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Abstract. Industrial hot forming of nickel-based superalloys is typically carried out under non-
1sothermal conditions, where rapid temperature changes between forming steps not only affect the
thermo-mechanical response but also the microstructural evolution, including processes such as
recrystallization. Most microstructure models are developed and calibrated for idealized isothermal
conditions, and their applicability to realistic transient temperature paths is still unclear. Therefore,
this study investigates the microstructure evolution of Inconel 718 under non-isothermal hot
deformation by combining dilatometer tests with full-field simulations using DIGIMU® in order to
provide detailed insight into the underlying microstructural mechanisms and to assess the capability
of a Full-Field approach for modelling such non-isothermal forming conditions. For this aim,
compression tests with temperature increases (1020 °C to 1070 °C) and decreases (1120 °C to
1070 °C) were performed, with the temperature change applied at different strains.

The results reveal a path dependence, heating at low strain to 1070 °C leads to higher DRX-fractions
and finer, more homogeneous grain structures, whereas later heating at higher strains produces
coarser, partially recrystallized microstructures due to reduced strain at the higher temperature. For
the temperature decrease, DRX occurs predominantly at 1120 °C, after a late temperature change, no
additional DRX takes place at 1070 °C. While an earlier change still allows additional DRX. The
Full-Field simulations reproduce these trends in dislocation density, recrystallized fraction and grain
size distributions with good qualitative agreement and moderate quantitative deviations.

Overall, the study demonstrates that the timing and direction of temperature changes affect the
final microstructural state, and that DIGIMU®, a Full-Field approach, can capture path-dependent
microstructure evolution in Inconel 718 and provides a useful digital tool for analyzing and designing
transient temperature hot forming processes.

Introduction

Hot forming is a central manufacturing route for producing high-performance components with
tailored mechanical properties. During such processes, the microstructure evolves continuously
through mechanisms such as work hardening, dynamic recovery, dynamic recrystallization (DRX),
post-dynamic recrystallization (PDRX) and grain growth [1,2]. Because these mechanisms control
grain structure and, in turn, mechanical properties, it is essential to study the microstructural evolution
during hot deformation. The resulting microstructure evolution and the kinetics of these mechanisms
are closely linked to the process parameters such as strain rate, deformation temperature and
deformation degree [3,4].

Nickel-base superalloys, such as Inconel 718, which are widely used in aircraft engines and energy
applications because of their excellent high temperature properties [5], are a prominent example
where this microstructure sensitivity is critical. As a result, their hot deformation behavior and
microstructural evolution have been investigated in numerous works [6—8].

In these works, the temperature histories are typically idealized as constant values. In real hot forming
processes, however, the thermal conditions are often non-isothermal. In open-die forging, for
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example, after each form passes, an increase and decrease of the core temperature of the material is
observed [9]. As a result, the material experiences transient heating and cooling during ongoing
deformation, which can modify the competition between hardening, recovery and recrystallization
compared with idealized isothermal processes. Lin et al. [10] investigated non-isothermal two-stage
hot deformation of a Ni-Fe-Cr base superalloy and showed that with different final deformation
temperatures, strain rates and first-stage strains lead to different DRX fractions. However, their study
is purely experimental and limited to global quantities in the final states after the experiment, without
access to intermediate microstructural states.

To analyze such conditions in more detail, Full-Field models are required that enable the detailed
tracking of microstructural states throughout the deformation process. This approach improves the
link between process parameters and microstructural changes, since every intermediate state can be
analyzed without additional experimental effort [11]. In this work, the Full-Field framework
DIGIMU® is used for that purpose. It is designed to simulate multistage hot forming processes within
reasonable computation times and to model microstructural evolution at the grain level on a meshed
representative volume element (RVE) containing multiple grains. The framework uses an explicit
grain structure and uses experimentally derived boundary conditions, such as temperature-time
histories and strain rate, to reproduce realistic deformation conditions. Grain boundary migration and
recrystallization are described by a finite element formulation coupled with a level-set approach,
which allows grain boundaries to move in response to curvature and differences in stored energy
between neighboring grains. The underlying kinetic models account for the coupled evolution of
dislocation density, grain boundary migration and recrystallization, including dynamic
recrystallization (DRX) and post-dynamic recrystallization (PDRX) [12—-14].

This study therefore addresses the mentioned gap by combining transient hot compression tests on
Inconel 718 with Full-Field simulations in DIGIMU®, using the experimentally measured time-
temperature histories as boundary conditions to assess the model’s ability to reproduce and analyze
the microstructural evolution under transient temperatures. In this way the microstructural behavior
is studied under process-relevant thermal conditions that are close to those encountered in industrial
hot forming, while allowing the microstructure to be analyzed at arbitrary points in time during the
deformation.

