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Abstract—This study includes the screw rolling of several blank parts of 12Kh18N10T steel on a two- and a
three-roll mill, followed by modeling test rollings in the DEFORM FEM software. The test rolling results
were used to evaluate changes in the dispersion of average grain size and hardness in the nonstationary and
stationary phases of screw rolling. The computer-aided modeling results were used to evaluate variations in
strain effective. The studies allowed identifying the changes in the average grain size and hardness in the different
rolling phases and defined the compliance with the kind of changes in the average grain size, hardness, and
strain effective across the blank part volume. The computer-aided modeling and test evaluation showed the dif-
ferences in the kind of strain effective variations in the nonstationary phase at two- and three-high rolling.
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Screw rolling is used to produce seamless pipes,
round blanks, bars, and hollow billets (shells). Radial-
displacement rolling, i.e., screw rolling with increased
feed and roll toe angles [1, 2] allows heavily refining
the grain [3, 4] by enhancing the plasticity and
strength [5, 6]. Due to enhanced material properties,
screw rolling is applied for the deformation processing
of steels [1, 2] and titanium and magnesium alloys [4].
Screw rolling processes have an extremely complex
moldability pattern; it is very difficult to study them by
experiment, especially in terms of analyzing stress-
strain state (SSS) parameters. As a rule, the workabil-
ity of blank parts in screw rolling is restricted by the
generation of axial [8] or annular metal fracture
[9, 10]. The common opinion on the causes of
deformable metal destruction [11, 12] is yet to be elab-
orated. Screw rolling processes are broadly studied by
computer-aided modeling in FEM software that
allows predicting the fracture at screw rolling to a cer-
tain degree of accuracy [8, 11]. The search in abstract
databases has not helped find any studies with the
experimentally confirmed kind of distribution of SSS
parameters in a particular screw-rolling pattern. The
results of papers [1–4] allow partially revealing the
connection between the kind of grain size variations
and the strain effective; however, this is true only for
the steady-state, stationary phase of three-high screw
rolling [1, 2, 9]. The fracture at screw rolling is known
to begin in the nonstationary phase [8, 11, 12]. The
distribution of SSS parameters in the nonstationary
phases of two and three-high rolling and the difference
in the way these parameters are distributed has been
shown by the team of authors of paper [13] on the basis

of computer-aided modeling, although without any
experimental confirmation. Studying the phases of
screw rolling on two- and three-roll mills for defining
changes in strain and structural parameters by test
evaluation and computer-aided modeling is a topical
task.

This paper is aimed at carrying out test rollings of
12KH18N10T steel blank parts on a two- and three-
roll screw rolling mill and using computer-aided mod-
eling of test rollings to find out the differences in
changes in grain size, hardness, and strain effective in
the nonstationary and stationary phase, as well as
comparing the CAM and test rolling results. The grain
size was measured on transversal and longitudinal
(axial) metallographic samples.

EXPERIMENTAL TECHNIQUES
The influence of the screw-rolling pattern on the

formation of the grain structure and the hardness of
the fabricated blank parts were measured on a two-
and three-roll mill by test rollings of 12KH18N10T
austenitic steel blank parts with the following compo-
sition in wt %: ≤0.12 C; ≤0.8 Si; ≤2 Mn; 9 to 11 Ni;
≤0.02 S; ≤0.035 P; 17 to 19 Cr; ≤0.3 Cu; 0.4 to 1 Ti;
67 Fe. The original blank parts and the nondeformable
witness specimen of 60 mm in diameter and 200 mm
in length were made by longitudinal rolling. The orig-
inal blank parts were heated up to 1150°C and cured
for two hours before rolling. The blank part diameter
after two- and three-high rolling was 54 and 52 mm,
respectively. All the blank parts were water-cooled
after rolling. The two-high rolling was carried out on
709
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Fig. 1. Cutup sketch and arrangement of regions (points)
for hardness and grain size measurements.
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Fig. 2. Assemblies loaded to the DEFORM processor for
modeling two- (a) and three-high (b) screw rolling, with
the roll rotation and rolling directions indicated.
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the MISiS-130D screw rolling mill with guide rulers
and feed and rolling angles of 18 and zero degrees,
respectively [10, 11, 14], and the three-high rolling–
on the MISiS-100T [10] screw-rolling mill with feed
and rolling angles of 18 and 10 degrees, respectively.
The roll-rotation frequency was 55 1/min. Figure 1
shows how the specimens for the hardness and grain-
size measurements were cut out.

