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Numerical analysis of the heating of a die
for the extrusion of aluminium alloy profiles
in terms of thermochemical treatment
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Abstract Thermochemical treatment processes are used to produce a sur-
face layer of the workpiece with improved mechanical properties. One of the im-
portant parameters during the gas nitriding processes is the temperature of the
surface. In thermochemical treatment processes, there is a problem in precisely
determining the surface temperature of heat-treated massive components with
complex geometries. This paper presents a simulation of the heating process
of a die used to extrude aluminium profiles. The maximum temperature differ-
ences calculated in the die volume, on the surface and at the most mechanically
stressed edge during the extrusion of the aluminum profiles were analysed. The
heating of the die was simulated using commercial transient thermal analysis
software. The numerical calculations of the die assumed a boundary condition
in the form of the heat transfer coefficient obtained from experimental studies
in a thermochemical treatment furnace and the solution of the nonstationary
and non-linear inverse problem for the heat conduction equation in the cylin-
der. The die heating analysis was performed for various heating rates and fan
settings. Major differences in the surface temperature and in the volume of
the heated die were obtained. Possible ways to improve the productivity and
control of thermochemical treatment processes were identified. The paper in-
vestigates the heating of a die, which is a massive component with complex
geometry. This paper indicates a new way to develop methods for the control
of thermochemical processing of massive components with complex geometries.
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Nomenclature
c – specific heat, J/(kgK)
h – heat transfer coefficient, W/(m2K)
k – thermal conductivity, W/(mK)
P1 – heating process (heating rate 5 K/min, fan speed 50%)
P2 – heating process (heating rate 5 K/min, fan speed 100%)
P3 – heating process (heating rate 10 K/min, fan speed 50%)
T – temperature, K
t – time, s
ρ – density, kg/m3

Subscripts
A – area
b – boundary
e – edge
g – gas
max – maximum value
min – minimum value
V – volume

1 Introduction

Aluminium hot extrusion dies are exposed to thermal and mechanical
loads [1]. These profiles are created by extruding aluminium through a die
at a temperature of 723 K to 772 K and at a speed of 5 to 100 m/min [1].
The complex character of the extrusion process is the reason for the prob-
lems in designing a long-life die [2]. The hard working conditions of the dies
cause them to fail very often. Production of dies with a long operational
life reduces the cost of the extrusion of aluminium profiles. So far, there
has been analysis on tooling impact of the lifetime during hot metal form-
ing on the efficiency and the quality of the process [3]. The damage to the
dies was studied in a sample of 616 cases. Analysis of die damage is the
basis for reducing the cost intensity of aluminium extrusion processes [3].
In addition to the working conditions, the shape of the die also influences
the durability of the die [4], the steel grade of which it is made, and the
heat and thermochemical treatment of the die [1, 5].

In the paper [6] a numerical simulation of the heat treatment of the die
used in the extrusion processes is presented. In [7] the die hardening pro-
cedure for Alvar 14 steel (DIN 56 NiCrMoV7) was analysed for aluminium
extrusion in vacuum furnaces. The study of the solid disc-shaped die in-
volved experiment and numerical simulations. The values of the convective
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and radiation heat transfer coefficient and Biot number were obtained. The
obtained temperature gradients showed that higher heating rates could be
used, which reduces the time and cost of the quenching. The simulation of
heat flow in a heat treatment or thermochemical furnace has an important
impact on the control of the resulting surface layers and their properties [8].
So far, numerical simulations of laser and induction hardening [9] and gas
jet hardening have been performed [10]. The paper [8] proposes models
based on numerical simulation and analytical methods to determine radia-
tion, convection, and heat conduction in heat treatment processes.

The dies are also treated with gas nitriding. The duration of the nitriding
process, and thus the thickness of the nitrided layer, is directly correlated
with the cost of the process. A die with a worn-out nitrided layer can be
re-nitrided [1]. It is possible to find the optimum diffusion layer thickness
for which die wear will generate the lowest operating costs [1]. In order
to minimise the cost of “regenerating” the dies, the gas nitriding process
needs to be precisely controlled. So far, models have been developed for the
growth kinetics of the nitrided layer [11]. A weakness of these models is the
lack of knowledge of the surface temperature of thermochemically treated
components.

