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Abstract: The current paper investigates the effect of the heat treatment process on three grades of
stainless steel alloys against the abrasive and the lubricant wear conditions, using 25 wt.% glucose
solution for the industrial agriculture applications. The heat treatment process was carried out for
one hour at 900 ± 10 ◦C, followed by quenching with monograde motor oil and tempering for more
than two hours at 200 ± 10 ◦C. Several analyses were conducted to estimate the final mechanical,
surface morphological and tribological properties for the studied materials, before and after the
heat treatment process. The heat-treated martensitic stainless steel grade exhibited superior wear
resistance and higher hydrophobicity compared to the other two heat-treated austenite stainless steel
grades. Therefore, the mechanism of the heat treatment process, the chemical and physical nature of
the parent material, and the viscosity of the selected lubricant all influence the final behaviour of the
studied material against the applied operating conditions for the selected application.

Keywords: heat treatment; monograde motor oil; stainless steel grades; surface roughness wettability;
abrasive lubricant wear conditions; 25 wt.% glucose solution; industrial-agriculture applications

1. Introduction

Stainless steel alloys are widely used as machine construction materials in industrial
agriculture applications, including producing and refining sugar cane, beets, and other
products containing high glucose solution concentrations. The quality and efficiency of
the products are related to the machine-building materials made of different grades of
stainless steel alloys. The market requires more qualified and moderated products [1,2]
thus, several treatment methods are required to improve the machine used to manufacture
stainless alloys to ensure the continuity and quality of the products. Further, the industry
prefers available qualified material preparation and cheap material treatment methods.
The nature of the elemental composition of the stainless steel alloy and the preparation
method determine the final surface texture, mechanical, and tribological properties of the
material. For example, adding chromium and nickel elements is very important for the
standard austenitic stainless steel grades 304 and 316 to enhance their resistance against
electrochemical corrosion, stabilize the austenitic phase, and prevent the transformation to
any other unstable phases. However, most austenite stainless steel alloys are subjected to
destructive attacks resulting from the hazardous interactions between their surface and the
other surrounding liquids existing in their atmosphere. Accordingly, scientists developed
stainless steel alloys, such as the martensitic type, to overcome such problems. Martensitic
stainless steel alloys [3] are distinguished by their unique properties from the other austen-
ite stainless steel grades. They are characterized by their ability to combine high tensile,
good wear, and chemical corrosion resistance against aggressive solution environments.
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All these properties are critical to overcoming the harsh surrounding environmental
conditions that severely affect the quality of machines in the industry [4,5]. Consequently,
Martensitic stainless steel alloys are used to construct seamless tubes in oil or gas indus-
tries, industrial knives, oil pipelines and pumps, or other parts of machines suitable for
the petroleum or agriculture instrumental industries [6]. The tribological wear conditions,
such as the applied load, the speed velocity and surface topography of the moving parts,
and the abrasion resulting from the hard surface and lubricant, provide an estimate of
the optimal friction coefficient and wear resistance of the material under investigation [7].
Moreover, the average surface roughness belonging to the examined material affects the
material’s wear behaviour under lubricant conditions [8,9], and the adhesion contributes
to the biocompatibility of the material [10]. According to Wenzel, Cassie and Baxter’s
methods, there is a direct relationship between surface roughness and contact angle [11,12].
Numerous material treatment methods have been used to enhance the surface topography
of stainless steel alloys, such as the femtosecond laser surface treatment [13] and radiofre-
quency plasma [14–18]. The rougher the surface, the more the contact angle or, the less the
wettability between the lubricant and the examined material, resulting in a higher degree of
hydrophobicity. The reduced wettability improves the electrochemical corrosion resistance
of the material against the surrounding medium.

Moreover, the increased surface microhardness of the material enhances the material
impedance against residual stresses and plastic deformation resulting during wear tests [19].
The heat treatment method is a well-known and inexpensive method of improving the
properties of stainless steel alloys as a whole. It is a very important processing method
due to its simplicity and environmentally friendly nature, and can improve the material’s
chemical, physical, and mechanical properties.

