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Abstract

Fe–Cr–Co alloys are deformable hard-magnetic materials that combine high coercivity
with the possibility of conventional thermomechanical processing. In this work, the tran-
sition from limited ductility to superplastic deformation was investigated in industrial
23Kh15KT (Fe–23Cr–15Co) and 30Kh23K (Fe–30Cr–23Co) alloys by varying phase composi-
tion and phase morphology. Tensile tests were conducted at 800–1050 ◦C and strain rates of
1.6 × 10−4–1.6 × 10−1 s−1. The microstructures were characterized using optical mi-
croscopy, scanning electron microscopy, transmission electron microscopy, and X-ray
diffraction to evaluate phase constitution, grain size, and the evolution from lamellar
to globular microduplex morphologies. The ultrafine-grained globular structures exhibited
features characteristic of superplastic deformation during high-temperature tensile testing.
The most favorable tensile response was observed at 900 ◦C for 23Kh15KT and at 950 ◦C for
30Kh23K. Under these conditions, the globular microduplex states showed high elongation
to failure and strain-rate sensitivity coefficients of approximately m = 0.43 and m = 0.47, re-
spectively. In contrast, the initially lamellar 23Kh15KT structure showed pronounced strain
hardening and only partial fragmentation and spheroidization of the lamellae. In 30Kh23K,
the lamellar morphology transformed more completely into a fine globular microduplex
structure, which was accompanied by stable high-temperature deformation behavior. The
results demonstrate that grain refinement alone is insufficient to promote superplastic-
ity in Fe–Cr–Co alloys; the formation of a fine globular microduplex morphology is also
required to provide favorable conditions for grain-boundary-sliding-mediated deforma-
tion. Complementary compression experiments revealed progressive fragmentation and
spheroidization of lamellar structures at elevated temperatures. These findings provide a
structural basis for the thermomechanical processing and potential superplastic forming of
complex-shaped Fe–Cr–Co alloy components.

Keywords: magnetic materials; microduplex structure; superplasticity; globularization;
strain rate

1. Introduction
Permanent magnets are key components in modern aircraft manufacturing, rocket

engineering, shipbuilding, and instrument making [1–3]. Increased power, speed, and
operating temperatures place greater stress on magnetic elements, requiring not only high
magnetic performance but also good mechanical properties: strength, wear resistance, and
impact toughness [4–6].

Currently, NdFeB magnets [7–11] dominate the industry due to outstanding mag-
netic properties. However, their inherent brittleness prevents use under high mechanical
loads [12], and their intermetallic structure makes deformation virtually impossible except
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at very high temperatures (700–1000 ◦C) [13]. Similar limitations apply to other intermetallic
magnets such as Sm-Co [14,15], Sm-Fe-N [16,17], and Al-Ni-Co [18].

Fe–Cr–Co alloys occupy a unique niche among deformable magnetically hard ma-
terials: with magnetic properties comparable to AlNiCo, they retain the ability to be
processed by conventional metallurgical and deformation technologies [19–21], enabling
complex-shaped parts (gyroscopes, sensors, navigation systems). High coercivity arises
from spinodal decomposition of a supersaturated bcc α-solid solution into a ferromagnetic
α1-phase (Fe-Co rich) and a weakly magnetic α2-phase (Cr enriched) at 500–720 ◦C [22]; the
morphology and volume fraction of α1-precipitates (rods/parallelepipeds ~200–300 nm)
directly determine coercivity and energy product.

Depending on Cr/Co content and temperature, the equilibrium structure may also
contain an fcc γ-phase and an ordered tetragonal σ-phase (stable at 700–1100 ◦C in highly
alloyed grades) [23]. The σ-phase increases hardness but reduces ductility due to its
covalent bonding. The presence, fraction, and morphology of γ and σ phases govern
deformation behavior, creating a fundamental trade-off: alloying for magnetic performance
enhances multiphase complexity and brittle fracture tendency [23].

