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Abstract

Damage healing in steel parts enables them to be reused again without going through the conventional metal recycling/remelting
process, thus damage healing is a process with potential for reclaiming products while causing less environmental damage, that is,
improving resource efficiency. In this paper, damage healing of a porous free cutting steel during a hot flat rolling process has been
investigated. A UMAT subroutine incorporating damage healing models has been utilised which includes two stages: void closure
and diffusion bonding. The developed UMAT subroutine captures evolution of void volume fraction (vvf) as a result of plastic
compression, to model the void closure process and predict the subsequent healing time. Effects of roll gap geometry factor (RGF),

initial porosity size (void volume fraction) on porosity elimination during rolling have been investigated.

© 2020 The Authors. Published by Elsevier B.V.
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1. Introduction

Mechanical properties of materials can be undermined by
the existence of micro-voids and micro-structural damage.
Accumulation of micro-damage leads to micro-crack initiation
and propagation which undermine structural integrity and
often, eventual fracture [1]. Thus the service life of a structural
part can be significantly reduced.

Although robust, high quality products can be produced
using well-designed manufacturing processes, in some cases
creation of micro-damage is unavoidable. Nevertheless, if
damage elimination/healing is incorporated in a process,
material damage can be reduced or eliminated and the full
inherent properties of a product can be realised.

Healing has been widely used in many different fields,
including recovery of biomaterials [2,3], composites and
polymers [4,5], and concrete [6,7]. Healing in metals has
mostly been undertaken at elevated temperature (e.g. at 0.7-0.9
times the metal melting temperature). For powder metallurgy

2351-9789 © 2020 The Authors. Published by Elsevier B.V.

processing this entails liquid phase or solid state bonding across
powder interfaces through metallic mass transfer [8]. In
addition to the above healing methods, for various metal alloys
diffusion bonding has also been used. Diffusion bonding is a
process where two solid surfaces are joined at elevated
temperature and pressure. Bonding temperature normally is a
value ranging between 0.5-0.8 times absolute melting point
temperature of the work-piece alloy. Partially or completely
recovered mechanical properties of damaged metal materials
can be achieved by sintering or diffusion bonding/healing
techniques and damaged steel parts in built structures seem
suitable items for application of the techniques with potentially
rewarding outcomes.

A schematic of healing of metals by a compressive
forming process at high temperature, is shown in Fig. 1.
Damage healing in metals is envisaged as a two-stage process.
In the first stage under the action of compression between
opposing dies, slits (cracks) are formed by closing of existing
voids. However, the surfaces of the cracks have not been
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completely bonded (the interfaces consist of an array of voids
with irregular shapes) and have little adhesion under tension.
In the second stage, under continued compression, diffusion
occurs across crack interfaces which become metallurgically
bonded.
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Fig. 1. Damage healing in hot compressive forming process.

Effects of work-piece thickness reduction, die geometry and
deformation rate on void closure behaviour during hot rolling
or forging have been studied [9,10]. It has been found that
normally, a large value of the ratio of roll radius to work-piece
thickness or large reduction in work-piece thickness will
accelerate the void closure process, and large void fractions are
harder to be removed than small ones. Dudra and Young-Taek
[9] investigated the influence of geometry of die (FML, double
V, and flat) and billet (round and square) on void closure during
forging. V-shaped dies were found to favour void closure
process, due to the greatest effective strain and hydrostatic
stress being produced. Also, void closure in a round billet
occurred at a greater reduction but at lower press load than that
in a square billet. Effects of pressure, temperature and time
have also been studied [11,12]. Usually voids close more
quickly and easily when plastic deformation occurs together
with significant hydrostatic pressure. Wang et al. [13] showed
that void closure starts when the hydrostatic pressure reaches a
certain value and speeds up at elevated temperatures, while the
degree of healing is also affected by compressive pressure
holding time. The subsequent healing process is affected by
parameters such as pressure, temperature and duration of load-
temperature application. Normally, an increase in the
hydrostatic compressive stress leads to substantial reduction in
time to complete healing. Temperature accelerates the healing
process significantly and healing time is shortened by
increasing temperature.

Several damage healing models exist and although they
contain similar assumed mechanisms each leads to different
predicted healing rates as different details of bonding
mechanisms, void geometries, void positions and operations
(series and parallel), have been adopted. Different mechanisms
have been proposed for damage healing models. Some [14-18]
were derived from void growth models, where void shrinkage
was regarded as negative void growth. Some other models
[19,20] were obtained from powder sintering models.

