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Abstract:

The effects of annealing temperature and holding time on recrystallization and grain growth in Nb-stabilized
AISI 347H austenitic stainless steel containing 0.55 wt.% Nb were investigated under isothermal conditions.
Specimens were annealed at 1000°C and 1200°C for 5, 10, and 30 min. Recrystallization at 1000°C was
characterized by scanning electron microscopy—electron backscatter diffraction (SEM-EBSD), while grain size
was quantified by optical metallography using ImageJ software. At 1000°C, the material was approximately
65% recrystallized after 5 min and approximately 95% recrystallized after 10 min; after 30 min, the
microstructure was fully recrystallized and exhibited substantial grain growth. At 1200°C, rapid transition from
precipitate-controlled boundary pinning to rapid grain growth where fully recrystallized structure was obtained
within the first 5 min, followed by pronounced grain coarsening with increasing holding time. The measured
mean grain sizes at 1200°C were 57, 85, and 235 pm after 5, 10, and 30 min, respectively. The accelerated grain
growth at 1200°C is consistent with increased grain-boundary mobility and reduced effectiveness of Nb-
containing precipitates as boundary-pinning agents. A power-law grain-growth model was applied to the
1200°C data, giving a growth exponent of 1.597 and predicting a grain size of approximately 162 um after 20
min. The results demonstrate the strong influence of annealing temperature and time on recrystallization and
subsequent grain-boundary migration in AISI 347H.
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Introduction

Austenitic stainless steel because of its corrosion resistance to water environments and high temperatures is
one of the most common types of steel used in industries, especially in oil and gas industry, refinery and
electric power stations [1]. AISI 347H is a niobium-stabilized austenitic stainless steel widely used in high-
temperature environments. Its microstructural evolution during heat treatment is governed by the competition
between thermally activated grain-boundary migration and the pinning effect of fine Nb-containing precipitates
[2],[3]. The present study examines the influence of annealing temperature and holding time on
recrystallization and grain growth in AISI 347H containing approximately 0.55 wt.% Nb, with particular
emphasis on the transition from precipitate-controlled grain-boundary stabilization to rapid grain coarsening at
elevated temperature.

Grain size is an important microstructural parameter governing the mechanical and service properties of
austenitic stainless steels [3]. During annealing, stored deformation energy provides the driving force for
recrystallization, after which grain boundaries migrate to reduce the total grain-boundary energy [4].
Accordingly, increasing the annealing temperature is generally expected to increase grain-boundary mobility
and accelerate grain coarsening.

In Nb-stabilized AlISI 347H, grain-boundary motion is also strongly influenced by Nb(C,N) precipitates. Fine
precipitates distributed within the austenitic matrix interact with migrating boundaries and exert a retarding
force commonly described by Zener pinning [7]. The effectiveness of this mechanism depends on particle size,
morphology, distribution, and volume fraction. A high population of fine precipitates can therefore reduce
effective grain-boundary mobility and suppress or delay grain growth, even at elevated annealing temperatures
[8]. The final grain structure is therefore determined by the competition between the thermodynamic driving
force for grain-boundary migration and the retarding force associated with Nb(C,N) precipitates [9]. At lower
annealing temperatures, relatively stable fine precipitates can restrict boundary motion and limit grain growth.
With increasing temperature, precipitate coarsening and/or dissolution can reduce their pinning effectiveness,
allowing grain boundaries to become progressively more mobile [10]. This transition is particularly important
when heat treating hot-rolled material, where significant stored deformation energy is available to drive
recrystallization.

Despite the technological importance of AISI 347H, the interaction among grain-boundary mobility, Nb(C,N)
precipitation, and high-temperature grain growth remains important for optimizing heat-treatment conditions.
Identifying the transition from precipitate-controlled boundary pinning to rapid grain growth is essential for
controlling the final microstructure and, consequently, the properties of the alloy. The transition from
precipitate-controlled boundary pinning (Zener pinning) to rapid or abnormal grain growth in hot-rolled steels
occurs when the thermal-driving force for grain boundary migration exceeds the retarding pinning pressure
exerted by microalloy precipitates [11]. Accordingly, this work investigates the effects of annealing
temperature and holding time on recrystallization and grain-growth behavior in Nb-stabilized AISI 347H
containing approximately 0.55 wt.% Nb. Particular attention is given to the evolution of the recrystallized
fraction at 1000°C, the subsequent development of grain size, and the pronounced grain growth observed at
1200°C. The experimental grain-size data at 1200°C are further analyzed using a classical power-law grain-
growth model to quantify the kinetics of microstructural evolution.

