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Abstract: The relevance of the study is proved by two factors. One of them is the necessity to study the nature of
the change in the microstructure of the cross-section of extra-thin tinplate made of TS 435 steel (analogue of 08ps steel)
skin-passed in a new DSR-1250 mill of the Miory Metal Rolling Plant. The second factor is the need to develop an effec-
tive method for obtaining accurate geometry characteristics of an oblique cut of tinplate 0.19 mm or less thick. The pur-
pose of the work is to determine the changes in microhardness and microstructure over the thickness of tinplate samples
and identify the existence of a layer microstructure necessary for this type of flat-rolled products. The study was carried
out on the selected samples of tinplate of TS 435 steel 0.19 mm thick. This tinplate was rolled from an annealed strip,
0.224 mm thick. The total magnitude of reduction in the mill was 15 %, and the reduction in the skin-pass stand was
at least 3 %. The authors carried out measurements of microhardness at different points over the thickness of the selected
tinplate samples. The microhardness values over the strip thickness were averaged using 6th degree polynomial interpola-
tion. To study the grain dimension, a number of microstructure images were taken in various areas over the sheet thickness
with x500 magnification. The microstructure studies showed a pronounced strain microstructure with grains elongated
in the direction of rolling. At the very boundary of metal contacting the rolls, the grains received the greatest deformation.
The highest values of microhardness were identified in two zones adjacent to both strip surfaces and in the central layers
along the strip thickness. The change in the microhardness values along the sheet thickness has a wave-like character
with three pronounced zones of increase in hardness and two zones of a decrease in its values. The zones with the lowest
microhardness values are located between the zones with the maximum values.

Keywords: tinplate; low-carbon steel TS 435; microhardness irregularity; microstructure irregularity; strip section;
oblique cut; grain dimension ratio; rolling-leveling mill.
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When tempering mild-carbon steel sheets with a per-

INTRODUCTION

Cold-rolled sheets are one of the most commonly used
types of rolled products. Many scientific papers cover
the study of the development of the theory and technology
of cold sheet rolling. The necessary final properties
of such sheet-rolled products as tinplate are provided by
skin-pass rolling, the technology of which largely deter-
mines the quality of tinplate [1-3]. In most cases, tinplate
itself is a blank for cold stamping [4]. It is very important
that during such processing, no destruction of the sheet
integrity occur, and no shear lines form on its surface
[5; 6]. Skin pass ensures good formability, good sheet
flatness, and the required surface roughness [5]. The latter
is especially important when applying coatings to
the sheet surface (tinning, etc.). Tensile diagrams of tem-
pered sheets does not show a yield plateau or its length is
significantly reduced [6-8]. This allows increasing
the stamping process accuracy and prevents distortion of
stamped parts [6; 9; 10].

centage reduction of up to 1.2 %, the yield strength of
the material decreases. This is explained by the processes of
the nucleation of new dislocations. At percentage reduc-
tions of more than 1.2 %, the yield strength begins to in-
crease [5]. As a rule, when tempering mild-carbon steel
sheets, the percentage reduction is in the range from 0.5 to
3 %. Skin pass is performed after cold-rolled sheets are
annealed (as a rule, in a shielding atmosphere) [11-13].

In 2020, a tinplate production line was put into opera-
tion at the Miory Metal Rolling Plant [14]. According to
the technical characteristics, the installed equipment allows
rolling sheet metal with a minimum thickness of 0.15 mm.

Two rolling mills are installed within the production
line: RCM-1250 — a six-roll reversing mill for cold thin-
sheet rolling, and DSR-1250 — a continuous rolling-leveling
mill consisting of one reduction stand (quarto) and one
skin-pass stand (quarto).

The plant receives rolls of pickled annealed sheet of
2mm in thickness. The technological process of cold
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rolling of sheets at this plant consists of the following main
operations (Fig. 1). After the preparation process, the coils
(1) are rolled in several passes to the desired thickness (2)
on a RCM-1250 reversing mill (3). Next, the rolls (4) after
electrolytic cleaning (5) are fed for annealing. Annealing is
carried out in bell-type furnaces with a shielding atmo-
sphere (6). Annealed coils are transferred for rolling in
a DSR-1250 two-stand rolling-leveling mill (7 and 8).

After rolling the strips in the DSR-1250 mill, the coils are
transferred for tinning, cutting, reeling, and packaging (9, 10).

