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Surface engineering involves using various technologies to modify the surface
and near-surface areas of a material to enable it to perform different functions
from the bulk of the material. Two primary methods of surface engineering are
surface coatings and surface modification. Orthogonal ball burnishing is a
process that improves certain surface integrity properties of materials through
superficial plastic deformation. This study focuses on the effect of this treatment
and the influence of its parameters on the physico-geometric surface
characteristics of API 5L X52 steel. Burnishing tests were conducted with four
main parameters: burnishing force (Py), feed rate (f), spindle speed (N), and
number of passes (i). The analysis revealed an appropriate combination of
burnishing parameters that led to a 98% reduction in surface roughness and a
42% increase in surface microhardness. A multi-objective optimization of

roughness and microhardness after burnishing yielded optimal parameters.
Furthermore, a multifactorial experimental design demonstrated that corrosion
resistance increased by 318%.

Steel X52;
Taguchi method

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Deterioration of structural elements is caused by mechanical interactions, contact with
other elements, exposure to aggressive environments and exposure to dynamic loads. This
necessitates the modification of surface layers to enhance properties and meet high
technical standards, with a particular emphasis on strength and corrosion
resistance[1,2].Despite considerable efforts to ensure their safety and reliability, pipeline
failures still occur. The primary mode of failure is leakage or rupture caused by cracks and
defects in the pipes during their production process or corrosion during their service life.
Such defects can compromise the integrity of the pipeline and pose serious safety
risks[3].Failure on the outer surface of oil and gas pipelines is a significant concern [4,5].
Several studies have investigated the causes and consequences of pipeline failures Song et
al[6] found that the leakage and ignition of a carbon steel pipeline were mainly due to local
electrochemical corrosion. Ranjbar and Alavi Zaree [7] identified pitting corrosion as the
primary failure mechanism in a micro alloyed steel pipeline, caused by the accumulation
of corrosion products and water separation. Assessment of oil and gas pipeline failure in
Vietnam has been studied by Dao U et al [8]. They propose a model that integrates Fault
Tree Analysis (FTA) and fuzzy theory to analyze the causes of pipeline failure and evaluate
the level of uncertainty using Monte Carlo simulation. The study identifies twenty-one risk
factors that lead to pipeline failure, with rupture being the highest risk, followed by
puncture. Corrosion has lower chances of pipeline failure but carries catastrophic
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consequences. To prevent such occurrences, it is essential to ensure high-quality surface
finishes for these products. In this regard, surface integrity is widely used as a quality
criterion or for comparison purposes among different materials or different states of the
same material. Such properties strongly depend on the quality of the surface finish.
However, it has been found that regardless of the manufacturing technology (e.g.,
machining, heat treatment), on the one hand, the surface layers can be overloaded due to
residual tensile stresses that add to the service stresses, and on the other hand, all
mechanical surfaces consist of irregular pics and valleys with varying heights and spacing
[9], which can act as sites for corrosion or stress concentration. Therefore, these surfaces
undergo surface finishing processes that can improve their physical-geometric properties
in terms of microhardness and roughness [5-6].

