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ABSTRACT

The presented study investigated for the first time the pre-turning performance before the 
diamond burnishing of AISI 4340 hardened steel under various cutting speeds, feed values, 
and cutting depths at flood cooling cutting conditions. Multi-objective optimization was con-
ducted to obtain an effective pre-turning process regarding total cost and surface character-
istics. The results showed that the pre-turning parameters must be optimized to benefit from 
diamond burnishing effectively. It was also observed that the diamond burnishing could have 
been more influential on pre-turned specimens with high surface roughness. Under the bohr-
oil-added flood-cutting conditions, the average surface roughness and maximum roughness 
depth improved by 63.4% and 48.5%, respectively. The most influential parameters for average 
surface roughness and maximum roughness depth were the feed values with 98.2% and 99.3% 
contribution ratios, respectively. The Bees algorithm optimized the pre-turning parameters in 
terms of output parameters. The optimum cutting speed, feed values, and cutting depth levels 
are 264 m/min, 0.1325 mm/rev, and 0.55 mm, respectively.
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INTRODUCTION

The interest in finishing processes is increasing to im-
prove surface integrity and precisely manufacture parts. 
Conventional finishing processes such as grinding, honing, 
and lapping are widely used in applications that require 
superior surface quality and dimensional accuracy. Roller 
burnishing (EP) has recently been considered the efficient 
solution in cases where surface integrity criteria such as 
surface roughness, compressive residual stresses, and sur-
face microhardness are essential [1]. Also, roller burnishing 
is a remarkable process for increasing fatigue strength as it 
generates compressive residual stresses on the surface [2]. 
This process is performed by a burnishing tool with one or 

more balls contacting the surface of the workpiece. The bur-
nishing tool or workpiece rotates at a certain speed in the 
burnishing process. As the tool moves forward, the balls try 
to burnish the surface by pressing the rough peeks into the 
micro-gaps. Besides the outer diameters or outer surfaces, 
the inner diameters of materials with holes inside can also 
be burnished [3, 4]. Burnishing has significant potential 
to improve the surface integrity, cost efficiency, and over-
all quality of products. Burnishing is commonly applied to 
rotating components that require high-quality standards, 
such as automotive crankshafts, bearing parts, and axles 
[5]. In the literature, the roller burnishing method appears 
in different forms. Some are roller burnishing [6], ball bur-
nishing [7], deep rolling [8], and diamond burnishing [5].
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Diamond burnishing is one of the most popular chip-
free finishing processes in recent years [9]. Diamond bur-
nishing can modify the surface of materials up to approx-
imately 60 HRC hardness without removing chips. It is a 
process in which the diamond tip presses the material's sur-
face, forcing plastic deformation. A hard layer is obtained 
on the surface due to the strain hardening during plastic 
deformation. Diamond burnishing makes it possible to 
manufacture parts with low surface roughness and higher 
surface microhardness compared. The diamond burnishing 
process is shown schematically in Figure 1.

Numerous studies have demonstrated that roller, ball, 
and diamond burnishing enhance various materials' surface 
integrity and geometric tolerances. Some research has also 
focused on burnishing the inner surfaces of cylinders, inves-
tigating the resulting surface integrity [3, 4]. Additionally, 
various materials have been examined to illustrate improve-
ments in surface integrity, mechanical properties, and fa-
tigue performance, including such as 17–4 PH stainless steel 
[10], 42CrMo4 [11], AISI 52100 steel [12], AISI 1040 [13], 
AISI 1045 [14, 15], AISI 1055 [16], Inconel 718 [17, 18], 
210Cr12 [19], Mg–SiC metal matrix [20], and 41Cr4 [21]. 
The findings of these studies reveal that the effectiveness of 
the burnishing process is highly dependent on the range of 
burnishing parameters applied, their interactions, the type 
and hardness of the material being burnished, as well as the 
lubrication and wear condition of the burnishing head [11].

