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Abstract

Deep rolling is a surface modification technique based on the principle of rolling metal surfaces by plastic
deformation with the help of a rolling insert tip. In this technique, different rolling tools, such as ball and
roller, are used. In this study, a rolling tool compatible with existing tools was designed and used in deep
rolling of Al6061-T6 alloy. The effect of the rolling tip used on the surface was examined and evaluated.
For this purpose, three different rolling forces, feed rates, and spindle speeds were selected, and experiments
based on the L27 orthogonal design were carried out for the rolling process. The surface hardness of the
rolled surfaces was measured, and the effects of surface morphology and parameters on carbide mass on
the surface were examined. As a result, it was observed that carbide was observed in deep rolling with the
manufactured rolling insert tip, and thus, the microhardness increased. It was observed that carbide
increases in parallel with the increase in spindle speed and rolling force and decreases with the increase in
feed rate. It was also observed that the effects of the parameters on carbide mass are rolling force, spindle
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speed, and feed rate, respectively.
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1. Introduction

Deep rolling method is a surface modification processing
method used to correct the surface of metal parts after a
process such as turning, milling, grinding, honing,
lapping, ball rolling [1] or surface improvement by film
coating with different materials [2]. The method first
applied by Ford to axle shafts dates back to the 1930s [3].
In the method based on applying high pressure to the
turned or ground surface with the help of a device with a
rolling insert tip, very thin thickness stresses are formed
on the surface after the process. Through this method, the
micro peaks on the surface are subjected to plastic
deformation by being rolled with the pressing tool and
are compressed into micro valleys on the surface. The
basic mechanics of this method is explained by the
Hertzian theory [4] and is defined as the effect of the
surface pressure created between the workpiece and the
spherical ball tip in the contact area. As a result of the
applied surface pressure, the yield strength of the
material is exceeded, thus it causes residual stress on the
surfaces and deformations (hardening or softening) in the
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microstructure [3, 5, 6]. Studies on deep rolling continue
in many different ways, such as simulation of rolling[7],
analysis with the finite element method [8, 9], testing the
method in different working environments (e.g.
cryogenic) [10], analysis of the method with regression
methods [11], testing different rolling types [12, 13] and
examining the effect of rolling tools on the results [14]
etc. Results such as increased hardness, corrosion
resistance and fatigue life improvement have been
obtained with the compressive residual stress formed on
the surfaces after deep rolling [15, 16, 17]. With this
method, not only is good surface quality achieved, but
also the propagation of the fatigue crack is delayed by
residual compressive stresses [18]. With the effect of
deep rolling from the surface to the section, values close
to the depth values similar to nitriding, induction
hardening and laser hardening processes are obtained [3].
Deep rolling process has been applied to Al and its alloys
both on cylindrical surfaces by turning [19-25] and on
planar surfaces by milling [26-28] and the results have
been investigated. Deep rolling can be applied to soft
materials such as Al as well as to hard metals such as
Inconel steel [29]. Abrao et al. stated that the intensity of
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plastic stress under the surface increased with the
increase in rolling pressure and number of passes for
AISIT 1060 steel, and as a result, both the microhardness
value and the depth of the affected area increased [30].
Loh et al. determined that the surface hardness of
medium carbon steel increased by an average of 55%
after deep rolling using tungsten carbide balls [31].

Deep rolling can cause the formation of dislocation cell
structures [32], nanocrystals [33, 34], twinning or
martensitic transformations [33] depending on the
workpiece material type. When the surfaces from which
microhardness values are taken are examined, it is seen
that very different structures are formed within the same
region.

The temperature generated in deep rolling is one of the
most important criteria. Some studies have argued that
the main source of formations on the surface is
temperature [35, 8]. As a result of the surface undergoing
plastic deformation (with changes in parameters such as
feed rate, speed, etc.), temperature increases occur. In
addition, with parameters such as high feed rate, more
power (partially converted to heat in the ball-workpiece
contact area) is required in deep rolling [8]. In addition,
the increased heat caused by the wear mechanism causes
the structure to transform from ferrite to structures such
as pearlite or martensite. Accordingly, the increase in
temperature is an important parameter of the work
obtained in deep rolling. The temperature increases
occurring on the part have an effect on increasing the
work obtained thermodynamically. It has been stated that
as a result of the heat remaining on the workpiece longer,
phase transformations occur thermodynamically [36] and
accordingly, hardness increases. Similar to this idea, [30,
35] found that partial annealing, full annealing or
tempering occurred on the surface of carbon steels (AISI
1060) with the deep rolling process. In particular, it has
been stated that the rolling pressure and the number of
passes significantly increase the surface hardness [30].
On the other hand, as ferrite layers transform into pearlite
during heat transfer, it has been observed in the studies
that microhardness increases accordingly [36].

