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Abstract: The present study investigates the effect of two different microstructural conditions on the
hot deformation behavior of precipitation-hardenable AA7075 by compression tests ranging from
200 ◦C to 350 ◦C and strain rates from 0.1 s−1 to 10 s−1. The first condition is solution heat-treated
and quenched in water, whereas the second condition is achieved by subsequent artificial aging and
stabilization for 24 h at the respective intended deformation temperature. Both conditions indicate an
increase in flow stress with increasing strain rate and decreasing deformation temperature. Moreover,
with increasing deformation temperature and decreasing strain rate, the flow behavior gradually
changes as dynamic recrystallization becomes the dominant factor for the flow curve appearance. At
the same deformation temperature, higher flow stresses are obtained for the as-quenched condition
due to the dynamic precipitation and growth of very small precipitates (r < 20 nm) during hot
deformation. For the deformation temperature of 200 ◦C and the strain rate of 10 s−1, higher
peak stresses of 110 MPa are obtained for the as-quenched condition. This is confirmed by the
transmission electron microscopy investigations, which show the formation of very fine precipitates
for the as-quenched condition, while coarse precipitates can be found in the stabilized microstructure.
Despite this observation, the work hardening analysis reveals lower strain-hardening rates for the
as-quenched condition and higher critical stresses for the onset of dynamic recrystallization compared
to the thermally stabilized microstructure.

Keywords: hot deformation; dynamic precipitation; thermo-mechanical softening mechanisms

1. Introduction

Dynamic recovery, dynamic recrystallization and thermally activated precipitation are
competitive, sometimes simultaneously appearing mechanisms governing the microstruc-
ture evolution and the flow behavior of precipitation-hardenable aluminum alloys during
hot forming operations. Whilst dynamic recovery and dynamic recrystallization are typical
softening mechanisms during hot deformation of precipitation-hardenable aluminum al-
loys, leading to a decrease in flow stress [1,2], thermally activated precipitation is known
as a strengthening mechanism resulting in an increase in flow stress [3,4]. The driving
force for the occurrence of these mechanisms is the stored energy in the crystal structure
caused by straining or plastic deformation resulting in a high dislocation density, which
can be removed again by recrystallization. In this regard, Steinhoff et al. indicate that
a partial recrystallization can preserve high dislocation density and stored mechanical
energy by proposing a novel modified process chain [5,6]. During the recrystallization
process, it is reported that the dislocation density is reduced to an equilibrium value of
1010/m2 [7]. It is further shown that a remaining density dislocation of 1.5× 1014/m2, is
high enough to drive the softening process such as recrystallization [8]. Accordingly, for the
precipitation aluminum alloy AA2195, it is shown that at temperatures between 300 ◦C and
360 ◦C, discontinuous dynamic recrystallization is the main softening mechanism triggered
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by prior plastic deformation and sufficient dislocation density. At higher temperatures
between 420 ◦C and 520 ◦C, geometric dynamic recrystallization occurs involving three
types of subgrain-forming mechanisms [9].

The high stacking fault energy of aluminum alloys favors the high rate of dynamic
recovery caused by dislocation climb and cross-slip during plastic deformation [10]. At
elevated deformation temperatures, consequently, the probability of cross-slip increases
driven by the rise of lattice vibration and vacancy annihilation. On the microscopical
level, dynamic recovery is based on the interaction of long-range stress fields between
dislocations. This leads to organized dislocation structures and arrangements in the shape
of low-angle grain boundaries, consequently reducing internal stresses. Dynamic re-
crystallization, in contrast, is based on the nucleation and growth of new grains and is
characterized by the migration of high-angle boundaries and the elimination of a high
number of dislocations [11–14].

Hence, at deformation temperatures above the recrystallization temperature, the
accumulation of plastic strain and thermal activation continuously provokes the onset of
dynamic recrystallization leading to a distinctive softening and drop in flow stress [15–17].

