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THE EFFECT OF HEAT TREATMENT OF FORGINGS DIRECTLY FROM THE FORGING TEMPERATURE 
ON THEIR PROPERTIES

The paper presents a prototype semi-industrial cooling line developed by the authors, which makes it possible to design 
a thermal treatment of forgings with the use of the forging heat, together with exemplary test results for forgings forked type. The 
proposed method of heat treatment dedicated to these forgings was described and compared to traditionally used heat treatment 
method in chamber furnaces. Next, the original research stand was presented, which performs mechanical fatigue test on final prod-
ucts – forked-type forgings. Forgings after heat treatment and cooling on the prototype line were tested on this stand in condition 
of cyclically variable mechanical loads in order to resistance to mechanical fatigue was analyzed and the influence of performed 
exemplary heat treatment on mechanical properties. The presented preliminary investigations performed on the designed combined 
research standing, consisting of: the prototype controlled cooling line, as well as mechanical fatigue stand point to the possibility 
of implementing thermal treatment with the use of the heat generated during the forging process and determining its impact on the 
mechanical properties of forgings.

Keywords: heat treatment; hot die forging; controlled cooling line; thermo-plastic treatment technology; mechanical proper-
ties of forging

1. Introduction

Currently, in addition to achieving the assumed geometry 
of the forged product, forgings should be characterized by spe-
cific properties specified by the customer, which are most often 
obtained by heat treatment. As the mechanical properties are in-
herited from the microstructure, it is necessary to well recognize 
this relation. Depending on the expectations with regard to the 
product, such as the chemical composition of the forging or its 
shape, the processes of annealing, hardening and tempering as 
well as oversaturation and ageing are implemented. The thermal 
treatment of die forgings is generally realized after the process 
of forging and trimming in order to unify the microstructure 
and properties of the forgings. It mean, that can be realized after 
cooling from the forging temperature to the ambient temperature 
and then re-heating [1-3]. However, attempts are also being made 
combining the plastic strain process with the thermal treatment 
have been made, which, in many cases, provided a synergistic 
combination of the effects of the dynamic processes related to 
hot deformation with the effects of the diffusion transformations. 
A direct combination of this type makes it possible to obtain 

mechanical properties which sometimes exceed those possible 
to obtain through hot forging and thermal treatment performed 
separately. Thermo-plastic treatment consists in changing the 
mechanical properties of metals in the solid state by inducing 
structural changes in them, which are an effect of the combined 
operation of the temperature, time and plastic deformations 
(joined thermal and plastic treatment processes) [4].

A typical cycle of conventional heat treatment of die forg-
ings includes: heating the input material to the initial forging 
temperature, i.e. approximately 1100°C-1300°C, multi-stage 
forging on a selected forging aggregate. Forgings after the forg-
ing process have a temperature of about 1100°C and, depending 
on the technology, they can be trimmed on hot (possibly after 
cold cooling); then they are cooled in a box or sometimes on 
a controlled B-Y cooling line to ambient temperature. They are 
then re-heated for normalization and cooled in the air or heated 
to the austenization temperature and cooled in oil, water or other 
medium. Sometimes tempering is also used [5-9].

