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Abstract: Based on the predicted phase diagram of super duplex stainless steel (DSS) calculated by
Thermo-Calc, the maximum peak temperature 1100 ◦C was selected to ensure no σ phase existence.
This target temperature fell into the two-phase solid solution (SS) region. A series of different thermal
cycling tests were carried out with the notations of 2SS, 2SS + 3 cycles, 2SS + 7 cycles, 2SS + 13 cycles,
and 2SS + 20 cycles. It was found that the trend of two-phase volume ratio variation by thermal
cycling followed the predicted thermodynamic equilibrium trend. After 2SS + 7 cycles, the ratio of
two-phase δ/γ tended toward the ideal 1:1. According to the electron backscatter diffraction (EBSD)
analysis, the δ phase crystal orientation changed from the most frequent directions of <001> and <111>

of the as-received sample to the most frequent orientation of <113> after two SS treatments. While
the γ phase grain always remained at <101> orientation. The grain boundary misorientation angles
of the γ grains were relatively stable, ranging from 53◦ to 63◦, but those of the δ grains were widely
distributed actively presuming the lattice rotation. The Kernel Average Misorientation (KAM) value
of the local strain in face center cubic (fcc) γ grains was varied and greater than that of the body center
cubic (bcc) δ phase, indicating that the former, with a large grain boundary misorientation had larger
local deformation than the latter, which possesses wide random misorientation angle distribution.

Keywords: thermal cycling; most frequent orientation; duplex stainless steel; KAM; EBSD

1. Introduction

Duplex stainless steel (DSS) is a two-phase stainless steel comprising equal volumes of the δ phase
and γ phase. The austenite ensures good ductility, toughness, and weldability. The ferrite raises the
corrosion resistance mainly against pitting, stress, and crevice corrosion. It has high strength and
superior corrosion resistance due to the presence of alloying chromium (Cr), molybdenum (Mo) and
nickel (Ni). SAF 2507 (S32750) is developed mainly for chloride-containing environments, like seawater.
Therefore, it contains higher amounts of Cr, Mo and N, which also improve the microstructural
stability [1–3]. The high Cr alloying can increase the corrosion resistance and the Ni improves
the toughness. The N can increase the strength and resistance against pitting corrosion [3]. The
optimization of the corrosion resistance and the mechanical properties of DSS rely on the precise
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control of the microstructural evolution during hot deformation and the subsequent process of solid
solution [4]. The thermal expansion coefficients between the austenite phase and ferrite phase are
different and prominent in DSS. A remarkable thermal stress can be generated, resulting from variations
in temperature [5,6] during thermal cycling. On the other hand, an appropriate treatment is required
to avoid the existence of undesirable intermetallic phases (such as σ and χ) [4]. The sigma phase
among the intermetallic precipitates is the most detrimental, because it can cause considerable drops
in corrosion resistance and toughness [7].

According to reports, the strain partitioning of heterogeneous internal stresses at the phase
boundaries between ferrite and austenite and the impurity segregation may cause the crack
formation [3,8]. When DSSs have an approximately equal proportion of ferrite and austenite, they
exhibit higher stress corrosion cracking resistance and higher strength than do single phase austenitic
stainless steels [9,10]. In extreme environments, the attractive combination of corrosion resistance and
mechanical strength leads to many applications, mostly in the offshore and chemical industries [11].
Numerous investigations have examined the effects of the sigma phase on the corrosion resistance and
mechanical properties [12,13]. Besides ferrite and austenite, several secondary phases can form in the
range of temperature from 300 ◦C to 1000 ◦C. The formation of the precipitation relies on the factors
of temperature, time and the chemical composition in DSS. Different intermetallic phases, such as σ,
χ, R, G, π and τ [14] often coexist with carbides, nitrides and secondary austenite. Sigma is the most
important among all these phases, because its formation kinetics are fast at a wide temperature range.
Many studies have shown that sigma can induce severe embrittlement [15]. Dramatic deterioration
of toughness and ductility occurs from a small percentage of the sigma phase [10]. By either slow
heating or cooling, the sigma phase can form at the thermo-dynamical stability from 600 ◦C to 1000 ◦C
by passing through this temperature range [10,16]. Furthermore, the sigma formation induces a
pronounced variation, between the ferrite and austenite, in partitioning of Cr, Mo and Ni. This
alloy partitioning cuts down the pitting and crevice corrosion resistance in chloride environments
especially [10].

