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Abstr
bstract
act.. The use of high nickel content austenitic stainless steels (SASS) has significantly increased in the last
decade. The corrosion and high fatigue resistance of these materials make them suitable for manufacturing
oil country tubular goods (OCTG). SASS are processing by forging from casting conditions. Dynamic recovery
(DRV) and recrystallization (DRX) of as-cast super austenitic stainless steel, N08028 Alloy, is investigated to
study the refining effect from the as-cast grain structure to fully recrystallized austenite due to hot deformation.
Both the critical stress and strain for the initiation of DRX are determined using the flow curves. To perform
this analysis, hot compression tests are performed at temperatures between 900°C and 1250°C, and strain
rates between 0.1 s-1 and 10 s-1, up to 0,8 final strain using a Gleeble®3800 thermomechanical simulator.
Subsequently, the Johnson-Avrami-Mehl-Kolmogorow (JMAK) model is used to numerically fit the flow curves
and consequently determine the critical strain. No critical points are seen for temperatures under 1100°C.
Above this temperature, the JMAK model proves to be valid in all studied strain rates.
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1 Intr
Introduction
oduction
N08028 Alloy is widely used in chemical and petrochemical industry due to its excellent corrosion resistance and its large
yield strength [1]. Its workability is poor and the hot working range is narrow. During thermos-mechanical treatments
dynamic recovery (DRV) and dynamic recrystallization (DRX) are the most important restoration mechanisms. They
affect the final microstructure and, therefore, the mechanical properties. The hot deformation behavior of the Alloy
N08028 during a hot extrusion process was studied by Wang et al. [2], who found that this alloy undergoes DRX due
to its low stacking fault energy of N08028 Alloy [3]. However, the stacking fault energy varies depending on the initial
state of the material. Huiqin et al. [4] studied for the Mn18Cr18N stainless steel, and compared the activation energy
for both as-cast and wrought starting structures, concluding that the as-cast samples presents a higher energy than the
wrought samples.
Significant differences exist between as-cast ingots and as-forged billets. These include the grain sizes, morphologies,
and solidification textures. These factors, strongly affect the hot-working ability, microstructural evolution, and
mechanical properties of the final material [5]. Hence, it is important to investigate the critical conditions of DRX
initiation of as-cast SSAS alloys during hot working.
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The onset of DRX can be identified as phenomenological from the inflection point in the strain-hardening rate (θ)

versus flow stress (σ) curve. E.I. Poliak and J.J. Jonas [6] have shown that this corresponds to the appearance of an
additional thermodynamic degree of freedom in the system. The critical stress identifies the moment when dynamic
recrystallization begins to contribute to decreasing the flow stress [7] due to strong reduction of the dislocations
density.
In this study, the critical conditions for initiation of DRX of as-cast Alloy N08028 are investigated by using hot
compression test at different strain rate and temperature conditions. The critical strain is calculated using the work
hardening rate versus the flow stress curves, and validated using the JMAK model in all studied conditions. Electron
backscattered diffraction (EBSD) analysis are used to identify the recrystallization state after hot deformation.

2 Experimental
The UNS N05028 alloy with the chemical composition of 0.033 wt%C – 25.84 wt%Cr – 29.88 wt%Ni – 3.06 wt%Mo and
0.83 wt%Mn is used in this work. Cylindrical specimens with height of 15 mm and diameter of 10 mm were obtained
from a 5t as-cast billet and homogenized at a temperature of 1250°C for 4h before the hot compression test.
The compression tests are carried out using a Gleeble®3800 – thermomechanical simulator in a temperature range
of 1100°C-1250°C and a strain rate range of 0.01-10 s-1. Tantalum and graphite foils, are used for lubrication. A
thermocouple was spot-welded to the longitudinal center of the specimen. All specimens were compressed to a strain
0.8 and then, immediately water quenched to room temperature. The compressed samples are sectioned along the axis,
and common metallographic preparation is conducted, wich consist of successive wet grinding from 240 grit paper
until 1200 grit, followed by a three step polishing, first consecutive 3 μm and 1 μm diamond paste, and a final step
of Alluminum 0.3 μm suspension. The transversally sectioned samples microstructures were analyzed then by optical
microscopy (OM) and electron backscatter diffraction (EBSD). For the EBSD preparation, after the last preparation
step, the samples are polished on a vibration machine using a 0.1μm aluminum suspension for 4 hours.

