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Due to a combination of optimal properties such as great strength, high hardness, good
process ability, and good mechanical properties, AlSI 4340 steel is widely used in many
critical industrial applications such as nuclear, military, defense, and aerospace. It is also
widely used in hydraulic forged machine tools, forged automotive crankshaft systems,
shafts and gears, because of their improved characteristics, and its good tribological
properties. The purpose regarding this work is to check the tribological characteristics of
austempered AISI 4340 steel while dry and lubricated with machinery oil of SAE 30 grade
as base oil. As received, AISI 4340 steel samples have been austempered to four definitely
austenitic phase temperatures (850°C, 900°C, 1000°C, and 1050°C) for 90 minutes before
being immersed in a mixture of potassium nitrite and sodium nitrite at 400°C for 45
minutes. Friction and wear tests were then performed on austempered samples. Multi-
walled carbon nanotube particles were blended at weight concentrations of 0.055, 0.1,
0.15, 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45 with typical machinery oil of 30 grade as base
lubricant oil. A pin on the disc wear configuration was used in the experimental
investigation. The use of Multi-Walled Carbon Nanotube (MWCNTSs) additives in the base
oil resulted in a decrease in both friction coefficients and wear rates values when compared
to typical base oil lubricant. The results also showed a reduction in both friction
coefficients and wear rates as the sample's austempering temperatures were raised. Sliding
surfaces were also photo micro graphed, and when the volume concentrations of Multi-
Walled Carbon Nanotube particles in the normal base oil lubricant were increased,

smoother surfaces with less damage were shown.

1. INTRODUCTION

Wear and friction are natural phenomena that occur whilst
two paired items move in proximity to one another. Wear is
described as the unwanted but unavoidable loss of material
from rubbing surfaces or surface damage on one or both
surfaces as a result of sliding, rolling, or impact action relative
to one another, resulting in a decrease in operational efficiency
[1].

More frequent replacement or repair of worn components,
as well as over haulage of machinery, may incur substantial
costs in terms of labor, machine downtime, and energy used in
the creation of replacements.

The term wear refers to the steady deterioration of a surface
with loss of shape, which is frequently accompanied by weight
loss and the formation of debris. Although wear appears to be
easy at first glance, the actual process of material loss is highly
complicated.

This is due to the enormous number of elements that effect
wear. Wear may have a variety of patterns (abrasion, fatigue,
ploughing, corrugation, erosion and cavitation).

The properties of the sliding surfaces largely determine
wear and friction. The lubricant is also used to protect the
sliding surface from unanticipated damage.

Wear may be avoided in a variety of ways. The most typical
approaches involve the use of wear-resistant materials or
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simply modifying the material characteristics, such as heat
treatments that include austempering.

The material's wear resistance is mostly determined by the
type of loading, sliding, and operating environment [2-4].

Wear can also be avoided by keeping the surfaces apart
from one another. To minimize friction coefficients and wear
rates, oil and grease are often utilized.

The majority of mechanical elements in the industry pass
relative to one another, creating heat as a result of wear and
friction. As a result, the lifespan of moving components is
shortened, thereby lowering dimensional precision and
performance [5]. Higher coefficients of friction can cause
extra wear and use a substantial quantity of energy in moving
elements, reducing the mechanical system's efficiency [6]. As
a result, friction coefficient and lowering wear can be viewed
as a significant cost-saving measure to make the process more
value-effective [7]. Austempering is a heat treatment that
effects in natural binate, a microstructure that exists among
pearlite and martensite. When compared to quenching and
tempering, one advantage shared by all austempered materials
is a lower rate of deformation and fracture. This was achieved
by a modification in the entire manufacturing process, which
resulted in cost savings. The SAE 4340 steel wear behavior
was evaluated utilizing a pin-on-disc wear device.

The tests were performed in variety of duration, test rate,
and load circumstances.