One increasingly used solution in surface engineering is to integrate surface treatment
operations into the production process of structural elements. Burnishing is one such
surface treatment operation that is gradually being used as a finishing process to quickly
generate high-quality surfaces, offering additional benefits to surface integrity [12]. The
process can be easily executed without chip removal on both universal and CNC machine
tools [13]. In this regard, various tool designs have emerged, ranging from simple devices
to tools assisted by vibrations or ultrasonics [9-10], enabling process automation and
increased production rates [16]. In all cases, the generated surface results from a
controlled and carefully applied pressure using a ball or roller, without any change in
volume, structure, or chemical composition of the material to impart specific physical,
mechanical, and tribological properties [17]. The process provides good corrosion
resistance and improved fatigue life[18]. A literature review has shown that numerous
experimental studies have been conducted to identify the effects of burnishing on surface
quality and surface microhardness. Surface roughness, after ball burnishing treatment, can
be improved by 40% to 90%, while hardness can be increased by 5% to 160% [16,19]. A
multi-objective optimization of process parameters for low plasticity burnishing on
aluminum alloy AA6061T6 was performed by Thorat et al [20]. The burnishing process
parameters considered were pressure, speed, ball diameter, ball material, and number of
passes. Kovacs et al. [21] applied Magnetic Assisted Ball Burnishing (MABB) to enhance
the hardness and decrease the roughness of machined parts made of C45 steel. Through
Taguchi method optimization, they discovered that the corrosion rate is greatly influenced
by the burnishing speed and strategy. Al-Qawabeha et al. [22] conducted research on the
influence of burnishing on A53 steel. Their study revealed that the corrosion rate
decreased with an increase in applied force up to 80 N. However, exceeding this threshold
force resulted in an escalation of the corrosion rate. The ball burnishing process has been
extensively studied, with parameters such as speed, feed rate, burnishing force, ball
diameter, and lubricant type under investigation. These parameters have been found to
have significant effects on various aspects of the burnishing process, including surface
roughness, residual stresses, microhardness, plastic strain, phase transformation, elastic
recovery effect, ball indentation mark, and thermal behavior of the workpiece.
Additionally, process parameters also influence the surface integrity of the workpiece,
affecting properties such as corrosion resistance, wear resistance, fatigue life, and
dimensional tolerances [23-25]. Four critical factors—burnishing force (Py), feed rate (f),
spindle speed (N), and the number of passes (i)—were investigated to assess their
influence on the surface roughness and microhardness of the outer surface of the pipeline
material. The authors of this study based their selection burnishing parameters on well-
established guidance from the existing literature[25-27].

By employing a robust combination of Taguchi L16 to analyse the effect of ball burnishing
parameters on roughness and microhardness, and a comprehensive full-factorial design
study was executed to meticulously evaluate the effects of burnishing parameters on
corrosion resistance. Additionally, to gain deeper insights into corrosion resistance,
Response Surface Methodology (RSM) was adeptly employed alongside regression
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analysis. These analytical tools collectively facilitated the development of a precise linear
model capable of predicting the behaviour of essential parameters, including surface
roughness (Ra), microhardness (uHv), and, significantly, corrosion resistance (Rp). The
incorporation of ANOVA provided essential statistical insights into the impact of these
parameters on the overall performance of the material.

Furthermore, to optimize the material properties, a Desirability Function Approach (DFA)
was employed. This optimization technique aimed to maximize microhardness while
simultaneously minimizing surface roughness. The integration of DFA further enhanced
the study's ability to fine-tune the burnishing process for superior material performance.

2. Experimental Details
2.1. Material

The material used in this study is API 5L X52 steel, which is commonly used in the oil and
gas industries. It is a high yield strength low alloy steel that meets the specification
requirements of the API 5L standard [28]. To perform spectral examination of the material,
spectrometry (OLYMPUS optical microscope) was utilized, which resulted in the chemical
composition as follows (Table 1).

Table 1. Chemical composition of API 5L X52 steel [29]

Compound C Mn Si P S Cu Ni Cr
% 0.16 133 0.22 0.010 0.002 0.033 0.013 0.047

The mechanical properties of the steel were assessed using tensile testing conducted at
room temperature. Prismatic specimens were meticulously prepared in accordance with
the ASTM A370 standard [28], ensuring precision and consistency in the testing process. A
total of six tests were carried out on the steel specimens, and the subsequent analysis
yielded the following average mechanical properties: the yield strength (Re) was
determined to be 439.24 MPa, while the ultimate tensile strength (UTS) was measured at
575.5 MPa. Additionally, the elongation at rupture (A%) was calculated to be 35.6. The
steel was subjected to six tests, and the resulting average properties were evaluated.
Specifically, the initial surface condition was characterized by a roughness of Ra = 2.82 uym
and a microhardness of pHv = 188 [29].

2.2. Burnishing

In order to guarantee the inclusiveness of industrial structures, samples were collected
longitudinally from a pipeline. The preliminary surface preparation was conducted by
employing a vertical milling machine, more precisely an HMT India Type, which was
outfitted with a carbide metal end mill. To facilitate the implementation of the burnishing
treatment, as per the experimental design methodology, the sample was partitioned into
zones with the aid of grooves that had a width of 50 mm and a depth of 2 mm, as depicted
in Figure 1[29].