For a comprehensive understanding of the flow behavior during the hot forming of
precipitation-hardenable aluminum alloys, the effect of solute atmosphere concentration
and the underlying dynamical formation of clusters and precipitates, so-called dynamic
precipitation, has to be taken into account. Dynamic precipitation is characterized by
the homogenous formation of very fine precipitates during hot deformation, due to the
increased defect density and nucleation sites [13,18,19]. This solid-state reaction plays a
key role in the microstructural evolution and hence the flow behavior of precipitation-
hardenable aluminum alloys during hot forming operations. Therefore, several studies
have been conducted in the past to shed light on the principle of thermo-physical re-
sponses to nucleation and growth of precipitates. The focus of these investigations is on
the severe plastic deformation processes, e.g., the equal channel angular extrusion process
(ECAP), [20,21], the microstructural appearance of precipitates [20,22,23] and their contri-
bution to the mechanical properties [24]. The increase in mechanical properties at room
temperature is reported to be significantly affected by the interaction of dynamic precip-
itation and dynamic recrystallization [24]. It is concluded that the dynamic precipitates
form before the onset of the dynamic recrystallization and consequently affect the dynamic
recrystallization. Moreover, tensile experiments on precipitation-hardenable aluminum
Al-Zn-Mg-Cu alloy revealed a size and intensity dependence of the precipitates on the
strain rate [23]. As a consequence of this, deformation-enhanced precipitation processes
are therefore able to significantly increase the flow stress and strain-hardening rate of the
precipitation-hardenable aluminum alloy AA7075. For example, a significant hardening
from 177 MPa (yield stress) to 331 MPa (tensile strength) is observed at a deformation tem-
perature (DT) of TDT = 200 ◦C and a strain rate of

.
ε = 0.1 s−1 [15], due to the accelerated

formation of very fine precipitates and their interaction with mobile dislocations. Further
investigations on Mg-9Al-1Zn and Mg-Al-Sn alloys reveal that the volume percentage of
dynamically recrystallized grains is related to the amount of nucleated particles during
hot deformation [25,26]. Therefore, for hot deformation of metastable conditions, such as
a supersaturated solid solution or as-quenched condition, dynamic precipitation and its
interaction with dynamic softening mechanisms constitutes a key phenomenon, in order to
understand the hardening mechanisms and hot flow behavior at different temperatures
and strain rates up to

.
ε = 10 s−1.

Taking the above-presented studies into account, it is obvious that the microstructure
condition, especially precipitate phases, and phase stability address open questions in the
scope of the complex deformation behavior of precipitation-hardenable aluminum alloys
at elevated temperatures. For that reason, the aim of the present study is to investigate the
influence of different microstructural conditions and ultimately the influence of dynamic
precipitation and dynamic softening at a wide range of strain rates from

.
ε = 0.1 s−1 up to

.
ε = 10 s−1 and deformation temperatures of TDT = 200 ◦C up to TDT = 350 ◦C on the hot
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deformation behavior of the precipitation-hardenable aluminum alloy AA7075. Moreover,
a detailed comparison of the effect of phase stability induced by different heat treatment
strategies and the structural relation of precipitate phases on the strain-hardening behavior
is presented.

2. Materials and Methods
2.1. Investigated Material

The experimental investigation is carried out on the precipitation-hardenable alu-
minum alloy AA7075 (Al-Zn-Mg(-Cu)) [27,28]. The material was received as extruded rod
with a diameter of 14 mm in T6 condition (solution heat-treated, quenched in water and
artificially aged). The chemical composition is given in Table 1. For the compression tests,
cylindrical samples with a height of 18 mm and a diameter of 12 mm were machined from
the as-received bars. The as-received microstructure can be found in [29].

Table 1. Chemical composition of the investigated precipitation-hardenable aluminum alloy AA7075.

Element Si Fe Cu Mn Mg Cr Zn Ti Zr Al

Mass content in % 0.10 0.11 1.49 0.03 2.38 0.20 5.57 0.03 0.04 Balance

2.2. Heat Treatment and Hot Deformation Experiments

The first group of experiments aims at the investigation of hot deformation behavior
of the metastable as-quenched condition. For this purpose, the investigated material is
solution heat-treated (SHT) at TSHT = 480 ◦C for tSHT = 30 min [30,31] to homogenize
and dissolve the alloying elements into solid solution and rapidly quenched in water to
obtain a high cooling rate. Immediately after the heat treatment, the as-quenched samples
were deformed at different deformation temperatures (DT) ranging from TDT = 200 ◦C to
TDT = 350 ◦C and strain rates of

.
ε = 0.1 s−1 to

.
ε = 10 s−1, as shown in Table 2.

Table 2. Main experimental parameters used in this work.