Thermal cycling is the alternated heating and cooling of a material until it experiences atomic
diffusion to reach the equilibrium, relieving stresses and homogenization [17]. AISI 316L stainless
steel, after four cycles between 900 ◦C and 25 ◦C, exhibits fine 0.8–1.2 µm grains that confer an
increase in material strength greater than that of the original 90–120 µm grain size after solid solution
treatment for 1 h at 1060 ◦C [18]. In an aluminum-killed (AIK) grade steel sheet, the kinetics of
phase transformation, recrystallization, and grain growth [19] can be accelerated for samples cyclically
annealed at temperatures of 465–525 ◦C with a ramp rate of 3 ◦C·min−1 for 5 h. The high nickel content
of AISI 304L was utilized to study polycrystalline materials in a surge of activity on enhancing the
mechanical properties through the transformation of ultrafine grains and nanostructures. A higher
content of Ni prevents the generation of delta ferrite and simultaneously prevents or delays the
occurrence of martensite (α’) by deformed strain. Before the thermal cycling tests, 304L steel was solid
solution treated for one hour at 1060 ◦C. Nano-sized grains of 260 nm to 500 nm were obtained by
thermal processing of four cycles between 25 ◦C and 775 ◦C with 30 s of holding. Cycling between 25 ◦C
and 925 ◦C for two cycles with 30 s of holding yielded the finest average grain size of approximately
240 nm [20]. Overall, an ultrafine grain austenite microstructure can be obtained with the appropriate
cyclic temperature range ∆T (the difference between the peak and the bottom temperature) combined
with the appropriate number of cycles. The good strength combined favorable ductility of the
nanostructured stainless steel is attributed to its ability to be work hardened through the transformation
of strain induced martensite (SIM) during deformation [20]. Two kinds of reversion processes in
low-carbon steels: (1) cyclic transformation between martensite and austenite, the so-called thermal
cycling, and (2) reversion from tempered and cold-rolled lath martensite, can refine the austenite grain
sizes smaller than 5 µm. Eventually, fine-grained austenite structures with grain sizes of 1–2 µm were
obtained from both processes [21–23].
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The motivation of this study is to seek an innovative manufacturing process for improving the
strength and toughness of structural materials by the largest temperature difference between 25 ◦C and
1100 ◦C to generate the largest thermal stress, in order to investigate the un-expected microstructure
transformation. The object of this study was to study the variations in the volume fraction, grain
size, grain orientation, and grain boundary angle distribution in SAF 2507 duplex stainless steel (DSS)
through large-∆T (large temperature range) thermal cycling. The variations in these factors followed
the tendency of the thermodynamic equilibrium state.

2. Materials and Methods

The chemical composition of super duplex stainless steel (DSS) SAF 2507 made in a 4 mm thick
plate by SANDVIK was detected by a Glow Discharge Spectrometer (GDS) and is listed in Table 1. The
plate of DSS SAF 2507 was cut into small coupons with dimensions of 4 mm (H)× 5 mm (W)× 10 mm (L).
The coupons of super DSS were placed in a vacuum system with 1.7 × 10−3 torr, heated to a solid
solution (SS) temperature of 1100 ◦C, held for 15 min, and then quenched in 25 ◦C oil. The above
process was repeated twice and termed 2SS. A series of subsequent different thermal cycling tests were
carried out following 2SS. The specimen was heated at 1100 ◦C for 1 min, then rapidly quenched in oil
at 25 ◦C for 1 min, heated again to 1100 ◦C and quenched again. The same process was repeated 3 times
and termed 2SS + 3 cycles. Other thermal cycling parameters were employed, such as 2SS + 7 cycles,
2SS + 13 cycles, and 2SS + 20 cycles. A schematic illustration of the thermal cycling is presented in the
plot of Figure 1 [24]. A short holding period of 1 min at the peak temperature was selected mainly to
inhibit the grain growth [20]. Short soaking periods at the annealing temperature of about 1 min are
generally recommended for reducing costs from an industrial viewpoint [18,25].

