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Abstract: The effect of austempering temperature on crystallographic features and mechanical prop-
erties is investigated in low-carbon bainitic steel, focusing on the relationship between microstructure
and mechanical properties. After isothermal holding at, above, and below martensite start (Mg)
temperatures and tempering, a mixed microstructure of martensite/bainite and martensite/austenite
(M/A) constituents is obtained. The fraction of M/A constituents increases as the austempering
temperature increases, while the density of block boundaries decreases. The instantaneous work hard-
ening rate exhibits continuous decay without a notable transition because of the retained austenite in
the M/ A constituents. The toughness decreases with increasing austempering temperature, which
is related not only to the fraction of M/A constituents but also to the density of block boundaries.
Isothermal treatment below the Mg temperature enables the formation of structures with fewer M/A
constituents and high-density block boundaries, through which excellent toughness can be achieved.
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1. Introduction

Low-carbon bainitic (LCB) steel is an indispensable structural material in modern
industry due to its high strength, high toughness, and good weldability. The mechanical
properties of LCB steel are mainly affected by the characteristics of bainitic structures [1].
The bainitic structures are usually tailored through alloying strategies and process control,
which can influence bainite transformation and final transformation products [2—6]. For
LCB steel with a specific composition, austempering is a promising method to obtain
bainitic structures [7]. This process induces bainite or martensite transformation, forming a
mixed microstructure consisting of martensite, bainite, and martensite /austenite (M/A)
constituents [4].

Numerous attempts have been made to comprehend the influences of austempering
parameters (i.e., austempering temperature and time) on microstructure and resultant
mechanical properties [7-12]. Among the austempering parameters, the austempering
temperature can significantly affect the characteristics of bainitic structures, such as the mor-
phology of bainite and the M/ A constituents [3,4,13-15]. Previous studies have reported
that the bainitic ferrite and austenite become coarser at higher austempering tempera-
tures [7,13]. Lowering the austempering temperature contributes to reducing the thickness
of bainitic ferrite plates [16,17]. A lower austempering temperature can increase the strength
of austenite and promote autocatalytic nucleation of bainite [3]. As a result, more V1/V2
variant pairs are generated, thereby forming higher-density block boundaries. Moreover,
high austempering temperatures would cause the formation of blocky M/ A constituents,
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which results from incomplete transformation [18,19]. The fraction of M/ A constituents
increases as the austempering temperature increases [3,20]. Generally, M/ A constituents
would increase the probability of crack initiation due to stress concentration and are
detrimental to toughness [21-25]. The block boundaries can enhance crack propagation
resistance, thus improving toughness [26]. Therefore, understanding the coupling effects of
these two aspects on strength and toughness is vital for the development of LCB steel. How-
ever, very few studies have been published on this topic, and the microstructure-properties
relationship uncovered from a crystallographic perspective remains limited.

This research aims to systematically investigate the effect of austempering temperature
on the crystallographic features and mechanical properties of LCB steel. The characteris-
tics of bainitic structures, including crystallographic features and M/ A constituents, are
examined to unveil the relationships between microstructure and mechanical properties.
Moreover, martensitic structures, prepared by rapid continuous cooling transformation,
were also characterized for comparison with bainitic structures. The outcome is expected
to provide guidance for the design and preparation of LCB steel.

2. Materials and Methods

An industrial plate steel with a thickness of 12 mm was used in the present work,
and its chemical composition is Fe-0.11C-0.485i-1.13Mn-3.23(Ni + Mo0)-0.30(Nb + V) (wt.%).
Figure 1a shows the time-temperature-transformation (TTT) curve of the steel calculated
using ]MatPro® software (Version 11, Sente Software, Guildford, UK). The bainite and
martensite start (Bs/Ms) temperatures are 562 °C and 378 °C, respectively. Figure 1b
displays a schematic overview of the heat treatments. The heat treatments, including direct-
quench and austempering treatments, involve two types of transformation: continuous
cooling and isothermal transformations. For the direct-quench treatment, the steel was
directly quenched in water after being held at 950 °C for 30 min and then tempered at
400 °C for 30 min. The direct-quenched and tempered steel was labeled as A950T. For
the austempering treatment, three selected temperatures were used to obtain different
microstructures and resultant mechanical responses. After being austenitized at 950 °C for
30 min, the steels were subjected to isothermal holding in a salt bath maintained at 330, 380,
and 430 °C for 30 min, respectively, followed by water cooling. Finally, the isothermally
treated steels were tempered at 400 °C for 30 min, and the tempered steels were designated
as IT330T, IT380T, and IT430T, respectively.
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Figure 1. (a) calculated TTT curve of the steel, and (b) schematic diagram illustrating the heat
treatment processes.