The mechanical treatment of the specimens was executed through the utilization of a ball
burnishing instrument on a vertical milling apparatus. To achieve this, a purpose-specific
burnishing tool was designed, as illustrated in Figure 2. The system comprises a sturdy
steel ball that is affixed to a shaft which glides within a hub of the tool holder. The applied
force is measured with a load spring calibrated to a specific value. The burnishing system
is then mounted on the spindle to be subjected to vertical displacement. The burnishing
procedure begins by exerting force with the ball onto the surface of a part, thereby causing
a corresponding plastic deformation on a point of the external layer. The ball is then
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scanned across the entire surface in order to complete the burnishing operation[30]. In
this investigation of ball burnishing of API 5L X52 steel, the mechanical surface treatment
was performed on the exterior surface of the pipeline.

For this study, a bespoke static device with interchangeable heads was meticulously
designed. This device is capable of treating both cylindrical and prismatic surfaces. A
patent application (No.: DZ/P/2023/000830) for this apparatus was filed on 18/06,/2023.

Fig. 1. Sample preparation [29] Fig. 2. Setup photo of the burnishing
operation[29]

Roughness was measured at three distinct locations on the machined surface using a Cyber
Technology CT100 laser source profilometer. The measurements were repeated three
times, and the average values were recorded. Microhardness of the samples was measured
using a Matsuzawa MXT70 microhardness tester with a 200-gfload applied for 10 seconds.
Similarly, measurements were taken at three different zones, and the average value was
considered as the test result. Table 2 summarizes the test results along with the
corresponding signal-to-noise (S/N) ratios.

Table 2. Taguchi Matrix of Measured Values for Ra and pHv

N° Py f N i Ra uHv
1 265 300 560 1 0.18 236
2 265 400 730 3 0.17 254
3 265 500 900 5 0.15 250
4 265 600 1070 7 0.13 230
5 347.5 300 730 5 0.09 239
6 347.5 400 560 7 0.07 245
7 347.5 500 1070 1 0.12 239
8 347.5 600 900 3 0.05 211
9 430 300 900 7 0.26 246
10 430 400 1070 5 0.14 229
11 430 500 560 3 0.22 267
12 430 600 730 1 0.14 211
13 512.5 300 1070 3 0.12 223
14 512.5 400 900 1 0.14 205
15 512.5 500 730 7 0.15 218
16 5125 600 560 5 0.11 214
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2.3. Corrosion Test

There are several techniques to determine corrosion rates, including electrochemical
impedance spectroscopy (EIS), electrochemical linear polarization resistance (LPR), and
the weight loss technique. For the electrochemical analysis, a Gamry 600+ cell controlled
by a microcomputer was utilized to investigate the electrochemical properties. Corrosion
tests were conducted on samples coated with acrylic resin to improve adhesion. The
samples were cleaned in an ultrasonic tank and dried with acetone prior to coating. The
examination specimens were arranged in a three-electrode configuration, consisting of a
reference electrode, a counter electrode, and a working electrode. These specimens were
then immersed in a concentrated 3.5% NaCl aqueous solution of distilled water (Fig 3). The
electrochemical linear polarization resistance (LPR) technique was employed as part of
this study to assess the corrosion behavior of the specimens[31,32]. The electrochemical
linear polarization resistance (LPR) technique can be used for corrosion monitoring and
control in various applications. It is a method that measures the resistance of a material to
corrosion by applying a small potential to the material and measuring the resulting
current. LPR can be used to validate the corrosion rate obtained from other methods, such
as the impressed current method, and can provide a more accurate quantification of the
actual mass loss rate of steel in natural environments[33-35].

Electrochemical corrosion tests were performed at room temperature. The corrosion
potential (Ecorr) was set within the range of -0.8 to -0.3 mV, and the scanning rate was set
at 1 mA/s. However, the immersion time of the samples in the saline solution was limited
to 30 minutes to record the OCP (Open Circuit Potential) curves, while it was extended to
20 minutes for the Tafel curves. Corrosion resistance was characterized by the corrosion
potential (Ecorr), corrosion current (Icorr), and the potential () between the cathode and
anode. Such measurements were directly obtained using the GAMRY software, which
controlled the electrochemical cell.