https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.550311&domain=pdf

The wear and tear behavior of (SAE 4340) steel was
evaluated utilizing a pin-on-disc wear device in a variety of
duration, test rate, and load circumstances. Several specimens
and single steel specimens were used for the damage test, and
the acquired frictional pressure and wear were compared [8].
AISI 4340 steel was examined for tribological performance in
dry sliding scenarios at room temperature. The primary wear
pattern identified with a subsurface plastically deformed layer
was abrasive wear with moderate adhesive wear and
delamination, with an increase in the degree of plastic
deformation from subsurface to surface [9]. To examine the
tribological properties of quenched and tempered AISI 4340
steel, a ball on disc tribometer was utilized. It was discovered
that quenched and tempered AISI 4340 steel had greater
hardness and wear resistance than untreated steel [1]. During
a pin-on-disk wear test, the residual pressure conduct of
quenched and tempered AISI 4340 steel specimens against a
counter-body of steel AISI E 52100 was studied. Checks were
performed on shot peened and non-shot peened specimens at
six levels, and residual stresses were measured using an X-ray
diffraction method after each one. The results revealed that the
wear and tear rate of the shot peened specimens was about
50% lower [10]. The Taguchi method was used to identify the
optimum levels of wear parameters of AISI 4340 steel under
different testing situations such as carried out load, sliding
distance, and sliding velocity. The results reveal that a lower
wear charge is done when the most dependable parameter
placement (load, sliding speed, and sliding distance) is used
[11-14]. The wear and tear resistance of AISI 4340 steel lined
with Tungsten carbide and Chromium carbide-primarily based
coatings deposition utilizing HVOF technology was explored
and analyzed using the Pin-on-Disc technique, and the
influence of floor modification on the wear conduct was
investigated. In terms of overall wear and tear performance,
the results revealed that the tungsten carbide coating beat the
chromium carbide coating [15]. The wear and tear behavior of
several hardened phases with bore-induced changes was
examined in AISI 4340. The coefficient of friction determined
within the Fe,B portion of the steel AISI 4340 then ranged
from 0.04 to 0.06. The coefficient of friction was discovered
to be greater than the Fe,B phase, and no adhesion failure were
seen after sliding inside the interface of the two separate boride
layers. Cracks in the Fe B phase following the sliding
examination were significantly more numerous [16]. The anti-
wear overall performance of AISI 4340 steel coated with Mo
by supersonic plasma spraying, as well as the ball-on-disc
sliding wear examination with heavy loading and boundary
lubrication, revealed that the supersonic plasma Mo coating
outperformed the HVAS Mo coating [17]. Heat treated AISI
4340 steel samples were employed as the substrate, and TiN /
TiAIN coatings with 70% aluminum and a total thickness of
four m were assessed and compared to uncoated steel samples
as a tribological parameter employing pin on disc. The friction
coefficient was discovered to have dropped from 0.55 to
0.20for steel sample layered with 150. Bilayers of TiN / TiAIN
resulted in enhanced coating machine wear resistance of 55 to
0.20 [18]. For mensuration the wear and tear development of
the aluminum alloy, hardened steel (AISI4340) was utilized as
a counter face material in an experimental sliding wear
research of aluminum alloy 97075-T6). It was demonstrated
that as the sliding distance increases, so does the particular
wear rate. It was conjointly discovered that parallel grooves
with craters were detected under lubricated circumstances,
indicating the presence of abrasive wear attributable to the
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formation of abrasive particles [19]. Multi-Walled Carbon
Nanotube (multi-walled carbon nanotubes particles) is a kind
of carbon nanotube in which numerous single-walled carbon
nanotubes are nested inside one another. Multi-Walled Carbon
Nanotube has mostly been investigated for their usage as an
additive to improve the tribological characteristics of metals,
as well as in composites to improve the mechanical or
electrical properties of a material. Carbon nanotubes have
sparked a lot of attention because to their exceptional
chemical, thermal, and mechanical characteristics, but
disadvantages of carbon nanotubes are: Newer technology not
many tests have been completed, lower life (1750 hours
compared to 6000 hours for silicon tips), and higher field
emission potential because the tubes are not well localized so
the extracted electrode must be farther away.

