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PREDICTION OF POTENTIAL FRACTURING DURING RADIAL-SHEAR ROLLING OF
CONTINUOUSLY CAST COPPER BILLETS BY MEANS OF COMPUTER SIMULATION

M. M. Skripalenko,'” S.P. Galkin,'” Her Jae Sung,’ B. A. Romantsev,'”
Tran Ba Huy,l’6 M.N. Skripalenko,l’7 L. M. Kaputkina,l’8 and A.A. Sidorow’ UDC 621.77

Based on the results of experimental radial-shear rolling of continuously cast anodic copper billets (rods)
using a 10-30 mini-mill at 750 and 850°C, a part-through fracturing from within the billets has been dis-
covered. The volume of cavities formed as a result of such fracturing appears to be more significant
at 750°C. A simulation of rolling under experimental conditions was performed using DEFORM soft-
ware, and the efficiency of applying a finite-element analysis computing environment for predicting
fracturing was evaluated. An adequate correlation was established between the obtained estimates of the
metal ductility under different deformation temperatures, as well as the probability of formation and di-
mensions of discontinuities and experimental data. The comparison between the shrinkage cavity depths
of the billets based on the results of computer simulation has shown that the ductility of the rod material
is higher at 800°C. Based on the analysis of variation in values of the rigidity coefficient under stress
condition along the radius of the billet near the end of it, as well as analysis of the path described by the
points located along the billet radius in the “cumulative deformation — rigidity coefficient under stress
condition” coordinates while in the deformation zone, obtained as a result of computer simulation, it has
been established that fracturing at 750°C should be more significant than at 800°C. Recommendations
are provided regarding further use of the results of computer simulation to estimate the size of the re-
gions, within which fracturing is expected to occur under the given rolling conditions.

Keywords: radial-shear rolling, copper rod, computer simulation, cumulative deformation, shrinkage
cavity, rigidity coefficient under stress conditions, fracture, circular zone, path, prediction.

Predicting deformability of the continuously cast billets (CCB) using screw rolling is important. In a num-
ber of studies, including Ref. [1], it is noted that no common opinion exists with respect to the causes of billet
fracturing during when using screw rolling mills.

It is also noted that in case of two-roll screw rolling, the level of deformability of the billets is limited to
axial fracturing in the central portion of the rod [2], and in case of three-roll rolling, including radial-shear roll-
ing [3], the it is limited to circular fracturing in the peripheral zone [4].

! National University of Science and Technology “MISiS”, Moscow, Russia.

? E-mail: poinson@inbox.ru.

? E-mail: gik-omd@yandex ru.

* Sunsteel company, Hwaseong, Republic of Korea; e-mail: poinson@inbox .ru.
> E-mail: boralr@yandex.ru.

% E-mail: tbh510@gmail com.

7 E-mail: tfsmn@yandex.ru.

¥ E-mail: mms@misis.ru.

9 . . . . .
Tesis, LLC, Moscow, Russia; e-mail: sidorow@tesis.com.ru.

Translated from Metallurg, Vol. 62, No. 9, pp. 7-12, September, 2018. Original article submitted February 26, 2018.

0026-0894/19/0910-0849  © 2019 Springer Science+Business Media, LLC 849



850 M. M. SKRIPALENKO, S.P.GALKIN, HER JAE SUNG, B. A. ROMANTSEV, TRAN BA HUY, M. N. SKRIPALENKO, ET AL.

Considering the specifics of the screw rolling processes, it is difficult and sometimes impossible to conduct
experimental studies to determine the characteristics of deformation. Currently, when studying the specifics of
deformation during screw rolling processes, including fracturing, computing environments of the finite-element
analysis are effectively used.

In Ref. [5, 6], computer simulation was used to predict fracturing of the round billets during two-roll screw
rolling by using finite-element analysis, and the adequacy of such simulation was verified by comparing the
results with experimental data. As shown in Ref. [6], screw rolling, and primarily, two-roll rolling is being ex-
tensively and effectively studied by using computer simulation. A three-roll screw rolling has been studied
by using various computing environments of the finite-element analysis in Ref. [7-9]. In studies [10, 11],
the efficiency of using the LS-DYNA computing environment has been shown as applied to the study of the var-
iation parameters of the stress-strain condition during three-roll radial-shear rolling of titanic alloy billets.
In study [12], a controlling effect of the metal extrusion paths on deformability of the billets during radial-shear
rolling has been shown.

A number of works in the field of three-roll rolling, including Ref. [13], are dedicated to studying billet
fracturing. However, the application of computer simulation for predicting such fracturing was discovered only
in Ref. [14]. In their studies, the authors used the MSC SuperForm computing environment for predicting frac-
turing by using the Oyane fracture criterion [6, 14]. The data obtained based on the simulation results do not
disagree with the existing theoretical views concerning the variation of the stress-strain condition parameters
during three-roll screw rolling, however, the study lacks a comparison of the obtained data with the results of
experimental rolling.