After the heat treatments, tensile specimens with gauge dimensions of 15 mm (length)
x 5 mm (width) x 1.5 mm (thickness) were cut from the heat-treated steels. The tensile
properties were evaluated using a Z100 TEW machine (Zwick/Roell, Ulm, Germany), and
the strain rate was 1.0 x 1073 s~!. Charpy V-notch impact bars were prepared from the
transverse orientation of the plates, with dimensions of 10 mm x 10 mm X 55 mm. The
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impact test was carried out on a pendulum impact testing machine (PTM2200-D1, Shenzhen,
China), with test temperatures ranging from —196 °C to 80 °C. For each condition, three
specimens were tested, and their averages were used.

Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) tech-
niques were used to obtain morphology. After being mechanically polished and etched with
3 vol.% nital solution, the samples were characterized using a TESCAN MIRA3 FE-SEM
(TESCAN, Brno, Czech Republic) to obtain the morphological structures. Additionally,
samples were examined using an Oxford Symmetry S3 EBSD detector (Oxford Instruments,
Oxford, UK) after being electropolished. HKL Channel 5 software (Oxford Instruments, Ox-
ford, UK) was used to process the EBSD data, and MATLAB® R2017b software (MathWorks,
Natick, MA, USA) was utilized to visualize and digitize the crystallographic features.

3. Results
3.1. Mechanical Properties

Figure 2a presents the typical engineering stress-strain curves of the experimental
steels, and the tensile properties are summarized in Table 1. As observed in the engineering
curves, the yield and ultimate tensile strength of the direct-quenched and tempered steel
are significantly higher than those of the isothermally treated and tempered steels. In
contrast, the uniform and total elongations of the direct-quenched and tempered steel are
lower. For the isothermally treated and tempered steels, the differences in strength and
elongation are relatively small.
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Figure 2. Mechanical properties of the steels: (a) engineering stress-strain curves and (b) Charpy
impact energy plotted as a function of test temperature.

Table 1. Mechanical properties of the steels.

Steel YS (MPa) UTS (MPa) UEL (%) TEL (%) LSE (J) USE ()) DBTT (°C)
A950T 1021 1146 3.9 11.9 4 157 -50
IT330T 793 913 6.0 14.7 9 187 —54
IT380T 735 868 7.5 16.6 6 205 —27
IT430T 749 869 6.2 15.9 3 185 -21

Note: YS—yield strength, UTS—ultimate tensile strength, UEL—uniform elongation, TEL—total elongation,
LSE—lower shelf energy, USE—upper shelf energy, DBTT—ductile-brittle transition temperature.

Figure 2b displays the Charpy impact energy at various temperatures for the steels
and fitted curves of the impact energy based on the Boltzmann function. The coefficients of
determination of the fitted curves are ~0.99. The upper and lower shelf energies (USE/LSE)
are determined as the average impact energies obtained above 20 °C and below —80 °C,
respectively. As shown in Table 1, the USEs of A950T, IT330T, IT380T, and IT430T steels are
157,187, 205, and 185 J, respectively, while these steels have virtually identical LSE. The dif-
ferences in impact energy become increasingly significant with decreasing test temperature.
All the steels exhibit the classic phenomenon of ductile-to-brittle transition with decreasing



Crystals 2024, 14, 1085

40f14

test temperature. Thus, the ductile-brittle transition temperature (DBTT), estimated as a
temperature corresponding to half of the sum of the USE and LSE, was used to evaluate
toughness. The DBTT values of A950T, IT330T, IT380T, and IT430T steels are —50, —54,
—27, and —21 °C, respectively. The A950T and IT330T steels exhibit superb toughness
compared to the IT380T and IT430T steels. Moreover, the toughness of the isothermally
treated and tempered steels decreases with increasing austempering temperature.