They have been investigated in several tribological
applications as oil lubricant additives. Under rolling-sliding
circumstances, the tribological characteristics of multi-walled
and single nanotubes treated with carboxylic acid as lubricant
additives were investigated. It has been demonstrated that the
inclusion of carbon nanotubes lower both the wear rate and the
friction coefficient [20]. The differences between single-
walled carbon nanotube and multi-walled carbon nanotube are:
The single-walled carbon nanotube is formed by rolling a
graphene sheet into a seamless cylinder and requires
optimization of experimental parameters for the synthesis, but
multi-walled carbon nanotube is made from the concentration
of carbon nanotubes and can be found in emitting LPG or
propane-based fuels. The inner diameter of the single-walled
carbon nanotube is relatively smaller (about 5-10 nm) and bare
used in electronics, water filtration, hydrogen storage, oil spill
removal, etc., but multi-walled carbon nanotubes have well-
ordered graphite structures and have relatively less
applications [10]. The tribological characteristics of SiO,
nanoparticles/carbon nanotubes as lubricant components in
deionized water were investigated utilizing a ball on plate
apparatus moved across the interface of magnesium alloy steel.
It was discovered that Si0,/ CNT Nano fluids had the highest
lubrication film stability, with good load bearing capacity and
areduction in friction coefficient and wear volume of 30.6 and
52.5 percent, respectively, as compared to (0.5 wt) percent
CNT Nano fluids [21]. The consequences of (TiO2) Nano and
multi-walled carbon Nano-tubes (Multi-Walled Carbon
Nanotube) addition on the friction coefficient and wear of
turbine meter oil were explored. The average coefficient of
friction inside the copper tube was once simulated and
experimental information had been compared. The results
confirmed that in the presence of a Nano lubricant containing
0.1 wt. percentages TiO, and 0.4 wt. percentages Multi-
Walled Carbon Nanotube, the pins wear depth increased by
means of 71.43 percent, 88.26 percent, and 71.43 percent,
respectively. The pressure drops modeling information and
experimental information have been located to be closer
together, indicating a slight inaccuracy with a maximum error
of less than 10% [22]. By means of combining stearic and
nitric acid with multiwall carbon nanotubes, a lubricant was
created and adjusted. The consequences of the modified
carbon Nano tube as an addition on the tribological
characteristics of the pin on disc wear tester had been
investigated. It has been demonstrated that the improved
MWNTs addition might increase friction reduction and
lubricant anti-wear qualities. The coefficient of friction
decreases by approximately (10%) for basic lubricating oils,
when the modified concentration (MWNTSs) in the lubricant is



reduced by (48%), while the wear decreases for basic
lubricants by between (30 - 40%) [23]. The tribological
properties of motor oil (SAE 10W- 40) employing Nano
lubricant additives of multiwall carbon nanotubes (Multi-
Walled Carbon Nanotube) were examined by employing a
reciprocating setup to model the cylinder liner and piston ring
at various sliding speeds and contact loads. The outcomes
showed that the coefficient of friction was reduced by 4
percent - 34 percent and 26 percent -32 percent at various
speeds and loads, whereas the ring and liner surface wear rates
were reduced by 29 percent - 40 percent after a sliding distance
of 22.57 km, indicating an effective lubrication of MWCNT
additives base Nano lubricants for mechanical applications
[24]. To examine the tribological performance of lithium
greases under boundary lubrication, ionic liquids either binary
or single and multi-walled carbon nanotubes (MWCNT) were
synthesized. Individual additives were evaluated and
compared to the ionic liquids-MWCNT combination. To
achieve the friction and wear qualities of the manufactured
grease, a tribological test setup of four balls was employed.
For grease containing Multi-Walled Carbon Nanotube, the
wear scar width and friction coefficient were reduced by 25%
and 60%, respectively [25]. Multi-Walled Carbon Nanotube
with a length of 1-2 pm and an outer diameter of 20-30 nm
were disseminated in four distinct classes of poly alpha olefins
at varied concentrations to test friction, anti-wear, and severe
pressure characteristics. The results of the tests revealed that
the incorporation of Multi-Walled Carbon Nanotube greatly
enhanced the friction and wear qualities of PAOs as compared
to the base oils. Multi-Walled Carbon Nanotube was also
discovered to have better anti-wear qualities than friction
properties [26]. Following an examination of previous studies
on the friction, wear, and lubrication of AISI 4340 steel, it was
discovered that there is a scarcity of research into the effect of
multi-walled carbon nanotube additions on the tribological
parameters of austempered AISI 4340 steel so AlSI 4340 alloy
steel is a medium-carbon, low-alloy steel that may be heat
treated to an "ultra-high" strength. In comparison to most other
steels, AISI 4340 steel possesses high strength and good
toughness in the heat treated state, as well as ductility, creep
resistance, and fatigue resistance.

Even in larger cross sections, this alloy has outstanding
transverse characteristics.

With hardness’s ranging from 28 to 38 Rockwell, AISI 4340
steel has been employed in a wide range of machine
construction applications (HRC). When compared to the more
expensive high alloyed tools steel, this type of low alloyed
steel is relatively inexpensive, and it has a suitable hardness
mixed with extremely high toughness and tensile strength [18].

The current study investigates the effects of (0.055, 0.1,
0.15, 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45) wt. percent Multi
Walled Carbon Nano Tubes particle additives in conventional
base oil lubricants of grade SAE 30 on the tribological

properties of AISI 4340 steel samples us tempered at 850°C,
900°C, 1000°C, and 1050°C temperatures.