Table 1. Chemical composition of super duplex stainless steel (DSS) SAF 2507 (wt. %) by Glow
Discharge Spectrometer.

C Cr Ni Mo Mn Si Cu N P Fe

0.01 24.8 6.25 3.74 0.62 0.43 0.33 0.243 0.02 Bal.
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Figure 1. Schematic illustration of the cyclic thermal process. Modified according to [24].

To study the crystalline constituent evolution of this material during thermal cycling, X-ray
diffraction (XRD) was conducted with the Bruker D2 Phaser at 30 kV with Cu Kα (λ = 0.154056 nm)
to identify various crystalline phases. The scan rate was 0.04◦/s with 0.5◦/s steps from 35◦ to 95◦

(2θ) [16,26].
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The samples for electron backscatter diffraction (EBSD) analysis were mechanically polished to a
smooth surface through a series of grit papers with different numbers, and then further polished with
0.05 µm alumina powder before being electropolished with an electrolyte of 5% perchloric acid, 20%
glycerol and 75% ethanol under a voltage of 35 V for approximately 30 s at a temperature of −5 ◦C to
−10 ◦C. Thermal cycling samples for EBSD examination placed in the scanning electron microscope
(SEM) were tilted approximately 70◦ and the Kikuchi patterns created by the back-scattered electrons
were recorded. The EBSD scans using the secondary electron imaging mode were performed under
the SEM at 20 kV. The EBSD maps were acquired by using a step size of 0.25 µm. The crystallography
mapping was performed by SEM with EBSD in a JEOL JSM-7800f Prime field emission gun SEM
equipped with a NordlysNano EBSD detector. The mapping results have a detection rate of above 90%.
The grain size was determined in the EBSD system by the mean linear intercept method. Raw datasets
were processed in the software HKL Channel 5 and collected by the software AZTEC 3.2.

3. Results

3.1. The Microstructure of XRD and EBSD

The correlation between the phase fraction and temperature in DSS are exhibited in Figure 2,
which was calculated by Thermo-Calc. As shown in that figure, only two phases, δ and γ, coexisted
above 980 ◦C, and there was no intermediate σ phase. Therefore, a high temperature of 1100 ◦C was
chosen as the temperature of the SS treatment and the peak temperature (Tmax) of thermal cycling to
achieve the study goal of the largest ∆T in the cyclic thermal process. To verify the evolution of the
crystalline constituent after the cyclic thermal process, the results of the XRD are plotted in Figure 3.
The only ferrite and austenite were observed in the as-received, 2SS, 2SS + 3 cycles, 2SS + 7 cycles, and
2SS + 13 cycles specimens. Moreover, the δ phase XRD peak intensity decreased and the σ phase peak
intensity appeared only at 2SS + 20 cycles (Figure 3).
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The volume changes of the various phases are shown in Figure 4 as a function of thermal cycles.
It was found that the γ volume decreased and the δ volume increased from 2SS + 3 cycles to 2SS + 7
cycles, consistently with the thermodynamic prediction in the temperature range of 850 ◦C to 1000 ◦C
in Figure 2, to achieve the ideal equilibrium ratio of δ:γ = 1:1 at 2SS + 7 cycles, as depicted in the
green square in Figure 4. After the intersection point at 2SS + 7 cycles in Figure 4, the γ phase volume
inversely increased and the δ volume decreased with increasing numbers of cycles (2SS + 13 cycles and
2SS + 20 cycles), causing the formation of small γ’ grains, indicated by the fine dotted pink rectangle
and purple rectangle in Figure 4, based on the δ phase eutectoid decomposition of δ→ σ + γ’ [5,27].
This so-called secondary γ’ with high nickel and low chromium content is generated from the eutectoid
decomposition of δ. The total γ volume increase resulted from the eutectoid γ′ merging into the
original γ phase grain, as indicated by the fine dotted pink narrow rectangle in Figure 4.
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In addition, the grain sizes of the δ and γ phases were influenced by the cycles, as shown in
Figure 5a. The grain sizes of γ and δ initially increased due to grain growth. After that, the γ grain size
decreased from 2SS + 3 cycles to 2SS + 7 cycles due to the dynamic recrystallization of the γ phase
(Figure 5). During thermal cycling, heterogeneous stresses and strains that developed between the δ