The heat treatment performed under conditions, including treatment time and temper-
ature for each step of the treatment process as austenitisation, tempering, and the cooling
rate, are the main parameters controlling the properties affecting the final efficiency of the
heat-treated stainless steel alloys [20]. The influence of post-heat treatment on the wear and
corrosion resistance of martensitic stainless steel alloys against aggressive media and harsh
tribological conditions has been discussed at high quenching and tempering temperatures.
It has been concluded that increasing applied load enhances the worn volume loss of
the investigated material according to the self-impedance of the studied material against
plastic deformation. The heat treatment process could also produce better mechanical prop-
erties of the martensitic alloys that are recycled for industrial applications [5]. A further
study has been carried out to determine the effect of tempering on the electrochemical
corrosion properties of the Martensitic grade AISI4130, indicating that the heat treatment
process leads to a decreased electrochemical corrosion current (IC) against 3.5% NaCl water
saline solution. It also showed that the increased surface microhardness of the heat-treated
material demonstrates the heat treatment process’ ability to improve the electrochemical
corrosion and abrasive wear resistance of the material [21]. Previous studies discussed the
advantage of the tempering process after quenching step on the mechanical properties of
the heat-treated carbon steel. Tempering reduces material brittleness, leading to a better
combination of hardness and toughness [22]. Several studies have shown the influence
of the tribological system operating conditions, including the applied load, the sliding
speed, the lubricant type, and the atmosphere temperature, on the final obtained friction
and wear resistance of the investigated material [23]. The effect of the surface treatment
process condition against several solutions (e.g., 3.5% NaCl, bi-distilled water, low ethanol
and rapeseed oil) has been discussed. The study confirmed the deep relationship between
the resultant treated material surface morphology, surface roughness and the final be-
haviour of the treated material wettability and corrosion resistance. The higher contact
angles have been obtained with materials that have higher surface microhardness and are
rougher [14–18]. Hence, the surface morphology of the treated material is a very impor-
tant parameter affecting the quality of the material. Moreover, the time and tempera-
ture of the tempering treatment determine the surface microhardness of the heat-treated
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martensitic stainless steel grade. The lower tempering temperature leads to higher surface
microhardness [24].

The current study set out to study the effect of the heat treatment process for 60 min
at 900 ± 10 ◦C, followed by quenching with monograde motor oil and tempering for
120 min at 200 ± 10 ◦C, on three grades of stainless steel alloys used in industrial agri-
culture applications. Various analyses were performed to obtain the mechanical and
tribological properties of each investigated stainless steel grade before and after the applied
treatment process. For instance, the analyses involved surface microhardness, average
surface roughness, surface wettability, and tribological wear under dry and lubricant con-
ditions. The lubricant test was conducted in conjunction with the flow of a high viscous
liquid material = 25 wt.% glucose solution, with a viscosity of 17.41 poise and pH = 5.57 at
solution flow rate = 1.2027 mL/min.

2. Materials and Methods

The current study utilised two austenite stainless steel grades, S2 and S3, and Marten-
sitic stainless steel grade S1. The spectrophotometer analyser type “Belec Vario Lab 2C
at 20 KV” was used to determine the accurate chemical composition for these stainless
steel grades. The obtained chemical composition and density for investigated materials are
listed in Table 1.

Table 1. The chemical composition and density for the investigated materials.

Chemical (wt.%) S1 S2 S3

C 0.272 0.005 0.109

Si 0.260 0.351 0.561

Mn 0.688 1.478 8.85

P 0.016 0.018 0.064

S — 0.272 0.024

Cu 0.197 0.598 1.523

Al 0.025 — —

Cr 14.86 17.66 13.23

Mo 0.904 0.315 0.117

Ni 0.853 9.51 0.430

V 0.091 0.036 0.027

Ti — 0.131 0.009

Nb 0.021 0.049 0.006

Co 0.047 0.064 0.105

W — — 0.184

N 0.074 0.013 0.152

Fe 81.692 69.455 74.609

Density (g/cm3) 7.62 7.71 7.92

The investigated materials were cut from cylindrical stainless steel specimens measur-
ing 12 mm in diameter and 2500 mm in length. Several steps were applied to prepare the
samples for the heat treatment process. Firstly, all samples were cut carefully into equal
thickness, which is 7 mm for each sample. After that, the grinding and polishing steps were
performed using the silicon carbide paper sheets, starting from grade 60 to grade 4000,
to achieve a shiny mirror surface for each sample. Finally, the digital Eumax ultrasonic
cleaner was used to wash all samples clearly by immersing the selected polished samples
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into pure ethyl alcohol 99.9 wt.% for 25 min at 40 ◦C, to remove any residual precipitates
before polishing and grinding steps.