At the DSR-1250 mill, the process of reduction of
the sheet annealed in a shielding atmosphere and the pro-
cess of its tempering are carried out sequentially. It is obvi-
ous that rolling is carried out with tension. The study of
special aspects of such process, including changes in the
microhardness and microstructure of the metal along the tin
strip thickness is of interest.

In the process of skin pass, with an increase in the de-
gree of deformation, the tensile strength and hardness of
the metal increase, and the yield strength, up to the limit
of the deformation degree determined for each metal, first
decreases and then increases. Thus, it is convenient to judge
the degree of deformation of a given metal during skin pass
by the change in its microhardness, since this value conti-
nuously increases.

The aim of the research is to study the microstructure, and
the nature of the change in microhardness along the thickness
of a sheet of tempered tinplate strips made of TS 435 steel
(manufactured in accordance with the EN 10202:2001
requirements).
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METHODS

The study was carried out on a tinplate strip made of
TS 435 steel (a 08ps grade analogue according to the GOST
1050 standard) 0.19 mm thick. This tinplate is rolled from
an annealed strip 0.224 mm thick in a DSR-1250 mill.
The total value of the percentage reduction in the mill was
15 %, the value of the percentage reduction in the skin-pass
mill was 3 %.

To study microhardness and microstructure, the follow-
ing technique was developed.

Samples were cut out from areas in the middle of
the width of the rolled tinplate strip along and across the
rolling direction.

To ensure the possibility of performing multiple mea-
surements of microhardness over the thickness of a tin strip
(0.19 mm), the authors used the technology of grinding
the surface at an angle of 3°. This gives the possibility of
performing microhardness measurements at a large number
of points over the thickness of the strip on an oblique
ground cut. The sample preparation technology for oblique
grinding of a tin strip is shown in Fig. 2.

As is seen from Fig. 2 a sample prepared for studying,
an oblique cut in the form of a tinplate strip was glued onto
a base strip (Fig. 2 a) ground at an angle of 3° to the hori-
zontal line. The curing of the adhesive on specimens pre-
pared in this way must take place under load. In this case,
the specimen strips were pressed with a rubber-sealed
clamp (the sample strip is pressed against the base by
a surface with an inclination of 3°). It is possible to use
a press, (with the same sealing parts and a container

Fig. 1. Tinplate production at Miory Metal Rolling Plant:
1 — coils of etched annealed sheet 2 mm thick; 2 — a strip leaving the RCM-1250 mill; 3 — RCM-1250 reversing mill;
4 — movement of coils along the technological line of the workshop; 5 — electrolytic cleaning plant; 6 — bell-type furnaces;,
7 — cogging stand of the DSR-1250 mill; 8 — pinch-pass stand of the DSR-1250 mill; 9 — tinning stack;
10 — cutting, coiling, packing, and sales
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Fig. 2. The technology of preparing a specimen for an oblique cut to study tinplate microstructure:
a — sticking tinplate strips on the base metal; b — pouring the specimen with epoxy resin.
1 — test tinplate strip with the corresponding length of the platform to measure microhardness along the tin strip thickness;
2 — fast-setting glue layer; 3 — base strip; 4 — cylindrical container; 5 — epoxy resin; h — tinplate strip thickness

providing the desired position of the sample strip, the base,
and the surface pressing the strip against it). After the adhe-
sive has hardened (Fig. 2 b), the sample is placed in a con-
tainer and poured with epoxy resin. After the resin hardens,
the unnecessary part of the tin strip under study is ground off.

Fig. 3 shows the container with the samples after grind-
ing. It is evident that on the samples prepared by the above-
described method (Fig. 2), in the process of flat grinding of
the container with the samples, an oblique cut angle of 3° is
formed spontaneously.

The samples were prepared on a Presi Mecapol P262
polishing station. The microstructure was studied using
a Nikon Epiphot 200 microscope, with a magnification up
to 1000 times. Vickers hardness was determined on a Bueh-
ler Model No 1105D microhardness tester. The etchant is
Rzheshotarsky’s solution (5 % solution of nitric acid in
alcohol).

Surface microhardness measurements were carried out
using the Vickers method with a small load on a Buehler
Model No 1105D microhardness tester. The force was
0.9807 N, which corresponds to the HV 0.1 hardness scale.
The load application time is 10 s. A diamond tip was used
with the working part in the form of a tetrahedral pyramid
with a rhombic base.

