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Thermal Fatigue Analysis of Hot Forging Closed Dies1
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The aim of this work is to develop a numerical subroutine for the commercial finite element 
method software QFORM VX 8.1.4 capable of predicting, simultaneously, regions of closed dies which 
are prone to thermal fatigue as well as the number of cycles required for thermal fatigue cracking. 
The numerical subroutine was based on Manson (thermal fatigue) and Coffin-Manson (number of 
cycles) equations. Hot forging of AISI 1045 grinding balls using AISI H13 closed dies was performed 
and the numerical and experimental results were compared. The findings indicated that after forging 
66 grinding balls, the numerical model achieved steady state for the temperature inside the die. After 
forging 600 grinding balls, both the experimental and numerical results showed that the regions of the 
dies subjected to the highest thermal gradient were prone to thermal fatigue. In addition to that, the 
numerically predicted values for the onset of thermal cracking were consistent with the experimental 
results: 517 and 600 cycles, respectively.

Keywords: Hot Forging, thermal fatigue, finite element method, AISI H13 steel.

1. Introduction
The metallurgical sector has a significant importance to 

the global economy, with vast segments of the productive 
chain connected to metallurgy, machining and manufacturing. 
Therefore, the metallurgical sector can be considered the 
basis of other relevant activities, such as the automotive 
and civil engineering1. The global metal forging market 
was estimated in USD 78.60 billion in 2018 and a growth 
of 7.6% is expected between 2019 to 20252. With regard 
to Brazil, 16 million tons are produced by this sector, of 
which 146,000 tons are forged products. The production 
of forged component with high surface and dimensional 
quality at low cost requires that all steps involved (cutting, 
heating, forging, trimming, etc.) be constantly monitored. 
Among these production steps, forging itself is the most 
costly, since dies can represent 10 to 30% of the total cost 
of a forged part or mechanical component3.

The service life of hot forging closed dies can be 
expressed by the number of parts produced before rejection 
and, in general, rejection results from some type of failure 
that may modify the dimensions and/or geometry of the 
final forged product or may lead to failure of the closed 
dies4. The prediction of the service life of hot forging dies 
is a significant challenge to forging companies. The failure 
mechanisms presented in hot forging closed dies include 
abrasion wear, plastic strain, as well as mechanical fatigue 

and thermal fatigue5. Figure 1 shows the typical failure 
mechanisms and corresponding locations in hot forging 
closed dies.

During the service life of hot forging closed dies, certain 
regions of the die previously heated to reach 250-300 °C are 
further heated by the billet to be forged (950-1200 °C) and 
subsequently cooled with the application of release agents. This 
thermal cycle promotes thermal fatigue, which is characterized 
by cracks on the surface of the die and according to Becker 
and Shipley6, they usually start after a short period of less 
than 1% of the service life of the die, thus characterizing low 
cycle fatigue (<1,000 cycles). The severity of the thermal 
cycle is mainly determined by the temperature gradient, the 
maximum temperature and the heating and cooling rates. 
Thermal cracks tend to develop in regions free of any stress 
concentrator. For low-cycle thermal fatigue, the amplitude of 
thermal strain must exceed the elastic limit of the material7, 
which can be expressed by Equation 1.
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Where α is the average coefficient of thermal expansion, ν1 
and ν2 are the Poisson’s coefficients, σ1 and σ2 are the stresses 
and E1 and E2 are the modulus of elasticity for the minimum 
(T1) and maximum (T2) temperatures, respectively. According 
to Coffin and Manson8, the number of cycles for the onset of 
low-cycle thermal cracks can be determined by Equation 2.
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Where Nf is the number of cycles to initiate thermal cracking, 
εf1 is the true strain for the fracture, n and C are constants 
ranging from 0 to 1. Equations 1 and 2 depend on the 
mechanical properties and local temperatures in forging dies.

There are few experimental and numerical studies aiming 
at both identifying the regions susceptible to thermal fatigue 
and determining the number of cycles for their initiation in 
hot forging closed dies, particularly for specific applications, 
such as AISI H13 hot work die steel. This paper aims to 
complement the studies by Magalhães et al.9 in which a 
numerical subroutine was developed to determine the number 
of cycles required to initiate thermal cracks in regions prone 
to low-cycle thermal fatigue. The numerical study employed 
Qform VX 8.1.4 commercial software (Quantor, Moscow, 
Russia), however, it is noteworthy that this code does not 
report the number of cycles to failure or the regions prone 
to thermal fatigue as outputs. For this purpose, a subroutine 
was written in LUA programming and used the data provided 

by Qform as input. The numerical results obtained via finite 
element method were compared with experimental data in 
order to validate the proposed numerical subroutine.

