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ABSTRACT

The article presents the applicability of 3D printing in casting. Even complex models produced by
3D printing can be effectively applied in the field of lost pattern casting. The process was realized
using Polycast and Pioneer investment powder (gypsum). Based on the measurement it is clear that
the size differences come from the printing technology. The minimum wall thickness cannot be less
than 0.8 mm, but there is inaccuracy under 2.1 mm when there is no infill section in the rib. More
contour lines can reduce the deformation and the inaccuracy.

Keywords: Lost pattern casting, Tin casting, 3D printed models

1. Introduction

Whether in the automotive or mechanical engineering industries, the development or small-scale
production of complex components such as gearboxes and other parts of the driveline must be fast
and efficient [1]. Precision casting using the conventional wax pattern used in the past has several
weaknesses in this regard. Because metal printing is still relatively immature today, most companies
still use wax-patterned [2] or plastic printed pattern for casting [3, 4]. In previous wax-patterned
precision casting, in many cases, the immediate production of the desired wax models was a problem
because it required expensive injection molding tools and wax presses.
These tools can be almost prohibitively expensive and time consuming when needed for small series

or upgrades, resulting in very high unit prices [5]. Today, wax pattern are being replaced widely by
pattern, which made by 3D-printing. Manufacturing plastic pattern with 3D printing is very simple,
accurate and fast. No tools are required as the printing process is based on the CAD data of the
part. The 3D printer produces the pattern by layer-by-layer construction method with excellent
repeatability and performance, no matter how complex the part itself. Constructions designs can go
beyond current manufacturing processes, and changes are extremely simple by resubmitting CAD
data [6, 7]. The casting method used in this research belongs to the lost pattern casting, within that
the casting was realized with gypsum mold.
Traditionally, a precision metal pattern is used for gypsum mold casting. Gypsum mold material

is poured, then after removing the pattern, the cavity of the product is formed. After the gypsum
mold has hardened, it is advisable to remove the residual moisture content from the mold by a
heat treatment. The resulting mold usually consists of two parts, because the undercut of the parts
requires the use of dividing planes [8]. The whole process is illustrated in Fig. 1.
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Figure 1. Plaster mould casting [8]

To avoid the parting line the accuracy can improve. Evaporative-pattern casting (lost-foam casting)
one of the solution to eliminate the parting line. This case the mold is produced by pouring the mold
material around the pattern. Then, the pattern evaporates by burning out and thus the mold cavity
is formed [9]. Fig. 2 illustrates lost pattern casting [8]. Moreover with lost pattern casting, it is
possible to cast more detailed and complex geometries, as it is much simpler and more cost-effective
to produce the pattern, and unlike casting into plain sand, there are no restrictions on the parting
line [10]. In this article, lost pattern casting was implemented using 3D printing, which combines
the benefits of additive manufacturing technology with casting.

2. Materials and methods

For the study, a FDM printer and “Polycast” brand filament were used. This material soften at
73 °C for casting and burn without residue at temperatures above 600 °C. The main properties and
the suggested printing parameters of Polycast are in Table 1.

Figure 2. Wax-based – lost pattern casting [8]
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Table 1. Polycast filament properties [11]

Property Typical Value
Density (ρ), [g/cm3] 1.1
Glass transition temperature (Tg), [°C] 70
Vicat softening temperature (Tv), [°C] 67
Young’s modulus (E), [MPa] 1 745
Tensile strength (Rm), [MPa] 35.7
Elongation at break (ε), [%] 6.9
Nozzle temperature (Tn), [°C] 220
Build plate temperature (Tp), [°C] 60
Printing speed (v), [m/s] 50

For printing a Prusa I3 MK3 MMU2S printer was used and 0.2 mm layer thickness has been set.
For printing temperatures and speed, the recommended values were used from the table (Table 1).
The infill percentage was the minimal 20%. In the present case, the mechanical properties were not
the key question, but minimal amount of material should be preferred. Thanks for this, the next
technology step is become much easier.
Pioneer investment powder (gypsum), Crystalline Silica CAS 14808-60-7 composition 70-80%, has

been used to create the mold [12]. The mouldable material was formed by mixing the powdered
material with water in a ratio of 2.5:1. The mold material can be molded for 10 minutes and then
solidified. After solidification, it is advisable to wait 24 hours for the already solidified material to
reach the desired strength.
SN99 (Table 2) was used to the raw-material of the casted parts, which contained 0.04% silver and

0.06% copper as impurities.

3. The developed casting process

The goal was to make parts with complex surfaces by casting. The selected sub-type casting was
the lost pattern method. The parts do not require support when printing because of the selected
casting technology. With this solution small burrs can avoid because there is no support removing
process. Not only just the mold can be created easier, but the accuracy and the surface quality are
also greater.
In principle, PLA plastic is also suitable for printing the form. However, it is advisable to use a

vacuum chamber during firing, as inappropriate conditions the PLA will not evaporate but will char
and burn on the mold cavity wall. This making the molded product inaccurate and contaminated
[14]. So the pattern has been made from Polycast filament material (Step #1). Polycast filament
material has the advantage of completely evaporating at T > 600 °C. This way the product will not
be contaminated and free of inclusions. The mold is made of Pioneer Investment Powder gypsum

Table 2. Tin properties [13]

Property Typical Value
Density (ρ), [g/cm3] 7.4
Tensile strength (Rm), [MPa] 22
Elongation at break (ε), [%] 41
Melting point (Tm), [°C] 227
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Figure 3. Casting error because of the rapid solidification

(Step #2), which has a high heat shock resistance. Due to its fine grain size, can be used to produce
accurate products. When preparing the mold, it is important to adhere to the mixing ratio (2.5:1),
otherwise a mixture of acceptable hardness will not be obtained and the mold may crack during firing.
The gypsum mold must be allowed to stand for 24 hours until it reaches the required strength. The
printed pattern was completely covered by casting gypsum.
It is advisable to place the crucible upside down in the oven so that the plastic that has become

liquid at the beginning can flow out from the mold (Step #3). As the furnace only heated up to
600 °C. Although the plastic completely evaporates at high temperatures, it initially becomes only
liquid. Based on our experience, to remove the liqiud plastic from the mold can gives better quality.
In this case, it takes less time to burn out the polymer. If we do not wait long enough for firing, it
will not evaporate completely and remains at the bottom of the mold.
The tin (SN99) has a good shape-filling ability and has a low shrinkage even after casting [15].

Particular care should be taken when casting liquid metal into a mold because the load of the flowing
metal can damage the fired surface of the mold. This can be eliminated primarily by proper design
and construction of the gating system and the right casting speed. Our case, the pouring cup is

Figure 4. The casting process
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made integral with the component. When preparing the sample, it is advisable to achieve the correct
orientation of the model. This was extremely important in the casting (Step #4), because after the
melting of the casting material, the surface of the bulk material solidified relatively quickly at room
temperature. Thus, during molding, the already frozen material leads to surface defects and uneven
filling. Fig. 3 shows the effect of the rapid solidification and the presence of impurities affect the
quality of the casting. After casting, the metal must be allowed to cool down (Step #5). Then the
gypsum mold can be completely washed out form the parts with high-pressure water (Step #6), so
that the molded sample is not damaged. Fig. 4 shows the implementation (Step #1 to Step #6),
from the design of the plastic model to the finished molded model.

4. Casting accuracy, technological limits

It can be seen in Fig. 4 that the construction of the relatively complex lattice structure was not an
obstacle either. One of the advantages of the method to be emphasized is that such a mold could
be difficult to implement when casting with a sand mold due to the undercuts. Next to the complex
shape there are two parameters which determine the casting possibility: one is the difference between
the pattern and the final product, the other is the minimum wall thickness.
To do evaluate these properties, a special specimen was designed. The pattern contains ribs

of different wall thicknesses, they were placed evenly distributed around the inlet opening. Thus
ensuring that the ribs of different wall thicknesses had an equal chance of filling and that the metal
could cool evenly in the mold cavity. The Fig. 5 illustrates the model and the finished casting.
It can be seen the finished piece that air bubbles trapped on the mold, which creates spikes

(marking with red in Fig. 5) of the casted part. The casted piece shows a larger burr at the bottom
(top in Fig. 5) of the ribs, the reason of this the printing technology. The adhesion has to increase
with the printing tray with the fitted skirt. If the skirt could not be completely removed the burrs
appear of the casted part also. Take account, if the skirt not removed completely, the metal parts

Figure 5. Specimen with ribs and the casted metal part
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become bigger. Most of the case, the metal can deburr much easier so with material removing the
casted part become in the tolerance zone. Apart from these, the sample is perfectly suitable for
carrying out the measurement, as neither inclusion nor other deformities were formed. After the first
sample, another sample has been manufactured with bigger rib thicknesses.
Each rib was measured on the 3D printed sample and on the casted piece as well. A digital caliper

was used at several points along the length of the rib. The wall thickness of the 1st rib is 0.5 mm,
then that of the subsequent ribs always increases by 0.1 mm. By measuring the individual ribs along
their length in several places, it was found that the shrinkage or casting direction during casting
did not adversely affect the dimensions, and the thicknesses have an acceptable tolerance within
the entire surface. By plotting the measured values graphically, the differences are striking and the
conclusions can be drawn more easily. The upper part of Fig. 6 shows the measured data. Based
on the diagram, it can be said that the difference between the dimensions of the printed sample and
the dimensions of the CAD model is larger than between the dimensions of the printed sample and
the casted part.

