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A B S T R A C T   

Ferrite-bainite microstructures and impact toughness of the X65 low-carbon microalloyed steel were investigated 
after helical rolling at 1000, 920, 850, and 810 ◦C followed by continuous cooling in air. After helical rolling at 
1000 ◦C, granular bainite with large areas of the massive-shape martensite-austenite constituent (d = 1.5 μm) 
and a high fraction of twinned martensite (d > 2.0 μm) were observed in the steel. This caused a decrease in 
impact energy at low test temperatures (for example, 70 J at –70◦С). Lowering the helical rolling temperature 
contributed to a reduction of dimensions of both ferrite-bainite and martensite-austenite constituent areas, as 
well as the replacement of the latter by a slender type one and an improvement in fracture toughness at the low 
temperatures. The highest impact energy level (210 J at –70 ◦C) was achieved after helical rolling at 850 ◦C due 
to the formation of a homogeneous microstructure, which included dispersed ferrite grains, granular bainite and 
small fractions of the slender type martensite-austenite constituent (d = 0.1–0.7 μm). In this case, areas of 
twinned martensite were absent.   

1. Introduction 

Issues of improving the mechanical properties of low-carbon low- 
alloyed steels (X65 and X70 grades) are given great attention by many 
researchers. These steels are widely used for shipbuilding, in the heavy 
industry, as well as in the construction of oil and gas pipelines, including 
at the Arctic region. One of the key challenges of such studies is cold 
brittleness. For the steels with the bcc lattice, the ductile-to-brittle 
transition is caused by high both Peierls barrier and critical stresses 
required for movements of dislocations with decreasing test tempera-
tures [1]. 

To reduce the ductile-brittle transition temperature (DBTT) of low- 
carbon steels, carbon reduction and complex microalloying are recom-
mended [2–4], as well as application of various thermo-mechanical 
processing (TMP) procedures [5,6]. TMP enables to change the micro-
structure, phase composition and dispersion of microstructural elements 
[7–10]. The coarse-grained microstructure contributes to enhance of 
local stress concentrations at grain boundaries, a decrease in cleavage 
resistance and an increase in DBTT. On the contrary, both cleavage 
resistance and fracture toughness are improved in the case of 
fine-grained microstructure [11]. Large regions of second phases 

(pearlite, carbides) negatively affect resistance to brittle fracture at low 
test temperatures. Therefore, reducing their proportions and sizes is one 
of the tasks of applying TMP. After TMP, an increase in cooling rate 
contributes to the formation of intermediate (shear) transformation 
products such as bainite and martensite [12–15]. The use of interrupted 
cooling enables to control the type of the bainite microstructures 
(granular bainite (GB), lower and upper bainite, as well as acicular 
ferrite). However, in many cases, the manufacturing processes for rolled 
steel parts involve cooling them in air after rolling. Depending on the 
steel chemical composition and heating modes, the bainite microstruc-
ture (mainly GB) is formed even at low cooling rates [14]. It has been 
shown that the acicular ferrite (AF) microstructure provides a high 
impact energy level and a low DBTT [7–9]. The GB formation results in 
lower impact energy values due to larger both grains and areas of the 
martensite-austenite (M–A) constituent [13]. Despite this fact, some 
authors have noted that the GB microstructure provides higher levels of 
both upper shelf energy (USE) and DBTT, compared with those for lath 
bainite [10,16] and the typical ferrite-pearlite microstructure [14]. In 
this regard, it is necessary to consider the possibility of the GB formation 
upon post-deformation cooling in air, and also seeks to optimize the 
microstructure in order to obtain a sufficient level of impact toughness. 

A number of authors have noted that impact toughness can be 

* Corresponding author. 
E-mail address: lsd@ispms.tsc.ru (L.S. Derevyagina).  

