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The aim of the article is to analyze the friction welding process of steel pistons, due to the small amount 
of scientific literature on this subject. First, it is necessary to present the design features of steel pistons 
and their advantages and disadvantages. Then the article analyses it presenst the types of friction welding 
processes used in the production of pistons of internal combustion engines with the analysis of their 
differences. It present two basic methods of welding in the production of steel pistons, i.e. friction butt 
welding and low pressure friction welding. Finally, a proper analysis of the friction welding processes of 
steel pistons of internal combustion engines is presented. At the end, the conclusions of the analysis are 
presented and proposals for improving the process are made. 
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 Introduction 

The dynamic development of the automotive 
industry forces designers and technologists to search 
for new directions in the development of construction 
and technology for the production of components for 
the production of cars. The more and more frequent 
tendency in the automotive industry to continuously 
increase engine performance has resulted in the 
creation of more and more efficient pistons for 
combustion engines thanks to the use of more and 
more durable materials, technological treatments and 
improvement of engine operating conditions. The 
increase in durability of the pistons of combustion 
engines was achieved thanks to the change of the 
material from which the piston is made and the 
construction of the piston, which was possible thanks 
to a change in the production technology and a 
modern production technique, i.e. friction welding [1]. 

From year to year, forged steel pistons account for 
an even greater percentage of the total production of 
pistons in the world. Their specific properties make it 
possible to reduce exhaust emissions, increase 
durability and make the structure slimmer. The 
differences in the properties of steel and aluminum 
alloys used in the production of pistons of internal 
combustion engines determine their structures and 
properties. In aluminum alloy pistons, the walking 
channel is made of salt cores, while in the production 
of forged pistons, two blanks are frictionally welded 
to obtain a cooling channel. The lower one is an alloy 
steel forging, the upper one is a machined piece of bar. 
Forged pistons allow for higher pressures, higher 
operating temperatures and to reduce the clearance 
between the piston skirt and the engine cylinder. 

In the production of steel pistons, basically two 

types of friction welding are used, i.e. friction butt 
welding for large steel pistons and friction welding 
with a low contact force for small steel pistons. The 
most important difference in the production of 
pistons is the required pressure during welding and the 
size and shape of the welding flash. In the case of 
friction butt welding, we deal with higher clamping 
forces and a larger flash, curving in the shape of a 
mustache. This welding flash is located in the cooling 
channel, but due to the large cross-section of the 
cooling channel of large steel pistons, its effect on the 
oil flow is negligible. In small steel pistons with even 
3 times smaller cross-section of the cooling channel, 
these flashes would have a significant effect, therefore 
the most common is friction welding with low 
pressing forces. In this welding method, instead of a 
flash, a barrel-shaped bulge is created, which does not 
adversely affect the oil flow, even in a small cooling 
channel. In the butt welding process, most of the 
energy needed for the welding process to occur comes 
from the induction coil and the entire process takes 
place in an atmosphere of protective gases. 

 Methodology 

The analysis of the friction welding process of steel 
pistons of combustion engines has been divided into 
components of the welding process. In the first place, 
the structure of steel pistons and their advantages and 
disadvantages were analyzed. The design parameters 
of the piston are influenced by the friction welding 
process. A literature review was made on the design of 
pistons. Then, a FEM analysis of the stresses of a 
typical piston is presented in order to determine the 
stress distribution.  

In the second part, the two most common types of 
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friction welding of steel pistons are distinguished, and 
then a short analysis of these processes is carried out. 
The low pressure friction welding process is most 
commonly used in the small steel piston welding 
process and the friction butt welding process for large 
steel pistons. For each of these processes, the course 
of the process was analyzed and the most important 
process parameters were distinguished. Based on the 
literature review, the advantages and disadvantages of 
both welding processes were determined.  

In the chapter containing the process of friction 
welding with low pressure of steel pistons to 
combustion engines, a visual analysis of the 
connection was carried out, the macrostructures were 
tested in the subsequent zones of the weld and the 
hardness was measured. The same approach was made 
in the topic of friction butt welding of steel pistons. 
The visual examination of the welded joint is aimed at 
determining the quality of the joint as well as the 
influence of the type of joint on the flow of the 
cooling medium inside the piston. The macrostructure 
test, which is a metallographic test included in the 
destructive test, allows you to verify the quality of the 
connection. The last analyzed test is the measurement 
of the hardness of the welded joint, which tells about 
the quality of the joint and its strength.  

Finally, a summary of the analysis was made, along 
with the definition of guidelines for the selection of 
the best method of friction welding in the production 
process of steel pistons of combustion engines. 
Probable trends in the development of friction 
welding processes are also outlined. 