During the study of rolled steel samples, the following
operations were carried out:

— multiple microhardness measurements on the tin strip
surfaces followed by deriving the average values for certain
samples;

frr——— ==

— multiple microhardness measurements for the end sec-
tions with microhardness measurements at three points:
40 pm from the edge of the strip surface of each end sec-
tion, and in the middle of the section. Average values were
derived (separately for each edge and middle of a particular
end section);

— multiple microhardness measurements on the oblique
cuts with a step of 50-100 pm along the oblique cut. Up to
25 measurements were made at each coordinate. Average
values were derived according to the technique described in
[15; 16].

The hardness measuring uncertainty was leveled by
measuring a number of hardness reference gages (the spread
of hardness values is within the range of £12.5 %) [17].

The grain size, in the middle regions of the strip cross
section was calculated by counting the intersections of
grain boundaries [18; 19]. Based on the sheet thickness,
a segment with a length of 0.08 mm was chosen to count
the intersections along the X and Y axes. To count the num-
ber of grain intersections along the diagonal line (against
the X and Y axes), a segment length of 0.113 mm was cho-
sen. The segments were located on each image at random.
One should note that the X-axis always coincided with
the sheet thickness.

The grain size, in near-surface regions, was determined
by counting the intersections of grain boundaries [20].
The counting was carried out along the Y axis on a number
of segments 0.09 mm in length. The segments were located
on each image at random.

———

Fig. 3. A container with tinplate specimens after flat grinding machine:
1 — ground part of a specimen; 2 — epoxy resin; 3 — fast-setting glue layer; 4 — metal base with a glued specimen;
5 — movement direction of a grinding tool
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RESULTS

Fig. 4 demonstrates the metal microstructure of the strip
fed for skin pass to the DSR-1250 mill and pre-annealed in
a bell-type furnace with a shielding atmosphere (Fig. 1,
position 6).

Fig. 4 shows that the microstructure of samples from
annealed TS 435 steel is a generally homogeneous ferritic
structure, with pronounced equilibrium grains. Finely dis-
persed inclusions, probably of a carbide nature, are distri-
buted over the body of the ferrite grains relatively evenly.
The microhardness in the near-surface zone of the strip is
79.71 HV=£7 %, in the middle regions — 78.89 HV+5.5 %.

As one can see from the analysis of the measurement re-
sults (Fig. 5 and 6), three zones of the highest hardness va-
lues are observed in the samples:

LN - 50 mKm

a

— on both surfaces of the strip;

— in the central layers of the strip thickness.

At a depth of 0.04 to 0.05 mm from the strip surface on
the end cut, and of 0.01 to 0.015 mm on oblique cuts, zones
of the lowest hardness values are observed. Thus, the aver-
aged microhardness values (obtained by interpolation with
a 6-th degree polynomial) show a wavelike change in the hard-
ness values, over the sheet depth with three pronounced
zones of increasing hardness, and two zones of decreasing
hardness values. In other words, different layers over
the sheet depth received different degrees of deformation.

Fig. 7 shows photographs of the microstructures of
the cross sections of the investigated tinplate strips.
The microstructure study on a thin section of the tin strip
thickness located along the rolling direction (Fig. 7 a)

20 MKM

b

Fig. 4. Metal microstructure of an annealed TS 435 steel strip 0.224 mm thick,
which is fed to the DSR-1250 mill for skin pass (x500):
a — central part of the strip cross section; b — surface part of the strip cross section
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Fig. 5. Microhardness distribution along the thickness of the TS 435 steel sheet 0.19 mm thick subjected
to skin pass in the DSR-1250 mill, according to the results of measurements from the sheet end face:
S — depth (measurement coordinate) along the sheet thickness; HV — microhardness on the oblique cut surface;
I — cross cut measurements; 2 — along cut measurements
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Fig. 6. Microhardness distribution along the thickness of the TS 435 steel sheet 0.19 mm thick subjected
to skin pass in the DSR-1250 mill, according to the results of measurements on the oblique cut surface:
HV — microhardness on the oblique cut surface; S — depth (measurement coordinate) along the sheet thickness;
1 — cross cut measurements; 2 — along cut measurements

Fig. 7. Microstructure of the TS 435 steel tinplate sheet 0.19 mm thick:
a — microstructure in the strip thickness section (x200) along the rolling line (an arrow — the rolling direction);
b — microstructure in the strip thickness section (%X200) across the rolling line (the rolling direction — toward us)

showed the presence of a clearly pronounced banded
(fibrous, elongated) microstructure along the rolling direc-
tion. The grains are elongated in the direction of longitudi-
nal deformation (along the rolling line).

