightening, we chose a model for bending a
strip as the deformation of a beam on two supports
with a load acting at an equal distance between the
supports. The object was an EcoMaster® 25 RSM with
working rollers of diameter D = 25 mm and a distance
L = 28 mm between their axes. The lower (11 pieces)
and upper (10 pieces) rollers are installed in cartridges
in such a way that their axes of rotation in each car-
tridge are in the same plane and are arranged in car-
tridges in a staggered order with respect to each other.
When moving in the machine, a strip undergoes
18 operations of elastoplastic bending under alternat-
ing load sequentially.
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These planes form a kind of wedge in space, and
the line of their intersection is located on the side of
the entry to the RSM. The machine is configured
according to the values of two gaps (entry, exit)
depending on strip thickness H. The exit gap is always
taken to be the strip thickness, G,g = H, and the spe-
cial-purpose nomogram included in the technical
documentation of an EcoMaster® 25 machine [3] is
used to select entry gap G,.

Using the nomogram and two curves located below
the exit gap line, two values of the entry gap, namely,
G,™™ (from the upper curve) and G, (from the lower
curve), are determined. To determine the main char-
acteristic of the bending operation, namely, the bend-
ing radius of the median line of the strip R,., under the

model conditions, the following ratio is applied [2]:

_ 5L + (H - G)’
_ L
2AH - G)

where G is the roller gap, which increases from the
entry to the exit at step (G, — G,)/18 when the strip
passes to each subsequent bending operation. The cur-
vature of the median surface y = 1/R,., is the inverse
of radius Ry,

As a result, the main geometric strip processing
parameters in an RSM are determined. Among the
deformation parameters, first of all, the relative strain
(%) of the surface (outer) fibers according to the fol-
lowing equation should be noted:

€ou = 100H /Ry, + H). )

This equation describes the highest elongation
strain in the strip on bending at the entry to the RSM.

As follows [4], the directions of deformation, e.g.,
shortening or elongation, are identical in terms of their
effect on the mechanical properties of the metal; how-
ever, the relative deformation, which is a characteristic
of the same sense, cannot be used to estimate the inte-
gral effect of alternating deformation on the proper-
ties. In such cases, the parameter called the principal
true strain intensity is used [5, 6],

Rben s (1)

4cos {arctan

¢ = ?J(el —e e —e) e —a),  (3)

where e,—e; are the principal true strains (or true
strains along the main axes). Numerical indices in the
principal true strains are assigned in accordance with
the rule e, = e, = e5.

When the strip is bent, its width does not change;
i.e., a flat deformation scheme, in which In(b/6,) = 0,
is implemented and the constant volume condition
takes the form /h/lhy = 1 (where b, by, I, Iy, h, h, are
linear dimensions). Therefore, in the part of the strip
where tensile stresses are operative, the principal true
strains are e; = In(//l;) > 0, e, =In(b/b,) =0, and e; =
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In(h/hy) < 0; in the other part (when passing through
the median surface of the strip), their values are e, =
In(h/hy) > 0, e, = 1In(b/by) = 0, and e; = In(///y)) < 0.
Substituting any of these combinations into Eq. (3)
leads to the following unique expression for the prin-
cipal true strain intensity: e; = 1.15e;.

In our case, for alternating loads, the principal
true strain intensity in the outer fibers of the pro-
cessed strip is

C))

e = 1.151n(MJ.

2R + H

To determine the thickness of the elastically
deformed layer in the central part of the strip 8, we
propose the formula

d=0.2H/e,,. ®)

This formula can be used to find the time in the
process of alternating bending deformation when the
strip begins to undergo only elastic deformation due to
an increase in the roller gap during the passage of the
strip through the RSM under the condition & > H.

