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In this investigation, the dissolution kinetics of delta ferrite in AISI-304 austen-
itic stainless steel during homogenization was studied. The study encompasses a
temperature range of 1050 to 1250 °C (1523 K) and a time span from 1 to 12
hours, with hourly intervals. Utilizing MIP software, the delta ferrite content in the
homogenized steel was quantified. The findings demonstrate a reduction in delta
ferrite content as both annealing temperature and duration increase. The presence of
delta ferrite in AISI-304 steel is undesirable, and homogenization proves effective
in minimizing this phase, thereby enhancing mechanical properties. The dissolution
of delta ferrite and chromium carbide, along with grain growth, contributes to a
decrease in hardness throughout the homogenization process. Furthermore, kinetic
analysis in isothermal conditions was performed to determine the parameters gov-
erning this phenomenon using the Arrhenius model. The activation energy (E) and
pre-exponential factor (A) were determined to be 246.14 kJ/mol and 8.28x107 hr!,
respectively. Also, the results suggested that this process follows a two-dimensional
reaction model (R2).

1. Introduction

acidic and alkaline solutions, and industrial settings, these
steels also exhibit remarkable resilience to oxidation and

Stainless steel, an iron-based alloy rich in chromi-
um, often incorporates additional elements like nickel
and molybdenum, resulting in various grades based on
alloy composition. Among these, austenitic stain-
less steels stand out as the most prevalent and crucial
variants. Renowned for their resistance to corrosion
in diverse environments such as freshwater, seawater,
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chemical corrosion at elevated temperatures common in
high-temperature processes [1-4].

While austenitic stainless steels typically exhibit a
single austenite phase at room temperature, the presence
of delta ferrite can arise due to solidification and man-
ufacturing processes such as heat treatment and weld-
ing [5]. Unfortunately, the presence of delta ferrite can
compromise fatigue resistance, impact toughness, tensile
properties, and resistance to pitting corrosion, potential-
ly leading to the transformation of delta ferrite into the
sigma phase [6—8]. Studies have indicated that during
aging, delta ferrite in austenitic stainless steel decompos-
es into a chromium-rich phase and secondary austenite
[9-11], underscoring the need to explore the impact of
delta ferrite transformation on grain boundary corrosion
behavior for a comprehensive understanding of corrosion
resistance.
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Moreover, within the temperature range of 500—
900°C (773 to 1173 K), carbide precipitation at the o/y
interface can render delta ferrite a brittle intermetallic
phase, detrimentally affecting the mechanical properties
of the steel [7]. Delta ferrite's influence on hot ductili-
ty necessitates careful control to mitigate crack forma-
tion during hot working processes [12]. Preferably, del-
ta ferrite removal should occur after the main casting
to enhance the steel's mechanical properties [13, 14].
Industrial practices involve heating the billet at high
temperatures for several hours before hot rolling to
facilitate delta ferrite dissolution. However, traditional
methods of delta ferrite dissolution may lead to issues
such as oxidation and abnormal grain growth [15].

Given the significance of delta ferrite phase dissolu-
tion, previous studies have investigated this phenome-
non. Notably, Rezayat et al. [15] conducted dissolution
operations at 1150 °C (1423 K) for 6 hours, observing
a decrease in delta ferrite content from 28.2% to 18.1%
and highlighting the temperature's role in enhancing
ferrite dissolution. Similarly, Kim and colleagues [16]
studied delta ferrite dissolution in continuous casting
samples across a temperature range of 1050-1200 °C
(1323 to 1473 K), noting rapid initial dissolution attribut-
ed to excessive chromium reduction in delta ferrite due to
carbide precipitation.

However, despite existing research, a comprehen-
sive analysis of delta ferrite dissolution behavior during
heat treatment in AISI-304 stainless steel using the
homogenization process remains scarce. This study
aims to address this gap by employing a single-load
or ingot casting method to produce samples, poten-
tially yielding more stable ferrite during solidification.
Unlike continuous casting methods, which may produce
finer ferrite with lower volume percentages, the selected
method allows for controlled delta ferrite formation, ca-
tering to specific applications. By subjecting austenitic
stainless steel to the homogenization process, efforts are
made to significantly reduce the delta ferrite phase. Ad-
ditionally, this study delves into the kinetics of the delta
ferrite dissolution process, determining crucial kinetic
parameters, including activation energy (E), pre-expo-
nential factor (A), and kinetic model (g(a)) using fitting
models.