2. Materials and Methods
A computational subroutine based on Equations 1 

and 2 was developed using LUA programming language and 
implemented in QForm VX 8.1.4 software for the numerical 
prediction of the regions prone to thermal fatigue and the 
number of cycles required for crack initiation in closed dies 
used to forge grinding balls. Subsequently, the numerical 
results were compared with experimental data.

2.1 Materials
Closed dies (Figure 2a) were used to hot forge grinding 

balls (Figure 2b) with a nominal diameter of 90 mm and 
dimensional tolerance of ±2 mm. The closed dies were 
made of AISI H13 steel with an average hardness of 550 HV 
obtained after quenching and tempering. As work material, 
AISI 1045 steel cylindrical bars with a nominal diameter 
of 76.2 mm were used. In order to prevent buckling during 
forging, Grünning10 recommends that the billet height do 

Figure 1. Typical failure mechanisms in hot forging closed dies.

Figure 2. (a) Hot forging closed dies and (b) forged grinding ball with flash.
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not exceed 2.5 times its diameter, thus a height of 120 mm 
was selected. When heated in a fuel oil furnace, a mass loss 
of approximately 1% is observed in the billet due to oxide 
formation11 and for this reason the billets were heated in 
an induction furnace to reach the temperature of 950 °C12.

Each billet was placed in the upright position supported 
by the lower die, which was preheated to 250 °C together with 
the upper die12. Preheating was performed to avoid thermal 
shock, moreover, this temperature is recommended for hot 
forging of AISI 1045 medium carbon steel. Heating of dies 
was undertaken using gas heaters and a type K thermocouple 
was used to measure the temperature of the billet, dies and 
at the points to be studied in the cavity of the lower die. 
The total time for forging one grinding ball was 20 seconds 
considering billet transport to the friction press, positioning 
the billet on the lower die, forging, removal of the forged 
product and the application of the release agent (4% graphite 
in water) in the dies. It is noteworthy that the release agent 
was applied after forging each grinding ball.

2.2 Finite element method
QForm VX 8.1.4 software was employed for finite 

element modeling and simulation of hot forging using the 
explicit formulation in which the acceleration values must 
be calculated at each instant of the integration time. In order 
to reduce the computational time, the dies and billet had 
the same axis of revolution, thus the numerical simulations 
were reduced to the bidimensional axisymmetric condition 
(Figure 3).

The billet was modeled as an isotropic and elastoplastic 
material and was initially discretized with 5,760 triangular 
elements of second order. During the forging process, the 

elements subjected to high plastic strain, especially in the 
flash gutter, were automatically remeshed to ensure better 
discretization of the newly deformed billet geometry. 
At the end of the process the forged grinding ball was 
discretized with 7,182 triangular elements. The flow 
curves used to describe the behavior of AISI 1045 steel 
during the forging cycles were a function of strain, strain 
rate and temperature and their mechanical and thermal 
properties were obtained directly from the library of 
QForm VX 8.1.4 software. In order to predict the regions 
prone to thermal fatigue and the number of cycles for 
crack initiation, the lower and upper dies were modeled as 
isotropic and elastic materials. Similarly, the mechanical 
properties of the dies were taken from the library of 
QForm VX 8.1.4 software. To discretize the dies, the same 
number of triangular elements of second order was used 
(26,178) and since they behaved elastically and were not 
automatically remeshed, a satisfactory convergence was 
obtained in the results concerned with thermal fatigue. 
The Levanov hybrid model was assumed to represent the 
friction at the interface between dies and billet after the 
application of the release agent and a coefficient of friction 
of 0.4 was used, as reported by Semiatin13.

2.3 Thermal parameters and heat transfer 
conditions

During forging billet and dies are subjected to heating 
caused by plastic strain of the billet, friction at the billet/
dies interfaces and heat dissipation through convection to 
the environment. In numerical simulation, one estimates 
that 95% of the plastic strain is converted to heat. This value 
can be adjusted in the software QForm VX 8.1.4 and was 
based on the study by Chun14.

The room temperature of the release agent temperature 
was assumed to be 25 ºC and the thermal properties 
of the billet and dies were obtained from the library of 
QForm VX 8.1.4 software. The following coefficients for 
heat transfer were employed: dies/billet: 15 kW/m2.K, 
lower die/upper die: 10 kW/m2.K, application of release 
agent (cooling): 10 kW/m2.K and surface in contact with 
release agent: 30 kW/m2.K.

2.4 Subroutine
For the implementation of the numerical subroutine 

written in the LUA language, several forging cycles were 
simulated until thermal steady state was achieved in the lower 
die. This condition was obtained after forging 66 grinding 
balls9. It is noteworthy that in order to obtain this state, the 
thermal conditions of the previous cycle were transferred to the 
subsequent forging cycle. For the application of Equations 1 
and 2 the following values were assigned to the variables: 
α = 13 x 10-6 °C-1; 1υ e 2υ  = 0.3; 1E e 2E  = 180 GN m-2; 
n =0.5; C = 0.1 e f1ε  = 0.69. These values were obtained 
from Maim and Norstrom15.Figure 3. Forging process model.
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Figure 4. (a) Temperature distribution in the lower die at the end of forging and (b) numerical and experimental temperatures evolution 
at different positions.