 Analysis of the piston structure 

The latest trends in the development of pistons for 
internal combustion engines aim at increasing their 
economy and environmental friendliness. Increasing 
the economy of engines is achieved by increasing the 
overall efficiency. In current designs of internal 
combustion engines, the overall efficiency exceeds 
42%. Unfortunately, it is difficult to obtain much 
greater airiness due to the fact that the heat generated 
in the combustion process cannot be fully converted 
into mechanical work. Heat losses, depending on the 
engine design, range from 40 to 60%. The short 
duration of the process causes that a large part of the 
thermal energy is discharged to the flue gas, and the 
limited thermal resistance of materials such as the 
combustion chamber and adjacent elements makes it 
necessary to discharge the generated heat energy 
through the cooling system [2]. 

Obtaining better economic indicators is possible 
thanks to increasing the mechanical efficiency. The 
mechanical efficiency determines the amount of 
friction loss in the movements of mechanisms in the 
internal combustion engine, amounting to about 70%, 

while the piston-cylinder system causes ~ 50% of 
friction losses in the internal combustion engine. The 
components of this loss consist of the friction force 
generated at the contact of the piston carrier and the 
piston rings with the cylinder. The total economy of 
internal combustion engines is determined not only on 
the basis of the amount of friction losses, but also the 
durability and reliability of their operation [3,4]. 

In order to be able to describe the structure of 
pistons in combustion engines, the most important 
structural elements of the piston should be named. 
Figure 1 shows an example of the design of the piston. 

 

Fig. 1 Steel piston structure [5] 

Where: 
1…Piston crown, 
2…Cooling channel, 
3…Ring zone, 
4…Piston compression height, 
5…Piston height, 
6…Pin hole, 
7…Skirt, 
8…Piston diameter, 
9…Top lander (fire land), 
10…Groove for compression ring, 
11…Groove sides. 
One of the critical structural elements of the piston 

are wiper and sealing rings. As for the number of rings, 
we usually deal with a piston of an internal 
combustion engine with 3 to 5 pins. Sealing rings 
separate the combustion chambers from the 
crankcase, preventing gas blow-by as shown in Figure 
2 a. It is the first ring on the piston crown side. On the 
other hand, the scraper rings are responsible for 
draining the excess oil from the cylinder surface to the 
crankcase in such a way as to leave a sufficient amount 
of oil on its surface, ensuring proper lubrication, thus 
extending the life of the piston mechanism, as shown 
in Figure 2 b. Additionally, the piston rings are 
designed to dissipate heat from the crown and piston 
walls towards the engine cylinder [6,7]. 
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Fig. 2 a) Isolation of exhaust gases by 1 ring, b) lubrication 
of the cylinder surface by wiper rings [8] 

The temperature distribution on the surface of the 
pistons is uneven. The presence of the pin-piston hub 
and the parts connecting them with the piston crown 
causes an uneven cross-section. The larger cross-
section of these surfaces reduces the thermal 
resistance and increases the temperature in these 
regions. For this reason, greater thermal deformation 
occurs in the direction of the pin axis, which is 
eliminated by shaping the bearing surface of the piston 
into an oval shape, with a small oval axis passing 
through the pin hole axis. Such a shape of the bearing 
surface causes it to assume a cylindrical shape at the 
operating temperature [9,10].  

During the operation of the internal combustion 
engine, the piston changes its temperature from the 
ambient temperature to the operating temperature, 
which results in a change in the clearance between the 
piston surface and the cylinder surface. And the value 
of these clearances also changes with the change of 
working conditions until reaching the warmer 
equilibrium state. Fluctuations in the value of these 
clearances are not only undesirable but are even 
detrimental to the life and operating conditions of the 
engine. The value of the clearance affects not only 
lubrication and friction, but also increases the dynamic 
load, vibrations and engine noise. [11,12]. 

Care for environmental protection, reduction of 
operating costs and production shapes, and increased 
reliability determine the necessity to conduct 
development works on new designs of internal 
combustion engines. Since the cooperation of the 
elements of the piston-cylinder system is important 
for the efficiency of the engines and their durability, 
the improvement of the combustion engine structure 
is accompanied by an increasingly deeper 
understanding of the phenomena of lubrication and 
wear of elements during the operation of the piston-
cylinder group [13]. The reduction of friction losses 
improves the mechanical efficiency of the engine and 
thus reduces the amount of fuel consumed. In the 
latest design solutions of internal combustion engines, 
the friction force of the piston and piston rings is 
responsible for the greatest amount of losses [14].  

