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Abstract

Central cracking refers to the formation of internal cavities in cross wedge rolling (CWR) products. It occurs in various
materials such as aluminium/titanium alloys, steels and plasticine at room or elevated temperatures, driven by different cen-
tral cracking mechanisms. However, these mechanisms are still elusive, and a unified central cracking predictive model is
absent due to the complex stress states within the workpiece, including triaxial stress states, cyclic loading and severe shear
effects. In this study, the underlying fracture mechanisms were revealed, and a robust unified damage model with sound
physical meanings was developed using a lab-scale CWR physical model and finite element models. The physical model
with the plasticine billets was built, allowing the CWR dies with different geometries rapidly 3D printed and the billets
with various ductility efficiently manufactured. The central cracking transiting from brittle to ductile fracture was experi-
mentally observed for the first time using specifically designed plasticine/flour composite samples at varying ductility. The
corresponding physics-based central cracking predictive model was proposed and validated quantitatively with 60 groups
of CWR tests and compared with ten existing damage models/fracture criteria. This study effectively solves the long-lasting
central cracking problem in the CWR industry and enhances the scientific understanding of fracture mechanics in complex
engineering applications.
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1 Introduction

Cross wedge rolling (CWR), an innovative metal form-
ing process for manufacturing axial symmetrical stepped
shafts/axles, is gaining high popularity in industries such as
the automotive, high-speed railway, and aerospace. CWR
is advantageous in many aspects such as high productiv-
ity, high material utilisation and low energy consumption,
compared to the conventional forging processes such as
press forging or machining [1, 2]. The material utilisation
of CWR can reach 0.8-0.98 [3]. New CWR-related tech-
nologies are being developed quickly. For example, Ji et al.
[4] experimentally verified the capability of producing
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hollow parts by using CWR with mandrels. Zheng et al.
[5] and Pater et al. [6] produced shafts with non-circular
cross-section or normal/skew teeth using CWR, respectively.
Bulzak et al. [7] compared the ball pins manufactured in
hot and warm temperature. CWR products with corrugated
surface were produced [8]. The composite CWR shafts made
by 42CrMo and Q235 was studied in terms of deformation
characteristics and effects of process parameters [9, 10]. The
new technologies drive the market demand in CWR expand-
ing sharply.

Central cracking, the formation of cavities in the central
region of CWR products along the axial direction, is a critical
problem impeding its further development in safety—critical
industries such as the aerospace industry. Central crack-
ing has been observed and investigated in a wide range
of materials, e.g. steels, aluminium, titanium and plas-
ticine. For example, Li et al. [11] and Li and Lovell [12]
discovered the central crack morphologies in pure aluminium
and considered the tensile and shear stresses contributed to
the central crack formation. Yang et al. [13] investigated
the central crack evolution in C45 steels on a microscopic
scale and attributed the central crack formation to the tensile
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and shear stresses. The effects of shear stress cycle and the
first principal stress were emphasised in generating internal
voids by experiments and simulations in multi-wedge CWR
by Zhou et al. [14]. Pater et al. [15, 16] revealed that the
central crack mechanism in C45 steels involved void forma-
tion and shear fracture by numerically analysing the stress
triaxiality (the ratio of mean stress over the von Mises stress)
range. Zhou et al. [17] confirmed the dominant role of the
maximum shear stress in central crack formation by inves-
tigating the stress states on the plasticine workpiece under
different central crack conditions. It is well known that the
fracture mechanisms vary with the material property, such as
ductility. For instance, the fracture mode of steel transitions
from brittle to ductile with the increase of temperature due
to improved ductility [18]. However, little research has been
conducted to reveal the underlying multiple central crack
mechanisms. Thus, it is necessary to identify the multiple
central crack mechanisms in order to build a robust unified
physic-based damage model.

Central cracking micromechanics has been researched
recently. Experimentally, Yang et al. [13] observed the voids
nucleated around the inclusions, grew, coalesced and led
to final fracture. Zhou et al. [19] quantitively validated the
critical effect of inclusions on central cracking. Pater et al.
[16] clarified the co-existing fracture mechanisms, void for-
mation and shear fracture, by analysing the stress triaxial-
ity. However, these micromechanics understandings have not
been involved in existing central cracking predictive mod-
els. Thus, it is necessary to introduce micromechanics into
the central crack model to achieve high prediction accuracy
based on sufficient physical meanings.

The prediction models have brought great conveniences
to the industries by reducing the time and costs on error and
trials. For example, the rolling force can be predicted easily
and accurately with the prediction models newly developed
by Zhang et al. [20, 21]. Similarly, many damage models and
fracture criteria have been introduced and applied to predict
the central cracks for manufacturing crack-free products. Li
and Lovell [22] suggested that the equivalent plastic strain
was an accurate criterion by comparing the stress/strain
states in pure aluminium samples produced by using two die
geometries. The phenomenological damage models for duc-
tile fracture, such as Cockcroft and Latham (C&L) model,
normalised C&L model and Oyane model, are extensively
applied in predicting central cracking with high accuracy
to some degrees. A density change model was applied to
clarify the forming windows to prevent central cracks [23].
Recently, Pater et al. [16] proposed a damage model con-
sidering the fracture mechanisms, void formation and shear
fracture, achieving high accuracy in C45 steel at the ele-
vated temperature. Zhou et al. [24] proposed a physics-based
fracture criterion capable of predicting the central cracks in
27 groups of CWR tests on pure aluminium AA1100 with
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different die geometries. However, these models have never
been validated by different materials, which exhibit different
fracture mechanisms.