phase and γ phase favored recrystallization over grain growth, thus leading to grain refinement [18,28].
The eutectoid decomposition of the δ phase resulted in the γ grain size increasing slightly due to the
merged γ’ and the δ grain size shrinkage at 2SS + 13 cycles and 2SS + 20 cycles, as depicted in Figure 5a.
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Figure 5. (a) Grain size variation of various phases versus the number of thermal cycles; (b) electron
backscatter diffraction (EBSD) images for phase identification.

When the correct constituent phases are provided, EBSD analysis can easily identify crystalline
structures and quantify phase volumes. The orientation of the crystalline lattice planes and the crystal
structure were dependent on the positions of the Kikuchi lines in an EBSD pattern. The basis of phase
quantification is the fraction of the area covered by a single phase and proportional to the given phases
volume (area fraction) in EBSD phase maps. The corresponding EBSD phase map is presented in
Figure 5b for different cycle numbers of thermal processes. Red represents the δ phase; blue, the γ

phase; and yellow, the σ phase. An intermetallic phase of the σ phase is a tetragonal crystal structure
that is formed in the range of 600–1000 ◦C in SAF 2507 [13,14]. At this temperature, the phase χ, which
is the precursor of phase σ, may occur in DSS. Phase χ is associated with negative effects on mechanical
properties [24]. Most δ ferrite (red) grains shrank and were replaced by the σ phase (yellow) at 2SS + 20
cycles in Figure 5b.
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3.2. Misorientation Angle and KAM Analysis

3.2.1. Misorientation Angle Analysis

A low angle grain boundary (LAGB) is assigned as the definition of misorientation, θ < 15◦.
During plastic deformation, the free dislocations generated can readily rearrange themselves and lead
to the development of LAGB for quite a lot of grains [25] in Figure 6a. However, θ > 15◦ is termed
a HAGB (high angle grain boundary). A misoriented angle distribution was observed in all grains
after different numbers of thermal cycles, as summarized in Figure 6a–d. The grain boundary angle
changed with the thermal cyclic number. Particularly, the grain boundary angles of most γ grains were
concentrated between 53◦ and 63◦; they were not affected by the thermal cyclic number (Figure 6b). It
has been reported that newly reverted γ assembles the lath martensite at high-angle boundaries after
repeated thermal cycles [20,24]. The complexity increases because of the simultaneous presence of δ and
γ phases in DSS. Some reports have indicated that the ferrite phase of DSS exhibits dynamic recovery
(DRV) at high temperatures, and the austenite phase of DSS dynamic recrystallization (DRX) [29,30].
Because γ has a lower yield stress than δ in DSS, thermal stress-induced plastic deformation occurred
earlier at the γ grains. Thus, most HAGBs higher than 50◦ triggered DRX in the γ grains, including
annealing twins after annealing, and led to a buildup of higher misorientation between neighboring
sub-grains [31–33] in Figure 6b. In contrast, all the misorientation angles of the δ phase exhibited
a random wide distribution from 2◦ to 63◦ for all the different thermal cycling parameters, such as
as-received, 2SS, 2SS + 3 cycles, 2SS + 7 cycles, 2SS + 13 cycles, and 2SS + 20 cycles in Figure 6a,d. It was
noted that the misorientation angle distributions of the δ and σ grains were very similar, as depicted
in Figure 6c. This plausibly confirmed that the σ grains originated from δ grains in situ by eutectoid
decomposition in the 2SS + 20 cycles condition. Intrinsically, the bcc δ phase had high stacking
fault energy (SFE), and the fcc γ phase had low SFE [25,34]. The δ ferrite showed DRV, with high
stacking fault energy, by the rearrangement of accumulating lattice dislocations through slip systems
to form the substructures and subgrains. The γ austenite, with lower stacking fault energy, showed
DRX to generate some HAGB and twin boundaries at around 57.5◦ [31,34], as shown in Figure 6b.
Recrystallization caused most grains with misoriented HAGB to be driven by the thermal cycling
induced thermal stress assisted thermodynamic equilibrium, as shown in Figures 4 and 6d (dotted
vertical rectangle) at 2SS + 7 cycles. Consequently, the number of HAGB grains increased and the δ:γ
ratio was the ideal 1:1, in contrast to the unchanged misoriented angles of γ grains in Figure 6b. It is
noted that the misorientation angle distributions do not account for boundaries with misorientations
below 2◦ because of the intrinsic limitations of the EBSD technique [35].