Another area of studies on deep rolling is the use and
evaluation of different types of tools as rolling tools. In
addition to the use of roller, ball, double roller rolling
tools [12], the effect of the rolling tool dimensions was
also investigated [37, 38]. It was observed that the best
Ra values and hardness values were obtained with the
ball type tool in the ball rolling of Al6061-T6 material
with different tip types [12].

When all these studies are evaluated, no study has been
found on the carbide formation, measurement and
analysis of the process parameters used in deep rolling.
In this study, the effect of the designed and manufactured
deep rolling tool tip on the surface obtained in deep
rolling was examined and its usability was investigated.

The effect of the parameters on the carbon ratios was
examined for each combination, and the use of the
parameters on the % carbide ratio was also analyzed in
pairs. It was discussed which parameter has the greatest
effect, to what extent it affects and what are the ideal
parameter values for obtaining the highest carbon ratio.
The relationships between the obtained surface
morphology and the parameters were also examined and
analyzed. In this respect, it is aimed to open a new and
different field for the studies on deep rolling in Al
materials and to contribute to the literature by developing
the subject.

2. Materials and Methods

As aresult of the previous study conducted on the subject
of this research [39, 40], it was determined that the rolling
force was 495 N, the feed rate was 0.12 mm/rev and the
spindle speed was 600 rpm as the most ideal parameter
for the lowest surface roughness. It was also determined
that the newly designed rolling tool was suitable for deep
rolling operations and could be used in rolling operations
on parts with conical, curved arcs and cylindrical
surfaces. It was established that the most effective
processing parameter on the Ra value was the feed rate
value.

In this study, which is a continuation of previous studies
[39, 40], SMARC brand CNC lathe was used for the
application of experiments, turning and deep rolling
operations. Due to the widespread use of the WNMG
standard insert type in turning applications, this insert
type was taken as a reference in the design and deep
rolling tools were manufactured in the dimensions of this
insert type. The inserts, whose design and manufacturing
stages were completed, were connected to the MWLNR
coded tool holders and the analyzes were completed by
performing experiments. The experimental flow diagram
related to the process is shown in Figure 1.
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Figure 1. Process flow diagram
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The type of insert produced and shown in Figure 1 is
attached to the tool holder and mounted on the CNC
turret with the tool holder designed and manufactured to
adjust the rolling force (Figure 2 a).

Pressure

—— adjustment bolt

Rolling
Insert

Detail A-A

@il
!

R1 Sphere —

4,76

u:/

Figure 2. a) Connecting apparatus b) Technical drawing
of the produced rolling tip ¢) Deep rolling process on the
CNC lathe and workpiece technical drawing

The rolling force was adjusted by tightening the pressure
adjustment spring length with the pressure adjustment
bolt (Figure 2 a). The spring length and the pressure
forces that can be obtained were determined by
considering the company spring tables [41]. Here, rather
than the precision of the rolling force, the application of
three different rolling forces at the same level is taken as
the basis. The technical drawing of the type of insert tip
produced is shown in Figure 2 b, and the technical
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drawing of the deep rolled workpiece with the process is
shown in Figure 2 c.

In deep rolling processes, Al 6061-T6 coded aluminum
material was used as the material type for experimental
applications. The chemical composition and mechanical
properties of AI6061-T6 material are shown in Table 1.