On the section, where the tin strip thickness is located in
the plane across the rolling line (Fig. 7b), the width of
the grains is less than their length on the section made along
the rolling direction.

To study the grain size, a number of microstructure pho-
tographs were taken in the regions bordering the tin strip
surface (Fig.8a and 9 a) and in the middle regions of
the strip (Fig. 8 b and 9b). The photographs were taken
with a magnification of 500 times. From the photographs,
one can judge the change in the microstructure along
the cross section of the strip.

The calculation gave the following results:

—1in the sheet thickness area bordering the surface, in
the section along the rolling line, along the X axis —

305 grains (1.6 mm), along the Y axis — 119 grains
(2.4 mm), along the diagonal line — 322 grains (2.263 mm);

— in the sheet thickness middle area, in the section along
the rolling line, along the X axis — 567 grains (3.28 mm),
along the Y axis — 98 grains (2.56 mm), along the diagonal
line — 357 grains (2.828 mm);

— in the sheet thickness border area, in the section across
the rolling line, along the X axis — 273 grains (1.6 mm),
along the Z axis — 181 grains (2.4 mm), along the diagonal
line — 296 grains (2.263 mm);

—in the strip thickness middle region, in the section
across the rolling line, along the X axis — 289 grains
(2.08 mm), along the Z axis — 152 grains (2.32 mm), along
the diagonal line — 256 grains (2.263 mm).

The calculation data were processed according to
the standard procedure [16; 18]. Tables 1 and 2 provide
data on the average grain size in the directions described
above.
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In addition to grain sizes, data on the average ratio of
the grain length along the Z axis to the length along the X axis
both across the rolling line (grain width coefficient), and along
the rolling line (grain length coefficient) were obtained.

When determining the grain size in the area of contact
between the metal and the rolls, 103 grains were counted
across the rolling line (1.44 mm) and 56 grains (1.8 mm)
along the rolling line. The results of grain size calculations
along the rolling line (grain length) and across it (grain
width) are summarized in Table 3.

DISCUSSION

It is determined that the microstructure of the studied
samples is a ferrite with different degrees of plastic defor-
mation over the sheet thickness.

There are obvious differences in the microstructure on
sections made along and across the rolling line (Fig. 7-9),
since this factor was mainly influenced by the schemes of
plastic deformation during preliminary cold rolling in the
first stand and skin pass in the second stand of a DSR-1250
continuous 2-roll rolling-leveling mill.

Tables 1 and 2, show that the grain length coefficient is
always greater than the grain width coefficient, both in
the border and in the central regions over the strip width.
This is quite natural for sheet rolling [15; 20]. One can con-
clude that the broadening of the grains in the central regions
is somewhat less than the broadening of the grains in
the regions bordering the strip surface (width coefficient
2.311 versus 2.208). This can be caused by the action of
friction forces acting along the rolling line on the contact
surface of the rolls and metal.

b

Fig. 8. Tinplate microstructure in the thickness sections of the TS 435 steel sheet 0.19 mm thick
in the plane along the rolling direction line (*500):
a — sheet end face area adjacent to the surface; b — sheet end face middle area (a square 0.08 x0.08 mm).
X-axis is oriented along the sheet thickness, Y-axis — along the rolling axis

a

Fig. 9. Microstructure of the TS 435 steel tinplate sheet 0.19 mm thick in the plane across the rolling direction line (x500):
a — sheet end face area adjacent to the surface; b — sheet end face middle area (a square 0.08%0.08 mm).
X-axis is oriented along the sheet thickness, Z-axis — across the rolling axis (along the sheet width)
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Table 1. The average grain size in the section across the rolling line

Measurement point

A cut across the rolling line

Measurement axis

Average grain size, mm

The average ratio of grain length
along the Z axis (over the strip width)
to the length along the X axis
(over the strip thickness)