Figure 6. Measured data
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There is almost no difference between the printed sample and the cast part, only 10-20 µm dif-
ferences was recorded. This was the same as the range of the inaccuracy of the caliper. Thus, it
can be said that the lost pattern casting can be realized from a 3D printed pattern is functional and
can be carried out with high accuracy. Possible size problems are only comes from the inaccuracy
of the printing process. The lower part of Fig. 6 shows the overlap value for each rib, which is a
manufacturing feature, which involved in the next chapter.

5. Inaccuracy of FDM printing

Bigger difference only occurs for thinner walls (under 0.9 mm), which can be traced back to the
FDM printing technology. The 3D printer use a nozzle with 0.4 mm diameter hole which it extrudes
the plastic filament. Consequently, if the setting parameters are optimal, both the extruded and the
deposited fiber should be at least 0.4 mm thick (Fig. 7/a). Sometimes, because of the thin layer
thickness, the print head may deform the deposited fiber (Fig. 7/b) due to the narrow gap thickness,
so its width may increase. Also the overlapping fibers cannot be mixed together in this way either, as
they suffer from plastic deformation. Fig. 7/c shows the simplify real cross section with deformation
in case thin layer and overlapping of the extruded lines.
The material leaving the extruder will undergo a plastic deformation due to the pressure change,

so the diameter of the extruded material will not be the same as the diameter of the extruder, but
will be slightly wider [16]. The software tries to maintain the nominal size by printing adjacent
contour lines closer together, but this results a theoretical overlap within a layer and then smears

Figure 7. Cross section of the extruded lines a) nominal b) compressed c) deformed
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Figure 8. The generated toolpath

it in the plane of the printer head when the next layer is formed. Based on these phenomenon, the
given thickness of printed part can be only bigger than 0.4 mm.
But the thickness not only affected of extruded filament size but also the printing path. The created

surface model is opened in the printer’s slicing program and sliced with the usual parameters to show
the created toolpath. The generated toolpath is shown in Fig. 8. The FDM printing technology
always start to print the contour of the layer. In our case it was only one contour line (which is the
minimum), but in case of ribs that is means two printed filament next to each other (clearly seen
in Fig. 8 the rib 3-7). In reality, however, it first draw a given layer of parts with a contour line
and then infill the surface bounded by the contour line according to the infill pattern and density
percentage.
Since the infill pattern is not parallel to the contour lines, it does not apply that its size. So the

size can only be a multiple of the thickness of the contour line for thin walls. The part is at least
as thick or thicker than the contour lines, the part will be finished close to the nominal size. In the
present case, however, ribs numbered 1-3. have smaller thickness than the two contour lines together,
they cannot be thinner than 0.8 mm.
To understand more the size effect, the printed path was examined in more detailed. In the

present case, the contour line embodies the right and left sides of the ribs. When drawing the middle
cylindrical part, it begins to extrude one side by layer, then reaching the end of the rib, extruding
the outer surface of the rib by a perpendicular displacement and then extruding the other side of the
rib moving backwards. Even perpendicular displacement is small, at constant speed the volume also
constant, so the rib cannot be smaller (Fig. 7/c). The perpendicular displacement gives the overlap.
Overlap of 0 mm (the perpendicular displacement is 0.4 mm) means the two contour lines are right
next to each other, while an overlap with a negative value is a gap between the two contour lines.
This explains why there is such a difference between the curves at the beginning in Fig. 6.

Interestingly, rib 1. apparently consists of a single contour line, which would be logical, as its
nominal size is only 0.1 mm larger than the thickness of the contour line, but in order for the layer
to print continuously, the print head reaching the tip of the rib does not interrupt the extrusion with
a high-speed motion, but also extrudes the material backwards, barely moving in the perpendicular
direction. So in this case also two outer contour lines have been created.
From the measurement results, it can be seen that when printing the ribs, the duplex line results

in a thickness of at least 0.8 mm. In fact, when the tracks are printed so close together that the
material extends sideways. It can be observed that 1-5. for ribs, the software draws only the outer
contour lines with the extruder and starts extruding the inner contour lines only at rib 6, as it can
been seen .As the nozzle moves more and more between the two outer tracks, the thickness also
increases slightly. It can be seen in Fig. 8 that rib 5 (0.9 mm thick) develops a state where the

11
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printed contour fills the space so that it is nearly identical to the CAD model. Since the value of the
overlap is negative for this rib, no deformation per layer will occur, which explains the accuracy.
For ribs thicker than 0.9 mm but 1.2 mm thinner, outer contour lines and the inner contour lines

are also present. Three lines, two outer contours and one inner contour line, are drawn next to each
other. However, because the extruder can print a line at least 0.4 mm thick, it prints the inner
contour line on the outer contour line for a fill space of less than 0.4 mm. For this reason, the
same consequence occurs as for the previously mentioned thin ribs (up to a rib thickness of less than
0.9 mm). There is a further difference between the 1.2 and 1.7 mm thick ribs. But the 1.7 mm
thicker ribs are already approaching the nominal size and are made with the same inaccuracy. In the
case of ribs with a thickness of 1.7 mm, the effect of the adjacent lines extruded on each other is still
significant. However, for thicker wall thickness (1.8–2.0 mm ribs), this effect is less significant.
Thicker ribs create more contour lines, which reduces this error. This is because the outer contour

is created first, i.e. there is no shortage of space and the contour lines start to solidify in the correct
position. When the inner contour lines are printed, they squeeze the outer layer. When last contour
line is inserted (which fill the rest), the stiffer outer part can change the size much smaller. Actual
infilling (with pattern and density) can only be observed for the last two ribs. The size of these ribs
is also close to the nominal size, so it can be assumed that thicker ribs also have such accuracy. The
highest accuracy is achieved when the nominal size is a multiple of the extruded line or it is thicker
than 2.0 mm. The last two ribs no longer affected by this phenomenon, because there is infill inside
the rib. From this point, the accuracy of the printer will determine the actual size. The lower part
of Figure 6 shows the overlaps depend from perpendicular displacements. It is clear that the size
curves are broken when the printing strategy changes (marked with arrows). The slicing program
always tries to have more overlap (rib thicknesses of 0.5, 1, 1.3, and 1.8 mm), however, the volume
is still constant, so the wall thickness cannot actually decrease.

6. Conclusions

Metal printing is still extremely expensive these days, additive loss pattern casting is preferred in
practice as an alternative, low-cost solution. In this article, the feasibility study of Additive Loss
Pattern Metal Casting was presented. The Loss Pattern was made from Polycast filament sample
material, and the mold was made with special plaster (Pioneer Investment Powder). The casting
was formed by casting molten metal (SN99) into the mold cavity previously burn out the polymer
pattern and then removing the gypsum mold.
After establish the new casting process, a special specimen was designed to evaluate the accuracy.

The ribs of different wall thicknesses were printed from polymer and then the mold required to cast
the tin was made. We found that the dimensions of the printed and cast parts show a negligible
difference, while the dimensions of the CAD model already showed a more significant difference
compared to the printed part.
While exploring the causes, we found that the print path plays a key role in the error. Based on

these, the following was found when printing thin ribs:
– at least two contour lines are made in case of one rib, so the thickness of the rib must not be

less than 0.8 mm,
– the slicing program tries to compensate for dimensional errors by overlapping (smaller perpen-

dicular displacement), which is not a sufficiently efficient method,
– a rib consists of more contour lines, which lead smaller size error caused by printing,
– above 2.1 mm, where the infill already appear, the rib width error is depends on the accuracy

of the printer.
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ABSTRACT

In the present work, both symmetric and asymmetric rolling processes were investigated by means of
numerical approaches. From the algorithm presented, values of rolling pressure and sliding velocity
in the roll gap were determined. These variables allow the estimation of tribological parameters of
a given material. To determine the wear of the rolls and rolled materials the Archard’s law has
been employed. Results of numerical simulations show that the quantitative characteristics of the
wear reveal a slight change for slower roll. Whereas the wear value for the faster roll increases with
an increase of roll velocity ratio. It was found that for a given roll velocity ratio, rise of friction
coefficient causes insignificant change in the wear value for the slower roll, while this value tends to
decrease rapidly for the faster roll.