2.4. Methodology

Taguchi techniques are a strategy that uses simulation to optimize parameters and reduce

Fig. 3. Corrosion test Gamry 600+ cell [29]

solution space in various fields. To optimize the number of simulations required, they
involve a sequence of experiments to narrow down the combinations of factors and levels.
The Taguchi orthogonal array design matrix is used by the technique to determine the
most significant factors that influence the performance parameter of interest. The analysis
of variance (ANOVA) is then used to identify the contribution of each factor. Taguchi
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method consists of three steps: design of experiments (DOE), signal-to-noise (S/N) ratio
analysis, and optimization. In the DOE step, a set of experiments is designed to investigate
the effects of several factors on the performance of the process. The experiments are
designed based on orthogonal arrays, which are a set of systematically arranged test cases
that allow for the efficient and effective identification of the most significant factors.
Orthogonal arrays reduce the number of experiments required while ensuring that all
factors are evaluated at different levels [36,37]

Table 3 shows the configuration of the burnishing parameters and their levels for
roughness and microhardness tests. These parameters were combined with each other in
accordance with Taguchi's orthogonal plane L16 (Table 2).

Table 3. Factors and their levels for the experiments

o Level
Burnishing Parameters
1 2 3 4
Py 265 347.5 430 512.5
f 300 400 500 600
N 560 730 900 1070
i 1 3 5 7

The design of the experimental design was optimized by the signal-to-noise ratio (S/N).
This report is widely used as an objective function to solve engineering design problems
[3]. The signals adopted for this study are such as "smaller is better” for roughness (Eq. 1)
and "larger is better" for microhardness (Eq. 2).

n
1
ns = —10log <—Zyi2> @
A
L
n

1 2 : 1 (2)
= —1 — —_
m 0log - lz

L
where, yi: the ith result of the experiment. n: the repeated number of the ith experiment

The experimental corrosion tests were conducted using a multifactorial design of full
experiments. Two burnishing parameters, Py and f, were selected for this purpose, with
two levels (low and high) assigned to each parameter. The burnishing was conducted with
one pass and at 900 rpm. To facilitate analysis, the factors were translated into reduced
focused variables, denoted as X1 and X2. The coding scheme employed in this study utilized
(-1) to represent the low levels and (+1) to represent the high levels. A series of 4 trials
were conducted, during which the factor levels were systematically combined based on the
prescribed design and matrix of experiments. (Table 4).

Table 4. Factors and their levels for the experiments for the corrosion test

N Natural Value Coded Value
Py f X1 X2
1 265 400 -1 -1
2 265 500 -1 +1
3 430 400 +1 -1
4 430 500 +1 +1
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3.Results and Discussion
3.1. Effect of Burnishing on Surface Roughness and Microhardness

The effect of burnishing on Ra and pHv was evaluated through the analysis of the signal-
to-noise (S/N) ratio (Table 2). Under certain conditions, burnishing resulted in a surface
topography characterized by Ra values ranging from 0.05 to 0.26 pm Figure 4 and 5.

The effect of each variable on the output response (Ra and pHv) is estimated using the S/N
ratio for each experiment (Table 2). However, analyzing average S/N ratio by factor levels
(Table 5) reveals that the optimal burnishing conditions for roughness are provided by
level 2 of the burnishing force, level 4 of the feed rate and spindle speed, and level 3 of the
number of tool passes. The corresponding actual values for this combination are as follows:
Py = 347.5 N, f = 600 mm/min, N = 1070 rpm, and i = 5. The most significant effects
(according to the RANK) are those of Py and f.

Fig. 5. Example of surface topography: after burnishing

Similarly, analyzing the S/N ratio for each level of parameters for surface microhardness
reveals an optimal combination characterized by low levels of Py and spindle speed (N),
level 3 of the feed rate (f), and level 2 of the number of passes (i). The corresponding actual
values for this combination are as follows: Py = 265 N, f = 500 mm/min, N = 560 rpm, and
i = 3. According to the Rank in Table 5, it is also observed that Py and f are the most
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significant factors for microhardness. The effect of spindle speed is the least significant for
both output responses.