3.2.2. Kernel Average Misorientation (KAM) Analysis

KAM analysis is helpful to understand local lattice distortion, local deformation, and high
dislocation density, which indicate the strain energy stored in the grain [36,37]. KAM maps express the
misorientation between data points and their neighbors. The extent of deformation in grains can be
estimated from KAM maps. Without considering misorientations higher than 5◦, KAM scans were
measured by calculating the misorientation of each point up to its third neighbor [38,39]. Detailed KAM
of less than 5◦ under different thermal cycles for each phase is plotted in Figure 7. The misorientation
between the grain boundaries and interior grains was elucidated based on this limit on misorientation
values chosen. The degree of local crystalline misorientation within each grain was determined by
the illustrated color-typed code. Red (5◦) corresponds to the highest misorientation, whereas blue
(0◦) corresponds to the grains without any misorientation [29]. In Figure 7, the KAM maps show
the misorientation at the interfaces between the γ, δ, and σ phases, in an order of the as-received
(Figure 7a), 2SS (Figure 7b), 2SS + 3 cycles (Figure 7c), 2SS + 7 cycles (Figure 7d), 2SS + 13 cycles
(Figure 7e), and 2SS + 20 cycles (Figure 7f) from 0◦ to 5◦. The KAM distribution shifted from a low
angle in blue to higher angles in other colors as the cycle number increased, which indicated changes
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in the misfit between grain boundaries. High degrees of misorientation are expressed by bright green
and yellow on the key bar (Figure 7).
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Figure 6. Distribution of grain boundary misorientation angles at different thermal cycles for (a) δ
phase; (b) γ phase; (c) the condition of 2SS + 20 cycles; (d) a statistical histogram of delta ferrite grain
boundary angle classification.

The KAM mapping and the distribution of number fractions versus KAM below 5◦ represented
local plastic strain in green in mapping under the thermal cycling condition. A solid red line indicated
the δ grains with lower local misorientation (less plastic strain), comparing with a dotted blue line
indicated the γ grains with higher local misorientation, both at different thermal cycles, as depicted
in the line plot of Figure 7. The δ and γ KAM curves were coincident after two solid solution cycles
(Figure 7b) and better than that of the as-received material (Figure 7a). Compared with the low local
strain in the as-received and solid solution treated samples, the KAM of the δ and γ grains had a
tendency for high local strain caused by thermal cycling, as shown in Figure 7c–f. The blue dotted
line shape of the γ KAM curves varied significantly more than the red solid line shape of the δ KAM
curves after thermal cycling because DRX occurred in the γ phase in Figure 7c,d. The same trend
of both the red-line shape for δ and the blue dotted line shape for γ plausibly resulted from the
initiation and nucleation of δ eutectoid decomposition at 2SS + 13 cycles in Figure 7e. In the 2SS +

