Article

Study on Grinding and Deformation Fracture Control
of Cold Rolled Titanium Strip

Jiaming Zhang 1, Wei Yu 1-*(, Entao Dong >*, Zeyu Zhang !, Jiaxin Shi ! and Gaoxiang Gong 3

1 Institute of Engineering Technology, University of Science and Technology Beijing, Beijing 100083, China;

zhang_garmin@163.com (J.Z.); zeyuzhang123@163.com (Z.Z.); 15010163415@163.com (J.S.)
Collaborative Innovation Center of Steel Technology, University of Science and Technology Beijing,
Beijing 100083, China

School of Materials Science and Engineering, University of Science and Technology Beijing,

Beijing 100083, China; 13647414717@163.com

Correspondence: yuwei@nercar.ustb.edu.cn (W.Y.); etdd@163.com (E.D.);

Tel.: +86-1300-118-3873 (W.Y.); +86-1326-9389-527 (E.D.)

check for
Received: 11 January 2020; Accepted: 26 February 2020; Published: 29 February 2020 updates

Abstract: Surface defects of titanium strip need to be removed by local grinding, but local cracking
or band breaking then occurs during subsequent cold rolling. Tensile properties and deformation
resistance of 3 mm thick commercially pure titanium strip with grinding pits on the surface were
simulated by a finite-element method using a multi-pass cold-rolling deformation process. The stress
and strain of grinding pits with depths of 0.25-2 mm were analyzed. During cold-rolling deformation,
the stress and strain in the center of a grinding pit were larger than at the edge region. The strip was
first subjected to tensile stress in the rolling direction, which then decreased and gradually changed
to compressive stress. Partial stress was larger in the rolling direction than in the transverse direction.
When the tensile stress and true strain both exceeded the stress and strain limits during second-pass
rolling, the strip with a grinding depth of 2 mm cracked, but shallower grinding pits were repaired.
The criterion for cracking during rolling after grinding is that the maximum tensile strain at the
bottom of the pit must be less than the critical strain of the material: In(1 +h/H) < ¢¢,. Results of
numerical simulation were verified by the data for cold-rolling tests.

Keywords: commercially pure titanium; strip; grinding defects; cold-rolling; finite element;
crack criterion

1. Introduction

In the rolling process, metal strips such as those of titanium, stainless steel, and aluminum alloy
often have defects, including edge cracking [1], center bursting [2], surface wrinkling [3], pits, and
scratches. To improve the yield and obtain high surface quality, surface defects of raw material strips
need to be ground until the original defects are eliminated. The influence of grinding on surface
quality and dimensional accuracy is then eliminated in subsequent processing. Thickness and width
dimensional uniformity of the strip are, however, destroyed by the grinding process, so uneven
deformation may occur. Uneven distribution of residual stress in the strip results in cracking and crack
growth. These problems can be studied using numerical simulation.

Stress state, material surface roughness, and internal defects, amongst other factors, affect early
fractures during a deformation process. Zhao et al. [4] found that with coarsening of copper foil grains,
the stress distribution in the foil changed and obvious edge cracks appeared during micro-rolling, based
on a ductile fracture mechanism. Zhou et al. [5] conducted rolling-sliding friction tests on pearlitic steel,
and found that the chemical composition was uneven in the white corrosion layer, and microcracks
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were generated at the boundary of this region during plastic deformation. Chen et al. [6] proposed a
combination of experimental and numerical tests to study the ductile fracture behavior of Ti-6Al-4V
(TC4) alloy under high-strain-rate compression. The experimental and coupled modified Johnson-Cook
model was used to analyze flow stress, plasticity, and fracture evolution stages. Wang et al. [7] found
that coarse-grained Ti generally exhibits excellent extendibility and ductile fracture, but presents
absolutely brittle fracture during torsion deformation, despite its high torsion deformability. This was
attributed to the specific fracture mechanism in the torsion, in which microcracks nucleate at the
surface layer and propagate from the surface to the interior of the torsioned sample. The nucleation of
microcracks is related to plastic deformation and stress concentration, while their propagation depends
on the geometry and deformation mode of the specimen. In the cross-wedge rolling of steel, cavities in
the center of the workpiece originated around non-metallic inclusions and grew along the shear and
tensile stress directions, causing significant shear and tensile deformations [8]. Katani et al. [9] used the
Gurson-Tvergaard-Needleman (GTN) model [10] to simulate cavity failure of Ti-6Al-4V, and they found
that a large amount of cavities nucleation related to local changes of stress and strain occurred near
the two-phase boundary at the low-strength side, which controlled the cracking. The initial average
values of porosity, cavity aspect ratio, and cavity spacing ratio played a key role in the fracture process.
Li et al. [11] proposed using the variables AJ,. (where AJ,. is defined to represent the accumulation of
the cycle ] integral, and the AJ,, reflects the crack growth resistance) and AJ,. (Where AJ,. is the rate
of AJ,.) to describe fatigue crack growth behavior of a commercially pure titanium (CP-Ti) fracture
surface under different loads. Zhu et al. [12] and Briffod et al. [13] studied the effects of different
deformation parameters, crystallographic orientation, and geometric compatibility on crack generation
and propagation of TC4 alloy.