During the operation of an internal combustion 
engine, the piston crown surfaces come into direct 

contact with the working medium in the engine's 
working chamber. In this chamber, as a result of the 
combustion of the fuel-air mixture, it emits a 
temperature of up to 2000 ° C. The effect of such high 
temperatures on the piston crown is a heat exchange 
which occurs by transfer. The heat exchange itself 
between the piston head and the working medium 
takes place periodically [15]. Figure 3 shows a typical 
temperature pattern on pistons of the petrol and diesel 
engine. 

 

Fig. 3 Typical temperature distribution on the pistons of the 
petrol and diesel engine [15] 

The harsh operating conditions of pistons require 
that specific requirements for the piston materials of 
internal combustion engines be met. The most 
commonly used materials for the production of pistons 
are aluminum alloys, alloy steels and cast iron. In order 
to reduce the thermal expansion coefficient in the 
production of aluminum pistons, pistons made of alloys 
with a high silicon content are used, and the hardness 
value is increased by heat treatment. In recent years, 
there has been a noticeable tendency to use alloy steels 
for the production of pistons due to higher strength and 
thermal expansion rates. Steel pistons, despite their 
greater density, are equal to the total weight of 
aluminum pistons. This is because alloy steel pistons 
have similar strength with smaller sections. Figures 4 
show a comparison of the height of a steel and 
aluminum piston [2]. Most passenger engines work at 
peak pressure in the cylinders in the range of 17-19.5 
MPa. It is a logical step for car manufacturers to 
increase this pressure in order to reduce CO in the 
exhaust gas and improve thermal efficiency. Increasing 
the pressure to the level of 21-23 MPa gives satisfactory 
results. This pressure is beyond the strength limit of 
aluminum pistons, which is why steel pistons with 
higher strength are more and more often found in new 
designs of internal combustion engines [16]. 

Figure 5 shows a comparison of the frictional power 
of aluminum and steel pistons as a function of oil 
temperature. A comparative analysis of the friction 
power showed a reduction of the friction power by 
about 6% of steel pistons in relation to aluminum 
pistons. 
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Fig. 4 Comparison of the height of the aluminum and steel 

piston [15] 

The desire to increase the degree of workload of 
internal combustion engines leads to situations in 
which engine pistons operate at the limit of 
permissible loads. This forces engine designers to use 
materials other than the most commonly used 
aluminum alloys. An example of such materials is alloy 
steel. Pistons made of various alloy steels have been 
made for many years for truck engines, but in recent 
years the use of this material in the production of 
pistons for internal combustion engines of passenger 
cars has been growing [2]. 

 

Fig. 5 Comparison of the frictional power of steel and 
aluminum pistons as a function of oil temperature [17] 

One of the first manufacturers to use steel pistons 
in passenger cars are Mercedes-Benz, BMW and Fiat 
[17]. Figure 6 shows a cross-section of a steel piston 
used in passenger car engines. In this drawing, it is 
worth paying attention to the cooling channel of the 
steel piston. In the production of aluminum pistons 
for passenger car engines, the cooling channel is made 
by the technology of lost models. The salt core is 
poured with liquid aluminum alloy and then rinsed 
out. In the production of steel pistons, this is not 
possible because the piston is made of two parts. 
Therefore, the cooling channel is made by machining 
the upper part and the lower part of the piston and 
then the parts are joined together by friction welding. 

 

Fig. 6 Cross-section of a steel piston of a passenger car [18] 

One of the main features of steel in the production 
of pistons is the low value of the thermal expansion 
coefficient. In steel pistons for passenger cars, the 
cooling channel is relatively larger than in their 
aluminum counterparts, thanks to which it protects 
the ring parts against excessive temperature influence, 
directing it towards the lower and upper part of the 
combustion chamber. This effectively lowers the 
temperature of the ring grooves in relation to 
aluminum pistons. The presence of high temperature 
negatively affects the strength of the piston. Steel 
pistons are more resistant to operation at high 
temperatures than aluminum pistons.  

With a comparable weight of steel and aluminum 
pistons, the contact surface of the steel pistons with 
the cylinder surface is smaller, thus limiting friction 
losses. In addition, the lower expansion of steel in 
relation to aluminum allows for a greater clearance in 
the piston, reducing the interaction between the piston 
and the cylinder surface. This is because the lower 
expansion of the steel causes the contact of the steel 
piston with the cylinder to be smaller. It is shown in 
the Figure 7. 

 

Fig. 7 Diagram of aluminum and steel piston operation 
under start conditions and during warm-up [20] 

Steel pistons dissipate heat less efficiently, which 
contributes to an increase in temperature on the 
surface of the combustion chamber in relation to the 
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equivalents of aluminum pistons, which in turn 
increases the thermal efficiency of the combustion 
engine, reducing CO, HC and PM emissions. Figure 
8 shows the temperature gradient distribution of the 
combustion chamber of a steel and aluminum piston. 

