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Two-high and three-high screw rolling of stainless-steel billets was conducted. Experimental rolling was
simulated using DEFORM software. Differences in the way hardness, Cockroft–Latham normalized
damage criterion, and rigidity coefficient under stress condition change while two-high and three-high
screw rolling were established. Changing of these parameters was investigated in the cross section of the
billets at the stationary stage of screw rolling. It was unambiguously shown that, in terms of conducted
experiments, there is a tendency for axial fracture while two-high screw rolling, and for ring-shaped
fracture while three-high screw rolling. Research has allowed for quantitatively estimating the value of the
radius of ring-shaped area for which possible fracture may occur while three-high screw rolling.
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1. Introduction

The most widespread techniques of screw rolling are two-
and three-high schemes (Ref 1). Two-high screw rolling mills
with guiding shoes (Ref 2-4) or with guiding disks (Ref 5) are
used for producing hollow shells, whereas three-high screw
rolling mills are mostly explored for producing round bars from
different materials including steel (Ref 6, 7), titanium (Ref 8),
aluminum (Ref 9) alloys, and others. Three-high screw rolling
schemes, in some cases, may be applied for piercing to
manufacture hollow shells (Ref 10).

Two general types of investigation may be identified among
screw rolling processes researches. The first type is associated
with studying how materials properties are improved due to fine
grain structure obtained by screw rolling (Ref 11), including
increasing of strength (Ref 12) and plasticity (Ref 13, 14). The
second type is connected with computer simulation application
to estimate values of loads and moment of rolls (Ref 15) and
stress–strain (SSS) state parameters (Ref 16). Comparing of
computer simulation results and experimental data in terms of
load and moment on rolls is often done, whereas comparing of
computer simulation results and experimental data for SSS is
almost absent.

The efficiency of jointly using experimental estimation and
computer simulation for prediction of fracture with different
screw rolling processes is justified in Ref 17, 18. The way grain
structure and hardness distribution differ for stationary and non-

stationary stages of screw rolling of austenitic stainless-steel
billet are shown in detail in Ref 19. It is of researchers’ interest
to identify qualitative and quantitative correlation between
hardness and SSS parameters during stationary stages of
different screw rolling schemes.

The objective of the present research is to identify forming
features during two- and three-high screw rolling of austenitic
stainless-steel billets by means of experimental estimation and
computer simulation.

2. Materials and Methods

AISI 321 steel billets were rolled in two- and three-high
screw rolling mills. Mechanical properties of billets materials
were: yield strength—196 MPa, ultimate tensile strength—
510 MPa, elongation at break—40%, torsion at break—55%.
Billets were 60 mm diameter and 200 mm length. Billets were
heated till 1150 °C with 2 h holding. Bar’s diameter after two-
high rolling was 54 mm, after three-high rolling—52 mm. Two-
high rolling was realized in MISIS-130D mill (Mannesmann
mill, i.e., with guiding shoes) (Ref 2), three-high screw rolling
—in MISIS-100T mill (Ref 1, 11). Rolls’ feed angle for MISIS-
130D mill was 18°, inclination angle—0°. Roll’s feed angle for
MISIS-100T mill was 18°, inclination angle—10° (Fig. 1).
Rolls rotation frequency was 5.76 rad/s.

One semicircle specimen of 5 mm width was cut out in the
middle of the billets after two- and three-high screw rolling in
order to study the stationary stage of screw rolling. Cutting of
billets was with water cooling, width of cut was 0.1 mm. Slices
were done in cross section for all specimens. Measurements of
hardness for each slice were done according to Fig. 2(a):
horizontal and vertical distance between points was constant
and equaled 5 mm. Hardness (HV5) was measured using
REICHERTER UH250. Value of hardness for each point of
Fig. 2(a) was determined as average of three measurements.
Electrolytic etching of slices was done using 10% water
solution of C2H2O4 (oxalic acid).
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Experimental rolling was simulated using DEFORM soft-
ware. Initially, assembles (3D models) including rolls, shoes,
guides, pusher, and billet were created using SolidWorks. 3D
models were saved in .stl format and downloaded into
DEFORM pre-processor (Fig. 2). One shoe on Fig. 2(b) and
one roll on Fig. 2(c) are not shown for convenience. Specimen
were cut out of initial billet and tension tests were done using
Gleeble-3800, test data were input in DEFORM materials
library and then processed by DEFORM pre-processor. Flow
stress data were input for different strain rates and temperatures,
curves were initialized by DEFORM inbuilt tool (Fig. 3). All
the conditions (initial and boundary) were set in concordance
with experimental rolling after 3D models were downloaded in
DEFORM pre-processor. Rolls rotation frequency was set
5.76 rad/s, billet’s initial temperature was set 1150 °C,
environment temperature—20 °C. Simulation was carried out
not taking heat transfer between tools and billet into account.
The billet had mesh of 100,000 tetrahedral finite elements,
friction factor for “roll-billet” couple was set 1 (in Siebel
friction law), for “shoe-billet” and “pusher-billet”—0.3, for
“guide-billet”—0.12. AISI-321 steel was assigned as billet’s
material from the DEFORM material library. Flow stress was
considered as a function of temperature, strain, and strain rate
(Fig. 3).

