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PHYSICAL SIMULATION OF THE MANNESMANN EFFECT IN THE ROLLING PROCESS

The study presents the results of laboratory testing of the phenomenon of cracking in the process of cross rolling. A new
method of determining the critical value of the damage function was developed, in which a disc-shaped sample is subjected to
rotational compression in a channel. In this method the Mannesmann effect was used. The laboratory tests were conducted for
C45, 50HS and R260 grade steel in the temperature range 950°C-1150°C. In order to research various methods of simulating the
phenomenon of cracking in the process of cross rolling, physical modelling was also employed. The model material was commer-
cial plasticine, cooled to the temperature 0°C-20°C. Comparing the test results for both the real and model material allowed one to
determine the range of the forming temperature for the model material, in which the cracking process is similar to the case of the

real material.
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1. Introduction

Cross rolling is one of the basic plastic forming processes
used in manufacturing axial-symmetric products. It can also be
employed to manufacture semi-finished products that are later
subjected to precise plastic forming or machining. Cross roll-
ing proves beneficial in many aspects, such as its efficiency,
obtaining a better shape of the preform, low material waste
and a possibility of automatizing the process. Despite those
advantages, there are limits to the process, among others: un-
controllable slip of the formed material between the tools, con-
tractions in the formed forgings and the occurrence of internal
cracks [1-3].

Shrinkage porosity and internal cracks occurring during the
cross rolling process are a result of the Mannesmann effect in
the axial area of the formed forging. Internal defects are usually
longitudinal axial cracks [4].

The occurrence of the Mannesmann effect (cracking) is in-
fluenced by the following factors:

»  cyclically changing compressive and tensile stresses,
» gradual damage to the material cohesion as a result of

a low-cycle material fatigue,

» ahigh level of non-metallic inclusions in the formed mate-

rial [5-8].

In order to examine the occurrence of internal damage to
the formed products computer techniques based on previously
implemented fracture criteria suitable for the analyzed forming
processes are used.

In the computer-based tests a specialist simulating software
is applied [9-15]. The programmes used for numerical simula-
tions substitute the real model with a discrete model, consisting
of a finite number of elements and nodes. The computer tests
allow for obtaining results for forgings of a complex shape.
The calculation accuracy, however, is highly dependent on the
adopted critical value of the damage function, determined in the
so-called calibrating tests [16].

Since in the process of physical modelling the real material
is substituted for the model one, there is no need to conduct the
tests in industry conditions.

The flow curves for the model material ought to be similar to
the ones for real material, whereas the entire physical modelling
process should mirror the friction conditions, tool shape (scale)
and forming kinematics of the real process. The tools might also
be manufactured from the model material [17].

Materials used for physical modelling can be divided into
two groups: metallic and non-metallic materials. Non-metallic
materials are: resins, natural waxes, synthetic waxes, cellulose,
plasticine, plastic (e.g. ABS, PLA, Teflon) and wood, whereas
the examples of metallic materials are: aluminium, sodium, lead,
tin, copper and Wood’s metal.

Recently, the following plastic forming processes have
been researched using the physical modelling method: forging,
extrusion and rolling [18-29]. Laboratory analysis using physical
modelling omitted the problem of modelling the process limita-
tions, mainly the occurrence of internal cracking, which usually
renders the final product unsuitable.
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2. Materials and Methods

An original method of determining the critical value of
the damage function by compressing a disc-shaped sample in
a channel has been applied in the research. In this method the
Mannesmann effect is used, as a result of which axial cracking
of the formed material occurs. Figure 1 presents a scheme of the
proposed research method. In the research tools with a 8 mm
deep channel were used.
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Fig. 1. Scheme of the process of compression in a channel

In this method, the formed disc is placed in a channel at
the S distance from the end of the nether tool. The upper tool,
set in motion, forms the disc from the initial diameter DO to the
final diameter 2 h, whereas the nether tool remains motionless.
An indentation in the front surface of the upper tool enables
a proper input of the disc between the tools. Side walls of the
channel prevent axial lengthening of the material, which causes
the sample to be subjected to changing compressive and tensile
stresses, which induces the formation of axial cracks.