Based on the description provided, it can be concluded that 
obtaining high strength forgings as well as plasticity in the forg-
ing process and conventional heat treatment requires many ad-
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ditional heating operations within the given heat treatment [10]. 
And this is related to the extended production cycle and the ac-
companying additional costs of labor, operation of equipment, 
refrigerants, and above all the energy necessary for repeated heat-
ing. Therefore, one of the alternatives has become thermoplastic 
machining, which uses the heat generated by the forging process, 
which consequently eliminates the need to cool forgings after the 
forging process to ambient temperature and reheat them. Instead, 
by appropriate selection of parameters on a controlled cooling 
line, a given thermal treatment can be started almost immedi-
ately after the forging process [11-16]. The use of thermoplastic 
processing technology requires the development of know-how 
combining knowledge in the field of phase change kinetics during 
and after deformation with the technical possibilities of its ap-
plication in industrial conditions. Therefore, research conducted 
in this field is fully justified, because for obvious reasons they 
will bring many benefits, both scientifically and financially. In 
the literature you can find many items and studies related to in-
vestigations are performed on the use of thermo-plastic treatment, 
which compare the obtained properties as well as the economy 
of the process with the traditional methods [16-18]. In work 
[19] compares the mechanical properties of metal sheets with 
a ferritic-martensitic structure made of steel C-Mn with micro-
additions Nb and Ti produced by means of an energy saving 
thermo-plastic treatment technology, with those obtained after 
the conventional hardening from a temperature above AC1. The 
research was also confirmed in the study [20] which presents the 
effect of thermo-plastic treatment through forging on the struc-
ture and properties of micro-alloy steel. The forgings produced 
by the thermo-plastic method underwent tempering within the 
temperature range of 550ºC to 650ºC. As a result, the properties 
at the level of: Rp0,2 – from 993 to 925 MPa, Rm – from 1061 
to 978 MPa and KV-40 from 60 to 69J were obtained. In turn, 
the work [21] examines the effect of different thermal treatment 
parameters on the mechanical properties of a steam turbine blade, 
which works at the temperature of about 700°C. Also with the 
development of new grades of steel, thermo-plastic treatment is 
more and more frequently applied. In study [22] demonstrates 
that, with the use of thermo-plastic treatment, it is possible to 
obtain mechanical properties of Fe-C-Al-based alloys not con-
taining critical elements which are comparable to those of the 
traditional alloys. The use of thermo-plastic treatment is also 
applied for other alloys based on Ti [23] and Al [24]. In addition, 
many interesting papers can be found in the literature in which the 
authors examined various aspects of thermo-plastic both using 
numerical modeling [25] regarding microstructural changes after 
different variants of such treatment [26] as well as the impact of 
changes in heating / cooling parameters immediately after forg-
ing on the mechanical properties of forgings, including for the 
aviation industry [27-29]. The above presented studies indicate 
research-based confirmation of the economical and mechanical 
advantages of the thermoplastic technology.

It should also be mentioned that heat and thermo-plastic 
treatment carries numerous undesirable consequences with it, 
in the form of, e.g.: non-uniform distribution of structure, ori-

ented banding of grains, and in consequence, also non-inform 
distribution of the material’s properties throughout the forging’s 
entire volume. Additionally, the presence of the material at high 
temperature causes the formation of the oxide layer on the sur-
face of the material, leading to accelerated corrosion. Residual 
stresses remaining after processing, resulting from thermal 
shocks, may initiate cracks during exploitation of the product, 
and as a result of diffusion of alloying elements at elevated 
temperature, there is a risk of decarburization of the piece’s 
surface layer. To counteract this, heating rates are changed, and 
the target and amount of heat emitted through induction heat-
ing is regulated in hardening and tempering processes, where 
induction heating can be applied to obtain a precisely defined 
final hardness of the material. The fatigue strength of forgings 
can be a measure of quality of the performed heat treatment 
and of the microstructure obtained thereby. This is typical, 
particularly in the case of forked-type forgings, whose method 
of work can be described as fatigue-based and loads during 
exploitation as periodically variable. The factors that may affect 
the fatigue strength of forged products are surface roughness, 
microstructure, hardness and residual stresses. Heat treatment 
may influence these factors, particularly in the surface layer of 
the forging’s material, and reduce fatigue strength. To limit the 
effect of changes in the surface layer occurring during heat treat-
ment on fatigue strength, deformed products undergo finishing, 
usually by means of mechanical methods.

The main goal of paper is presented the preliminary test 
results obtained from developed a prototype semi-industrial 
cooling line and compare different methods of heat treatment 
of the same type of forging for the purpose of verifying the 
effectiveness of the treatment and its influence on the selected 
mechanical properties, like: hardness and fatigue strength of 
parts. Experimental tests performed on a test stand designed 
especially for this purpose made it possible to determine the 
number of cycles resulting in permanent deformation or total 
failure of a forgings and maximum torsional moment and the 
evolution of its changes as a function of time.

