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    The impact of thermofriction on surface hardness has been investigated in this study, the surface of 
treated products is one indication of quality indicators. It has been noted that the thermal conductivity 
of the workpiece and tool material affects the irregular dispersion of heat in the processing zone. For 
evaluating the average integral rates of heating and cooling of the layer, the metal dependences have a 
significant impact on the form and properties of the friction-strengthened layer. It was found that when 
the feed rate increases, the hardened layer's depth decreases. The harder layer's depth increases as disk 
rotation speed (rpm) increases. when the disk rotation speed is increased to 265 rpm and the hardening 
depth (h) is 0.2 mm or less, it is said to be at N = (190-250) rpm. After heating the treated surface areas 
to a temperature between 130°C and 160°C above the critical temperature, the treated surface areas were 
then cooled applying compressed air to achieve the ideal surface hardness.     After the hardening process, 
the surface hardness of blanks made of steel 1045 reached HRC 65, which is higher than conventional 
hardening. 
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 Introduction 

Machine parts, materials science, and mechanical 
engineering are subjects that are always developing 
and upgrading. Still, scientists cannot achieve high 
quality at the lowest possible cost, and numerous 
products fail [1]. 

The quality of the surface layer, which is influenced 
by several variables such as residual stresses, micro-
hardness, waviness, physical and mechanical proper-
ties, and the microstructure of the metal, significantly 
impacts the dependability and durability of products 
[2]. One technique to raise the quality is to harden the 
outer layer. 

Surface integrity describes the properties of a ma-
terial after a manufacturing process or modification 
[3]. Product designers and engineers often focus their 
project development decisions on the well-known 
characteristics of a given metal [4]. These designers 
know, for example, that a specific steel alloy offers a 
specific strength or hardness. Since many production 
processes result in long-lasting modifications to the 
material, these original features might no longer hold 
once the material has been improved. When a material 
is predicted to change under particular conditions, en-
gineers can compare the increased strength or mois-
ture resistance, which are also seen as beneficial im-
provements to surface integrity [5]. Owing to surface 
integrity, attributes to the older ones [6]. The surface 
integrity of any material consists of two fundamental 
components. These are the features of the internal 

surface and the topography 
Though this isn't always the case, most production 

procedures will eventually have an impact on surface 
integrity [7]. Routine milling, grinding, and lathe work 
do not compromise surface integrity when done 
properly. However, if these processes are done poorly 
or with antiquated machinery, they can drastically 
change the properties of the materials. Excessive heat, 
cold, speed, or work can also cause significant changes 
[8]. During more intrusive operations, the integrity of 
the surface is almost always affected [9]. The electro-
treatments that give the metal a hard surface, such 
as plating, could be among them [9]. Chemical treat-
ments are also possible. Almost any chemical treat-
ment combined with high heat can modify the mate-
rial at the molecular level, meaning that its structure 
will always be altered. The use of deformation proce-
dures such as burnishing results in changes [10]. 
Changes in surface integrity may be advantageous or 
disadvantageous. The material may no longer be use-
ful for the original function if there are detrimental al-
terations [11]. For example, a quenched steel column 
may eventually become too brittle to hold up a build-
ing. Adding a desirable finish or appearance to a ma-
terial by techniques like burnishing can be considered 
a positive change. Increases in hardness [12], the 
proper operation of all the different current technolo-
gies depends on their processes operating efficiently 
on the special characteristics of certain solids. These 
features apply not only to a major subset of surface-
related events but also to the bulk of a phenomenon.  
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This is especially true for wear-resistant components, 
which need surfaces capable of handling a variety of 
difficult situations and carrying out a broad range of 
technical functions. [13] Therefore, a material's behav-
iour is greatly influenced by its surface, surface contact 
area, and operational environment. The goal of sur-
face science is to get a deeper understanding of surface 
properties and how they impact the operation of dif-
ferent components, systems, and machinery. A sur-
face's basic definition is being the topmost layer [14]. 
To make materials softer and more resilient, surface 
hardening is a multi-step technique that prevents in-
ternal damage and increases wear resistance [15].  In 
components that require an exceptionally hard surface 
to withstand wear, such as a cam or ring gear, advan-
tageously, this combination of a hard surface and re-
sistance to fracture upon contact offers a robust inte-
rior that can sustain knocks that may arise during op-
eration. Surface hardening also offers an advantage 
over hardening in that thick sections cannot be hard-
ened, which results in distortion and cracking, and it 
can be done with less expensive low- and medium-car-
bon steels [16]. Three categories can be used to group 
the various surface-hardening methods: 

Using thermochemical diffusion techniques, ele-
ments such as carbon, nitrogen, and boron are added 
to the surface to modify their chemical composition 
and make it tougher [17]. Diffusion methods are usu-
ally employed when a large number of elements need 
to be surface hardened since they harden the whole 
surface of the item. 

