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FRACTURE TOUGHNESS OF LOW-CARBON STEEL
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Abstract. The effect of accelerated cooling after cross-helical rolling of X70 low-carbon steel on the formation of structures and mechanical properties
under static tension and impact bending was investigated. The use of interrupted accelerated cooling of steel after cross-helical rolling with exposure
at 530 °C (mode /) and continuous accelerated cooling (mode //) leads to the formation of different types and ratios of structures in steel. After
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rolling according to mode /, the structure is characterized by the presence of ferrite, troostite, granular bainite, and fine Fe,C carbides. After rolling
according to mode /7, the structure is characterized by the formation of lath bainite and large sections of the martensitic-austenitic (MA) component
up to 1 —2 pm in size. It is shown that a decrease in the fineness of ferrite grains in steel after cross-helical rolling in modes / and // from 12
to 4.6 —4.3 um, the formation of a bainitic phase, and hardening of the matrix with carbides led to an increase in the yield strength of steel up
to 440 and 490 MPa and tensile strength up to 760 and 880 MPa. Carrying out helical rolling according to mode / makes it possible to significantly
increase the low-temperature fracture toughness of steel (KCV7°"C = 160 J/cm?) compared to the hot-rolled state (KCV~7°°C = 11 J/cm?) and reduce
the cold brittleness of steel to the temperatures below —50 °C. The use of continuous accelerated cooling (mode /) does not allow increasing the cold

resistance of steel due to the formation of the lath bainite structure and large areas of the MA component.
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- INTRODUCTION

Low-carbon low alloy steels are extensively utilized
in various industries. The enhancement of mechanical
properties of steels is accomplished through integrated
micro-doping and different modes of thermomechani-
cal processing [1 — 11]. However, the improvement in
strength is often accompanied by a decrease in plastic
properties and fracture toughness, particularly under
low temperatures [1; 2]. Thus, the primary objective is
to increase the low-temperature fracture toughness of such
steels. Factors that contribute to its increase include grain
refinement [3 — 6], reduction in the fraction and grain
size of pearlite [5; 6] and the martensite-austenite (MA)
constituent [7]. Additionally, a more uniform alterna-
tion of ferrite and pearlite [5; 8; 9], as well as the absence
of a predominant orientation of planes {001} [3], promote
increased fracture toughness. Another factor that improves
the cold resistance of steel is the utilization of accele-
rated cooling (with cooling rates V_ , ranging from 5
to 30 °C/s) after rolling, leading to the formation of fer-
rite-bainite structures. Depending on the temperature range
of rolling, start and finish temperatures of accelerated
cooling, cooling rates, and holding time, different types
of bainite structures can be formed, achieving varying
levels of strength and fracture toughness [8 — 10]. In
most studies [2 —4; 7 — 10], the structure and mechani-
cal properties of steels were examined after conventional
longitudinal rolling. In contrast to the longitudinal pro-
cess, cross-helical rolling involves a rotating reciprocal
motion of ingots, resulting in a higher fraction of shift
deformation component. This facilitates more efficient
refinement of the granular structure in a lower number
of passes, promoting the formation of a homogeneous
structure and simultaneous increase in strength and low-
temperature fracture toughness [5; 6; 11].

The objective of this study is to analyze the impact
of accelerated cooling following cross-helical rolling
of low-carbon X70 steel on the formation of its structure.
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Additionally, the investigation aims to examine the mechan-
ical properties and micromechanisms of steel fracture under
static tension and impact bending conditions.

[ EXPERIMENTAL

The study focused on low-carbon low alloy steel, spe-
cifically grade X70, which was in the state after hot roll-
ing. The chemical composition of the steel (wt. %) was as
follows: C 0.13; Mn 1.6; V 0.05; Nb 0.04; Si 0.4; Ti 0.05;
Cu 0.3; A10.03; P0.013; S0.01. The ingots used for
cross-helical rolling were obtained by cutting a hot-rolled
steel sheet with a thickness of 56 mm. The initial diame-
ter of the ingot before rolling was 40 mm. Cross-helical
rolling was conducted using an RSP 14-40 three roll mill
in six passes, gradually reducing the diameter. Previous
research [ 11] demonstrated that rolling this steel at 850 °C
in the region where (y + o) phases exist in the phase dia-
gram, following by air cooling, resulted in higher fracture
toughness compared to rolling at 1000, 920 and 810 °C.
In this study, the rolling process was performed at 850 °C.
After rolling, accelerated cooling was applied using
a water sprayer at a rate of 6 °C/s until reaching 530 °C,
followed by a three-minute hold and subsequent cool-
ing at a rate of 6 °C/s to 200 °C (mode /). In the second
case, the ingot was cooled at a rate of 6 °C/s to 200 °C

S
(mode /I). Cumulative degree of deformation ¢ = ln{—oj
f
(where S and S, represent the initial and final surface
areas of the transversal cross sections of the rods), after
six rolling passes in both cases, was approximately 1.6.
The final diameter of the rods after rolling was 17 mm.