2. Industrial forging process with selected 
toughening variants 

Fig. 1 shows an exemplary “traditional” forging production 
cycle followed by the thermal treatments of the forgings. As we 
can notice, in the case of the selected typical yoke-type forging 
production process, the forging is followed by controlled cooling 
of the forgings on the controlled cooling line, where, at the end 
of this operation, after the forging falls into the box, its tempera-
ture is about 600°C (close to the transformation temperature for 
that material). Next, the forgings, after reaching the ambient 
temperature in the container, are collected in a storage area and 
then subjected to shot blasting and toughening. We should point 
to the duration of the whole production cycle and the fact that 
the forgings are twice re-heated, which, as it was mentioned 
before, is connected with a higher consumption of energy as 
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well as cooling agents. For this reason, within the performed 
research, a decision was made to use the heat generated by the 
forging process and to perform three different variants of thermal 
treatment directly after the end of the third forging operation.

Fig. 2 shows the schematics of the performed investigations 
for: hardening directly from the forging process (the course 
marked in blue), hardening after the forging with annealing at 
870°C (the course marked in gray) and cooling from the forg-
ing temperature down to 600°C (temperature below the perlitic 
transformation), heating and annealing at 870°C, followed by 
hardening (the course marked in orange). Also, for all the three 
variants, after hardening, the process of tempering was performed 
(according to the technology designed for this product). The as-
sumed levels and temperatures were determined by the analyzed 
material, i.e. steel C45, as well as the performed research. For 
this steel, the pearlitic transformation with free cooling takes 

place at about 670°C (that is why the forgings were cooled 
down to 600°C), whereas the austenitization temperature is 
about 860°C-880°C.

Examinations of the microstructure as well as hardness 
tests for the analyzed yoke-type forgings were performed. The 
hardness tests were carried out by means of the Vickers method 
with the load of 10N (1kg) as well as by the Brinell method. 
The samples were etched in 3,5% Nital. The obtained results of 
the microstructural tests have been shown in Fig 3. Hardening 
directly from the forging temperature is possible to perform 
but, from the technological point of view, it is unjustifiable. 
The generated high hardening stresses may cause deformation 
of the product and/or its cracking during the cooling process. 
For I technology (Fig. 3a), we can observe a structure of tem-
pered martensite with numerous fine precipitates of Fe3C in 
a globular form.

Fig. 1. The view of: a) an example of a forging production cycle with a separate turnover heat, b) pictures of forgings during and after controlled 
cooling

Fig. 2. Schemat ics of the proposed thermal treatment variants after the forging process 
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Relatively long martensite needles and no ferrite lattice on 
the grain boundaries of the former austenite. The microstructure 
of the forgings made according to II technology significantly 
differs from that of first technology. Visible ferrite precipitations 
on the boundaries of the former austenite grains (Fig. 3b) and 
apart from that, a typical sorbitic structure after the toughening 
procedure. The microstructure of the forgings made according 
to variant 3 also exhibits ferrite precipitations on the former aus-
tenite grain boundaries (about 30-50 μm – Fig. 3c). Additionally, 
fine Fe3C precipitations in a globular form. The results obtained 
from the procedure of toughening of a yoke-type forging made 

of steel C45 (microstructure, hardness) with the presented time-
temperature parameters confirm its agreement with the expecta-
tions on the operation sheet of the end recipient. Depending on 
the recipient’s expectations, by changing the parameters of the 
thermal treatment, we can regulate the properties of the ready 
product.

Fig. 4 shows the results of the microstructural tests for the 
3 selected thermal treatment technology performed directly after 
the forging process, from the forging heat. The final mechani-
cal properties of the product are determined by the tempering 
temperature as well as the hardening parameters. 

a)

b)

c)

Fig. 3. Microstr uctural test results after toughening for three hardening variants: a) technology I, technology II, c) technology III 
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Fig. 4. Microstru ctural test results for the 3 selected thermal treatment 
variants – thermal improvement

As it can be observed based on the obtained results, regard-
less of the applied thermal treatment variant, the hardness value is 
within the scope of 230-260 HV, which is also in agreement with 
the requirements on the technological sheet. On this basis, we 
can establish that performing the thermal treatment procedures 
directly from the forging process has not negative effect either on 
the microstructure or the hardness of the forgings obtained after 
the thermal treatment. What is more, we can draw the obvious 
conclusion that it is economically justified, both from the point 
of view of the process efficiency and the production costs, to 
carry out the thermal treatment process directly from the forg-
ing temperature. In this case, it is crucial to determine the times 
and rates of cooling, that is to ensure high regime temperature 
control. As it was demonstrated in the subject matter section, 
the current trends suggest that, in the economically developed 
countries, in order to eliminate the time and energy consuming 
thermal treatment procedures, in the case of the use of precipi-
tate strengthened microscopic steels (about 60% of the current 
production), it is required that regulated cooling after the forging 
process be performed. 