Taking into account the great importance of accu-
racy and convenience of determining the entry gap
specified as a nomogram, we converted graphical
curves into analytical dependences. Using the nomo-
gram, we obtained a numerical array of the maximum
and minimum entry gaps at different strip thicknesses
and subjected it to statistical processing in order to
construct regression dependences. A power function
with a constant term was chosen for an analytical
structure of these dependences. As a result, the follow-
ing relations were obtained for the entry gap:

maximum gap,

G™ = —1.769 + 2.252H ", (6)

minimum gap,

G™" = —3.083 +2.692H "% (7)

The largest relative error in determining G, by
Egs. (6) and (7) is 4%. In logarithmic coordinates,
these relations are linearized with a linear correlation
coefficient of 0.999, which objectively guarantees a
high degree of correspondence of the obtained depen-
dences to the graphical representation of the entry
gaps on the nomogram. Therefore, the obtained
dependences were used to calculate the geometric and
deformation parameters of elastoplastic bending of
strips on the RSM with allowance for the alternating
character of applied bending forces

RESULTS AND DISCUSSION

Before performing calculations, we chose strip
thickness H as the main parameter affecting the geo-
metric and deformation bending conditions in the
RSM. From the strip thickness range processed on the
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Table 1. Initial strain for calculating the geometric and
deformation parameters for processing strips of various
thicknesses on an RSM

Entry gap H, mm G;, mm
G 0.25 —0.80
1.0 0.48
2.0 1.66
3.0 2.72
G 0.25 -2.09
1.0 —0.48
2.0 1.04
3.0 2.32

EcoMaster® 25 machine (from 0.25 to 3.0 mm), we
chose four thicknesses, H = 0.25, 1.0, 2.0, and
3.0 mm, for which the minimum and maximum roller
gaps G, on the side of strip entrance to the machine
were determined by Egs. (6) and (7). The values of
H(Gyy) and G, presented in Table 1 were used as initial
information for further calculations.

For each version indicated in Table 1 (in total, eight
versions), the geometric and deformation parameters
were determined in each bending operation during the

SHELEST et al.

passage of the strip from the entrance to the exit from
the machine using the relations given in the method-
ological part. As an example, Table 2 gives the results
calculated for the version corresponding to the mini-
mum entry gap for the thinnest strip (H = 0.25 mm).
The results for the remaining combinations of vari-
ables H and G, can be presented similarly.

Using the developed scheme, for each bending
operation we determine the geometric parameters
(Ry., (mm) is the bending radius of the outer fibers on

the strip surface, y (mm™') is the curvature, & (mm) is
the thickness of the elastically deformed median layer
of the strip) and the deformation parameters (g, is
the relative strain of the elongation of the outer fibers
at the strip surface, e, is the principal true strain
intensity of the outer fibers at the strip surface, e;s is
the total principal true strain intensity of the outer
fibers at the strip surface during bending in RSM).

Regarding the negative roller gaps given in Table 2
G; (i = 1-17), it should be noted that the gap is taken
to be the distance between two planes tangent to the
surfaces of the upper and lower rollers, starting from
the entry to the machine and ending with the exit from
it. A negative gap means that the rollers fall into the
free space having formed due to their staggered loca-
tion. If the roller diameter is 25 mm and the distance
between the roller axes is 28 mm, the gap between
them is —4.29 mm when the rollers are in full contact

Table 2. Results calculating the geometric and deformation parameters for alternating bending of a 0.25-mm-thick strip in
an EcoMaster® 25 RSM at Glmi" = —2.09 mm and Gy = 0.25 mm (/V is the ordinal number of bending operation)

N G, mm Rpen, mm Y, mm~! €outs % €out es 4, mm
1 —2.09 21.525 0.0465 0.577 0.007 0.007 0.088
2 —1.96 22.724 0.0440 0.550 0.006 0.013 0.092
3 —1.83 24.479 0.0415 0.519 0.006 0.018 0.098
4 —-1.70 25.616 0.0390 0.488 0.006 0.024 0.104
5 —1.57 27.378 0.0365 0.457 0.006 0.030 0.111
6 —1.44 29.417 0.0340 0.425 0.005 0.035 0.120
7 —1.31 31.800 0.0314 0.398 0.005 0.039 0.129
8 —1.18 34.623 0.0289 0.361 0.005 0.043 0.141
9 —1.05 38.017 0.0263 0.329 0.004 0.047 0.155