AISI 4340 is a low alloy-hardenable steel with medium 
carbon composition (0.38%–0.43%), high toughness and 
strength (after heat treatment), and is widely used in engi-
neering applications [22]. AISI 4340 is frequently used in 
the quenched and tempered condition in industry. This steel 
is extensively used in demanding structural applications 
such as axles, connecting rods, and transmission gears in the 
automotive industry, as well as landing gear in the aerospace 
industry, due to its high strength and toughness [23]. Many 
researchers are interested in studying the effects of various 
machining conditions and perspectives for AISI 4340 steel. 
AISI 4340 is also a material subject to roller and ball bur-
nishing applications [6, 24, 25]. Aviles et al. [26] compared 
the effect of shot-peening (SP) and low-plasticity burnishing 
(LPB) on the high cycle fatigue of an AISI 4340, quenched 
and tempered steel. Compared with the machined speci-
mens, it was concluded that the fatigue limit of the shot-
peened specimens increased by 39%, whereas that of the 
LPB specimens increased by 52%. Aydın and Turkoz (2022) 
investigated the effect of the roller burnishing process on 
the surface integrity and fatigue performance of AISI 4340 
steel [6]. They found that the surface roughness was reduced 
from 2.98 to 0.51 µm by roller burnishing. Also, it was stated 
that the most influential parameter on the fatigue life was 
the feed rate, with a contribution ratio of 57%. Khodaban-

deh et al. [27] increased the tensile strength of AISI 4340 
material by 6.29% and fatigue strength by 20.71% with hy-
brid laser-ultrasonic-assisted ball burnishing.

This study aims to evaluate the effects of pre-turn-
ing parameters on the diamond burnishing of AISI 4340 
steel. In this context, multi-objective optimization of the 
pre-turning process in terms of average surface roughness 
(Ra), maximum roughness depth (Rz), material removal rate 
(RMR), and machining cost was performed. The pre-turn-
ing performance in diamond burnishing of AISI 4340 steel 
was investigated for the first time in the literature. The pro-
cess variables considered include cutting speed, feed, and 
cutting depth, each examined at three levels. The L9 orthog-
onal array designed by Taguchi and Wu [28] was used in 
the experiments. Variance analysis and regression analysis 
were used to examine the effects of the input parameters 
on the performance criteria. Finally, the optimum values of 
the pre-turning parameters were calculated using the Bees 
algorithm optimization.

MATERIAL AND EXPERIMENTAL PROCEDURE

The experimental study used AISI 4340 tempered steel. 
The material supplier provided the chemical composition of 
AISI 4340, which is given in Table 1. Three repeated hard-
ness measurements determined the workpiece's hardness as 
33 HRC. Rods with a diameter of 24 mm and a length of 
100 mm were used in the study.

The experiments were carried out on the DNRde-
ma TTH8 CNC turning machine. The pre-turning of the 
AISI 4340 was investigated under different turning con-
ditions. Turning and burnishing experiments were con-
ducted in flood-cooling conditions. In all experiments, 
DNMG150608-GM cemented carbide inserts were used. 
Experimental setup was given Figure 2. The new insert was 
used in each experiment. Runout was measured during 
burnishing and the maximum runout was 0.02 mm. After 
the pre-turning, diamond burnishing experiments were 
performed at the 100 m/min burnishing speed, 0.1 mm/rev 
burnishing feed value, and 0.3 mm burnishing depth by us-

Figure 1. Schematic representation of the diamond bur-
nishing process.

Table 1. Chemical composition of AISI 4340

Element C Si Mn P S Cr Ni Mo Al

Wt. (%) 0.41 0.19 0.65 0.007 0.005 0.7 1.7 0.24 0.039
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ing diamond burnishing tool with 4 mm diameter diamond 
ball. Ra and Rz were measured after turning and burnishing 
to show the effect of different pre-turning parameters on 
burnished AISI 4340. Measurements were performed us-
ing the Mitutoyo Surftest SJ - 401 digital roughness tester 
with three repetitions. The average roughness of these three 
measurements is presented in the results section. Measure-
ments were made by ISO 4287:1997. The diamond-tipped 
probe moves at a speed of 0.5 mm/s, and the cut-off length 
(λc) is set to 0.8 mm for the measurements.