Contents lists available at ScienceDirect 

Materials Science & Engineering A 

journal homepage: www.elsevier.com/locate/msea 

https://doi.org/10.1016/j.msea.2021.141275 
Received 20 October 2020; Received in revised form 8 April 2021; Accepted 10 April 2021   

mailto:lsd@ispms.tsc.ru
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2021.141275
https://doi.org/10.1016/j.msea.2021.141275
https://doi.org/10.1016/j.msea.2021.141275
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2021.141275&domain=pdf


Materials Science & Engineering A 816 (2021) 141275

2

improved by the formation of a homogeneous microstructure [17], as 
well as refining the M–A constituent areas [16]. Li et al. have found [18] 
that an increase in sizes of prior austenite grains causes an enhance the 
M–A constituent areas and a decrease in impact toughness. At the same 
time, the authors of [19] have specified that the М–А constituent areas 
embrittle metal if their sizes exceed 2 μm. Heating of steel before rolling 
has a significant effect on the type of the formed bainite microstructure 
and the M–A constituent. It has been shown in Ref. [19] that heating to 
temperatures close to Ac3 enables to obtain the minimum sizes of the 
M–A constituent and their remote location from each other, which 
contributes to a high impact toughness level. The authors of [20] have 
found that the fraction of the M–A constituent changes depending on the 
interval of intercritical heating temperatures. Its maximum fraction is 
formed in the temperature range of Ac1+(15–50 ◦C) and decreases as the 
critical point Ac3 is approached. Most authors [21,22] have concluded 
that a decrease in impact toughness is associated with an increase in the 
fraction of the massive-shape M–A constituent, which contains more 
carbon [15] and regions of twinned martensite (ТМ) [23,24], and is also 
harder than the slender type one. 

Helical rolling is one of the understudied TMP procedures. It is used 
for piercing blanks into sleeves, small-scale production of seamless pipes 
of small diameters, obtaining hollow work-pieces for the manufacture of 
hydraulic cylinder housings, bushings, piston pins, drill lock couplings, 
etc. [25–27]. In contrast to conventional longitudinal rolling, a large 
proportion of the shear strain component is realized due to the 
rotational-translational movement of a workpiece in this case. As a 
result, the steel microstructure is refined more intensively and the 
quality of rolled products is enhanced. Thus, the possibility of a signif-
icant improvement in the mechanical properties of the X65 steel has 
been shown in Refs. [28,29]. This has caused interest in further detailed 
investigations of the microstructure features and their relationship with 
the impact toughness levels. In this regard, the purpose of this research 
has been to study the effect of different temperature conditions of helical 
rolling (HR) followed by continuous cooling in air on the formation of 
the bainite microstructure and impact toughness of the low-carbon 
microalloyed X65 steel. 

2. Material and methods 

The chemical composition of the studied X65 steel is presented in 

Table 1. Thermo-kinetic curves were drawn for the as-received hot- 
rolled steel using an ‘STA 409 PC Luxx’ synchronous thermal analyzer. 
Then, the phase transformation temperatures were determined on their 
basis, which were Ac1 = 788 ◦C and Ac3 = 892 ◦C upon heating, and 
were Ar1 = 767 ◦C, Ar3 = 814 ◦C, and Bs = 569 ◦C upon cooling. 

Four microstructures were investigated after the HR using different 
modes (Table 2). In all cases, six HR passes were carried out followed by 
continuous cooling in air. A detailed description of the HR conditions 
was given in Ref. [29]. 

Microstructural studies were performed using a ‘Zeiss Axiovert 25’ 
optical microscope (ОМ) and ‘Philips SEM 515’ scanning electron mi-
croscope (SEM). To reveal grain boundaries, the sample cross-sections 
were etched in a 3% HNO3 alcohol solution. A ‘Quanta 200 3D’ sys-
tem with electron and focused ion beams, as well as a ‘NORDLYS Oxford 
Instruments HKL Technology’ attachment, were used for automatic 
electron backscatter diffraction (EBSD) analysis. To study the micro-
structures by EBSD analysis, electrolytic polishing was performed in a 
25 ml CrO3 + 210 ml H3PO4 solution at a voltage of 13 V and room 
temperature. During EBSD analysis, the scanning step was varied from 
0.3 up to 0.5 μm. The total density of the grain boundaries was calcu-
lated as the ratio of their summarized lengths to the visible investigated 
area. The densities of both high-angle grain boundaries (HAGB) and 
low-angle grain boundaries (LAGB) were determined as the ratio of their 
lengths to the total length of all grain boundaries. 