 Applying energy or heat alone, without the addi-
tion of new alloying species, produces hard quenched 
surfaces; the surface metallurgy is modified to enhance 
properties without changing the surface's chemical 
composition [18]. 

 To change the chemical composition of the sub-
surface, surface modification techniques like ion im-
plantation or surface coating purposefully apply a new 
layer to the steel substrate [19]. 

One method that can significantly improve the re-
liability, durability, and quality indicators of a part's 
surface layers is friction hardening at high sliding 
speeds [20]. It is well known that complex processes 
leading to the development of a distinct structurally 
stressed condition are caused by friction in the surface 
layer [21]. Friction-hardened layers are characterized 
by high hardness and flexibility. Their wear, fatigue, 
and corrosion resistance are much higher than those 
Workpieces by high-frequency currents [22]. The 
part's wear resistance on the machined surface is 
mostly determined by the depth of hardening distribu-
tion and the amount of residual stresses in the surface 
layer. Many methods of hardening have been devel-
oped. Surface plastic deformation, chemical-thermal 
treatment, and surface hardening are the categories 

into which these can be divided [23]. Thermofriction 
hardening falls under the last category; it allows sur-
face layer quality enhancement without requiring ex-
pensive methods or tools. 

The metal being treated is subjected to mechanical 
and thermal impacts when it comes to direct contact 
between the workpiece and a friction disk rotating at 
a high peripheral speed [24]. Heat treatment is applied 
to the material in the contact zone, and temperature 
and applied pressure cause the friction surfaces to de-
form. Friction-hardened layers exhibit higher hard-
ness, microhardness, and elasticity values. They ex-
hibit considerably higher resistance to wear, fatigue, 
and corrosion as compared to layers toughened by 
high-frequency currents [25].  Temperature is the most 
important factor in thermofriction hardening. It has a 
major impact on wear, friction disk resistance, product 
quality, and precision. Depending on the processing 
conditions, the temperature in the contact zone can 
range from 900°C to 1200°C; this is higher than the 
temperature at which the majority of processed mate-
rials recrystallize.   It encourages the cutting zone to 
become more malleable and less resistant to defor-
mation. Hot deformation typically looks like this. The 
zone's temperature is known to be The rotating ob-
ject's peripheral speed is impacted by friction. disk, 
components, feed, lubrication, and contact area [26]. 

Phase transition during frictional hardening com-
plicates the mechanism of carbon steel, especially hy-
poeutectoid steel. Rapid heat buildup at the friction 
interface may occur when the revolving disc runs 
across the surface of primary cementite (Fe3C). Fol-
lowing frictional hardening, the cementite dissolves 
into the ferrite phase (α), and the sample's hardness is 
influenced by its ratio. This phase change behavior is 
highly complex and unstable, and it is dependent on a 
number of factors, including cooling medium, friction 
pressure, and rotation speed. Several studies success-
fully reduced the residual austenite and stabilized the 
microstructures of 1045 steel by utilizing various cool-
ing techniques. 

The lack of appropriate research has restricted the 
application of thermomechanical hardening in indus-
try.  
The most crucial element of thermofrictional harden-
ing is cutting temperature. It significantly affects the 
precision and quality of the products as well as the 
wear and resistance of the friction disk. 

 Methodology 

A horizontal X6140 milling machine was utilized 
for the research. To regulate the speed of the disc and 
the feeding of the piece, a 30-cm diameter steel disc 
was installed in place of the cutting tool, and the piece 
to be processed was fixed in the milling table. 
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Additionally, thermocouples have been embedded 
into the sample to monitor its temperature throughout 
the process.  