This study's input parameters are cutting speed (m/
min), feed value (mm/rev), and cutting depth (mm). Each 
parameter has three levels, and a Taguchi L9 experimental 
design was used. The parameters and their levels are shown 
in Table 2, and the experimental design is shown in Table 3. 
Pre-turning parameter levels were taken as minimum - me-
dian - maximum values in line with the recommendations 
of the cutting tool supplier.

In this study, statistical analyses were performed on the re-
sults of Ra and Rz. First, variance analysis (ANOVA) was applied 
to the output parameters using by Minitab 19 software. In the 
ANOVA table, the p-value and the contribution of the param-
eters to the results were interpreted. Regression analyses were 
then performed. Also, the mathematical equation of RMR and 
total cost is derived and shown in the results section. Regres-
sion analysis created mathematical models for Ra and Rz. These 
models were used in the optimization stage. The Bees algorithm 
proposed by Pham was used for the multi-objective optimiza-
tion of the pre-turning process for the burnishing process [29]. 

Figure 2. Experimental set up.

Table 2. Parameters and levels used in pre-turning experiments

Level Cutting speed Feed value Cutting depth 
Parameter (m/min) (mm/rev) (mm)

1 200 0.1 0.5
2 275 0.2 1.0
3 350 0.4 1.5

Table 3. Taguchi L9 experimental design

Experiment Cutting speed Feed value Cutting depth 
 (m/min) (mm/rev) (mm)

1 200 0.1 0.5
2 200 0.2 1.0
3 200 0.4 1.5
4 275 0.1 1.0
5 275 0.2 1.5
6 275 0.4 0.5
7 350 0.1 1.5
8 350 0.2 0.5
9 350 0.4 1.0
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Four performance criteria (Ra, Rz, RMR, and total cost) were 
given equal weights. A single mathematical model was derived 
after giving 25% weight to the four mathematical models. So, 
parameters were optimized using the Bees algorithm, and opti-
mum pre-turning parameter levels were determined.

RMR and total cost were calculated analytically. RMR is 
calculated as in Eq. 1 [30]. The total cost was calculated as 
the sum of tool and operation costs. The cost per operation 
minute and a single insert were 5 and 50 TL, respectively. 
The processing time was calculated using Eq. 2 [30]. Then, 
the amount of wear (Eq. 3) in a single pass was calculat-
ed using Taylor tool wear equations using Eq. 4 [30]. The 
tool cost in a single pass was calculated using the amount of 
wear as in Eq. 5. The operation cost is shown in Eq. 6. The 
total cost is shown in Eq. 7. In the equations, v, f, d, D0, L, T, 
n, and C represents cutting speed, feed rate, cutting depth, 
diameter, length, tool wear, wear constants, respectively.
RMR (m3/min) = v * f *d (1)

 
(2)

v * Tn = C (3)
Tool wear for one pass (%) (TWOP) =  *100 (4)

Tool cost for one pass (TL) (TCOP) = 50 * TWOP  (5)
Operation cost for one pass (TL) (OCOP) = 5 TL*Tm (6)
Total cost of machining = TCOP + OCOP (7)

RESULT AND DISCUSSION

Experimental Results
The experimental results of pre-turning parameters, Ra, 

Rz, material removal rate, and total machining cost, were 
investigated using a Taguchi L9 experimental design. The 
influence of input parameters on performance criteria was 
analyzed in detail. Subsequently, the Analysis of Variance 
(ANOVA) technique was employed to determine the con-
tribution ratio of the parameters to the results and their 
significance values. Mathematical modeling was conducted 

using regression analysis based on the results. Additionally, 
pre-turning parameters were optimized using multi-objec-
tive optimization with the Bees algorithm.