Rolling fracture is mainly classified into internal and surface defect fractures. Internal defect
fractures are caused by internal particles of the alloy. Ahmed et al. [14] conducted hot-rolling tests on
Al-4.5Cu-3.4Fe, and found that the fractured particles were oriented in the rolling direction (RD) and
the degree of orientation increased with an increase in the degree of rolling. The fracture of coarse
grains caused by second-phase (Al3Fe) particles seriously affected growth of the pores and the manner
in which the pores were connected. In the hot-rolling of W-Y20O3 alloy, the fracture mechanism was
similar, and the presence of internal particles caused obvious fracture anisotropy [15]. The roll-gap
shape factor [16] also affects internal defects of rolling. Surface defect fractures are mainly caused by
defects such as surface holes and dents and subsequent grinding pits. The size and aspect ratio of the
holes determine the final shape of the defects [17].

The phenomenon of nucleation, growth, and expansion of pores and microcracks caused by large
metal deformation is known as ductile damage. The Lemaitre continuous-damage mechanics model [18]
is used to study this process using mechanical variables. Based on the Lemaitre model of cold strip
rolling, Soyarslan [19] and Mashayekhi [20] used damage-coupling finite-element simulations to study
the influence of the friction coefficient and reduction on the crack and tear of cold continuous-rolling
strips. Sun et al. [21-23] used the GTN damage model and shear-modified GTN model to predict the
influence of rolling parameters on edge crack initiation and propagation during cold rolling of silicon
steel. An isotropic elastic-plastic damage model, eight-node hexahedral solid element for reduction
and integration, and damage variables were used to determine the cause of failure of the element.
For small deformation damage, triaxial compressive stress is the main cause of material fracture during
hot rolling. Dwivedi et al. [24] performed finite-element simulation of a small-deformation hot-rolling
process to analyze the damage caused by complex stress and strain, in which the friction coefficient and
roll speed were calculated by Dieter’s classical theory. The rolling simulation considered an explicit
dynamic criterion, displacement at failure was taken as unity and the exponential law parameter was
taken as 2, a CPE4R four-node plane strain element was used, and the damage analysis unit type was
R2D2. Zhang et al. [25] established a coupled thermo-mechanical damage finite-element model of
temperature change, edge cracking, and rolling force for the rolling of a magnesium alloy plate and
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strip. Damage in the rolling process was found to be the result of cavity expansion, shear deformation,
and accumulated plastic strain.

Using the combination of finite-element numerical simulation and rolling tests, the deformation of
commercially pure titanium (CP-Ti) strip at different depths of cold rolling was analyzed to determine
whether the sheet would crack. The results of this study have an important guiding role in optimizing
the grinding and cold-rolling process to improve the material yield.

2. Materials and Methods

2.1. Cold Rolling and Physical Parameters

Six-pass reversible rolling was used to simulate the cold-rolling of CP-Ti strip containing grinding
pits. The thickness of the raw material was 3 mm; the thicknesses after each sequential step of rolling
were 3 mm, 2 mm, 1.4 mm, 1 mm, 0.75 mm, 0.6 mm, and 0.5 mm. The rolling parameters are shown in
Table 1.

Table 1. Parameters of cold-rolling simulation.

CP-Ti Strip Roll
Density (kgm™3) Elastl(;/[l\g;);:l ulus Poisson ratio Size (m) Length (m) Diameter (m)
4510 108,544 0.3 0.05 x 0.05 x 0.003 1.25 0.5

The deformation resistance parameters applicable to simulation are added in the paper, as shown
in Table 2.