Table 5. Average S/N Ratio by Level for Roughness (Ra) and Microhardness (uHv)

S/N Ra S/N pHv
Levels Py f N i Py f N i
1 16.12 1644 1751 17.01 47.69 4746 4759 46.93
2 22.08 18.09 17,51 1829 4735 4732 4722 4752
3 1476 1615 1781 1835 47.50 47.70 47.12  47.33
4 17.79 20.07 17.93 17.11 46.64 46.71 47.24 47.40
Delta 7.31 3.92 0.42 1.34 1.04 0.99 0.47 0.59
Rang 1 2 4 3 1 2 4 3

Figures 6 and 7 visually illustrate the primary effects of burnishing parameters on surface
roughness and microhardness, respectively. In relation to both Ra and pHv, the burnishing
force (Py) seems to exert a substantial influence on the signal-to-noise ratio. Regarding Ra,
the second level of Py is considered the most favorable, while for pHv, the first level of Py
is deemed the most desirable. Furthermore, the burnishing feed (f) also plays a significant
role in both responses. When it comes to Ra, the fourth level of this parameter appears to
be the most favorable, although the third level holds the greatest significance for pHv.
Consequently, N (Spindle Speed) has the least significant impact on both Ra and pHv.
Therefore N (Spindle Speed) has the least significant impact on both Ra and pHv. The
number of passes (i) shows some influence, but it varies in its effect on the two responses.

To optimize the burnishing process and achieve the desired balance between surface
roughness (with the aim of minimizing it) and microhardness (with the objective of
maximizing it), a composite optimization approach known as the Desirability Function
Approach (DFA) is performed. DFA is a powerful tool because it enables the simultaneous
optimization of multiple factors and responses. By assigning desirability values to different
levels of each parameter and response, DFA provides a comprehensive perspective on
process performance [38].
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Fig. 6. Main effects of burnishing parameters Ra
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3.2. ANOVA Analysis

To explore the impacts of burnishing process parameters in a quantitative manner, an
Analysis of Variance (ANOVA) based on the Signal-to-Noise (S/N) ratio was utilized. An
overview of the ANOVA outcomes for surface roughness is presented in Table 6, while
Table 7 depicts the outcomes for microhardness. Following the ANOVA, a determination of
the degree of influence of the parameters on the output was performed at a 95%
confidence level via the calculation of the percentage contribution[37]. It can be observed
from the ANOVA tables that burnishing force (60%) and feed rate (21%) play a significant
role in minimizing surface roughness, whereas spindle speed (3%) and the number of
passes (5%) do not exhibit notable effects on controlling surface roughness.

Table 6. Analysis of variance for surface roughness

Source DF Adj SS Adj MS F-Value P-Value  Contribution %
Py 3 0.024850 0.008283 5.65 0.094 37%
f 3 0.008676 0.002892 1.97 0.296 32%
N 3 0.001247 0.000416 0.28 0.836 8%
i 3 0.001973 0.000658 0.45 0.737 12%
Error 3 0.004402 0.001467 11%
Total 15 0.041148 100%

This analysis shows that the burnishing force and feed rate are the most influential factors
in reducing surface roughness, together accounting for (81%) of the variance. In contrast,
spindle speed and the number of passes have minimal impact on surface roughness,
contributing only (8%) in total.

Table 7. Analysis of variance for microhardness

Source DF Adj SS Adj MS F-Value  P-Value Contribution %

Py 3 1754.4 584.8 3.54 0.163 60%
f 3 1519.9 506.6 3.07 0.191 21%
N 3 372.2 124.1 0.75 0.590 3%
i 3 562.4 187.5 1.14 0.459 5%
Error 3 495.0 165.0 11%
Total 15 4703.8 100%
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ANOVA analysis for microhardness results indicates that the force applied (Py) and the
feed rate (f) have a substantial impact on microhardness, contributing 37% and 32% to
the variance, respectively. On the other hand, spindle speed (n) and the number of passes
(i) show relatively lower contributions of 8% and 12%, respectively. The remaining
unexplained variance is attributed to error, accounting for 11% of the total variance.