3. Results and Discussion

To validate the developed numerical model, force parame-
ters from the simulation and experimental studies were

compared. For two-high screw rolling, it was 97 kN (exper-
imental) and 106 kN (simulation), for three-high screw rolling
—73 kN (experimental) and 80 kN (simulation). Difference did
not exceed 10%.

Hardness variation in cross section of the billets after two-
and three-high screw rolling was estimated (Fig. 4). Trend lines
on Fig. 4 are governed by third-grade polynomials.

It is shown in Ref 19-21 that hardness correlates with
strength, mainly with ultimate strength. It is accepted that the
axial zone is the weakest (in terms of strength) at two-high
screw rolling (Ref 1, 11, 17, 22), whereas the ring-shaped area
of some radiuses is the weakest at three-high screw rolling
(Ref 1, 11, 18, 22). According to Fig. 4, minimum hardness
values and, hence, strength are in the bar’s center at two-high
screw rolling and 12-14 mm from the bar’s center at three-high
screw rolling. SSS parameters were estimated during computer
simulation to estimate deformability and identify areas in the
rolled bars where fracture is the most probable. Normalized
Cockroft–Latham damage criterion (NCLDC) values were
calculated after simulation for points laying on the bar’s radius
(Fig. 5). NCLDC is calculated by DEFORM according to the
formulae:

D ¼
Z �e

0

r�

�r
d�e ðEq 1Þ

where �e—accumulated strain, d�e—accumulated strain incre-
ment, σ*—maximum principal stress, �r—stress effective.
NCLDC values were calculated for 7 points on the radius of
the bar, located in the middle of it, i.e., on the stationary
stage of screw rolling (Fig. 5a). There was a 4 mm constant

Fig. 1 Positioning of rolls of two-high rolling mill for side (a) and top (c) view and of three-high screw rolling mill for side (b) and top (d)
view
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Fig. 2 Scheme of location of points for measuring hardness (a) and 3D models in DEFORM pre-processor for simulation of two-high (b) and
three-high (c) screw rolling with arrows showing rolls rotation direction and rolling direction
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step between the points. Calculations were done using DE-
FORM post-processor inbuilt tool («point tracking» command
was used), all data were then downloaded into Microsoft Ex-
cel. Maximum value through all the screw rolling process
was calculated using Microsoft Excel tool for each of the 7
points. Trend lines governed by third-grade polynomials were
built to show how NCLDC varies along the radius of the bar
while two-high and three-high screw rolling (Fig. 5b).

Computer simulation results (Fig. 5b) confirm data of Fig. 4
for two-high screw rolling: maximum value of NCLDC and,
hence, the highest tendency to fracture is in the center of the
bar. The highest tendency to fracture at three-high screw
rolling, i.e., maximum values of NCLDC, is for the area located
14-15 mm from the bar’s center (Fig. 5b). According to Fig. 3,
the lowest values of strength and, hence, the highest tendency
to fracture are for the area located 12-14 mm from the bar’s
center (Fig. 4). It is worth noting that the efficiency of using
NCLDC at different regimes of two-high screw rolling is
shown in Ref 17, whereas results of Ref 18 demonstrates that at
three-high radial-shear rolling [three-high screw rolling at high
values of feed angle, i.e., more than 18° (Ref 11)] of
continuously cast copper billets NCLDC is ineffective. Diam-
eter reduction at two-high and three-high screw rolling, in terms
of conducted experiments, is close: 10% for two-high and 12%
for three-high screw rolling. At that range of NCLDC values for
a three-high scheme is not more than 0.1, whereas for a two-
high scheme the range is 0.45 (Fig. 5b). This assumes higher
nonuniformity of stresses at two-high screw rolling. The higher
range is also for hardness values: 12 HV for two-high screw
rolling and 8HV—for three-high screw rolling.