Meanwhile, great progress has been witnessed in develop-
ing physics-based damage models for predicting shear domi-
nant ductile fracture. Smith et al. [25] expanded the application
of the Rice and Tracey model into the low or negative triaxial-
ity stress states by involving the void shrinking mechanism.
Zhu and Engelhardt [26] introduced a new term of shear ratio
into the R&T model to describe the damage caused by shear
effects. Bao and Wierzbicki [27] found that the fracture locus
varies with triaxiality significantly based on experiments under
various stress states. Xue and Wierzbicki [28] (X&W) modi-
fied the plastic strain criterion by considering triaxiality and
Lode parameters, covering the whole range of stress states and
accounting for the material ductility. Bai and Wierzbicki [29]
converted the conventional Mohr—Coulomb criterion to the
space of the triaxiality, Lode angle parameter and equivalent
von Mises stress, enabling to predict fracture nucleation in a
much wider range of stress states. However, little progress has
been seen on the fracture under non-proportional loadings on
the onset of ductile fracture. Bai [30] found the importance of
non-linear loading paths on ductile fracture onset and modified
the accumulation low of damage considering non-proportional
loading histories. Benzerga et al. [31] also demonstrated the
significance of the loading path on the fracture strain by con-
ducting unit cell computations. Faleskog and Barsoum [32]
noticed a decrease in ductility during the stress triaxiality
interval [0, 0.33] by conducting tension—torsion experiments.
Papasidero et al. [33] conducted tension—torsion experiments
on tubular specimens and validated that a Hosford-Coulomb-
based non-linear damage law can describe the effect of non-
proportional loadings on fracture strain. The above models
show advances in predicting shear-dominated ductile fracture
under non-proportional loadings. Therefore, it is worth testing
their robustness in predicting central cracking in CWR.

Model materials such as plasticine are widely used in
physically simulating metal forming processes. Chijiiwa
et al. [34] and Wong et al. [35] experimentally revealed their
similarities to metals in terms of constitutive behaviours,
frictional behaviours and fracture features. The softness of
the model materials enables laboratory-scale reproduction
to be achieved, whereby the tools can be rapidly 3D printed.
Wéjcik et al. [36] built the physical CWR model with 3D
printed dies. Zhou et al. [37, 38] approved the feasibility of
differential velocity sideways extrusion using plasticine and
conducted the geometrical parametrical study. Physical mod-
els have been applied to study the CWR since 1984, when the
internal defects were simulated in a rotary side-compression
test with plasticine by Danno and Tanaka [39]. Fu and Dean
[40] investigated the necking and twisting by using plasticine.
Recently, Pater et al. [41] and Wojcik et al. [36] achieved
high similarities between the commercial plasticine and
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hot steels (1150 °C) in terms of mechanical properties and
defect features in CWR. Besides the temperature, the com-
position in plasticine is also adjustable for achieving desired
mechanical properties of the modelled materials. Hawryluk
et al. [42] compared the mechanical properties of plasticine
with different compositions. Zhou et al. [17] designed the
novel plasticine/flour composites to build the CWR billets
and investigated the underlying central crack mechanism
under various stress states. Thus, using model materials is
reasonable to investigate the multiple fracture mechanisms
and criteria in CWR.

This work aims to reveal the multiple central crack mech-
anisms, build a unified physics-based fracture criterion and
examine their accuracy in different materials. The multi-
ple fracture mechanisms will be investigated using newly
designed plasticine/flour composites with a lab-scale CWR
machine. The fracture criterion for both the high and low
ductility material will be proposed considering the multiple
fracture mechanisms such as the central crack in pure alu-
minium at room temperature and in the hot steels at elevated
temperature. Its robustness will be compared with ten exist-
ing damage models and validated by CWR tests in various
materials.

2 Proposal of a new central crack criterion

A physics-based central crack criterion is proposed as pre-
sented in Eqgs. (1) and (2). It can be used to predict the cen-
tral crack in both low and high ductility materials. Brittle
materials are excluded in this study as they are rarely used
in the CWR process in practice. Different central cracking
mechanisms involve in different materials at cold, warm
or hot CWR processes. It is defined that central cracking
occurs when the stress intensity in low ductility materials
or the accumulated damage value in high ductility materials
reaches the critical value. The stress intensity factor and the
damage value are represented by the item D, with the criti-
cal value being D,. After normalisation, the criterion can be
written as Eq. (1), where the normalised value is represented
by D,. When the material is at low ductility, the stress-based
fracture criterion will be applied as presented in Eq. (2).
In this equation, A and B are material constants, present-
ing the contribution ratios of the maximum shear stress 7,,
and the first principal stress o, to central crack formation.
Zhou et al. [17, 24] has validated this criterion by using low
ductility materials, including 27 groups of pure aluminium
(highly strained) CWR tests and 16 groups of CWR tests
with plasticine/flour composites. When the material is at
high ductility, an energy-based fracture criterion will be
employed considering the severe plastic deformation occurs
before final fracture, as presented in Eq. (2). The energy-
based damage value D consists of two parts representing