The heat treatment process was applied at two stages. The first stage was to subject
all the investigated samples to high temperature = 900 ± 5 ◦C, using the digital Muffle
furnace Model: FHPX-12) made by the DAIHAN SCIENTIFIC CO for complete 60 min. All
samples were then removed from the digital furnace red and hot and quenched carefully
inside one litre of mono-grade motor oil, with a viscosity of 40 poise at room temperature
for 10 min. At the second stage, all samples were washed carefully using hexane alcohol
purity ≈ 99 wt.%, followed by ethyl alcohol purity 99 wt.%, to remove any unwanted
precipitates over the surface of treated samples. Finally, all the investigated samples were
exposed to another heat treatment step: tempering at a lower temperature 200 ± 10 ◦C
for 120 min inside an oven type Fresh, and then left to cool freely to room temperature.
Figure 1 represents the applied stages during the complete heat-treatment process.
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Figure 1. The Schematic diagram for the heat-treatment mechanism.

Surface Characterisation, Mechanical and Tribological Analysis

The material surface characterisations have been applied using several instruments,
involving the XRD instrument, optical microscope and scan electron microscope. The
XRD analysis was applied using the JEOL diffractometer using a Cu-Kα target at an
X-ray wavelength of λ = 1.54184 Å. The obtained data were recorded at the 2θ range
from 30◦ to 90◦. The surface microstructure, grain size, and the optical micrographs
of the worn surfaces before and after the heat treatment processes were investigated
using the Trinocular polarising microscope type (Fluoroscope-Polar T/R, made by Ray
wild and the scanning electron microscopy instrument type VEGA3 TESCAN). A special
etcher was prepared to characterise the studied material surface texture using a mixture of
1:9 mL nitric and ethanol acid. The mechanical and tribological analysis includes several
measurements: surface microhardness, average surface roughness, surface wettability,
abrasive and lubricant wear, and friction measurements.

The surface microhardness measurements were executed by the Matsuzawa Seki. Co.
LTD at room temperature 27 ± 3 ◦C, and the test was performed at five different positions
for each investigated sample surface at the Hv. 10 scale. The average surface roughness
measurements were applied using the accredit Talysurf 50 instrument. Meanwhile, the wet-
tability measurements, including contact angle and work of adhesion, were implemented
by the Phoenix 300 device (S.E.O Co. Ltd., Hong Kong).

The tribological analyses, involving the specific abrasive wear rate, the specific lubri-
cant wear rate, and friction coefficient measurements, were applied using the pin on disk
tribometer, as shown in Figure 2 [25]. The test is applied by subjecting each investigated
sample to a pressure = 0.5 MPA of an automobile hard grey cast iron disk moving at 7 m/s
sliding speed for 18 min at room temperature 27 ± 3 ◦C. The abrasive dry wear conditions
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were executed by applying the test without any lubricant. The lubricant wear conditions
were applied in conjunction with the flow of 25 wt.% glucose solution with viscosity
17.41 poise, pH = 5.57, and glucose flow rate 1.2027 mL/min. The PH parameter value of
the lubricant was measured using a Jenway PH meter, and the viscosity was investigated
using a viscometer type: first touch serial no 15.05TFO22 Lamy rheology instruments. It is
very important to polish and clean the rotor disc friction area using 320 abrasive grid paper
and pure acetone before the beginning of the wear test for the next investigated sample, to
forbid any unwanted residues and achieve the best quality for the applied measurements.
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3. Results
3.1. XRD and Structural Analysis

Figure 3 shows the X-ray diffraction patterns at the 2θ range from 30◦ to 90◦ for all
the studied stainless steel grades, where part (A) represents the untreated S1, S2 and S3
samples and part (B) displays the heat-treated samples OS1, OS2 and OS3. Although
all the selected materials are mostly stainless steel alloys with comparable densities, the
diffraction patterns produced for each sample are not unique. S1 is a Martensitic stainless
steel grade characterised by a base-centred cubic structure with reflection planes (110),
(200) and (211) [6], whereas S2 and S3 are austenite stainless steel grades defined by a
face-centred cubic structure with reflection planes (111), (200) and (220). Furthermore,
S1 prefers the alpha (110) direction planes; however, S2 and S3 choose the gamma (111)
direction planes [14–18,26].

Several parameters obtained from the XRD analysis demonstrate the influence of the
heat treatment process on the selected stainless steel grades, including texture coefficient,
full width half maximum (FWHM), and crystallite size [14–18,27] (Table 2). The texture
coefficient is obtained by dividing (the intensity of preferred orientation) by (the summation
of the other whole peak intensities existing in the crystal), FWHM =

[
peak area
peak hight

]
, and the

crystallite size is defined by the Williamson–Hall plot equation.
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treatment process.