Thermochemical treatment processes are used to produce a surface layer
of the processed workpiece with improved mechanical properties [12]. Im-
portant parameters during the heat treatment processes are the composi-
tion and temperature of the gas in the furnace retort, the temperature of
the surface to be processed, and the duration of the treatment [11]. The
temperature of the furnace atmosphere can be measured with a high level
of accuracy. The composition of the furnace atmosphere is regulated and
precisely determined throughout the process. During gas nitriding, the sur-
face temperature of the thermochemical workpieces is between ambient and
550◦C. In thermal machines, there is a great challenge to determine the pre-
cise surface temperature [13, 14]. In thermochemical treatment processes,
there is also the problem of determining the precise surface temperature
of heat-treated solid components [15, 16]. The direct measurement of the
surface temperature of workpieces in atmospheric furnaces is subject to
a high error rate [14–16]. In order to precisely determine the boundary
condition in terms of temperature, heat flux, or heat transfer coefficient
(HTC), the temperature inside the heated element is measured and the
inverse problem for the heat conduction equation is solved [17–21]. Inverse
problems are numerically determined incorrectly [22–26]. Controlling the
heat treatment processes prevents cracking of the work pieces [27]. In the
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study [27] the heat treatment of a turbine disc was analysed. Heat transfer
coefficients were calculated using the inverse thermal problem. Solving the
inverse problem for heat conduction equation was used for the analysis of
an incomplete die hardening for aluminium-based foam parts [28].

The inverse model has been used to control of induction heat treatments
so far [29]. The temperature in the cylindrical sample was controlled and the
nonlinear electromagnetic-thermal problem was solved. In the heat treat-
ment furnace, an inverse problem was used together with an artificial neural
network to estimate the optimal control parameters of the heat source [30].
Artificial neural networks together with inverse heat conduction problem
were also used to reconstruct the HTC waveform from temperature signals
recorded during actual heat treatment processes [31]. The analysis of the
heat flow in industrial furnaces in many cases is still based on the opera-
tor’s experience [8,32]. Heat flow phenomena in furnaces have not yet been
adequately studied. A similar issue arises with regard to heat flow in the
components being treated.

This paper presents a simulation of the die heating process based on the
heat transfer coefficient. This coefficient was determined from the solution
of the inverse problem based on experimental data. So far, temperature
distributions in thermo-chemically treated dies have not been studied, and
the inverse heat conduction problem has not been used to analyze the
heating of such components.

2 Description of die geometry and material
properties

The paper presents the problem of heating a die for the extrusion of alu-
minium alloy profiles (Fig. 1). This is a massive component with a complex
shape. The temperature changes in selected areas of the die during three
heating processes differing in the rate of heating and the intensity of gas
flow in the furnace chamber were analysed. The heating processes start
at about 295 K (ambient temperature) and finish at about 823 K. The
conducted analysis of die heating was performer for gas nitriding. The pro-
cess starts at ambient temperature and usually reaches the temperature of
823 K. During the heating process, the temperature must correlate with the
atmosphere inside the furnace. The proper adjustment of those parameters
ensures the creation of surface and near-surface layers with high mechani-
cal parameters. The author heated a roller for chemical and heat treatment
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inside the roller at an earlier stage of research also to the temperature of
823 K [16]. The selection of 823 K as the maximum temperature was dis-
cussed with individuals responsible for gas nitriding in industrial conditions
as well as based on literature [11]. For the temperature range mentioned
above, the variation in the heat transfer coefficient and the specific heat
is significant. Therefore, the heat flow analyses were performed taking into
account the varying properties of WCLV steel as a function of temperature.
WCLV steel is tool alloy steel for hot work.

Figure 1: Extrusion die for aluminium alloy profiles [34].