X 0.00594+12.5 %
Edge of sheet thickness z 0.01374%15.0 % 2.311
along the diagonal 0,00767 3252/:4
X 0.00728+12.5 %
Middle of sheet thickness z 0.01608+16.0 % 2.208

along the diagonal

0.00908+10.5 %

Table 2. The average grain size in the section along the rolling line

Measurement point

A cut along the rolling line

Measurement axis

Average grain size, mm

The average ratio of grain length
along the Y axis (along the rolling line)
to the length along the X axis
(over the strip thickness)

X 0.00534+14.5 %

Edge of sheet thickness Y 0.02145+12.0 % 4.017
along the diagonal 0.00714+12.5 %
X 0.00589+14.5 %

Middle of sheet thickness Y 0.02779+£12.5 % 4.716

along the diagonal

0.00808+12.0 %

Table 3. The average grain size in the metal-to-roll contact area

Measurement point

Measurement axis

Average grain size, mm

The average ratio of grain length along
the Y axis to the length along the X axis

In the contact area of the
metal and a roll

A cut — across the rolling line

X

0.01398+11.5 %

A cut — along the rolling line

0.03214+12 %

2.299
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Considering the grain length factor, one can conclude
that the grains in the border areas received less elongation
than the grains in the middle regions of the sheet thickness
(grain length factor 4.017 versus 4.716).

The smallest grain size in all cases, was identified when
counting the number of grains along the diagonal lines, and
along the X axis. From a visual analysis of the microstruc-
ture photographs of the near-border areas, it can be noticed
that the grains at the very border of the contact of the metal,
with the rolls receive the greatest deformation.

In the middle areas, where deformation occurs under
a significant action of tensile stresses, grain fragments, and
even single destroyed grains are encountered, which is na-
tural and acceptable.

Tables | and 2 show, that the average ratio of the grain
length to its width is 1.561 in the extreme region of the tin
strip end and 1.729 in its middle parts.

As one can see from Table 3, the ratio of grain length to
width is 2.299. Thus, in two areas, the grains received
a large elongation — in the area of direct contact of the me-
tal with the roll (sheet surface), and in the middle regions
relative to the sheet thickness. It is these areas where
the increased values of microhardness are observed.

Therefore, during the study of the changes in the micro-
structure and microhardness of ultra-thin tinplate made of
TS 435 steel rolled in a DSR-1250 mill, the expected exist-
ence of a layered structure of strips, which is typical for
tempered sheet material, was confirmed. According to
the work [1; 2; 6; 10], the formation of such a layered mi-
crostructure prevents the Chernov—Luders lines from com-
ing to the surface of the stamped sheet, and helps to im-
prove sheet formability. As practice shows, when tinning
strips with a similar structure, the adhesion of the tinned
layer to the surface improves.

The nature of the change in microhardness over
the thickness of the strips is confirmed by the correspond-
ing nature of the change in the microstructure. It was identi-
fied that the near-surface layers, as well as the middle ones,
receive a greater degree of deformation than the metal lay-
ers between them. Probably, such behaviour of mechanical
characteristics over the sheet thickness is associated with
the presence of a significant degree of metal tension be-
tween the stands of the DSR-1250 two-stand mill. It is
known that during the rolling of the strips on such mill,
sometimes even their tightening was observed, which is
definitely caused by the influence of the strip tension.

CONCLUSIONS

During skin-pass carried out on a DSR-1250 continuous
rolling-leveling mill produced by SMS group, the necessary
multilayer structure occurs in pre-annealed cold-rolled thin
sheets made of TS 435 steel, in which different layers have
individual microstructure combinations (grain elongation
degree, grain size, etc.) and mechanical properties.

In the areas of metal adjacent to the tin surfaces,
the layers were subjected to the deforming effect of
the rolls to a greater extent than the subsurface layers. As
a result, surface zones were formed, characterised by higher
hardness and strength. In the surface zones, a greater degree
of grain elongation is observed than in the subsurface ones.

In the subsurface layers, lower hardness values are ob-
served. The grains of these layers received lower strain va-

lues. The highest hardness values are noted in the central
regions of the sheet cross section. Separate destroyed grains
are observed here. It is possible that the higher hardness of
the central layers is associated with a significant degree of
strip tension between the stands of the DSR-1250 two-stand
mill. These findings require further, broader research.
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