Considering that finite-element analysis based computer simulation is quite effective when predicting billet
fracturing during two-roll screw rolling, it would be interesting to see if this method can be used to predict frac-
turing during three-roll screw rolling.

The objective of this study is to predict fracturing during three-roll radial-shear rolling of copper rods by
using a finite-element analysis based computing environment DEFORM, and to verify the adequacy of the ob-
tained data regarding fracturing (using DEFORM) by comparing them with the fracturing data obtained as a re-
sult of experimental rolling of copper rods by using an RSP 10-30 type mill.

Experimental Rolling was Carried Out on RSP 10-30 mill [15, 16]. Billets having a length of 150 mm
and diameter of 25 mm, obtained by a horizontal continuous-casting machine (CCM), were subject to defor-
mation. The billets were made of phosphorus-containing anode copper of the following chemical composition,
wt. % [17]: Cu—99.94; Fe — 0.001; S — 0.001; Pb — 0.001; Sb —0.001; Ni—0.001; As — 0.001; P - 0.04 to 0.07;

O - 0.001; and Bi, Cd, Mn, Sn, Mg — 0.001. The diameter of the produced rod was 12 mm. Rolling was con-

ducted at a billet temperature of 750 and 800°C, and the rotation frequency of the mill rolls was 85 min~".

In the 10-30 mill stand, the roll axes cross the axis of rolling at an angle of 20° and are installed with the eccen-
tricity of 30 mm. Adjustment of the roll groove is achieved by moving the rolls in the axial direction. Such ad-
justment corresponds to the rolling scheme with the feed angle of 17.56° and toe angle of 9.72° [18].

Experimental Rolling was Simulated by Using DEFORM Software. According to the RSP 10-30 mill set-
tings, models were created in SolidWorks, which included rolls, billet, pusher and guides. The models were
used to create an assembly, which was then saved in the .stl format and uploaded to DEFORM preproces-
sor (Fig. 1).

In the DEFORM preprocessor, CuC2 was selected as a billet material, which corresponds to the ASTM
(USA) standard and is the closest in the DEFORM material library to the grade of copper used during exper-
imental billet rolling. The angular rotation velocity of the rolls was set to 8.9 rpm, which corresponds to the

rotation frequency of 85 min”~"! during experimental runs. A Siebel’s type friction was chosen, and the value of
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Fig. 1. DEFORM model to calculate a radial-shear rolling process for a copper rod using 10-30 mill. 1-3 —rolls; 4 — billet; 5 — pusher;
6 — entry-side guide; 7 — exit-side guide.

(a) (b)

Fig. 2. Fracturing in the transverse (a) and longitudinal (b) cross-sections of the rods obtained by radial-shear rolling.

the friction factor was set to 3.0 for the “roll-billet” pair, 0.3 for the “pusher-billet” pair, and 0.08 for the “guide-
billet” pair. The calculation was performed without considering heat transfer between the billets, rolls, guides
and a pusher. The billet was modelled using a mesh formed by 75 thousand tetrahedral finite elements.

Results and Discussion

Upon completion of the experimental cycles of rolling copper billets using the RSP 10-30 mini-mill, it has
been established that the billet with the initial temperature of 750°C had a longer length (800 mm) in comparison
with the billet having the initial temperature of 800°C. The length of the latter appeared to be equal to 730 mm.

Each of the obtained rods had fractures (discontinuities). However, they did not extend all the way through,

and the fracture-containing regions were alternating with the solid ones (Fig. 2). The volume of the initial billet

3

was 73.6 cm”. Based on the results of experiments, it has been established that the volume of cavities inside

the rods, which appeared as a result of fracturing, was 16 cm? at 750°C, and 8.9 cm? at 800°C, which consti-
tutes 21.7 and 12.1% of the initial billet volume, respectively.

Hence, when rolling billets with the initial temperature of 750°C, internal fracturing results in much larger
cavities in comparison with rolling billets with the initial temperature of 800°C. Therefore, at 800°C billets ap-
pear to be more ductile than at 750°C.

To compare ductility of the billet materials based on the simulation results obtained using DEFORM soft-
ware, the depths of the shrinkage cavity were estimated in each of the produced rods (Fig. 3). It can be seen
that the depths of the shrinkage cavity formed when rolling a billet at 750°C is 20% larger compared to roll-
ing at 800°C. It is known that a shrinkage cavity is formed at the non-steady-state stage of rolling a rod [4, 16],
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Fig. 3. Shrinkage cavity during DEFORM-based simulation of the radial-shear rolling of a copper rod at 750°C (a) and 800°C (b).
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Fig. 4. Distribution of normalized Cockroft-Latham fracture criterion values in the longitudinal billet cross-section at the rolling tem-
perature of 800°C.

and that fracturing begins in the near-end regions [1, 4], where deformation also varies. Therefore, the simula-
tion has shown that in the near-end regions, fracturing and its propagation are more likely when rolling at 750°C
compared to 800°C.