3. A prototype experimental line for the production 
of forgings with the use of the forging heat

In order to analyze the effect of the selected parameters 
on the thermal treatment of forgings, the authors constructed 
a prototype experimental line for the implementation of different 
thermal treatment variants, based on high temperature thermo-
plastic treatment enabling a simulation and optimization of the 

thermal treatment process performed under industrial conditions. 
On the basis of the obtained results on this experimental line, an 
industrial line will be constructed, which will make it possible to 
perform thermal treatment under industrial conditions. 

The idea of such a line is based on a random arrangement 
of the four crucial devices: a screw press for hot forging (P), 
a controlled cooling line (L), a furnace to heat the charge and the 
forgings (F) and a quenching tank (Q). This way, it is possible 
to perform thermo-plastic treatment in any configuration, that 
is, it enables both normalization and toughening (Fig. 5a). With 
such a selection of devices, it is possible to simulate almost any 
thermal treatment process (Fig. 5b). 

A novelty in the proposed solution is a prototype line of 
controlled cooling. It consists of a chamber, 3 m long and 0,5 m 
wide, with a belt conveyor, on which the heated material is 
placed. Above the chamber, four ventilators are located, each 
with the power of 600 W, which pump the air into the chamber in 
order to cool the examined material. The speed of the ventilators 
and the tape feed is regulated by means of frequency convert-
ers. Owing to the use of a high velocity ratio, it is possible to 
fully load the line with the weight of up to 150 kg/m. The side 
walls of the chamber were designed in such a way so that the 
biggest possible stream of air would flow around the forgings 
moving on the belt. An important aspect was such a construction 
design which would make it possible for the forging to be cooled 
uniformly on each side, including the bottom. For this reason, 
a conveyor belt made of a heat-resisting net with big meshes 
was used, which minimized the air resistance and reduced the 
ground effect.

4.1. Exemplary tests under semi-industrial conditions 

In order to perform preliminary tests on a semi-industrial 
stand for the verification of the developed controlled cooling 
line, the C45 grade charge material was used. Measurements on 
samples with the dimensions of ⌀35×20 and ⌀35×40 were carried 
out. For each material of the given dimension, 12 identical sam-
ples were prepared. On each sample, a single heating followed 
but controlled cooling test was performed. Such a procedure 
was implemented due to the possibility of the presence of scale 
in the case of repeated heating of the same element, which may 
significantly slow down the cooling process. Each test consisted 
in heating the material in a heating furnace to a temperature 

Fig. 5. a) A blo ck diagram of the test stand for thermo-plastic treatment, b) exemplary arrangement of the test stand for thermo-plastic treatment
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above 1100°C, and next subject it to a process of controlled 
cooling to 400°C on the test stand. For each examined sample 
from the given series, a different speed of the ventilators was 
applied – changed by 5 Hz by means of a frequency converter in 
the range from 0 Hz (0 rpm) for the controlled cooling to 55 Hz 
(1650 rpm) for the maximal ventilator speed. The speed of the 
tape feed for all the measurements was constant, at the level of 
5 Hz, which gives the speed of about 1,8m/min. Changing the 
tape feed speed has no effect on the speed of the sample’s cooling. 
During each process, the temperature in the geometrical centre of 
the sample was recorded by means of a sheathed thermocouple 
type K with the diameter of 1,5 mm. After each test, the cooling 
time was measured by way of measuring the difference between 
the time when the temperature of 1100°C was reached during 
the cooling and the time when the temperature of 400°C was 
achieved. The cooling courses for C45 steel have been shown 
in a diagram (Fig. 6). 