3R
Results
esults and discussion
3.1 Str
Stress-str
ess-strain
ain curv
curves
es
The flow curves obtained at different temperatures and strain rates are shown in Fig. 1, where the flow curves are
dependent on the temperature and strain rate. At the same strain rate and strain, the flow stress increases with the
decrease of deformation temperature. At the same deformation temperature and strain, the flow stress increases with
the increase of strain rate.
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Fig. 1. Str
Stress-str
ess-strain
ain curv
curves
es under diff
differ
erent
ent def
deformation
ormation conditions: (a) T=1100 °C (b) T=1200 °C (c) T=1250 °C and
0.1s-1, 1s-1, 10s-1
The hot deformation behavior of the N08028 Alloy coming from an initial microstructure of rough equiaxed grains with
a large number of twin boundaries, consist of three stages [8]. (I) Work Hardening (WH) and DRV before the critical
strain (εc). In this stage, the flow stress rapidly rises at small strain. If DRX does not occur, a balance between the WH
and DRV is gradually reached resulting in a saturated stress (σsat). (II) In this Alloy, WH, DRV and DRX coexist after the
critical strain (εc) is reached. In this stage, at the beginning of DRX, the increase of dislocation density induced by WH
is dominant and the flow stress still increases with increasing strain. Due to the DRV and DRX competing phenomena,
the dislocation density abruptly decreases when the deformation degree is larger than the peak strain (εp). (III) The
rate of nucleation and the rate of grain boundary migration will balance each other and the flow stress, as well as the
microstructural features (grain sizes, dislocation densities), remain constant with further strain reaching steady state.
The flow stress of the as-cast samples (Fig. 1) exhibit peaks at very large strains. This may be due to the preferred
crystallographic texture, due to the late initiation of DRX, that will have an influence on the reproducibility of the test.
Along with this, it can be seen that the curves don’t reach the steady-state. Since the DRX occurs at grain boundaries
and the initial grains are quite large, the nucleation rate can be rather small, due to the low amount of nucleation sites.
Furthermore, large grains could produce many chains of DRX grains. This behavior can be related with the multiple
peaks flow curves.

3.2 Pr
Predicting
edicting the critical str
strain
ain and peak str
strain
ain
To determine the critical strain 𝜀c for the on set of DRX, the double-differentiation method proposed by Poliak and
Jonas [9] and simplified by Najafizadeh and Jonas [10], is employed in the present investigation. Firstly, the flow curves
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are smoothed and fitted with a seventh-order polynomial using the Origin Software. (In some problematic cases, a
higher order polynomial is employed.) Then, the work-hardening rate 𝜃=𝑑𝜎/𝑑𝜀 is calculated an plotted against the
true stress. This method defines 𝜀c as the point at which the second derivative of the work-hardening rate with respect
to stress is zero, i.e, the inflection point of 𝜃−𝜎 curve, as is shown in Fig. 2.

Fig. 2. Experimental str
stress-str
ess-strain
ain curv
curvee det
determined
ermined at 1100°C ffor
or the Allo
Alloyy N08028
Based on the 𝜃−𝜎 curves, the values of 𝜎c and 𝜎p of the As-cast Alloy N08028 under different deformation conditions
were easily computed, then, the values of 𝜀c and 𝜀p were obtained based on the values of 𝜎c, 𝜎p and true strain-stress
curves.
Based on literature [11], the peak strain is often represented as a function of the thermomechanical and can be
described as follows:

where 𝐾, 𝑘, 𝑛 and 𝑚1 are material dependent constant; 𝑑0, is the initial grain size; and Z is the Zener-Hollomon
parameter (s-1), defined as follows:

896/4

ESAFORM 2021. MS04 (Forging & Rolling), 10.25518/esaform21.896

where 𝜀̇ is the strain rate (s-1), 𝑄hw is the activation energy for hot deformation (J mol-1), 𝑅 is the universal gas constant
(J mol-1 K-1), and 𝑇 is the absolute temperature (K). These expressions have been developed empirically and take into
account the influence of the initial microstructure, through the grain size prior to deformation 𝑑0, and the deformation
conditions through the Zener-Hollomon parameter 𝑍 [11].
The overall kinetics of recrystallization are typically described by the JMAK relation relationship. In this empirical
model, the fraction of recrystallized material, denoted 𝜒, evolves through:

where b and n are the Avrami coefficients, whose values depend on the growth and nucleation rates. This model is able
to globally describe nucleation growth and impingement of the growing grains [12].
For this work, an approach of the JMAK model is used. This model allows predicting recrystallized fractions and grain
sizes evolution during a thermomechanical treatment. Accordingly, the following equation can be used to obtain the
critical strain [13]:

where 𝐴crit, 𝐸p1, 𝐸p2, 𝐸p3 and 𝐸p4 are the materials parameters to be determined experimentally, 𝑑0 is the initial
average grain diameter. 𝑄ep is the apparent activation energy calculated as 501.21 KJ/mol. According to bibliography,
for the wrought alloy N08028 is around 400 KJ/mol [8], so as it was expected according to Chen et al. [4], the activation
energy of as-cast samples is higher than the wrought samples.
Comparison between the experimental and predicted results is shown in Fig. 3. It can be found that the predicted
results well agree with the experimental ones, which indicates that the proposed models can fit an accurate estimate of
peak strain for the studied Alloy.
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Fig. 3. Comparison betw
between
een the eexperimental
xperimental and pr
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ed critical str
strain
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3.3. Micr
Microstructur
ostructural
al eexxamination
The as-cast microstructure of the thermally processed ingot, shown in Fig. 4, is composed of large grains with an
average size of 4.55 mm determined according to ASTM E1181-02.

Fig. 4. Initial Micr
Microstructur
ostructuree

The EBSD grain boundaries map for the lowest strain rate at each temperature tested is shown in Fig 3. It should be
expected that the mayor recrystallization take place at lower strain rates. Due to the high activation energy and the
initial large grains present in the initial microstructure, a higher or total recrystallization is not expected for studied
material, and mayor strain will be necessary to reach the total recrystallized state.
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Fig. 5. EBSD maps under 1100°C, 1200°C, 1250°C at 0.1s-1
As it can be observed, the recrystallized structure, presented the large initial grains, and the recrystallized nucleated
grains have developed in the grain boundaries. Due to this heterogeneous microstructure, microstructural observations
(MO) are used to complement the EBSD measurements at lower magnifications. In Fig. 6 the recrystallized grains (red
arrows) for the 1100°C and 0.1s-1 specimens are observed along the grain boundaries of the large deformed grains.
The microstructure shows the low amount of new recrystallized grains along with the high-deformed grains. The
microstructures confirm the initial observations for the EBSD analysis, that, total recrystallization will not be possible
for the tested strain.
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Fig. 6. OM ffor
or the 1100°C and 0.1 s-1 specimen

4 Summary and Conclusions
In this study, the effects of deformation parameters on the DRX behavior in As-cast alloy were discussed. The kinetic
equations were developed to predict the DRX behavior in as-cast N08028 Alloy, which is sensitive to the deformation
temperature and strain rate.
From the Stress-Strain curves, it was found that the DRX in as-cast N08028 Alloy occurs at higher deformation than
wrought material, according with previous studies by Wang et al. [2]. From the obtained critical strains, the initiation of
DRX was predicted and according with the EBSD images, the recrystallization was initiated. Nerveless, according with
the higher initiation energy, larger strains are need for a fully recrystallized structure.
A good agreement between the experimental and predicted results indicates that the proposed kinetic equations can
give an average prediction, and can be used as a first approach to analyze the microstructural evolution during the
forming process.
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