two fracture mechanisms, shear fracture and void formation.
Here, o, represents the mean stress and €, is the equivalent
plastic strain. Zhou et al. [24] experimentally validated the
significant effect of the maximum shear stress z,, in central
cracking. The significance of the mean stress o, in present-
ing void growth has been well understood such as in the
R&T model. A linear relationship between shear fracture
and void formation with a coefficient C is applied to describe
their interactive effects on accumulated damage due to its
computational and experimental calibration efficiency. Both
the critical damage value D, and the coefficient C depend on
material properties, which can be calibrated by CWR tests
with simplified CWR dies. The simplified CWR test can well
simulate the commercial CWR process by simulating the
stress states including cyclic loading, severe plastic deforma-
tion and triaxial stress states. More details about the proposal
and feasibility of this novel method can be found in Zhou
et al. [24]. The calibration of the material constants includes
three steps: (i) conducting interrupted CWR tests with dies
under two feed angles and determining the locations for the
void nucleation; (ii) simulating the corresponding processes
via FEM and determining both the first principal stress and
maximum shear stress at the void nucleation location under
two feed angles; and (iii) inputting the two groups of data
into the proposed fracture criterion and calculating the mate-
rial constants. For each specific material, the calibration test
should be taken once, as the material constant is material
dependent, which can be sensitive to the temperature. For
the strain rate—dependent materials, the stress strain data
under different strain rates should be obtained and applied to
describe the material model in FEM. The strain rate sensitiv-
ity and flour weight ratios resulted hardening effects in this
study are implicitly embedded in the stress—strain behaviours
of materials, which are fully accounted in our FE simula-
tion. The FE simulation—determined shear and normal stress
components are used in the proposed criterion.

The low and high ductility materials in this study are dis-
tinguished based on different central cracking mechanisms,
which is systematically presented in Sect. 5.1. In practice, it
can be easily distinguished by the morphologies of the cen-
tral cracks. If they are surrounded by numerous appreciable
voids, the materials are considered as high ductility materials,
such as C45 steel at elevated temperature (1150 °C). If more
cleavage and smoother tips are involved, the materials can
be defined as low ductility materials, such as highly strained
pure aluminium (AA1100H16) at room temperature.

D,=D/D, > 1 (D)

Az, + Bo;(A+ B = 1) Low ductility materials
J(z,, + Co,)de,;

High ductility materials
(@)
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3 Methodology

A laboratory-scale CWR physical model was built to repro-
duce the industrial CWR process. The plasticine and flour
composites were designed and applied to investigate the
central cracking behaviours with various ductility and die
geometries. The corresponding CWR FE models were estab-
lished to investigate the stress/strain and damage distribu-
tion and evolution. The robustness of the proposed fracture
criterion was validated by comparing the predicted damage
with the experimental central cracking behaviours by using
the plasticine flour composite samples and the C45 steels
at high temperature. Besides, ten existing fracture criteria
were also examined and compared. To validate the robust-
ness of the proposed fracture criterion, 60 groups of CWR
tests were considered.

3.1 Physical model
3.1.1 Materials

Plasticine samples with various flour contents were
employed for the investigation of the multiple fracture
mechanisms. Plasticine from Flair Company was selected
due to its stable feature (never dries out). The plasticine from
the same batch was selected to keep the high consistency in
chemical compositions and mechanical properties.

Uniaxial tensile tests were conducted using Instron 5543
to obtain the mechanical properties of the newly designed
plasticine materials. The setup is shown in Fig. 1a. A 1000-g
load cell was used to ensure the measurement accuracy. The
speed range of this machine is 0.05-1000 mm/s with the
crosshead speed accuracy +0.1%. The load and strain meas-
urement accuracy can reach +0.5%. New grips with inner
steps were designed to ensure the plasticine specimen was
firmly clamped without slippage during the test, as presented
in Fig. 1b. The grips were 3D printed with a plastic polymer
material, polylactic acid (PLA), using a 3D printer Fortus
400mc. The structure of the tensile test plasticine specimen
is presented in Fig. 1c.

Each test was repeated at least three times to ensure
the test reproducibility. Figure 2a shows the engineering
stress—strain curves of the plasticine with varying flour
weight ratios. The stress—strain data were converted from the
load and displacement recorded on the tensile test machine,
which can show the general trend between the different flour
weight ratios that the increase of the flour contents generally
reduces the ductility of the samples. The strain rate here was
set to be 0.5/s (estimated value calculated by tensile speed/
gauge length), corresponding to the average strain rate of
the CWR sample during the test. Figure 2b presents the true
stress—strain curves of pure plasticine (without any flour)
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Fig. 1 Uniaxial tensile tests for plasticine: a setup and structures of b
3D printed grips and ¢ specimen. (in colour)

at different strain rates, showing the material yield/ultimate
strengths rise with the increase of the strain rate, which is
consistent with the material behaviours of hot steels.