Table 1 presents the chemical composition of the WCLV steel [36]. The
temperature dependence of the thermal conductivity and specific heat is
shown in Tables 2 and 3 [33]. Linear interpolation was carried out between

Table 1: Chemical composition of the WCLV steel (%) [36]

C 0.35–0.42
Si 0.80–1.20
Mn 0.25–0.50
P max 0.030
S max 0.030
Cr 4.80–5.50
Mo 1.20–1.50
W –
V 0.85–1.15
Co –
Ni –
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the specified points. Due to the negligible effect of changes in steel density
as a function of temperature, the calculation assumes that the steel density
does not change and is 7850 kg/m3 [33].

Table 2: Thermal conductivity coefficient (k) as a function of temper-
ature for WCLV steel

T (K) k (W/(m K))

293.15 25.5

624.15 27.6

975.15 30.3

Table 3: Specific heat c as a function of temperature for WCLV steel

T (K) c (J/(kgK))

273.15 460

365.15 521

962.15 620

3 Computational grid

The temperature distribution inside the die was determined using commer-
cial Ansys Transient Thermal software [37]. The calculations were carried
out for a three-dimensional model, representing the actual die geometry.
Due to the presence of symmetry planes in the die, a quarter of the ele-
ment was analysed, assuming symmetry conditions in the cross-sectional
planes (Fig. 2a, planes marked by green). The mesh constructed from ap-
proximately 500 000 tetrahedral elements is shown in Figs. 3 and 4. The
impact of the number of mesh elements on the obtained calculation re-
sults was analysed. Calculations were also performed for mesh types with
higher and lower number of elements than in the case of the selected mesh.
Grid elements of three different sizes (G1–G3, Figs. 3 and 4) were used
at the main edges of the geometry. The smallest elements of size equal to
5 × 10−4 m (G3, Fig. 4) were used to create a mesh discretization of the
edge of the die most mechanically stressed the most during its operation
(edge E, Fig. 2b). It is crucial for the correct operation of the die to deter-
mine the thermochemical treatment conditions and consequently produce
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a layer with high mechanical properties of the mentioned edge. Larger grid
elements of 10−3 m (G2, Fig. 4) were used to prepare a grid of die sections
that do not operate under such harsh conditions as the aforementioned

(a) (b)

Figure 2: Fragment of a die with marked: a) planes of symmetry, b) edge E.

Figure 3: Die fragment mesh with marked G1 type elements.

Figure 4: Cross-section A−A of the die grid showing edge E with grid elements G2 and
G3 marked.
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edge. The grid elements located in other parts of the die were characterised
by a grid size of 4 × 10−3 m (G1, Fig. 3). The average orthogonality of the
grid elements was 0.75.

4 Initial and boundary conditions
In Ansys Transient Thermal, the heat conduction equation in the die frag-
ment was solved in the following form

ρc(T )∂T
∂t

= ∂

∂x

[
k(T )∂T

∂x

]
+ ∂

∂y

[
k(T )∂T

∂y

]
+ ∂

∂z

[
k(T )∂T

∂z

]
, (1)

where the variability of k(T ) is shown in Table 2. The assumed initial die
temperature was 295 K. Calculations were carried out using a boundary
condition of the form

k(T )∂T
∂n

= h(t) [Tg(t) − Tb(t)] , (2)

where h(t) was obtained from solving the inverse problem for the experi-
mental data which are shown in Fig. 6.

Three processes were used to analyse the heating process, differing in
the set heating rate and fan speed, which are summarised in Table 4.