The larger cooling channel in the piston promotes 
the dissipation of heat from the ring grooves, 
increasing the service life of the pistons. Computer 
analyzes are commonly used in the analysis of piston 
structures. 

 

Fig. 8 Temperature gradient distribution for: 1- aluminum piston, 2-steel piston, 3-steel piston with enlarged cooling channel [20] 

Internal combustion engine pistons are subject to 
mechanical as well as thermal and mechanical damage. 
These damages can be divided according to the area 
of their occurrence into damages: on the piston 

crown, in the ring grooves, in the pin bore, on the tails, 
on the piston skirt. Figure 9 shows a typical piston 
stress distribution. The greatest stresses occur in the 
area of the piston crown and the base of the pin bore.

 

Fig. 9 Computer analysis of piston stresses in an internal combustion engine [21] 

Another area subject to fatigue failure is the 
piston ring grooves. Figure 10 shows simulations of 
von Mises stresses in the grooves of the piston rings. 
The simulation shows that the greatest stresses occur 
on the groove radius when the ring is in the middle 
of the groove depth. The stresses decrease as the ring 
moves towards the bottom of the groove. This 
means that the increase in stress on the piston groove 
increases with the increase in clearance between the 
piston and the cylinder. Annular grooves are one of 
the critical parts of the piston with numerous 
technological limitations.  

Another common fatigue failure of pistons is skirt 

fracture. Figure 11 shows simulations of the piston 
stress in the skirt area. The simulation shows that the 
stress concentration in this area occurs near the 
radius of the skirt curvature. During operation, the 
piston does not only move up and down. This is 
because there is play between the piston and cylinder. 
This clearance causes that during the operation of the 
piston in the up-down movement, the piston tilts by 
a certain angle in relation to the cylinder wall, as 
shown in figure 12. It follows that the piston makes 
contact in two places during operation. The first is 
the bottom side of the piston skirt on one side, the 
second is the top side of the piston. 
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Fig. 10 Stress distribution in the piston groove [21] 

 

Fig. 11  Computer analysis of stresses in the area of the 
piston skirt [21] 

 

Fig. 12 Diagram of the deflection of the piston during operation [22][23] 

 Analysis of the friction welding process 

The friction welding process is a process of joining 
two blanks known from the last century, when in 1891 
the first patent was published in England describing 
the process of joining two blanks using the heat of 
friction. Since then, numerous studies have been 
conducted in many countries around the world in 

order to use the new method industrially and to 
optimize it. The advantage of friction welding are the 
technical and economic benefits, such as: the 
possibility of joining various materials, process 
efficiency, the possibility of automation, process 
stability. Friction welding enables easy joining of 
materials with high reliability of the connection. The 
process of solid-state joining is based on bringing the 



October 2022, Vol. 22, No. 4 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

500 indexed on: http://www.scopus.com  

atoms of two joined materials closer together at a 
distance of the order of the parameters of the 
crystallographic lattice. This approximation allows for 
the interaction of atoms to occur on the surfaces of 
the materials to be joined. The increase in temperature 
and the pressure force applied to the joined elements 
facilitates the process of approaching the distance of 
the interaction of atomic forces between ions, atoms 
and molecules. This also shows that the friction 
welding process is considered in the system of 
temperature and clamping force parameters, as shown 
in the diagram in Figure 13. This diagram is divided 
into three zones, of which only in zone II the welding 
process takes place. In zone I, very high pressing 
forces are needed for the process to occur, and in zone 
III, under the influence of high temperature, we deal 
with liquid metal [25]. 

 

Fig. 13 Graph of the dependence of temperature and pressure 
force to obtain a bonded joint [26] 

 

Fig. 14 MTI Rotary Friction Welder and Low Pressure 
Welder [28] 

In the production of pistons for internal 
combustion engines, there are two types of friction 

welding, and these are: 

 Friction butt welding, 

 Low pressure friction welding. 

Friction butt welding is the most widespread and 
most used method in friction welding. In this method, 
two varieties are used, i.e. [27]: 

 Continuous drive friction welding, 

 Inertial friction welding. 

Friction welding with a low pressure force, in order 
to perform the correct welding, uses the energy 
coming from the friction process between the 
elements to be welded and from the induction coil 
preheating the elements to be joined. The ratio of 
these two types of energy, depending on the 
parameters selected, is 9: 1. The induction coil heats 
the connected elements to a given temperature so that 
they are pressed against each other and turned by a 
certain angle. Pre-heating of the joined elements 
allows for a significant reduction of the forces needed 
for the proper execution of the weld in relation to the 
rotary butt welding process. This technology is 
successfully used to join details of aluminum, alloy 
steels, stainless steels, nickel superalloys, copper and 
titanium. [29].  