3.3 Regression Analysis

The regression analysis has yielded quadratic models to predict surface roughness (Eq. 3)
and surface microhardness (Eq. 4) at any point within the study domain.

Ra = —13.83 + 0.03889Py+ 0.006061 + 0.03369 N— 3)
1.240 i— 0.000049 Py? — 0.000000 /2 — 0.000017N?2 +

0.04531i% — 0.00 0002 Py x £ — 0.000005Py x N + 0.000135Py X i —

0.000020f x N + 0.001000f x i

uHv = — 1441 + 4.61 Py + 1.197 f + 3.152 N — 113.5i — 0.00480 Py? — )
0.000203 f2 — 0.001144 N? + 3.50 i — 0.000938 Pyf — 0.001461 Py x
N + 0.03467 Py x i — 0.002064 f X N + 0.0856 f X i

The obtained models accurately characterize the respective output responses, as indicated
by the high coefficient of determination (R?) values of 98.86% for surface roughness and
99.26% for microhardness. The quality of fit of the models to the experimental data is
further validated by the adjusted determination coefficients (Raj?), which are
approximately 91.43% and 94.44% for surface roughness and microhardness,
respectively. The difference of less than 5% between these values indicates the absence of
insignificant terms in the models [11].

3.4 Optimization and Validation of Results

To improve the corrosion resistance of the material post-treatment, it is imperative to find
a compromise through the burnishing parameters that aim for both minimal roughness
and maximum microhardness. Such an objective can be approached using the Desirability
Function Approach (DFA). The considerable use of this approach is attributed to its
simplicity, flexibility in weighting, and availability in the statistical software Minitab. When
the responses are outside their acceptable limits (unacceptable value), the desirability is
set to 0, while if the responses exactly coincide with the acceptable limits (target value), it
is set to 1. Between these two values, the user has the discretion to assess, based on the
responses calculated by the statistical model, the equivalent of a satisfaction percentage
with respect to the set objectives. Therefore, the burnishing parameters need to be
adjusted to approach the target value as closely as possible[38].

The significant utilization of this approach can be attributed to its simplicity, flexibility in
weighting, and availability in statistical software. By assigning a value of +1 to the desired
value (Ytarget) and a value of 0 to the unacceptable value (Yin), the desirability (di) can be
expressed as follows: (Eq. 5).

Yi = Vin
dl Ytarget — Yin (5)
Desirability allows for the evaluation of the level of satisfaction with regards to the
established objectives, based on the responses obtained from the statistical model.
Consequently, the global (composite) desirability can be expressed in the following form

(Eq. 6):

1
Dy =[{dy *dy xdsxdy* ... dy] I (6)

If the value falls between 0 and 1, all the responses will be as close as possible to their
target value, thus achieving the optimal compromise for the studied responses [38].
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Fig. 8. Optimization graph of pHv and Ra

The results were collected and analyzed using the statistical software Minitab 19. By
assigning equal weight and importance to both output responses, the burnishing regime
that is expected to achieve a roughness ranging from 0.050 to 0.26 pm and a micro
hardness ranging from 204.67 to 266.57 pHv is characterized by level 1 of (Py) and (i),
level 2 of (f), and level 3 of (N). Validating the adjustment of this regime yields a composite
desirability value of D = 0.9084. Figure 8 graphically illustrates the optimal individual
adjustments of the burnishing parameters to achieve the predetermined objective. Finally,
the burnishing regime derived from the DFA was experimentally evaluated for
confirmation. The results are satisfactory, considering the achieved surface roughness (Ra
= 0.07 pum) and microhardness (uHv = 265). These values are awfully close to those
predicted by the regression models, demonstrating an improvement of 97.51% in surface
roughness and a 40% increase in microhardness.