RMR and total cost results are given in Table 4. The 
highest RMR was 2.33 mm3/min in the 9th experiment, 
while the lowest RMR was 0.17 in the 1st experiment. The 
lowest total cost per pass was calculated at 0.23 TL in the 3rd 
experiment, while the highest total cost per pass was 1.41 
TL in the 7th experiment. In metal cutting, it is expected that 
the RMR should be high and the total cost should be low. 
In this way, an efficient manufacturing process is realized 
by removing many chips at low costs. So, in multi-objective 
optimization, RMR is maximized while cost is minimized.

The experimental results of average surface roughness 
(Ra), maximum roughness depth (Rz), and decrease rates in 
Ra and Rz are presented in Table 5, using the Taguchi L9 or-
thogonal array. Vc, f and d represent cutting speed, feed value 
and cutting depth, respectively. The lowest average surface 
roughness and maximum roughness depth were obtained at 
200 mm/min cutting speed, 0.1 mm/rev feed value, and 0.5 
mm cutting depth. In contrast, the highest surface roughness 
was obtained at 275 m/min cutting speed, 0.4 mm/rev feed 

Table 4. Results of material removal rate (RMR) and total 
machining cost per pass

Exp. Material removal Total cost per 
 rate (mm3/min) pass (TL)

1 10000 0.94
2 40000 0.46
3 120000 0.23
4 27500 1.01
5 82500 0.51
6 55000 0.25
7 52500 1.41
8 35000 0.71
9 140000 0.36

Table 5. Average surface roughness (Ra) and maximum roughness depth (Rz) result in decreased rates after diamond burnishing

 Input parameters  After the pre-turning  After the burnishing  Decrease Decrease 
   experiments  experiments  rate (%) rate (%)

Vc f d Average Maximum Average Maximum Ra Rz 
(m/min) (mm/rev) (mm) surface surface surface surface 
   roughness depth roughness depth 
   (Ra) (µm) (Rz) (µm) (Ra) (µm) (Rz) (µm)

200 0.1 0.5 0.168 1.23 0.120 0.80 28.6 35.0
200 0.2 1.0 0.538 3.06 0.307 1.63 42.9 46.7
200 0.4 1.5 2.018 10.46 1.740 7.23 13.8 30.9
275 0.1 1.0 0.223 1.88 0.163 1.37 26.9 27.1
275 0.2 1.5 0.574 3.14 0.387 1.90 32.6 39.5
275 0.4 0.5 2.029 10.71 1.753 7.63 13.6 28.8
350 0.1 1.5 0.292 1.94 0.107 1.00 63.4 48.5
350 0.2 0.5 0.720 3.57 0.510 2.23 29.2 37.5
350 0.4 1.0 1.728 9.90 1.557 7.40 9.9 25.3
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value, and 0.5 mm cutting depth. Thus, a 168% reduction 
was achieved by only changing pre-turning parameter levels. 
Like the literature, regardless of cutting depth, the surface 
roughness increased with increasing feed value at the same 
cutting speed [31]. The lowest in Ra and Rz values were 0.168 
µm and 1.23 µm, respectively. The highest in Ra and Rz values 
were 2.029 µm and 10.71 µm, respectively.

The lowest surface roughness occurred at the lowest cut-
ting speed, feed value, and cutting depth. After the burnish-
ing process, all surface roughness was decreased as expected. 
It was observed that the rates of decrease in surface rough-
ness after burnishing were affected by varying the pre-turn-
ing parameters. It shows the importance of selecting the 
pre-turning parameters prior to burnishing. The lowest de-
crease rate in in Ra and Rz were 9.9% and 25.3%, respectively. 
The decrease rates were generally lower in the experiments 
with higher surface roughness after pre-turning (e.g., 3rd, 
6th, and 9th experiments). Roller burnishing can be advan-
tageous, but it is easy to see that it is less effective on parts 
with very high roughness. One of the main reasons for this 
result is the formation of surface roughness at depths inac-
cessible by the diamond tip. In addition, the cutting tempera-
ture increases as the feed rate increases. The material's plas-
tic deformation ability may be reduced because it cools and 
hardens after high cutting temperatures. This mechanism 
may also be a reason for the decrease in roller burnishing 
performance. The highest decrease rate of 63.4% occurred in 
pre-turned specimens with a cutting speed of 350 mm/min, 
a feed rate of 0.1 mm/rev, and a cutting depth of 1.5 mm. 
The results conclude that the specimens should be prepared 
with optimum pre-turning conditions to get maximum ben-
efit from the burnishing process. In our previous study, we 
investigated the effects of roller burnishing of hardened AISI 
4340 steel (42 HRC) on surface integrity and axial fatigue 
performance. Similar to this study, improvements in surface 
roughness ranging from 9% to 78% were observed [6]. In 
addition, the improvement in surface roughness in another 
study supports the results of this study [26]. Diamond-bur-
nished specimens after pre-turning are shown in Figure 3.