Table 2. Deformation resistance parameters of cold-rolling cracking.

£=10"%s"1 £=10"2s71 & =100s"1 &£=101s"1

o & (o £ o £ (o} &
323 0 324 0 400 0 430 0
430 0.07 452 0.07 524 0.07 586 0.07
501 0.16 524 0.16 605 0.16 687 0.16
564 0.26 596 0.25 702 0.26 744 0.26
612 0.35 622 0.35 726 0.36 802 0.35
670 0.45 684 0.45 761 0.45 816 0.45

The stress-strain curve of the material, obtained in a tensile test, is shown in Figure 1. The material
had an ultimate fracture strain of 0.49 (the real strain was 0.40) and a tensile strength of 302 MPa.
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Figure 1. Stress-strain curve of test material.
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2.2. Mesh Generation and Geometric Model

When establishing a finite-element model, it is important to select the type of cell: the form of the
divided grid will have a direct impact on the calculation accuracy and scale [26]. The cells were divided
by a hexahedral mesh (C3D8R). The key to solving the crack problem was to calculate the stress field at
the end of the crack. To maintain calculation accuracy, a modified computational grid was designed as
a cracked singular element and was only locally encrypted in the surrounding area. Mesh generation
of a cold-rolled sheet was shown in Figure 2. A three-layer grid was set for all thickness directions, and
the mesh discretization met geometric, physical, and technical requirements. After the division was
completed, the number of cells in each model was approximately 4000 and the number of nodes was
approximately 5000. The stress and strain changes of the rolled piece during the rolling process were
studied, so the rolled piece was set as an elastoplastic body and the roll was set as a discrete rigid body.
The geometric model considered only two work rolls, was shown in Figure 3.

Figure 2. Mesh generation of a cold-rolled sheet.

Figure 3. Rolling model.
2.3. Boundary and Initial Conditions

The rolling stock and work roll had two contact modes during the cold-rolling numerical simulation
process: the first was that the grinding portion was in contact with the work roll body; the second was
contact of the remaining portion with the work roll body. During rolling, the rolling piece gradually
moved forward to reach the roll gap so that the rolling process could be started by frictional biting of
the piece by the work roll body. The friction coefficient was constant during the rolling process and the
contact type was surface contact. The friction coefficient between the two materials was set to 0.12.

Eleven analysis steps were set in the rolling process, five of which were used to control the
distance between the roll gaps and the direction in which the rolling stock moved to achieve reversible
rolling. The initial speed of the rolled piece was set to 500 mm/s. Before entering the roll, the set speed
was cancelled and the rolling stock was allowed to rely on inertia to enter the next pass. During the
rolling process, the rolling stock moved in the y-direction by the initial speed and had no displacement
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constraint in other directions; the rolls had no displacement in all directions and only rotated about the
center line. The edge of a roll was restrained so that its displacement in all directions was zero and
rotation could only occur about the x-axis. The rotation speed of the rolls was 7.85 rad/s.

3. Results

Stress-strain cloud diagrams generated during the first-pass rolling of the 3 mm titanium strip
surface with a 0.25 mm grinding depth pit are shown in Figure 4, where PEEQ is the equivalent strain
and S is the Mises stress. The grinding pits were eliminated after the first-pass rolling.
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Figure 4. Stress-strain cloud diagrams of the rolling deformation zone for a strip with 0.25 mm grinding

depth. Rolling direction (RD) (a) strain and (b) stress in cross section; transverse direction (TD) (c)
strain and (d) stress in cross section; (e) stress and (f) strain cloud diagrams of the ground pit in the
deformation zone.

The stress and strain cloud diagrams show that the stress increased rapidly as the sheet entered the
roll. As the rolling piece gradually entered the roll, the rate of the stress increase gradually decreased;
the upper surface received greater stress than the lower surface. As grinding approached the central
area of the pit, the stress became larger. On completion of rolling, the residual stress and equivalent
effect variable in the edge region of the grinding were significantly higher than in other positions.
Stress and strain data processing were performed at the center point of the pit and observed with time.