3.1.2 Cross wedge rolling prototype

The lab-scale CWR prototype is presented in Fig. 3. A
cylindrical billet is placed in the middle of two flat dies.
The upper die is fixed on the frame, while the bottom die is
driven forward by the electronically controlled step motor
at a speed of 20 mm/s. Driven by the strong tangential
force from the dies, the billet is self-rotated and moved for-
ward at a speed of approximately 10 mm/s during the test.
After the rolling, the initial cylindrical billet is deformed
into a stepped shaft. The initial dimension of the billet is
@®25.4 mm X 50 mm. The plasticine billets were carefully
prepared. Firstly, the plasticine and flour were thoroughly
mixed for a certain time using a food mixer. Then, the plas-
ticine and flour composites were subjected with over 10
cycles of folding, rolling and hammering for homogenising
the structure, followed by press forging with a pair of 3D
printed dies to guarantee the geometry accuracy.

The dies with various geometries were rapidly manu-
factured by a 3D printer using the acrylonitrile butadi-
ene styrene (ABS). Figure 4 describes the geometry of
an industrial used die. Three geometrical parameters are
defined, including the forming angle a, stretching angle f
and area reduction ratio # (defined by the initial and final
diameters of the CWR sample D, and Dy), as presented in
Fig. 4a. Figure 4b illustrates the simplified die geometry
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Fig.2 a Engineering stress—strain curves of plasticine with different flour weight ratios (strain rate 0.5/s); b true strain—stress curves of pure

plasticine at different strain rates. (in colour)

for this study, in which a new parameter, the feed angle y,
i.e. the slope of the inclined plate, is defined. These simpli-
fied dies enable the stress states in the commercial CWR
process to be simulated in a lab environment and forming
central cracking.

3.1.3 Experimental procedures

CWR tests were conducted on the plasticine/flour billets to
reveal the multiple fracture mechanisms. The flour weight
ratio varies from 0 to 30%. Other process parameters were
kept consistent such as the die geometry (Reference die in
Table 1) and rolling speed (20 mm/s). After the rolling, the
sample was sectioned along the axial direction, and the cen-
tral cracking condition was inspected. If the dimension of the
void/crack exceeds 0.5 mm, it is defined as a cracked billet.

CWR tests under various die geometries were conducted
for determining the material constants and validating the
proposed fracture criterion. Pure plasticine was applied
here to simulate the central crack behaviours of high duc-
tility materials such as C45 steel at elevated temperatures.
Table 1 describes the dies geometries in five CWR cases.

Fig.3 Cross wedge rolling
laboratory prototype consisting
of an electronically controlled
step motor, two 3D printed dies
and plasticine workpiece. (in
colour)

The Reference die is an industrial used die, referring to the
die geometry in literature by Li et al. [11]. Dies in cases
1-4 were simplified ones, based on the Reference case by
varying feed angles, aiming to generate various stress states
within the workpiece and result in cracked and non-cracked
cases for material constants determination.

3.2 Finite element model

The CWR FE model was developed to investigate the stress/
strain and damage evolution and validate the proposed frac-
ture criterion, especially for high ductility materials. The
model was established in QForm, which is computation-
ally efficient in simulating metal forming processes with
large plastic deformation and severe shear effects. Figure 5
illustrates the FE model configuration corresponding to the
setup in Fig. 3. The billet is initially located between the two
dies. The top and bottom dies move at a relative speed of
20 mm/s. The true stress—strain curves of the pure plasticine
in Fig. 2b were employed to describe the visco-plasticity
material behaviours, including the hardening and strain rate
effects. The data before necking was applied, after which,

After rolling

Initial
billet

. Bot}om dic \F —

¥ 20 mm/s
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Fig.4 Die descriptions a
industrial applied die described (a)
by forming angle a, stretching
angle $ and area reduction ratio
7 (the initial and final diameters
of samples D, and Df); b sim-
plified dies defined by the feed
angle y. (in colour)

the stress was assumed to keep constant to be the maxi-
mum Yyield stress. The Lévy-Mises equation was applied to
describe the material flow, which ignores the elastic defor-
mation due to the strong plastic deformation during the
CWR tests as stated in the document [43]. The yield surface
was described by the von Mises yield criterion. The density
of the pure plasticine was set to be 1868 kg/m> by experi-
mental measurement. The Young’s modulus was calculated
to be 2.6 MPa based on the stress/strain curves, while the
Poisson’s ratio was set to be 0.4 by averaging the data in
the literature [35, 44, 45]. The Coulomb friction model was
applied to describe the friction behaviours between the soft
plasticine and the rigid dies. The shear stress on the contact
interface has never exceeded the shear yield strength because
of the automatic shear yield stress correction algorithm in
QForm. In the FE simulation, the friction coefficient is less
than the limit value of 0.577, though a friction coefficient of
0.9 was used to avoid slipping between the sample and dies
based on careful analyses and comparisons. The damage
models were embedded to present the fracture behaviours
through the user-defined subroutine programmed by LUA
language. Dual mesh strategy was applied to automatically
refine the regions in high geometry complexity or inten-
sive stress/strain concentration. The central region (a cyl-
inder with a diameter of 12.5 mm) was further refined with
an adapter factor of 1.5. The total element number of the
whole system, for example in case 1, ranges from 196,754
to 204,742.

Zhou et al. [24] validated the reliability of the CWR FE
model by comparing it with the experiment in terms of the
sample final geometry and the inner material flows.