Recent research has expanded into powder metallurgy [24], additive manufacturing
(Laser Powder Bed Fusion (LPBF) [25], Laser Directed Energy Deposition (LDED) [26]), and
severe plastic deformation (SPD) [27]. Mo additions segregate to α2, enhancing lattice misfit
and magnetic properties [28]; Pt promotes γ-phase formation to pin domain walls [29];
metal injection molding MIM enables low-Co compositions [24]; LPBF of Fe–25Cr–15Co
yields magnetic properties comparable to casting despite ~10 wt.% FeO formation [25].
Conventional W/Ga-alloyed grades achieve σ0.2 = 1600 MPa at δ = 6.4% via 5 nm disper-
soids [30], while LDED WC/FeCrCo composites show superior wear resistance [26].

SPD (torsion + tension) of Fe–30Cr–8Co and Fe–25Cr–15Co at 700–850 ◦C produces
gradient UFG surface layers (~12 µm, 49% high angle boundaries (HABs)) with σ-phase
precipitation and ultimate tensile stress ( UTS) ~970 MPa, retaining magnetic properties [27].
Critically, superplastic behaviour and the mechanisms governing the brittle-to-ductile
transition were not analyzed in these studies [27].

In duplex systems, a universal structure–property link is established: a lamellar two-
phase morphology correlates with brittle/limited ductility, whereas a globular ultrafine-
grained (UFG) microduplex morphology is a prerequisite for superplasticity [31]. For
duplex stainless steels (α+γ), lamellar-to-globular transition activates grain boundary
sliding (GBS), raising strain rate sensitivity m to 0.4–0.5 [31]. A second phase (carbides,
σ-phase, martensite) at 5–20 vol.% thermally stabilizes the UFG structure during hot
deformation [32]. Furthermore, superplasticity requires the grain size d to be smaller than
the accommodation subgrain size λ, allowing dislocation climb at triple junctions; otherwise
(d > λ), dislocations climb to subgrain boundaries and GBS is suppressed [32–34]. This
principle holds for lean Fe–Mn–Al steels (δ > 1300% at 850 ◦C) [35] and nano/UFG duplex
stainless steels (δ > 800% at 650 ◦C) [35]. In Fe–24Cr–7Ni–3Mo–0.14N steel, superplasticity
accompanies a phase evolution α→ α+γ→ α+γ+σ→ γ+σ, controlled by GBS and dynamic
recrystallization [36].

For Fe–Cr–Co alloys, this “phase composition → morphology → deformation mode”
map remains absent. Most studies focus on magnetic/processing properties of pow-
der/additive materials or post-SPD strength, while the detailed relationship between
phase constitution (α+γ in 23Kh15KT; γ+σ in 30Kh23K), phase morphology (lamellar vs.
globular), and high-temperature deformation behaviour (brittle/ductile/superplastic) is
lacking. Given that Fe–Cr–Co alloys are two-phase α+γ and γ+σ systems, they are fun-
damentally analogous to duplex steels, Fe–Mn–Al, and Ti alloys where superplasticity is
established [37,38]. This suggests the brittle-to-superplastic transition in Fe–Cr–Co is struc-
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turally attainable if the lamellar morphology is deliberately transformed into a globular
UFG state.

The present study experimentally tests this hypothesis for industrial alloys 23Kh15KT
(Fe–23Cr–15Co) and 30Kh23K (Fe–30Cr–23Co). The objective is to determine how phase
composition, phase morphology, and the degree of globularization of the two-phase struc-
ture affect high-temperature deformation behavior and enable the transition from brittle
to superplastic state. The work comprises comprehensive analysis of initial microstruc-
tures, phase composition vs. temperature, structural evolution during deformation (TEM),
stress–strain curves, temperature dependence of mechanical properties, and strain rate
sensitivity of flow stress. The results are of fundamental interest for deformation physics
of heterophase magnetic materials and practical importance for developing superplastic
forming technologies for Fe–Cr–Co components with a complex geometries.