The low pressure welding process itself consists of 
the following 5 stages [30]: 

 Fastening the upper and lower blank, 

 Positioning of blanks and induction coil, 

 Heating with an induction coil to a given 

temperature, semi-finished products, 

 Friction welding of semi-finished products, 

 Unloading. 

The process of clamping blanks in the production 
of pistons is carried out automatically by loading with 
a robot. The fastening is done by clamping the blanks 
in special sleeves fastened by hydraulic cylinders. 
Clamping sleeves position the blanks in relation to 
each other and transmit the clamping forces and 
torque. Positioning is used to determine the actual 
position of the blank and to set the position in relation 
to each other. It is required to position the blanks to 
ensure that the surfaces to be welded are parallel. The 
positioning process takes place in two steps. In the 
first step, the two blanks are brought together until 
contact is made to determine the actual distance 
between them. In the second step, the upper sleeve 
unfastens the blank and then fastens it in order to 
compensate for the non-parallel location of the 
welded surfaces. After completing the positioning 
process, the parts are returned to the heating position, 
in which an induction coil is inserted between the two 
parts in order to heat the parts to the set temperature. 
After reaching the set temperature, the blanks are 
pressed together with the set temperature and then 
rotated in relation to each other by the set angle. The 
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heating process and the welding process are 
performed in an inert atmosphere of nitrogen [30]. 

Figure 15 shows an example of a welding station 
with low pressure. The body is made of a welded bed 
with two clamps fixed on it. Upper and lower clamp 
used in order to assemble blanks of the welded piston. 
The clamp of the bottom and top piston forgings is 
held in the sleeves by the movement of hydraulic 
cylinders. In addition, the top clamp moves up and 
down to press the heated piston blanks to each other 
so that the welding process can take place. The bottom 
clamp, on the other hand, performs a rotational 
movement in relation to its axis after pressing the 
blanks together by the top clamp. The welding station 
with low pressure is equipped with an induction coil. 
The shape of the coil is designed to optimally heat the 
surface of the welded halves of the piston. The coil is 
able to move in two axes, the first is used to slide 
between the two halves of the piston, and the second 
to evenly position between them in order to heat them 
evenly to the set temperature. The top and bottom 
clamps are heavily water-cooled to prevent 
overheating of the collets [30]. 

 

Fig. 15 Steel piston welding station by MTI [30] 

The appropriate surface quality of the welded parts 
of the piston, appropriate cleanliness, stability of the 
heating process and the protective gas atmosphere 
significantly affect the quality of the connection. 
Figure 16 shows both parts of the piston before 
welding. On the left side we can see the forging and 
on the right side a machined bar which is a semi-
finished product of the piston crown. There are two 
rings: outer and inner. In order for the welding process 
to be considered as properly performed, the external 
and internal welds should be properly performed. Due 
to the hard working conditions of the piston, no 
connection discontinuities are allowed. The size of the 

discharge and its shape affect the oil flow in the 
cooling channel of the piston and thus the service life 
of the piston. The size and shape of the flash is 
influenced by the proper friction welding process, and 
above all, the clamping force, the angle of rotation, the 
clamping time, and the heating temperature. Figure 17 
shows the piston in the welding process in successive 
stages. 

 

Fig. 16 Semi-finished products in the production of steel 
pistons [30] 

 

Fig. 17 View of the subsequent stages of friction welding of 
the piston with low pressure. [30] 

Friction butt welding is an older method of 
welding than low pressure friction welding. Many 
scientific works have been developed describing the 
phenomena occurring in the welding process and 
enabling the optimization of welding parameters and 
the quality of the joint. One of the studies on friction 
welding and the strength of welds was the work of 
Messrs. Vill, Kinley, Fomichev and Ratković 
[31,32,33, 34]. On the optimization of friction welding 
parameters and the mechanical and metallurgical 
properties of friction welded bars, it is worth reading 
the works of Mr. Yilbas [35]. Useful papers describing 
the optimization of solid-state joining parameters are 
the papers by Habibizadeh, Budiono, Sejc and Brozek 
[36, 37, 38, 39]. Another work useful in the production 
of forged pistons is experimental research on joining 
joins of medium carbon steel and austenitic stainless 
steel by the friction welding method of Pan Akata and 
Sahin [35,40]. On the other hand, the basics of the 
welding process and the phenomena occurring in this 
process are the studies of Mr. Myśliwiec and 
Ambroziak [3]. 