10 —0.92 42.173 0.0237 0.296 0.003 0.051 0.172

11 —0.79 47.375 0.0211 0.264 0.003 0.053 0.193

12 —0.66 54.074 0.0185 0.231 0.002 0.056 0.220

13 —0.53 63.016 0.0159 0.199 0.002 0.059 0.256

14 —0.40 75.547 0.0132 0.165 0.002 0.060 0.307

15 —0.27 94.361 0.0106 0.132 0.001 0.062 0.384

16 —0.14 125.74 0.0080 0.099 0.001 0.063 0.512

17 —0.01 188.53 0.0053 0.066 0.001 0.063 0.767

18 0.12 376.96 0.0027 0.033 0.000 0.064 1.534

19 0.25 oo 0 0 0 — —
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Table 3. Results calculating the geometric and deformation parameters in the first operation of bending strips of various

thicknesses H on RSM
Entry gap H, mm G|, mm Rien, mm €out» % €out 4, mm &/H
G 0.25 —0.80 46.9 0.266 0.003 0.188 0.75
1.0 0.48 94.4 0.527 0.006 0.379 0.38
2.0 1.66 144.2 0.689 0.008 0.581 0.29
3.0 2.72 175.1 0.850 0.010 0.706 0.24
Glmi“ 0.25 —2.09 21.5 0.577 0.007 0.087 0.35
1.0 —0.48 33.5 1.472 0.017 0.136 0.14
2.0 1.04 51.3 1.913 0.022 0.209 0.10
3.0 2.32 72.2 2.034 0.023 0.295 0.10

(e.g., when the lower roller touches two upper ones).

The gap (G"" = —2.09 mm) determined by Eq. (7)
indicates that the clearance having formed between
the rollers is large enough to bite and straighten a strip
H=0.25 mm thick.

When analyzing the results of calculating the geo-
metric and deformation parameters on bending strips
in the RSM, we have to take into account the funda-
mental role of the first plastic deformation operation,
which was noted upon studying the features of forming
and hardening a metal under alternating load [7]. A
similar point was mentioned in work [8] devoted to the
hardening of strips of commercial-purity copper
during their processing on an EcoMaster® 25 RSM.
This information was taken into account in the results
of calculating the geometric and deformation parame-
ters for the first bending operation when strips of var-
ious thicknesses are processed on the RSM for two
entry gap versions (see Table 3). Along with the
parameters given in Table 2, Table 3 presents the ratio
8/ H characterizing part of the strip thickness occupied
by an elastically deformed middle layer.

For the convenience of a comparative analysis of
the obtained geometric and deformation parameters,
they are graphically combined after appropriate scaling
in Fig. 1. The following designations of scaled variables
are introduced: R = (R, mm)/10, € = (€., %) X 5,
8., = (8, mm) X 10, and A,,, = (6/H) X 10. Entry gaps G,
(maximum and minimum ones) were not scaled.

As follows from Fig. 1, the entry gap significantly
affects all geometric and deformation parameters.
First of all, we note the influence of the entry gap on
the bending radius of the strip R,., determined by
Eq. (1) and the fact that this parameter is related to
such important indicators as the relative strain of the
outer strip surfaces €,,, and the thickness of the elasti-
cally deformed middle region of the strip & (see
Egs. (2) and (5)). The main consequence of the data
presented in Fig. 1 is that, when the entry gap
decreases, the relative strain of the metal increases and
the relative strain of the elastically deformed central
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part of the strip decreases. In other words, the cold-
worked volume of the strip material increases.