Figure 4 shows the obtained optical surface microstructure for the investigated stain-
less steel alloys using the Trinocular polarizing microscope type (Fluoroscope-Polar T/R,
made by Ray wild) at the magnification 20×. Meanwhile, Figure 5 represents a higher
magnification scale = 1K× using the scanning electron microscopy instrument type VEGA3
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TESCAN) to show the obtained the grain size for both of the martensitic and austenitic
samples S1 and S3, before and after the heat treatment process.

Table 2. Texture coefficient, FWHM and Crystallite size obtained by XRD analysis.

Sample
Code Texture Coefficient FWHM for the Preferred

Reflection Plane Crystallite Size (A)

S1 0.67313 0.57044 282.13

S2 0.67041 0.54529 344.57

S3 0.69375 0.46892 241.28

OS1 0.69643 0.55539 391.3

OS2 0.52906 0.67757 145.57

OS3 0.61853 0.55175 184.4

Coatings 2021, 11, x FOR PEER REVIEW  7  of  19 
 

 

full width half maximum (FWHM), and crystallite size [14–18,27] (Table 2). The texture 

coefficient is obtained by dividing (the intensity of preferred orientation) by (the summa‐

tion of the other whole peak intensities existing in the crystal),  FWHM
	 	

	
,  and 

the crystallite size is defined by the Williamson–Hall plot equation. 

Table 2. Texture coefficient, FWHM and Crystallite size obtained by XRD analysis. 

Sample 

Code 
Texture Coefficient 

FWHM for the Preferred   

Reflection Plane 
Crystallite Size (A) 

S1  0.67313  0.57044  282.13 

S2  0.67041  0.54529  344.57 

S3  0.69375  0.46892  241.28 

OS1  0.69643  0.55539  391.3 

OS2  0.52906  0.67757  145.57 

OS3  0.61853  0.55175  184.4 

Figure 4 shows the obtained optical surface microstructure for the investigated stain‐

less steel alloys using the Trinocular polarizing microscope type (Fluoroscope‐Polar T/R, 

made by Ray wild) at  the magnification 20×. Meanwhile, Figure 5  represents a higher 

magnification  scale  =  1K  ×  using  the  scanning  electron microscopy  instrument  type 

VEGA3 TESCAN) to show the obtained the grain size for both of the martensitic and aus‐

tenitic samples S1 and S3, before and after the heat treatment process. 

 

50 μm 

Figure 4. Optical microstructure for investigated materials, before and after the heat‐treatment pro‐

cess magnification 20×. 

S1 OS1 

S2 
OS2 

S3 OS3 
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3.2. Mechanical and Tribological Characterisation

Table 3 illustrates the impact of the heat treatment process on the surface microhard-
ness, average surface roughness, and wettability measurements [14–18] against a liquid
drop of 25 wt.% glucose solution based on the Sessile Drop method for all the investigated
materials, before and after the heat treatment process.
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Figure 5. Scan electron microscope magnification 1K× for the Martensitic and austenite stainless steel grades S1 and S3
before and after the heat-treatment process.

Table 3. Surface microhardness, average surface roughness, and wettability for the stainless steel
grades, before and after the heat-treatment process.

Sample
Code

Surface
Microhardness

(Hv. 10)

Average Surface
Roughness Ra

(µm)

Wettability

Contact Angle (◦) Work of Adhesion
[mN/m]

S1 351 ± 18 0.0695 ± 0.0034 81.037 ± 6.2 84.135 ± 4.20

S2 276 ± 10 0.1304 ± 0.006 88.24 ± 4.5 75.025 ± 3.75

S3 369 ± 15 0.2234 ± 0.009 92.97 ± 7.3 69.01 ± 4.02

OS1 524 ± 25 0.3703 ± 0.018 89.115 ± 4.23 73.872 ± 3.69

OS2 164 ± 19 0.0940 ± 0.0045 58.67 ± 9 110.60 ± 5.53

OS3 221 ± 22 0.1084 ± 0.002 69.81 ± 5 97.91 ± 4.90

The wettability behaviour for the contact angle between the liquid drop of 25 wt.%
glucose solution and the surface of the stainless steel alloys before and after the heat
treatment process is summarised in Figure 6.
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Figure 6. Contact angle measurements for a liquid drop 25 wt.% glucose solution poured on the surface of the stainless steel
grades, before and after the heat treatment process.