The continuation of the research manuscript includes the
following paragraphs: experimental work, results and
discussion, conclusions, acknowledgment, references.

2. EXPERIMENTAL WORK

AIST4340 (ASTM A29) steel road was used to manufacture
cylindrical samples 10 mm in diameter and 25 mm in length.
The chemical composition of the substance is shown in the

Table 1.

Table 1. Chemical composition of AISI 4340 steel samples

Material C% Cr% Mo% Ni% Mn% Si S Fe
AISI 4340 041 0.79 024 1.83 0.68 0.02 0.01 96.02

The steel samples were then heated to four completely
austenitic phase temperatures (850°C, 900°C, 1000°C, and
1050°C) for 90 minutes. They were then immersed in a molten
salt solution at 400°C for 45 minutes to saturate the austenite
with carbon and generate uniform austenite followed by
cooling in air to room temperature. This method allows for the
isothermal transition of austenite to bainite. The mechanical
characteristics of these materials before and after
austempering are indicated in Table 2.

The sliding surfaces were fine ground using emery sheets
papers of grades 1000, 1500, 2000, 2500, 3000, and 3500, they
were then polished to 1.2 C.L.A surface roughness. A pin on
the disc machine built to ASTM requirements (G99-05) was
utilized to conduct frictional and wear testing against AISI
1040 steel counter face material.

The counter facing disc surface was ground and polished to
1.2 C.L.A surface roughness’s, after polishing, the sample
surfaces and the surface of the revolving disc were cleaned
with alcohol and acetone before being dried using a drier
machine.

Two strain gauges were installed on the loading arm
surfaces of the wear testing rig, and the strain caused by
frictional forces was recorded, and the friction coefficients
were calculated.

Multi-Walled Carbon Nano Tubes (Multi-Walled Carbon
Nanotube) particles with an outside diameter of 5-15 nm, an
inner diameter of 2-5nm, a length of 0.5-2 pm, and purity of >
95 percent were employed as additives in machinery oils of
grades 30, which were chosen as conventional base lubricants.
MWCNT concentrations in base lubricant were 0.055, 0.1,
0.15, 0.20, 0.25, 0.30, 0.35, 0.40 and 0.45 weight percent.
Table 3 provide the specifications Multi-Walled Carbon
Nanotube. The minimum and maximum viscosity of the
conventional base lubricant is listed in the Table 4.

Table 2. Mechanical properties of as received and austempered AISI 4340 steel specimens

Austempered AISI 4340 steel samples

45 min soaking time

Mechanical properties

As-received AlSI 4340 steel samples

Austempering temperature °C samples
850 900 1000 1050
Tensile strength, MPa 1490 1580 1640 1675 745
Yield strength, MPa 1390 1670 1840 1990 470
Elongation,% 13 11 8 22
Reduction in area,% 50 48 43 50
Hardness, VHN 252 284 319 369 228




Table 3. Specifications of multi-walled carbon nanotube particles

Length, Specific suzrface Purity% _ Outer _ Inner Tap dengity, True den35ity, EC, Diameter
m area, m?/g diameter, nm diameter, nm g/cm g/cm s/lcm
0.5-2 40 >95 5-15 2-5 0.18 ~2.1 >100 >50
Table 4. Min and max viscosity of conventional base oil lubricant of grade 30
SAE Viscosity grade [°C] Min. Viscosity [mm?/s] at 100 Max. Viscosity [mm?/s] at 100
30 9.3 <12.5
To achieve uniform dispersion of Multi-Walled Carbon and acetone for 15 minutes before and after testing, followed
Nanotube particles in machinery base oil, sonication of base by ultrasonic cleaning and drying in a drying chamber.
lubricant with Multi-Walled Carbon Nanotube was done for 5 The sample was weighed before and after each test on a
hours using an ultrasonic vibrator that generates ultrasonic Metler balance with a sensitivity of (0.1 mg).
pulses at 363 kHz. The mass loss due to sliding wear was then translated to
Under special sliding conditions, tribological examinations wear rate using the equation below [27, 28]:
were carried out as follows:
1. Dry friction and wear.
2. Friction and wear under conventional base lubricating Wear Rate = 2mrnt gm/em
oil of grade 30.
3. Lubricated friction and wear with conventional base where:
lubricating oils of grade 30 and 0.055, 0.1, 0.2, 0.3, 0.4,
0.45 wt.% Multi-Walled Carbon Nanotube additives. Aw — The sample's mass loss in grams,
4. Lubricated friction and wear with conventional base r — The track radius on steel disc in millimeters,
lubricating oils of grade 30 and 0.055, 0.1, 0.2, 0.3, 0.4, n — Sliding speed, revolutions per minute,
0.45 wt.% Multi-Walled Carbon Nanotube additives t — Sliding time, in minutes.
with an austempering temperature of 850°C, 900°C,
1000°C, and 1050°C. The data obtained for dry and lubricated friction coefficients
5. [Each test sample was attached to the apparatus's with SAE 30-grade base oil lubricant are listed in the Table 6
loading arm and then loaded against the revolving AISI to 9.
1040 counter face medium carbon steel disc, whose
chemical composition is indicated in the Table 5. Table S. Chemical composition of AISI 1040 steel disc
material
All tests were carried out at a sliding speed of 200 m/min
for 50 minutes sliding time with a continuous bearing pressure . . MHV
of 250 KN/m2. For each point, three tests were run, and the Disc material [m€ = Mn ["B S [Fe Ty, o
average value was used. The samples were cleaned in alcohol AISI 1040 steel 0.430 0.827 0.031 0.011 98.701 225