Fig. 2. Laboratory cross-wedge rolling mill

In the laboratory testing of steel a cross-wedge rolling mill
(Fig. 2), located at the Lublin University of Technology was used.
The aforementioned rolling mill can be equipped with tools of
the maximum length 1000 mm. A hydraulic drive, allowing the
tools to move with the constant speed v = 300 mm/s was used.

The samples used for experimental testing were disc-
shaped, with the diameter equal 40 mm, length 20 mm and
made of C45, S0HS and R260 type material. Table 1 presents
the chemical compositions used for testing materials.

The distance between the nether and upper surface of the
channel was set to 2h = 38 mm. The sample were heated in an
electric chamber furnace to the temperatures 950°C, 1000°C,
1050°C, 1100°C, 1150°C. Further on, the heated discs were
placed in the channel of the nether tool. The test was conducted
for various values of the distance S until cracking and the long-
est distance was selected. The test was then repeated twice for
the same parameters. [f no cracks were detected after subjecting
the samples to the rolling process three times, distance S was
deemed the limit distance value.

In order to examine various methods for simulating the
cracking phenomenon in the process of cross rolling, physical
testing was also conducted, using commercial plasticine as the
model material. In the experiment, commercial plasticine PRIMO
manufactured by Morocolor (two types of plasticine, here called
white and black) was used.

Plasticine is a model material comprising of a mixture of
clays, oils, waxes and colouring pigments. Therefore it is per-
ceived as a non-metallic model material [30].

The plasticine used for physical tests was subjected to plas-
tometric tests [31], as a result of which the equations (1) and (2),
describing the model material, were obtained:

*  White plasticine:

- .(0,2451+(-0,0026)T) _,
op = 0,4806¢ 0,031360,0870555( ( ) )e 00287 (1)

*  Black plasticine:

_ .(0,27014(=0,0037)T) _
o =0,68175 0,071160,07203.98( +( ) )e 003 (9

where: o — flow stress [MPa], ¢ — strain [-], & — strain rate [1/s],
T — temperature [°C].

Model material was also examined in order to determine
the limit value of the Cockroft-Latham integral [31]. The values
obtained in the tension test were compared to the graphical values
of hot forming for steel. A similarity between the limit value of
the Cockroft-Latham integral for white plasticine, formed in
the temperature range 0°C to 5 °C, black plasticine, formed in
0°C and C45 grade steel, hot formed in the temperature range

TABLE 1
Percentage chemical compositions used for testing materials
Grade steel C Mn Si P max S max Cr max Ni max Mo max Cu max
C45 0,42-0,5 0,5-0,8 0,1-0,4 0,04 0,04 0,3 0,3 0,1 0,3
50 HS 0,45-0,55 0,3-0,6 0,8-1,2 0,03 0,03 0,9-1,2 0,4 — 0,25
R260 0,62-0,8 0,7-1,2 0,15-0,58 0,025 0,008-0,025 — — — —




900°C-1200°C was observed. The limit values of the Cockroft-
Latham integral, for C45 grade steel in this temperature range
oscillate around 0,849+0,726, for white plasticine formed in the
temperature range 0°C-5°C is equal 0,850+0,646, whereas for
black plasticine in 0°C it is equal 0,691.

Commercial plasticine has also been tested in order to de-
termine the friction factor and friction coefficient between the
ABS tools and model material. The tests showed a similarity
of friction conditions in the case of deforming white and black
plasticine and hot-forming of steel [32].

Physical testing was conducted in a lab stand (Fig. 3) devel-
oped in the laboratory of the Department of Computer Modelling
and Metal Forming Technologies of Lublin University of Tech-
nology. The lab stand was based on a laboratory chain drawing
machine. The machine enables the change of the linear speed of
the tools in the range 0 to 150 mm/s. Moreover it is equipped with
a measurement system AXIS FC1K — dynamometer registering
data with the maximum force range 1 kN. The module of the
model cross-wedge rolling mill allows for using 3D printed 1:2
and 1:2.5 scale model tools.