Fine structure studies were performed using ‘CM-12’ and ‘HT-7700’ 
(Hitachi) transmission electron microscopes (TEM). For the local 
microstructure investigations in the bainitic areas, an ‘FIB2100’ system 
with a focused ion beam (FIB) was used to cut out foils from the cor-
responded regions previously found through the optical image analysis 
(Fig. 1, a). Then, the samples were prepared using the FIB setup (Fig. 1b 
and c). The phase composition was analyzed by indexing electron 
diffraction patterns. Diffraction in the converging electron beam with a 
diameter of 100 nm (selected area diffraction pattern) was used for 
analysis of local areas and the determination of twin martensite. 
Average grain sizes were assessed using OM, SEM, TEM micrographs by 
the linear intercept method. 

Impact bending tests of standard V-notched samples with dimensions 
of 10 × 10 × 55 mm were carried out using an INSTRON MPX 450 
pendulum impact testing system in the temperature range Ttest from +20 
to –70 ◦C. 

3. Results 

3.1. Optical metallography, scanning electron microscopy and EBSD 
analysis 

As the HR temperature had been reduced, a decrease in sizes of 
ferrite and pearlite grains, as well as lowering the proportion of pearlite 
areas were observed in the X65 steel microstructure (Table 3) [29]. After 
the HR using mode I, the steel microstructure was characterized by 

List of abbreviations 

DBTT ductile-brittle transition temperature 
TMP thermo-mechanical processing 
М–A martensite-austenite constituent 
F ferrite 
B bainite 
P pearlite 
GB granular bainite 
UB upper bainite 
LM lath martensite 
LenM lenticular martensite 
TM twinned martensite 
LPB lower plate bainite 
DUB degenerated upper bainite 
T troostite  

Table 1 
The chemical composition of the X65 steel.  

Element С Mn V Nb Si Ti Cu Al P S 

Composition (wt, %) 0.13 1.6 0.05 0.04 0.4 0.05 0.3 0.03 0.013 0.01  

Table 2 
The HR temperature modes.  

HR mode HR beginning temperature, ◦C HR finishing temperature, ◦C 

I 1000, in the γ-region γ-region 
II 920, in the γ-region near Ar3 in the γ-region, 
III 850, in the (γ+α)-region (γ+α)-region 
IV 810, in the low part of the (γ+α)-region Near Аr1  
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uneven grain sizes (Fig. 2, a). Some of them reached 25 μm. After the HR 
using both modes II and III, the microstructures possessed more uniform 
grain sizes (Fig. 2b and c). 

After lowering the HR temperature down to 810◦С, different mi-
crostructures were observed in the core and peripheral areas on the 
rolled bar cross-sections. The microstructure was rather uniform in the 
peripheral areas (Fig. 2, d), but larger ferrite grains elongated in the 
rolling direction were found in the core ones (Fig. 2, е). The density of all 
grain boundaries and the LAGB proportion increased with decreasing 
the HR temperature (Table 3). In addition, bainitic areas were found 
(Fig. 3). Their proportions varied within 16–20% for different HR modes 
and in various cross-sections of the rolled bars. The microstructure in the 

bainitic areas was more dispersed in comparison with the ferrite matrix. 
After the HR using mode I, quasi-equiaxial GB grains were found in the 
steel microstructure. They were 2–4 μm in size and contained inclusions 
of more dispersed microstructural components, carbide particles, or the 
M–A constituent with dimensions up to 0.5–1.0 μm (Fig. 3, a). With a 
decrease in the HR temperature down to 920 ◦C, the bainite grains had a 
thin lath microstructure. However, it was not possible to determine the 
bainite type using the SEM images (Fig. 3, b). After the HR using both 
modes III and IV, dispersed bainite grains in the steel microstructure 
were characterized by quasi-equiaxial shapes typical of GB (Fig. 3c and 
d). The M–A constituent characterized by elongated shapes with thick-
nesses of 0.2–0.6 μm after the HR using mode IV. TEM investigations 