Table 6. Friction coefficient data for dry and lubricated sliding of austempered samples at four austempering temperatures

Lubricated sliding with SAE 30 grade base oil Dry sliding
Friction coefficient, p

Austempering Temperature, °C

850 1.25 1.5
900 0.71 1.39
1000 0.64 1.19
1050 0.61 1.18

Table 7. Friction coefficient data for MWCANTS additives in the base oil of austempered samples at four austempering
temperatures

Austempering temperature, °C
Multi-Walled Carbon Nanotube, Wt.2% 850 900 1000 1050
Friction coefficient, pu

0.05 075 061 044 041
0.1 055 036 022 0.18
0.15 048 034 020 0.17
0.20 046 033 019 0.17
0.25 039 032 018 0.16
0.30 038 032 017 0.16
0.35 036 031 016 0.15
0.40 035 030 015 0.14
0.45 034 029 014 0.13
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Table 8. Wear rates data for dry and lubricated sliding of austempered samples at four austempered temperatures

. o Lubricated sliding with SAE 30 grade base oil Dry sliding
Austempering Temperature, °C Wear rate * 107, g/ om
850 79 91
900 48 70
1000 43 63
1050 42 62

Table 9. Wear rates data for MWCANTS additives in the base oil of austempered samples at four austempering temperatures

Austempering temperature, °C

Multi-Walled Carbon Nanotube, Wt.% 850°C 900°C 1000°C 1050°C

Wear rate * 10, g/ cm

0.05
0.1
0.15
0.20
0.25
0.30
0.35
0.40
0.45

850°C 900°C 1000°C 1050°C
2*105 9*10° 89*10° 80*10°
97%10 71*10°° 49*10° 42*10°°
87*106 65*10 45*106 40*10°
83*10 61*10°6 42*10°6 38*10°
78*106 56*10 40*106 36*10°
74*10°6 52*10% 36*106 34*106
71*106 48*10 34*106 30*10°
69*10° 46*10° 32*10° 28*10°6
68*10°6 45*106 31*106 27*10°6

Wear rate results were then plotted against ausrempered
temperature, Multi-Walled Carbon Nanotube additive
weight% in conventional base lubricant, base lubricant type.

3. RESULTS AND DISCUSSION

Figure 1 depicts the relationship curves between friction
coefficient and austempering temperatures (850°C, 900°C,
1000°C, and 1050°C) of AISI 4340 steel samples for dry and
lubricated sliding circumstances of typical SAE grade 30 base
oil.

The figure clearly shows that the friction coefficient values
reduced as the austempering temperature increased from
850°C to 1050°C temperature for both lubricated and dry
sliding conditions, that decrease in friction coefficient with
increasing austempering temperatures was due to the high
mechanical properties gained by the AISI 4340 steel samples,
particularly due to the increases in steel Vickers hardness
number (VHN) from 252 VHN for samples austempered at
850°C temperature to 369 VHN for samples austempered at
1050°C temperature. The hard bainite phase development was
responsible for the rise in steel hardness.