In order to predict fracturing in the process of deformation based on the billet material selected for simula-
tion, a distribution profile of the values of normalized Cockroft-Latham criterion was plotted in the DEFORM
postprocessor [6] (Fig. 4):
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where € is the cumulative plastic deformation, d€ is the increment of the cumulative deformation, ¢~ is the
maximum principal tensile stress, and G is the stress intensity.

The higher the value of the normalized Cockroft-Latham fracture criterion, the more likely is fracturing.
According to the simulation results (Fig. 4), fracturing is more likely to occur in the superficial regions of
the billet, which contradicts the experimental rolling data, according to which, fracturing occurs inside the billet.
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Fig. 5. Variation of cumulative deformations for 13 points located along the billet radius at a distance of 12 mm from the edge.

Hence, as opposed to two-roll screw rolling, the normalized Cockroft—Latham fracture criterion is ineffective
when analyzing the given case of radial-shear rolling [6].

To estimate the billet ductility and predict fracturing, the value of cumulative deformation in the selected
points within the billet was calculated based on the DEFORM-based simulation results. To obtain the values
of cumulative deformation, a technique suggested in Ref. [6] was used. The effective strain rate calculated
in DEFORM was numerically integrated over time. Similarly [6], based on the simulation results, the values of
the rigidity coefficient under stress conditions in the selected points were calculated [6, 19-21]. The specified
parameters were calculated for 13 billet points located at 1 mm increments from each other along the radius.
The points were located at distance of 12 mm from the front edge of the billet.

For each point, a cumulative deformation value was calculated, and point-type charts were plotted in Excel
for rolling at 750 and 800°C. Then, for each set of points, trend lines were plotted described by a polynomial
equation of the 3rd degree (Fig.5). The curves shown in Fig. 5 are marked with the approximation validity co-
efficient at 800°C, and below — at 750°C. It can be seen that the cumulative deformation values for the selected
points at 750 and 800°C are close, and it is not possible to tell with certainty, at what temperature the material in
this region of the billet will be more ductile. The relationships shown in Fig. 5 are qualitatively similar with re-
spect to those obtained as a result of simulation of three-roll screw rolling by using DEFORM in Ref. [22],
and by using LS-DYNA in Ref. [10, 11]. Considering that the typical type of fracturing for three-roll screw roll-
ing is circular fracturing, in order to determine the radius of such circular zone based on available characteristic
distribution of values of the parameter of stress-strain condition, one should fins a point in the billet cross-
section, in which the distribution of this parameter has a different pattern. This could be a maximum, a mini-
mum, an inflection point, etc. It is difficult to identify such point on the characteristic curve shown in Fig. 5,
or those provided in studies [10, 11, 22]. To find such point, a variation in values of the rigidity coefficient un-
der stress condition was analyzed.

To calculate the values of the rigidity coefficient under stress condition [6, 21], the mean stress values in
selected points (based on the calculation using DEFORM) were divided by the effective stress. For each of thir-
teen points, the minimum, maximum and average values of the rigidity coefficient were determined during de-
formation. These three values for each point were plotted on a chart in Excel. This resulted in a segment for
each point, where the top of the segment corresponded to the maximum value, the bottom of the segment corre-
sponded to the minimum value, and the point in between those two values was the average. It was found
that there is a distinct pattern in the variation of the distribution of values along the billet radius. For both
rolling temperatures, in the direction from the billet axis towards the surface, the limits of the rigidity coefficient
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Fig. 6. Intervals of variation of the rigidity coefficient under stress condition based on the simulation results using DEFORM for select-
ed points at the rolling temperature of 750°C (a) and 800°C (b).

variation range become narrower at first, but then, on the contrary, begin to expand. In this case, the specified
variation occurs between the points located at a distance of 6 and 8 mm from the billet axis (Fig. 6). In order
to determine more accurately the location of the point, in which a change in tendency occurs, additional points,
spaced by 0.2 mm from each other and located within a segment from 6 to 8 mm from the billet axis, were se-
lected.

It was established (Fig. 6) that at 750°C, the variation occurs in the point which located at a distance
of 7 mm from the billet axis, and at 800°C — at a distance of 6.8 mm. Based on these data, it becomes possible
to predict that the radius of the circular zone and, therefore, the fracture volume will be less at 800°C than
at 750°C.