Fig. 1. An optical image of the steel microstructure after the HR using mode II (a, F is ferrite, B is bainite, P is pearlite) and SEM images showing the cross-section 
cutting process (b and c). 

Table 3 
Parameters of the X65 steel microstructure.  

Sample Grain sizes, μm Pearlite volume fraction, % Density of all grain boundaries, μm–1 HAGB grain proportion, % LAGB grain proportion, % 

As-received 12.0 20.0 0.8 94.2 5.8 
Mode I 5.4 14.5 1.1 86.5 13.5 
Mode II 5.1 11.0 0.9 91.0 9.0 
Mode III 3.3 8.5 1.8–2.0 85.0 15.0 
Mode IV 3.2–3.6 5.0–8.0 1.8–2.4a 82.0–88.0a 12.0–18.0a  

a Depending on the studied area on the rolled bar cross-sections (core or periphery). 

Fig. 2. The results of EBSD analysis for the steel after the HR using modes I (a), II (b), III (c), and IV (d–e): a–e − contrast maps; d– peripheral area; e − core area.  
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were carried out for a more detailed study of the features for both the 
bainite microstructure and the M–A constituent in the steel after the HR 
using different modes. 

3.2. Transmission electron microscopy 

3.2.1. The HR using mode I 
Quasi-polygonal ferrite grains (Fig. 4, a) and, at their boundaries, 

large particles of Fe3C and Fe2C carbides 50–180 nm in size as well as 
their small inclusions of 10–15 nm were observed in the X65 steel after 
the HR using mode I. Also, GB with grain sizes of 2–4 μm (Fig. 4, a) and a 
small fraction of lath bainite (170–450 nm wide) were found in the 
microstructure. In addition, 20–50 nm Fe2C carbide inclusions (Fig. 4, b) 
were between the laths. This microstructure was typical for upper 
bainite (UB) [30]. 

Areas up to 1.0–1.5 μm in size with a more complex microstructure 
were found at the GB boundaries (Fig. 4, c). They consisted of lath 
martensite (LM) 70–150 nm wide, as well as areas of lenticular 
martensite (LenM) [31,32] with a midrib line divided the lenticular 
structure in the middle (Fig. 4, c). A weakly pronounced banded contrast 
was also found there, and microdiffraction patterns indicated the pres-
ence of TM inside (Fig. 4, e). Another TM area was in the center. At the 
boundaries of these microstructural conglomerates and between 
martensite laths, residual austenite precipitates were observed in thin 
interlayers 20–30 nm wide and larger patches with widths of 80–90 nm 
(Fig. 4, f). Since the R aspect ratio was less than four (R = Lmax

Lmin
, where 

Lmax and Lmin were the maximum and minimum sizes of the M–A con-
stituent, respectively [33]), this microstructural element could be 
attributed to the massive-shape M–A constituent. 

Extensive TM areas consisted of parallel laths 5–10 nm wide were 
also found in the steel microstructure (Fig. 4, g). The dimensions of these 

areas varied in the range from 0.15 × 0.30 up to 1.6×2.2 μm. Micro-
diffraction patterns confirmed the presence of TM (Fig. 4, h). No residual 
austenite inclusions were observed near such areas. 

3.2.2. The HR using mode II 
After the HR using mode II, the steel microstructure included areas of 

upper lath bainite (UB; Fig. 5, a, d) and lower plate-like bainite (LPB; 
Fig. 5, d and f) in addition to ferrite. The widths of bainitic ferrite laths 
varied from 80 up to 400 nm Fe2C carbide interlayers were found at the 
boundaries of UB laths (Fig. 5, b). 