2. Materials and Methods
2.1. Materials and Sample Preparation

The material investigated in this study was sourced
from a 40x40x200 cm® ingot cast by Iran Alloy Steel
Company. The chemical analysis of the steel, conducted
using a quantometer device, is presented in Table 1.

AISI-304L austenitic stainless steel, characterized by
its fully austenitic structure, exhibits delta ferrite phase
formation during casting and welding due to segregation
during solidification, influenced by the Cr/Ni ratio. The
chemical homogenization process can mitigate the pres-
ence of this phase. To explore the impact of temperature
and homogenization duration on delta ferrite dissolution
kinetics, homogenization was performed isothermally
within the temperature range of 1050—1250 °C (1323 to
1473 K) for durations ranging from 1 to 12 hours under
an air atmosphere. Subsequently, the samples underwent
quenching in cold water. Samples measuring 1 cm® were
utilized to assess the various stages of the dissolution
process.

2.2. Characterization

The microstructure of the steel was examined us-
ing standard metallographic techniques. Samples were
categorized into four groups and prepared by sanding
the surface with SiC sandpaper of varying grades from
60 to 2500. Polishing was carried out using 3 pm alu-
mina powder, followed by etching with a marble etch-
ing solution (10 ml HCI + 13 ml H.O + 1 g CuSOa).
Microstructural analysis was performed using an op-
tical microscope (OM, Olympus BX60M), and the
percentage of the ferrite phase was determined using
MIP software. Hardness measurements were conduct-
ed using the Brinell method with an INSTRON hard-
ness tester applying a force of 187.5 kg, and hardness
variations were plotted against temperature and time.
The hardness reported for each sample is the average
of five hardness tests.

2.3. Kinetic Analysis

The study of solid-state reaction kinetics dates back to

Table 1. Chemical Composition of AISI-304L Stainless Steel.

v Ni Mo Mn Si C
0.051 8.815 0.191 18.388 0.909 0.46 0.019

W N Al Co Cu Fe
0.018 0.032 0.006 0.002 0.083 0.322 Balanced
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the early 20th century, with experimental techniques like
differential thermal analysis (DTA) [17-19], differential
scanning calorimetry (DSC) [20-22], thermogravimetric
analysis (TG) [23, 24], and dilatometry (DIL) [25], etc.
Initial kinetic studies were conducted under isothermal
conditions, with non-isothermal methods gaining prom-
inence later [26]. Flynn's [27] work on non-isothermal
kinetics introduced the concept of temperature-depen-
dent rate constants and reaction mechanisms. The Arrhe-
nius equation, a fundamental model in kinetics, relates
the rate constant to temperature and activation energy.
Kinetic studies in isothermal conditions have been ex-
tensively explored using fitting models, as demonstrat-
ed by Vitazek et al. [28] in their investigation of wood
thermal decomposition kinetics. The degree of reaction
progress (a) is calculated based on the initial and final
volume fractions of delta ferrite in the sample, aiding in
determining reaction kinetics. The integral form of the
reaction model (g(a)) provides insights into the reaction
mechanism, with the slope of g(a) against time yielding
the rate constant. Various reaction models and expres-
sions for g(a) are available in the literature to elucidate
solid-state reaction mechanisms [25-27].

3. Results and Discussion
3.1. Microstructural Observations

Fig. 1. illustrates the effect of homogenizing tempera-
ture on the microstructure of the original sample. As seen,
the high-temperature homogenization process facilitated
the diffusion of chromium and nickel, resulting in a more
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uniform distribution of these elements. Consequently, the
alloy structure transitioned towards the thermodynamic
equilibrium of the homogenization temperature. The ob-
servations reveal a reduction in the ferrite phase and an
increase in the austenite phase. Additionally, the homog-
enization process transformed the worm-shaped ferrite,
characterized by higher surface energy, into a coaxial
morphology with lower surface energy. The images indi-
cate that, with increasing homogenization temperature at
a fixed time duration, this morphological transformation
occurs. As the homogenization process continues, the
delta ferrite phase diminishes further, adopting a spher-
ical shape.

The evolution of the delta ferrite volume fraction
with homogenization time at different temperatures is
depicted in Fig. 2. Initially, a sharp decline in the delta
ferrite percentage is observed with increasing tempera-
ture, followed by a more gradual decrease.