The rolling reduction of the first pass was 1 mm, so strips with ground depths of 1.5 mm and 2 mm
(greater than the first-pass reduction) were analyzed. The stress-strain cloud diagrams are shown
in Figure 5. The grinding pits were not eliminated after the first-pass rolling. Compared with the
first pass, the second pass had larger equivalent strains on the normal direction (ND) and transverse
direction (TD) faces; the equivalent strains at the front and back ends of the RD plane were the opposite.
Residual stress in the front end of ND was larger than that in the back end and there was strong
residual stress in the middle of the RD.
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Figure 5. Stress-strain cloud diagrams of the deformation zone in first-pass rolling of strip with 1.5 mm
grinding depth. Rolling direction (RD) (a) strain and (b) stress in cross section; transverse direction
(TD) (c) strain and (d) stress in cross section; (e) stress and (f) strain cloud diagrams of ground pit in the
deformation zone.
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The stress and strain changes in the center of the multi-pass rolling process are shown in Figure 6
for a grinding pit of 0.25 mm depth. The center point of the pit was first subjected to tensile stress
in the x-direction (TD) and then the tensile stress gradually changed to compressive stress when
entering the rolling zone; in the y-direction (RD), compressive stress was applied and, as the rolling
process progressed, compressive stress was converted into tensile stress. The tensile stress at the
grinding center exceeded the tensile strength, but its strain was only 0.38, which did not exceed the
ultimate strain. The two fracture conditions required for a metallic material are to reach the limit of
its fracture strength and to exceed its ultimate strain. In the z-direction (ND), tensile stress was first
applied; as the rolling process progressed, the tensile stress gradually decreased and transformed into
compressive stress.

Figures 7 and 8 show the relationships between the tensile stress and strain of the CP-Ti strip
for grinding pit depths of 0.25 mm, 0.5 mm, and 0.75 mm, respectively, during the first-pass rolling
interval. The RD stress at the bottom of the 0.25 mm pit did not reach the tensile strength (312 MPa) of
the material, so it did not break after the first pass (fracture condition 1: reaching the breaking strength
limit; 2: reaching the elongation limit). Although the partial stresses at the bottoms of the 0.5 mm
and 0.75 mm pits exceeded the tensile strength of the material, the strains did not reach the strain
limit, so the bottoms of the pits did not fracture after the first rolling. Analysis of changes in stress and
strain during the second pass with time showed that when the center point produced strain, the RD
stress became negative, that is, it was subject to compressive stress. Combined with data from the
stress-strain cloud diagrams, it was concluded that the surface grinding trace disappeared after the
first pass of rolling, so the center point would not be affected by compressive stress in the RD; in other
words, the material would not form cracks in the subsequent rolling process.
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Figure 6. Partial stress at the center of a 0.25 mm pit. Center-point (a) stress of first-pass rolling and (b)

strain of each rolling pass.
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Figure 7. (a) Changes in stress and strain with time for a strip with a 0.25 mm grinding depth (first
pass); (b) changes of stress and strain with time for a strip with a 0.5 mm grinding depth (first pass).
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Figure 8. Changes in stress and strain with time for a strip with a 0.75 mm grinding depth, showing
deformation of (a) first and (b) second passes.

Figure 9 shows that the transverse tensile stress of the CP-Ti strip during the cold-rolling process
was small and the tensile stress in the RD was larger. It was therefore necessary to analyze the
relationship between the stress and strain of the materials with time in the RD. When the stress and
strain exceeded the critical point of fracture during the cold-rolling process, the CP-Ti strip would crack.
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Figure 9. Maximum values of TD and RD stresses of pit center during the first pass deformation zone.

After two passes of rolling, the surface of the strip with a 1.5 mm grinding depth had become flat,
while that with a 2 mm depth still had a little pit. In the second-pass stress-strain cloud diagram for
2 mm grinding depth, the stress and strain at the center point were higher than at the edge portion,
which is why the strip was easily broken at the center after grinding. As mentioned above, the grinding
center point had the greatest influence on the tensile stress during the rolling process and the strain at
the center point could not reach the ultimate strain during the first pass. We therefore directly analyzed
the relationship between RD stress and strain with time for the second passes of strips with 1.5 mm
and 2 mm grinding depths, as shown in Figure 10.

800 T T T T T T T T T T T T T 065
6001 snmmmReRnOTEAREOES 600 0,60
400 by L055 400 *ml g«m S22
: 200 - |
o 207 L 0.50 s . “‘ l ' 10,50
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Timels Time/s
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Figure 10. Changes in RD partial stress and strain with time in the second pass of strips with (a) 1.5
mm grinding depth and (b) 2.0 mm grinding depth.