Experimental part

The investigated material was Nb-stabilized AISI 347H stainless steel with a nominal chemical composition of
0.06%C-0.4%Si-1.2%Mn-18.2%Cr-11%Ni-0.55%Nb-0.015%N (wt.%).

Specimens were sectioned from hot-rolled plate material into dimensions of 20 x 15 x 2.6 mm. The specimens
were annealed in a fluidized-bed furnace (FH24H) and subsequently air cooled.

To evaluate the effects of annealing temperature and holding time on the hot-rolled austenitic microstructure,
specimens were annealed at 1000°C and 1200°C for 5, 10, and 30 min. A thermocouple was attached to
selected specimens to verify that the target temperature was maintained. All specimens were air cooled after
annealing.

For optical metallography, the longitudinal surfaces were cleaned, ground, and polished using conventional
metallographic procedures. Microstructural observations and micrographs were obtained using an OLYMPUS
BX51M optical microscope. Grain size was measured using ImageJ software, with annealing twin boundaries
excluded from the grain-size measurement. The austenite grain size was determined using the linear-intercept
method, with approximately 300-400 intercepts counted for each image.
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Recrystallization was characterized using a Leo 1530 scanning electron microscope equipped with a Gemini
column and a Nordlys 1l EBSD detector. EBSD analysis was used to estimate the recrystallized fraction and
characterize grain structure. A magnification of 500x and a step size of 0.67 pm were used to obtain sufficient
spatial resolution while capturing a representative number of grains.

Results and Discussion

Annealing at 1000°C

Annealing at 1000°C produced a progressive transition from a heterogeneous, partially recrystallized structure
to a fully recrystallized and coarsened microstructure. After 5 min, relatively large elongated grains remained
near the sheet mid-plane, while finer equiaxed grains were observed away from the mid-plane, indicating a
heterogeneous recrystallization response.

Figure 1: Partially recrystallized microstructure (approximately 65%) of AISI 347H - 0.55 wt.% Nb after
annealing at 1000°C for 5 min.

The EBSD inverse pole figure (IPF) map for the specimen annealed at 1000°C for 5 min confirms the
heterogeneous, partially recrystallized microstructure (Figure 2).

Figure 2: EBSD IPF map of AISI 347H - 0.55 wt.% Nbi after annealing at 1000°C for 5 min, showing an
estimated recrystallized fraction of approximately 65%.

The EBSD map indicates an estimated recrystallized fraction of approximately 65%, consistent with a short 5
min anneal at 1000°C following hot rolling. Large, elongated, pancake-shaped deformed grains remain in the
central and right-hand regions and retain features associated with the prior rolling deformation. In contrast, fine
equiaxed recrystallized grains are concentrated around the deformed regions, particularly near the upper and
lower margins. Their distribution is consistent with nucleation at high-energy regions such as prior grain
boundaries and deformation bands. The fine recrystallized grains observed after the 1000°C/5 min treatment
are consistent with the expected influence of the 0.55 wt.% Nb addition and Nb-containing precipitates. These
precipitates can exert a Zener pinning force on migrating grain boundaries, limiting boundary motion and
thereby restricting rapid grain growth during the short annealing period. Increasing the holding time at 1000°C
to 10 min produced a more equiaxed austenitic microstructure, as shown in Figure 3.

The EBSD map indicates an estimated recrystallized fraction of approximately 65%, consistent with a short 5
min anneal at 1000°C following hot rolling. Large, elongated, pancake-shaped deformed grains remain in the
central and right-hand regions and retain features associated with the prior rolling deformation. In contrast, fine
equiaxed recrystallized grains are concentrated around the deformed regions, particularly near the upper and
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lower margins. Their distribution is consistent with nucleation at high-energy regions such as prior grain
boundaries and deformation bands. The fine recrystallized grains observed after the 1000°C/5 min treatment
are consistent with the expected influence of the 0.55 wt.% Nb addition and Nb-containing precipitates. These
precipitates can exert a Zener pinning force on migrating grain boundaries, limiting boundary motion and
thereby restricting rapid grain growth during the short annealing period. Increasing the holding time at 1000°C
to 10 min produced a more equiaxe austenitic microstructure, as shown i Figure 3.
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Figure 3: Optical microstructure f AISI 347H - 0.55 wt.% Nb after annealing at 2000°C for 10 min.