Keywords: Asymmetric rolling, Wear, Archard’s law, Al alloys, FEM simulation

1. Introduction

The industrial demand for flat product of metal and alloys is very high, which is basically obtained
by the process of rolling. The rolling procedure can be divided into cold and hot rolling depending on
the temperature maintained during the rolling process [1–3]. On the other hand, from the tribological
aspect, rolling can be divided into the following groups: rolling with lubricant and dry rolling [1, 2, 4].
However, while applying lubricants [1], the viscosity of the lubricants bears an important part in the
wear processes. From another point of view, the rolling process can be subdivided into two more
categories such as symmetric and asymmetric rolling depending on the rolling conditions. The more
common procedure is the symmetric rolling, where the relative velocities between the two rolls is
identical throughout the process. On the other hand, in case of asymmetric rolling the rolls have
different peripheral velocity. The advantage of using asymmetric rolling (ASR) over symmetric
rolling is that the material suffers significant shear deformation, which cannot be introduced by the
conventional rolling. At the same time, the disadvantage associated with the ASR is that the process
parameters depend on the peripheral velocities and there is a significant slip between the rolls and
the rolled material. It is possible to characterize the technique of ASR, in terms of roll velocity ratio
KV [5]:

KV =
Vmax

Vmin
, (1)

where, Vmax is the peripheral velocity of the roll with a higher velocity and Vmin is the peripheral
velocity of the roll with a lower velocity.

© ELTE, Faculty of Informatics, Savaria Institute of Technology, 2021
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It has been observed that, different models for determining the wear values for friction bodies are
described in the literature. One of them is the Archard’s law. This law is described by considering
the amount of loss in volume due to sliding contact between two materials [6]. However, there is a
modified form of the Archard-law [7] that deals with the pressure of contact instead of the original
model that focuses on considering the force between the contact surfaces. The modified Archard law
is given by Eq. (2), which has been used directly in Finite Element modeling to study the subject.

dh

dt
= k · p · |dv| (2)

In Eq. (2), dh/dt is the wear rate [mm/s]; k is the wear coefficient [mm3/Nm] which can be treated
as a material parameter; p is surface pressure between the bodies in contact at the point under test
[MPa] and dv stands for sliding velocity at the test point [mm/s].
The described relation is not applicable in the initial and very advanced stages of wear [8]. The

initial stage is the early short stage of wear, where small defects bulge out from the surface wear off, so
that the wear coefficient value is significantly higher than the wear coefficient values for the subsequent
stages. The Advanced stage is the step of the wear process where material fragments detached from
the worn surface have a significant abrasive effect. In the initial stage, the wear coefficient may be
several times higher than the values for the other stages of the process. The typical wear mechanism
for a “Block-on-Ring” type sliding contact is adhesive wear according to [1, 8].
The current contribution aims to study the dry cold rolling process. While using Eq. (1), it has

been considered that the radius and friction coefficient of the rolls are identical. Other parameters
under consideration are the roughness of the rolls and the plate [2]. The effect of surface roughness
is attributed in terms of the friction coefficient value, which is similar to the results presented in
literature [2]. In case of employing Eq. (2), the effect of initial wear stages has been neglected. On
the other hand, the advanced stage was assumed not to reach optimum stage of the wear process
during the whole lifetime of the rolls.

2. Material and method

2.1. Material parameters and modelling

In order to investigate the phenomenon of wear of roll cylinders during both symmetric and asym-
metric rolling, the commercially available Deform 2D finite element software [10] was employed. In
the FEM calculations, the following technological and material parameters were used:

– The rolls were considered as rigid bodies with the diameter of 150 mm.
– The angular velocities of the upper and lower rolls were change between 1.1-2.2 rad/s.
– The calculations were performed for asymmetric ratios KV ranging between 1-2.
– For the mechanical-strength parameters, the parameters of the material Al-6063 incorporated

in the DEFORM-2D software were used [10].
– The initial thickness of sheet was 2 mm, while the final was 1.5 mm.
– The friction coefficient was changed in range from 0.075 to 0.25.
– The wear coefficient for aluminum (Al-6063) was kAl = 1 · 10−5 mm3/Nm.
– The wear coefficient for aluminum changes in the range of kAl = (0.5−1.5)·10−5 mm3/Nm [8, 9].
– The wear coefficient for steel was kSt = 5 · 10−6 mm3/Nm [8].
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(a)

(b)

Figure 1. a) Partially deformed mesh for symmetric rolling (R=75 mm; ω=1.1 rad/s; hi=2 mm; hf=1.5 mm;
µ=0.15), b) Partially deformed mesh for asymmetric rolling (R=75 mm; ωb=1.1 rad/s; ωt=0.748 rad/s; hi=2 mm;

hf=1.5 mm; µ=0.15)

2.2. FEM modeling

The DEFORM 2D software was used to model the rolling process. The peripheral velocity and
friction coefficient of the rolls were varied for the different rolling simulations. In all cases, the initial
velocity was set to 1.1 rad/s. The modelling was done on a regular mesh of squares with equal time
steps. The constructed, partially deformed mesh is shown in Fig. 1/a and Fig. 1/b.

3. Results

In the simulations represented, the effect of friction coefficient and velocity ratio were investigated
for symmetrical and asymmetrical rolling with the same geometry. The model parameters are given
in Table 1.
In the FEM model, the surface pressure and the sliding velocity were extracted for the lower and

upper points of the plate at different time steps, and the wear value for the points was calculated by
employing Eq. (2). An example of data extracted for symmetric rolling is shown in Fig. 2/a. The
calculated

∫
p · |v| dt values for the different diagrams are signed by p. Fig. 2/a shows that in the

case of symmetric rolling, the pressure and the relative sliding velocity values between the two rolls
are nearly identical. The surface pressure at the inlet and outlet of the rolling gap is 0 MPa, with
the maximum value at the contact point corresponding to a sliding velocity of 0 mm/s. As shown in
Fig. 2/b, the increase in wear values is the same for the lower and upper points.
The extracted data for asymmetric rolling are presented in Fig. 3/a and Fig. 3/b shows that in

contrast to symmetric rolling, the two rolls do not experience the same pressure and sliding velocity,

Table 1. Technological parameters used for FEM modelling

Parameter Value
R, [mm] 75
ωb [rad/s] 1.1
hi [mm] 2
hf [mm] 1.5
µ [-] 0.15
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(a) (b)

Figure 2. a) Simulation results for symmetric rolling, b) Increase in wear value for symmetric rolling

(a) (b)

Figure 3. a) Simulation results for asymmetric rolling, b) Increase in wear value for asymmetric rolling

due to the different velocity of the rolls. The point of adhesion is formed only in the faster roll. The
slower roll develops more wear due to the higher sliding velocity.

3.1. Chagning the friction coefficient

The effect of the friction coefficient was investigated in the range µ = 0.075− 0.25 for the symmetric
and asymmetric cases. The geometric parameters of the test are given in Table 2. In the symmetrical
case, the peripheral velocities are the same, in the asymmetrical case, the peripheral velocity of the
lower roll is 0.748 rad/s.

Table 2. Parameters used for modelling

Deformation mode Parameter Value
SR ωt [rad/s] 1.1
ASR ωt [rad/s] 1.748
SR+ASR µ [-] 0.075-0.25

17



ENGINEERING AND IT SOLUTIONS II. 2021.

Table 3. Wear in symmetric rolling for
different friction coefficients

µ [-] ∆ht [nm] ∆hb [nm]
0.075 488.5 505
0.085 530 535
0.1 525 515
0.1125 487 476
0.125 515 520
0.1375 498.5 479
0.15 498.5 510
0.1625 460.5 505
0.175 427 436
0.1875 434 421
0.2 459.5 472
0.2125 515 451.5
0.225 600 535 Figure 4. Wear values for symmetrical rolling

For symmetrical rolling, the wear values for different friction factors are given in Table 3 and Fig. 4.
For asymmetric rolling the same values are given in Table 4 and Fig. 5.

Table 4. Wear in asymmetric rolling
for different friction coefficients

µ [-] ∆ht [nm] ∆hb [nm]
0.065 2915 444.5
0.07 2795 458
0.075 2545 398.5
0.1 2470 465.5
0.125 1865 445
0.15 1830 505
0.175 1755 515
0.2 1350 610
0.225 1010 790
0.25 930 750

Figure 5. Wear values for asymmetrical rolling

It can be concluded from Table 3 and Fig. 4 that in the case of symmetric rolling, the wear value
does not depend on the value of the friction coefficient. In the asymmetric case, as shown in Fig. 5
and Table 4, the wear value for the slower roll does not change significantly and the wear value for
the faster roll decreases significantly.
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For both rolls in symmetric rolling the following functions can be fitted to the wear values according
Eq. (3) and (4).