Table 4: Heating processes

Process Heating rate
(K/min)

Percentage of maximum
fan speed (%)

P1 5 50

P2 5 100

P3 10 50

The heating rate values given in Table 4 are the set values for the fur-
nace control system. Different furnace control modes resulted in different
gas temperature waveforms (Fig. 5) and heat transfer coefficient values
(Fig. 6) [16, 35]. The boundary conditions in the form of temperature,
heat flux and heat transfer coefficient for the cylinder were determined
from previous experimental studies in a thermochemical treatment furnace
and by solving the inverse problem for the heat conduction equation for
the analyzed processes P1–P3 [16]. The inverse heat conduction problem
is ill-posed. Even the slightest disturbance in input data can have a sig-
nificant impact on the calculation results. It was taken into consideration
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and self-regulation was done using the time series method described in [16].
The proper selection of a time series significantly reduced the oscillation of
the result. A time series of ∆t = 30 s was selected for the analysed pro-
cesses. So far, on the basis of experimental studies and the stable solution
of the inverse heat conduction problem, a slight variation of the heat trans-
fer coefficient at different locations in the furnace working chamber has
been shown [15]. Therefore, the boundary condition in the form of the heat
transfer coefficient determined earlier in the study was adopted for all the
walls of the die model in contact with the furnace atmosphere during the
thermochemical treatment. The remaining planes are planes of symmetry
(Fig. 2). The boundary conditions obtained from the processes analysed
(Table 4) in the form of gas temperature and heat transfer coefficient for
the cylinder are shown in Figs. 5 and 6.

Figure 5: Gas temperature for heating processes P1–P3 in the thermochemical treatment
furnace.

Figure 6: Heat transfer coefficient for heating processes P1–P3 in a thermochemical treat-
ment furnace.
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The P1 process had the longest duration and the largest range of heat
transfer coefficient values (Fig. 6). At the beginning of the process, the value
of h was 84 W/(m2K) after which it decreased to a minimum value equal
to 43 W/(m2K) for a time of about 4000 s. Subsequently, the value of the
heat transfer coefficient increased and at the end of the process exceeded
140 W/(m2K). The P2 process (Fig. 6) had the same controlled heating
rate as the P1 process, but because the fan speed was set to maximum, the
gas flow in the furnace chamber was intensified, improving the heat transfer
conditions. At the beginning of the process, a higher heat transfer coefficient
was obtained than in the P1 process, with a value of 88 W/(m2K). The
minimum value for the P2 process is 69 W/(m2K). This occurred for a time
of 4100 s. At the end of the process, a heat transfer coefficient value was
reached of 160 W/(m2K). The P3 process was characterised by twice the
heating rate of the P1 and P2 processes and the fan speed set at 50% of
its maximum value. These conditions reduced the process time to 11 820 s.
The heat transfer coefficient curves described above were used as boundary
conditions in the die heating analysis.

5 Description and analysis of the results
for die heating

The effect of the 3D simulation was to obtain the temperature in the entire
volume of the die during the heating process. The nature of the gas tem-
perature variation (Fig. 5), the distribution of the heat transfer coefficient
(Fig. 6) and the unbalanced distribution of the die mass resulted in un-
even heating. The distribution of the difference in the gas temperature and
the average die surface temperature for the processes P1–P3 is shown in
Fig. 7. This difference reaches 115, 72 and 148 K for processes P1–P3, re-
spectively. Figure 7 shows that the processes examined varied significantly
in the values of the temperature difference between the gas and the average
temperature of the die surface. The value of the difference is related to the
intensity of the heat flow from the gas to the die at the surface. The inten-
sity of heat flow at the surface causes temperature differences in the volume
of the die. These, in turn, affect the formation of temperature gradients,
thermal stresses and deformations in the die.

Each heating process was characterised by a different distribution of
the maximum temperature difference in the volume of the die (Fig. 8).
For process P1 and a time of 6540 s, a maximum temperature difference
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Figure 7: The difference between gas temperature and average die surface temperature
during heating for the P1–P3 processes.

in the die volume of 15.2 K was obtained. For the P2 process, a more
uniform temperature in the volume of the die was obtained due to the
higher value of the heat transfer coefficient. The maximum temperature
difference in die volume for the P2 process was 14.2 K. For the P3 process
with the highest heating rate, a much larger temperature divergence was
obtained in the volume was obtained, which reached a value of 21.2 K
for a time of 3780 s. Table 5 summarises the time of occurrence of the
maximum temperature divergence values in selected areas: on the heated
surface (Tmax,A−Tmin,A), in the volume (Tmax,V −Tmin,V ) and on the edge E

Figure 8: Difference between the maximum and minimum temperatures in the volume of
the die.
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(Tmax,E −Tmin,E) (Fig. 2b). For each of the analysed heating processes P1–
P3, the maximum temperature differences at the edge surface were obtained
at the same process time as the maximum differences in die volume.