Table 1 Geometric parameters of cross wedge rolling dies

Case no. Forming Stretching Areareduction Feed angle
angle angle ratio y/°
a/° pr /%

Reference 15 7 44 -

1 90 0 44 0.91

2 90 0 61 1.37

3 90 0 75 1.83

4 90 0 94 2.74

@ Springer
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3.3 Damage models and material constants

Ten existing damage models with a high possibility to predict
the central cracking accurately are listed in Table 2. The associ-
ated material constants for C45 steel in Zhu’s model, Smith’s
model, MMC and X&W model were extracted from the refer-
ences Zhu and Engelhardt [26] and Bai [30], calculated based
on loads of experiments including tensile, shearing tests with
flat, round with/without notches. The damage models along
with calibrated material constants were embedded into the FE
model and compared with the proposed fracture criterion.
The maximum plastic strain criterion is widely applied in pre-
dicting ductile fracture due to its simplification. Li and Lovell
[22] proved its accuracy when comparing two CWR cases with
dies in different shapes. The C&L model, a phenomenological
model, has been experimentally validated by various metal form-
ing processes such as extrusion, which emphasises the dominant
contribution of the first principal stress to material fracture. Pater
[46] applied it to predict the central cracking in hot steels. The
stress invariant-related parameter, triaxiality (the ratio of mean
stress over the von Mises stress, 7, = ). is involved in many
models such as the classic R&T modef Pater et al. and X&W
models, which represents void growth. However, Pater et al. [16]
found that the central crack mechanisms in CWR include both
void formation and shear fracture. Thus, Pater et al. [16] and
Zhou et al. [24] include the shear stress—related parameters, the
shear ratio (%) and the maximum shear stress in the fracture
criteria. In order to predict the ductile fracture with shear effects,
Zhu and Engelhardt [26] and Smith et al. [25] extended the R&T
models by introducing the shear ratio and the void shrinkage,
respectively. Nevertheless, the Lode angle parameters such as the
normalised Lode angle 6 and the normalised third stress invari-
ant & are involved in the last two models. The triaxiality-related

Top die

Bottom die

—_—

Fig.5 Configuration of cross wedge rolling finite element model for
plasticine. (in colour)
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Table 3 Process parameters

. Ref Caseno Temperature/°C Rolling Initial billet ~ Die geometry Cracking condition
of 12 cross wedge rolling tests speed/ diameter/mm
on C45 steel and the central mm/s a®)  pC) n%)
cracking results
S1 15 10 35.00 No crack
S2 15 10 55.00 Cracked
S3 15 10 75.00 Cracked
[13] S4 1100 396 40 15 5 75.00 Cracked
S5 15 75 75.00 Cracked
S6 20 10 75.00 Cracked
S7 25 10 75.00 No crack
S8 26 15 10 28.40 No crack
S9 1150 33 15 10 55.60 Cracked
[49] S10 300 40 15 10 69.70 Cracked
S11 1050 33 15 10 55.60 Cracked
S12 1100 33 15 10 55.60 Cracked

damage models are applicable to the high triaxialities, while the
Lode angle parameters expand its application to the low and
negative triaxiality range such as the shear fracture. All these
models were examined quantitively to check its robustness in
predicting central cracks in C45 steels.

3.4 Experimental CWR data from literature

3.4.1 High ductility materials: hot C45 steels and pure
plasticine

Twelve groups of CWR tests with C45 steels are summarised
in Table 3, which was applied to validate the robustness of
the investigated damage models. Yang et al. [13] investigated
central cracking behaviours by varying different die geom-
etries and keep the temperature and rolling speed constant.
Pater et al. [16] investigated the effects of temperature and
area reduction ratio on central cracking under the same roll-
ing speed and the same forming and stretching angles. The
temperature and rolling speed in all the listed cases vary in a
narrow range. Their effects in the fracture have been included
in the constitutive model by affecting the stress/strain distribu-
tions. Thus, the temperature and the strain rate are not con-
sidered in the newly proposed fracture criterion. The cracking
results of Pater’s research of cases S8—S10 are consistent with
Yang’s results in cases S1-S3, i.e. the increase of area reduc-
tion ratio accelerates the central cracking formation.

3.4.2 Low ductility materials: pure aluminium
and plasticine/flour composite

The robustness of the previously proposed fracture crite-
rion for low ductility materials has been validated by 27
groups of pure aluminium AA1100 H16 CWR cases and
the 16 groups of plasticine/flour composite CWR cases.

@ Springer

The experimental data for pure aluminium can be found in
Table 1 in Zhou et al. [24] and Tables 3 and 4 in Zhou et al.
[17]. These data were revisited to validate the high robust-
ness of the proposed fracture criterion in different materials.