Different void geometries have been studied for the
modelling of damage healing. It is popularly assumed that
surface diffusion is fast enough to keep the void shape spherical

[21-23]. In some models contact surfaces are considered to be
triangular ridges which gradually shrink into channels with
circular cross sections [19]. Wang and Li [24] suggested that a
grain-boundary void changes its shape to a spheroid as atoms
migrate along the void surface and grain-boundary. In some
other models a cylindrical shape void geometry has been
assumed [25,26]. A cylindrical pipe shape with lenticular and
rhombic cross-section has been investigated. Gue and Ridly
[27] considered a lenticular initial void shape. Takahashi [28]
assumed a rhombic geometry as the initial void shape and a
lenticular geometry during diffusion.

Healing models have also been developed for different void
positions, such as, voids within a grain boundary [23,29] and
voids on a grain boundary [22,25,29]. The final shape of a void
within a grain depends on the balance between the elastic
energy stored in the solid and the surface energy. However, for
a grain boundary void this is determined by the difference in
elastic energy, surface and grain boundary energies [24]. The
primary healing mechanisms for voids within a grain boundary
are, lattice diffusion and surface diffusion. For spherical voids,
lattice diffusion is the dominant mechanism as surface
diffusion is fast and can be ignored [29].

Series and parallel operations have been considered for
modelling damage healing. An examination of models for void
shrinkage on a bond interface shows that parallel operations
have usually been considered. In parallel operations all possible
bonding mechanisms act independently in such a way that their
contribution to bonding can be added together to obtain the
total amount of bonding. In void growth models it is assumed
that interface and surface diffusion occur in series. In series
operations, depending on the values of surface diffusion and
grain boundary diffusion coefficients (Ds and Dy,
respectively), the rate controlling mechanism can be identified.
If Dy » Dg, surface diffusion is much faster than grain
boundary diffusion. This means that grain boundary diffusion
is rate controlling and surface diffusion can be ignored in
calculating the healing time. However, if Dy, > Ds (grain
boundary diffusion is much faster than surface diffusion),
surface diffusion is rate controlling, resulting in a convex
surface at the void tip and the moving of the sink point towards
the void surface [28].

In this paper, firstly the damage mechanisms and evolution
characteristics are introduced. Then, the damage healing of a
porous free cutting steel during a hot flat rolling process has
been studied using a UMAT subroutine incorporating damage
healing models. Effects of roll gap geometry factor (RGF) and
initial porosity size (void volume fraction) on porosity
elimination during rolling have been explored.

2. Damage mechanisms and evolution

Material failure is a result of heterogeneous micro processes
which undermine the mechanical properties of the material. A
solid is considered as damaged after losing some of its
microstructural bonds. Failure occurs more easily for materials
with micro-damage (process-induced or appear during
loading), including distributed microscopic cavities, voids, or
micro-cracks [30]. Damage healing can be regarded as a
reversed damage evolution process, therefore it is useful to
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briefly elucidate damage mechanisms before studying damage
healing. The process of ductile damage in metals is of greatest
interest here. Ductile damage evolves in a multistep process
involving several interactive and concurrent mechanisms —
void nucleation, growth, and coalescence, progress
simultaneously but at different rates (Fig. 2).

Grain boundary rupture
and coalescence

Void nucleation

Growth of an existing void

Fig. 2. Damage mechanisms.

Nucleation: In structural alloys there exist impurities such
as second-phase particles and inclusions. Cavities nucleate as a
result of fracture of these particles or decohesion of the particle-
matrix interface, during deformation [31]. Volume fraction and
size of particles highly affect void nucleation; greater particle
volume fractions and particle sizes speed up the nucleation
process. This is due to increased interactions between
secondary plastic zones of particles at high particle volume
fractions, also for large particles, the number of surrounding
dislocations increases, making the plastic relaxation easier
[31].

Growth: Nucleated cavities will grow with increase of
plastic deformation. The growth of an isolated cylindrical [32]
or spherical void [33] for a certain deformation state has been
investigated, indicating that void growth rate increases
exponentially with stress triaxiality. In addition, constitutive
equations for ductile materials containing voids have been
established using homogenization theory [16].

Coalescence: Micro-void coalescence occurs when a certain
critical condition for local plastic instability is fulfilled, that is,
the matrix between neighbouring voids is sufficiently thinned
down. This can usually be seen during necking. Coalescence is
normally a localised and non-homogeneous deformation
process. Prediction models for the onset and development of
coalescence have been proposed. Void coalescence has been
modelled by a heuristic approach which decreases the stress to
zero or accelerates the void growth to the situation of complete
loss of the stress carrying capacity. A proposed criterion for
coalescence onset, is that when void volume fraction, vvf,
which is a material-dependent constant, reaches a critical value
wfc [34]. Nevertheless, it is also argued that vvf; is a value that
varies with stress state and can be obtained from
micromechanically based models [35].