Table 1. Chemical
properties of A16061-T6
Chemical Content

composition and mechanical

Elements
Al Remaining Zn 0.25
Si 0.4-1.0 Cr 0.1
Cu 0.6-1.1 Fe 0.5
Mn 0.2-0.8 Ti 0.1
Mg 0.8-1.2 Other 0.15
Mechanical Properties
Temper T6
Yield Strength (MPa) min-max 240-270
Tensile Strength (MPa) min-max 260-310
Elongation (7.50) min-max 20
Hardness (brinel) min-max 95

In the experiments, Taguchi experimental design was
preferred for experimental design and statistical analysis.
In the experiments, L27 orthogonal array was used and
combinations were created. A total of three parameters
and accordingly 3 levels were determined for each
parameter. Table 2 shows the rolling parameters in the
deep rolling experiments.

Table 2. Process parameters and levels

Parameters Levell Level2 Level3
Rolling Force (N) 143 330 495
Feed (mm/dev) 0.04 0.08 0.12
Rpm (rp/m) 400 600 800
Pass Number 1
Rolling environment Oil

After using the rolling inserts in deep rolling, it is highly
probable that there will be a diffusion transition from the
rolling insert material to the main material due to the
friction between the deep rolled workpiece and the
rolling insert material. For this purpose, point and general
SEM-EDX analyses were performed to determine the C
element density on the surface of the main material
(Figures 3 and 4). In the SEM images exhibited in
Figures 3 and 4, it is seen that the pieces broken off from
the roller end are embedded in the main material by
diffusion as a result of the heat generated by friction. In
light of the data obtained after the EDX analysis, it is
determined that the C element transition from the rolling
tool tip to the main material was intense when the table
in Figure 4 is examined. It is observed that the C element
formed in the main material was intensely at the particle
level and embedded in the main material.
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Figure 3. Exposures taken from samples in EDX
analyses a) general mapping b) point regions

Considering the significant increase in the carbon
element ratio, it can be considered that Al-based carbide
phases are formed as stated in the literature. When
compared with our EDX results in the Al-C phase
diagram in Figure 5, they indicate Al and Al4Cs phases.

3. Results and Discussion

As seen in Table 1, there is no significant amount of C
element in A16061-T6 material. However, the C element,
which occurs as a result of the deep rolling process and
is found in very little amount in the chemical composition
of Al6061-T6 type aluminum (Table 1), can be formed as
a result of friction and heat generation or diffusion and
can form a hard layer on the surface. [45-47]. In other
words, the friction results in an increase in heat.
Aluminum reacts with the C element under high
temperature to form aluminum carbide (Al4C;) or
aluminum silicon carbide (AISiCs) [42]. In this case, two
possibilities can be considered as the reason for the high
C ratio. The first of these is that the very small amount of
C element in the A16061-T6 material and the C element
in the roller insert form carbide phases on the surface
with the heat generated by friction and thus affect the
surface properties. For the second possibility, it is
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thought that the high C element ratio that occurs is caused
by the diffusion from the rolling insert tool to the
workpiece material.

SEI  20kV WD14mm S544 10pm b
Element General %C Pointl % Point2 %
B 0.000 0.000 0.000
C 5.605 8.844 6.592
F 0.047 0.000 0.000
Al 92.386 86.035 92.022
Si 0.544 4.078 0.306
P 0.010 0.014 0.024
S 0.000 0.042 0.000
Ca 0.035 0.054 0.039
Ti 0.058 0.068 0.040
Mn 0.255 0.170 0.199
Fe 0.251 0.089 0.109
Co 0.040 0.040 0.046
Ni 0,054 0.082 0.065
Zn 0.194 0.302 0.232
Mo 0.172 0.010 0.090
\\% 0.349 0.171 0.236

Figure 4. A sample taken for general and point mapping
(17" experiment)
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Figure 5. Al-C phase diagram [44]
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In this study, since the surface processing study was
taken as the basis, phase transformations were not
examined, SEM-EDX was performed only to determine
whether there was a transition from the workpiece to the
main material. In the SEM-EDX results, it is estimated
from the carbon ratios in Figure 4 that there is a transition
from the rolling insert to the main material, which
contributes to the increase in the % C ratio on the surface.
Depending on the C ratio, based on the phase diagram in
Figure 5, it can be said that the possible carbide phases
that occur within the structure contribute to the increase
in microhardness. This result is already seen in the
literature studies mentioned above. The EDX analysis
and element ratios of the general mapping formed on the
surface after deep rolling for all experiments are given in
Table 3.