2. Materials and Methods
Fe-Cr-Co alloys belong to the class of deformable hard magnetic materials strength-

ened by dispersion hardening. In this work, the 23Kh15KT and 30Kh23K alloys were used.
The chemical composition of the Fe-Cr-Co alloys is given in Table 1.

Table 1. Chemical composition of Fe–Cr–Co alloys (wt. %).

Alloy Cr Co Ti V Si Fe

30Kh23K 30.5 23 0.4 0.4 0.4 base
23Kh15KT 23 15 1 0.4 - base

Tensile and compression tests were carried out on an Instron universal testing machine,
model 5982 (Instron, High Wycombe, United Kingdom) at temperatures of 800, 850, 900,
950, 1000, and 1050 ◦C and at strain rates of 10−1–10−4 s−1. The deformation specimens
were cut using an electrical discharge machine. Tensile tests were conducted on flat dog-
bone specimens (gauge 12 × 4 × 2 mm). Cylindrical specimens with a diameter and
height of 10 mm were used for compression tests. Strain was evaluated from crosshead
displacement corrected for machine compliance. Specimens were heated at 10 ◦C/s and
held for 180 s prior to deformation (temperature stability ±2 ◦C), testing was performed in
air, and each condition was evaluated on three independent specimens (n = 3).

The strain-rate sensitivity coefficient, m, was determined from intermittent strain-rate-
jump tests conducted at constant temperature in the steady-state deformation regime. It
was calculated as the slope of the logarithmic flow-stress–strain-rate relationship at constant
temperature and approximately constant true strain:

m = (∂ ln σ/∂ ln
.
ε)T, ε.

For two adjacent strain-rate steps, the coefficient was calculated according to:

m = ln(σ2/σ1)/ ln(
.
ε2/

.
ε1),

where σ1 and σ2 are the stabilized flow stresses measured at strain rates
.
ε1 and

.
ε2, respec-

tively. The analysis was performed using tensile data at 900 ◦C for 23Kh15KT and 950 ◦C
for 30Kh23K, at true strains of approximately 0.2–0.5. The strain-rate interval used for
the strain-rate jumps was 1.6 × 10−4–1.6 × 10−2 s−1. Only stabilized flow-stress values
obtained after each strain-rate step were used in the calculation. The experimental scatter
of the calculated m values was approximately ±0.03.
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Phase identification was performed by X-ray diffraction (XRD DRON 4-08(NPP Bu-
revestnik, St. Petersburg, Russia), Cu Kα, 2θ = 20–120◦) on all initial structures (quenched,
lamellar, globular) for both alloys. Quantitative phase fractions were determined by image
analysis of SEM micrographs (thresholding, ≥10 fields/view). Grain size was determined
by the line-intercept method (ASTM E112) [39] on five random fields per sample and is
reported as mean ± range; for lamellar structures, the average longitudinal and transverse
lamella dimensions (or interlamellar spacing) are reported instead, since a single equiaxed
grain-size value is not applicable to an anisotropic lamellar morphology. The morphology
of the second-phase particles was further characterized by the mean aspect ratio (AR),
measured on the available micrographs for each condition, and each initial structure was
additionally assigned a qualitative morphological classification—single-phase, lamellar, or
fully globular—consistent with the staged structural evolution observed during compres-
sion. A single threshold-based globularization fraction was deliberately not adopted, as
no standardized aspect-ratio cutoff exists for this parameter in the literature; instead, the
combination of grain size, mean AR, and qualitative morphological classification provides
a reproducible basis for comparing the degree of lamellar-to-globular transformation across
samples. All quantitative and qualitative microstructural metrics for the initial structures
are summarized in Table 2.

Table 2. Microstructural characteristics of the initial structures.