Table 2. presents the delta ferrite phase percentages
during the homogenization process. Generally, an in-
crease in homogenization time corresponds to a decrease
in the delta ferrite phase. At 1050 and 1100 °C (1323
and 1373 K), the initial reduction in the ferrite phase
was minimal during the first two hours, with a more pro-
nounced decrease thereafter. Conversely, at 1150 and
1200 °C (1423 and 1473 K), a significant reduction in
the ferrite phase was observed from the outset. Notably,
at 1250 °C (1523 K), a substantial reduction in the ferrite
phase percentage occurred, suggesting that homogeniza-
tion at this temperature for 3—4 hours effectively remove
the delta ferrite phase.

Fig. 1. The optical micrographs related to the (a) as-cast sample and specimens homogenized at (b) 1100, (¢) 1150,
and (d) 1200 °C for 4 hours. The volume fraction of delta ferrite is 10.2%, 7.56%, 5.25%, and 3.08%, respectively.
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Fig. 2. Changes in the percentage of the delta ferrite phase in the investigated AISI-304 steel concerning
homogenization time.

Table 2. Percentage of delta ferrite in the used AISI-304 steel after the dissolution process at various
temperatures and times.

1050 1100 1150 1200 1250

10.2 10.2 10.2 10.2 10.2
1 9.98 9.92 7.22 6.38 2.75
2 9.9 8.45 6.01 5.32 2.72
3 9.36 7.81 5.64 4.81 1.88
4 8.61 7.56 5.25 3.08 -
5 8.31 7.25 3.89 1.51 -
6 8.07 5.73 3.47 1.3 -
7 7.39 5.5 3.12 1.19 -
8 6.83 4.72 2.84 0.66 -
9 5.77 4.38 2.48 - -
10 532 4.13 2.36 - -
11 4.95 3.15 2.08 - -
12 4.03 2.79 1.85 - -
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Furthermore, the results of homogenization at
1100 °C (1373 K) indicated a rapid decrease in the delta
ferrite phase after 2 hours, demonstrating a faster disso-
lution rate compared to 1050 °C (1323 K). The morphol-
ogy of a considerable proportion of delta ferrite trans-
formed from worm-shaped to coaxial. Fig. 3. illustrates
the morphological changes and ferrite phase percentages
at different time intervals at 1100 °C (1373 K).

3.2. Hardness

The cross-sectional hardness of the homogenized
samples was evaluated at various temperatures for a
constant time (refer to Fig. 4.) and at different time in-
tervals for a constant temperature (see Fig. 5). It is ev-
ident that the hardness of the homogenized samples at
a fixed time decreases with increasing temperature. This
decline can be attributed to the transformation of the
ferrite phase into austenite, leading to an increase in the
austenite phase, as well as the dissolution of chromium
carbides. The dissolution temperature of chromium car-
bide being below 1050 °C (1323 K) results in its gradual
dissolution at temperatures higher than this threshold, with
complete dissolution occurring at temperatures of
1150 °C (1423 K) and above. Consequently, this disso-
lution process contributes to the observed decrease in
hardness. Furthermore, temperatures exceeding 1200
°C (1473 K) exhibit a more pronounced reduction in
hardness, likely due to grain growth, a decrease in grain
boundary density, and the dissolution of carbides of oth-
er elements present in the alloy. Given the presence of

carbide-forming elements such as tungsten, vanadium,
and titanium in the chemical composition of the alloy,
with stronger carbide-forming tendencies than chromi-
um, their dissolution at higher temperatures influences
the hardness curve. These elements have dissolution tem-
peratures higher than that of chromium carbide, impact-
ing the overall hardness behavior. At a constant tempera-
ture, the hardness of the samples decreased as anticipated
with increasing annealing time.

As seen in Fig. 5-a. more pronounced drop in hard-
ness is observed during the initial 2 hours of the homog-
enization process. Subsequently, between 2—4 hours, the
rate of hardness reduction decreases slightly, leading to a
stable trend thereafter. These variations in hardness align
with the changes in the percentage of the delta ferrite
phase, as depicted in Fig. 2.

The analysis of hardness variations concerning tem-
perature and time provides valuable insights into the
structural evolution during homogenization and its im-
pact on the mechanical properties of the alloy.

3.3. Dissolution Kinetics

The investigation of the dissolution kinetics of the
delta ferrite phase in AISI-304 steel involved determin-
ing three key kinetic parameters. These parameters were
calculated using various kinetic methods, including iso-
thermal and non-isothermal approaches. The equation
g(a)=kt was utilized to calculate the progress of the reac-
tion during isothermal dissolution, with volume fraction
changes considered instead of mass changes.