3. Damage healing modelling in a hot rolling process

Fig. 3 illustrates flat rolling geometries, for which start and
end work-piece cross-sections are rectangular. One important

parameter affecting the rolling force is the roll gap
geometry/shape factor (RGF). The stress regime in the work-
piece between the rollers is highly affected by this parameter
[36]. The RGF is defined as, RGF = L/Hm, where L and H,, are
obtained by L ~ (R(H-H>))"** and Hyn = (H\+H>)/2. Here R, is
the rollers radius, L is the projected arc of contact between roll
and work-piece, H; and H, are work-piece thickness before and
after passing through the rollers, respectively [36].

Hl

H2

H

1

Fig. 3. Schematic illustration of geometries in rolling.

The porosity elimination process during hot flat rolling has
been investigated, using a three-dimensional model of two rolls
and a billet; a schematic of the billet is shown in Fig. 4a. The
billet has a cross sectional area of 324 cm? (18x18 cm) and
length 0 49.649 cm. Since the billet has a symmetric geometry,
only a quarter of the billet has been modelled to save
computational time. The rolls have radius of 34.75 cm and
Hy/L=3.5.

In Fig. 4a, plane ‘acge’ is symmetric relative to the x axis
(Ux=URy = UR,=0) and plane ’cdhg’ is symmetric relative to
the y axis (Uy = URx = UR, = 0). The billet has a velocity of
4.49 cms™! in z direction. The velocity of the rollers in x, y, z
direction is zero. The angular velocity of the rollers are defined
as -0.1288 rad/s and 0.1288 rad/s. The rolls are 3D analytical
rigid bodies and are in contact (surface-to-surface contact) with
the billet. A ‘tangential behaviour’ for the contact surfaces was
defined using the penalty method. The friction coefficient
between the roll and the steel work-piece was taken to be 0.3
(the reduction in the product thickness occurs only if the shear
frictional stress is greater than a minimum value). Unless
otherwise stated, the default values in ABAQUS/Standard for
surface to surface contact were used for all other parameters
[37].
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Fig. 4. Illustration of the billet: (a) geometry model; (b) FE model; (c) variation
of vwf with time for GT model and healing model.

To study porosity elimination in the work-piece, only a
section of the billet has been given porous material properties,
as shown in Fig. 4b. A UMAT subroutine has been developed
for analysing material porosity elimination comprising the two
stages of void closure and healing [38,39]. The developed
UMAT subroutine uses the Gurson-Tvergaard (GT) model
under reverse loading to predict void closure [38]. As a result
of plastic compression the void volume fraction of the material,
wf, reduces to vvfe, the void volume fraction at which healing
is initiated. Further, the model proposed by Pilling [26] was
incorporated in the UMAT subroutine to predict healing time
[39]. The elimination of voids involves three processes. These
processes involve the collapse of the supporting contact area by
plastic deformation and creep, diffusion of atoms from grain
boundaries to the voids via both volume and interfacial paths
and surface diffusion or transfer of mass along the void surface.
The reverse GT and healing models have previously been
described in detail in [38,39], a schematic illustration of
evolution of void volume fraction vvf during healing is shown
in Fig. 4c, where £ is the time at which the void closes, #, is the

time required for healing.

The developed UMAT subroutine has been applied to the
porous section and a finer mesh has been used. The FE model
represents only one stand in a roughing stage. Fig. 4b represents
the block partitioning and the applied mesh. The work-piece
consists of a total of 3904 elements with 1464 elements in the
porous region. A mesh with 8-node linear brick, reduced
integration elements (C3D8R in ABAQUS terminology) was
used.

The non-porous section of the work-piece was modelled
using a von Mises yield surface equivalent to the GT model
with vvf'= 0. The initial void volume fraction of the porous
section was taken to be vf, = 0.006 and vvf. of 0.003 was
assumed. The experimentally obtained material properties for
free cutting steel (FCS) at 900 °C and € = 0.1 [40] were used.
The calibrated fitting parameters of the GT model, ¢ =2.0, ¢»
=1.25 and g3 = 4.0 under these values of void volume fraction
(wfo = 0.006 and vvfe= 0.003) were obtained for an average
triaxiality, 7= -0.5 [38].

4. Results and discussion
4.1. Void elimination during rolling

Fig. 5a shows the pressure distribution and evolution
throughout the work-piece as it is compressed through the
rollers. The compression may be sufficient at some positions in
the work-piece and therefore closure and healing may occur in
some parts. However, at some positions, the amount of
compression and plastic deformation may not be enough for a
closure state to be reached and healing may never occur. In Fig.
5b some of the elements have reached the closure state (vvf'=
wf. = 0.003) and started to heal. These elements are shown in
red. As the work-piece is rolled more elements experience
compression and the number of these element (shown in red)
increase.