A
ll

oy Condition Grain size/Lamella
Dimensions (µm)

Phase Fractions
(vol.%)

Mean Aspect
Ratio (AR)

Morphology
Classification

23
K

h1
5K

T

Quenched 2.6 ± 0.4 α: 100 — Single-phase

Lamellar 4.7 (long.)/
1.3 (transv.) α: 58 ± 3; γ: 42 ± 3 ~3.6 * Lamellar

Globular
(70% strain) 3.5–4.0 * α: 62 ± 3; γ: 38 ± 3 ~1.4–2.0 * Fully globular

(spheroidized)

30
K

h2
3K

Quenched 2.3 ± 0.3 α: 100 — Single-phase

Lamellar interlamellar
spacing ≈ 1 γ: 49 ± 3; σ: 51 ± 3 ~4.0 * Lamellar

Globular
(annealed after

80% rolling)
≈1.0 γ: 48 ± 3; σ: 52 ± 3 ~1.3–1.6 * Fully globular

(spheroidized)

Note: Values marked with an asterisk are indicative estimates based on the available archival micro-
graphs and are provided for comparative purposes. Phase fractions are reported as mean ± estimated
uncertainty from image analysis of at least ten fields per condition.

Microstructural characterization was carried out using an Axio Vert-100A optical
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) and a Tescan Mira 3LMH
scanning electron microscope (SEM) (TESCAN ORSAY HOLDING, Brno, Czech Republic)
equipped with secondary electron (SE) and backscattered electron (BSE) detectors. The
average area (S) and volume fraction (V) of the phases were quantified by computer-assisted
image analysis, manually tracing the perimeter of each particle, while the average grain
size was determined using the line-intercept method.

TEM foils were prepared by twin-jet electropolishing using a Tenupol-5 facility (Struers
ApS, Ballerup, Denmark). Discs of 3 mm diameter were mechanically pre-thinned to
approximately 80–100 µm and electropolished to perforation in an electrolyte consisting of
10 vol.% perchloric acid (HClO4) and 90 vol.% n-butanol at −25 ◦C and 25–30 V. Bright-
field imaging and selected-area electron diffraction (SAED) were performed using a JEOL
JEM-2100 transmission electron microscope (JEOL Ltd., Tokyo, Japan) operated at 200 kV.
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3. Results and Discussion
As described in the previous section, depending on the chemical composition, the

alloys of this system exhibit different phase compositions in the temperature range
500–1300 ◦C [22,27,28]. In particular, the following phases are involved: a high-temperature
α phase, which is a bcc solid solution; a γ phase with an fcc lattice; an ordered σ phase,
which exists as an equilibrium phase in the highly alloyed 30Kh23K alloy in the temperature
range 700–1100 ◦C, and the isomorphic (α1+α2) phases that form via spinodal decompo-
sition during heat treatment on cooling from 720 to 520 ◦C, leading to a high-coercivity
magnetic state. In order to obtain the desired phase composition in these alloys, it is
necessary, prior to annealing in the corresponding phase field, to perform quenching from
the single-phase α solid-solution region, which lies above 1150 ◦C for the 23Kh15KT alloy
and above 1300 ◦C for the more highly alloyed 30Kh23K alloy. The evolution of the phase
composition with increasing temperature for the 23Kh15KT and 30Kh23K alloys is shown
in Figure 1 (a and b, respectively). Representative XRD patterns of the studied alloys are
shown in Figure 1c,d.

  
(a) (b) 

  
(с) (d) 

Figure 1. (a) Temperature dependence of the phase composition in the 30Kh23K alloy. (b) Temperature
dependence of the phase composition in the 23Kh15KT alloy (note the isomorphic α1+α2 phase that
forms during spinodal decomposition). Error bars represent ±3 vol.% (typical image analysis
uncertainty for two-phase duplex structures). (c) X-ray diffraction pattern of 30Kh23K after heat
treatment to produce an α-solid solution at 1300 ◦C and subsequent annealing at 900 ◦C. (d) X-ray
diffraction pattern of 23Kh15KT after annealing at 950 ◦C.