The tribological wear and friction coefficient analysis, for all the investigated stainless
steel alloys before and after the heat treatment process, was performed against abrasive and
lubricant wear conditions. Several parameters are obtained from this analysis to scrutinise
the wear behaviour for each analysed sample, like the mean friction coefficient and the
specific wear rate.

Figure 7A–C represents the friction coefficient behaviour COF for the analysed mate-
rials S1, S2, and S3, before and after the heat treatment process, as a function of distance
per meter. The test time was fixed to be 18 min at a total sliding velocity of seven m/s to
achieve a final total sliding distance = 7000 m. The test was conducted under two distinct
conditions: abrasive wear without any solution and lubricant wear in the presence of
25 wt.% glucose solution with a viscosity of 17.41 poise, pH = 5.57, and solution flow rate
at 1.2027 mL/min. Figure 8 depicts the obtained optical micrographs of the worn surfaces
for all the investigated stainless steel grades against abrasive and lubricant wear conditions.
The specific wear rate (σ) is calculated by the following equation:

(σ) =
∆w

F·ρ·V·t

(
cm3/Nm

)
(1)

where the ∆w: is the difference of weight per gram of the investigated samples before and
after applying the wear test, F is the applied friction force per Newton, ρ is the density of
investigated sample per (g/cm3), V is the sliding speed per (m/s), and t is the duration
time of test per second.

Furthermore, Figure 9 and Table 4 summarise the corresponding mean friction coeffi-
cient COF and specific wear rate (σ) values for the stainless steel grades, before and after
the heat treatment process against dry and lubricant wear conditions.
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Table 4. The tribological results against abrasive and lubricant wear conditions for the stainless steel grades, before and
after heat-treatment process.

Sample
Code

Friction Coefficient
against Abrasive Wear

Specific Abrasive
Wear Rate
(cm3/Nm)Mean Min Max

S1 2.45 × 10−1 1.98 × 10−1 2.84 × 10−1 7.3978 × 10−11 ± 0.002729 × 10−11

S2 2.56 × 10−1 8.45 × 10−2 2.93 × 10−1 1.92429 ×10−10 ± 0.003976 × 10−10

S3 1.58 × 10−1 1.29 × 10−1 2.33 × 10−1 3.47039 × 10−11 ± 0.002205 × 10−11

OS1 1.79 × 10−1 4.80 × 10−3 2.11 × 10−1 4.79294 × 10−11 ± 0.004352 × 10−11

OS2 3.14 × 10−1 2.87 × 10−1 4.48 × 10−1 3.17628 × 10−10 ± 0.004311 × 10−10

OS3 2.32 × 10−1 9.98 × 10−2 3.22 × 10−1 6.54368 × 10−10 ± 0.004535 × 10−10

Sample
Code

Friction Coefficient
against Lubricant Wear

Specific Lubricant
Wear Rate
(cm3/Nm)Mean Min Max

S1 5.70 × 10−2 5.60 × 10−3 1.25 × 10−1 2.4312 × 10−11 ± 0.002569 × 10−11

S2 6.36 × 10−2 3.84 × 10−2 1.08 × 10−1 1.09763 × 10−11 ± 0.001264 × 10−11

S3 3.27 × 10−2 1.02 × 10−4 1.50 × 10−1 1.33476 × 10−11 ± 0.003782 × 10−11

OS1 1.30 × 10−2 8.52 × 10−6 5.80 × 10−2 6.94629 × 10−12 ± 0.001273 × 10−12

OS2 9.38 × 10−2 4.31 × 10−1 1.76 × 10−1 1.88999 × 10−10 ± 0.002972 × 10−10

OS3 3.90 × 10−2 5.11 × 10−6 1.62 × 10−1 3.70397 × 10−11 ± 0.00035 × 10−11

4. Discussion
4.1. XRD and Structural Analysis

According to the XRD analysis and optical microstructure (Figures 3B and 4), the heat
treatment process for 60 min at high temperature 900 ± 10 ◦C, followed by quenching with
mono-grade motor oil and tempering for another more 120 min at 200 ± 10 ◦C, lowered
the diffraction pattern intensity and the crystallite size of OS2 and OS3 austenite stain-
less steel samples, due to the formation of the retained austenite phase. In contrast, the
same heat treatment conditions increased the diffraction pattern intensity and the crystal-
lite size of the OS1 martensitic stainless steel sample, because of forming the hardened
martensitic phase.