Analysis of Variance (ANOVA) and Regression Analysis
ANOVA was conducted to elucidate the effects of 

pre-turning parameters on the surface characteristic of bur-
nished AISI 4340 steels. The ANOVA tables provide insights 
into the parameters' p-values and contribution ratios. The 
p-value, also called the significance measure, indicates sta-
tistical significance when small (typically less than 0.05), 
suggesting a statistically significant effect of the input pa-
rameters [32]. However, it is crucial to note that the p-val-
ue should not be the sole measure of evidence in a scientific 
study. The contribution ratio quantifies the proportion of to-
tal variation in the response variable attributable to a specific 
independent variable. A high contribution ratio indicates the 
independent parameter's strong influence on the outcome, 
whereas a low contribution ratio signifies a weaker influence.

The ANOVA table for the Ra for pre-turning is given in 
Table 6. The ANOVA tables were generated by using Minit-
ab 19 software. Only the p-value of the feed value in the 
table is less than 0.05. This result shows that the feed value 
has a dominant effect on the Ra and Rz. This result is similar 
to the literature. Similarly, in the study of Boozarpoor et 
al. [24], feed rate was the most effective parameter in roll-
er burnishing for AISI 4340 material. It was thought that 
the parameter levels selected may be responsible for this 
result. However, the parameter levels were selected within 
the range given by the tool manufacturer. Therefore, the 
dominance of the feed value did not occur after selecting 
an extreme parameter level. The contribution ratio of the 
feed value on the average surface roughness was calculat-
ed as 98.25%. The cutting depth and cutting speed came 
in second and third, with contribution ratios of 0.78% and 
0.04%, respectively. The error ratio in the ANOVA analysis 
was calculated as 0.92%. A similar observation was seen in 
the ANOVA table of Rz in pre-turning. The contribution 
ratio of the feed value on the maximum roughness depth 
was calculated as 99.38%. The cutting depth and cutting 
speed came in second and third, with contribution ratios of 
0.41% and 0.13%, respectively. The error ratio in the ANO-
VA analysis was calculated as 0.41%. The dominance of feed 

Figure 3. Diamond burnished specimens.
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value continued after burnishing. Similar results can be eas-
ily seen in the ANOVA tables after burnishing.

This study used regression analysis to create mathemat-
ical models for Ra and Rz. The R-square values of the math-
ematical equations, ranging from 0 to 1, were obtained. 
A higher R-square value indicates that the input variables 
predict the output variable more accurately. The regression 
models of Ra and Rz are presented in Eqs. 8 and 9. An equal-
ly weighted (0.25) multi-objective mathematical model, 
given in Eq. 10, was derived using all the individual models. 
The optimal pre-turning parameter levels were determined 
using the Bees Algorithm.
Average Surface Roughness (Ra)= -0.7547+0.007159*v-1.5* 
f-0.07474*d-0.000008*v*v+14.87*f*f+0.2614*d*d-
0.003637*v*f-0.001949*v*d (8)
Maximum Roughness Depth (Rz)=-3.664+0.03396*v-12.22*f 
+ 1 . 4 2 0 * d - 0 . 0 0 0 0 4 7 * v * v + 6 8 . 9 6 * f * f - 0 . 1 9 1 9 * d * d -
0.005911*v*f-0.004648*v*d (9)
Weighed objective function=(0.25*Ra)*(0.25*Rz)*(0.25*Total 
Cost)*  (10)