Figure 5. Regions in the lower die prone to thermal fatigue according 
to the numerical subroutine.

3. Results
Considering that the steady state temperature in 

the dies was reached after forging 66 grinding balls, 
Figure 4a represents the numerical result for the temperature 
distribution in the internal cavity of the lower die after 
forging the 67th grinding ball. In order to draw comparisons 
with the measured temperatures, three points were chosen: 
P1 (near the flash land); P2 (first point of contact between 
the billet and lower die) and P3 (lowest point of the cavity). 
The graph shown in Figure 4b represents the temperature 
evolution during each forging cycle (positioning the billet 
in the lower die, forging, removal of the forged grinding 
ball and application of the release agent).

Highest temperatures at points P1 and P3 (740 °C 
and 465 °C, respectively) were obtained numerically when 
flash formation started (end of forging) and the dies were 
filled. The high temperature observed at point P1 may be 
responsible for another failure mechanism, namely plastic 
strain, which is associated with the reduction of the yield stress 
of the die. In contrast, at point P2, were the billet is held in 
lower die, the temperature increased gradually from 250 ºC to 
reach 610 °C at the end of forging. After removal of the forged 
ball and application of the release agent both experimental 
and numerical temperatures stabilized at 280 ºC in points 
P1 and P2 and 255 °C in point P3. Similar thermal behavior 
in the lower die was reported by Chun14. After obtaining the 
steady state for the maximum and minimum temperatures, 
the numerical subroutine was run and the regions subjected 
to highest thermal amplitudes were identified and considered 
suggestive of leading to thermal fatigue (green area in the 
lower die shown in Figure 5).

The numerical results predicted by the subroutine 
showed that the region near point P1 presented the lowest 
number of cycles (293 cycles) for the onset of thermal 
fatigue (cracks) followed, respectively, by the regions near 
points P2 (517 cycles) and P3 (1867 cycles), see Figure 6.

Experimentally, it was not possible to interrupt the 
process after forging the 293th ball in order to search for 
evidence of thermal cracks near point P2, as predicted by 
the numerical subroutine. Thus, the lower die was inspected 

after 600 forging cycles because, according to numerical 
subroutine, the entire cavity of the lower die should have 
developed thermal cracks. Figure 7 shows the cavity of the 
lower die under two conditions: (a) before forging and (b) 
after forging 600 grinding balls.

After 600 cycles, homogeneous thermal cracks (resulting 
from thermal fatigue) are evident (orange peel aspect) in the 
entire cavity of the lower die, thus confirming the reliability 
of the proposed numerical subroutine. Additionally, two 
other failure mechanisms can be identified: plastic strain and 
mechanical cracks (mechanical fatigue) near the flash gutter. 
Figure 8 shows in detail these two failure mechanisms together 
with the thermal cracks. It is noteworthy that the combination 
of these failure mechanisms was observed by Sjöström and 
Bergström16. The surface cracks, however, do not impair 
the dimensional tolerances of the forged parts, which in the 
present case (grinding balls) do not require further finishing. 
The lower die was recovered after forging 2500 balls due 
to plastic deformation near the flash gutter.
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Figure 6. Prediction of the number of cycles for the onset of thermal fatigue.

Figure 7. Lower die: (a) before forging and (b) after forging 600 balls.

Figure 8. Top view of the cavity of lower die after 600 forging cycles.
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4. Conclusions
After conducting finite element modeling and simulation 

of hot forging of AISI 1045 steel grinding balls using AISI 
H13 closed dies and comparing the results with experimental 
data, the following conclusions can be drawn:

• After forging 66 grinding balls, Qform VX 8.1.4 
software was able to accurately determine the steady 
state temperature in the lower die. Among the three 
measurement points, the largest relative error (3.61%) 
was noticed at the first point of contact between 
the billet and lower die (simulated temperature of 
560 ºC and experimental temperature of 581 ºC).

• The proposed subroutine was able to predict the 
regions of the lower die where thermal fatigue 
occurred during the experimental work.

• In addition to presenting the highest values 
for numerical and experimental temperatures 
(740 ºC and 732 ºC, respectively), the region 
near the flash land required the lowest number 
of cycles (293 cycles) for the beginning of 
thermal fatigue cracks. During the experimental 
work, plastic strain and mechanical fatigue 
cracks were observed in this region in addition 
to thermal cracks.

• The numerical subroutine accurately determined 
the number of cycles for the onset of thermal 
fatigue cracks and therefore it can be considered a 
promising alternative for modeling and simulation 
of hot forging using closed dies with more complex 
geometries.
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