4 Experimental and finite element results
4.1 Multiple central crack mechanisms

4.1.1 In plasticine/flour composites with various ductility
Figure 6 indicates that the material ductility varies with

the plasticine-flour weight ratio. The fracture strain was
obtained by conducting uniaxial tensile tests, as shown in

e Experimental data
Fitted curve

0.5

N
~
1

Ductility
e
T

o
o
1

0.14

0.0

0 5 10 15 20 25 30
Flour weight ratio (%)

Fig.6 The variety of material ductility over the plasticine and flour
weight ratios, along with the longitudinal sections of three selected
rolled samples in (a), (b), and (¢). (in colour)
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Fig.7 Comparison of fracture
morphologies of cross wedge
rolled samples on a pure
aluminium [11] and b C45 steel
[16]. (in colour)

Multiple longitudinal bands

Fig. 2a. The strain at the fracture points was defined as the
fracture strain. The longitudinal sections of the rolled sam-
ples made by the corresponding materials are presented.
The general trend is that the ductility reduces as the flour
weight ratio increases. The sectioned samples demonstrate
the transition of the central crack mechanism. At the flour
ratio of 5%, only one dominant axial crack appears within
the material, as shown in Fig. 6a. Then, with the increase
of the flour content, more cracks appear (in Fig. 6b). In the
end, when the flour ratio reaches 20%, many minor cracks
scatter on the whole surface (in Fig. 6¢). It is reasonable
to attribute it to different ductility. In Fig. 6a, the mate-
rial is ductile (¢,/=18.5%) and capable to bear high plastic
deformation before final fracture; thus, the fracture only
occurs in the central region but not on the subsurface or at
the sample ends. In Fig. 6¢, when the material is brittle (&,
=8%) with limited capacity for plastic deformation, minor
cracks scatter across the whole cross section, consistent
with the feature of brittle fracture.

4.1.2 In pure aluminium and hot steels

The multiple fracture mechanisms found in plasticine/flour
composites, that is transferring from brittle to ductile fracture
with the ductility increase, also apply to metals. As shown
in Fig. 7a, multiple axial cracking bands were observed in
the pure aluminium AA1100 H16 during CWR, which was
attributed to the low ductility (~8%) [51], while the limited
axial longitudinal cracks were found in the investigations of
Yang et al. [13] and Pater et al. [52] on the C45 steels due
to the ductile fracture nature (~39%) [53] as seen in Fig. 7b.

Fig.8 Crack conditions in the
rolled samples after cross wedge
rolling: a crack-free (case 2 in
Table 1) and b cracked (case 3
in Table 1) on b1 longitudinal
section and b2 transverse sec-
tion (the central cracks are indi-
cated by the white arrows and
the dashed black arrows show
the cutting plane). (in colour)

Single longitudinal band

4.2 Central cracking criterion

4.2.1 Results of cross wedge rolling test on pure plasticine
under various die geometries

The cracking conditions of plasticine samples after rolling
in Table 1 in this study were used to examine the damage
models. Figure 8 presents the crack-free and cracked rolled
samples. In Fig. 8a, no voids/cracks were noticed on the
sectioned surfaces, while in Fig. 8b, evident central cracks
were observed on both the longitudinal and the transverse
view. The cracks, located in the central region along the
axial direction, is consistent with the central cracks observed
in hot steels by Pater et al. [16]. For all the cases in Table 1,
central cracking only occurred in case 3 because of the high
ductility of pure plasticine and narrow forming window for
central cracking.

4.2.2 Validation of the proposed fracture criterion
by plasticine with various ductility

Figure 9 compares the normalised damage value
(D, =D/D,) on two plasticine materials in 21 CWR
cases to validate the robustness of the proposed central
crack in various materials. The first 16 cases for low
ductility were obtained from Tables 3 and 4 in the study
of Zhou et al. [17], represented by green symbols and
labelled as P1-P16 in Fig. 9. The ductility of the applied
plasticine/flour composite was 12%. The proposed frac-
ture criterion for low ductility materials was applied for
the damage prediction.

Cutting plane
*
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Fig. 9 Normalised damage value on plasticine with different ductile lev-
els predicted by the proposed fracture criterion (the hollowed symbols
present the crack-free cases, while the solid cases present the cracked
cases; the green cases present the cases conducted with low ductility
material, with the red ones for high ductility materials). (in colour)

The last five cases P17-P21 correspond to the Ref case
and cases 1-4 in Table 1. The proposed fracture criterion
for high ductility was applied due to the high ductility of
the pure plasticine, ~50%. Cases 2—4 were conducted to
determine the associated material constants, with the rest
two cases for the validation. The value C and the critical
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Fig. 10 Normalised damage values of the central point at the end of
12 C45 CWR cases predicted by 11 damage models (each column
contains 3 hollow symbols and 9 solid symbols, representing 3 crack-
free cases and 9 cracked cases observed in experiments). (in colour)
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damage value were calculated to be 1 and 1.07 MPa,
respectively. The predicted damage values in the Ref case
and case 1 were calculated to be lower than the critical
value 1.07 MPa, which matched the experimental observa-
tions that no cracking occurred in these two cases. Note
that the cut-off value of triaxiality at — 0.33 is applied. Bao
[54] and Bao and Wierzbicki [55] experimentally verified
that fracture would not happen in ductile materials when
the triaxiality is less than —0.33.

The normalised damage values in all the cracked cases
are scattered above the critical line y=1, while the values
of all the non-cracked cases are all below the critical line,
implying the high accuracy of the proposed fracture cri-
terion in predicting central cracks for both high and low
ductility materials.