20 cycles condition, the σ formation induced a higher KAM strain at the σ grain boundary than at
the δ and γ grain boundaries, as shown in Figure 7f. The blue mapping inset in Figure 7 represents
the grain region adjacent to the boundary with a very low dislocation density [29]. Generally, the
high dislocation density results in a subgrain angle > 1◦ [40–43] which can lead to the deformed
grains having KAM > 1◦, whereas the recrystallized grains have KAM < 1◦. The newly formed grains
during recrystallization revealed a random texture. The local dislocation density distribution and the
recrystallization fraction [44,45] might be examined from KAM results. In the DSS, the misorientations
(>15◦) among grains also dominated the location of σ formation. The σ precipitation sites were favored
at high crystallographic misorientation sites between the γ/δ and δ/δ boundaries. Meanwhile, the
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amount of σ content increased and the minimum critical deviation angle for σ phase formation was
reduced [46] as the annealing time increased.
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3.3. Grain Orientation Variation

The inverse pole figure (IPF) obtained by EBSD exhibited the most frequent grain orientation
analysis on normal direction (ND) planes, as shown in Figures 8 and 9 for different thermal cycles. The
δ phase grain orientation changed in the order shown in Figure 8(a-1–f-2) as follows. The most frequent
δ orientations of most grains in the as-received material were <001> and <111>, which changed to
close to <113> and <001> orientation and <111> disappeared at 2SS. The most frequent orientations
transferred to <101> and <111> at 2SS + 3 cycles, then to the most frequent orientation <111> with a
few grains at <112> at 2SS + 7 cycles and the most frequent orientation was <001> at 2SS + 13 cycles.
Consequently, most grains had random orientation, with few grains of the most frequent <111> at
2SS + 20 cycles. This can plausibly be explained by either recrystallization of δ or the new σ grain
formation by the eutectoid reaction at 2SS + 20 cycles.
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On the other hand, the grain orientation of the γ phase in the texture changed in Figure 9(a-1–f-2)
as follows. The grains showed an arbitrary oriented distribution for as-received materials, then formed
a most frequent <315> orientation close to <101> at 2SS and 2SS + 3 cycles, then turned to <315>

orientation slightly away from <101> at 2SS + 7 cycles, and stayed at <315> orientation nearby <101>

with a few <213> grains at 2SS + 13 and 2SS + 20 cycles. In comparison, the grain orientation of the δ

phase was variable, but the grain orientation of the γ phase was relatively stable around <315> close to
<101> and was not affected by the number of thermal cycles or the precipitation of the σ phase caused
by the eutectoid reaction.

4. Discussion

The insight into microstructure variation needs to understand, furthermore, the thermal stress
induced transformation mechanism. The γ phase volume decreased and the δ phase volume increased,
corresponding to the trend of the Thermo-Calc thermodynamic equilibrium plot in Figure 2 (σ purple
dotted line frames at 2SS + 3 cycles). The ratio of the δ phase to the γ phase reached the ideal 1:1 at
2SS + 7 cycles. Conversely, the volume of the γ phase began to increase due to the constituents of the
γ phase plus the γ’ phase from the eutectoid reaction of δ grains at 2SS + 13 cycles and at 2SS + 20
cycles. The σ grains were rich in Cr and Mo, resulting in the depletion of passivating alloy in the
adjacent phases. Meanwhile, this process led to a local relative increase in the Ni concentration in the
adjacent phases, assisting the secondary austenite (γ’) formation in a lamellar structure in the vicinity
of the sigma phase [47]. This phase transformation resulted from diffusion of the alloying elements,
such as Mo and Cr, and led to new phase formation through thermal cycling. A small-sized σ phase
appeared at 2SS + 20 cycles and was presumed to have resulted from the insufficient holding time
at 1100 ◦C during the thermal cycles, leading to the easy nucleation of the σ phase, as depicted in
Figure 10b. The high susceptible σ phase formation in DSS is attributed to a higher content of the
ferrite-stabilizing alloy, Cr, Mo, and Si, in the δ phase, accompanying the austenite-stabilizing elements
of C, N, and Ni which are less soluble [48]. The σ phase generation results from the δ phase having
high affinity of Cr and Mo and higher diffusivity in the body center open structure than that in the γ