During the cooling process, we can observe a changing 
temperature of the beginning of the phase transformation of 
austenite into pearlite, depending on the cooling rate. For the 
material C45, the boundary is more visible because of a higher 

carbon content and the lack of alloy elements, which could cause 
the formation of other phases, such as bainite or martensite, with 
a significantly lower heat release. In order to optimize the time 
of the thermal treatment, which is important from the point of 
view of the production time, based on the collected data and the 
measured cooling time of the sample from 1100C to 400C, a de-
pendence of the cooling time on the ventilator speed was built for 
analyzed material C45 steel and to compare with 16MnCr5. For 
example, the characteristics for the sample ⌀35×20 and ⌀35×40 
C45 (Fig. 7 – blue line) were determined on the basis of the times 
measured for a series of 12 such samples, with different speeds 
of the ventilators (Fig. 6), and also for second material 16MnCr5 
for geometry ⌀35×20,40,60 mm of length.

Having such a compilation at one’s disposal, it is possible 
to notice that, despite the different materials applied, the cool-
ing times for the same geometrical parameters of the samples 
are similar (Fig. 7). It should be noted that for steel 16MnCr5 
during determining the cooling curves at different speeds, the 
cooling curves with different speed change was not as visible as 
the C45. The difference is caused by e.g. the differences in the 
thermal emissivity of the materials, the formation of scale, etc. 

Fig. 6. Cooling course of a C45 ⌀35×20 bar within the scope of 1100°C-400°C

Fig. 7. Cooling course of 16MnCr5 and C45 bars with the dimensions ⌀35×20, ⌀35×40 and ⌀35×60, within the scope of 1100°C-400°C, in the 
function of the ventilator speed
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We can also see that the courses are parallel, regardless of the 
internal dimension or the volume of the examined element. The 
slight differences between the consecutive measurements can 
be caused by a non-uniform formation of scale on the surface 
of the samples and the related heat removal. 

4.2. Preliminary tests on a yoke-type forging 
used in steering gears of motor cars

The first stage in the application of the results obtained 
from the controlled cooling line was to perform cooling for the 
selected yoke-type forging made from the material C45, which 
is commonly applied in the motorcar industry as an element of 
the steering gear. In the first place, as the reference point, the 
curves of cooling during the industrial process, on the industrial 
controlled cooling line B-Y, were determined. In turn, on the 
developed research line, the cooling curves for those samples 
were determined in the case of the maximal ventilator speed for 
two variants – cooling of a single forging and cooling of a forging 
placed between heated forgings (Fig. 8). The aim of this was to 
verify how much longer the cooling time would become in the 
case of the forging placed between other forgings, where an ad-
ditional heat source is present, as all the previous tests on the line 
had been performed on single forgings. During each process, the 
temperature in the geometrical centre of the back part of the sam-
ple as well as inside one of its arms was being recorded by means 
of sheathed thermocouples type K with the diameter of 1,5mm. 
Such a measurement was realized due to significant dimensional 
differences of the element (difference in shape and volume).

In the case of cooling on the industrial line from the forging 
temperature to 400°C, this time equals 631s, whereas in the case 
of cooling on the developed prototype line, with the maximal 
ventilator efficiency, that time was reduced by a half. The dif-
ference between the measurement points (the fork and the body) 
equals about 50°C, whereas the cooling time to 400°C for the 
forging placed between others forgings increased in respect of 
the single forging by about 80s.

As it can be seen, on the constructed controlled cooling 
line, which constitutes a crucial part of the test stand used for 
the development of a thermal treatment technology taking 
advantage of the forging heat, it is possible to simulate almost 
any conditions, including those which could be present under 
industrial conditions, in die forges. The obtained test results 
referring to the cooling times and rates were applied to design 
and construct an industrial controlled cooling line as part of 
the project TECHMATSTRATEG1/348491/10/NCBR/2017. 
The line is currently being assembled and activated, and in the 
nearest future, the first tests are to begin and a verification of its 
proper operation, according to the assumptions, on the developed 
prototype laboratory cooling line will be performed.