It can be seen from Table 2 that the texture coefficient and crystallite sizes of the alpha
(110) preferred planes in the OS1 heat-treated martensitic sample are larger than those in
the untreated S1 sample. On the other hand, the texture coefficient and crystallite size
of the gamma (111) preferred planes in OS2 and OS3 heat-treated austenite samples are
smaller than those in the untreated S2, S3 samples. The FWHM was decreased for the
OS1 following the heat treatment process and increased for the OS2, and OS3 treated
samples. It can be concluded that the heat treatment process for the Martensitic sample
Sl led to the formation of the hardened martensitic phase, which is harder and more
crystalline than the other retained austenitic phase initiated for the austenite stainless
steel OS2 and OS3 samples after the heat treatment process. As illustrated in Figure 3,
sample S1 has a predominantly bcc martensitic microstructure, with an average grain size
of ≈8 µm, whereas the heat treatment process increased the grain size of the heat-treated
grade OS1 to ≈42 µm due to the formation of the new tempered and more crystalline
hardened martensitic phase, which is known for its high mechanical resistance, tensile
nature, and toughness [7]. Meanwhile, the grain size of the untreated austenite sample S3
was ≈83.48µm, which was reduced to ≈58.64 µm for heat-treated samples OS3, owing to
the formation of the weak and retained austenite phase after the heat treatment process.
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4.2. Mechanical and Tribological Characterization
4.2.1. Surface Microhardness

The obtained surface microhardness measurements indicated that both the heat-
treated austenite stainless steel samples OS2 and OS3 have lower surface microhardness
values compared to the untreated austenite stainless steel samples S2 and S3, due to
the newly formed weak retained austenite phase. Nonetheless, the Martensitic heat-
treated sample OS1 has a higher surface microhardness than the untreated sample S1.
The increased surface microhardness of the OS1 sample is directly related to the initiation
of a new hardened martensitic phase, owing to the heat treatment parameters applied,
including the time, temperature, and parent phase of the bulk treated material [24,28].
Several previous studies reported the advantage of tempering after quenching step on
the mechanical properties of the heat-treated carbon steel, because it decreases brittleness,
leading to a better combination between hardness and toughness [22,29]. Meanwhile, an
opposite behaviour was recorded for both the heat-treated austenite stainless steel samples
OS2, OS3 at the same heat treatment process, owing to the formation of the weak retained
austenite phase [30].

4.2.2. Surface Roughness and Wettability

The average surface roughnesses for heat-treated austenite stainless steel grades OS2
and OS3 have lower values compared to the untreated austenite stainless steel samples
S2, S3. Meanwhile, the heat-treated sample OS1 has a higher average surface roughness
following the heat treatment process compared to the untreated martensitic sample S1.
Moreover, the wettability characteristics of the investigated materials include both con-
tact angle and work of adhesion for a drop of 25 wt.% glucose solution. As shown from
Figure 6 and Table 3, the obtained contact angles (◦) and work of adhesion (mN/m) mea-
surements for both of the heat-treated austenite stainless steel samples OS2 and OS3 are
inversely related compared to those of the untreated samples. According to the previously
mentioned status of the OS2 and OS3 samples, it can be concluded that decreasing the av-
erage surface roughness reduces the degree of the contact angle between the liquid drop of
glucose solution and the examined material surface. As a result, the glucose liquid spreads
on the heat-treated austenite materials surface, increasing the degree of adhesion between
the glucose liquid and the investigated material surface. Accordingly, the heat-treated
austenitic samples OS2 and OS3 become more hydrophilic and softer than the untreated
austenite samples S1 and S2. However, a rougher surface, a higher contact angle and a
lower work of adhesion are obtained for the heat-treated martensitic sample compared to
the untreated one. Consequently, the heat-treated sample OS1 is more hydrophobic and
rougher than the untreated martensitic sample S1. These results match those of previous
studies that used the Wenzel and Cecil wettability calculation methods [11,31].

Furthermore, the average surface roughness of investigated material is directly pro-
portional to the contact angle, and inversely proportional to the obtained work of adhesion.
Thus, the hydrophobic or hydrophilic nature of the resulting material is controlled ba-
sically by the final chemical, physical microstructure, and average surface roughness of
the investigated material, which all contribute to the whole treatment process. More-
over, several previous investigations have established a strong correlation between the
obtained parameters, such as surface microhardness, friction coefficient, and the material
surface topography characterisation of the investigated material, including roughness
and wettability [14–18]. The previous techniques could increase the surface roughness of
treated stainless steel alloys and transfer their surface microstructure from a hydrophilic
morphology into a hydrophobic nature [14–18,32,33].