∆hV max(µ,KV = 1) = k(−12.14µ+ 100.67) (R2 = 0.682) (3)

∆hV min(µ,KV = 1) = k(−63.928µ+ 107.4) (R2 = 0.735) (4)

For asymmetric rolling the Eq. (5) and (6) can be used.

∆hV max(µ,KV = 1.5) = k(−2091.9µ+ 689.949) (R2 = 0.9652) (5)

∆hV min(µ,KV = 1.5) = k(356.02µ+ 55.07) (R2 = 0.821) (6)

3.2. Effect of roll velocity ratio

As in the previous study [5], the effect of roll velocity ratio on wear was investigated. The test results
are shown in Table 5 and Fig. 6. As shown in Fig. 6 and Table 5, when the velocity ratio is changed,
the wear on the slower roll does not change significantly, while the wear on the faster roll increases
substantially. The fitted functions for different velocity ratio are the Eq. (7) and (8):

∆hV max(µ = 0.15, KV ) = k(481.85KV − 368.92) (R2 = 0.9485) (7)

∆hV min(µ = 0.15, KV ) = k(17.141KV + 62.985) (R2 = 0.821) (8)

4. Summary

It has been observed that in symmetric rolling the effect of the friction coefficient on wear is negligible,
while in the asymmetric case the wear decreases with increasing the friction coefficient for the rolls
with higher velocity. In asymmetrically rolled materials, the wear coefficient does not affect the wear
behavior of rolls with lower velocity.
The effect of the velocity ratio was also examined. It has been reported that, with an increase

in the velocity ratio; there is a rise in the amount of wear on the faster roll and negligible on the
slower one. With further studies, the results can be extended to other geometries and materials. It
is important to mention that the analytical functions derived are based on results presented in the
current study are of approximative nature and reveal the trend of the wear involved in rolling process.

Table 5. Wear in asymmetric rolling
for different KV values

KV [-] ∆ht [nm] ∆hb [nm]
1.0 442 442
1.05 384.5 515
1.1 412 805
1.25 387 1265
1.5 450.5 2145
1.75 458 2465
2.0 497.5 2700

Figure 6. Wear values for different rolling velocities
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ABSTRACT

The evolution in the field of recrystallization related studies in FCC metals is summarized in this
paper. The process of recrystallization which is initiated by stored energy is provided by disloca-
tions. However, dislocations are introduced during the process of deformation, hence both aspects
are covered, as well as the kinetics of recrystallization is well elaborated. The key features of re-
crystallization: role of misorientations; deformation and recrystallization textures; are described and
most importantly recent issues on recrystallization of FCC metals are documented in this paper. The
final remarks contain the future aspects of studies in the field of recrystallization of materials with
FCC crystal structure.

Keywords: FCC metals, Recrystallization kinetics, Texture evolution

1. Introduction

In plastic deformation of metals, dislocations are introduced, and they play a very important role,
since the movement of dislocations causes lower deformation energy during the practical forming
process of metals compared to one is calculated theoretically for metals without the linear defects
[1]. It is possible to explain the mesoscopic changes involved in annealing by means of: nucleation,
recovery, recrystallization; that takes place in a metal during the process of annealing in terms of
edge dislocations [2].
Annealing is a very important step in the processing route of material. If the material is contin-

uously heated to a high temperature (annealed), thermally activated processes, such as solid-state
diffusion, induce mechanisms where the structural defects may be removed or alternatively arranged
in configurations of lower energy [3].
Fig. 1 summarizes the major stages of annealing. At the beginning of heat treatment, the point

defects are neutralised. The effect of annealing on dislocation is called polygonization as it is presented
in Fig. 2. Altogether step-1 to step-3 as described in Fig. 1 is known as recovery [4, 5].
Fig. 2 reveals recovery by polygonization of a bent crystal containing edge dislocations. The

phenomenon presented in Fig. 1 clearly shows that at the beginning (Fig. 2/a), the deformed metal
has dislocations of both positive and negative Burgers vector. With the rise of temperature (Fig. 2/b)
the dislocations of opposite signs (pair) annihilate each other leaving behind linear defects of only
one type. In annealing, these excess dislocations will arrange into the low-energy configurations in
the form of regular arrays or low angle grain boundaries (LAGBs) as it is shown in Fig. 2/c which
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Figure 1. Phenomenon involved in annealing of single-phase metals [3–5]

depicts the phenomenon called polygonization [1, 3]. As shown in Fig. 1, the material shifts towards
the process of primary recrystallization (RX) once recovery is over. Recrystallization of the deformed
microstructure is known as primary recrystallization to distinguish it from the process of abnormal
grain growth which may occur in fully recrystallized material and is sometimes termed as secondary
recrystallization, which is revealed by Fig. 3 [3].
It is possible to divide primary RX into two different procedures [3]: (i) Nucleation which corre-

sponds to the first appearance of new grains in the microstructure and (ii) growth during which the
new grains replace the deformed structure. The whole process of annealing can be sub-divided into
the following steps: a) deformed state, b) Recovery, c) nucleation of new grains, d) partial recrys-
tallization, d) complete recrystallization, e) grain growth and f) abnormal grain growth as shown in
Fig. 3.
As metals deformed by the slip mechanism, energy will be accumulated in the material in form of

linear defects. During annealing of the material, reduction of the stored energy can take place through
relatively slow recovery or by more rapid static recrystallization (SRX). Since recovery proceeds as
a continuous process, SRX is a discontinuous process [6].
The process of recrystallization is an extensive transformation phenomenon that is proved to be

important in efficient microstructure design. The importance of this process is enhanced due to its
capacity to control the structure and properties, specifically structure-sensitive properties of mate-
rials [7]. During recrystallization, the deformation in the grain caused by the thermo-mechanical

Figure 2. Schematics explaining the phenomenon of polygonization according to [4, 5]: a) Deformed state,
b) dislocation annihilation, c) Formation of dislocation walls
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Figure 3. Microstructural changes involved in annealing processes; a) Deformed state, b) Recovered,
c) Partially recrystallized, d) Fully recrystallized, e) Grain growth, f) Abnormal grain growth [3]

processing of the material is replaced by new defect-free grains. In short, the recrystallization phe-
nomenon is the corridor towards the development of desirable microstructure as well as the mechanical
character of materials [5].
The outcome of annealing process can be seen as the metallurgical changes that return the metal

to its pre-cold-worked state. The output of this process results in a reduction of the metal’s yield
and tensile strength and an increase in its ductility, enabling further cold working. For these changes
to occur, the metal must be heated above its recrystallization temperature. However, the recrys-
tallization temperature of a particular metal shows quite a strong composition dependence. The
microstructural changes occurring during annealing of a cold-worked metal cause the decrease of
stored energy due to plastic deformation. This energy fall is triggered by the mechanisms of rear-
rangement and annihilation of dislocations (Fig. 2) [7]. It is important to mention that, the factors
mentioned above have a direct effect on the recrystallization kinetics.
There is a vast body of experimental evidence and simulation techniques dealing with the structural

rearrangements involved in thermomechanical processing of metals. This contribution summarizes
the phenomena involved in annealing and analysis the numerical approaches describing the kinetics
of recrystallization.
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2. The kinetics of recrystallization

The phenomena summarized in Fig. 3 provide a clear picture under the umbrella of the kinetics of
recrystallization in terms of Johnson–Mehl Avrami and Kolmogorov (JMAK) equation [8–12]. The
qualitative statements on Recrystallization are summarised as laws of Recrystallization, given below
[8–14, 16]:

– A certain minimum amount of deformation is mandatory to initiate recrystallization process.
The deformation must be sufficient to provide a nucleus to begin recrystallization and to provide
the necessary driving force for its growth.

– The temperature at which recrystallization takes place decline as the annealing time increases.
The correlation between the recrystallization rate and the temperature is given by the Arrhenius
type relation.

– The temperature of recrystallization declines as the strain level is elevated. Causing both
nucleation and growth process to take place at a lower temperature in a more highly deformed
material.

– The size of recrystallized grain depends mainly on the amount of deformation, which is smaller
for heavy deformation. Along with that, the number of nuclei or the nucleation rate is much
affected by strain in comparison to the growth rate. Hence, a higher strain will provide more
nuclei/unit volume causing smaller final grain size. It has been summarized that, for a respec-
tive deformation level the recrystallization temperature will increase with: A larger starting
grain size. The grain boundaries are considered to be favoured sites for nucleation. Corre-
spondingly, it is clear that a large initial grain size provides fewer nucleation sites, which causes
a drop in nucleation rate. The cumulative effect lead either to a slower recrystallization or the
process takes place at higher temperatures.