Table 3. C amount ratios and surface microhardness
values according to experiments

B &
° Z. s =
% % T E Microhardness % C
g 2 = & (Hvso) Ratio
-
a2
1 _ 004 158 0.034
2 S 008 163.53 0.045
3 0 165.26 0.018
4 004 154.8 0.088
5 % € 008 164.1 0.098
6 02 169.6 0.076
7 _ 004 162.73 3.099
8 S 008 163.7 4264
9 0.12 158.76 2.124
10 _ 004 164.46 2.285
11 S 008 173.26 221
12 02 164.86 2.123
13 0.04 151.8 7.86
14 2 2 008 165.66 5.45
on O
15 02 158.63 2.99
16 _ 004 167.13 7.47
17 S 008 155.9 5.605
18 0.12 160.7 3.82
19 _ 004 168.1 4.05
20 S 008 159.53 3.2
21 012 161.46 3.79
2 _ 004 165.4 11.48
23 & 2 008 174.7 5.756
24 0 164.96 5.88
25 _ 004 162.63 10.211
26 S 008 156.86 5.927
27 0.12 157.5 5.91

When all the process parameters in Table 3 are examined,
the relationship between the spindle speed and the C
(carbon) rate at all three rolling forces (143N, 330N and
495N) is as shown in Figure 6.
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Figure 6. Relationship graph between % C ratio
(carbide) and spindle speed a) 143 N b) 330 N ¢) 495 N

Here, when Figure 6 is examined, it is observed that the
increase in % C ratios is directly proportional to the
increase in rolling force. In addition, when Figure 6 a, b
and c are examined together, it is determined that the
same increase continues with the increase in the spindle
speed. However, although this increase occurs with a
significant difference between 400 rpm and 600 rpm, it is
seen that in the range of 600-800 rpm and especially
when 330 N (Figure 6 b) and 495 N (Figure 6 c) rolling
force is applied, it is seen that close % C (carbon) ratios
are formed in the horizontal trend. When the subject is
considered in terms of feed rate, the highest % C amount
is formed when the lowest feed rate is applied in all
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rolling force values. In addition, as seen in Figure 6 a,
carbide is formed at high spindle speeds in deep rolling
with low rolling force, and no carbide formation is
observed on the surface at low spindle speeds.
Considering this situation, it is thought that the % C ratio
changes due to friction and temperature increase, and the
increase in speed and temperature increases the % C
ratio. It is thought that if the feed rate is small, the contact
of the rolling insert with the surface of the part increases
over time and, accordingly, the heat increase due to
friction increases the % C ratio.

Considering the feed rate value in deep rolling, the graphs
in Figure 7 were obtained in the analysis of the results of
the % C ratio at the selected speeds.

495 N
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Figure 7. Relationship graph between % C ratio and feed
rate a) 143 N b) 330 N ¢) 495 N

When the graphs in Figure 7 are examined, it is seen that
the increase in feed rate at 400-600 rpm spindle speeds
does not have any effect on the % C ratio at low rolling
force values, but (Figure 7 a) an increase in the % C ratio
is observed at 800 rpm spindle speed. However, it is also
observed that the horizontal course does not change much
despite the increase in feed rate. It is thought that this
situation is due to the low rolling force of 143 N, the low
plastic deformation on the surface of the material as a
result of this value and the absence of major structural
changes, and the resultant heat generated as a result of
friction and wear mechanisms, and therefore, no increase
in the % C ratio. At high rolling force values (330-495 N)
(Figure 7 b and c), at low spindle speed (400 rpm), a
horizontal trend is observed in the % C ratio with the
increase in the feed rate, while at higher spindle speeds
(600-800 rpm), it is observed that the increase in the feed
rate causes a decrease in the % C ratio in an inversely
proportional manner. When the highest rolling force is
applied (495 N), it is observed that the % C ratios are
formed in a way that they are close to each other at the
feed values of 0.08-0.12 mm/rev. In addition, it is
observed that the % C ratio increases with the increase in
the rolling force as the spindle speed increases. Here, it is
seen that low spindle speeds do not bring any change with
the increase in feed (Figure 7 a). It is also seen that the %
C ratio has a decreasing trend from low feed values to
high feed values (Figure 7 b and c).