1.6 -
1.4 4
1.2 -+

1 4
0.8 +
0.6 A

0.4 +

Friction cofficient, [u]

—e— L ubricated sliding with SAE 30 grode base oil
0.2 +
Dy sliding

0

850 200 950 1000 1050 1100

Austempering temperature, [°Cj

800

Figure 1. Friction coefficient as a function of austempering
temperature for dry and lubricated sliding with base oil

391

From Figure 2 we can be noted the relationship between the
coefficient of friction with the weight percent of the multi-
walled carbon nanotubes additives in machinery base oil
lubricant of grade SAE 30 for AISI 4340 steel samples
austempered at (850°C, 900°C, 1000°C, and 1050°C)
temperature.

The results show a decrease in friction coefficients as both
the amount of Multi-Walled Carbon Nanotube additives in
traditional base oil lubricant and the austempering temperature
were increased. The friction coefficients for samples
austempered at 850°C temperature and slid under lubricated
conditions were reduced from 0.75 with 0.055 wt. percent
Multi-Walled Carbon Nanotube particles addition in the
conventional base lubricant to 0.34 with 0.45 wt. percent
Multi-Walled Carbon Nanotube particles addition in the
conventional base lubricant oil, as shown in Figure 2. While
friction coefficients decreased from 0.61 to 0.29 for samples
austempered at 900°C, from 0.44 to 0.14 for samples
austempered at 1000°C, and lastly from 0.41 to 0.13 for
samples austempered at 1050°C temperature under the same
lubricat ing circumstances.

The MWCNTs particles entrapped between the sample pin
surface and the disc surface tend to be compressed due to the
applied load exerting on the lubricant containing MWCNTs
additives forming larger aggregates of entangled MWCNTs,
which offer a considerable separation between pin surface and
counter face surface materials, resulting in a decrease in the
friction coefficient values. As the Wt.% of MWCNTs additives
were increased in the base oil, more reduction in friction
coefficients appeared due to a higher separation between the
matting surfaces due to more agglomeration of MWCNTs
additives.

Earlier Investigations [29] were assessed on the impact of
ball milling on the size of Multi Walled Carbon Nanotubes
(wt.%). The anti-wear and antifriction properties of test oils
were evaluated and found that ball milling of Multi Walled
Carbon Nanotubes (wt.%). It is clear from this that it has a
significant effect on the tribological properties of the lubricant,
as well as a significant effect on stability.

The addition of MWCNT particles to traditional base oil
lubricant of grade SAE 30 greatly decreases friction



coefficients when compared to both dry sliding and sliding
with just conventional base oil lubricant of grade SAE 30, as
illustrated in Figure 1.

That decrease in friction coefficients values were due to
rolling, spinning, and sliding action, the Multi-Walled Carbon
Nanotube particles additives entrapped in the sliding surface
of pin and disc which form a thin protective film at the
interface between the mating surfaces, and the cylindrical
shape of Multi-Walled Carbon Nanotube may act like roller
bearing during sliding action and blocks the rubbing surfaces.

Also the increase in lubricant viscosity due to the high
sliding velocity (200 m/min) between pin surface and counter
face disc material contributes in a more reduction in the
friction coefficients values.

Furthermore, Multi-Walled Carbon Nanotubes have a high
aspect ratio (length to diameter ratio), which increases thermal
conductivity and improves the heat-carrying capacity of the
conventional base oil lubricant, which result in lowering
friction coefficient [30-33]. Furthermore, the MWCNT
particles cover the contact surfaces and contain sp2 bonding,
which provides a reduced shear force and aids in friction
reduction [34-49].
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Figure 2. Friction coefficient as a function of Multi-Walled
Carbon Nanotube (wt.%) in base oil
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temperature for dry and lubricated sliding with SAE 30 grade
base oil lubricant
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The relationship between wear rate and austempering
temperature for dry and lubricated sliding conditions using
conventional base oil lubricant of grade SAE 30 is shown in
Figure 3. The figure clearly shows that when the austempering
temperature increased, the wear rate values decreased.

Figure 4 depicts the relationship between wear rates and the
weight percent of MWCNTs additives in SAE 30 grade
conventional base oil lubricant for AISI 4340 steel samples
tested at (850°C, 900°C, 1000°C, and 1050°C) temperatures.
The curves show a reduction in friction coefficients when both
MWCNTs particle added to conventional base oil lubricant of
SAE 40 grade and austempering temperature increases.