It should be noted that in Fig. 5b, although some elements
(represented in red) have reached the closure state and have
started to heal, more time is required for these elements to heal
completely (vvf'=0). Since the stress state in the work-piece is
non-uniform, healing times are different for each element. To
have an approximate estimation of predicted healing time for
the studied case, three random elements were selected from the
model as shown in Fig. 6a. The change in vvf with time during
healing for these elements is shown in Fig. 6b. Predicted
healing times of 19.1 s, 23.6 s and 20.4 s for element A, B and
C, respectively, can be seen. The average healing time for all
closed elements (red elements in Fig. 5b) is 18.1s.

4.2. Effect of roll gap geometry factor on porosity closure

As mentioned in section 3, the stress regime within the
work-piece between the rolls is highly affected by roll gap
geometry/shape factor (RGF). For Hy/L > 4.8 (where Hy/L =
RGF™) all principal stresses are tensile, therefore representing
a regime of tensile triaxiality. For 1.8 < H/L <4.8, the vertical
principal stress is compressive, but all the other stresses are
tensile. For 1 < Hy/L < 1.8, the hydrostatic stress becomes
compressive [36]. Here the porosity closure has been
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investigated for a range of Hy/L values, with the understanding
that greater closure will enable greater healing; the trend with
H./L can be understood without simulating healing. To
compare the closure extent for different Hy/L cases, closure
percentage (defined as the ratio of number of closed elements
to total element number) has been obtained for H,/L values of
2.5,3.5,4.5,6.5 and 8.
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Fig. 5. (a) Pressure distribution along the billet (positive values represent
compression); (b) void elimination process (red represents elements that have
reached the closure state and started to heal).
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Fig. 6. (a) Elements selected for study of healing time; (b) vvf versus time for
element A, B, and C.

As illustrated in Fig. 7, closure percentage (% Closure)
increases as Hn/L decreases. Lower closure percentage is
obtained for Hy/L values of 6.5 and 8. This is because all
principal stresses and stress triaxiality are tensile for these
cases. The closure percentage is higher for H,,/L values of 2.5
and 3.5. As mentioned before, for 1.8 < H,/L < 4.8, the vertical
principal stress becomes compressive, therefore porosity
closure will be promoted at a greater rate. It is worth
mentioning that the value of v, is an assumption here; in real
cases the value of vvf, might be smaller and therefore the
closure percentage values could be different.

90
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60 -
50 1
40 1
30
20 1
10 1
0 A
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Fig. 7. Closure percentage obtained during rolling for different H,,/L values.
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4.3. Effect of initial porosity size on porosity closure

The porosity elimination in rolling is highly affected by the
amount of initial porosity present in the work-piece, or in other
words, the initial void volume fraction (vvf,). Higher values of
vvf,, require larger compression (larger reduction in work-piece
thickness) and also longer times. Fig. 8 compares the
percentage of closure of a billet with initial porosity values of
wfs =0.02 and vvf, = 0.03 rolled under the same conditions. As
is evident from this figure, for initial void volume fraction of
wfs = 0.02, the amount of compression has been sufficient to
produce a relatively high closure percentage of around 91%,
whereas for a slightly higher initial porosity of vvf, = 0.03, the
closure percentage is relatively smaller (~19 %).

100
90 | ‘ i
701 ST = wk=0.03
60 - ] i s L

40 : ¢
30 - ‘
20 - ? S,

3 L. ;
10 - ‘ e 3
e :

0 T T g T T ;

% Closure
~
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Fig. 8. Closure percentage versus time for two different values of initial
porosity vf,.

5. Conclusions

The developed UMAT subroutine incorporating damage
healing models has been applied to model the damage healing
of a steel work-piece during rolling. The effect of roll gap
geometry/shape factor (RGF = L/Hy,) on porosity elimination
during rolling was investigated. Generally, damage healing
increases as Hpn/L decreases. For Hn,/L > 4.8 all principal
stresses are tensile, representing a regime of tensile triaxiality
which leads to a lower amount of healing compared to cases of
1.8 < Hy/L < 4.8, when the vertical principal stress becomes
compressive and porosity closure occurs. The porosity closure
will be promoted at a greater rate for 1 < Hy/L < 1.8 as a result
of the compressive hydrostatic stress in this case. The effect of
initial void volume fraction on porosity elimination in rolling
was also investigated. It was observed that for larger initial void
volume (vvf,) fractions the amount of damage healing was
lower. This was due to the amount of compression for larger
values of vvf, not being sufficient at some locations in the work
piece, to reach the closure state.
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