Fig. 3. Model cross-wedge rolling mill : 1 — model module, 2 — chain
drawing machine, 3 — computer with the software, 4 — AXIS measure-
ment system

Test tools were 3D printed from ABS. A 3D printer uPrint
SE, employing the FDM method in which thin layers of the
melted material are applied. The tools were assembled from
two segments (Fig. 4.)

1371

Fig. 4. Model tools mounted in the model rolling mill

In specialist literature various methods of sample prepara-
tion were presented. Based on the discussed methods, an original
method of sample preparation was developed [33-36], in which
four main stages can be distinguished. At first, the portions of
plasticine were heated to 30-35°C, the material was manually de-
formed several times in order to eliminate air bubbles that could
negatively influence the quality of the sample. In the second
stage cylindrical bars were extruded, with the diameter 20 mm,
whereas in the next stage they were divided in to 10 mm — long
discs. In the last stage the samples were placed in a cooler in the
temperature range 0-20°C for 24 h. Such time allowed one to
obtain a similar temperature of the samples in their entire volume.

Model testing was conducted similarly to the real process
using hot-formed steel. The model samples, tools and the linear
speed were 1:2 scale models.

During the real and model tests changes to the force in the
time of sample forming were registered.

3. Results and discussion

Based on the results of the real and model tests of the
process of compression in a channel the limit values of the
forming distance and the number of rotations of the samples
were determined.

In the Table 2 below the limit values of the distance, upon
exceeding which the cracking occurs, are presented.

TABLE 2
Limit values of the distance
Steel Limit length S [mm] Plasticine Limit length S [mm]
temperature temperature White Plasticine Black Plasticine
79[°C] C45 Steel SOHS Steel R260 Steel Tp[°C] Real Scale 2:1 Real Scale 2:1
950 220 150 225 0 145 290 150 300
1000 230 175 250 5 160 320 160 320
1050 350 185 375 10 180 360 170 340
1100 430 275 500 12 240 480 190 380
1150 675 325 550 15 — — 240 480
20 — — 290 580
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where: S — distance from the end of the nether tool [mm],
D, — initial diameter of the tool [mm],

Another task was conducting calculations in accordance
with the formula (3), based on which a critical number of the
rotations of the sample, upon exceeding which the cracking
occurred was determined. The results of the calculations are
presented in Table 3.

145 mm

150 mm

T=5°C

T=10°C

T=12°C

T=15°C

T=20°C

Fig. 5. Samples of the material model after rotary compression test
(RTC)

TABLE 3

Critical number of the rotations of the sample upon exceeding
which the cracking occurs

Steel Plasticine | White | Black
tempera Sci;fl i(i::j Féii? tempera | plasti- | plasti-
ture T [°C] ture T[°C] | cine cine
950 1,75 | 1,19 | 1,79 0 2,28 2,39
1000 1,83 | 1,39 | 1,99 5 2,55 2,55
1050 2,79 | 1,47 | 2,98 10 2,86 2,71
1100 3,42 | 2,19 | 3,98 12 3,82 3,025
1150 5,37 | 2,59 | 4,38 15 — 3,82

20 — 4,62

Figure 5 presents the photographs of the obtained model
samples divided based on the type of plasticine and temperatures
of compression. The samples were organized by the incremental
order of the forming path.

It was also observed that white plasticine cracks in the fol-
lowing temperatures: 0, 5, 10, 12°C, whereas at 15°C and 20°C
the model tools proved to be too short — the formed material
flowed through the spaces between the tools.

Black plasticine cracked in the entire temperature range.

Figures 6-8 show samples of C45, SOHS and R260 grade
steel after laboratory testing. The samples were organized by
the forming temperature and the incremental order of the form-
ing path.

T=950°C

T=1000°C

T=1050°C

T=1100°C

T=1150°C

Fig. 6. C45 grade steel samples after RTC

The length of the forming path increased along with the
increase of the temperature of the samples, whereas the cracking
grew less visible (porosity shrinkage occurred).