3.1. Microstructure Formation in the 23Kh15KT Alloy

To study the influence of the initial structure on the deformation behavior in both
alloys, two types of two-phase structures were obtained: lamellar and ultrafine-grained
globular, microduplex type. When heating the 23Kh15KT alloy, previously quenched
with an α-solid solution, in the temperature range of 750–1250 ◦C, corresponding to the
(α+γ) phase region in the phase diagram, the γ-phase is released in the matrix grains of
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the α-phase in the form of lamellar packets. Several lamellar packets are formed within
a single α-phase grain, and within a single packet, all γ-phase lamellae have the same
orientation. However, such coarse structure has low deformation capacity. As it was shown
in [40], the use of preliminary cold deformation allows one to obtain a more dispersed
lamellar structure. To obtain such a structure in the 23Kh15KT alloy, blanks quenched
with a single-phase α-solid solution were rolled at room temperature and then annealed
at a room temperature of 900 ◦C for 30 min. As a result of such deformation–thermal
treatment, an (α+γ) lamellar structure is formed in the 23Kh15KT alloy, consisting of γ-
phase lamellae with average linear longitudinal and transverse dimensions of 4.7 and
1.3 µm. The increase in structural dispersion and homogeneity is due to the formation of a
homogeneous fine-grained structure by the onset of the α-γ transformation. To obtain a
globular (α+γ) structure in the 23Kh15KT alloy, the quenched blanks with a single-phase
α-solid solution were subjected to compression. Structural changes during compression
depend on temperature, strain rate, and strain degree. As the strain rate increases from
0.8 × 10−3 to 3.5 × 10−1 s−1 at a temperature of 950 ◦C and the strain degree increases, the
proportion of fragmented and spheroidized γ-phase increases, while the grain size in the
α-phase decreases. Increasing the degree of strain at a fixed rate of 0.8 × 10−3 s−1 and a
temperature of 950 ◦C initially leads to bending of the γ-phase lamellae and the appearance
of localized constrictions (Figure 2b). Then, at 50% strain, the localized constrictions merge
and transform into a chain of elongated, curved γ-phase grains (Figure 2c). Increasing the
degree of strain to 70% leads to an increase in the number of fragmented lamellae and the
formation of spheroidized γ-phase grains (Figure 2d). It was this structure that was used
as the globular one in the tensile experiments.

Figure 2. SEM images of the microstructure of the 23Kh15KT alloy, with γ and α phases marked.
The lamellar structure was obtained by rolling at room temperature followed by annealing at 900 ◦C
(a). Samples were subsequently compressed at 950 ◦C and a strain rate of 0.8 × 10−3 s−1: (b) 30%
strain—γ-phase lamellae in the α matrix; (c) 50% strain—partially spheroidized γ-phase lamellae;
and (d) 70% strain—spheroidized γ-phase lamellae.

3.2. Microstructure Formation in the 30Kh23K Alloy

Heating 30Kh23K alloy with an initial α-solid solution structure in the temperature
range of 700–950 ◦C, corresponding to the (σ+γ) region, results in the formation of a quasi-
eutectoid-type lamellar structure. For tensile experiments in 30Kh23K alloy, a two-phase
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(σ+γ) lamellar structure with an average interlamellar distance of 1 µm and an equal
volume fraction of the γ- and σ-phases was obtained by annealing the alloy for 1 h after
quenching it to form an α-solid solution at 900 ◦C (Figure 3a). It can be seen that the
structure consists of an uneven distribution of lamellar colonies of the γ and σ-phases with
an average interlamellar distance of 1 µm.

Figure 3. TEM bright-field microstructure of 30Kh23K alloy after annealing at 900 ◦C: (a) sample
without deformation treatment, (b) sample pre-rolled at room temperature (adapted from Ref. [41]),
and (c) the selected area electron diffraction pattern of σ- and γ-phases.