The main parameters in friction butt welding are: 
clamping pressure, friction time of the heating phase, 
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upsetting pressure, upsetting time of the forging phase 
as well as rotational speed. Appropriate selection of 
these parameters and maintaining cleanliness at the 
contact point of the welded surfaces guarantees good 
quality of the welded joint [41].  In this welding 
method, one blank is fixed permanently and the other 
is rotated to a given rotational speed to then press it 
against the stationary blank, as shown in Figures 18a 
and 18b. On the contact surface, a frictional force 
generates heat, which together with the pressure force 
causes swelling of the welded blanks, as shown in 
Figure 18c. The last step is to stop the rotation of the 
blank and press them together to obtain the bonding 
of the blanks as shown in Figure 18d [42]. 

 

Fig. 18 Stages of rotary friction butt welding [38] 

There are two variants of rotary friction welding, 
namely: continuous drive friction welding (also called 
direct drive friction welding) and inertial friction 
welding. The most important difference between 
these friction welding methods is the way the energy 
is delivered. In direct welding, one half of the element 
to be welded is attached to a drive motor that 
maintains a constant rotational speed during the 
welding process. The process continues until the 
material is shortened or the braking force is applied. 
The friction force can be constant throughout the 
process or vary in stages. The upset stage follows the 
friction stage and the braking stage. In the friction 
stage, the necessary heat is generated and the material 
is swollen, while in the upsetting stage, the weld 
consolidates. Figure 19 shows the parameters of the 
welding process with the designated stages.   

 

Fig. 19 The course of parameters of the friction butt welding 
process [43] 

As a result of the friction process and the heat 
generated, the weld microstructure differs from the 
native material. The occurrence of dynamic 
recrystallization, mutual shear of the newly formed 
grains causes the formation of a homogeneous 
structure of a strongly damaged microstructure [40]. 
The increase in rotational speed causes a 
microstructure change where the grain boundary 
becomes thinner with the coarse microstructure of the 
TMAZ. Too low rotational speed may not be enough 
to generate enough heat and thus make a proper weld. 
Initiation of the fatigue strength of welded joints 
usually begins at the interface, acting as a stress-
increasing medium towards TMAZ [45]. 

The appearance of the weld made by the friction 
butt welding method is characterized by specific 
material flashes formed at the stage of upsetting the 
material. Figure 20 shows the flash formed in the 
friction welding process. The size and shape of the 
flash is one of the measures characterizing the quality 
of the connection, as it indicates the correct course of 
the process. 

 

Fig. 20 The appearance of the weld formed in the process of 
friction butt welding 

Visual examination of the welded forged piston 
connection allows for a preliminary analysis of the 
quality of the welded joints. The shape and size of the 
flash are assessed as well as the presence of any 
discontinuities. Figure 21a shows a low-pressure 
friction-welded piston and figure 21b shows a forged, 
rotary-butt-welded piston. The low-pressure friction 
welding of the piston is smooth, with no visible burrs 
and discontinuities. After welding, the piston crown 
should be coaxial to the piston skirt. The weld itself 
takes the shape of a barrel. On the other hand, the 
weld made by friction butt welding has characteristic 
flashes. The height of the piston and the oil flow in 
the cooling channel depend on their shape and size. 
The weld should be symmetrical and the piston crown 
coaxial to the skirt. Cracks and discontinuities are 
unacceptable. The correct weld takes the shape of a 
curled mustache. 
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Fig. 21 Forged steel piston welded: a) by the friction method with low pressure force, b) by the rotary butt welding method 

Destructive analysis of the weld makes it possible 
to examine the plastic deformation within the joint 
and to check whether there are any defects in the joint. 
In industrial applications, 100% of the piston 
production is tested for weld defects using ultrasound. 
However, destructive tests are performed when 
production is launched and every period specified in 
the standards. Destructive tests include, but are not 
limited to, macroscopic examination. This test allows 
to determine the geometric shape of the cross-section 
of the piston joint, the size and shape of the joint heat-
affected zones, macroscopic defects of the material 
and the weld surface, as well as inhomogeneities in the 
chemical composition or caused by heat treatment.  
Figure 22a shows the weld of a steel piston made by 
friction butt welding, and Figure 22b shows the weld 
of a steel piston made by friction welding with low 
pressure. In the production of steel pistons, the lower 
part of the piston is a blank and the upper part is a rod. 

Both welds are free from macroscopic defects with 
pronounced heat affected zones. The shape of the 
outflow of the material plasticization phase is a clear 
difference. In the case of friction butt welding, when 
the material becomes plasticized under the influence 
of pressure and temperature, the material from the 
front surface of the semi-finished products is pushed 
outwards along with surface contamination, creating 
flashes characteristic for this method. In the case of 
friction welding with low pressure, Figure 22b, the 
shape of the flash is completely different. There is no 
pushing of the material from the face with impurities, 
only upset. Therefore, in this method of joining 
materials in a solid state, it is very important to 
maintain appropriate cleanliness of the surfaces to be 
welded and to perform the process in the protection 
of inert gases, which significantly affects the quality of 
the connection.