The optical micrograph shows growth of the equiaxed grains despite the continued influence of Nb-containing
precipitates. The additional 5 min of annealing allowed the recrystallized grains to broaden and develop more
regular polyhedral morphologies, with measured grain dimensions of approximately 28-32 um. The same
specimen was examined by SEM-EBSD, revealing a predominantly recrystallized austenitic structure, as
shown in Figure 4.

Figure 4: EBSD IPF map of AISI 347H - 0. .% Nb after annealing at 1000°C for 10 min.

The EBSD map in Figure 4 shows that the deformed regions have been largely consumed. The thick, elongated
unrecrystallized structures observed after 5 min are reduced to small, isolated regions, indicating substantial
progress of static recrystallization. The recrystallized fraction is estimated at approximately 95%. The indexed
grains also show an increased occurrence of straight, parallel boundaries, consistent with the development of
annealing twins in the austenitic structure. After 30 min at 1000°C, further grain growth occurred and
annealing twins became clearly visible, as shown in Figure 5.
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The 1000°C/30 min condition produced polygonal, equiaxed austenitic grains with relatively straight and well-
defined boundaries. The average grain size was approximately 80-95 pm. The morphology and
recrystallization state of the microstructure are further IIustrated by the EBSD analysis in Figure 6.
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Figure 6: EBSD IPF map of AISI 347H containing 0.55 wt.% Nb after annealing at 1000°C for 30 min.

The EBSD map confirms that the grains are substantially larger than those observed after 5 and 10 min at
1000°C, demonstrating that grain growth has progressed. The grains are equiaxed and polygonal with well-
defined boundaries, while numerous annealing twin boundaries are visible. The relatively uniform orientation
within the grains indicates that most of the residual deformation has been removed.

3.2 Annealing at 1200°C
The hot-rolled condition contains substantial stored deformation energy, which provides a strong driving force
for static recrystallization. At the higher annealing temperature, increased thermal activation promotes rapid
recrystallization and subsequent grain-boundary migration. The microstructural response at 1200°C differs
markedly from that at 1000°C because atomic diffusion and grain-boundary mobility are substantially higher.
These conditions promote rapid formation and growth of strain-free grains. At the same time, the effectiveness
of Nb-containing precipitates as grain-boundary pinning agents may decrease through coarsening and/or
dissolution, allowing boundaries to migrate more readily and promoting rapid grain growth. The microstructure
after annealing at 1200°C for 5 min is fully recrystallized and consists predominantly of equiaxed austenitic
grains with a limited number of annealing twins as shown in Figure 7.

[ R \ “.‘."i,,;‘»' %

In Figure 7, a fully recrystallized equiaxed austenitic structure containing a limited number of annealing twins
can be observed with an average grain size of approximately 57 pm. Increasing the holding time at 1200°C to
10 min resulted in rapid grain coarsening, as illustrated in Figure 8. The reduced effectiveness of Nb-
containing precipitates as boundary-pinning agents is consistent with the increased grain-boundary mobility
observed at this temperature.

496 | AJAPAS: Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and conditions of
the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



The microstructure exhibits pronounced grain growth with increasing holding time, and annealing twins
become more apparent. The average grain size after 10 min was approximately 85 um.

After 30 min at 1200°C, extensive grain coarsening produced very large equiaxed austenitic grains with an
average grain size of 235 pm and numerous annealing twins as seen in Figure 9.

The 1200°C/30 min condition contains no obvious distorted, elongated grains characteristic of the hot-rolled
state; instead, the microstructure consists of large, strain-free equiaxed grains. Many individual grains approach
or exceed 200 um in diameter. The pronounced coarsening is consistent with a substantial reduction in the
effectiveness of precipitate pinning and the resulting increase in grain-boundary mobility. The grains exhibit
relatively smooth boundaries and stable triple junctions, indicating a reduction in total grain-boundary energy.
A high density of annealing twins is also visible, consistent with the characteristic twinning behavior of FCC
austenitic stainless steels. The measured grain sizes for the specimens annealed at 1200°C are summarized in
Table 1.