At higher deformation temperatures, more recovery occurs during the deformation (dynamic
recovery), which causes lower stored energy than for a similar strain at a lower deformation
temperature. Along with the strain path history of the material, the spatial distribution of
orientation or grain orientation of the material must play a major role in controlling the rate
of recrystallization. The development of microstructure that can be inferred from the textural
rotations has an important bearing on the development of annealing textures in cubic metals [15].
On the other hand, recrystallization of different texture components will occur at different rates and
will inevitably lead to inhomogeneous recrystallization [14]. The recrystallization kinetics of both
copper and silicon-iron single crystals of various orientations, which had been cold rolled 80%, and
significant differences in rates of recrystallization has been observed in [16].

Table 1. Recrystallization of silicon–iron single crystals at 600 °C [16]

Initial orientation Final orientation Time for 50%
recrystallization [s]

Orientation after
recrystallization

{111} <112> {111} <112> 200 {110} <001>
{110} <001> {111} <112> 1 000 {110} <001>
{100} <001> {001} <210> 7 000 {001} <210>
{100} <011> {100} <011> No recrystallization {100} <011>

24



ENGINEERING AND IT SOLUTIONS II. 2021.

Brown and Hatherly (1970) [17] investigated the effect of orientation on the recrystallization ki-
netics of copper single crystals. In this experiment the FCC system had been rolled to a reduction
of 98.6% and it has been observed that the recrystallization time at 300 °C varied between 5 and
1000 min [17]. This is compared with a recrystallization time of 1 minute for a polycrystalline spec-
imen deformed to the same strain. Both {110} <112> and {110} <001> crystals developed similar
{110} <112> rolling textures, but due to the differences in the nature of the deformed structure,
the former recrystallized 50 times slower [3, 17]. Differences between the recrystallization kinetics
and textures of the single crystals and the reference polycrystal in the above investigation, serve to
highlight the importance of grain boundaries during recrystallization and show that care must be
taken in using data from single-crystal experiments to predict the behaviour of polycrystal [3, 18].
Table 1 depicts the variation of recrystallization rate with orientation significantly [16].
The polycrystalline system also reportedly shows differences in the texture formed after hot rolling

and annealing lead to differences in recrystallization kinetics when the material is cold rolled and
subsequently annealed [19]. The kinetics of recrystallization is classically addressed by the JMAK
relation; which shows a sigmoidal time dependence of recrystallization volume fraction [9–12]:

XV = 1− e−Btn . (1)

Here the XV is the fraction of recrystallized grains. The exponent n given by Avrami [12] on the
other hand is supposed to depend only on time for the nucleation and growth of recrystallization,
temperature independent in nature. In 1979, Sellars [20] reported that the exponent showed inde-
pendence to temperature and strain rate. If the rates of nucleation and growth remained constant
during recrystallization, under such condition n is equal to 4. It is reported by Avrami (1939) [12]
that when the rate of nucleation is not constant but rather a decreasing function of time the n varies
between 3 and 4, depending on the functional behaviour of nucleation rate.
Under the condition when grains are constrained either by the sample geometry or by some internal

microstructural constraint to grow only in one or two-dimensions, then the JMAK exponent are shown
in Table 2, which depicts how JMAK exponent varies depending on the growth geometry [3, 7, 12].
Fig. 4 is the pictorial representation of effect of JMAK exponents on recrystallization kinetics. It has
been observed, that the depending on the employed JMAK exponent time required for the complete
recrystallization varies.
In Eq. (1), term B is defined as:

B =
fṄĠ3

4
. (2)

Here, f is a shape factor, 4π/3 for the sphere. The two factors nucleation rate Ṅ and growth rate Ġ
controls the reaction kinetics [3, 7, 21]. It has been assumed that nuclei are formed at a rate:

Ṅ =
dN

dt
, (3)

where N is nuclei per unit volume during recrystallization. These recrystallization nuclei are the
crystallite growing in deformed or recovered material with low internal energy and are separated

Table 2. Ideal JMAK exponents [3, 7, 12]

Growth dimensionality Site saturation Constant nucleation rate
3-D 3 4
2-D 1 3
1-D 2 2
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Figure 4. Effect of JMAK exponent on time taken for full recrystallization

by high angle grain boundaries [3, 7, 22]. The growth of new grains is easily detectable during
recrystallization. The velocity (v) of a high angle grain boundary, is also defined as the growth
rate (Ġ):

v = Ġ = MP, (4)

where M is the mobility of boundary and P is the net pressure on the boundary. Now, if Pd is the
driving pressure for recrystallization, offered by dislocation density ρ that produces stored energy
Ed. In this case:

Pd = Ed = αρGb2, (5)

where α is constant of the order of 0.5 and b is the Burger’s vector [3, 21]. However, the mobility of
grain boundariesM is another important quantity is temperature dependent in nature and is usually
found to obey an Arrhenius type relationship of the form

M = Moe
−Q/RT . (6)

The slope of a plot of ln(M) or ln(v) (for constant P ), against 1/T , therefore, yields a value of
activation energy Q [3]. The mobility of high angle grain boundaries (HAGB) has a significant
relation with the process of recrystallization. It has been observed that during recrystallization of
cold-deformed materials, isothermal grain boundary migration rates has decrease with time [23].
HAGB shows orientation-dependent characteristics. For example, it been reported by Cook and
Richards (1940) [24] and Bowles and Boas (1948) [25] who found rapid growth of certain orientations

Table 3. Orientation dependency of HAGB as well as growth for some FCC metals [3, 27, 29]

Experimentally established results
Metal Reference

Rotation [°] Axis
35-45 <111> Al Liebman et al. (1956) [28]
38 <111> Cu Kronberg and Wilson (1949) [27]

36-42 <111> Pb Aust and Rutter (1959) [29]
23 <100> Al May and Erdmann (1959) [3]
19 <100> Cu Kronberg and Wilson (1949) [27]
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Figure 5. Fraction of recrystallized grains as a function of annealing time for mesoscopic transformations in which
temperature is held constant [5, 7, 9–12]

in copper, and Beck et al. (1950) [26] showed that in lightly rolled high purity aluminium, grains
with a misorientation of 40° about the <111> axis exhibited the largest growth rate. Along with
this, Kronberg and Wilson (1949) [27] who carried out recrystallization experiments on copper, found
that grains related to the deformed matrix by a rotation of 22°–38° about a common <111> axis,
and by 19° about a <111> axis grew most rapidly. The existence of certain orientation relationships
which are associated with a rapid growth rate for some FCC metals has been represented in Table 3.
The cumulative effect of all the parameters in Eq. (1) is pictorial represented in Fig. 5. The time

required for nucleation to take place and growth of new grains to begin is known as the incubation
period. Fig. 5 shows the kinetics of recrystallization (red line) which is a characteristic sigmoidal
curve. The rate of recrystallization increases after the incubation period and shows a linear behaviour
before slowing down [3]. On the other hand, nucleation rate (black line) increases with time and
achieves maximum, finally decreases, enhancing the process of recrystallization [3, 9–12]. The rate
of grain growth (blue line) also increases with time resulting in growth of the recrystallized grains
in correlation with Fig. 3. Fig. 5 summarizes the standard behaviour of nucleation, growth and

Figure 6. The changes of nucleation rate (Ṅ) with time for aluminium 5% deformed, annealed at 350 °C, a) Initial
grain size 45 mm (fine grain), b) initial grain size 130 mm (coarse grain) [14, 30]
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recrystallization for the metals annealed at constant temperature and a range of time variation [7].
The nucleation rate itself depends on various factors and the major factor is the size of the initial
grain, which can be clearly observed in Fig. 6.
The above two graph shows that depending on initial grain size the nucleation rate shows different

behavioural properties. On the other hand, grain growth has various range of dependency factors.
The migration of high angle boundaries is the basic mechanism operating during both recrystallization
and grain growth [30]. The main difference between them is that the driving force is related to
both phenomena. The driving force for grain growth, is the energy of the high angle boundaries,
whereas the main driving force for recrystallization is the stored energy, Ed described by Eq. (5).
The driving force falls with time during recrystallization, due to simultaneous recovery in the non-
recrystallized regions. However, the process of recovery and recrystallization is competitive and is
more pronounced in metals and alloys with both body centered cubic (BCC) crystal structure and
face centered cubic (FCC) crystal structure with high Staking fault energy (SFE) [7, 14, 30]. Not
only the strain heterogeneity but also the occurrence of recovery may lead to a decrease in the speed
of grain boundary migration during recrystallization as well as it can slow down the recrystallization
process, which can cause possible deviation in the JMAK equation as shown in Fig. 7 [7].
It can be observed from Fig. 7 that, how different level of deformation can have direct effect on

the growth rate of the grains as well as on overall process involved in evolution of stress-free grains.
Hence, it can be concluded that there are various factors that can affect nucleation and grain growth
and thereby recrystallization kinetics.
As well as there are various methodologies in modelling and simulation of recrystallization. Some

numerical formulations discussed in this contribution include continuum mechanical models and
discrete approaches such as Monte Carlo Potts models and cellular automata as well as vertex,
phase field and level set models [31]. However, the statistical models of primary recrystallization
are specifically the superposition model and the compromise model, which has been distinguished
by Bunge Kohl (1996) [32]. Both models can describe oriented nucleation, orientation dependence

Figure 7. Variation in growth rate in AA3000 Aluminum alloy annealed at 400 °C with 41% and deform 50%
deformation [7]
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of driving force, and misorientation dependence of boundary mobility. The superposition model
demands abundant nucleation, whereas the compromise model corresponds to sparse nucleation. On
the other hand, it has been observed that the statistical compromise model is able to explain the
most prominent texture types in cubic metals (both FCC & BCC) [32].