However, recall that Fig. 1 presents information
about the strip deformation conditions only at the first
bend after the strip enters the RSM. When passing
through the machine, the strip undergoes 18 bending
operations with a sequential increase in the bending
radius because of gap growth, which leads to a
decrease in relative strain €,,, and to an increase in the
thickness of the central elastically deformed part of the
strip 8. As follows from the data in Table 2, €, at the
12th bend is 0.239% for a strip H = 0.25 mm thick at a
minimum recommended entry gap G; = —2.09 mm
and €., = 0.198% at the 13th bend. Specifically, the

Gl: R: Sma Ama € (a)
15

10

Fig. 1. Geometric and deformation parameters in the first
bending operation vs. the strip thickness on processing on
RSM at the (a) maximum and (b) minimum entry gap.
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Fig. 2. Ordinal number of bend # at the last plastic defor-
mation operation and the transition to elastic deformation
of a strip vs. the strip thickness at the (¢) maximum and
(b) minimum entry gap.
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Fig. 3. Accumulated true strain ;5 vs. the strip thickness
during processing on an RSM at the (¢) maximum and
(b) minimum entry gap.
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Fig. 4. Change in the accumulated true strain when strips
of different thicknesses pass through RSM at the recom-
mended minimum entry gap (numerals at the curves are
the strip thickness).

metal undergoes a strain less than 0.2%, the load at
which was used to calculate yield strength G, [9].

In other words, after the 12th bend, the strip under-
goes only elastic deformation, which is additionally
indicated by the value of 8 in Table 2 (at the 13th bend,
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the thickness of the elastically deformed median layer
of the strip & exceeds a strip thickness of 0.25 mm).

Calculations similar to the considered example
were performed for all other versions of combinations
of the strip thicknesses and the entry gap given in
Table 1. Denoting the ordinal number of the bend at
the last plastic deformation operation by n (in the
example, n = 12), we can trace its change in Fig. 2 as a
function of the strip thickness at the maximum and
minimum entry gaps. At both gaps and a strip thick-
ness smaller than 1 mm, » decreases significantly
(especially for the maximum gap), which indicates a
decrease in the number of bending operations that
provide plastic deformation of a strip.

It is important to estimate this strain. Table 2 gives
the following two deformation indicators: €., (%) is
the relative linear strain and e, is the principal true
strain intensity. The expression of this indicator in the
form of Eq. (4) is used for the flat deformation scheme
used for bending wide strips. The main advantage of e,
in comparison with €, is that parameter e; has the
property of additivity and, for the case of successive
bending of a strip by an alternating load, the total
strain can be determined by the simple expression

n
ey = Ze[a
i=1

where # is the ordinal number of the bend at the last
plastic deformation operation, as indicated above. In
the case of processing a 0.25-mm-thick strip at a min-
imum entry gap of —2.09 mm, we obtain » = 12 and

eZ= " &=0049.

Similarly, the values of e were determined for the
other calculation versions given in Table 1 for strip
thicknesses from 0.25 to 3.0 mm at the maximum and
minimum entry gaps controlled by the nomogram of
the EcoMaster® 25 RSM. The calculation results
(Fig. 3) clearly confirm the information given in
Fig. 1: the highest plastic bending strains are achieved
at large strip thickness (2—3 mm) and the minimum
recommended entry gap.

This conclusion fully corresponds to the dynamics
of true strain accumulation when strips of various
thicknesses H pass through the RSM (see Fig. 4). The
results obtained are thought to be very important
information for using an RSM as a tool for controlling
the properties of metal strips. In addition, they cor-
relate with the data presented in [10, 11].

CONCLUSIONS

(1) Using the developed model of elastoplastic
bending by an alternating load, we constructed a cal-
culation scheme to determine the geometric and
deformation parameters for straightening metal strips
on an RSM.
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(2) For the straightening on an EcoMaster® 25
RSM, we determined the bending radii of the strip,
the relative elongation strains, the principal true strain
intensity of surface fibers, and the elastically deformed
central layer thickness of a strip.

(3) When analyzing the dependences of the given
parameters for the first bending operation on the strip
thickness and the recommended maximum and mini-
mum entry gaps, we found that the strip material
undergoes the highest deformation effect in the thick-
ness range 1—3 mm at the minimum entry gap.

(4) When an RSM is used as a tool for controlling
the properties of metal strips, we recommend to addi-
tionally take into account the parameter of the accu-
mulated principal true strain intensity, which narrows
the rational strip thickness range to 2—3 mm under the
conditions under consideration.
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