Table 5: Maximum temperature differences in selected areas of the die and their time of
occurrence for each process

Process t
(s)

Tmax,A − Tmin,A

(K)
Tmax,V − Tmin,V

(K)
Tmax,E − Tmin,E

(K)

P1 6540 12.9 15.2 4.2

P2 6390 11.9 14.2 3.9

P3 3780 19.0 21.2 5.9

Figure 9 shows the temperature distribution on the heated die surface
according to the boundary condition for the P3 process and the time
t = 3780 s in which the maximum temperature difference occurred (Ta-
ble 5). The lowest temperature of about 557 K can be observed in area A
with the high mass of the die, while the highest temperature of about 578 K
can be observed in area B.

Figure 9: Temperature distribution in the volume of the die in process P3 for time t =
3780 s, for which the maximum temperature difference occurred during the
entire heating process.

A crucial part of the die geometry is the edge of the die that is mechanically
stressed during extrusion of aluminium alloy profiles (the edge E). To give
the E-edge the necessary hardness, the die is subjected to gas nitriding.
Knowing the exact value of the surface temperature during the process will
allow for a precise control of the thermochemical treatment process. For
this reason, the temperature distribution on the E edge was subjected to
a special analysis. (Figs. 2b, 10, and 11).
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Figure 10: Maximum temperature differences on the surface of the E edge for processes
P1–P3.

Figure 11: Temperature distribution on edge surface E for process P1 and time
t = 6540 s.

The maximum temperature difference at the edge surface (Fig. 10) for
the analysed processes P1, P2, and P3, respectively, is 4.2, 3.9 and 5.9 K.
These are relatively large values considering the precise control of the edge
temperature during the nitriding process. Figure 11 shows the temperature
field with maximally varying values (for t = 6540 s) at the edge surface E
for process P1.

For the analysed processes, edge E has the highest temperature on the
surface of the long side in the plane of symmetry. For comparison, the
lowest temperature occurs at the corner on the side of the high-mass die
fragment (area A). The temperature difference then reaches 4.23 K. The
temperature distribution at the edge is influenced by the varying mass
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of the die geometry. From the analysis of the data obtained for the P1,
P2, and P3 process, it can be seen that the position of the maximum and
minimum temperature areas does not change for different heating rates and
fan settings (gas flow rate in the chamber of the furnace).

6 Conclusions

In the study, the heating of a massive die with complex geometry was
analysed. A boundary condition was applied in the form of a heat transfer
coefficient obtained for three different heating processes. The variants of
boundary conditions considered match the heating rates and fan settings
used in thermochemical treatment processes.

The analysis shows that the maximum temperature differences at the
edge E occur at the same time as the maximum temperature differences in
the volume. The unevenness of the mass distribution of the die is the cause
of the temperature variation on the edge E. This variability is significant
and reaches 4.2, 3.9, and 5.9 K for P1–P3 processes.

The data show that heating at the maximum fan speed has the positive
effect of reducing the process time and achieving a more uniform tempera-
ture in the die volume.

In order to achieve a more homogenous temperature in the volume of
the component to be worked, and therefore to minimise the occurrence of
thermal stresses, it is necessary to intensify: the gas flow in the furnace
chamber in order to increase the heat transfer coefficient.

A time-varying heating rate can be used to reduce the temperature dif-
ferences in the volume of the die. To increase the productivity of the pro-
cessing, the heating rate can be increased at the beginning and end of
each process. However, during the heating stage, when the temperature
differences reach a maximum for a constant heating rate, the speed can be
reduced. Die heating rate control can be achieved by solving the inverse
problem.
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