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Abstract

This paper presents the results of preliminary low-cycle fatigue tests of 1.2344 tool steel, used to make forging tools
for work in higher temperatures. Based on macro- and micro-structural studies and numerical simulation of industrial
forging processes, the conditions for performing laboratory fatigue tests were determined. Samples were subjected
to cyclic, uniaxial loading (under tensile-compressive conditions) at four levels of total strain amplitude (0.5; 0.8; 1.0;
2.0 %), at two temperatures: 20 and 600 °C. The results of fatigue tests were approximated using the Manson-
Coffin-Basquin equation in a €2-2Nt system and then used during verification of damage on a selected forging punch,
which revealed high consistency between results. The comparative analysis of fatigue test results and numerical
analyses, combined with microstructural studies, conducted in this work, demonstrated the possibility of using these
tests, analyses and studies in the process of designing tools used in forging processes from the perspective of their
durability and resistance to thermomechanical fatigue.
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1. INTRODUCTION

Determining the durability of tools subjected to cyclic thermal and mechanical loads is a significant problem in
modern materials engineering. Fluctuating stresses significantly reduce the lifetime of parts, since destruction
occurs at stresses lower than the material's static strength. Determining the durability of tools in processes in
which thermal loads are present alongside mechanical loads poses particular difficulties. Such conditions are
present in hot die forging processes, among other, in which the temperature of tools in the near-surface layer
may reach from as low as 50 to 700 °C, and stresses may reach up to 1200 MPa. For this reason, numerous
studies are being conducted in the field of materials engineering concerning both the development of new tool
materials dedicated for such processes and advanced studies of the behavior of hot-work tool steels under
similar operating conditions [1]. Based on analysis of the state-of-the-art, it can be stated that much valuable
information about the durability of forging tools and behavior of tool material at elevated temperatures can be
obtained on the basis of fatigue tests that are simple to perform [2-10].

The research problem undertaken in this paper is the experimental verification of the possibility of using the
results of low-cycle fatigue tests conducted under laboratory conditions for advanced analysis of the durability
of a selected forging tool.

2, LOW-CYCLE FATIGUE OF FORGING TOOLS

The extreme working conditions of forging tools may sometimes cause them to become damaged prematurely.
As a result of cyclic thermal loads caused by alternating heating and cooling of a tool's surface, thermal
stresses occur within it, finally leading to the formation of a network of microcracks. This form of damage is
defined as thermal fatigue. This is why tool working temperature is a significant parameter of the forging
process, in terms of both tool durability and the quality of the ready product. In addition, in die forging
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processes, the presence of cyclically variable mechanical loads causes the occurrence of fatigue processes
defined as mechanical fatigue, the intensity of which increases due to the appearance of the microcrack
network formed as a result of thermal fatigue, which ultimately forms macro-cracks. The codependency of
thermal and mechanical fatigue mechanisms means that both of these mechanisms are considered together
as thermomechanical fatigue (Figure 1a and Figure 1b) [1,11,12].

a)

Figure 1 The vief of: a) die after forging of 7900 face wheel forgings with a photograph of the surface,
b) die (cut in half) after forging of 8371 CVJB forgings with a SEM photograph of the surface

Over the course of tool exploitation, as the number of performed forgings grows, the network of
thermomechanical cracks develops and progresses (a secondary crack network forms), simultaneously
intensifying abrasive wear. This leads to total tool destruction. Average lifetime (durability), defined as the
number of manufactured forgings (without defects) ranges from 1000 forgings (dies for forging with stamps) to
over ten thousand, depending on the tool (average lifetime for the insert in Figure 1a is 10000 forgings, for the
die in Figure 1b - 16000 forgings), and sometimes this lifetime is as low as several dozen forgings (tools for
upset forging/flattening). In the case of damage in forging tools, the decisive destructive mechanism is low-
cycle thermomechanical fatigue (over ten thousand forgings - fatigue cycles), being the dominant destructive
mechanism leading to reduction of their durability. Studies conducted by the authors employing numerical
modeling of industrial forging processes allow for determination of characteristic parameters of the
technological process than cannot be determined otherwise. Figure 2a presents examples of temperature
distributions in the tool in the final phase of forging deformation (the forming-forging process itself lasts no
more than 0.2 s), and Figure 2b shows distributions with total deformation for 2 tools used in the second
operation of forging the face wheel [11].

a)