3. The importance of recrystallization and deformed texture

The grain orientations in polycrystal, are distributed with a certain preferred orientation. It has
been observed that, most of the materials exhibit with some exact pattern in the orientations. Along
with that there exists a tendency for the occurrence of particular orientations during crystallization
from a melt and as well as by consecutive thermomechanical processes. This tendency is known as
preferred orientation or, more precisely, texture. The importance of texture to materials holds in
the fact that, many material properties are texture specific [33]. In a similar manner, during the
process of recrystallization new texture evolves in the material which is different from the texture of
deformed state; these new textures reflect thermo- mechanical processing history of the work piece.
FCC metals like Cu, Au, Ag, Al are usually soft and ductile, which indicates that they can be

bent and shaped easily. On the other hand, these metals show comparatively lower strength. The
deformation textures of FCC metals are basically characterised by the stacking fault energy (SFE).
For high SFE metals like aluminium the corresponding textures are known as pure metal or copper
type rolling texture to separate it from textures evolved in low SFE value FCC metals. The influence
of SFE on texture evolution is explained in terms of mechanism involved in the process of deformation.
In case of metals with high to medium stacking fault energy the process of deformation is primarily
dominated by slip of dislocations [3, 33, 34]. The fundamental pure metal textures are given by the
Brass orientation {011} <112>, the Copper orientation {112} <111> and the S orientation {123}
<634> [34, 35]. However, for the crystallographic models with twinning as well as for conventional
models there are two types of rolling texture obtained; namely brass-type texture and the copper-
type texture which are experimentally observed as well [44]. Table 4 shows texture components and
fibers, which typically evolve in FCC metals during deformation.

Table 4. Texture components in rolled FCC metals [3]

Texture Component, symbol {hkl} <uvw> Φ1 [°] Φ2 [°] Φ3 [°]
Copper, C 112 111 90 35 45

S 123 634 59 37 63
Goss, G 011 100 0 45 90
Brass, B 011 211 35 45 90

Dillamore, D 4,4,11 11,11,8 90 27 45
Cube 001 100 0 0 0

Table 5. Fibers in rolled FCC metals [3, 33]

Fibre Common axis of orientation
α <011>//ND
β {h, 1, h+ 1} < h(h+1)

3/4−h ,
2h(h+1)
1/2−h ,

h2

h−3/4
+ 2h

h−1/2
>

Γ <111>//ND
θ <001>//ND
η <001>//RD
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The fiber as shown in Table 4 and 5 is a group of orientation with a common plane parallel to
the particular macroscopic axis. Due to crystal symmetry, it is possible that one fiber may appear
several times in the Euler space [33].
The range of recrystallization textures seen in FCC metals and alloys is much wider and more

complex than is the case of the corresponding deformation textures, and under many conditions, the
origin of the textures is still a matter of discussion. The formation of recrystallization texture is
characterised not only by the formation as well as movement of high angle grain boundaries, which
is accomplished by the process of nucleation and grain growth [3, 33, 34]. Along with that, there
are various other factors that may affect the recrystallization texture in FCC metals. For example,
we can discuss the effects of prior grain size, rolling reduction and annealing temperature. In case of
70:30 brass after annealing for 1 hour at 300 °C (low temperature) the texture of material cold rolled
with 92% reduction changed from the normal {236} <385> to {110} <110> as the prior grain size
increased, but the magnitude of the change was strain dependent and non-existent at 97% reduction.
Annealing at high temperatures (600 °C) led to a {113} <332> texture for small grain sized material
and high reductions. After low reductions the {110} and more general {110} orientations. The {110}
<112> texture was present to higher strain levels as the grain size increased. It seems to be a probable
case, that at high temperature {113} <332> texture involved grain growth, and in the 97% rolled
material, on the other hand when grain growth was limited by the specimen thickness and the short
annealing times, the texture was {236} <385>. For all grain sizes investigated (30-3000 µm) the
texture of heavily rolled material was {236} <385> after annealing at 300 °C, and {113} <332> for
600 °C annealing. These results illustrate the importance of grain growth effects on annealing textures
[3]. However, considering the fact of orientation growth it has been reported by Liebmann that the
growth of new grains during recrystallization is preferred in a particular orientation with respect
to the deformed matrix [28]. For pure aluminium the preferred orientation and highest mobility is
observed when, grain boundaries rotate with a relationship of approximately 40° about a <111>
axis [36]. Taking account of all the effecting factors discussed above most common recrystallization
texture in FCC system are listed below.
At the same time, it is one of the most striking features of recrystallization that the texture

produced by heavy deformation can be completely modified by recrystallization. There are at least
three different types of recrystallization texture known to be produced by recrystallization: a) at

Table 6. Texture components in rolled FCC metals [3]

Texture Component
and Miller indices {hkl} <uvw> Φ1 [°] Φ2 [°] Φ3 [°]

Cube 001 100 0 0 0
CubeRD 013 100 0 22 0
CubeND 001 310 22 0 0

Cube-twin (first generation) 122 212 27 48 27
Goss 011 100 0 45 0
BR 236 385 80 31 35

U (transition) 285 121 45 35 20
R 124 211 53 36 60
P 011 122 65 45 0
Q 013 231 45 15 10
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one extreme the deformation texture components can be essentially retained, b) in other cases the
texture can be strongly randomized and, finally, c) a component that is only a negligible fraction of
the deformation can become an overwhelmingly dominant feature of the recrystallization texture. It
has been observed that heavily cold rolled commercial pure Aluminium, containing a high density of
iron-rich constituents, can give a significant deformation texture while high-purity Aluminium can
give rise to a very strong new orientation, that of the cube {001} <100> [37].

4. Recent issues on recrystallization of FCC metals

From 1881, when Kalischer first acknowledged the phenomenon of recrystallization to the current
time a lot of progress has taken place in the field of studies of recrystallization [38]. This section
is focused on recent revelations done in the field of recrystallization of FCC metals. It is focused
mostly on thermomechanical treatment and microstructure control for the metals in interest.
It has been observed that high purity aluminium (>99.99% Al), copper (99.995% Cu), and nickel

(99.988% Ni) shows dominant recrystallization cube texture under the following conditions [39]:
– A cube substructure must be present in the deformed matrix of the heavily rolled material.
– This cube texture must play the role of recrystallization nuclei.
– This cube nuclei should grow rapidly by means of migration of high angle boundaries.
– It is possible for the cube grains to grow at the expense of the other small grains because of

the size effect, which makes the cube texture dominant and unique at the same time.
It has been observed that the strong cube texture can be obtained after the primary recrystallization
under the above conditions, but the size of cube grains can also be larger than those of other
grains. In this case, it is considered that the cube texture is strengthened by grain growth during
further annealing and becomes a dominant final texture with the help of surface effect. Along with
that, it is possible that some substructure with cube orientation has certain stability during the
process of rolling and can remain in the deformed matrix after heavy rolling. This shows higher
preference for the cube component in becoming recrystallization nuclei and growing in comparison
to other substructures. All these characteristics of cube texture are closely related to the condition
of crystallographic geometry in rolling deformation and lead to a final dominant cube texture [39].
The cube orientations are a finite, but very small component of the usual FCC rolling texture. On

recrystallization after suitable deformation, the minor cube component of the deformation texture in
some cases becomes the dominant part of the recrystallization texture. There are some observations
done about the dominating cube component, given as [3, 40]:

– The increase in cube texture is initiated by the enhancing the quantity of cube grains, as well
as by the decrease in their divergence from the perfect cube orientation.