The unsteady rolling phase was tested on speci-
mens of 5 mm in thickness cut out from the part near
the butt end with a cutting width of 0.1 mm. The steady
phase corresponds to a similar half-round specimen
cut out from the center of each blank part. A metallo-
graphic sample with the plane coincident with the
blank part’s axial section and a metallographic sample
with the plane coincident with the blank part’s cross
section were made for each specimen. The way the
grain size was measured in each of the cross samples in
certain points is shown in Fig. 1: the points were
located five mm from each other vertically and hori-
zontally. The indicated grain sizes or hardnesses for
each region are the average values found from 250 and
three measurements, respectively, in a region of 1.3 mm2

in area (1 × 1.32 mm rectangle). The results of the
measurements in the points of the specimens from the
region near the butt-end region were used to find
the data in four cross sections and the data for twelve
lines (diameters) in the longitudinal section (accord-
ingly, each specimen from the region near the butt end
had three longitudinal lines at 2.5 mm from each
other) (See Fig. 1). It was taken that the cross section
and the first of the three longitudinal lines of the spec-
imen that became extreme after clipping the shrinkage
cavity corresponded to the butt end; the distances for
the rest of the cross sections and longitudinal section
lines were calculated in millimeters from the butt end.
The surges in the samplings of data on average
grain size and hardness were removed by Tukey’s test
[15] based on calculating the interquartile distance.

The microstructure was photographed by means of
Axio Scope A1 Carl Zeiss and Axio Observer D1m
Carl Zeiss microscopes using the Thixomet software
[16]. The Vickers hardness number (HV5) was mea-
sured using an UH250 REICHERTER hardness
meter. The surface of the metallographic samples was
exposed to anode etching in 10-% of oxalic acid
(C2H2O4) in water.

Computer-Aided Modeling Procedure

The test rollings were modeled in the DEFORM
FEM software. First, however, assemblies of rolls, rul-
ers, guides, a pusher and a blank part were created in
the SolidWorks suite, saved as .stl files, and only then
loaded to the DEFORM preprocessor. Figure 2 shows
the assemblies loaded in the DEFORM preprocessor
and the axes and rotation directions of the rolls and
rolling. The third roll is not shown in Fig. 2b for con-
venience. After the assemblies were loaded to the pre-
processor, the initial and boundary conditions were set
according to the test rollings data. The modeling was
carried out without considering the heat exchange
between the blank part and the rolls, as well as the rul-
STEEL IN TRANSLATION  Vol. 49  No. 10  2019
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Fig. 3. Longitudinal (a) and cross section (b) distribution dispersion of average grain size; distribution dispersion of hardness val-
ues (c) and average hardness values (d) in cross sections at two- and three-roll rolling.

0

10

20

30

40

50

60

70

80

90

100
328.9 µm2

Witness
Front butt end

2.5 mm from butt end
5 mm from butt end 

5.1 mm from butt end
7.5 mm from butt end
10 mm from butt end

10.1 mm from butt end
12.5 mm from butt end

15 mm from butt end
15.1 mm from butt end
17.5 mm from butt end

20 mm from butt end
Middle of blank part

386.1 µm2

0

20

40

60

80

100

120

140

160

180

105

110

115

120

125

130

135

140

145

150

(a)

(c) (d)

0 5 10 15 20

Average grain size dispersion, µm2
25 30 35

Witness

Three-high rollingTwo-high rollingWitness Three-high rollingTwo-high rollingWitness

Middle

of blank

part

Front

butt

end

A
v
e
ra

g
e
 g

ra
in

 s
iz

e
 d

is
p

e
rs

io
n

, 
µm

2
H

a
rd

n
e
ss

 d
is

p
e
rs

io
n

, 
H

V
2

A
v
e
ra

g
e
 h

a
rd

n
e
ss

, 
H

V

(b)

5.1 mm

from butt

end

10.1 mm

from butt

end

15.1 mm

from butt

end

Witness

Three-high rollingTwo-high rollingWitness

Middle

of blank

part

Front

butt

end

5.1 mm

from butt

end

10.1 mm

from butt

end

15.1 mm

from butt

end

Witness

Three-high rollingTwo-high rollingWitness

Middle

of blank

part

Front

butt

end

5.1 mm

from butt

end

10.1 mm

from butt

end

15.1 mm

from butt

end
ers, guides, and pusher. The blank part had a lattice of
100000 tetrahedral finite elements; the Sybel friction
factor for roll-blank, ruler-blank, pusher-blank, and
guide-blank pairs was set equal to one, 0.3, 0.3, and
0.12, respectively. The blank parts were made from
AISI-321 steel with a chemical composition in wt %
similar to the one of the tested steel: ≤0.08 C; ≤2 Mn;
≤0.045 P; ≤0.03 S; ≤0.75 Si; 17 to 19 Cr; 9 to 12 Ni;
≤0.01 N; ≤0.7 Ti.