In other regions between the UB sublaths, there were layers of 
slender-shaped retained austenite 50–70 nm wide (Fig. 5, c). Their 
presence enabled to attribute this microstructure to degenerate upper 
bainite (DUB). LPB consisted of elliptical bainitic ferrite crystals with 
Fe2C carbide precipitates (Fig. 5, e), which located inside grains at an 
angle to the axis of the α-crystal cross-section (Fig. 5, d and f). The sizes 
of the LPB areas were 2–3 μm, and the thicknesses of the carbide in-
terlayers were 20–40 nm. 

The M–A constituent areas of an elongated lenticular shape up to 
0.3–2.5 μm were found along the LPB boundaries (Fig. 5, f). The fine 
microstructure was represented by highly dispersed TM inside (Fig. 5, f; 
microdiffraction pattern). Areas of retained austenite, predominantly in 
the form of thin interlayers with thicknesses of 30–120 nm, were iden-
tified along the M–A constituent boundaries (Fig. 5, g). Separate TM 
areas were observed only in local regions. Their dimensions did not 
exceed 150–300 nm (Fig. 5, h). 

3.2.3. The HR using mode III 
Ferrite grains were evenly interlaced with predominantly GB ones 

(1.5–2.5 μm in size) in the steel microstructure after the HR using mode 
III (Fig. 6a and b). 

Fig. 3. The SEM-images of the steel microstructure after the HR using modes I (a), II (b), III (c), and IV (d).  
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Reflexes from austenite were observed in the microdiffraction 
pattern (Fig. 6, c). However, the M–A constituent areas were difficult to 
find in the microstructure by TEM due to their small fraction and 
dispersion. In rare cases, the M–A constituent areas with sizes in the 
range of 0.2–0.7 μm were visible. The diffraction patterns from such 

areas revealed reflections of residual austenite and weak ones of the 
α-phase (Fig. 6, d), between which the [111]α//[011]γ Kurdyumov-Zags 
orientation relation was fulfilled. 

A small fraction of LPB with dimensions of (1.0–1.3) × 2.2 μm and 
inclusions of Fe2C carbide were also revealed in the microstructure 

Fig. 4. TEM images of the steel microstructure after the HR using mode I: bright-field images (а, c, g); dark-field image in the 032 reflex from Fe2C (b); micro-
diffraction pattern (d): reflexes of the [111]α, [110]α; [110]γ zones are indicated; microdiffraction pattern (е): reflexes of the [113]α, [113]twin zones are indicated; 
dark-field image in the 002 reflex from γ-Fe (f); microdiffraction pattern (h): reflexes of the [110]α, [110]twin zones are indicated. 
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(Fig. 6, e). In addition, interlayers and individual particles of Fe3C car-
bide were observed at the boundaries of both ferrite and bainite grains 
(Fig. 6, f). No TM areas were found. 

3.2.4. The HR using mode IV 
Quasi-polygonal ferrite grains 1.0–3.0 μm in size (Fig. 7, a) and a 

small fraction of troostite (T) grains (400–600 nm) with ferrite lath 
70–120 nm thick, as well as cementite laths with dimensions of 7–20 nm 
were in the steel microstructure after the HR using mode IV (Fig. 7, b). 

Fig. 5. TEM images of the steel microstructure after the HR using mode II: bright-field images (а, d, f, h); microdiffraction pattern (b): reflexes of the [111]α, [011] 
Fe2С zones are indicated; dark-field image in the 002 reflex from γ-Fe (c); microdiffraction pattern (е): reflexes of the [113]α, [340]Fe2С zones are indicated; dark- 
field image in the 002 reflex from γ-Fe (g). 
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Its characteristic feature was the absence of pronounced bainite areas. 
Nevertheless, large aggregates were found that consisted of different 
microstructural components (Fig. 7c and d). One of such components 
with dimensions of 0.6–1.9 μm included UB laths 90–140 nm wide 
(Fig. 7, c), as well as both LenM and TM areas between them. Another 
example of an aggregate 0.8×1.9 μm in size with an even more complex 
microstructure is shown in Fig. 7, d. 