– The cube grains tend to nucleate through deformation bands along the rolling direction.
– On average, each cube grain tends to split into seven misoriented bands throughout the pro-

cess of plane-strain compression. On the other hand, these grains tend to break into three
misoriented bands during plane-strain extrusion.

– Each grain with primary cube structure tends to give rise to at least one deformed cube band
while deformed. Which causes the spacing between cube structures to decrease in a predictable
manner with strain.

– The cube grains obtained in final texture enhances greatly in strength as prior strain was
increased [40].
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It has been documented that the β-fibre can be exactly described in the first, second and third
Euler subspaces by the analytical expression given below [41]:

{h, 1, h+ 1} <
h(h+ 1)

3/4− h
,
2h(h+ 1)

1/2− h
,

h2

h− 3/4
+

2h

h− 1/2
>, (7)

that describes the rolling texture in both pure metals and alloys of medium and high SFE with FCC
structure in spite of the varieties in the chemical composition and thermo-mechanical processing
parameters [41]. At the same time, asymmetric rolling of FCC metals like Al tend to provide a finer
recrystallized grain structure as compared to conventionally produced material. According to Sidor
and Kestens for High SFE FCC metals like Al the larger amount of accumulated strain leads to an
increased population of nuclei, which causes fine-grained structures [42].
It has been observed that strain mode applied in both hot and cold rolling processes significantly

affects the final recrystallization texture when experiment has been conducted on Aluminium alloy
of 6xxx series. The recrystallization textures produced in the Asymmetric Rolling process improve
the normal anisotropy, whereas the in-plane anisotropy does not benefit momentously from the
Asymmetric rolling process. Results of crystal plasticity calculations show that an improved normal
anisotropy in asymmetrically rolled sheets ensures an increased limiting drawing ratio, which is in
favour of enhanced formability [43].

5. Conclusions

Formation of recrystallization texture, in general, and FCC cube recrystallization texture, specifically,
is of considerable scientific and industrial interest. As the substitution of steel with light metals is an
effective way to reduce the weight of car bodies. FCC metals like Aluminium alloys are an attractive
candidate for automotive applications because of their favourable strength-to-weight ratio and high
corrosion resistance characteristic. However, the soft and ductile nature of FCC metals makes it
difficult to process during specific forming procedures.
It can be concluded that a large volume of scientific and technological knowledge has been accumu-

lated in the field of study. Although various scientific aspects still need further attention. Research
till the date in the field of analysis of recrystallization texture avails us with the knowledge of control
over the microstructure of metallic materials during its thermomechanical processing. Hence, using
the idea of texture control in various FCC mechanical properties of the respective metals can be
improved.
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ABSTRACT

Brake friction composite materials comprising varying proportions of natural (banana) and inorganic
(lapinus) fibers were designed, fabricated by compression moulding and characterized for sliding wear
performance. The sliding wear properties of the manufactured friction composites have been studied
by the Taguchi method. An orthogonal array (L16) was used to investigate the influence of sliding
wear parameters. A series of tests were conducted on a pin-on-disc machine by considering four
control parameters: composition, normal load, sliding velocity, and sliding distance, each having four
levels. The results showed that the wear in terms of weight loss decreases with increasing banana
fiber and increases with increasing lapinus fiber, normal load, sliding velocity and sliding distance.
The results indicate that the normal load emerges as the most significant control parameter affecting
wear performance, followed by sliding distance and sliding velocity.

Keywords: Sliding wear, Friction composite, Natural fiber, Taguchi

1. Introduction

Composite friction materials are widely used for automotive braking applications. Friction composites
contain more than twenty components (classified as space fillers, binders, reinforcing fibers and
friction modifiers), which work together to produce a high and stable friction coefficient and low wear
over a wide range of operating conditions [1, 2]. Literature related to the role of various reinforcing
fibers, space fillers, binders, property modifiers and nanofillers is widely reported [3–7]. Similarly,
optimization of friction materials using decision-making models and several soft computing-based
techniques are reported to optimize friction composites [8]. Among various components, fibrous
reinforcements: such as organic fibers, inorganic fibers, metallic fibers, and their combinations, have
been found to play an important role as they reinforce composites during production and also help
in the formation of topographical features which help in the increment of tribological properties [9].
These fibers are synthetic and display many drawbacks, including non-recyclability, higher cost and
energy consumption. Moreover, the wear particles generated during the braking also contain several
hazardous elements that threaten the environment. In addition, the wear particles released during
braking reported containing a few hazardous components which previously demonstrated danger to
the environment [10]. Nowadays, natural fibers are extensively used in many applications and can
be proved a potential candidate for friction composites because of various beneficial characteristics,
including biodegradability [11–14]. Lapinus fiber is an inorganic mineral and contains a significant
quantity of silica, alumina, calcium oxide, and magnesium oxide [15]. Lapinus fiber has high thermal
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Table 1. Ingredients and designation

Composition [wt.%]
Composite designation

BL-1 BL-2 BL-3 BL-4
Base composition* 70 70 70 70
Banana fiber 2.5 5 7.5 10
Lapinus fiber 27.5 25 22.5 20
* Graphite=5 wt.%, Barium sulphate=50 wt.%,
Phenolic resin=15 wt.%

stability and has improved the tribological characteristics of brake friction materials under a wide
range of operating conditions [15, 16]. Therefore, the effect of natural fiber in combination with
inorganic fiber on wear performance of brake friction composite was assessed and reported in this
article.

2. Experimental details

2.1. Materials and fabrication

The friction composites used in the present study consists of phenolic resin, banana fiber, lapinus
fiber, barium sulphate and graphite amounting to 100% by weight were fabricated. Detailed de-
scriptions for each manufacturing condition are briefly reported elsewhere [11, 12]. Specimen of size
20 mm x 10 mm x 10 mm were cut from the fabricated friction composites for this research work.

2.2. Sliding wear test

The wear performance of the manufactured friction composites was studied using a pin-on-disc ma-
chine (DUCOM) as per ASTM G 99 [17]. A series of tests are conducted with selected operating
conditions of load, velocity and distance. The material loss from the composite surface before, and
after testing was measured and the wear in terms of weight loss (∆w) was reported using Eq. (1):

∆w = wi − wf , (1)

where wi and wf were the sample weight before after testing.

2.3. Taguchi based experimental design

The experimental design was created in order to see how introducing control elements affected the
method’s outcomes. Taguchi is a method for designing experiments to obtain data in a controlled
mode while optimizing the task using certain variables. It is a straightforward and methodical
strategy of optimizing design for quality, cost, and performance and is widely utilized in industrial,
management, and research applications [18–20]. This procedure entails a series of tests to determine
the appropriate parameters for low wear and friction characteristics. The output is estimated for all
collections of the evaluated levels of a factor in the Taguchi technique. This method can be used to
investigate input variables by determining the significant components that influence the outcome. In
addition, the investigation may offer the best set of these factors [18]. The method used orthogonal
array design to reduce the number of experiments [19]. In this study, the L16 orthogonal array was
constructed using the Taguchi technique to study the influence of selected operating parameters on
the wear performance of the manufactured friction composites. Minitab® 17 was used to create
a mathematical model and find the best conditions for minimizing sliding wear. There were 16
experimental runs with four control factors at four levels. The sliding wear tests on the composites
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Table 2. Control parameters and levels used in the experiment

Control parameters
Levels

I II III IV
A: Composition [wt.%] BL-1 BL-2 BL-3 BL-4
B: Normal load [N] 25 50 75 100
C: Sliding velocity [m/s] 1.5 3 4.5 6
D: Sliding distance [m] 1 000 2 000 3 000 4 000

are carried out under different operating conditions considering four control parameters, composition,
sliding velocity, normal load and sliding distance each at four levels as listed in Table 2. After that,
signal-to-noise ratio (SNR) analysis of the obtained experimental results was carried out to determine
the optimal combination of control parameters resulting in lower wear. There are three types, namely
higher-the-better, lower-the-better and nominal-the-better, applicable for SNR analysis. In the study
of friction composites, one of the most important targets is identifying the combination of control
parameters under which minimum wear would occur. Therefore, lower-the-better analysis was used
in this study and SNR was calculated using Eq. (2) [18–20].

SNR = −10log
1

α

∑
β2, (2)

where α is number of tests, and β is the weight loss. Following SNR analysis, the effictiveness of
each control parameter on wear performance was evaluated in terms of contribution ratio using using
following steps [20]:

Step #1: The overall SNR mean (SNR) is computed as:

SNR =
1

16

16∑
α=1

(SNR). (3)

Step #2: In this step level mean of SNR (ω) for each control parameter was computed as:

ωi =
1

4

4∑
j=1

(SNR)ij, (4)

where i is the control parameter and j means the corresponding level.