Materials and Methods

Material. The investigated material is an industrially produced wrought bar of the nickel-based
superalloy Inconel 718. The initial stock with a diameter of 160 mm was forged in ten passes to a
rectangular cross-section of 87 mm x 87 mm. After forging, the material was solution annealed at
1030 °C for 1 h. The chemical composition of used Inconel 718 is given in Table 1.

Table 1. Chemical composition of the investigated Inconel 718 alloy [wt.%]

C Si Mn P S Cr Ni Mo
0.022 0.06 0.08 0.007 0.0004 17.63 53.9 2.97
Al Ti Co Cu Nb Fe B Ta
0.52 0.94 0.32 0.04 4.98 18.49 0.0024 <0.02

Experimental Procedure. Non-isothermal hot compression tests were carried out to determine
the material behavior under changing temperatures. All tests were conducted on cylindrical
Inconel 718 specimens with dimensions 5 mm in diameter and 10 mm in height, using a quenching
and deformation dilatometer DIL 805 (TA Instruments).

In this device, the specimens are inductively heated and the temperature is controlled by a
thermocouple welded directly to the specimen surface. The dilatometer allows testing in a
temperature range from room temperature up to 1500 °C. It is equipped for compression tests with a
maximum forming force of 20 kN, enabling strain rates between 0.001 s' and 20 s! and strains up to
1.2, which covers the deformation conditions investigated in the present study. The schematic
experimental procedure for the non-isothermal hot compression tests is illustrated in Figure 1 for the
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case of temperature decrease. For each transient temperature test, the specimen was first heated at a
rate of 10 K/s to the desired initial deformation temperature T; and held for 30 s to minimize
temperature gradients. The first deformation was carried out at T; up to a predefined strain &;. After
this the temperature was changed to a second deformation temperature T, and the deformation was
continued to the final strain €,.

Two types of non-isothermal tests were performed. Tests with a temperature increase from
1020 °C to 1070 °C and tests with a temperature decrease from 1120 °C to 1070 °C. In both series,
the temperature change was imposed at different true strain levels (¢ = 0.2, 0.4 and 0.6) in order to
cover both the hardening dominated regime and the softening regime of the flow curve. The complete
experimental matrix, including the combinations of initial temperature, temperature path and strain
level at which the temperature change was applied, is summarized in Table 2. In addition, isothermal
tests at constant temperatures of 1020 °C, 1070 °C and 1120 °C were also carried out as reference
experiments up to a strain of 0.8. After deformation, all specimens were rapidly quenched with argon
gas in order to freeze the microstructure. Subsequently, all specimens were metallographically
prepared (grinding, polishing and etching). Microstructural images were taken with optical
microscopy and the grain size was evaluated using the line-intercept method in accordance with
DIN EN ISO 643 [15].
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Fig.1. Schematic procedure of the transient temperature hot compression tests

Table 2. Experimental matrix of hot compression tests

Temperature T; [°C] Temperature T, [°C]  Strainrate € [s']  Changing rate [°C/s] Switching strain ¢

1020 1070 0.1 100 0.2
1020 1070 0.1 100 0.4
1020 1070 0.1 100 0.6
1120 1070 0.1 100 0.2
1120 1070 0.1 100 0.4
1120 1070 0.1 100 0.6

During all transient tests, the temperature-time history of the specimen was recorded continuously by
the welded thermocouple. As an example, Figure 2 shows one measured temperature evolution for
the heating path from 1020 °C to 1070 °C and one for the cooling path from 1120 °C to 1070 °C.
From these curves, effective heating and cooling rates of about 100 K/s were determined in the
temperature change stage, demonstrating that the dilatometer is capable of achieving such rapid
transient temperature changes during hot compression. These experimentally measured temperature
histories were used directly as thermal boundary conditions in the DIGIMU® simulations described
in the following section in order to reproduce the non-isothermal deformation conditions as
realistically as possible.
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Fig. 2. Representative measured temperature-time histories of the specimen during transient
temperature tests for a) a temperature increase from 1020 °C to 1070 °C at e = 0.2 and b) a
temperature decrease from 1120 °C to 1070 °C at € = 0.2