3.5. Effect of Burnishing on Corrosion Resistance

The experiments were performed on specimens in both their original machined condition
and their burnished condition, utilizing various magnitudes of the burnishing force (Py)
and feed rate (f) in accordance with a comprehensive, all-encompassing experimental
design known as a full-factorial multifactorial design (Type 22) [29].The corrosion
resistance was characterized by the polarization curve of API 5L X52 steel: Polarization
curve of API 5L X52 steel- Tafel analysis and Open Circuit Potential (OCP) (Figure 9 and
10). Additionally, the Polarization Resistance (Rp) can be related to the corrosion current
through the Stem and Geary relationship. (Eq. 7)[39]:
1 Pax Pc 7
leor = R X 2303(8a + §0) (7)
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Fig. 9. Polarization curve of API 5L X52 steel- Tafel analysis [29]
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Fig. 10. Open Circuit Potential (OCP) Curve[29]

Polarization curve of API 5L X52 steel- Tafel analysis figure 9 show a rightward deviation
for the burnished curves compared to the curve of the machined sample. This deviation is
more pronounced for the parameters Py = 430 N and f = 500 mm/min (Br2). Table 8
presents the results of the corrosion tests conducted on samples in the machined and
burnished states. Figure 10 shows the evolution of the corrosion potential for samples
immersed in a saline solution with NaCl. Over time, the corrosion potential decreases
regardless of the treatment. The burnished curves are located above the curve of the
machined sample, with a rapid drop in the corrosion potential within the first 200 seconds.
Beyond this period, the curves continue to decrease with a less steep slope, while
maintaining the same trend. Except for the sample treated with a burnishing force (Py) of
430 N and feed rate (f) of 400 mm/min, the other combinations of burnishing parameters
have a higher potential (E). The optimal combination to achieve the highest corrosion
potential is Py =430 N and f = 500 mm /min.

The reduction of Rp gain on X52 steel from 318 to 109% for both low and high levels of Py
can be achieved by increasing the value of f. To obtain the best possible corrosion
resistance, it is essential to apply burnishing on low Py and f values, which results in Rp =
14.17 Q. The use of RSM has enabled the identification of a linear prediction model of
corrosion resistance, given by equation 6, which indicates that the burnishing force has a
preponderant influence compared to the feed (fig 11 and 12). Additionally, an interaction
between these two parameters has been observed, emphasizing the importance of
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considering both factors in the burnishing process to achieve optimal corrosion resistance.
Consequently, it is recommended that further research be done to determine the optimal
values of Py and f, which will lead to better corrosion resistance and overall durability of
X52 steel [29].

Table 8. Electrochemical parameters of API 5L X52 steel

o Ecor Icor Bc Ba Rp
N Treatment (mv) (1A) (mv) (mv) ) (%)
M  Machined -606.379 7.278 200 82.9 Ref
Br1 Br(265-400) -603.725 1.538 132.7 849 14617 318
Br2 Br(430-500) -546.650 2.892 210.9 94.8 6.048 73
Br3 Br(430-400) -710.564 1.824 46.5 61.1 6.285 80
Br4 Br(265-500) -577.445 3.644 300.6 77.0 7.304 109
R, = 8.564 — 2.397X, — 1.88X, + 1.769X,X,  [29] (5)

It can be observed that the burnishing process has a positive effect on the corrosion
resistance of API 5L X52 steel, as evidenced by the decrease in Icorr and the consequent
increase in Rp compared to the machined state (Table 8). The burnishing condition,
characterized by Py=265 N and f=400 mm/min, offers the highest Rp value of 14.617 A
with a gain of 318% in Rp. However, increasing the Py value from 265 N to 430 N reduces
the Rp values, regardless of the f value. Similarly, increasing the f value also reduces the Rp
gain from 318% to 109% (fig 13)[29].

Surface Plot of Rp vs Py;

Rp 1o

400 300
450

Fig. 11. Surface plot of Rp [29]
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Fig. 13. Effect of burnishing parameters on corrosion resistance (Rp)

3.6. Microscopic Observations

Figure 14 and 15 present images acquired through scanning electron microscopy, offering
insights into the corroded surfaces under examination. These visual representations
distinctly depict variations in corrosion patterns, primarily emphasizing the contrasting
effects of machining and burnishing processes on the material's surface. Specifically, these
images underscore that corrosion tends to be more prominent on the machined surface,
manifesting within the recesses of the machining asperities. In contrast, when the
burnishing process is applied, it leads to a significant smoothing of these asperities,
thereby reducing surface roughness [29]. This reduction in surface roughness, in turn,
contributes to a noteworthy decrease in corrosion susceptibility. When burnishing is
conducted with a force of 265 N and a feed rate of 500 mm/min, the resulting surface is
the cleanest in terms of corrosion attack.
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Fig. 14. Evolution of corrosion resistance (Rp) before and after corrosion tests for

unburnished samples[29].