Table (1). Grain size of AISI 347H after annealing at 1200°C.

Grain size (um) Annealing time (minutes)
57 5
85 10
235 30

3.3 Grain-growth modelling at 1200°C

The grain-growth Kinetics at 1200°C were analysed using a classical power-law relationship as equation 1,
with the first experimental point selected as the reference condition.

D= DFf=k(t—t)™

(€

where D is the average grain size at time t (um), D. is the reference grain size, t. is the reference annealing
time, Kk is the growth-rate coefficient, and m is the time-dependent growth exponent.

Using the first experimental point as the reference gives t. = 5 min and D, = 57 pm. The model can therefore be
written in terms of the measured reference condition as in equation 2:
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D*—57% =k (t— 5)™
)
Using the 10 min experimental value gives:
857 — 57 =k (10 — 3)™ or 3976 = k3™
Using the 30 min experimental value of 235 um and combining the two time points gives the growth exponent:
The calculated value of the growth exponent is m = 1.597, and the corresponding growth coefficient is:
k =304.15
The resulting grain-growth model is therefore:
D* = 57% + 304.15(¢ — 5057 or
D(t) = /3249 + 304.15 (t —5)+5%7
where D is expressed in um and t > 5 min.
The experimental and model grain sizes are compared in Table 2 and Figure 10. The model provides an
interpolation of grain size between the measured conditions and predicts a grain size of approximately 162 pm
after 20 min at 1200°C.

Table (2). Experimental and modeled grain sizes at 1200°C.

Time (min) Exp. Model
5 57 57
10 85 85
15 123.6
20 162
25 199.1
30 235 235
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Figure 10: Experimental and modelled grain-growth behaviour at 1200°C.

Figure 10 shows that grain size increases consistently as the annealing time gets longer and reached to
approximately 235 MM. The continuous blue theoretical model passes directly through all three experimental
markers, indicating an exceptionally high accuracy and validation of the predictive model. From Figure 10, the
grain growth rate between 5 to 10 minutes annealing is:

B5—-57 Hm
=56/ . .
10 -5 min

and also the grain growth rate as time increased to 30 minutes is:
235 —-B5 — 5 I.'.,Imlrlr i
I0-10 min

Therefore, the grain growth rate also increased by time increasing at high annealing temperature.

To find out pre-existing grain size (at time zero-Theoretically): back to y-intercept (t=0) where theoretical

grain size is 20.8um, empirical model can be derived directly from three experimental coordinates as:

d = 7.5t + 20.8. when annealing time theoretically set to t=0, itis:

dy = 7.5 (0) + 20.8 = 20.8 um/m

This means that before any isothermal grain growth occurred, the base matrix materials had a pre-existing

average grain size approximately 20.8 pum. However, the transition from precipitate-controlled boundary

pinning occurred at 1000°C to rapid grain growth observed at 1200°C can easily be identified at short time

annealing at higher temperature.

498 | AJAPAS: Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and conditions of
the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



Conclusion:

This work examines how ANNEALING TEMPERATURE and HOLDING TIME influence the austenitic
structure of 0.55 WT.% NB-BEARING AISI 347H. Both parameters heavily dictate experimental and
theoretical GRAIN GROWTH, alongside RECRYSTALLIZATION mechanisms analysed through
EBSD, as detailed below:

1. At 1000°C, the microstructure was approximately 65% recrystallized after 5 min and approximately
95% recrystallized after 10 min. After 30 min, the structure was fully recrystallized and exhibited substantial
grain growth.

2. At 1200°C, a fully recrystallized structure was obtained within the first 5 min. Subsequent holding
produced pronounced grain coarsening, with the measured mean grain size increasing from 57 um at 5 min to
85 um at 10 min and 235 pum at 30 min. This behaviour is consistent with increased grain-boundary mobility at
the higher temperature and reduced effectiveness of Nb-containing precipitates as boundary-pinning agents.

3. Application of the grain-growth model to the 1200°C data gave a time exponent of m = 1.597 and a
growth coefficient of k = 304.15. The model predicts an average grain size of approximately 162 pum after 20
min at 1200°C.

4, Overall, the results demonstrate that annealing temperature and holding time must be carefully
controlled to obtain the desired recrystallized microstructure while limiting excessive grain coarsening. Due to
rapid transition from precipitate-controlled boundary pinning to rapid grain growth.
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