 

Fig. 22 The weld is made a) by friction butt welding, b) by friction welding with low pressure 

Regardless of the method of execution, the piston 
weld seam can be divided into several zones, as shown 

in Figure 23. The central weld zone is marked as WCZ, 
the thermomechanical influence zone as TMAZ and 
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the heat impact zone as HAZ. Two of these zones, ie 
TMAZ and WCZ, belong to the zone of 
thermomechanical impact. Appropriate selection of 
parameters ensures similar or better strength 
properties than the native material [7].  In friction 
welding with low pressure, the thermomechanical 
impact zone is much larger than in the case of a joint 
using rotary butt welding. This is due to the greater 
and longer temperature impact by heating the blanks 
with an induction coil. On the other hand, in the case 
of butt welding, the thermomechanical impact zone is 

smaller, while the outflow is much larger, which is the 
result of much greater pressures and a shorter time of 
exposure to high temperature. It can be concluded 
that butt welding works well in the production of large 
steel pistons in which it is important to limit the heat-
affected zone, thus increasing the strength of the 
connection, and in the case of small steel pistons, 
friction welding with a low pressure force is 
recommended because little or no flash increases the 
oil flow in the piston's cooling channel and the loads 
affecting the small piston are reduced.

 

Fig. 23 Heat affected zones a) friction butt welding, b) low pressure friction welding 

Recalling the first pages of the article describing 
the effect of heat within the combustion chamber on 
the durability and functionality of the pistons, the 
significant influence of the cooling channels under the 
piston crown should be emphasized. Figure 24a shows 
the cooling channel of a small steel piston made by 
friction welding with a low contact force, and Figure 
24b shows a large steel piston made by friction butt 
welding. In large steel pistons, the cooling channel is 
almost three times larger than that of small steel 
pistons, therefore the influence of the flash generated 
in the process of friction butt welding is negligible.  

The oil flowing through the cooling channel absorbs 
heat from the piston crown and the ring part. In this 
case, the cooling channel has dimensions of 31x22 
mm, and the outflow from the welding process is 
3x7mm, with the outlets not located at one height. In 
the case of low pressure friction welding, shown in 
Figure 24a, the cooling channel is 9x11 mm and the 
flash is 0.6 mm. The outflow in the shape of a small 
bulge affects the oil flow in the cooling channel to a 
very small extent, despite a much smaller cooling 
channel.

 

Fig. 24 Cross-section of the piston's cooling channel, made a) by friction welding with low pressure, b) by friction butt welding 
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One of the important measurements proving the 
quality of the connection is the Vickers method of 
measuring the hardness of the weld in various zones. 
Measurement of hardness in the production of steel 
pistons is performed on the outer and inner rings, 
additionally, the measurement is performed in the axis 
of the bolt hole and on the plane perpendicular to the 

bolt hole. The measurement distance between the 
points is 0.5 mm made in a zigzag pattern. One of the 
assumptions of a correctly performed measurement is 
the presence of at least 5 measurement points in each 
of the weld zones. Figure 25 shows the positions of 
the measurement points on the weld.  

  

Fig. 25 Hardness test point positions in the steel piston 

The hardness measurement was made on the weld 
without heat treatment and the material from which 
the piston was made was 25HM steel. Lack of heat 
treatment causes that the hardness measurement 
results are high, but the shape itself is similar. The 
hardness measurement results are represented by blue 
points and the combination of these points forms the 
hardness curve. The vertical lines in the diagram show 
the boundaries of the weld zones. The red parabolic 
curve shows the polynomial hardness trend curve. The 
weld hardness curve for the outer ring is shown in 
Figure 26. The graph shows a sharp jump in hardness 
from 300 HV in the native material to less than 600 
HV in the HAZ zone. The hardness in the TMAZ and 
WCZ zones remain at a similar level with small local 
jumps. The HAZ is about 2 mm wide on both sides, 
while the TMAZ is larger and 6 mm wide. The 
hardness in the TMAZ varies from 510 HV to a 
maximum of 600 HV.  

Figure 27 shows the hardness curve of the inner 
ring weld made by the low pressure plate welding 
method using the 150HIW Hybrid Induction welding 
machine. The chart shows that the heat affected zone 
is about 12 mm wide. In the HAZ zone, we see a 
sudden jump in hardness from 300HV in the native 
material to 500 HV. In the TMAZ zone, the hardness 
ranges from 510 HV to a maximum of 600 HV. The 
total width of the TMAZ is 6 mm. The zones are 
symmetrical to the central high frequency zone.  