Annealing 30Kh23K alloy with the initial α-solid solution structure at temperatures
of 800–1000 ◦C after preliminary rolling at room temperature forms an ultrafine-grained
microduplex structure. For tensile testing in 30Kh23K alloy, a globular (σ+γ) structure with
a grain size of both phases of approximately 1 µm was obtained by annealing pre-rolled
80% room temperature samples at 900 ◦C (Figure 3b).

It should be noted that when compressing the 30Kh23K alloy in the temperature range
of 800–1050 ◦C and strain rates of 1.6 × 10−1–1.5 × 10−4 s−1, similar to the 23Kh15KT alloy,
typical signs of a gradual transformation from a lamellar structure to a granular one can be
observed. Moreover, the linear average grain size of the σ- and γ-phases increases with
increasing deformation temperature.

3.3. Mechanical Properties of 23Kh15KT and 30Kh23K Alloys Under Hot Deformation

To detect signs of superplasticity, alloy samples with lamellar and globular structures
were tested in tension at 800–1050 ◦C and strain rates of 1.6 × 10−1–1.5 × 10−4 s−1. Typical
curves for both alloys are shown in Figure 4 (a, lamellar structure; b, UFG structure); the
23Kh15KT and 30Kh23K alloys are represented by black and red curves, respectively. In the
23Kh15KT alloy with a fine-grained structure (Figure 4b), a steady-state flow stage began
after approximately 25% strain, and deformation proceeded with a gradual decrease in
flow stress, characteristic of superplastic flow. In the lamellar structure, sharp strength-
ening was observed up to 20% strain (Figure 4a), after which the hardening intensity
decreased slightly.

In the 30Kh23K alloy with a UFG structure (Figure 4b), the steady-state flow stage is
observed at a strain of 50%, and further deformation proceeds without noticeable hardening,
indicating superplastic flow. For samples with a lamellar structure, the stress–strain curves
show a sharp hardening up to a strain of 10%, followed by a smooth decrease in the flow
stress (Figure 4a). The flow stress rate sensitivity coefficient m increases from 0.21 to 0.47
with an increase in the strain from 10 to 120%. This indicates that the deformation acquires
characteristics of superplastic flow. Analysis of the structure of the 30Kh23K alloy sample
after deformation showed that the lamellar structure was completely transformed into an
ultrafine-grained one [42].
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(a) (b) 

Figure 4. Stress–strain curves for 23Kh15KT (black curve) and 30Kh23K (red curve) alloys with
lamellar (a) and UFG (b) structures under tension at 900 ◦C and a strain rate of 1.6 × 10−3 s−1.

3.4. Effect of Temperature on Mechanical Properties

Data on the effect of temperature on the mechanical properties of the alloys are shown
in Figure 5. The lamellar structures are shown on the left (a,c) and the UFG structures on
the right (b,d); 23Kh15KT is represented by the gray curve and 30Kh23K by the red curve.
The UFG curves in Figure 5b show maxima in elongation at break at 900 ◦C for 23Kh15KT
and 950 ◦C for 30Kh23K. For 23Kh15KT with a lamellar structure, elongation at break
increased smoothly from 45% to 120% as the test temperature increased from 700 to 1000 ◦C.
In 30Kh23K with a lamellar structure, the effect of test temperature on elongation at break
was less pronounced, with only a weak maximum at 950 ◦C. The flow stresses decreased
with increasing temperature in all cases. In 23Kh15KT with a fine-grained structure, the
flow stress was higher than that of the lamellar state at 700–800 ◦C; at 800–1000 ◦C, the
difference decreased (Figure 5c,d).

Figure 5. Elongation-at-break–temperature curves (a,b) and flow-stress–temperature curves (c,d)
for 23Kh15KT (gray curve) and 30Kh23K (red curve) alloys with lamellar (left) and UFG (right)
structures under tension at a strain rate of 1.6 × 10−3 s−1.
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An analysis of the compression tests results on 23Kh15KT and 30Kh23K alloys re-
vealed, as in tension, a monotonic decrease in flow stress with an increase in deformation
temperature, with the sharpest decrease observed with an increase in temperature from
700 to 900 ◦C.