It is necessary to pass the tensile test to obtain the ultimate fracture strain (e¢,). It could be
determined whether cracking occurred by reviewing the results of numerical simulation, comparing
the tensile stress of the material with its fracture strength, and comparing the relationship between ¢,
and the calculated maximum tensile strain. A cracking criterion was thus proposed.

Using the stress-strain curves of the second-pass rolling, we determined that when the strain of
the 1.5 mm grinding depth center point reached ultimate strain, partial stress in the RD had become
compressive stress, so the material would not break. After the second pass, the surface of the material
had been flattened and subsequent passes would only be subjected to compressive stress, so the
final material would not crack. When the stress of the 2 mm grinding depth center point was 520
MPa (the tensile strength was 302 MPa), the strain reached 0.6, which exceeded the ultimate strain,
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so the material cracked after being subjected to tensile stress in the RD. Combined with the numerical
simulation results, the conditions for preventing cracking of a grinding are given by:

In(1+h/H) < ecy, @

where H is strip thickness (mm) and / is grinding depth (mm).

Parameters of the 1.5 mm grinding depth cold-rolling simulation were substituted into Equation (1)
to obtain In(1 + k/H) = 0.4: the ultimate fracture strain was 0.49 (the real strain was 0.40), so the
material would not crack; substituting 2 mm into In(1+#/H) = 0.51 showed that the material
would crack.

4. Cold-Rolling Test Verification

Three 100 mm X 40 mm pieces of hot-rolled CP-Ti sheets were cut and then ground in the
center. The shape of the grind was oval, with long and short axes of 20 mm and 10 mm, respectively.
The grinding depths were 0.25 mm, 1.5 mm, and 2 mm. Cold-rolling tests were carried out using a
four-roll cold-rolling mill. The thickness of raw material for cold rolling was 3 mm, and the thickness of
titanium strip after each pass was 2.5 mm, 1.5 mm, 1.0 mm, 0.8 mm, 0.6 mm, and 0.4 mm respectively.
A maximum of 6 passes are rolled. After each pass of rolling, use a microscope to observe whether there
is a crack in the center of the grinding position. If there are cracks, stop the subsequent pass rolling.

As shown from the test results in Figure 11, the grinding trace of CP-Ti sheets with a grinding
depth of 0.25 mm disappeared after the first pass and no cracks were produced thereafter. After the
second pass with 1.5 mm grinding depth, the grinding trace disappeared and there was no cracking.
After the third pass, the grinding trace of a depth of 2 mm disappeared and the grinding center cracked.
These data were consistent with the numerical simulation results.

Original sample After the first pass After the third passuum

(8 (h) ®

Figure 11. Contrasts in results of cold-rolling tests for strips with grinding depths of (a—c) 0.25 mm,
(d-f) 1.5 mm, and (g-i) 2 mm.
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Because of the work hardening in the cold working process, the deformation from the previous
pass can accumulate to the next pass, causing the grinding position to crack due to the accumulated
strain and tensile stress. Work hardening and tensile stress during cold rolling cause fracture, but it can
be eliminated by recrystallization annealing. Based on calculations and test results, it is recommended
that the titanium strips should be annealed and subsequently rolled before the cavities nucleation
merges to cause fracture, which can avoid cracking in the grinding zone and breakage during the
rolling process. Alternatively, limit the grinding depth according to the thickness of titanium strip.
After the intermediate recrystallization annealing, further grinding is carried out to eliminate the
defects, so as to prevent the cracking of the grinding center in the subsequent rolling.

5. Conclusions

(1) During rolling, the stress and strain at the grinding center were larger than those at its edge, so
the center was easily cracked during the rolling process.

(2) By decomposition of the stress in the grinding center of the rolling zone, it was found that
the effect of RD stress was greater than that of transverse stress, so the material was likely to
exhibit transverse fracture. When the material was in strain, the RD of the grinding center was
first affected by the tensile stress, then the tensile stress decreased and gradually changed into
compressive stress.

(3) In the cold-rolling simulation of strips with different grinding depths, only the strip with 2 mm
grinding depth simultaneously exceeded the limiting values of tensile stress and true strain in the
second-pass RD, that is, In(1+h/H) < ¢y, so the material cracked. Grinding was repaired in
strips with smaller grinding depths.
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