3.2. Morphological Structures

Figure 3 shows the SEM micrographs of the steels. In the direct-quenched and tem-
pered steel, the microstructure is a typical lath structure consisting of martensite (M) and
lath bainite (LB). The lath boundaries are ambiguous and are decorated with fine and
dispersed carbides. For the isothermally treated and tempered steels, the structures are
composed of martensite/bainite and M/A constituents, showing characteristics of incom-
plete transformation, which is consistent with the report in Ref. [3]. In addition, bright and
fine carbides are observed in the matrix. In the IT330T steel, the structures are mainly M
and LB, accompanied by some fine M/ A constituents. As the austempering temperature
increases to 380 °C, the microstructure shifts to LB and granular bainite (GB), and the
M/ A constituents become larger. When the austempering temperature further increases to
430 °C, the IT430T steel shows GB with larger M/A constituents, and the M/A constituent
fraction markedly increases. Obviously, the austempering temperature significantly affects
the characteristics of bainitic structures.

Figure 3. SEM micrographs of the steels: (a) A950T, (b) IT330T, (c) IT380T, and (d) IT430T. M: marten-
site, LB/GB: lath/granular bainite, M/ A: martensite/austenite.

3.3. Crystallographic Features

The band contrast (BC) maps, overlapped with phase distribution depicting the mi-
crostructure morphology of the steels, are shown in Figure 4. The body-centered cubic
and face-centered cubic (bcc and fcc) phases are colored gray and red, respectively. no
retained austenite (RA, fcc) was observed in the direct-quenched and tempered steel. In
contrast, some RA is detected in the isothermally treated and tempered steels. The volume
fraction of RA in IT330T, IT380T, and IT430T steels is 2.50%, 3.57%, and 0.18%, respectively.
This indicates that the IT330T and IT380T steels exhibit a higher volume fraction of RA
than the IT430T steels. Moreover, some dark regions with low band contrast values are
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observed near the RA or at the prior austenite grain boundaries (PAGBs). These regions
are reported to be fresh martensite [27], which formed during cooling after the isothermal
holding due to the insufficient stability of austenite. The newly formed fresh martensite can
cause lattice distortions in the network, which makes it difficult to obtain a good Kikuchi
pattern and thus results in a low band contrast value [28]. The RA exists in conjunction
with fresh martensite, which together form the M/A constituents. The volume fraction of
fresh martensite increases in the isothermally treated and tempered steels with increasing
austempering temperature, and so does the volume fraction of M/ A constituents.

Figure 4. Band contrast (BC) maps overlapped with phase distribution depicting the microstructure
morphology of the steels: (a) A950T, (b) IT330T, (c) IT380T, and (d) IT430T.

Figure 5 displays the inverse pole figures of the steels. As indicated by the inset
stereographic triangle, the crystallographic units with orientations perpendicular to the
observed plane are highlighted with particular colors. The regions separated by boundaries
with misorientation angles (6) greater than 15° (black lines) are considered the equivalent
effective grains (EGS) [29]. The effective grain sizes (EGS) of A950T, IT330T, IT380T, and
IT430T steels are 2.12 £ 3.21, 1.61 £ 2.35, 1.69 & 2.30, and 1.97 & 3.39 um, respectively. Thus,
the direct-quenched and tempered steel exhibits a larger EGS than the isothermally treated
and tempered steels, and the IT330T steel shows the finest EGS among the studied steels.

Figure 6 presents the band contrast maps with boundary distribution of the steels.
Here, black and red lines represent the high -angle grain boundaries (HAGBs, 6 > 15°).
The densities of HAGBs (15° < 8 < 45°) are almost the same, while the densities of HAGBs
(6 > 45°) differ. The densities of HAGBs (8 > 45°) in A950T, IT330T, IT380T, and 1T430T
steels are 0.83, 1.05, 0.81, and 0.64 um™!, respectively. The density of HAGBs (6 > 45°)
in the isothermally treated and tempered steels decreases with increasing austempering
temperature. Moreover, most of the HAGBs (6 > 45°) are straight in IT330T and IT380T
steels, while they are curved in A950T and IT430T steels. The density and morphology of
boundaries result from variant selection, which will be discussed in Section 4.1.