3.5. Influence of Strain Rate on Mechanical Properties

Another characteristic feature of superplastic deformation is the sharp dependence
of the flow stress and elongation at break on the strain rate. Significant differences in
the properties of alloys with fine-grained and lamellar structures are also revealed by
comparing the flow stress rate dependence (Figure 6). In the case of an ultrafine-grained
structure, the flow-stress–strain-rate dependence has a characteristic sigmoidal shape with a
pronounced region of increased flow stress rate sensitivity, corresponding to the maximum
values of the relative elongation at break δ and the flow stress rate sensitivity coefficient m
in both the 23Kh15KT alloy and the 30Kh23K alloy (Figure 6b).

Figure 6. Effect of strain rate on elongation at break (a,b) and flow stress (c,d) of 23Kh15KT alloys
under tension at 900 ◦C and 30Kh23K alloys under tension at 950 ◦C for lamellar (left) and UFG
(right) structures.

The maximum elongation in the 23Kh15KT alloy with an ultrafine-grained structure
was 640% at T = 900 ◦C and a strain rate of 1.6 × 10−3 s−1. When the strain rate was
increased to 1.6 × 10−2 s−1 or decreased to 1.6 × 10−4 s−1, elongation at break decreased
to 105% and 440%, respectively.
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4. Discussion
4.1. Velocity Sensitivity Coefficient of Flow Stress

Measurements of the flow-stress rate sensitivity coefficient m in the 23Kh15KT alloy
at the temperature of maximum elongation (900 ◦C) showed that, for the fine-grained
state, m exhibits an extremum as a function of strain rate, whereas in the alloy with a
lamellar structure (at 50% strain) it changes linearly with strain rate. Over the strain range
of 20–100%, m for the fine-grained state varies only slightly and is about 0.43, while for the
lamellar state at 50% strain, it is 0.12.

In the higher alloyed 30Kh23K, measurements of the strain rate sensitivity coefficient
m in tension at the temperature of maximum elongation (950 ◦C) likewise revealed an
extremum of m as a function of strain rate for the fine-grained state. Within 20–100%
strain, m in this state changes only slightly and is about 0.47, whereas for the lamellar
state, it increases from 0.21 at 20% strain to 0.42 at 150%. This is supported by the fact that
the temperature and strain rate dependences of the flow stress, as well as the strain rate
dependence of m, differ by no more than 5% in absolute value between these states.

4.2. Structural Changes During Superplastic Deformation

The high strain-rate sensitivity values (m ≈ 0.4–0.5) and the observed subgrain-
boundary development (Figure 3) are consistent with grain-boundary-sliding (GBS)-
mediated deformation, accommodated by intragranular dislocation processes and possibly
dynamic recrystallization. The globular microduplex morphology provides a favorable
structural condition for such deformation by improving geometric compatibility between
the phases and maintaining stable phase boundaries, whereas the lamellar structure pro-
motes strain incompatibility and local stress concentrations at sharp phase interfaces,
thereby impeding GBS.

The dominant structural change during superplastic deformation of the 23Kh15KT
and 30Kh23K alloys with an ultrafine-grained structure is a moderate growth of the α, γ,
and σ grains, whereas in alloys with an initial lamellar morphology, the key process is
the transformation of this lamellar structure into a globular one. Earlier microstructural
studies of the 30Kh23K alloy with an initial lamellar γ+σ structure showed that, at the early
stages of superplastic deformation, transverse sub-boundaries form within the γ- and σ-
lamellae; where these sub-boundaries intersect the interphase boundaries, they promote
spheroidization of the γ- and σ- lamellae [41].