4.2.3. Tribological Wear Properties against Abrasive and Lubricant Wear Conditions

When discussing the tribological wear properties, we start first with the abrasive
wear condition for all the investigated grades before and after the heat treatment process,
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as depicted in Figure 7A–C, where curves I and II represent the COF behaviour for the
untreated and treated samples, respectively.

Figure 7A-I represents the COFS1 behaviour versus distance for the martensitic sample
S1. The obtained curve is not smooth along with the whole distance, where there is a slight
drop at the COFS1 value = 0.1876 at a distance of 3780 m. On the other hand, Figure 7A-II
illustrates the COFOS1 curve for the heat-treated martensitic OS1 sample. A smoother curve
and much lower values for the COFOS1 were noticed compared to the COFS1 curve I of the
untreated sample S1 at the same abrasive wear conditions.

Figure 7B-I displays the COFS2 behaviour for the untreated austenitic sample S2
and Figure 7B-II represents the COFOS2 behaviour for the heat-treated austenitic sample
OS2. The B–II curve exhibits a sharper increase in the COFOS2 behaviour until it reached
COFOS2 = 0.289, distance = 1682 m, at which point the curve started a quitter smother
movement, until [COFOS2 = 0.3084, distance = 4410 m]. It then resumed its former high
fluctuating COFOS2 behaviour until the curve ended. The COFOS2 values are higher than
the COFS2 ones.

Figure 7C-I shows the COFS3 behaviour for the other untreated austenitic sample S3
and Figure 7C-II depicts the COFOS3 curve for the OS3 sample after the heat treatment. A
sharp continuous increase was found at the beginning of the (C—II) curve compared to
the untreated sample, until it reached COFOS3 = 0.1814 and distance = 2941 m, and it then
started to decrease. The COFOS3 values for heat-treated sample OS3 are also higher than
the untreated COFS3 state.

Figure 8A represents the obtained optical micrographs of the worn surfaces for all stud-
ied samples against abrasive wear conditions without lubricant. The wear test damaged
and corroded the surface of all investigated samples. Furthermore, all the worn surfaces
are accompanied by some metal transfer aligned in the direction of rotation resulting from
the sliding motion of the contact surfaces (i.e., sample and brake disk) [34,35].

According to Figure 9, it can be concluded that the heat treatment process improved the
friction coefficient behaviour and specific wear resistance for the heat-treated martensitic
sample OS1, where the specific wear rate decreased after heat treatment. Meanwhile, the
heat treatment process has a detrimental influence on the wear resistance of the other two
austenitic samples, where both OS2 and OS3 samples achieved higher specific wear rates
following the heat treatment process. Moreover, the specific wear rate varies from one
sample to the other depending on its surface microhardness; for instance, lower worn
volumes are obtained against harder surfaces. These results match the previous surface
microhardness measurements and the Bowden and Tabor theory [36].

Secondly, the lubricant wear condition against the flow of 25 wt.% glucose solution is
depicted in Figure 7A-III. The COFLS1 curve decreased sharply compared to the former abra-
sive conditions COFS1 for the same material, due to the viscous lubricant of 25 wt.% glucose
solution flowing at a rate of 1.2027 mL/min. However, there are several zigzag fluctuations
in the COFLS1 behaviour, showing the instability of this Martensitic grade against lubricant.
These fluctuation drops occurred at (COFLS1 = 0.113, distance = 1682 m), (COFLS1 = 0.0842,
distance = 3572 m), (COFLS1 = 0.087, distance = 4623 m) and (COFLS1 = 0.0652,
distance = 5582 m). Figure 7A-IV reveals the COFLOS1 behaviour for the heat-treated
sample OS1 against lubricant wear conditions. The fluctuations at the COFLOS1 curve were
diminished or disappeared compared to the untreated sample COFLS1.

Figure 7B-III shows the COFLS2 behaviour against lubricant for the austenitic untreated
sample S2, which is quieter and smoother than the curve III COFLS1 for the untreated
martensitic sample S1. Figure 7B-IV indicated an increase and more fluctuation in the
COFLOS2 behaviour for the heat-treated sample OS2.

The COFLS3 behaviour for the other untreated austenitic sample S3 is shown in
Figure 7C-III, IV represents the COFLOS3 curve for the OS3 sample after heat treatment. A
sharp continuous increase was noticed at the beginning of the COFLOS3 curve compared to
the untreated sample until reaching COFLOS3 = 0.1814 and distance = 2941 m, and it then
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started to decrease. Nevertheless, the COFLOS3 values are higher than those obtained for
the untreated sample S3.