To estimate the likelihood of fracturing in the points located at a distance of 6 to 7 mm from the billet axis,
characteristic curves of the cumulative deformation versus rigidity coefficient under stress condition were plot-
ted similar to those obtained in study [6] for two-roll screw rolling. Since considerable fluctuation in values of
the rigidity coefficient were observed based on the calculation results obtained by using DEFORM, such value
fluctuations were “smoothened” by plotting a trend line based on the 2nd degree polynomial prior to plotting the
above characteristic curves in Excel. Considering polynomials obtained for each point, relationships between
the cumulative deformation and rigidity coefficient under stress condition were created (Fig. 7). The horizontal
sections in the beginning and at the end of the paths shown in Fig. 7 correspond to the points located at the en-
trance to and exit from the deformation zone.

As can be seen from Fig. 7, at 750°C the rightmost path relates to the point located at a distance of 6.8 mm
from the billet axis. In this case, the prevailing portion of the path falls within the range of the rigidity coeffi-
cient values from 0 to 0.25. At 800°C, the rightmost path relates to the point located at a distance of 6.6 mm
from the billet axis. In this case, the prevailing portion of the path falls within the range of the rigidity coeffi-
cient values from — 0.1 to 0.1. According to the data published in Ref. [6, 20, 21, 23], the more rightmost is the
path in the “rigidity coefficient under stress condition — cumulative deformation” coordinates, the “softer” is the
deformation scheme, and the more likely is fracturing. The simulation results presented in Figs. 6 and 7 show
that it is possible to refer to a so-called circular stress zone, which has a smaller size at 800°C than at 750°C.
Considering that in case of the rightmost path at 750°C, the rigidity coefficient assumes greater vales than
at 800°C, fracturing at 750°C is more likely and will be more extensive than at 800°C, which correlates with the
fracturing evidence observed during experimental rolling at these temperatures.
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Fig. 7. Relationship between cumulative deformation and rigidity coefficient in the points located at a distance from 6 to 7 mm from
the billet axis in the process of rolling at 750°C (a) and 800°C (b).

The adequacy of computer simulation was evaluated as follows. At 750°C, the point with the path located
more to the right of the others (Fig. 7(a)) is at a distance of 6.8 mm from the billet axis prior to rolling. Accord-
ing to the point tracking function in DEFORM, after exiting from the deformation zone, this point is located on
a 3.5 mm radius circumference. At 800°C, the similar point located at a distance of 6.6 mm from the axis of the
initial billet (Fig.7(b)) after exiting from the deformation zone is located on a 3.4 mm radius circumference.
Considering these data along with the fact that (based on the results of experimental rolling) the volume of the

cavities was 16 cm? at 750°C and 8.9 cm® at 800°C, the total length of the cavities has been calculated, which
constituted 416 mm and 245 mm, respectively. It was found that based onm the results of computer simulation,
the total length of both cavities having above-specified radii at both rolling temperatures is less than the final
length of the billets (730 mm at 800°C and 800 mm at 750°C). In other words, the fractures predicted based on
computer simulation are part-through, which agrees with the results of experimental rolling.

CONCLUSIONS

Thus, based on the results of experimental rolling of continuously cast copper billets using an RSP 10-30
mini-mill at the temperatures of initial billets of 750 and 800°C, it was established that a part-through fracturing
of the billets takes place, and at 750°C such fracturing (volume of discontinuities) is more extensive than
at 800°C. In this case, the billet material is less ductile at 750°C than at 800°C. Experimental rolling runs were
simulated by using DEFORM software. Based on the simulation results, the following has been determined.

1. The depth of the shrinkage cavity is 20% less at 800°C than at 750°C. Hence, the simulation along with
experimental rolling has shown that the ductility of the billet material at 800°C is higher.

2. Unlike in case of two-roll screw rolling, the use of the normalized Cockroft—Latham fracture criterion to
predict fracturing when simulating radial-shear rolling is inefficient.

3. Based on plotting the cumulative deformation variation curves in the points located along the radius of
the billet in the near-edge region, it was not possible to determine at which temperature the billet material would
be more ductile, and what would be the location of the circular zone, within which fracturing occurs during radi-
al-shear rolling.
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4. Based on comparison with the results of experimental rolling, to determine the size of the circular zone

(its radius) and predict fracturing, it is effective to plot the graphs showing the variation of limits of the rigidity

CO

efficient values under stress condition along the billet radius near its edge, as well as to plot the paths of these

points in the “cumulative deformation — rigidity coefficient” coordinates when these points are located inside the
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formation zone.

5. Further studying of radial-shear rolling of continuously cast billets is required to develop the criteria of
fect-free deformation with subsequent experimental verification.
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