Figure 7 shows the Kernel average misorientation (KAM) maps of the steels. The maps
reflect the distribution of geometrically necessary dislocations (GND) [30]. The areas with
high KAM values in A950T and IT330T steels are larger than those in IT380T and IT430T
steels, implying a higher GND density in the A950T and IT330T steels. In the isothermally
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treated and tempered steels, the areas with high KAM values decrease with increasing
austempering temperature, indicating a tendency for the GND density to decrease.

R \\‘\ 4
‘\\\ ‘sit N
N

15 um

Figure 6. Band contrast maps with boundary distribution of the steels: (a) A950T, (b) IT330T,
(c) IT380T, and (d) IT430T.

Figure 8 shows the quantitatively calculated results based on Figures 4-7. The volume
fraction of M/A constituents in the A950T, IT330T, IT380T, and IT430T steels is 0.02%,
4.99%, 6.44%, and 10.22%, respectively. In the isothermally treated and tempered steels, the
volume fraction of M/A constituents increases with increasing austempering temperature.
Moreover, the EGS increases as the austempering temperature increases, while the density
of HAGBs (6 > 45°) decreases. It is inferred that lowering the austempering temperature
contributes to the refinement of the structures. The GND density was calculated based on
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the KAM map. As shown in Figure 8d, the curves of GND density from left to right are
IT430T, IT380T, IT330T, and A950T. This suggests that the value of GND density follows

the sequence: 1T430T < IT380T < IT330T < A950T.

Figure 7. Kernel average misorientation maps of the steels: (a) A950T, (b) IT330T, (c) IT380T, and

(d) IT430T.
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4. Discussion
4.1. Digitization and Visualization of the Crystallographic Features

The crystallographic features result from variant selection [31-35]. In general, there
are 24 possible variants holding the Kurdjumov-Sachs (K-S) orientation relationship in
low-carbon steels [32]. When V1 is used as a reference, 16 distinct variant pairs are gen-
erated due to the interaction between the possible variants [13]. In the present study, the
orientation relationship (OR) between parent austenite and product variants for the steels
was calculated using numerical fitting calculations [36]. The ORs of A950T, IT330T, IT380T,
and IT430T steels were determined to be (118.4°, 8.5°, 197.6°), (122.8°, 8.9°, 193.7°), (120.7°,
8.8°,195.6°), and (120.8°, 8.6°, 195.7°), respectively. Based on the actual OR, the density of
intervariant boundaries between V1 and other variants was calculated.

Figure 9 depicts the density of intervariant boundaries in the steels. Most intervariant
boundaries come from the variants within the same crystallographic packet group (i.e., CP1),
with V1/V2 variant pairs being predominant. Based on the boundary types, the intervariant
boundaries can be further divided into block, sub-block, and packet boundaries [13,32]. It
is evident that the IT330T and IT380T steels show a significantly higher density of block
boundaries than the A950T and IT430T steels. In the isothermally treated and tempered
steels, the density of block boundaries decreases as the austempering temperature increases,
as does the density of V1/V2 variant boundaries. Previous studies indicate that V1/V2
boundaries are block boundaries and usually appear in a straight shape [37]. Therefore, it
can be inferred that the straight boundaries (8 > 45°) in IT330T and IT380T steels are mainly
from V1/V2 variant pairs. Lowering the austempering temperature contributes to forming
more V1/V2 variant pairs.
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Figure 9. Density of intervariant boundaries of the steels: (a) A950T, (b) IT330T, (c) IT380T, and
(d) IT430T.