Wear rates for samples austempered at 850°C temperature
and slid under lubricated conditions were reduced from
20%10° with 0.055 wt. percent Multi-Walled Carbon
Nanotube particles addition in the conventional base lubricant
to 68*10° with 0.45 wt. percent Multi-Walled Carbon
Nanotube particles addition in the conventional base oil
lubricant, as shown in Table 9 and Figure 4. Under the same
lubricating conditions, the wear rates decreased from 9*107 to
45%10° for samples austempered at 900°C, from 89*10° to
31*10° for samples austempered at 1000°C, and lastly from
80*10° to 27*107° for samples austempered at 1050°C.

The decrease in wear rates with an increase in the weight
percent of MWCNTSs particles in SAE 40 grade conventional
base oil lubricant was attributed to the Multi-Walled Carbon
Nanotube particles, which are cylindrical with an excessive
flexural and tensile strength minimizes shear stress, and the
numerous cylindrical tubes of MWCNTs particles have been
operating as a bearing between the pin and disc surfaces,
reducing wear rates.

The reduction in wear rates with increasing austempering
temperature is attributed to an increase in the hardness of the
AISI 4340 steel samples with increasing tempering
temperature, as shown in Table 2 which clearly shows the
Vickers Hardness Number (VHN) of the AISI 4340 steel
samples was 252 VHN for steel samples austempered at 850°C
and gradually increased to 369 VHN for steel samples
austempered at 1050°C.

The increase in hardness of AISI 4340 steel samples was
caused by the production of platelets bainite, which is a
mixture of dislocation-rich ferrite, and cementite that is
typically hard and robust, exhibiting higher wear resistance.
As the austempering temperature was raised, the volume
percentage of bainite rose, resulting in a drop in wear rate
values. According to the results, adding MWCNTs to the SAE
30 grade conventional base oil lubricant greatly decreases
wear when compared to both dry and lubricated sliding under
traditional base oil lubrication.

This was due to an increase in the base oil lubricant
viscosity with increasing Multi-Walled Carbon Nanotube wt.
percent in the conventional base oil lubricant, as well as the
Multi-Walled Carbon Nanotube particles acting as roller
bearings and causing a rolling action between the sliding
surfaces, resulting in a decrease in the generation of wear
debris particles [31].

As previously stated, MWCNT particles have a cylindrical
form with a high tensile and flexural strength that reduces
shear stress, and those numerous cylindrical tubes of MWCNT
particles have been working as a bearing between the disc and
pin surfaces. Because of the plowing action between the pin
and counter face of the sliding surfaces, several Multi-Walled
Carbon Nano tube particles may have filled within the
asperities of the plowed surfaces, resulting in a reduction in



the quantity of wear rate values. Figure 5 shows a scanning electron micrograph of an
austempered AISI 4340 steel surface at 850°C temperature for

dry sliding. The Figure clearly shows substantial surface
0.00025 ~_ o0 C T#7900°C —.1000°C o 1050°C deformation with deep and broad wear grooves. The cold
welded joints between the matting surface asperities of the
0.0002 - AISI 4340 steel surface and the AISI 1040 counter face steel
~ material can explain the significant surface damage.
§ The sliding surface showed in Figure 6 exhibits less
S, 0.00015 A . - -
S deformation than the dry sliding condition due to the
s separation process of the lubricant between the matting
Z  0.0001 A .. .
5 \_“‘—-M—-.___‘ asperities of the pin and counter face surfaces. As a result,
= &“—-m-...‘__‘_:**““—’ lubricated sliding with conventional base oil lubricant of grade
000005 e L I T 43 showed lower wear rate values than the lubricated condition
shown in Figure 1 and 3.
0
0 0.1 0.2 0.3 0.4 0.5
Multi - Walled Carbon Nanotube, [wt. %]

Figure 4. Were rate as a function of Multi-Walled Carbon
Nanotube (wt.%) in base oil
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Figure 7. Scanning electron photomicrograph surface of
austempered AISI 4340 steel at 850°C and sliding with 0.055
Wit. percent of multi-walled carbon nanotube particle
additives with conventional base oil lubrication

SEMMAG: 500 x ~ SEMHV:30.00kV Lo 0 (111 1] VEGAW TESCAN
Name: 1-2 WD: 15.19 mm ;
Date(m/d/y): 11/08/21
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Figure 5. SEM microphotograph of an austempered AlSI
4340 steel surface at 850°C temperature for dry sliding

SEM MAG: 5.01 kx SEM HV: 20.00 kV oo v v 10001 VEGAW TESCAN
Name: 8 WD: 4.450 mm f
Date(m/d/y): 01/10/22
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Name: 0-4 WD: 8.606 mm 4
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Figure 8. Scanning electron photomicrograph surface of

Figure 6. SEM picture of an austempered AlSI 4340 steel austempered AISI 4340 steel at 900°C and sliding with 0.2
surface at 850°C temperature moving with a typical base oil Wt. percent of multiwall carbon nanotube particle additives
lubricant of grade 30 with conventional base oil lubrication
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The SEM image analysis shown in Figure 7 shows that
adding Multi-Walled Carbon Nanotube to conventional base
oil lubricant results in a higher quality surface than sliding
against simply traditional base oil lubricant.