- Formed material
(forging) \

I The upper tool
the lower tool | {die insert)
(die insert) |

0

Figure 2 Distributions of: a) temperature and b) total deformation, obtained from MES (axisymmetrical
model) for die inserts made of WCLV preliminarily heated to 250 °C, forging material QS19-20, preform
heated to 1150 °C
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The presented temperature and deformation distributions indicate that, in certain areas of the tool, particularly
in the central part of both tools, temperatures above 600 °C occur on their surfaces, and deformations in these
same areas range from 0.002 to above 0.01. Such high deformation values (at a level of 0.01) may constitute
localized areas of plastic deformations, which is typical for low-cycle fatigue (thermomechanical) in hot die
forging processes. Studies conducted using a thermovisual camera confirmed the results of numerical
modeling (values and areas of occurrence). On one hand, the high temperature gradients will cause thermal
fatigue phenomena, and in turn, the longtime of contact between the hot forging and the tool may result in local
tempering, which could presumably lead to plastic deformations. On the other hand, the application of
increasingly advanced measuring methods as well as temperature determination on the basis of e.g. numerical
modeling is difficult, but definitely justified, since such information could serve for determination of critical points
in the tool, which, in combination with microstructural studies and strength tests, would make it possible to
obtain a complete characterization of the tool's work [4,1,11].

That is why interesting as well as valuable information on the occurrence and development of thermo-
mechanical cracks can be provided by laboratory fatigue tests conducted under conditions similar to those
present in industrial forging processes. The results presented by the authors of this work can be used to
support numerical modeling and detailed analysis of the degradation mechanisms occurring in die forging
processes, as well as in the selection of a better tool material, during tool designing and in the application of
other methods of increasing the life of forging tools [12].

3. TEST DESCRIPTION AND METHODOLOGY

Cylindrical samples with threaded heads, with nominal size of the measuring part d = 8 mm and length of the
measuring base y = 15 mm, prepared according to standard PN-84/H-04334 and its equivalent, were used in
static tensile tests as well as low-cycle fatigue tests [13]. Samples made of 1.2344 hot-work tool alloy steel
underwent thermal treatment: quenching and two-fold tempering. After the thermal treatment, the hardness on
the surface of all the samples was in the range of 50-50.5 HRC; similar hardness values are used for forging
tools. For accurate determination and selection of the amplitude of total deformation under the conditions of
strength tests, static tensile tests were first performed at 20 and 600 °C, corresponding to the conditions of the
tools’ work. The sample, fixed in the machine holders, was exposed to the action of increasing tensile force
equaling 0.05 mm / s and loaded in the axial direction until the moment of its permanent separation in the
measuring part area.

3.1. Description of the industrial forging process for verification of results

In order to verify the results, analysis of the durability of the selected forging tool was carried out in the forging
process performed on a P-1800T press, nominal force 18 MN, in three forging operations: upsetting, roughing
and finishing forging. The elements were forged from C45 steel. The temperature of the charge material
equaled 1150 °C. All tools are made from 1.2344 hot-work steel. The research concentrated on the tools
assigned for the second operation (roughing), which exhibited the lowest durability (about 5400 forgings), and
a detailed analysis was performed on the stamp of the upper die (Figure 3).

Upper die insert 3 -

Figure 3 Tool set in 2nd operation of roughing (preliminary forging)
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Numerical modeling of the second forging operation was also performed to determine characteristic areas on
the tool and to determine temperature distributions and normal pressures.

4, RESULTS

The results of static tensile tests of WCLV (1.2344) steel at three temperatures (T1= 20 °C, T2= 600 °C) are
presented in Figure 4 in the form of tensile charts in the coordinate system: sample elongation ¢ - stress o.
Stress in the sample during static and fatigue tests was calculated by dividing instant load values registered
during the tests by the sample's initial cross-sectional area. Basic mechanical properties of the tested steel are
given in Table 1.
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Figure 4 Results of static tests: a) tensile charts, b) initial area of the chart to selection of strain amplitude

Table 1 Strength parameters of WCLYV steel at different temperatures of tensile testing

Temperature
Parameter name

20°C 600 °C

Rm [MPa] 1778 1041
Rpo,2 [MPa] 1528 913.6

A12,5[%] 26.9 23.4

Z [%] 49.8 52.1

Ru [MPa] 2513 1137
E [MPa] 207020 126910

Cyclic weakening of samples was observed during low-cycle fatigue tests. This manifested as continuous
reduction of the maximum load on the sample at a constant amplitude of total deformation &,.. The testing
temperature has an effect on the degree of weakening. Figure 5 shows examples of stress 0, charts as a
function of the number of loading cycles at two temperatures (T =20 °C and T = 600 °C). Based on comparative
analysis of the charts presented in Figures 6a and 6b, it can be stated that temperature and deformation level
have an impact on the degree of change of the analyzed parameter (). Stress changes at a single strain level
increase as temperature and deformation &, increase.