4.2.3 Examination of 11 damage models by hot C45 steels

Comparison of the 11 damage models Figure 10 summa-
rises the damage values at the sample central point in 12
CWR cases predicted by 11 damage models. The 12 CWR
experimental cases refer to the 12 C45 steel cases listed in
Table 3, and the 11 damage models include the 10 listed in
Table 2 and the newly proposed one in Eq. (2). In Fig. 10,
the horizontal axle represents the 11 damage models, and
the vertical axle presents the normalised damage value, cal-
culated by dividing the damage value acquired from the FE
model by a constant. This constant varies according to dif-
ferent models, enabling the normalised value ranging from
0 to 1. The material constants associated with the damage
models were mainly extracted from the references, as listed
in Table 2, while for the proposed model, they were obtained
by simulating all 12 groups of C45 CWR test in Table 3
and calibrating against the experimental cracking results.
The calculated value for the material constant C is zero in
this case. The normalised damage values from 11 damage
models are presented in 11 columns. There are 12 symbols
in each column, 9 solid and 3 hollow ones, corresponding
to the 9 cracked cases and 3 non-cracked cases in Table 3.
It is expected that with a robust fracture criterion, the pre-
dicted damage value in all the cracked cases is higher than
the damage value in the non-cracked cases. In Fig. 10, only
the proposed model for high ductility and the Zhu’s model
are capable of distinguishing the solid symbols from the hol-
low ones, which means that all the solid symbols are above
all the hollow ones. This implies the high accuracy of these
two models in predicting central cracking in C45 steels.

For all the other models, the solid and hollow symbols are
mixed together. The same pattern is noticed in the rest of
the models (except for the proposed model for low ductil-
ity) that the two hollow symbols are at the lowest of each
column, followed by a solid one above them and then the
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Fig. 11 Damage value distribution of the central point at the end of
CWR cases listed in Table 2 predicted by four damage models. (in
colour)

third hollow one, leaving all the other solid symbols above.
Four damage models, namely, the proposed model for high
ductility, Pater’s model, the maximum plastic strain crite-
rion and X&W model, are taken as examples for a closer
examination, as shown in Fig. 11, where the horizontal axis
presents the 12 C45 steel cases listed in Table 3. For all
the four damage models, the highest damage value for the
non-cracked cases was predicted to occur in case S8 and the
lowest value for the cracked cases was predicted in case S6.
Only in the proposed damage model, the damage value in
case S6 was higher than that in case S8, agreeing with the
experiment that central crack occurred in case S6 but not S8.
Another similar trend was noticed in the four models, that
is the damage value increases or decreases with the varia-
tion of the plastic strain among these 12 cases. It implies
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Fig. 12 Comparison of cracked and non-cracked cases in stress/strain
and damage evolution. (in colour)

the significance of plastic strain in predicting central crack
formation. The slight difference between the trends under
the damage models indicated the importance of stress state
on the damage evolution.

Damage analysis under the proposed fracture crite-
rion Figure 12 compares the stress/strain and damage
evolution in case S6 (cracked) and S8 (crack-free), which
clearly demonstrates how the stress state influences the
cracking behaviours in high ductility material. In both
cases, the stress variables (the maximum shear stress and
the mean stress) increased at the early stage at around
0.5 s, but the stress values in case S6 increased quickly
and reached a much higher value. Similarly, the plastic
strain increased quickly in a short time. Although the final
equivalent plastic strain in case S6 is less than that in case
S8, it does not affect the higher accumulated damage value
in case S6.

Thus, the equivalent plastic strain can generally control
the damage variation trend, but to get accurate predictive
results in complex situation such as in CWR, the stress vari-
ables must be considered.

5 Discussion
5.1 Multiple central crack mechanisms

The multiple central crack modes under different material
ductility are observed in Figs. 6 and 7. Figure 13 system-
atically illustrates the central crack formation and evolu-
tion. During CWR, the workpiece is self-rotated under the
dies (in Fig. 13a). There are defects such as inclusion and
microvoids within the material (in Fig. 13b). Under slight
deformation (in Fig. 13c), the microvoids are rotated and
elongated slightly, and voids form between the inclusion
and material matrix. For the low ductility materials such
as pure aluminium (highly strained), with the increase of
the maximum shear stress and the first principal stress,
multiple sharp edges form around the voids (with/without
inclusions), which are subjected to the high-stress con-
centration caused by the limited plastic deformation (in
Fig. 13d1). The maximum shear stress sharpens the crack
ends, while the first principal stress accelerates the crack
opening. Both of these stresses are associated with work-
piece rotation, which in turn accelerates the crack propa-
gation along with multiple directions (in Fig. 13e2). This
causes multiple cracking bands to be observed, as shown
in Figs. 6¢ and 7a.

Nevertheless, in high ductility materials such as hot
C45 steels, the stress concentration is weakened due to
their capability of bearing severe plastic deformation.
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Instead of sharp cracking points, micro-voids form (in
Fig. 13d2). As the sample rotates further, the maximum
shear stress increases gradually. This increased stress
causes the voids and the adjacent materials to be distorted
and elongated. As a result, intense stresses concentrate
at the void ends to accelerate the void coalescences and
facilitate the formation of new voids. The mean stress
accelerates the void growth, facilitating the void coa-
lescences. With their combined effects, the voids grow,
coalesce and finally link to macrocracks (in Fig. 13e2).
Thereby, two main fracture modes take place, i.e. shear
fracture and void formation, corresponding to two main
fracture mechanisms, void distortion and void growth.
The central cracking mechanisms keep consistent with the
investigations made by Pater et al. [16], Yang et al. [13]
and Zhou et al. [19].