RESULTS AND DISCUSSION

The calculated parameters were the cross and lon-
gitudinal section distribution dispersion of average
grain size and the distribution dispersion of hardness
values and average hardnesses after the rolling on the
two- and three-roll mill (Fig. 3).

According to the data from Figs. 3a and 3b, the
cross and longitudinal section dispersion in grain size
at two- and three-high rolling are, respectively, 34,
133, 42, and 700 times as weak as those of the witness
specimen. However, it should be noted that the screw
rolling has a comparatively weak crimp: 10% for two-
and 13% for three-high rolling. The essentially similar
STEEL IN TRANSLATION  Vol. 49  No. 10  2019
results for the reduction in grain size at three-high
screw rolling are presented in papers [3–7, 12],
whereas no such studies have been found for two-high
screw rolling.

In the nonstationary phase, the cross sectional dis-
persion of hardness (Fig. 3c) at two- and three-high
rolling increases, respectively, by up to 390 and 400%
as compared with the unstrained blank part. However,
in the stationary phase, the dispersion of hardness
weakened by 160 and 820% at two- and three-high
rolling, respectively. The average cross sectional hard-
nesses (Fig. 3d) are higher than in the unstrained
blank part: in the nonstationary phase, the increase
was up to 20% for both rollings, and in the stationary
phase the increase was 8% at two-high and 11% at
three-high rolling.

The analysis of Fig. 3 has allowed finding out how
grain size and hardness change in the nonstationary
and stationary phase of both rollings. In the stationary
phase, the spread of values for both rolling patterns is
close to or narrower than in the nonstationary phase:
in the stationary and nonstationary phase, the cross
sectional distribution dispersion of average grain size
for two- and three-high rolling is 12.71, 9.71 to 48.23,
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Fig. 4. Changes in strain effective radius (3) and grain size before (1) and after (2) two- (a, c) and three-high (b, d) rolling in cross
section in the nonstationary and stationary phases, respectively.
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7.82, and 10.41 to 52.85 sq. μm, respectively; the lon-

gitudinal section distribution dispersion of average

grain size for two- and three-high rolling is 10.30, 2.89

to 22.1, 2.88, and 0.55 to 21.35 sq. μm, respectively. In

the stationary phase, the spread of hardness values for

both rolling patterns is narrower than in the nonsta-

tionary phase: in the stationary and nonstationary

phase, the cross-sectional distribution dispersion of

hardness for two- and three-high rolling is 12.65, 61.93

to 146.81, 3.59 and 23.93 to 162.83 HV5, respectively.

In the stationary phase, the average cross-sectional

hardness values in HV are closer than in the nonsta-

tionary phase: 130.8 and 131.43 to 143.32 for the two-

high and 133.94 and 129.38 to 143.26 for the three-

high rolling, respectively. The foregoing information

allows assuming that in the stationary phase the prop-

erties are distributed across the blank part volume

more evenly than in the nonstationary phase. The

majority of publications about studying the screw-

rolling influence on the properties of strained materi-

als evaluate their change only in the stationary phase

[4–6]. There are recommendations on clipping butt

end regions in items produced by screw rolling, i.e.,

deformable in the nonstationary phase. The fulfilling
of these recommendations may cause significant
losses in metal. Because of the potential difference in
the properties of metal at stationary and nonstationary
two- and three-high rolling in in this paper, as well as
in paper [17] for three-high rolling, it seems a relevant
solution to control the moldability and, therefore,
properties of metal at nonstationary rolling with the
help of profiled blank parts like it is suggested, for
example, in papers [18, 19].

The increase in hardness at three-high rolling,
which is shown in Fig. 3D, has already been observed
earlier, for example, in papers [3–7]. The published
sources appear to contain no similar information for
two-high screw rolling.