When the relationship between the rolling force and feed
values of the process parameters is evaluated together,
the graph in Figure 8 is obtained.
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Figure 8. Interaction of rolling force and feed rate with
% wt C.

When the Figure § graph is evaluated, it is seen that the
lowest % C ratio occurs under conditions where the feed
and rolling force are at their lowest. Here, as a basic
principle, it can be stated that when the % C ratio is
desired to be high, the feed values should be low and the
rolling force should be increased. If the feed rate is
selected at low values, the contact length at the insert-
workpiece interface in deep rolling on the surface
increases, and if the rolling force is selected at high
values, it has an effect on the plastic deformation on the
material surface in the sense that more material is forced.
As a combination of both cases, it is thought that the %
C ratio increases with the increase in the temperature in
the material.

The relationship between rolling force and speed, which
is another binary combination, is shown in the graph in
Figure 9.

Figure 9. Interaction of rolling force and spindle speed
with % wt C.

When the binary relationship graph in Figure 9 is
evaluated, it is seen that there is an increase in the C %
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rate with the increase in the number of spindle speeds and
the rolling force. Here, in parallel with the explanations
above, the increase in the contact time on the deep rolled
surface with the increase in the spindle speed and the
increase in the amount of material that undergoes plastic
deformation, the relative increase in temperature occurs
due to the formation of more friction as a result of both
increases, and thus the increase in the C % rate is thought
to occur. When the relationship between the spindle
speed and the progress is examined, the graph in Figure
10 is obtained.

8
O
H
R4
800
K
0o | S
<
0,04 S R
0,08 Ko F
ce 012 «
d Rate (mm /l’ev) R

Figure 10. Interaction of feed and spindle speed
relationship with % wt C.

When Figure 10 is examined, and when feed and spindle
speed are considered together, it is seen that the % C ratio
increases at low feed values and high spindle speeds.
However, here, unlike other binary interactions, it is seen
that there is a more horizontal relationship. Therefore, it
can be concluded that in order to create the desired effect
regarding the % C ratio, it will be more effective to make
changes to other relationships.

Considering all the analyses performed, the graph in
Figure 11 was obtained regarding the effect graphs of the
parameters.

Force (N) Feed Rate (mm/rev) Spindle Speed (rpm)

143 330 495 0,04 008 0712 400 600 800

Figure 11. Effect graph of parameters

As can be seen from Figure 11, the greatest effect on the
formation of % C is observed at the rolling force of 495
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N, the feed rate of 0.04 mm/rev and the spindle speed of
800 rpm. In addition, while the same direction (directly
proportional) effect is observed in the % C ratio with the
increase in rolling force and spindle speed, a trend in the
opposite direction is observed between the feed rate and
the % C ratio.

As a result of examining the relationship between the C%
ratio and process parameters, Variance Analysis
(ANOVA) was performed to determine whether the
parameters had an effect on the result and the amount of
effect in percentage, and the results in Table 4 were
obtained.

When Table 4 is examined, it is seen that the model has
a high level of reliability at 80.92. In addition, it is seen
that the significance levels (P Value) of all values in the
variance analysis are lower than the coefficient of 0.05.
This shows that all parameters have a significant effect
on % C ratio. When the effect degrees of the parameters
are examined, it is seen that the largest effect is in the
rolling force with 49.34%, in the spindle speed with
22.29% and in the feed value with 9.29%, respectively.
When the correlation between all parameters is
examined, the data in Table 5 are obtained.

As seen in Table 5, while there is a strong relationship
between C% ratio and the rolling force, this effect
remains at a moderate level in the spindle speed. In the
feed value, there is a correlation at the lowest value and
in the opposite direction.