Fig. 15. Evolution of corrosion resistance (Rp) before and after corrosion tests for

burnished samples[29]

5. Conclusions

After subjecting the API 5L X52 steel to ball burnishing under various conditions, the
following conclusions can be drawn:

This study focused on the mechanical surface treatment of API 5L X52 steel,
emphasizing the outer surface of the pipeline. It also presented a bespoke static
device capable of treating both cylindrical and prismatic surfaces, highlighting its
versatility and potential impact.

The optimal burnishing parameters for plane surface burnishing were determined
by conducting the process using the Taguchi L16 experimental design, S/N analysis.
The surface roughness (Ra) of the sample can be improved from approximately 0.26
to 0.05 pm using the optimal ball burnishing parameters. The Vickers
microhardness of the tested sample was improved from 204.67 to 266.57 after the
burnishing process.

The use of the Taguchi experimental design allowed for accurate modelling and
prediction of the roughness and microhardness responses. The obtained models
showed excellent correlation with the experimental results, with appreciable
determination coefficients. The utilization of Analysis of Variance (ANOVA) based
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on Signal-to-Noise (S/N) ratio has provided a quantitative insight into the influence
of burnishing process parameters on both surface roughness and microhardness.
Regarding surface roughness, the ANOVA reveals that the force applied (Py) and the
feed rate (f) play pivotal roles, contributing 37% and 32% to the observed variance,
respectively. In contrast, spindle speed (N) and the number of passes (i) have
relatively minor effects, with contributions of 8% and 12%, respectively. A portion
of the remaining variance is attributed to error, comprising 11% of the total
variance.

Similarly, the ANOVA analysis for microhardness results underscore the dominant
role of burnishing force (Py) and feed rate (f) in minimizing surface roughness,
contributing a significant combined effect of 81%. In contrast, spindle speed (N) and
the number of passes (i) exhibit limited impact, accounting for only 8% of the
variance collectively. These findings emphasize the critical importance of
optimizing burnishing force and feed rate to achieve desired surface roughness
improvements.

Multi-objective optimization inspired by DFA revealed the following regime: Py =
265 N; f = 500 mm/min; N = 900 rpm; and i = 1. This burnishing regime yielded a
surface roughness of Ra = 0.07 um and a microhardness of pHv = 265. These values
are awfully close to those predicted by the regression models, demonstrating an
improvement of 97.51% in surface roughness and a 40% increase in
microhardness.

The findings of the study indicate that ball burnishing can be deemed as a significant
technique to enhance the corrosion resistance of API 5L X52 steel. Based on the
outcome of the experiment, it is evident that the impact of burnishing results in a
noteworthy surge of up to 318% in the corrosion resistance. Thus, it can be inferred
that the implementation of ball burnishing can be an effective strategy to protect
steel against corrosion.
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Nomenclature
e  Symbols:
e A Elongation (%)
e Ecorr Corrosion potential (mV)
o f Burnishing (mm/min)
e Icorr Corrosion current (1A)
o i Number of passes
e N Spindle speed (rpm)
e Py Burnishing force (kgf)
e Re Average yield strength (MPa)
e UTS Ultimate tensile strength (MPa)
e Ra Surface roughness (um)
e uHv200 Surface Vickers Microhardness
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Rp Polarization resistance to corrosion (ohms)

B Potential difference between cathode and anode
fa  Sample polarization (mV)

Bc  Reference measurement cell polarization (mV)
nRa Signal to noise Ratio for roughness

nuHv Signal to noise Ratio for microhardness

e o o o o o

Abbreviations:

DFA Desirability function approach

OCP Open circuit potential

MABB Magnetic Assisted Ball Burnishing
MST Mechanical surface treatment

RSM Response surface methodology

SEM Scanning electron microscopy

SPD Superficial plastic deformation

e 6 o o o o o o
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