Simulation Setup. To generate a representative polycrystalline RVE with a lognormal grain size
distribution in DIGIMU®), statistical grain size information from the initial microstructure was used.
The starting microstructure of the solution-annealed material was characterized by light optical
microscopy, and the grain size distribution was quantified using the line-intercept method [15]. From
these measurements, the grain size distribution within a given section was determined. Based on these
parameters, a polycrystalline RVE containing 50 grains and following a lognormal grain size
distribution was generated. The initial microstructure is shown in Figure 3 and the corresponding
grain size distribution is listed in Table 3. The material parameters used in the Full-Field model were
based on the parametrization in [ 16] investigations, in which the hot deformation response of Inconel
718 through four key mechanisms is captured: grain growth, dynamic hardening and recovery,
dynamic recrystallization (DRX), and post-dynamic recrystallization (PDRX). This parameter set was
adapted for use in the framework of DIGIMU® 5.0. The boundary conditions were defined in analogy
to the experimental tests. The temperature evolutions were directly taken from the experimentally
measured temperature-time histories T(t) as shown in Figure 2 and Table 2. The simulations were
carried out under a constant strain rate of 0.1 s, and up to a strain of € = 1, which corresponds to the
local strain levels in the center of the specimen when accounting for barreling [17].

Fig. 3. Initial microstructure of Inconel 718
Table 3. Grain size distribution of initial RVE of Inconel 718

Mean grain size [um] Standard deviation Min. grain size [um]  Max. grain size [um]
89.9 65.0 10.2 4354
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Results and Discussion

Evolution of Dislocation Density under transient temperatures with DIGIMU®. Figure 4

illustrates the evolution of the mean dislocation density p together with the critical dislocation density
per used in the DIGIMU® model. DRX is triggered once p exceeds p.,.. Panel (a) shows the results
for temperature increase from 1020 °C to 1070 °C with switches at equivalent strains in the specimen
center &4 = 0.2, 0.4 and 0.6, while panel (b) presents the corresponding temperature decreases from
1120 °C to 1070 °C. In the heating cases (Figure 4 (a)) the changing temperature curves (black),
initially follow the isothermal reference T; = 1020 °C up to the switch strain. For the earliest switch
at £, = 0.2, the temperature change takes place before p reaches the critical value of the 1020 °C
reference p,., = 4.8E+08 mm™ (upper dashed line). At the moment of the change, the material has
therefore not entered the DRX regime corresponding to 1020 °C. The microstructure is still dominated
by dynamic hardening. When the temperature is raised to 1070 °C, p,, drops to 3.5E+08 mm™ (lower
dashed line), so that the current p lies above the new critical value and DRX is activated immediately
after the change at €., = 0.25. The dislocation density curve gradually adapts to the new thermal
condition, and approaches the isothermal 1070 °C reference at &,, = 0.55, and finally ends at almost
the same level. The system thus has enough strain at the higher temperature for DRX to adapt to the
new condition.
For the later switches at €, = 0.4 and 0.6, the situation is different. Here, the temperature change
occurs after the isothermal 1020 °C curve has already crossed its critical value. This means that DRX
has already been activated. As a result, when the temperature is increased to 1070 °C, p is well above
per of 1070 °C and DRX can still proceed, but the remaining strain interval is relatively short and
part of the stored energy has already been consumed by DRX at 1020 °C. The non-isothermal curves
bend downwards after the change, indicating that recovery and DRX reduce the stored dislocation
density, but they do not converge to the isothermal 1070 °C reference. Instead at the final strain p
remains slightly higher, with values of p = 3.51E+08 mm™ for the temperature increase at Eeq= 0.4
and p = 3.66E+08 mm™ for the temperature increase at £ = 0.6, compared to g = 3.35E+08 mm~ for
the isothermal 1070 °C case. This corresponds to an increase of about 4 % (temperature increase at
€eq=0.4) and 6 % (temperature increase at €, = 0.6), quantifying the slower and incomplete
adaptation when the temperature increase is applied in the softening regime.