The T region was distinguished inside, and the diffraction pattern of 
this area indicated the fulfillment of the [113]α ‖ [111]Fe3C Yu. A. 
Bagaryatskiy orientational relation between ferrite and cementite lat-
tices, which had realized during pearlite (bainitic) transformation. An 
area included laths with thicknesses of 50–80 nm was on the right side 
(shown in the top frame in Fig. 7, d). It could be attributed to both UB 
and martensite. In the microstructure of this conglomerate, there were 
TM regions with a typical microdiffraction pattern (Fig. 7, e): the trace of 
the twinning plane coincided with the direction of the twins. Areas were 
found at the boundaries of this conglomerate, the electron diffraction 
patterns of which indicated the presence of retained austenite and the 
α-phase (Fig. 7, f). The [111] α ‖ [011]γ Kurdyumov-Zags orientation 
relation was fulfilled between their lattices. Thus, these conglomerates 

could be attributed to the complex M–A constituent. 
Regions up to 0.9×1.7 μm in size entirely composed of TM were also 

observed in the steel microstructure (Fig. 7g and h). Within them, 
weakly discernible long thin laths with a thickness of about 5 nm were 
visible (Fig. 7, g, enlarged in a frame). 

3.3. Impact toughness tests 

It was shown according to the results of impact bending tests that 
impact energy values of the hot-rolled X65 steel were 200, 24 and 10 J at 
temperatures of +20, –40 and –70 ◦C, respectively [29]. The HR pro-
cessing improved impact toughness of the steel at the low test temper-
atures (Fig. 8). After the HR using mode III, the samples characterized by 
the highest impact energy value compared to the other ones. At the same 
time, the impact energy values did not reduce, remaining at a high level 
with a decrease in the test temperature down to –70 ◦C. After the HR 
using mode I, the impact energy level was the lowest of all samples 
tested at the low temperatures. 

Fig. 6. TEM images of the steel microstructure after the HR using mode III: bright-field images (а, b, e); microdiffraction pattern (c): reflexes of the [111]α, [110]γ 
are indicated; microdiffraction pattern (d) of the region indicated in Fig. 5, b: reflexes of the [111]α, [110]γ zones are indicated; bright-field image and micro-
diffraction pattern (f): reflexes of the [113] Fe3C zones are indicated. 
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4. Discussion 

After the HR processing followed by continuous cooling in air, the 
complete diffusional decomposition of austenite into ferrite and pearlite 
did not occur in the X65 steel. 

Bainitic transformation products were found in the microstructure. 
Their morphological patterns varied, but they were less distinct in 
comparison with steels cooled under isothermal conditions. This feature 
of the steel microstructures after continuously cooling was noted in 
Ref. [34]. 

Fig. 7. TEM-images of the steel microstructure after the HR using mode IV: bright-field images (a–d, g); microdiffraction pattern (e) of the region indicated in Fig. 6, 
d: reflexes of the [113]α, [113]α zones are indicated; microdiffraction pattern (f) of the region indicated in Fig. 6, d: reflexes of the [111]α, [110]γ zones are 
indicated; microdiffraction pattern (h): reflexes of the [110]α, [110]twin zones are indicated. 
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The formation of ferrite in the upper part of the intercritical tem-
perature range had resulted in the enrichment of austenite with carbon 
and an increase in its stability. These had caused the decrease in the 
critical quenching rate and the diffusionless decomposition of austenite 
into bainite/martensite. The variety of the bainitic transformation mi-
crostructures had determined the diffusional character of carbon redis-
tribution in austenite and the precipitation of the second phases. 