The test rolling and computer-aided modeling
results have allowed identifying the connection
between the kind of changes in grain size and the strain
effective. It has been established that the reduction in
grain size near the surface of an unstrained witness
specimen is up to four times higher than in the speci-
men center. This implies that the strain near the blank-
part surface is much more intensive than in the blank-
part center. The indicated assumption is confirmed in
Fig. 4 for the cross section found 15.1 mm away from
STEEL IN TRANSLATION  Vol. 49  No. 10  2019
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Fig. 5. Changes in strain effective radius (3) and hardness before (1) and after (2) two- (a, c) and three-high (b, d) rolling in cross
section in the nonstationary and stationary phases, respectively.
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the butt end (nonstationary phase) and in the cross
section in the blank-part center.

The changes in the cross-sectional hardness and
strain effective (Fig. 5) were evaluated in the nonsta-
tionary and stationary phase in the manner similar to
the one in Fig. 4. The hardness of the blank part sur-
face increases much more significantly than the
blank-part center hardness and then the hardness of
the part blank heated and cooled without strain.

According to Figs. 4 and 5, the spread in strain
intensities at two-high rolling in the stationary phase is
twelve and 2.4 times narrower than in the nonstation-
ary phase. The reduction in the spread of strain inten-
sities largely explains the fact that in the stationary
phase the distribution dispersion of hardness and aver-
age grain size is less significant than in the nonstation-
ary phase (see Fig. 3).

The analysis of changes in grain size at screw roll-
ing is of value not only in predicting the properties of
produced items but also for understanding the essence
of screw rolling. As defined by the authors of [13, 20]
during computer-aided modeling without experimen-
tal confirmation, the nonstationary phase of two- and
STEEL IN TRANSLATION  Vol. 49  No. 10  2019
three-high screw rolling is characterized by the W- and

U-shaped longitudinal section distribution of strain

effective (Fig. 6).

The changes in strain effective similar to those

shown in Fig. 6 were obtained according to the results

of computer-aided modeling of test rollings in

DEFORM (Fig. 7). If drawing the blank part radius

(the dashed line in Fig. 7), one of the isolines for two-

high rolling will be crossed twice (isoline J), whereas at

three-high rolling each isoline is crossed only once. At

two-high rolling, the radial strain effective decreases

and then increases, whereas at three-high rolling it

only increases. Considering the trend mapped in

Fig. 5 and according to the radii indicated in Fig. 7a,

the grain size at two-high rolling must first increase

and then decrease, whereas at three-high rolling this

size only decreases. This is confirmed by Fig. 7b. The

correlation coefficients found using the data, that

reflect the changes in grain size and strain effective,

are –0.80 and –0.89 for two- and three-high rolling,

respectively, and confirm the reverse correlation

dependence.
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Fig. 6. Longitudinal section changes in strain effective in the nonstationary phase of two- (a) [20] and three-high (b) [13] screw
rolling.
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Fig. 7. Strain effective fields (a) and variations in strain effective (1) and average grain size (2) by radius in longitudinal section
(b) in the nonstationary phase of two- (left) and three-high (right) screw rolling.
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In addition to the results exposed in [11, 21, 22], the

experimentally confirmed difference in the strain effective

distribution in the nonstationary phase of two- and three-
high screw rolling proves the efficiency of applying test

evaluation and computer-aided modeling to studying the

SSS features of metal exposed to screw rolling.
STEEL IN TRANSLATION  Vol. 49  No. 10  2019



STUDY OF STRAIN AND STRUCTURAL PECULIARITIES IN DIFFERENT STAGES 715
CONCLUSIONS

The screw rolling tests of 12Kh18N10T austenitic
steel-blank parts on a two- and a three-roll mill and
the computer-aided modeling of test rollings in the
DEFORM FEW software have allowed attaining the
following results:

In the stationary phase of two- and three-high roll-
ing, the distribution dispersion of average in-section
grain size is close to or lower than the similar distribu-
tion in the nonstationary phase; as to the unstrained
blank part, however, the distribution dispersion of
average grain size declines by ten folds.

The average hardness increases by 20% after both
rollings, and the distribution dispersion of hardness
across the rolled metal section in the nonstationary
and stationary phase relative to the unstrained blank
part increases by up to 400 and decreases by up to
800%, respectively.

The connection exists between the kind of changes
in grain size and strain effective upon two- and three-
high rolling.

The conjecture that the strain effective distribution
field in the nonstationary phase is W-shaped at two-
high and U-shaped at three-high rolling has been con-
firmed experimentally.

The spread of strain intensities in the stationary
phase at two- and three-high rolling narrows by up to
1100 and 140% compared to the nonstationary phase,
which can be the possible cause of the registered nar-
rowing in the spread of hardness and average grain size
values in the stationary phase of screw rolling relative
to the nonstationary phase.
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