Figure 28 shows the piston butt friction welding 

curve. This piston is made of 4140H steel, i.e. 
38MnSiVS5. The discussed piston has been tempered 
after welding in order to reduce the stresses. The 
tested hardness was performed on the weld in the 
plane of the axis of the bolt hole. The native material 
has a hardness of about 280 HV, and the maximum 
hardness in WCZ is 378 HV. Note the shape of the 
curve, it is more pointed in the shape of a triangle, 
while the hardness curve of the piston spline from the 
friction welding process with low pressure has a 
trapezoidal shape. Attention is also drawn to the fact 
that in the process of butt welding, the heat-affected 
zone is much smaller than in the case of friction 
welding with a low pressure force.  

 

Fig. 26 Steel piston outer ring hardness curve diagram [30] 
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Fig. 27 Shows the hardness curve of a friction-butt-welded 
steel piston [30] 

 

Fig. 28 Shows the piston butt friction welding curve 

 Conclusions 

Increasingly greater requirements regarding the 
quality of exhaust gases, competition for the highest 
possible reliability of combustion vehicles and their 
economy in everyday use. The requirements for the 
quality of exhaust gases are dictated by national 
requirements in the field of environmental protection. 
On the other hand, failure-free operation and 
operating economy affect the size of potential 
customers. Car manufacturers, in order to meet all 
market requirements, outdo each other in new design 
solutions, hoping to gain a market advantage. One of 
the market trends in the automotive industry aimed at 
increasing reliability and saving cars while maintaining 
all emission standards are forged steel pistons. In 
recent years, it has been gaining great recognition 
among producers. 

Steel pistons enable the use of much higher 
pressures than in aluminum pistons, even over 200 
bar, and a significant temperature of up to 400 ° C. In 
addition, steel pistons offer the possibility of 
increasing power with the same displacement as their 

aluminum counterparts, allowing the size of the 
engines to be reduced. One of the very important 
advantages of forged steel pistons is their lower 
thermal expansion than aluminum pistons. As it was 
presented in the article, the lower thermal expansion 
allows the use of the piston dimensions closer to the 
optimal, even in a cold state, with the necessary 
clearance between the piston and the cylinder. This 
clearance is much smaller than in the case of 
aluminum pistons, reducing the frictional forces and 
deflection of the piston in cold work, increasing its 
strength. Less clearance also means lower engine oil 
consumption and lower blow-by emissions. The 
greater strength and temperature resistance of steel in 
relation to aluminum alloys allows the use of thinner 
walls. The thinner walls and lower height of the steel 
pistons compensate for the higher density of the steel, 
making the weight of a steel piston similar to that of 
aluminum pistons. Steel piston internal combustion 
engines can be smaller, more efficient and lighter. 

In industrial application in the production of steel 
pistons, two methods of friction welding dominate, 
and they are: friction butt welding and friction welding 
with low pressure. Friction butt welding dominates 
the production of large steel pistons. It is a solid-state 
joining process that has been known for many years. 
Relatively high pressures make it impossible to weld 
thin-walled products. On the other hand, the use of 
high pressures allows for the reduction of the required 
temperature needed for the welding process. Shorter 
heating time of the piston formed in the process 
reduces the heat affected zone. The large, 
characteristic outflow created in the butt welding 
process does not adversely affect the oil flow in the 
piston's cooling channel, because in large steel pistons 
the cooling channels have much larger cross-sections. 
The large cross-section of the cooling channel 
eliminates the influence of outflows, ensuring 
sufficiently good heat removal from the bottom and 
ring surfaces of the piston. The case with small steel 
pistons is a bit more complicated, thinner walls, small 
cross-section of the cooling channel makes it 
impossible to use friction butt welding. Therefore, 
friction welding with a low contact force is most often 
used. A small, spherical flash on the weld does not 
adversely affect the oil flow in the cooling channel 
without reducing the potential for heat transfer from 
the bottom and the annular part of the piston by the 
oil flowing through the cooling channel. The low 
pressure force needed for the welding process to 
occur allows the use of smaller wall widths than in 
large pistons. The disadvantage is the necessity to take 
care of the high quality of the welded surfaces, the 
necessity to use shielding gases and a large number of 
process parameters. Although a large number of 
process parameters also give great opportunities to 
influence  the  size of  the  heat-affected  zone  of  the 
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weld, process time, additional heat treatment of the 
welded piston can be applied. Determining the 
optimal parameters of the friction welding process 
with low pressure force can be determined by the 
method of experiment or using artificial intelligence 
based on knowledge from previous runs, the tested 
physical relationships between process parameters, 
and readings from process sensors measured in real 
time. However, due to the extensive topic of 
determining and optimizing these parameters, another 
article will be devoted to this issue. 
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