According to the optical micrographs for the investigated samples against lubricant
wear conditions using 25 wt.% glucose solution (Figure 8B), the amount of metal transfer
and worn volume loss were significantly reduced for all the examined samples compared
to the abrasive dry wear conditions because of the viscous glucose solution, which worked
as an inhibitor cutting fluid [37]. Additionally, as illustrated in Figure 9 and Table 3, the
same behaviour occurred for the mean COF and the specific lubricant wear. After the heat
treatment process, the heat-treated Martensitic sample OS1 attained a lowered specific
wear rate. On the other hand, the second and third austenitic heat-treated samples, OS2
and OS3, demonstrated enhanced specific wear rates, respectively.

According to the results, it can be concluded that the average surface roughness of
the material, wettability, which comes from the interaction between the poured saline and
the two contact solid surfaces moving relatively by each other, and surface microhardness
could all contribute to the final material surface properties.

Moreover, the heat treatment process initiated the retained austenite phase in the
case of the austenitic samples, S2 and S3, decreasing the crystallinity. Furthermore, the
mechanical and tribological analyses indicate that both heat-treated austenitic samples
have softer surfaces compared to the untreated samples. On the other hand, we found that
the heat-treated martensitic stainless steel grade has increased grain size and crystallinity,
leading to higher surface microhardness and a rougher surface than the untreated sample.

These results exhibited stable and smooth COFOS1, LOS1 for the heat-treated Martensitic
grade OS1 against dry and lubricant conditions, confirming the improvement of specific
wear resistance of the heat-treated martensitic grade. Meanwhile, increased and unsta-
ble fluctuated COFOS2, LOS2 and COFOS3, LOS3 curves are found for both the heat-treated
austenite stainless steel samples, OS2 and OS3, under dry and lubricant wear conditions,
leading to deteriorated wear resistance of the material. The main factors affecting abrasive
wear conditions are the relative surface microhardness and speed of the two moving parts
(brake disk and examined specimen).

In the case of lubricant wear by 25 wt.% glucose solution, another factor is added to
the whole wear process: the high viscosity of the fluid 17.4 poise. Since it has a higher
viscosity than water (≈1 poise) and flows by a speed flow rate of ≈1.2027 mL/min, the
glucose lubricant is pushed to adhere strongly to the surface of the examined material,
acting as an inhibitor between the two moving surfaces (pin disk and examined material).
The final specific wear rate against lubricant is lower than the final abrasive wear rate. The
rougher surfaces have less adhesion, respell lubricant solution, more hydrophobic, and
have lower specific lubricant wear rate and friction coefficient, and vice versa was found
for the opposite condition.

5. Conclusions

The effect of the heat treatment process on the three grades of stainless steel alloys
against both of the abrasive and lubricant wear conditions using 25 wt.% glucose solution
was examined for industrial applications. The mechanical and tribological characterisation
revealed an increase in the surface microhardness and roughness, as well as a decrease
in wear rate and friction coefficient for the heat-treated martensitic sample, due to the
formation of the hardened Martensitic phase for the heat-treated Martensitic stainless
steel grade S1. Meanwhile, the heat-treated austenite samples exhibited lower surface
microhardness and surface roughness, and a higher wear rate and friction coefficient,
owing to the production of the weak retained austenite phase for the heat-treated stainless
steel grades S2 and S3. Finally, the interaction of any material against abrasive and lubricant
wear conditions depends greatly on its surface morphology, wettability, and nature of the
utilised lubricant material.
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Abbreviations

S1: The first martensitic stainless steel grade.
S2: The second austenite stainless steel grade.
S3: The third austenite stainless steel grade.
OS1: The first heat-treated martensitic stainless steel grade.
OS2: The second heat-treated austenite stainless steel grade.
OS3: The third heat-treated austenite stainless steel grade.
(σ): Specific wear rate.
COF: Coefficient of friction.
COFS: The COF behaviour for the untreated sample against abrasive wear conditions.
COFOS: The COF behaviour for the heat-treated sample against abrasive wear conditions.
COFLS: The COF behaviour for the untreated sample against lubricant wear conditions.
COFLOS: The COF behaviour for the heat-treated sample against lubricant wear conditions.
ƠS: The specific wear rate for the untreated sample against abrasive wear conditions.
ơOS: The specific wear rate for the heat-treated sample against abrasive wear conditions.
ơLS: The specific wear rate for the untreated sample against lubricant wear conditions.
ơLOS: The specific wear rate for the heat-treated sample against lubricant wear conditions.
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