The amount of carbon dissolved in austenite had increased with 
rising the HR temperature. When it had reached 1130 ◦C, 1.7% of carbon 
had been in austenite, and it had been 0.8% at the Ac1 point level. 
Therefore, austenite had contained more carbon when the steel had been 
heated up to 1000 ◦C upon the HR processing [35]. In addition, heat 
input had been higher, cooling rate had been lower, and the duration of 
carbon diffusion had been longer compared to those for other HR modes. 
These had contributed to the formation of GB and the massive-shape 
M–A constituent, which contained many large TM areas. As it was 
shown in Ref. [36], their presence was one of the reasons for the 
decrease in impact energy at the low temperatures. In Ref. [37], the 
formation of such complex massive regions of the M–A constituent was 
also found in the heat affected zone of the low-alloy steel. The authors 
noted that the formation of this type of the M–A constituent was the 
most critical for the steel fracture toughness. The sizes of austenite 
grains had affected the formation of the bainitic microstructure. At the 
high HR temperatures and the presence of large grains, the 
bainite-ferrite nucleation rate had been low, but its growth rate had been 
high [38]. Therefore, both granular and lath bainite grains, as well as the 
M–A constituent, were the largest compared to those for other HR modes 
(Table 4). These microstructural factors determined the lowest impact 
energy values at the test temperature of –70 ◦C (Fig. 8, Table 4). After 
the HR using mode I, the dimensions of the M–A constituent areas 
exceeded 2 μm, which were critical for fracture toughness in accordance 
with [19]. The refinement of grains and the M–A constituent areas was 
the main factor in reducing the DBBT. These results were consistent with 
the data obtained in Ref. [16]. 

When the temperature of the HR beginning decreased down to 
920◦С, deformation had finished in the Ar3 region immediately before 
the ferrite transformation starting. A part of austenite had begun to 

enrich with carbon, reducing the bainite transformation points. There-
fore, both UB and LPB (but not GB) had been formed. The change of the 
М–А constituent type to the slender one had happened as well. After the 
HR using mode II, its length reached 2.5 μm that reduced the М–А 
constituent proportion in the steel microstructure due to the elongated 
shapes. At the same time, TM areas were smaller. Consequently, the 
microstructure was characterized by the more uniform carbon distri-
bution before the transformation compared to the steel after the HR 
using mode I. These changes contributed to the significant improvement 
in fracture toughness at the test temperature of –70 ◦C (Table 4). It was 
noted in Ref. [28] that positive factors in improving fracture toughness 
of the X65 steel was a more uniform alternation of microstructural 
components, the absence of uneven grain sizes, and a decrease in the 
proportion and dimensions of brittle pearlite inclusions. 

The HR using mode III had finished at the temperature level of the 
existence of the (γ+α)-phases. The sizes of austenite grains, and, 
consequently, ferrite ones, were significantly lower compared to those 
after the HR using both modes I and II (Table 3). On the one hand, re-
sidual austenite was enriched in carbon and the bainitic transformation 
had to be shifted to the region of lower transformation temperatures. On 
the other hand, deformations, resulted in the presence of microstruc-
tural defects in the austenite, had increased the onset points [38,39] and 
the bainite transformation rate [38]. It was noted in Ref. [40] that fine 
austenite grains had reduced the ability of the steel to be quenched. 
Therefore, the GB formation had been stimulated. Initial austenite grains 
had been smaller before the transformation. Accordingly, the M–A 
constituent areas, which possessed shapes close to the slender type ones, 
were smaller as well (Table 4). A favorable factor was the absence of 
high-carbon TM regions. It was also shown in Ref. [41] that there were 
no TM areas in the fine-grained microstructure, while they were in the 
coarse-grained one. As a result, after the HR using mode III, the steel 
showed the highest impact energy levels over the entire test temperature 
range (Fig. 7). 