phase of close packed structure. This process occurs through a eutectoidal decomposition of δ-ferrite
transformation: δ→ σ + γ′. Cr and Mo were absorbed by the σ phase during the migration of the
phase boundary, whereas Ni was rejected by the adjacent transformed γ′ [49], as illustrated on the
right side of Figure 4. This is called second austenite γ′ transformation because of the accompanying
Ni enrichment. Moreover, the σ phase nucleated at either the γ/δ or δ/δ grain boundaries and grew
into ferrite grains until the end of the transformation in Figure 10b [27].

The grain sizes of variously-oriented γ and δ grains are plotted at the top of Figure 10 for 2SS
(blue bar) and 2SS + 20 cycles (red bar). The γ phase map in blue at 2SS + 20 cycles revealed numerous
twins (twin boundaries depicted with green lines in Figure 10b embedded among the large γ grains,
some of which attracted small γ’ grains. No twins were found inside the δ and σ grains in Figure 10b.
It was found that the γ and δ grain sizes were both refined significantly by the large ∆T thermal cycling
process, as shown in Figure 10a.

The fine grain size formation was caused by the thermal stress induced by
the thermal cycling [28]. In addition, the equivalent isothermal temperature Tiso,
Tiso = Tminimum + 0.63 (T maximum − Tminimum), of the cyclic temperature is a more conservative
reference temperature than the mean temperature [Tmean = 1

2 (T maximum + Tminimum)] of the cyclic
profile [50].
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Figure 10. (a) Comparison of grain size distribution for the γ and δ phases under thermal cycles at 2SS
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phases at 2SS + 20 cycles.

The KAM mapping represented local plastic strain generated under the thermal cycling condition
in Figure 7c–f. After local plastic deformation from thermal cycling, two dislocation configurations
were theoretically observed in the deformed microstructure [51], i.e., (i) statically stored dislocations
(SSDs) and (ii) geometrically necessary dislocations (GNDs). Comparing the KAM results of δ and γ

grains with the low local strain in the as-received and solid solution treated samples, a tendency of
high local strain was caused by the thermal cycling in Figure 7. With increases in strain, dislocations
produced by deformation spontaneously assemble into boundaries with large misorientation, which
can accommodate the lattice rotation inside the grain [52]. The lower dislocation density provided a
small misorientation with lower stored strain energy. Therefore, the stored-energy difference between
dislocation-poor areas was pretty low. The above comments are consistent with the KAM results
shown in Figure 7.
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5. Conclusions

The variations of different phase grain orientations and KAM grain boundary misorientations
were investigated after different cyclic numbers of thermal processes with large ∆T. The grains initially
grew and then shrank as the cyclic numbers of thermal process increased. The average γ and δ grain
sizes were reduced due to recrystallization and the small γ’ grain formation by the eutectoid reaction.

1. The volumes of the δ phase and the γ phase reached the ideal ratio of 1:1 at 2SS + 7 cycles,
following the thermodynamic equilibrium. The grain boundary misorientation angles of most γ
grains ranged between 53◦ and 63◦ and were not affected by the thermal cycles. In contrast, the
misorientation angles of δ grains were widely distributed from 3◦ to 63◦.

2. The KAM value was affected by the thermal cycles, and its distribution of γ grain change was
always significantly greater than that of the δ grains because of the γ recrystallization and
twin formation.

3. However, the most frequent orientation of δ varied from as-received <001> and <111> to <001>

and <113> → <101> and <111> → <111> with few <112> → <001> → few <111> as the
cycle numbers increased. This was attributed to the grain rotation during growth and the
recrystallization of δ grains.

4. In contrast, the most frequent orientation of the γ phase was stable and stayed at <315> orientation
close to <101>.

5. The σ formation generated a wider KAM angle distribution than did the γ and δ grains at 2SS + 20
cycles, representing the high local strain produced between σ and γ, or between σ and δ, or
between σ and σ.
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