In the cooling paths in Figure 4 (b) the system starts from a high temperature DRX regime and is
then transferred to a cooler state with reduced recovery and grain-boundary mobility. All three non-
isothermal curves initially follow the isothermal 1120 °C reference. In all three cases p crosses the
critical level p.. of 1120 °C already at ¢ = 0.15, so that DRX is active at 1120 °C before the
temperature change. When the temperature is reduced to 1070 °C, p.,- jumps to the higher value of
Per = 3.5E+08 mm~, and the further evolution of p depends on the switching strain. For a change at
€eq= 0.2, p 18 2.4E+08 mm at the onset of cooling. During the subsequent deformation, p increases
gradually and reaches p = 3.7E+08 mm™, clearly above p,,, implying an interval during which
nucleation is suppressed before it resumes once p exceeds p.,-. This triggers a second DRX episode
at the lower temperature, after which p decreases slightly and approaches a plateau close to the
isothermal 1070 °C curve. If the change is delayed to &,,= 0.4, cooling occurs in the softening regime
of the 1120 °C curve with p = 2.4E+08 mm™ < p,, of 1070 °C. Immediately after cooling no abrupt
increase in DRX activity occurs and the curve evolves into a flat plateau. This indicates that most of
the DRX has already taken place at 1120 °C, and the second stage mainly adjusts the microstructure
towards a steady-state at 1070 °C without strongly modifying the overall DRX fraction. For the latest
change at €.,= 0.6, the temperature decrease is applied at a late deformation stage at 1120 °C, where
DRX has already reduced p to 2.1E+08 mm™, slightly below p,, of 1120 °C. After the temperature
change the non-isothermal curve rises and reaches p = 3.3E+08 mm™, but remains below p., of
1070 °C over the entire remaining strain range. It runs parallel to, but under, the isothermal curve of
the new temperature of 1070 °C, ending at p = 3.14E+08 mm™ compared to p = 3.35E+08 mm™.
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This behavior suggests that, after the late temperature change, no further DRX is triggered at 1070 °C,
the microstructure is already recrystallized and never fully adapts to the new conditions.
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Fig. 4. Evolution of the critical and mean dislocation density during (a) temperature increase from
1020 °C to 1070 °C at equivalent strains 0.2, 0.4 and 0.6 and (b) temperature decrease at 0.2, 0.4
and 0.6

Microstructure Evolution. Figure 5 combines the evolution of the critical and mean dislocation
density with the simulated microstructure for a temperature decrease at €., = 0.6. The points a-d make

four selected strain levels along the non-isothermal curve with the corresponding microstructures. At
an equivalent strain in the specimen center of &, = 0.4 DRX is active and the microstructure consists

of deformed grains with few RX nuclei. At the change point €.,= 0.6 the microstructure is largely
recrystallized. After the change &,, = 0.8 the microstructure shows further straining and growth of
existing RX nuclei, rather than new DRX grains. In the final state €., = 1.0 the microstructure is
similar to that at €., = 0.8. DRX occurs only at 1120 °C and during the stage at 1070 °C mainly the
existing grains grow without a second recrystallization event.
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Fig. 5. Simulated intermediate microstructure states for the temperature decrease from 1120 °C to
1070 °C at € = 0.6. Points a-d mark selected strains along the non-isothermal path at (a) €.4= 0.4,

(b) £eq = 0.6, (C) £¢q= 0.8 and (d) £eq= 1.0

Comparison of Experimental and Simulated Microstructures and Grain Size Distributions.
The final microstructures for the temperature increase cases from 1020 °C to 1070 °C are shown in
Figure 6 for (a) an early temperature change at € = 0.2, (b) a change at € = 0.4 and (c) a later change
at £ =0.6. The left image shows the experimental microstructure, the middle the corresponding
DIGIMU® microstructure, and the right panel the experimental and simulated grain size distribution.
For € = 0.2 (Figure 6 (a)), the experimental microstructure (left) is dominated by fine recrystallized
grains, with only a weak tail to larger diameters. The simulated microstructure (middle) exhibits a
very similar microstructure consisting of deformed stretched grains and RX grains. The experimental
grain size distribution exhibits a peak in the lowest grain size classes, with a large fraction of grains
located at 10 pm. The simulated grain size distribution peaks at 14.5 um. The corresponding grain
size distributions reflect reduced refinement when more deformation occurs at 1020 °C before a
temperature increase. For the change at € = 0.4, both experiment and simulation display a coarser
more heterogeneous grain structure compared to € = 0.2. For the latest change at € = 0.6 (Figure 6 (c))
the trend continues, both experiment and simulation display larger grains and the corresponding grain
size distributions show a shift towards larger grain sizes.

The final microstructures for the temperature decrease from 1120 °C to 1070 °C are shown in
Figure 7 for a change at (a) € = 0.2, (b) € = 0.4, and (c) € = 0.6. For an early temperature change at
€ =0.2 (Figure 7 (a)), both experiment and simulation are filled with fine RX grains and smaller
stretched deformed grains. The grain size distributions peak in the smallest classes at 20 um in the
experiment and 14.5 um in the simulation. This reflects the underlying mechanism, DRX starts at
1120 °C and after the temperature decrease continues at 1070 °C. The additional DRX at 1070 °C
leads to further grain refinement, which is consistently captured by the simulation and experiment.
For the temperature decrease at € = 0.4 (Figure 7 (b)), the experimental and simulated microstructure
remains largely recrystallized. The peak of the grain size distributions still lies in the smallest class,
but the peak surface fraction decreases to about 0.45, indicating that DRX at 1070 °C still contributes
to refinement, yet less effectively than in the temperature decrease case at € =0.2. For the later
temperature decrease at € = 0.6 (Figure 7 (c)) the microstructure at the end of deformation shows
larger deformed stretched grains with small RX grains. The grain size distribution still peaks at the
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smaller classes, but the surface fraction is reduced to 0.45. In this case DRX proceeds entirely at
1120 °C and no significant additional DRX occurs at 1070 °C consistent with the dislocation density

evolution discussed above.