Multi-Objective Optimization by the Bees Algorithm
The optimal pre-turning parameters obtained using the 

Bees Algorithm are the cutting speed of 264 m/min, feed 
value of 0.1325 mm/rev, and cutting depth of 0.55 mm 

when evaluating average surface roughness, maximum 
roughness depth, material removal rate, and total machin-
ing cost. The convergence graph of the optimization result 
is given in Figure 4. It is seen that the algorithm ultimately 
converges after 400 iterations.

Table 6. ANOVA tables for Ra and Rz for pre-turning and after diamond burnishing

Source SS DF f-value p-value Cont.% Remarks

Ra in pre-turning
 Cutting speed (m/min) 0.002 2 0.04 0.957 0.04 Non-significant
 Feed value (mm/rev) 4.755 2 106.24 0.009 98.25 Significant
 Cutting depth (mm) 0.037 2 0.84 0.542 0.78 Non-significant
 Error 0.044 2   0.92
 Total 4.839 8   100.00
Rz in pre-turning
 Cutting speed (m/min) 0.166 2 0.31 0.762 0.13 Non-significant
 Feed value (mm/rev) 128.1 2 240.05 0.004 99.38 Significant
 Cutting depth (mm) 0.104 2 0.2 0.836 0.08 Non-significant
 Error 510.6 2   0.41
 Total 128.91 8   100.00
Ra after burnishing
 Cutting speed (m/min) 0.003 2 0.18 0.846 0.09 Non-significant
 Feed value (mm/rev) 4.129 2 192.6 0.005 98.88 Significant
 Cutting depth (mm) 0.021 2 0.99 0.501 0.51 Non-significant
 Error 0.021 2   0.51
 Total 4.176 8   100.00
Rz after burnishing
 Cutting speed (m/min) 0.283 2 2.89 0.257 0.39 Non-significant
 Feed value (mm/rev) 71.48 2 728.31 0.001 99.40 Significant
 Cutting depth (mm) 0.046 2 0.48 0.677 0.07 Non-significant
 Error 0.098 2   0.14
 Total 71.915 8   100.00

SS: Sum of squares; DF: Degree of freedom; F-value: Fisher test; p: Probability; Cont.%: Percentage contribution.

Figure 4. The convergence curve resulted from multi-ob-
jective optimization.



J Adv Manuf Eng, Vol. 5, Issue. 2, pp. 29–36, December, 2024 35

CONCLUSION

This study presents the pre-turning performance of 
burnished AISI 4340 hardened steels using three differ-
ent cutting speeds, feed values, and cutting depth. Next, a 
multi-objective weighted optimization was conducted to 
minimize the average surface roughness, maximum rough-
ness depth, and material total machining cost and to max-
imize the material removal rate using the Bees algorithm. 
The results obtained from the experimental study can be 
summarized as follows:
1 The burnishing process after pre-turning was effective 

on all specimens. Average surface roughness decreased 
by a maximum of 63.4% and a minimum of 9.9% after 
pre-turning. Also, the maximum roughness depth de-
creased by a maximum of 48.5 and a minimum of 25.3 
after pre-turning.

2 The feed value is most effective in influencing average 
surface roughness and maximum roughness depth, with 
contribution ratios of 98.2% and 99.3%, respectively.

3 The presented study has shown that choosing pre-turn-
ing parameters before the burnishing of AISI 4340 steel 
is important, especially regarding surface characteristics.

4 The optimal pre-turning parameters obtained using the 
Bees Algorithm are a cutting speed of 264 m/min, a feed 
value of 0.132 mm/rev, and a cutting depth of 0.554 mm 
when evaluating average surface roughness, maximum 
roughness depth, material removal rate, and total ma-
chining cost.
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