Fig. 1 illustrates a method of treating surfaces with 
a hardening disk. It is based on the synthesis of two 
ideas regarding the relationship between the tool and 
the processed object, throughout the cutting opera-
tion, sliding warms the contact zone while the blade is 
moving tangentially. The rotational axis O of the 
structural steel hardening disk 1 runs parallel to the 
processing plane [21]. With a rotational speed of N 
rpm, the disc experiences primary motion (rotating 
motion), while Workpiece 2, mounted in a fixture or 
on the machine table, gets translational motion at an 
fWP feed rate (mm.sec-1). If the width of the hardening 
disc is smaller than the width B of the machined sur-
face, the operation is performed in separate strips over 
many passes. Here, a periodic feed is also applied to 
the disc (or workpiece) in the direction of the work-
piece's breadth.  

The chemical composition of high-speed cutting 
tools and workpieces should be characterized because 
commercial tools differ from standard ones. An SEM-
EDX device (Scanning Electron Microscopy - Energy 

Dispersive X-Ray Analysis, company: FEI, Model: 
Quanta 600) was utilized. In tables (1 to 4) given the 
chemical composition and mechanical properties of 
steels 1045 and 1050. 

 

Fig. 1 The hardening disc with the workpiece; 1. hardening 
disc, 2. workpiece

Tab. 1 Steel 1050 (disc) chemical composition 
C Si Mn S P Cr 

0.48 0.33 0.7 0.03 0.034 0.24 

 
Tab. 2 Steel 1050 (disc) mechanical characteristics 

Limit of creep, 
(MPa) 

Tensile strength in the 
short term  (MPa) 

Min elongation ratio σ, 
% 

The ratio of contrac-
tion, % 

354 601 17 41 
 

Tab. 3 The workpiece's (1045 steel) chemical composition 
C Si Mn P Ni Cr S Cu As Fe 

0.55 0.27 0.6 0.031 0.19 0.21 0.03 0.16 0.05 0.95 

 
Tab. 4 Mechanical characteristics of 1045 steel (workpiece) after normalizing 

Min yield strength, 
MPa 

Min temporary resistance, 
MPa 

Min elongation, 
% 

Min relative contraction, 
% 

374 631 15 41 
 
Through analysis, it was found that the depth, and 

microhardness of the hardened layer-all indicators of 
its quality-were affected by the processing technique 
as well as individual features. Structural stress condi-
tions, roughness, and physical and mechanical proper-
ties. 

 Results and discussion  

Fig. 1 depicts the hardened disk operating scheme. 
The high circumferential speed of the revolving disk, 

ranging from 80 to 140 m.sec-1, produces thermal en-
ergy in the friction zone to reach a particular tough-
ened layer depth. Increased disk rotation speed results 
in a deeper hardened layer. At N = 120–170 rpm, at a 
disk rotation speed of 260 rpm, up to 2.5 mm of hard-
ened surface can be formed. At N = (190–250) rpm, 
the hardening depth (h) is 0.7 mm or less.  

Figures 2 and 4 illustrate the correlations between 
the metal temperature in the contact zone, feed rate, 
allowance, and the depth of the hardened layer. The 
analysis of the relationship between the feed rate and  



August 2024, Vol. 24, No. 4 MANUFACTURING TECHNOLOGY 
ISSN 1213–2489

e-ISSN 2787–9402

 

indexed on http://www.webofscience.com and http://www.scopus.com 648  

layer depth graphically shows that as the crush rate in-
creases, the value of the hardened layer decreases (Fig. 
2). Heat accumulation causes the surface layer of the 
workpiece to temper because hard materials take 
longer to be processed at feed rates less than 2 
mm.sec-1 than at feed rates more than 30 mm.sec-1. 

Here, the depth of the hardening layer is extremely 
shallow. As a result, the study has shown that the hard-
ening depth is between 0.6 and 2.4 mm, and the work-
piece's feed rate throughout the process should be 
within 3 to 30 mm.sec-1 when a disk is rotating at 150–
230 rpm.  As the feed rate rises, the hardened layer's 
depth decreases. 

 

Fig. 2 The hardened layer h and the workpiece's feed rate fwp 
relationship  

 
In this case, the depth of the hardened layer in-

creases as the depth to be removed (t) increases due 
to an increase in heat release power that raises the tem-
perature throughout the contact zone (Fig. 3). The 
more the depth to be lowered, the larger the area of 
contact between the disk and the workpiece, and a de-
crease in the heat flow density causes the depth of the 
hardened layer to rise somewhat. Investigation of the 
variations in the hardened layer's thickness.  