Material TSHT
◦C

TSHT
min

Artificial Aging
(◦C)/h

Deformation
Temperature

◦C

Strain Rate
s−1

AA7075—
As-quenched 480 30 - 200, 250, 300, 350 0.1, 1, 10

A7075—TSM 480 30 (200, 250, 300, 350)/24 200, 250, 300, 350 0.1, 1, 10

The second group of experiments aims at the investigation of hot deformation behavior
of a thermally stabilized microstructure. Therefore, the investigated material is first solution
heat-treated at TSHT = 480 ◦C for tSHT = 30 min and quenched in water. The compression
test specimens were then artificially aged (AA) for tAA = 24 h at the respective deformation
temperature ranging from TDT = 200 ◦C to TDT = 350 ◦C, see Table 2. These samples are
referred to as the thermally stabilized microstructure (TSM).

2.3. Property Characterization and Microstructure Investigation

All hot deformation experiments in the present study were conducted according to a
flow curve determination guideline published by German industrial associations [32] using
a servo-hydraulic press (thermo-mechanical treatment simulator from Servotest Testing
Systems Ltd., Egham, UK) with a maximum compression force capacity of 1200 kN and
a max. tool speed of 3000 mm/s. To avoid contact friction between tools and specimen
surfaces during the experiments, Teflon foils were used for all temperatures and strain
rates [33]. Due to the rise of sample temperature during plastic deformation by dissipated
heat, the flow stresses were compensated, according to Kopp et al. [33]. Note that for each
tested deformation temperature and strain rate, three repetitions were conducted.
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The microstructure investigations of the specimens formed at TDT = 200 ◦C and strain
rates of

.
ε = 0.1 s−1 and

.
ε = 10 s−1, were conducted by a transmission electron microscope

JEOL JEM 2100 HRTEM, Tokyo, Japan, operated at a nominal voltage of 200 kV to visualize
the precipitation morphology for both conditions. For this purpose, 3 mm discs were taken
from the deformed zones of the hot-formed specimens and ground to 150 µm prior to
electro-polishing with an electrolyte solution of 25% nitric acid + 75% methanol.

3. Results
3.1. Flow Stress Behavior at Different Temperatures and Strain Rates

The hot deformation behavior of the investigated microstructures, as-quenched and
TSM, of the precipitation-hardenable aluminum alloy AA7075 at different deformation
temperatures and strain rates is shown in Figure 1a–d. An increase in flow stress, repre-
sented by the peak stress σp, is observed for both conditions when increasing the strain
rate from

.
ε = 0.1 s−1 to

.
ε = 10 s−1, and decreasing the deformation temperatures from

TDT = 350 ◦C to TDT = 200 ◦C. This effect of temperature and strain rate on σp is also
visible in Figure 2. For lower deformation temperatures, the difference in the peak stress of
both conditions is significantly higher than for higher temperatures. This can be seen by
the arrows drawn in Figure 1a,d. However, higher flow stress levels can be seen in all cases
for the as-quenched condition compared to the TSM, Figure 1a–d. However, the obtained
flow curves (σtrue − εtrue plastic strain) exhibit for both conditions a distinct increase in flow
stress at the beginning of the deformation before mainly a trend of continuously decreasing
values is observed, indicating the occurrence of dynamic recrystallization. The occurrence
of dynamic recrystallization and the associated decrease in flow stress is also shown for
different aluminum alloys in other studies [10,34,35]. For the as-quenched condition at
the deformation temperature of TDT = 200 ◦C and the strain rate of

.
ε = 0.1 s−1, the flow

stress seems to stabilize earlier than the other conditions to a steady state remaining almost
unchanged at the same level.

3.2. Strain-Hardening Behavior at Different Temperatures and Strain Rates

In addition to the measured hot deformation curves, the strain-hardening behavior of
the as-quenched and TSM condition is plotted as the strain-hardening rate in dependence
on true plastic strain εplastic true in Figure 3a–f at deformation temperatures ranging from
TDT = 200 ◦C to TDT = 350 ◦C and at strain rates of

.
ε = 0.1 s−1, and

.
ε = 10 s−1. To obtain

the value of the strain-hardening rate θ, the following equation is used:

θ|i =
dσ

dε

∣∣∣∣
i
=

σ|i+1 − σ|i−1
ε|i+1 − ε|i−1

(1)