Step #3: In this step sum of square value (ω) for each control parameter was determine using
variations of ωi with respect to SNR as:

ωi =
5∑

J=1

(ωi − SNR)2. (5)

For all control parameter it can be determined as:

ω =
4∑
i=1

(ωi − SNR)2. (6)

Step #4: Finally the contribution ratio (∆i) for each control parameter was determine using following
equation:

∆i =
ωi
ω

100. (7)
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The overall mean (SNR) for the conducted 16 experiments was determined using Eq. (3) and found
to be 43.68 dB. The level mean of SNR (ω) values for each control parameter are computed by using
Eq. (4). For composition, the ω value determined as:

ω(composition, BL-1) =
1

4
[51.70 + 42.82 + 32.43 + 26.86] = 38.45, (8)

ω(composition, BL-2) =
1

4
[49.44 + 48.60 + 50.12 + 32.63] = 45.20, (9)

ω(composition, BL-3) =
1

4
[44.72 + 37.10 + 49.05 + 45.45] = 44.08, (10)

ω(composition, BL-1) =
1

4
[47.89 + 51.90 + 47.68 + 40.54] = 47.00. (11)

Similarly for sliding distance value computed as:

ω(sliding distance, 1 000 m) =
1

4
[51.70 + 50.12 + 45.45 + 51.90] = 49.79, (12)

ω(sliding distance, 2 000 m) =
1

4
[42.82 + 32.63 + 49.05 + 47.89] = 43.10, (13)

ω(sliding distance, 3 000 m) =
1

4
[32.43 + 49.44 + 37.10 + 40.54] = 39.88, (14)

ω(sliding distance, 4 000 m) =
1

4
[26.86 + 48.60 + 44.72 + 47.68] = 41.97. (15)

For individual control parameter the value determined using Eq. (5) as follows:

ωcomposition = [(38.45−43.68)2 + (45.20−43.68)2 + (44.08−43.68)2 + (47.00−43.68)2] = 40.85. (16)

Similarly for sliding distance it can be determined as:

ωsl.dist. = [(49.79− 43.68)2 + (43.10− 43.68)2 + (39.88− 43.68)2 + (41− 97− 43− 68)2] = 55.03. (17)

For all control parameters ωi value can be determined using Eq. (6) as:

ω = [ωcomposition + ωnormal load + ωsliding velocity + ωsliding distance], (18)

ω = [40.85 + 79.44 + 42.37 + 55.03] = 217.69. (19)

Finally the ∆i value for contribution ratio of each control parameter was computed using Eq. (7) as:

∆(composition) =
40.85

217.69
· 100 = 18.77%. (20)

Similarly for sliding distance ∆i value computed as:

∆(sliding distance) =
55− 03

217.69
· 100 = 25.28%. (21)

The mean of means value was the average wear value for each level of each control parameter. For
example, in Table 3, the mean of means value for level I (BL-1) of control parameter A is obtained
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Table 3. Experimental design and wear results with corresponding SNR

Test run A B C D Wear [g] SNR [dB]
1 BL-1 25 1.5 1 000 0.00260 51.70
2 BL-1 50 3.0 2 000 0.00722 42.82
3 BL-1 75 4.5 3 000 0.02390 32.43
4 BL-1 100 6.0 4 000 0.04540 26.86
5 BL-2 25 3.0 3 000 0.00337 49.44
6 BL-2 50 1.5 4 000 0.00371 48.60
7 BL-2 75 6.0 1 000 0.00312 50.12
8 BL-2 100 4.5 2 000 0.02335 32.63
9 BL-3 25 4.5 4 000 0.00581 44.72
10 BL-3 50 6.0 3 000 0.01397 37.10
11 BL-3 75 1.5 2 000 0.00353 49.05
12 BL-3 100 3.0 1 000 0.00534 45.45
13 BL-4 25 6.0 2 000 0.00403 47.89
14 BL-4 50 4.5 1 000 0.00254 51.90
15 BL-4 75 3.0 4 000 0.00413 47.68
16 BL-4 100 1.5 3 000 0.00938 40.55

by calculating the average of wear responses of test run 1, 2, 3 and 4, which all involve BL-1 level of
composition (see Table 3):

Mean of means for BL-1 =
0.0026 + 0.00722 + 0.0239 + 0.0454

4
= 0.01978, (22)

Mean of means for BL-4 =
0.00403 + 0.00254 + 0.00413 + 0.00938

4
= 0.00502. (23)

Similarly, the mean of means value for level IV (4 000 m) of sliding distance is obtained by calculating
the average of wear responses of test run 4, 6, 9 and 15 as:

Mean of means for 4 000 m =
0.0454 + 0.00371 + 0.00581 + 0.00413

4
= 0.01476. (24)

3. Results

The experimental results were analyzed using the Taguchi method, and the combination of control
parameters and the most significant parameter affecting manufactured composite wear are identified.
Table 3 shows that the change in composition, normal load, sliding velocity, and sliding distance much
influenced the wear. Generally, the lowest weight loss of 0.00254 g was observed for composite BL-4
at 50 N normal load, 4.5 m/s sliding velocity and 1 000 m distance. The highest weight loss was
observed for composite BL-1 at 100 N load, 6 m/s sliding speed with 4 000 m distance, and the
order of 0.0454 g. It has been known that the highest SNR level is the optimal level for the control
parameter. From Fig. 1, the optimal combination of the control parameter for wear is determined
as A4 (BL-4 composition), B1 (25 N normal load), C1 (1.5 m/s sliding velocity) and D1 (1 000 m
sliding distance). The corresponding plot for mean of means for wear is presented in Fig. 2. From
the Fig. 1 and Fig. 2, it can be observed that the SNR response of wear increases (Fig. 1) with
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Figure 1. Main effect plot for mean of SNR

the inclusion of increased banan fiber content with corresponding decrease in lapinus fiber content,
implying that the means (Fig. 2) of wear decrease. From Fig. 1, it can observed that SNR response
decreases with increase in normal load, sliding distance and sliding velocity values. This decrease in
SNR indicating that the wear of the composites increases gradually with an increase in normal load,
sliding velocity and sliding distance. The wear observed decreased with increasing soft, i.e. banana
fiber, and increased with hard lapinus fiber. For BL-1 composite, the amount of soft fiber is low

Figure 2. Main effect plot for mean of means
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Table 4. Contribution ratio results

Control Parameter SNR ωi ω ∆i

Composition [wt.%]

43.68

40.85

217.69

18.77
Normal load [N] 79.44 36.49
Sliding velocity [m/s] 42.37 19.46
Sliding distance [m] 55.03 25.28

(2.5 wt.%), while the higher amount of hard ingredients (nearly 27.5 wt.%) easily detached from the
composite surface due to frictional heat generated during sliding resulted in increased wear. While
in the case of BL-4 composite having nearly 20 wt.% of lapinus fiber, a higher amount of soft banana
fiber (10 wt.%) was exposed on the surface that helps in reducing the wear of the composites [15]. The
obtained trend for SNR and the mean of means graph are correlated to how they are calculated. The
mean of means value was the average wear value for each level of each control parameter. Whereas the
SNR is calculated using Fig. 2. In the Taguchi approach, a measure of robustness is used to identify
control parameters that reduce variability in a process by minimizing the effects of uncontrollable
factors such as noise that cannot be controlled during product design. The fluctuations in the SNR
represent the experimental variation/error due to uncontrolled noise. Using the Taguchi approach,
one can handle noise factors and determine the optimal parameter settings that minimize the effects
of the noise [21].
Further the effectiveness of control parameters was analyzed in terms of contribution ratio as

described in Table 4 and presented in Eq. (8-21). The order of the parametric usefulness for wear
was normal load > sliding distance > sliding velocity > composition. The result reveals that normal
load has the most dominant influence on wear with a percentage contribution of 36.49%, followed by
sliding distance and sliding velocity with 25.28% and 19.46%, respectively. While composition has
the lowest influence with a percent contribution of 18.77%.

4. Conclusions

Dry sliding wear response of banana and lapinus fiber reinforced brake friction composite materials
under varying conditions of load, sliding velocity and sliding distance was successfully analyzed
using Taguchi’s experimental design method on a pin-on-disc machine. Results revealed that the
composition of 10 wt.% banana fiber, 20 wt.% of lapinus fiber at 25 N load, 1.5 m/s sliding velocity
and 1 000 m of sliding distance exhibit the lowest wear. It was also concluded that normal load
primarily influences wear with a contribution of 36.49%, followed by sliding distance and sliding
velocity with 25.28% and 19.46%, respectively. While composition have a minor influence on wear
with a contribution of 18.77%.
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