The variant pairing behavior of the steels is schematically illustrated in Figure 10.
The figure shows the schematics of the heat treatment processes and crystallographic fea-
tures of the steels depending on continuous cooling and isothermal transformation. In the



Crystals 2024, 14, 1085

9 of 14

schematic grains (Figure 10b), the region that contains variants from the same Bain group
is depicted by identical colors. The same CP group shows characteristics in which the
region is composed of Bain groups with the same elongated direction. The variant pairing
behavior can be classified into four types. As shown in Figure 10a, the direct-quenched
and tempered steel forms a mixed microstructure of M and LB due to continuous cooling
transformation, and the crystallographic features are depicted in Figure 10b. The variants of
the same CP group are formed side by side, and no RA is observed (Type I). For the isother-
mally treated and tempered steels, the microstructure contains M/ A constituents, showing
characteristics of incomplete transformation. When the steel is isothermally treated below
the Mg temperature, the structure is M and LB with some fine M/A constituents (type II).
The variants sharing the same CP group are generated, and the dominant variant pairing
is the V1/V2 pair. As the austempering temperature increases to the Mg temperature, the
microstructure becomes LB and GB, with larger M/ A constituents (type III). The variant
pairing behavior at this temperature exhibits similar characteristics to type II. But unlike
type I, the schematic grain of type III has larger M/ A constituents. As the steel is isother-
mally treated above the Mg temperature, the microstructure is mainly GB, and the matrix
is decorated with larger M/ A constituents (type IV). Variants of the same Bain group are
preferred adjacently, resulting in the formation of coarse Bain zones. Clearly, the degree of
incomplete bainite transformation decreases with decreasing austempering temperature,
and the microstructure becomes finer.

a b @ Austenite
@ Fresh martensite Type IV
(GB+M/A)
Austenite Ferrite
o
5 /,/ Type III 7
=
g Pearlite (LB+GB+M/A) &
[oN
£
9]
- Type 11
Ms —
(M+LB+M/A)
Martensite I
I Continuous Cooling ‘ Isothermal
Transformation Transformation

Time

Figure 10. Schematics illustrating the heat treatment processes (a) and crystallographic features (b) of
the steels depending on continuous cooling and isothermal transformation. In the schematic grains,
white and black lines stand for low and high angle boundaries, respectively. I, II, IIl and IV represent
the processes of direct quenching and tempering, as well as isothermal holding below, at, and above
Mg temperatures and tempering, respectively, and corresponding types of crystallographic features.

Previous studies have shown that the variation in variant pairing with isothermal
temperature is associated with the driving force for transformation and self-accommodation
of transformation strain [2,38]. As the isothermal temperature decreases, the driving force
for bainite transformation increases. Accordingly, variant selection becomes weaker, which
induces the formation of more variants and finer transformation products [3]. Moreover,
self-accommodation of transformation strain through the formation of distinct variants in
the neighbors is enhanced due to the strengthened austenite from lowering the isothermal
temperature [17]. In the current work, the variant pairing behavior changes from type IV to
type Il and finally to type II as the austempering temperature lowers and the driving force
increases. The coarse bainitic structures of type IV are likely to form at a smaller driving
force and higher austempering temperature, while the lath bainitic structures of type II
are preferentially formed at a larger driving force and lower austempering temperature.
A lower austempering temperature and larger driving force can trigger the formation of
more variants from distinct Bain groups and thus increase the density of HAGBs.
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4.2. Strength and Strain Hardening Behavior

For a better understanding of the yielding behavior of the studied steels, the extended
Kocks-Mecking (K-M) curves are used in the current analysis. The K-M curve, which
shows the instantaneous work hardening rate (®, do/de) as a function of true stress, has
been validated as a reliable method for determining the yield stress of steels [39]. In
general, the curves exhibit the same shape and can be separated into two stages before
uniform elongation is exceeded [40]. In the first stage (stage I), due to the bowing of matrix
dislocations, ® drops gradually with anelastic reversible behavior. In the second stage
(stage II), © decays further with a marked transition to the plastic regime due to massively
multiply dislocations.

Figure 11 shows the extended K-M curves of the steels. The transitions, highlighted
with black, red, blue, and pink dots, represent the yielding of the A950T, IT330T, IT380T,
and IT430T steels, respectively. The direct-quenched and tempered steel exhibits a clear
transition between stage I and stage II, marked by a black dot. The yielding behavior can
be attributed to the diminishing of dislocation mobility caused by carbide precipitation and
dislocation recovery in the matrix after tempering [41]. On the contrary, the isothermally
treated and tempered steels show a continuous decrease in © without a notable transition,
indicating continuous yielding. This might be related to the M/ A constituents, in which
the RA in the M/A constituents can yield at a lower stress level compared with the
martensite/bainite [42]. As a result, the initial yielding and subsequent work hardening
behavior are modified compared with the direct-quenched and tempered steel.