4.3. Analysis of the effect of heat treatment 
on the mechanical properties of forgings

In order to determine the influence of heat treatment on 
selected mechanical properties of forgings, microhardness and 
fatigue strength measurements were carried out. A special pro-
prietary test stand was used to test fatigue strength. Figure 9a 
shows the draft of the workstation and Figure 9b presents the 
final testing stand. Tested element is fixed to the base of the sta-
tion on one end, the other end is attached to a driven lever which 
imparts a set load on the forgings, bending them. The movement 
of the lever is carried out by rotating cam. Cam’s height defines 
the maximum bend angle of the forging. The whole mechanism 
is powered by an electric motor with 3 kW of power and a ro-
tational speed of 1500 min–1, through a bevel gear transmission 
with 24:1 ratio. Use of inverter allows for smooth change of 
motor’s speed. In order to measure the bend angle of the tested 
forging, an encoder was installed on the axis of rotation of the 
element. Additionally, a torque sensor was placed on the main 
drive shaft. The measuring station is controlled via a desktop 
computer. In the initial testing phase, a simple application in 
LabView environment was created to record data from the angle 
and torque sensors [30]. 

Fig. 8. Cooling course of a yoke forging within the scope of 1100°C-400°C in the function of time, for different ventilator speeds
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Fig. 9. a) the scheme of the most important components of the bench, b) the station for fatigue strength testing of the forgings

a)

b)

 
Fig. 10. Stresses and deformations at a) long-cycled tests – 0.5° b) low-cycled tests – 1°
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Conducted tests and analyzes using numerical modeling 
allowed to determine the magnitude of the torque causing defor-
mation of the element. In order to determine the most important 
parameters of the research, it was used numerical modeling, 
using the Marc Mentat software. Figure 10 presents the results 
of computer simulations for forgings concerning the determina-
tion of the torque magnitude on the occurrence of plastic defor-
mation. 

On this basis, a research methodology was proposed for 
the bench, a comparative method for various yoke type forgings 
and variants of the heat treatment. It was decided to conduct 
two types of durability tests: low-cycled (causing permanent 
deformation after a few cycles) and long-cycled (resulting in 
the destruction of the element after several tens of thousands of 
cycles). A detailed analyse was performed for long-cycled tests 
for cooling of a single forging and cooling of a forging placed 
between the others heated forgings (see Fig. 8). A photograph 
of the actual element is shown in fig. 11a, and a view of the 
sample with holes on the tines, prepared for fastening on the 
stand, in fig. 11b. 

Before fatigue strength the microhardness measurements 
were conducted for two used variants for forgings according 
to points required by customers (Fig. 12). The obtained results 
were shown in table 1.

TABLE 1
Micro hardness measurements

Single forging Forging placed between heated forgings
231 216
232 206
237 217

Ave. 233 Ave. 213

Based on the hardness measurements carried out, it can be 
seen that for example tests, a single forging has a higher hard-
ness compared to cooled from other forgings by about 20 HB. 
Similar relationships and test results were obtained in the case of 
increasing the rotational speed of windmills on the cooling line.

Forgings tested in high-cycle fatigue, which underwent 
fatigue cracking, were subjected to a comprehensive analysis 
to determine the cause of the formation of cracks. When fatigue 
strength (to break) was determined, 451342 cycles were obtained 
for a single forging (the maximum torque M = 432 Nm was 
recorded), while for a forged on line with other forgings, the 
fatigue strength was over 770,000 cycles (the maximum torque 
M = 419 Nm was recorded). A detailed exemplary results of 
microstructure research were carried out for forging placed 
between heated forgings. In Fig. 13 the picture of the damaged 
sample with the fatigue fracture view is shown.

Fig. 11. a) final forging, b) sample prepared for the test

Fig. 12. The points for microhardness measurements required by customers
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The sample shown in Fig. 13 has cracked in two places, 
which caused a complete separation of the part of the forged ear 
from the rest of the detail. In Fig. 13a and 13c, both surfaces 
were marked with letters A and B. On the basis of observations of 
cracks occurring on other forgings, and on the basis of numerical 
simulations [19], it was determined that fatigue crack initiation 
occurs on surface A, where the greatest stresses occur. Selected 
results of the fracture A observation are shown in Fig. 14. 