With increasing strain up to 100%, fragmentation of the lamellae was completed, and
the microstructure contained only globular γ and σ grains. The initial fine lamellar structure,
with average linear dimensions of 3.7 and 1.4 µm, transformed after 40% compression at
950 ◦C and a strain rate of 1.6 × 10−3 s−1 into a globular polyhedral structure, in which
the average γ and σ grain size was 2.6 µm. Raising the strain to 70% did not cause further
growth of the γ and σ phases. At 100% strain, more than 40% of the γ phase had acquired a
globular morphology. These structural changes are characteristic of superplastic materials.

The present results show that the high-temperature deformation behavior of Fe–Cr–
Co alloys is controlled not only by grain refinement, but also by phase morphology. The
globular ultrafine-grained microduplex structure provides geometric compatibility be-
tween neighboring phases and promotes grain-boundary and interphase-boundary sliding,
whereas elongated lamellae introduce strain incompatibility and stress concentration at
phase interfaces. Therefore, the lamellar morphology promotes strain hardening, while the
globular structure enables stable superplastic flow.

This behavior is consistent with observations in duplex stainless steels, Fe–Mn–Al
steels, and two-phase titanium alloys, where a fine equiaxed multiphase structure is a
key prerequisite for superplasticity [31–38]. In these systems, grain-boundary sliding is
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generally accommodated by intragranular dislocation processes; grain rotation, diffusion;
and, potentially, dynamic recrystallization. The high strain rate sensitivity of the present
globular states, m ≈ 0.43–0.47, supports GBS-mediated deformation; however, the relative
contributions of dislocation climb, grain rotation, and dynamic recrystallization cannot be
quantitatively separated from the available microstructural evidence.

The different behavior of the two alloys also emphasizes the role of morphology. In
23Kh15KT, only partial fragmentation and spheroidization of the lamellae occur, and the
material retains a strain-hardening response. In contrast, the γ/σ lamellae in 30Kh23K
transform into a globular microduplex structure, enabling superplastic flow. Thus, the
σ phase is not intrinsically detrimental: coarse continuous σ lamellae can promote stress
concentration, whereas a refined globular σ-containing structure may stabilize grain bound-
aries, similarly to carbides or retained γ phase in other superplastic multiphase steels.

5. Conclusions
1. It was established that both 23Kh15KT and 30Kh23K alloys with an ultrafine-grained

(UFG) globular microduplex structure exhibit features characteristic of superplastic
deformation during high-temperature tensile testing. The most favorable tensile
response was observed at 900 ◦C for 23Kh15KT and at 950 ◦C for 30Kh23K, within
the investigated strain-rate range of 1.6 × 10−4 to 1.6 × 10−2 s−1. The UFG globular
states showed high elongation to failure and increased strain-rate sensitivity, with
m values of approximately 0.43 for 23Kh15KT and 0.47 for 30Kh23K. Complemen-
tary compression experiments were used to examine microstructural evolution and
revealed progressive fragmentation and spheroidization of the lamellar morphology
at elevated temperatures.

2. Mechanical test results analysis for the 23Kh15KT and 30Kh23K alloys with an initial
lamellar structure showed a fundamental difference in their mechanical behaviour.
In the 23Kh15KT alloy, deformation is accompanied by strain hardening, whereas in
the 30Kh23K alloy, after a sharp hardening up to about 10% strain, the flow stress
gradually decreases to the level characteristic of the ultrafine-grained state, and the
deformation acquires features of superplastic flow, manifested in an increase in the
strain rate sensitivity coefficient m from 0.21 to 0.47 as the strain increases from 10
to 120%.

3. Structural analysis after deformation in the temperature–strain-rate range correspond-
ing to superplasticity showed that, in the 23Kh15KT alloy with an initial lamellar
(α+γ) structure, partial fragmentation and spheroidization of the γ-lamellae occur.
By contrast, in the 30Kh23K alloy with a lamellar (σ+γ) structure, this morphology
is completely transformed into an equiaxed grain structure. The main structural
change during superplastic deformation of the 23Kh15KT and 30Kh23K alloys with
an ultrafine-grained structure is a certain growth of the α, γ, and σ grains.
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