The hardening curves are then divided into four stages, which are discerned by
characteristic discontinuities within the course of plastic deformation, induced by mi-
crostructural phenomena at elevated temperatures. The differentiation is carried out by the
changes in the slope and the inflection point of the strain-hardening curve, according to
McQueen et al. [2,13]. In the first stage (Stage I), a high strain-hardening rate is obtained for
both conditions at the initial stage of plastic deformation, which decreases with increasing
flow stress with a high negative gradient. The hardening rate in this region is caused by a
distinct dislocation multiplication and subgrain formation. Moreover, the negative gradient
of the hardening rate–true stress (θ − σtrue) curve in this stage is higher at the deformation
temperature of TDT = 200 ◦C for the as-quenched condition compared to the TSM, see
Figure 3. With the increasing flow stress in the second stage (Stage II), the decrease in
strain-hardening rate θ is accelerated to the first inflection point, which reflects the onset of
dynamic recrystallization. With the decreasing deformation temperature and increasing
strain rate, the onset of dynamic recrystallization occurs for both conditions at higher levels
of the strain-hardening rate θ, as can be seen in Figure 3a–f. Before attaining the peak stress
σp, the increased work hardening leads to a critical microstructure condition, where next to
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the continuous nucleation of new grains and growth of new high-angle grain boundaries,
the dislocation density increases significantly. For this reason, the measured flow stress for
the as-quenched and TSM conditions increases from σc to σp, Figure 5a, but the hardening
rate continuously decreases, see Figure 3 (Stage II). In stage III, the strain-hardening rate θ
converges to zero at the maximum flow stress σp with nearly no further increase in the flow
stress due to the rising fraction of dynamic recrystallization.

 
 
Fig 1.  
 

 
 
Fig 6.  

Figure 1. Hot deformation behavior of the precipitation-hardenable aluminum alloy AA7075 at
different deformation temperatures of (a) TDT = 200 ◦C, (b) TDT = 250 ◦C, (c) TDT = 300 ◦C and
(d) TDT = 350 ◦C and strain rates ranging from

.
ε = 0.1 s−1 to

.
ε = 10 s−1. The solid lines show the

true stress–plastic strain curves of TSM condition and the dashed lines the hot deformation curves of
the as-quenched condition.
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ε = 10 s−1 for (a–c) TSM and (d–f) for as-quenched and conditions.

For the as-quenched condition and at the same deformation temperature and strain
rate the true stress σtrue reaches higher values at θ = 0 MPa compared to the TSM. In the
last stage (Stage IV), a transition to a negative strain-hardening rate takes place due to the
dominance of softening processes and the first cycle of dynamic recrystallization becomes
complete reaching an equilibrium between ongoing hardening and softening. In this stage,
the level of measured strain-hardening rate values of the TSM is higher (the resulted curves
of the TSM are above those of the as-quenched) compared to those of the as-quenched
condition, except for the deformation temperature of TDT = 200 ◦C, which will be explained
in detail in the next paragraph. However, taking all strain-hardening curves into account, it
becomes obvious that with increasing strain rate and decreasing deformation temperatures,
all hardening curves shift to higher flow stresses, see Figure 3a–f.

For a better comparison and representation of the obtained strain-hardening behav-
ior of the as-quenched and TSM conditions during hot deformation, strain-hardening
(θ − εplastic true) curves are further considered in this study, as can be seen in Figure 4.
Note that the trend of the strain-hardening behavior of this deformation temperature is
different compared to higher deformation temperatures, as described above, since the
strain-hardening curves of the as-quenched condition are higher compared to those of
the TSM condition. This figure illustrates the strain-hardening rate as the function of true
plastic strain at the deformation temperature of TDT = 200 ◦C for both conditions at the
strain rate of

.
ε = 0.1 s−1. In this regard, at the same level as the true plastic strain of

εplastic true = 0.2 (Stage IV) and strain rate of
.
ε = 0.1 s−1, the resulting strain-hardening rate

θ values from the course of hardening rate–stress (θ− σtrue) curves for the TSM condition is
θ = −249 MPa and for the as-quenched condition θ = −155 MPa. Thus, it is clear from this
figure that the hardening rate of the as-quenched condition is higher compared to those
of the TSM condition only in the case of the deformation temperature of TDT = 200 ◦C,
leading to less softening.
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However, for the TSM condition, the measured strain-hardening values are higher for
the onset of dynamic recrystallization compared to the as-quenched condition. These phe-
nomena can be seen in Figure 5c for the selected deformation temperature of TDT = 250 ◦C
and the strain rate of

.
ε = 0.1 s−1 for both microstructural conditions. The onset of dy-

namic recrystallization during hot deformation leads to an inflection point in the measured
θ − σtrue plots, which is identified in this study by fitting the third-order polynomial from
zero up to the peak stress σp, by the mathematical approximation proposed in [36,37].
Consequently, this can be described as follows:

θ = Aσ3
true + Bσ2

true + Cσtrue + D (2)

where A, B and D are the constants for a given hot deformation condition. From Figure 5b
it is obvious that the measured experimental θ − σtrue curves and the fitted data coincide,
and no significant differences appear. The second derivation of this equation with respect
to true stress σtrue can be expressed as:

d2θ

dσ2
true

= 6Aσtrue + 2B (3)

Consequently, the initiation of dynamic recrystallization, and thus, the critical stress
σc is obtained by the minimum of Equation (3), where the second derivative equals zero:

6Aσtrue + 2B = 0→ σc =
2B
6A

(4)

Figure 5c shows the obtained σc for the selected deformation temperature of TDT = 250 ◦C
and at the strain rate of

.
ε = 0.1 s−1.

Figure 6 summarizes all hardening parameters, σc and θ for the as-quenched and TSM
microstructures at deformation temperatures ranging from TDT = 200 ◦C to TDT = 350 ◦C
and strain rates from

.
ε = 0.1 s−1 to

.
ε = 10 s−1. Note that the interpolation approach thin

plate spline interpolation is carried for the calculated parameters.
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3.3. Microstructure Investigation

In Figure 7a–d, the hot-formed microstructures of the as-quenched and TSM condition
are shown for the strain rates of

.
ε = 0.1 s−1 and

.
ε = 10 s−1 and the deformation temperature

of TDT = 200 ◦C. In the case of the TSM condition, coarse and non-uniformly distributed
precipitates are visible for both strain rates. The as-quenched microstructure exhibits, in
contrast, a lower number of precipitates and second phases within the formed grains.
However, the amount and the size of the very fine precipitates of this microstructure are
slightly higher at a low strain rate, implying the occurrence of dynamic precipitation. This
thermo-mechanically activated phenomenon is enabled by a sufficient nucleation time at a
low strain rate of

.
ε = 0.1 s−1 at TDT = 200 ◦C as well as by a high number of nucleation

sites for very fine clusters and precipitates created by dislocation multiplication, Figure 7d.
The observation of the very fine cluster requires electron microscopy techniques with a
near-atomic resolution, which is not the focus of the present study. However, based on
the obtained mechanical properties, the presence of very fine particles can be assumed for
the as-quenched condition. Moreover, the TEM-micrograph for the TSM condition reveals
a higher dislocation density with narrow and likely bounded structure (BDS) within the
formed grains. Based on the dislocation slip and climb, this dislocation multilateralization
for the TSM-formed microstructure is mainly the result of dynamic recovery, see Figure 7a,b.
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Figure 8 shows the deformed microstructure of the as-quenched condition at the defor-
mation temperature of TDT = 200 ◦C and strain rate of

.
ε = 0.1 s−1 for better visualization

of the precipitate distribution. From this figure, fine and homogenously distributed precipi-
tates can be seen. Moreover, coarse precipitates are also observed for this condition due to
the used deformation temperature. Hence, this condition exhibits a mixed microstructure
consisting of predominantly fine and few coarse precipitates.
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Figure 8. TEM micrograph of the formed microstructure at the deformation temperature of
TDT = 200 ◦C and strain rate of

.
ε = 0.1 s−1 of the as-quenched condition.

Figure 9a,b show the microstructure of both conditions at the deformation temperature
of TDT = 350 ◦C and strain rate of

.
ε = 10 s−1. For the TSM microstructure, lath-shaped and

coarse particles can be seen within the recrystallized grains. These particles are referred to
in the literature at 350 ◦C to equilibrium η-phase for the precipitation-hardenable aluminum
alloy AA7075 [38–40]. Due to the high thermal energy at the aging temperature prior to
hot deformation, GP-zones and η′-phase can transform to incoherent η-phases, which
hardly contribute to the material strength. In the case of the as-quenched microstructure,
a reduced number of η-phases and coarse precipitates are detected, instead of this a high
quantity of fine precipitates after hot deformation could be found, showing the dependence
of precipitation formation to the applied heat treatment strategy. In terms of the nature of
precipitation-hardening mechanisms expressed in the following equation [41–43]:

∆σp = c f 1/2r−1 (5)

a decrease in precipitates radius r means high material strength and finally higher flow
stresses during plastic deformation, whereas c is an alloy constant and f a volume fraction
of precipitates.
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4. Discussion