The addition of 0.2 Wt. percent Multi-Walled Carbon
Nanotube particle additives to the conventional base oil
lubricant of grade 30 shown in Figure 8 improves surface
quality, resulting in smoother surfaces due to improved
lubricant properties and increased viscosity with Multi-Walled
Carbon Nanotube particle additives, and as previously
explained, the cylindrical form of MWCNT particles with their
high flexural and tensile strength led to a decrease in lubricant
shear stress. Those multiple cylindrical tubes of MWCNT
particles served as a bearing between the pin and disc surfaces.

SEM MAG: 5.01 kx SEM HV: 20.00 kV VEGAW TESCAN
Name: 4 WD: 4.453 mm s

Date(m/dAy): 01/10/22

NAMRC/UJoT n

Figure 9. Scanning electron photomicrograph surface of
austempered AISI 4340 steel at 1000°C and sliding with 0.3
Wt. percent of multi-walled carbon nanotube particle
additives with conventional base oil lubrication

SEMMAG: 5.00 kx  SEM HV: 30.00 kV
Name: 0-5 WD: 8.606 mm
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Figure 10. Scanning electron photomicrograph surface of
austempered AISI 4340 steel at 1050°C and sliding with 0.45
Wi. percent of multiwall carbon nanotube particle additives
with conventional base oil lubrication

Furthermore, Figures 9 and 10 shows that when the wt.
percent of Multi-Walled Carbon Nanotube particle
concentration in the conventional base oil lubricant was
increased to 0.3Wt. Percent and 0.45Wt. Percent, smoother
surfaces were discovered, when compared to a low percentage
of Multi-Walled Carbon Nanotube blended in the base oil, the
greater wt. percent of Multi-Walled Carbon Nanotube was
found to be more effective in reducing wear rate values. This
is due to the formation of a Nano-sized thin film between the
mating surfaces of the pin and disc.

4. CONCLUSIONS

AISI 4340 steel samples slid against AISI 1040 rotating
steel disc surface with 200 m/min sliding speed for 50 minutes
under a continuous bearing pressure of 250 KN/m?. Using
multi-walled carbon nanotube particle additions with
conventional base machinery oils of grade 30 leads to the
following conclusions.

1. The friction coefficients between the sliding surfaces of
AISI 4340 steel pin surface and the counter face material
made of AISI 1040 steel decreased as the wt. percent of
Multi Walled Carbon Nano Tubes particles in the
conventional base oil lubricant increased from (0.055 to
0.45 wt.) percent.

2. Carbon nanotube has been found to improve friction
between sliding surfaces of AISI 4340 samples and a
rotating steel disc. The addition of 0.45 wt. percent Multi-
Walled Carbon Nanotube particles to the conventional
base oil lubricant of 30 SAE grade resulted in the lowest
friction coefficient values.

3. When the austempering temperature was increased from
(850°C to 1050°C), the friction coefficients of all AISI
4340 steel samples decreased.

4.  When the weight percent of Multi-walled Carbon Nano
Tubes particles in the base oil lubricant of grade 30 SAE
was raised from (0.055 to 0.45), wear rates of the steel
surfaces decreased.

5. The addition of (0.45 wt.) percent Multi Walled Carbon
Nano Tube particles to the conventional base oil lubricant
of grade 30 SAE resulted in the lowest wear rate values of
the AISI 4340 steel samples.

6. The dry friction coefficients values of AISI 4340 steel
samples were much greater than those obtained under
only base oil lubricants.

7. The dry wear rate values of the AISI 4340 steel samples
were much higher than those obtained using simply base
oil lubricants.

8. The Vickers Hardness Number (VHN) of AISI 4340 steel
has continuously increased from 252 for samples
austempered at (850°C to 369) for samples austempered
at 1050°C temperature.

9. SEM images of worn surfaces revealed reduced damage
for samples austempered at 1050°C temperature and slid
against (0.45 wt.) percent Multi-Walled Carbon Nanotube
particles mixed with conventional base oil lubricant.
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