Taken together Figure 6 and Figure 7 demonstrate that the timing and direction of the temperature
change provide a microstructural control, while the DIGIMU® simulations reproduce these trends in

good agreement with the experiments.
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Fig. 6. Comparison of experimental (left) and simulated (middle) microstructures and grain size
distribution (right) for a temperature increase at (a) € = 0.2, (b) e=0.4 and (¢c) €=0.6
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Fig. 7. Comparison of experimental (left) and simulated (middle) microstructures and grain size
distribution (right) for a temperature decrease at (a) e =0.2, (b) e =0.4 and (c) e=0.6

Comparison of Experimental and Simulated DRX-Fractions. The final DRX-fractions for the
transient temperature tests are compared for experiment and DIGIMU® simulations in Figure 8. For
the temperature increase (Figure 8 (a)) both experiment and simulation indicate that an earlier
temperature increase promotes a higher recrystallized fraction. At € = 0.2, the experimental DRX is
about 46 %, while the simulation predicts 55 %. When the temperature change is delayed to € = 0.4,
the DRX-fraction decreases 32 % in the experiment and 44 % in the simulation, and for € = 0.6 it
drops further to 23 % (experiment) and 37 % (simulation). An earlier temperature increase gives the
material more strain at 1070 °C, where DRX proceeds more rapidly. In contrast, a later change
allocates more deformation to 1020 °C, where DRX is less pronounced, so that a smaller fraction of
the microstructure can recrystallize.

For the temperature decrease (Figure 8 (b)), experiment and simulation show similar behavior. At
€ = 0.2, the experimental DRX-fraction is 50 % while the simulation predicts 54 %. At € = 0.4, the
DRX fractions remain at a similar level, 49 % in the experiment and 51 % in the simulation. When
the temperature decrease is applied at € = 0.6, the corresponding values are 55 % (experimental) and
66 % (simulative). A later temperature decrease produces a somewhat higher DRX-fraction, since
more deformation is applied at 1120 °C, where DRX is effective, before the material is transferred to
1070 °C. This behavior is consistent with the dislocation density and microstructure analyses, which
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showed that DRX is already well advanced during high temperature stage and that the deformation
at 1070 °C mainly preserves and slightly adjusts the existing recrystallized structure.

Overall the comparison in Figure 8 shows that the DIGIMU® simulations captures the main
features of the experimental DRX behavior under both temperature increase and decrease conditions.
The deviations are typically on the order of 5-10 %, with tendency to overestimate DRX. This can
partly be attributed to the experimental measurement by the line-intercept method on microstructure
pictures that were taken with optical microscope, where small recrystallized grains may be missed,
while the simulation counts all recrystallized regions in the RVE.
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Fig. 8. Comparison of final DRX-fraction between experiment and simulation for (a) temperature
increase from 1020 °C to 1070 °C at strains € = 0.2, 0.4 and 0.6; and (b) temperature decrease from
1120 °C to 1070 °C at strains € = 0.2, 0.4 and 0.6

Conclusions.

In this work, the influence of transient temperature paths during hot deformation on the
microstructure evolution of Inconel 718 was investigated by combining dilatometer tests with
Full-Field simulations in DIGIMU®. Non-isothermal compression tests with temperature increases
(1020 °C to 1070 °C) and decreases (1120 °C to 1070 °C) were performed, with the temperature
change imposed at different strains. The measured temperature-time curves were directly imposed in
the simulations. Isothermal tests at 1020 °C, 1070 °C and 1120 °C served as reference. The results
show a pronounced path dependence. Early heating to 1070 °C yields higher DRX fractions and finer,
more homogeneous grain structures, while later heating leaves less strain at the higher temperature
and produces coarser, less recrystallized microstructures. For cooling, DRX takes place mainly at
1120 °C. After an early temperature change, DRX can continue at 1070 °C, whereas a late change
transfers an almost fully recrystallized state into a regime where further DRX is suppressed. These
mechanisms are consistently reflected in dislocation density evolution, final DRX fractions and grain
size distributions.
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