5.2 Central crack damage model set

The significance of plastic strain and stress states in
ductile fracture has been acknowledged and considered
in many damage models. Wierzbicki et al. [50] state that
the C&L model emphasises the dominant effect of the
first principal stress, while its applicability was experi-
mentally proved in low or negative triaxiality. In CWR,
the triaxiality varies in a wide range. Both the R&T
model and the Oyane model described the void growth.
Later on, Smith et al. [25] expanded the application of
the R&T model from high triaxiality to low triaxiality
by introducing void shrinkage. However, none of them
considers shear effects, which are generally considered
the driving force in CWR. The introduced Lode angle
parameters enable ductile fracture prediction in low or
negative triaxialities, such as shear fracture. However,
the MMC model developed by Bai and Wierzbicki [29]
was applicable in monotonic loading conditions, while
cyclic loadings are involved in CWR. Wierzbicki et al.

Fig. 13 Schematics of multiple
central crack mechanisms:

a minimum cross-section of
workpiece during cross wedge
roiling; b initial state in the
central region including voids
and inclusion; ¢ state with slight
deformation; crack nucleation
and propagation for d1, el low
ductility and d2, e2 high ductil-
ity. (in colour)
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[50] developed the X&W fracture criterion showing
high accuracy in a wide range of stress states consid-
ering triaxiality and Lode parameter, but similarly, its
application is limited in the monotonic loading con-
ditions. Pater’s model considers both the void forma-
tion and shear fracture in a hybrid damage model. The
involved C&L model was applied for the high triaxial-
ity; however, Wierzbicki et al. [50] proved this model
worked well only in low or negative triaxialities. Zhu’s
model adapted the R&T model with the consideration of
shear effects, the prediction of which agrees well with
the experimental observation in the 12 CWR cases, as
shown in Fig. 10. However, four independent material
constants are included in Zhu’s model, which could be
practically nontrivial to be determined, especially at
elevated temperatures. Similarly, some non-linear dam-
age models have recently been developed to predict the
ductile fracture under non-proportional loading condi-
tions, such as the one proposed by Bai [30] and fur-
ther validated by Papasidero et al. [33]; however, many
material constants are associated, which cannot be easily
achieved, especially at elevated temperatures. Thus, they
are unsuitable for industrial applications. Regarding the
new fracture criterion proposed in this study, only one
pair of simple dies and three CWR tests is required to
determine the one material constant. The simplification
of this model and the extremely simple calibration pro-
cess for the material constants will bring considerable
benefits to industrial applications.

However, the ductile central crack damage model is only
workable for high ductility materials. Its incapability of pre-
dicting the central cracking in low ductility materials, the green
flour/plasticine composite (ductility 12%) and the pure alu-
minium AA1100 H16 (ductility around 8%), is demonstrated
in Fig. 14. Neither groups of cracked nor non-cracked cases
could be distinguished by a critical value in both cases due to
the different fracture natures in materials with various ductility.

Inclusion
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Fig. 14 Damage value on the low ductility material predicted by the
damage model for high ductility a green plasticine with flour; b Pure
Al AA1100 H16. (in colour)

6 Conclusions

In this research, the central cracking mechanisms over dif-
ferent materials with varying ductility were revealed experi-
mentally. A physics-based central cracking prediction model
was proposed and validated by 60 groups of CWR tests and
by comparing with the other ten damage model. A lab-scale
CWR prototype was made to reproduce the stress—strain
conditions during the commercial CWR process. The corre-
sponding FE model was developed to track the stress/strain/
damage evolutions. New plasticine/flour composites were
designed to reveal the materials ductility effects on central
crack mechanisms. The following conclusions can be drawn:

1. A physics-based damage model set was proposed for
predicting the central crack formation. The robustness
of this damage model set was validated by 60 groups of

CWR experimental data under different stress states and
with various materials including hot steels, pure alumin-
ium and plasticine/flour composites. Its high accuracy
was also proved by comparing with other ten existing
damage models/fracture criteria. This unified damage
model set can effectively drive the development of CWR
by producing products without any internal defects.

2. The central cracking mechanism for high ductility
materials was investigated in particular. The equivalent
plastic strain and the maximum shear stress play domi-
nant roles in forming central cracking in high ductility
materials. The equivalent plastic strain facilitates form-
ing voids instead of sharp cracks. The maximum shear
stress associated with the mean stress accelerates the
void distortion and growth, driving void coalescence and
propagation. Their joint effects cause the final macro-
scopic central crack formation.

3. The multiple central crack mechanisms were revealed in
different materials with different ductility. In low ductil-
ity materials, crack-driven fracture dominates, while in
high ductility materials, the fracture is driven by voids.
The central cracking in low ductility materials was accu-
rately predicted by the stress-based fracture criterion,
while the energy-based damage model shows high pre-
diction accuracy in high ductility materials such as hot
steels and pure plasticine.
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