Table 5. Correlation between results and parameters

—~ 8 [
¢ ¢ é&E
3 © = =
= & EE
Force (N) 0.722
Feed Rate(mm/rev) -0.296 0.000
Spindle speed (rpm)  0.530 -0.000 0.000

Table 4. Variance (ANOVA) analysis on % wt C

Here, it is thought that the rolling tool provides more
plastic deformation on the workpiece in direct proportion
to the increase in rolling force and increases the
temperature by increasing the friction force. It is thought
that the increase in friction caused by the temperature
increase and the diffusion of the tool into the material
increased the carbide formation. Different studies that
have obtained results such as partial annealing, full
annealing or tempering on the surface support this [30,
35]. Similarly, with the increase in the spindle speed, the
contact length of the tool on the workpiece per unit time
increases, which causes more friction and friction wear,
and an increase in temperature as well. This increases
carbide formation again.

When looking at the feed rate value, the tool contact time
and length decrease with the increase in feed rate, and the
tool diffuses into the material in less time. Thus, a
decrease in carbide formation occurs with the opposite
effect. Maximov defines the obtained work (" dA”e), the
work converted into heat (dA_Q”e) and the work
produced by the internal and external surface forces
required for the elastic and plastic deformation of the
workpiece, respectively (JdA_el |[+|dA_pl |), except for
the low-value environmental factors that do not have a
great effect on the result in deep rolling (Equation 3.1)
[36].

dA° = dAG + |dAg] + |dA,| G.1)
As can be seen from the formula, the work obtained is
defined as the work produced by elastic and plastic
change. Since the work obtained is a time-dependent
concept, the contact time and the amount of elastic and
plastic deformation gain importance in deep rolling. It is
seen that the increase in the rolling force affects the
elastic and plastic deformation, and since the speed and
feed values increase the time and the work produced
accordingly, they affect the cumulative work obtained
and cause an increase in heat. The increase in heat also
causes carbide formation.

The Summary of the Model

S R-sq R-sq(adj) PRESS R-sq(pred)

1.54110  80.392% 75.19% 86.5687 65.22%
Variance Analysis
Source DF Seq SS Impact Value Adj SS Adj MS F-Value P-Value
Force (N) 2 122.81 49.34% 122.81 61.403 25.85 0.000
Feed (mm/rev) 2 23.13 9.29% 23.13 11.563 4.87 0.019
Spindle speed (rpm) 2 55.49 22.29% 55.49 27.744 11.68 0.000
Error 20 47.50 19.08% 47.50 2.375
Total 26 248.92 100.00%
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4. Conclusion and Suggestions

The following conclusions were reached based on the
examination of the carbide formation on the surface as a
result of the deep rolling process performed with the
rolling insert designed and manufactured for the deep
rolling of Al6061-T6 material and the analyses made
between the parameters and the carbide ratio:

The images of the surfaces obtained as a result of
deep rolling were taken with an optical microscope at
200x magnification

In the images, it was seen that the structure was
homogeneously distributed in these images.

EDX analyzes of the deep rolled surfaces were
performed and it was seen that the highest elemental
change on the surfaces was in the % C (carbon) ratio.
It was seen that the feed rate and % C ratio values
were inversely proportional and the highest % C ratio
values were obtained at the lowest feed rates.

It was seen that there was a direct proportion between
the rolling force and the number of revolutions in
terms of the obtained % C ratio values

It was seen that the % C ratio increased with the
increase in the rolling force and number of
revolutions.

The temperature increase increases the % C ratio due
to the increase in the pressure on the material
undergoing plastic deformation together with the
increase in the contact length of the increase in the
number of revolutions and rolling force.

It is seen that the model obtained with the variance
analysis has a high level of reliability at a value of
80.92.

It is seen that all values in the variance analysis have
a significant effect on carbide formation.

The effect degrees of the process parameters in deep
rolling on carbon diffusion were found to be rolling
force with 49.34%, spindle speed with 22.29% and
feed rate with 9.29%, respectively.

It was found that rolling force and spindle speed were
directly proportional and positively affected, while
feed rate was inversely proportional and negatively
affected.

The following suggestions can be given for further
studies on deep rolling of A16061-T6 material:

e In order to obtain lower Ra values, research can be
conducted on the application and comparison of deep
rolling process in oily and oil-free environments.

e More intensive studies are needed on the examination

of surface and subsurface structure with XRD
analyses and SEM analyses, detection of phase
transformations (especially phases such as aluminum
carbide (AlsC;) and aluminum silicon carbide
(AISiC4)), and interaction with the subsurface.
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