 

Fig. 3 Relationship between allowance t and the hardened 
layer's depth.at feed rate fwp of 8 mm.sec-1 

Fig. 4 illustrates the relationship between the con-
tact zone temperature and the hardened layer's depth 
when steel 1045 workpieces are treated at different 
feed rates. We could conclude from our analysis of the 
data that temperature plays a critical role in identifying 
the best disk hardening options. 

Because heat is distributed throughout the work-
piece, not just in its depth but also along its sides, it 
has been found that the width of the hardened layer 
differs depending on the feed rate and thermophysical 
properties of the disk. When the coefficient of thermal 
conductivity of the disk material decreases, the hard-
ened layer's width increases. As the feed rate of the 
workpiece increases, the hardened layer becomes nar-
rower. 

The percentage of carbon in the workpiece, the 
disc's and its material's thermal conductivity, and plas-
tic deformation all contribute to the hardened sur-
face's increased hardness. The heated surface reaches 
a temperature where austenite is formed, and rapid 
cooling transforms it into martensite. 

 

Fig. 4 The relationship between the hardened layer's depth 
and the contact zone's temperature (The workpiece is steel 
1045; the disk is steel 1050) 1- fwp =3mm.sec-1. 2- fwp 

=11mm.sec-1. 3- fwp = 24mm.sec-1) 
 

As previously indicated, the disk's thermal conduc-
tivity affects the metal's temperature in the contact 
zone, which in turn affects the hardened layer's hard-
ness.  Much of the hardness and deformation of the 
martensite temperature lattice is determined by the 
carbon content of the treated metal, which also has a 
greater effect on the hardness of the hardened surface. 
The study's findings indicate that blanks formed of 
steel 1045 have a higher surface hardness after the 
hardening process reaches HRC 65 than applying tra-
ditional hardening, at high heating, deformation, and 
cooling rates, the crystal structure, stress state, and 
phase composition deform when exposed to high 
temperatures in the contact zone. There is an increase 
in the surface layer's carbon content due to its diffu-
sion from deeper layers. Furthermore, according to  
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the researchers' experimental testing, the average 
hardness values are constant within the fwp = 3.1...27.5 
mm.s-1 range of the feed rates examined.    

Once thermal friction hardening is complete, the 
workpiece's surface layer exhibits two zones. With a 
high hardness HV of 836 for steel 1045, the first one 
is located at a depth of up to 1.3–1.8 mm, closer to the 
surface. With an increase in the amount of time 
needed for carbon burnout and hardness heating, the 
pro surface decreases because of the second zone's 
deeper microhardness. 

Thus, we may conclude that the thermofriction 
hardening of steel causes the production of a new kind 
of structure after carefully examining the results that 
were obtained. The surface layer steel samples under-
going thermofriction hardening strengthening showed 
this structure. This layer's structure is irregular, with 
small, spherical grains that are somewhat extended 
along the same axis. The term "deformed granular 
martensite," which captures the essence of this micro-
structure, can be used to categorize it as a novel kind 
of structure. Such a structure's creation is described by 
the severe effect on the material during thermofriction 
hardening when strain and heat hardening take place 
at the same time. The kinetics of this process involve 
the influence of deformation on the surface layer's 
structure during the short-term heating phase of ther-
mofriction hardening. It is my opinion that the most 
efficiency is attained when the structure is initially 
martensitic (that is, after hardening). Additionally, 
even if the martensitic structure is incapable of accept-
ing hardening, this option is made possible by its brief 
heating during thermofriction hardening. This can be 
explained by the fact that, like any diffusion process, 
the open-hearth sieve's structure is nonequilibrium 
and will tend to disintegrate under heating circum-
stances. This could happen after a certain amount of 
time. Heating and cooling at thermofriction hardening 
happen so quickly that surface diffusion processes 
aren't given enough time to begin. Consequently, the 
tempered martensite structure that was produced by 
the earlier thermal processing (hardening and low-
temperature tempering), because of the rapid ther-
mofriction hardening process, does not dissolve with 
the creation of the tempered sorbitol structure and 
does not enter the austenitic state when heated above 
Ac1. Simultaneously, during thermofriction hardening, 
the deformation energy supplied to the surface layer 
under the deformation effects of a spinning tool 
pulses the martensite structure, causing distortion and 
fragmentation. Furthermore, it only goes as deep as 
the material was heated to a temperature exceeding 
350 °C at the time of deformation—that is, tempera-
tures at which the martensite structure's breakdown 
process starts whether there is enough time for this. 
This also explains why the reinforced layer's character-
istics and structure remain stable throughout the 
depth. 