— —
(©)
— —

Fig. 3. The optical micrographs related to the samples annealed at 1100 °C for (a) 3, (b) 6, (c) 9, and (d) 12 hours. The
volume fraction of delta ferrite is 7.81%, 5.73%, 4.38%, and 2.79%, respectively.
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Fig. 4. Effect of homogenizing temperature on hardness.
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Fig. 5. Effect of homogenizing time on hardness.

By linearizing the graph of g(a) against time, the re-
action mechanism and associated kinetic parameters can
be deduced. The graph illustrating the fraction of the del-
ta ferrite dissolution reaction over time at different an-
nealing temperatures (1050 °C [1323 K], 1100 °C [1373
K], 1150 °C [1423 K], 1200 °C [1473 K], and 1250 °C
[1523 K]) is presented in Fig. 6. This data was instrumen-
tal in determining the kinetic parameters.

Fig. 7. displays the linear relationship between g(o)
and time for the two-dimensional reaction mechanism
(R2), confirming the validity of this reaction pathway.
It is noteworthy that the mechanism may vary with

changes in temperature. As observed in Fig. 7. at tem-
peratures of 1150 °C (1423 K), 1200 °C (1473 K), and
1250 °C (1523 K), the two-dimensional mechanism (R2)
governs the dissolution process, indicating surface-con-
trolled dissolution. However, at lower temperatures
(1050 °C and 1100 °C [1323 K and 1373 K]), the mech-
anism shifts to a mixed mode, signifying a change in the
reaction pathway during the course of the reaction.
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Fig. 6. Changes in the fraction of delta ferrite dissolution
reaction in AISI-304 steel according to time at different
temperatures.
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Fig. 7. Linear dependence of g(a) on reaction time for the
two-dimensional reaction mechanism (R2) at different
temperatures.

As mentioned, the slope of the linear graphs in Fig. 7.
enables the extraction of the dissolution rate constant, as
presented in Table 3.

Table 3. Calculated dissolution rate constant values at different reaction temperatures.

Homogenizing Temperature (°C) In k
1150 -2.46
1200 -2.08
1250 -1.09
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The equation k=A.exp(-Q/RT) was utilized to de-
termine the activation energy and the pre-exponential
coefficient. The Ink curve, representing the dissolution
constant k in terms of 1/T, is depicted in Fig. 8. From
this curve, the activation energy and pre-exponential co-
efficient are calculated as 246.14 kJ.mol ' and 8.28 x 10’
hr!, respectively.
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2 .- ..............
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Fig. 8. Graph illustrating the logarithm of the delta ferrite
dissolution rate constant in AISI-304 steel as a function
of temperature.

4. Conclusions

In this study, homogenization heat treatment was con-
ducted on AISI-304 austenitic stainless steel at tempera-
tures ranging from 1050 to 1250 °C (1323 to 1523 K),
with time intervals of 1 to 12 hours. The findings of this
research shed light on several key observations:

* The investigation revealed that an increase in ho-
mogenization temperature at a constant time led to
a reduction in the delta ferrite phase. Similarly, an
increase in homogenization time at a fixed tempera-
ture resulted in a decrease in the delta ferrite phase
due to the dissolution effect. Notably, the dissolution
process exhibited a faster initial decrease in the delta
ferrite phase.

e The homogenization treatment induced a transfor-
mation in the morphology of the delta ferrite phase,
transitioning from a worm-like structure with higher
surface energy to a coaxial appearance characterized
by lower surface energy.

* Hardness measurements demonstrated that the hard-
ness values of the samples decreased with increasing
temperature at a constant time during the homogeni-
zation process. Additionally, maintaining a constant
temperature while increasing the annealing time led
to a reduction in sample hardness.

» Kinetic analysis was performed using the fitting mod-
els, enabling the calculation of kinetic parameters.
The activation energy and pre-exponential coefficient
were determined to be 246.14 kJ.mol! and 8.28x107

hr!, respectively. Furthermore, the investigation re-

vealed that the dissolution kinetics of the delta ferrite

phase are governed by the R2 model.

These findings underscore the intricate interplay
between homogenization parameters, microstructural
evolution, mechanical properties, and kinetic behavior
in the context of delta ferrite dissolution in AISI-304
steel. The comprehensive understanding gained from this
study contributes to the optimization of homogenization
processes and the enhancement of material properties in
stainless steel applications.
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