Observation of fracture A on the scanning microscope 
revealed: surface structure, the presence of numerous micro-
cracks, crack propagation traces, traces of local deformations 
and differences in microstructure. First of all, in Fig. 14a, it is 
possible to recognize the crack initiation site in the upper left 
corner, so-called breakout point. In the same picture, the line of 
the clear border of the brittle fracture zone with the focal point 
is visible. From this line, the fatigue crack developed gradually, 

which gradually weakened the cross-section and ultimately led 
to the rapid destruction of the element by fast brittle fracture 
(when the strength of the material was exceeded in the intact 
part of the cross-section). Most of the fracture surface is a rap-
idly damaged section, i.e. the residual zone (Fig. 14b and 14d), 
which can be equated with the coarse-grained structure, and its 
significant share in the total area of the fracture that indicates 
a high value of stress in the sample during the test. The surface 
observations in Fig. 14c and 14d confirm the effect of the applied 
heat treatment on the fatigue strength of the forgings, because in 
the surface area another fracture structure is visible, at a depth 
of up to 0.2 mm, which is smoother and flatter. This indicates 
a greater tendency to cracking and propagation of material cracks 
in the forging surface layer, which may be due to the type of heat 
treatment being carried out and the decarburization occurring 
during this treatment.

Fig. 13. View of a cracked sample at the fatigue fracture site after 773 ,000 cycles, a) plan view, b) sample selected for testing, c) side view

Fig. 14. The SEM view of a fatigue fracture A from the sample after a fatigue test of 773 000 cycles: a)-d) enlarged areas
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5. Directions of further research

In the future, there are plans to expand the elaborated semi-
industrial test stand, especially the controlled cooling line, with 
an additional system enabling measurements of the air flow 
speed, with the measurement scope of 0-10 m/s. and applied 
sensor can enable an axial measurement. The use of these devices 
will make it possible to determine the temperature distribution 
as well as the air flow inside the chamber. The further part of 
the research also includes a series of tests realized on forgings 
of a different type with different geometries, sizes and made 
of different materials. What is more, the authors are planning 
to expand the test stand with regulated throttles, which will 
make it possible to set any air flow direction inside the cooling 
chamber, which, unfortunately, may, in turn, have an effect on 
the interactions. That is why numerical modelling CFD (e.g. 
by means of the Abaqus program) will be applied. Owing to 
a more thorough examination of the air flow in the chamber, 
both mathematically and experimentally, it will be possible to 
design a cooling chamber in such a way so that the generated 
air rotation is used in the most effective way. Also, an expansion 
of the test stand with a system enabling a non-contact tempera-
ture measurement on the surface of the examined elements by 
means of a pyrometer or a thermovision camera is scheduled. 
The use of these devices will make it possible to determine the 
distribution of the cooling rates in the particular sections of the 
cooling chamber.

The future research will also include a cycle of thermal 
treatments performed on forgings and a comparison of their 
mechanical properties with the properties of forgings subjected 
to the traditional thermal treatment. It is also planned to simul-
taneously use the developed stand for testing fatigue strength in 
order to determine the operational properties of forgings, from 
which key elements for the automotive industry are made, be-
cause such information is an added value that is also important 
for the end customer.

6. Summary and conclusions 

The presented investigations performed on the designed 
test stand, especially on the prototype controlled cooling line, 
point to the possibility of implementing thermal treatment with 
the use of the heat generated during the forging process. It is an 
obvious fact that owing to the application of such a treatment, 
a significant amount of energy is gained, as there is no need to 
cool and then (at least twice) re-heat the material, which sig-
nificantly lowers the production costs and reduces the time of 
the treatment. The presented preliminary research results show 
that through a proper selection of the time-temperature param-
eters as well as by way of further investigations, it is possible 
to select these parameters in such a way that, depending on the 
size of the forging and the assumed efficiency of the industrial 
process as well as the quality of the product, we can design 
a thermal treatment process with the use of the forging heat, 

in order to obtain such properties which are even better than 
the ones assumed, as compared to the traditional, expensive and 
time-consuming thermal treatment performed after the forging. 
Through the optimization of the controlled cooling line, it is 
possible to reduce even further the production costs of forged 
products with specified operational properties. 

In addition, the combination of the developed line with the 
fatigue strength test stand will allow to determine the impact of 
heat treatment applied on the mechanical and operational prop-
erties of forgings, which will further confirm the results of the 
tests.
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