The HR using mode IV had been carried out in the lower part of the 
(γ + α)-range and had finished near the Ac1 critical point. Before cool-
ing, a large proportion of dispersed ferrite grains had been formed in the 
steel microstructure. Residual austenite was significantly enriched with 
carbon and inhomogeneous in composition. It was shown in Ref. [42] 
that the region of the bainitic transformation had been absent, but the 
phase transformation points had been shifted to the martensitic trans-
formation region upon cooling from temperatures close to the Ac1 one. 
Therefore, there were very few obvious bainitic areas in the steel 
microstructure after the HR using mode IV. At the same time, small 
regions of dispersed UB laths 90–140 nm in size were located in the M–A 
constituent areas. It was difficult to distinguish them from martensite in 
some cases. A large proportion of the slender-type M–A constituent with 
the complex internal microstructure (Fig. 6c and d) as well as large areas 
of twinned martensite were found (Fig. 6, g). Consequently, it could be 
concluded that the increase in the amount of carbon in residual austenite 
before the phase transformations resulted in the complication of the 
M–A constituent microstructure (modes I and IV). For this reason, 
despite the dispersion of ferrite grains, the impact energy level was 
lower compared to that after the HR using mode III (Table IV). However, 
in spite of the high proportion and the sizes of the М–А constituent, the 
steel impact energy level was higher due to the dispersion of its 
microstructure compared to those after the HR using both modes I and II. 

Fig. 8. Impact energy for the X65 steel vs the HR processing temperature.  

Table 4 
Dimensions of the bainite elements and the impact energy values at the test temperature of –70 ◦C for the X65 steel after the HR using different temperature modes.  

HR mode Average bainitic ferrite dimensions, μm M–A constituent (type and sizes, μm) Twinned martensite areas (type and sizes, μm) Impact energy at –70 ◦C, J 

GB UB LPB 

I 2–4 0.17–0.45 – Massive, 1.0 × 1.5 Massive, 1.6 × 2.2 70 
II – 0.08–0.40 2–3 Slender, 0.3 × 2.5 Massive, 0.2 × 0.3 140 
III 1.5–2.5 – 1.3–2.2 Slender, 0.1 × 0.7 – 210 
IV  0.09–0.14  Slender, 0.8 × 1.9 Massive, 0.9 × 1.7 150  
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Thus, the correlation was observed between the impact energy level 
and the fractions/sizes of the M–A constituent and TM. The lower they 
were, the higher steel fracture toughness was. However, as noted by the 
authors of [43], it was important to understand when analyzing the 
microstructure that fracture toughness was determined not only by the 
most fragile component, but by the steel matrix as a complex substance. 
Despite the fact that many authors noted the negative effect of GB on 
fracture toughness, its high level was achieved due to the formation of a 
homogeneous microstructure, which included dispersed ferrite grains, 
granular bainite and small fractions of the slender type 
martensite-austenite constituent. 

5. Conclusions 

1. The HR processing of the X65 steel followed by subsequent contin-
uous cooling in air resulted in the formation of the bainitic micro-
structure with the volume fraction of 16–20%. The variety of the HR 
temperature ranges caused different bainitic microstructures.  

2. Granular bainite grains with the dimensions of 2–4.0 μm, upper 
bainite, as well as large areas of the massive-shape М–А constituent 
and the high proportion of twinned martensite with the sizes of more 
than 2 μm were observed in the steel microstructure after the HR 
processing from 1000 ◦C. These factors determined the low impact 
energy levels at the subzero temperatures.  

3. After the HR temperature had been decreased down to 850 ◦C, the 
most dispersed ferrite-bainite microstructure was formed. The sizes 
of both granular bainite and М–А constituent areas, which trans-
formed into the slender type, decreased. No areas of twinned 
martensite were observed. These factors contributed to the 
achievement of the maximum fracture toughness level of the steel at 
the subzero temperatures.  

4. After the HR processing from 810 ◦C, the high proportion of large 
both M–A constituent and twinned martensite areas were found 
despite the microstructure dispersion. Therefore, a high level of 
fracture toughness could not be achieved. 
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