120 —
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\.\\\‘ N
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0 T |\Vk‘::':~— T T
400 600 800 1000 1200 1400

True stress (MPa)

Figure 11. Extended K-M curves of the studied steels. The transition marked by dots representing
the yield strength.

4.3. Correlation of Crystallographic Features and Toughness

To reveal the relationship between crystallographic features and toughness, the density
of intervariant boundaries was summarized. The densities of block, sub-block, and packet
boundaries are shown in Figure 12a, along with the corresponding DBTT of the studied
steels. The four steels exhibit almost the same densities of sub-block and packet boundaries,
but their densities of block boundaries are significantly different. Moreover, an interesting
phenomenon is observed in the density of block boundaries, which shows a strong correla-
tion with the DBTT. Namely, the steel with a higher density of block boundaries has a lower
DBTT, indicating that the steel has better toughness. Previous studies have demonstrated
that HAGBs dominated by block boundaries can effectively hinder crack propagation, thus
improving toughness [43-45]. Therefore, it is inferred that the block boundary is one of the
key factors affecting toughness in the current work.
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Figure 12. Relationship between crystallographic features and toughness of the steels: (a) boundary
density vs. toughness, (b) M/ A fraction vs. toughness.

Another interesting phenomenon is that the IT380T steel has almost the same density
of block boundaries as the A950T steel, yet it exhibits a higher DBTT, suggesting poorer
toughness. This observation indicates the existence of other factors that affect toughness
in this work. The intriguing and counter-intuitive phenomenon might be associated with
the M/ A constituents resulting from the incomplete austenite-bainite transformation [37].
Figure 12b shows the relationship between the volume fraction of M/ A constituents and
the corresponding DBTT of the steels. It is evident that the isothermally treated and
tempered steels exhibit a higher volume fraction of M/A constituents compared with
the direct-quenched and tempered steel, showing significant incomplete phase transfor-
mation characteristics. The M/A constituents are transformed from austenite with high
carbon concentration and have high hardness [22,46], which could promote the initiation
of cleavage cracks and deteriorate toughness [21,23,47-50]. In the current work, the IT380T
steel has a larger amount of M/ A constituents than the A950T steel, with roughly equal
density of block boundaries, yet weaker toughness. This suggests that the negative effect
of M/ A constituents on toughness is significantly greater than the positive impact of the
block boundaries.

Based on the above analysis, the toughness of the isothermally treated and tempered
steels is the result of "double effects." One effect results from the M/ A constituents, which
promote the initiation of cleavage cracks and deteriorate toughness. The other results
from the block boundaries, which can effectively deflect or arrest crack propagation and
contribute to toughness. Hence, it is concluded that a structure with high-density block
boundaries and fewer M/ A constituents helps achieve superb toughness. In this study, the
ideal structure with excellent toughness can be obtained through isothermal holding at
temperatures below Mg.

5. Conclusions

The effect of austempering temperature on crystallographic features and mechanical
properties of low-carbon bainitic steel was investigated, and the microstructure-properties
relationship was discussed in detail. The main conclusions are as follows:

(1) Theisothermally treated and tempered steels exhibit a mixed microstructure of marten-
site/bainite and M/ A constituents, showing significant incomplete phase transfor-
mation characteristics. The fraction of M/A constituents increases with increasing
austempering temperature. Moreover, the density of block boundaries decreases
as the austempering temperature increases, along with a reduced density of V1/V2
variant boundaries.

(2) The yielding behavior of the isothermally treated and tempered steels was analyzed
using extended Kocks-Mecking plots. The RA in the M/A constituents can yield at
a lower stress level than martensite/bainite, leading to a continuous decay of the
instantaneous work hardening rate without a notable transition.
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(8) The DBTT of the isothermally treated and tempered steels decreases as the austemper-
ing temperature increases, resulting from the coupling effects of M/ A constituents and
block boundaries. The microstructure obtained through isothermal holding at tem-
peratures below Mg has fewer M/ A constituents and high-density block boundaries,
contributing to improved toughness.
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