The above-presented results show that, in general, the obtained flow stress increases
when decreasing the deformation temperature and increasing the strain rate. This behavior
is an expected result of the thermally activated lattice vibration promoting atom displace-
ments and dislocation movements. Low thermal energy levels at decreased deformation
temperatures increase the required mechanical energy to activate and maintain dislocation
movement significantly. Moreover, the reduction of thermal energy leads to reduced activa-
tion of cross-slip processes of screw dislocations and hinders, therefore, the overcoming of
dislocation movement obstacles [43,44]. The influence of the strain rate can be explained by
the time dependency of thermally activated mechanisms and the influence on the proba-
bility of slip processes per unit of time. With increasing strain rate, the probability of slip
processes per unit of time increases, reducing the remaining time for thermally activated
softening processes such as dynamic recovery and recrystallization.

On the other hand, it is observed that the as-quenched condition obtains, in all cases,
higher flow stress levels than the TSM condition. This behavior results from the dynamic
precipitation of a metastable supersaturated microstructure during hot deformation leading
to precipitation hardening. The nucleated fine particles increase the required stress for
moving dislocations to overcome the newly formed obstacles. For the TSM condition, in
contrast, the coarse equilibrium precipitates, obtained during the artificial aging treatment
prior to hot deformation, hardly contribute to a flow stress increase.

The strain-hardening rate of both conditions revealed characteristic phenomena, such
as the onset of dynamic recrystallization appearing at lower critical stresses when increasing
the deformation temperature. At the beginning of deformation and at low deformation
temperatures of TDT = 200 ◦C, the obtained strain-hardening rate depends for both
conditions mainly on the dislocation–dislocation interactions, due to the low amount of
precipitates, see Figure 3. Moreover, for the as-quenched condition, the possible nucleation
of very fine particles along the grain boundaries hinders the motion of low- as well as high-
angle grain boundaries leading to a local accumulation of dislocations and hindering their
elimination. With an increasing deformation temperature and plastic deformation level, the
induced dynamic precipitation prevails and moving dislocations predominantly interact
with very fine distributed particles. Due to the high number of generated dislocations in the
initial deformation stage of the as-quenched condition, dynamic recrystallization occurs at
lower critical strains compared to the TSM microstructure. However, it should be noted that
both mechanisms, dynamic precipitation and dislocation multiplication, are simultaneously
responsible for the obtained higher flow stress of the as-quenched condition. In the case
of the TSM condition, the measured hardening rate θ in the later stages of deformation
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is higher, as is the noticeably increased particle size and, therefore, the large dislocation
mean free path reduces the dislocation particle interactions significantly [39,45]. This
phenomenon is explained by the fact that strain hardening is proportional to the ratio of the
volume fraction to the size of particles or to the interparticle spacing. The TEM observations
confirm the presence of very coarse particles for the TSM condition and the formation of
cell walls by dislocation polygonization.

5. Conclusions

The influence of different microstructural conditions on the hot deformation behavior
of the precipitation-hardenable aluminum alloy AA7075 during compression tests is studied
in the present work. Summing up the results of the present work on the influence of
different microstructural conditions on the hot deformation behavior of the precipitation-
hardenable aluminum alloy AA7075, the following conclusions are drawn:

• Microstructural condition, deformation temperature and strain rate have a significant
effect on the prevailing hardening and softening mechanisms of the precipitation-
hardenable aluminum alloy AA7075, which determines the resulting hot deformation
behavior. In the case of the deformation temperature of 200 ◦C and strain rate of 10 s−1,

a 110 MPa higher peak stress is obtained for the as-quenched microstructure compared
to the TSM.

• A higher flow stress level was obtained for the as-quenched condition compared to
the TSM in all cases. This behavior can be linked to the dynamic precipitation during
hot deformation for the metastable as-quenched condition, leading to higher required
stress for moving dislocations to overcome the nucleated fine particles. For the TSM
condition, in contrast, coarse and equilibrium precipitates are obtained during the
artificial treatment prior to hot deformation, which hardly contributes to the flow
stress increase.

• The choice of deformation temperature and strain rate determines the onset of soften-
ing mechanisms leading to correspondingly high or low levels of flow stress.

• The microstructural condition prior to the hot deformation influences the hardening
mechanisms. The hardening of a stable condition of precipitations is mainly driven
by dislocation–dislocation interactions, whilst the metastable supersaturated solid
solution of the as-quenched condition experiences a change from strain hardening to
dislocation–particle interactions due to the activation of dynamic precipitation.
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