According to [14], fatigue charts in a bilogarithmic system were approximated using the Manson-Coffin-
Basquin equation [15] in the form of:

Ae  Ae A o b c
ac _ __ae 9D :4(2]\/ ) +g (ZN )
2 2 2 e\ f) U

(1)
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where: b - fatigue strength exponent, ¢ - cyclic deformation exponent, ¢/ - coefficient of fatigue strength in MPa,
&r - coefficient of cyclic plastic deformation, E - Young's modulus in MPa.

Due to the absence of the stabilization period in equation (1), coefficients and exponents were determined for
hysteresis loop parameters at half of fatigue strength (n / N = 0.5). Fatigue charts obtained as a result of
approximation of fatigue test results using equation (1), for two temperatures, are shown in Figure 6a.
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Figure 5 Changes of stress ¢, as a function of the number of loading cycles: a) T =20 °C, b) T = 600 °C

4.1. \Verification of the results

Figure 6 presents results obtained for selected areas in the tool based on determined fatigue strength charts
(Figure 6a) from the perspective of deformation, distributions of total deformation determined by the FEM
(Figure 6b) and SEM photographs of selected areas (Figure 6c).
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Figure 6 The view of: a) fatigue charts from a deformation perspective, b) results of FEM simulation -
distributions of total deformation, c) photographs of microstructure in selected areas of a tool after 4000
forgings: A - 0.005 deformation - visible network of thermomechanical fatigue cracks along with deep cracks,
B - 0.003 deformation - visible mild crack network of thermal origin
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Based on the presented charts, it can be stated that the testing temperature significantly affects fatigue
strength. Its impact depends on the amplitude of total deformation. This impact is low in the area of the greatest
deformations (€ac = 2.0 %) and increases as the deformation level is reduced. The decidedly greater influence
of elevated temperature on fatigue strength at the lowest levels of deformation can be justified by the
significantly greater increase of the range of plastic deformation at these levels at a temperature of 600°C
compared to the increase of the plastic deformation range at the highest levels (Figure 6a).

The presented verification tests (Figures 6b and 6¢) showed that for the defined operating conditions, defined
on the basis of both FEM (deformation and temperature distributions) and results of microstructural studies of
selected areas of the forging tool, the determine low-cycle fatigue curves are reliable. Based on the SEM
photographs presented in Figure 6¢ for area A, a "large" network of thermomechanical fatigue cracks is visible
on the tool's surface, and there are clear, deep and partially curved cracks in the cross-section indicating the
presence of plastic deformations. In this area, the deformation distribution determining by FEM is at a level of
0.005, which gives a value of approx. 4000-2Nfs, corresponding to approx. 4000 forgings, on the fatigue curve
for a temperature of 600 °C. In area B, a characteristic network of cracks typical for thermal (potentially
thermomechanical) fatigue is visible, and there are no cracks in the cross-section. It should be emphasized
that slightly higher temperatures and normal pressure values are present in area A (Figure 6) in comparison
to area B, thus a slightly different proportion of destructive mechanisms is possible. It should also be
emphasized that it is difficult to distinguish the proportions of individual destructive mechanisms occurring in
selected areas of a forging tool since the wear process is very complex, as confirmed by numerous studies.
Nevertheless, the determined fatigue curve (particularly for 600 °C) obtained on the basis of laboratory fatigue
tests and applied conversion methods have been positively verified on the example of analysis of the selected
forging tool.

5. SUMMARY

This paper presents the results of low-cycle fatigue tests of 1.2344 tool steel, used to make forging tools for
work at elevated temperatures. Based on analysis of the results of fatigue tests conducted on samples and
the results of computer simulations, additionally confirmed by studies of microstructure, it was stated that it is
possible to use the results of experimental tests (material samples) in the process of designing tools used in
industrial forging processes from the perspective of their durability and resistance to thermal and
thermomechanical fatigue. The results of low-cycle fatigue tests can also be used for numerical modeling of
die deformations in order to implement a thermomechanical fatigue model for modeling the wear process of
forging tools. It seems that conducting further studies concerning fatigue strength for tool steels, particularly
under different operating conditions determined on the basis of analysis of tool work, is highly justified. It would
also be valuable to convert the results of fatigue tests and to present and identify the tool areas subjected to
the greatest mechanical load from a stress perspective 0, - Nx.
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