DEFORM simulation also allowed for estimation of chang-
ing of rigidity coefficient under stress condition (RCUSC)
(Ref 17, 18) along the bar’s radius at the stationary stage of
screw rolling (Fig. 6). RCUSC is calculated using formulae:

g ¼ rmean

�r
ðEq 2Þ

where σmean—mean stress, �r—stress effective. The rigidity
coefficient under stress condition divided by three is known
as stress triaxiality (Ref 23-25). Computer simulation allowed
calculation of “mean stress” and “stress effective” by means
of DEFORM post-processor for 7 points (Fig. 5a). “Mean
stress” and “Stress effective” simulation data were exported
from DEFORM post-processor into Microsoft Excel. Mean
stress values were divided by stress effective values for each
point for each step of the simulation and resulted in RCUSC
values. The average value of RCUSC for all the screw rolling
process was calculated for each point using Microsoft Excel.
Knowing calculated values of RCUSC and distance from the
bar’s center for each point, trend lines governed by third-
grade polynomials were created (Fig. 6). It is known that the
higher the RCUSC value, the higher the probability of frac-
ture (Ref 17, 18, 25).

According to Fig. 6, the axial zone has the highest tendency
to fracture at two-high screw rolling, and the ring-shaped zone
of 13-14 mm radius at three-high screw rolling. Data of Fig. 6
correlate with data represented by Fig. 4. At that for ring-
shaped area, the radius (Fig. 6) differs from the experimentally
determined one (Fig. 4) by 2 mm. Changes in RCUSC values
reveal, as well as changes in NCLDC (Fig. 5b), that higher
nonuniformity of stress state at two-high screw rolling is at a

Fig. 3 Variations of the flow stress of AISI-321 steel built on the basis of tensile tests by DEFORM pre-processor for different strain rates and
temperatures: 1—900 °C, 2—1000 °C, 3—1100 °C, 4—1200 °C
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range of 0.5, whereas at three-high screw rolling the range is
not more than 0.2.

It was earlier notified (while discussing Fig. 5 results) that
NCLDC criterion works well for two-high screw rolling and
can be ineffective when used for predicting possible fracture at
three-high screw rolling. The probable reason for such
difference in effectiveness is the stress state. According to
Fig. 6, RCUSC and, hence, stress triaxiality have negative
values in almost the entire cross section of the rolled bar.
According to Ref 26, with negative values of stress triaxiality,
cracking occurs due to shear fracture, but nit due to void
nucleation, growth and coalescence. (NCLDC can be used only
in this case.) Hence, it seems appropriate to use another

criterion considering shear stress while predicting possible
fracture at three-high screw rolling.

4. Conclusions

Two-high and three-high screw rolling of AISI 321 steel
billets was carried out. Experimental screw rolling was
simulated using DEFORM finite element method software.
Researches have allowed estimation of change of hardness,
Normalized Cockroft–Latham damage criterion and rigidity

Fig. 4 Change of hardness along the bar’s radius at stationary stage
after two-high (1) and three-high (2) screw rolling

Fig. 5 Points for which SSS parameters values were calculated by means of DEFORM computer simulation (a) and variation of normalized
Cockroft–Latham damage criterion along the bar’s radius (b) at the stationary stage of two-high (1) and three-high (2) screw rolling

Fig. 6 Change of rigidity coefficient under stress condition along
the bar’s radius at the stationary stage of two-high (1) and three-high
(2) screw rolling
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coefficient under stress condition at the stationary stage of
screw rolling. Change of these parameters demonstrates that at
two-high screw rolling, the round bar tends to axial fracture;
whereas at three-high screw rolling, there is a tendency to ring-
shaped fracture of the rolled bar. At that change of hardness,
Normalized Cockroft–Latham damage criterion and rigidity
coefficient under stress condition have monotonous character at
two-high screw rolling and with maximum located some
distance from the bar’s center at three-high screw rolling.
Difference between values of these distances (radius) at
computer simulation and experimental rolling does not exceed
3 mm. It was shown that using Normalized Cockroft–Latham
damage criterion at three-high screw rolling in terms of realized
experiments is effective. Additionally, previous studies using
this damage criterion concerning three-high screw rolling of
continuously cast copper billets demonstrated its ineffective-
ness. In this connection, it seems actual to detect sensitivity of
this damage criterion for different materials and at different
regimes while three-high screw rolling or to use another
fracture criterion considering shear stress while predicting
possible fracture at three-high screw rolling.
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