The wear resistance was tested on steel 1045 sam-
ples, whose flat surfaces experienced severe friction 
hardening. The test findings were contrasted with ex-
perimental tests of comparable components that had 
undergone successful normalization and had the same 
surface characteristics. Thermofriction-hardened 
components feature surfaces that are 4-5 times more 
wear-resistant than non-hardened components, ac-
cording to the experiments. During the test, the part's 
surface was toughened by highly compressed air blow-
ing because of the usage of a blower and the airflow 
created by a rapidly revolving disk. Heating was done 
at temperatures of 100 and 150 degrees Celsius over 
the minimum. The temperature of the workpiece was 
measured in several places using thermocouples Ac-
cording to experimental data, treated surface areas 
heated to between 130 °C and 160 °C over the critical 
temperature are best attained when cooled with com-
pressed air. This gives the best surface quality indica-
tors. For a low cost, the proposed method promises 
to raise the treated materials' quality surface indicators. 
By analyzing data on the impacts of peripheral speed 
rotation, feed, materials, lubrication, and contact area 
on the value of the cutting temperature in the friction 
zone in the workpiece and tool, one can ascertain the 
quantitative relationship between the metal's thermal 
conductivity, the temperature gradient, and the heat 
flow. It has been determined that the thermal conduc-
tivity of the workpiece and tool materials affects the 
unequal distribution of heat in the treatment zone. 
The average integral rates of heating and cooling of 
the metal layer can be used to calculate their influence 
on the structure and properties of the friction-
strengthened layer. It is shown that processing meth-
ods determine the heat flux density and power func-
tions of the set during the hardening process. 

Fig. 5 shows the Vickers hardness according to dis-
tance from the hardened surface. 

 

Fig. 5 Vickers hardness according to distance from the hard-
ened surface 
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The workpiece is first heated to an appropriate 
temperature to regulate the final microstructure. This 
is the first step in the normalization process. The trou-
blesome active area of 1045 steel can typically be 
grain-coarsened and internal tension reduced at tem-
peratures between 900 and 950 °C. Subsequently, this 
temperature was maintained for the workpiece until it 
was heated evenly. By lowering the workpiece's heat-
ing rate, surface decarburization can be prevented, 
which is otherwise known as overheating the work-
piece. In addition, a suitable temperature and a slow, 
sufficient holding period will facilitate the carbon's dif-
fusion from the carbide to the ferrite and pearlite, giv-
ing the internal stress resulting from the phase transi-
tion enough time to dissipate. After the workpiece is 
ferritic, it is transferred to the air and gradually cooled 
to below the ferrite transition temperature. "Soaking" 
refers to this gradual cooling procedure. Grain coars-
ening and more carbon atom diffusion from marten-
site to austenite cause the hardenability system 1045 
steel's internal stress to drop. The workpiece cools 
rapidly to room temperature through air cooling after 
the temperature falls to the pearlite transition temper-
ature. Air cooling is the process that this uses. It causes 
the austenite to transform rapidly at room tempera-
ture, and the hard martensite structure is formed. The 
main goal of the induction hardening treatment is to 
gain a workpiece with an even hard layer on its surface 
and a tough core inside. The mechanical characteris-
tics and microstructure development of 1045 steel af-
ter austenitization under air cooling were the main 
subjects of the current study. It is expected that a thor-
ough treatment guide for 1045 steel will be available 
upon comparison of all these approaches. 

 Conclusions 

• The study conducted made it possible to es-
tablish the high efficacy of thermofriction 
hardening as a technological guarantee for the 
surface layer's quality and the machine parts' 
operational attributes. 

• It has been shown that temperature affects 
the relation between the contact's mechanical 
and functional characteristics, which, when 
disks and workpiece surfaces interact, are 
mainly responsible for the results. Tempera-
ture must be carefully taken into account 
when selecting the best disk hardening solu-
tions. 

• The metal disk method forms a hardened 
layer at a certain depth that has the required 
physical mechanical properties when used to 
harden the surfaces of products. 
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