T=950°C

T=1000°C

T=1050°C

T=1100°C

T=1150°C
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Fig. 7. 50HS grade steel samples after RTC

Figure 9 presents the critical number of rotations in a chart
form, allowing one to view the forming temperature of the model
materials. This temperature mirrors the cracking of steel in the
selected temperatures of the real material forming.

Based on the chart, the forming temperatures for the model
materials mirroring the process of compression of a C45 grade
steel sample in the forming temperature 7= 1050°C. White plas-
ticine is the best model material for the compression of a C 45
grade steel sample formed in the temperature 7= 9°C, whereas
black plasticine 7= 11°C

Critical number of rotation [-]

T=950°C

T=1000°C

T=1050°C

T=1100°C

T=1150°C

Fig. 8. R260 grade steel samples after RTC

Further on, calculations aiming to determine the similarity
coefficient between the model materials and the real material in
the selected conditions. The similarity coefficient was determined
based on the formula (4).

1
J.OO-F steel de

A “)

1
J.OO-F plast de

where: o .0 — flow stress of steel [MPa], o /45 — flow stress
of plasticine [MPa].

o
©o |©
o
o

20 15 10 5
Plasticine temperautre [°C]

White plasticine Black plasticine

Fig. 9. Change to the critical number of rotations

950 1000 1050 1100

Steel temperature[°C]

1150

Steel 50HS Steel C45 Steel R260
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The values of the obtained similarity factors are presented
in Table 4.

TABLE 4

Similarity factor values

Similarity factor 4

Steel C45
T=1050°C

White plasticine Black Plasticine
T=9°C T=11°C
223,6 263

Subsequently model testing was conducted, which re-
sulted in obtaining the force progress. It was observed that the
shape of the force progress for the real material is similar to the
forces occurring during the process of model material forming
(Fig. 10).

18000 — Black plasticineT=11-C 18

— White plasticine T=9,5°C

16000 — Steel C45 T=1050°C 16
14000 14
il z
= 12000 12 o
8 10000 10 8
@ 3
8 8000 8 &
S} 3
L 6000 6 o

L
4000 4
2000 2
0 0

0 05 1 15 2 25 3 35
Time [s]

Fig. 10. Progression of the forming forces

The final stage was determining the estimated value of the
real force of forming the C45 grade steel in 7= 1050°C. The
real force was estimated based on the formula (5).

F=)F's? (%)

where: F'— Forming force from model testing [N]; 4 — Similar-
ity factor of the plasticity of the model material [-], s — scale of
the tools.

The forming force determined by the model testing was
assumed, respectively 9 N for white plasticine and 16 N for
black plasticine, tool scale equal 2. The following results were
obtained: for white plasticine F = 8,3 kN and for black plasticine
F = 13,6 kN, whereas for C45 grade steel the real force was
equal F = 14 kN. The estimated force for white plasticine was
41% less significant than the real force, whereas for black plasti-
cine 3%.

Upon analysing the results it was stated that the estimated
forming force for the black plasticine is the most similar to the
force obtained in real testing.

4. Conclusions

Comparison of the results obtained in real and model labora-
tory testing allowed one to determine the temperature ranges for
the model materials, in which the cracking process of the real
material in the selected forming temperature range is mirrored.

The limit forming path in 0°C for black plasticine is 3%
shorter compared to that of white plasticine. For the tempera-
tures 10 and 12°C the limit forming path for black plasticine
is shorter by, respectively, 5,5% and 20,8% compared to white
plasticine. At 5°C the limit forming path is similar for both types
of plasticine. The conducted real and model tests confirmed the
possibility of using commercial black and white plasticine as
a model material for physical testing. In the case of physical
modelling, the forming process of C45 grade steel at 1050°C
is best modelled with black plasticine, for which the forming
force value is only 3% smaller than the one of the real process.

The obtained results allow for determining the conditions
of the physical modelling of the cross-rolling process, in which
the cracking caused by the Mannesmann effect might occur.

It was also stated that physical modelling enables one to
precisely determine the values of forces occurring in the cross-
rolling process.
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