Microstructural studies were conducted using a scan-
ning electron microscope (LEO EVO 50). To prepare
the samples for structural analysis, their surfaces were
sequentially polished using emery paper with gradu-
ally decreasing abrasive grain sizes. Subsequently,
the samples were polished on cloth using diamond paste.
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In order to reveal grain boundaries, the polished sur-
faces were etched in a 3 % alcohol solution of HNO,.
Vickers microhardness measurements were performed
using a PMT-3 hardness meter with a load of 0.49 N.
For static tension tests, samples with a working area size
of 15x3x1 mm were used. Impact tests were carried out
on samples with dimensions of 10x10x55 mm, which
featured a V-notch. An INSTRON MPX 450 impact
machine was used for these tests within a temperature
range T, from +20 to —70 °C. By measuring the sur-
face arcas under the load-deflection curves, the work
of crack nucleation (the surface area under the loa-
ding curve until reaching the maximum load F_ ) and
crack propagation (the surface area under the loading
curve after reaching F_ ) were determined. The stages
of crack propagation and the micromechanisms of frac-
ture at each stage were analyzed by examining the sur-
faces of the fractured samples using a scanning elec-
tron microscope (LEO EVO 50). The fracture surfaces
were examined to identify regions exhibiting brittle frac-
ture and shear lips. Shear lips refer to segments of duc-
tile fracture adjacent to the lateral sides of the sample
and are typically oriented at an angle of approximately
45° to them. The fractions of these regions were calcu-
lated as the ratio of their surface areas to the surface area
of the cross section of the sample under the notch after
fracture. The temperature of the viscous brittle transition,
T, (or FATT, [12]), was determined based on the frac-
tion of the brittle region observed on the fracture sur-
face. T, corresponded to the temperature at which 50 %
of the fracture surface exhibited brittle fracture.

[ Resutts

In the hot rolled state, X70 steel exhibits a ferrite-
sorbite structure (Fig. 1, a). The average size (d;;) of fer-
rite grains is 12 pm. The volumetric fraction of sorbite
(dispersed pearlite) is 20 %, and the interplanar distance
in sorbite is 0.25 um. The microhardness of the ferrite
regions is measured at 165 HV .

After cross-helical rolling of the steel, the structure
becomes refined and shows a more homogeneous distri-
bution of structural constituents (Fig. 1, b, d). In the case
of processing according to mode /, the cooling rate is
insufficient to suppress diffusion decomposition of aus-
tenite. As a result, additional holding during cooling crea-
tes conditions for carbon diffusion.

In the steel structure after processing according
to mode /, in addition to ferrite, there are regions
of bainite with a granular morphology (Fig. 1, b), troos-
tite (Fig. 1,c¢) and dispersed Fe,C carbide particles
(a’Fe3C =50 + 250 nm) located within and at the bounda-
ries of ferrite and bainite grains (Fig. 1, ¢). Coarser
carbide particles up to 1 pm in size are also present.

The average grain size of ferrite d; decreased to 4.6 um,

while the average grain size of bainite (d) is 2.5 pm.
The fraction of troostite segments decreased to 10.5 % and
the interplanar distance in troostite is 0.17 um (Fig. 1, ¢).
The high dispersity of troostite is a result of accelerated
cooling.

In the steel samples processed according to mode /7,
the structure consists of regions of ferrite, troostite, granu-
lated and lath bainite, as well as the segments of the MA
constituent and Fe,C carbide particles (Fig. 1,d - f).
The average size of ferrite grains decreased to 4.3 pm,
and the sizes of the MA constituent ranges from 1 to 2 pm.
The structure also contains coarse particles of Fe,C car-
bide (up to 1 pum), although the fraction of finely dis-
persed carbides is lower compared to processing accord-
ing to mode /. The fraction of troostite grains decreased
to 7.5 %. In the case of processing according to mode /7,
the fraction of the bainite phase is higher.

The microhardness of the ferrite matrix increased
to 205 HV,, after steel cooling according to mode / and
to 225 HV, after steel cooling according to mode //. Simi-
larly, the microhardness of the bainite regions increased
to 320 HV,, and 335 HV, respectively (refer to Table,
where HV_ is the microhardness of ferrite; HV is
the microhardness of bainite; o, is the yield stress; o is
the ultimate tensile strength; € is the plasticity; KCV is
the impact toughness at various test temperatures).

The yield stress of the steel increased by 20 and 35 %
after cross-helical rolling according to modes / and /J,
respectively. Additionally, the ultimate tensile strength
increased by 20 and 75 % in the respective modes. However,
there was only a slight decrease in plasticity. The higher
level of strength properties observed after cooling accord-
ing to mode // can be attributed to the formation of a higher
fraction of the bainite phase, as well as the formation of lath
bainite and segments of the MA phase.

During impact bending tests, it was observed that
the steel samples in the hot rolled state exhibited higher
fracture energy at ambient temperature (refer to Table;
Fig. 2, a). However, as the test temperature decreased
to —40 and -70 °C, the fracture toughness sharply
decreased. All impact loading diagrams of the steel showed
segments of sharp load decrease (indicated by arrow in
Fig. 2, a). At negative test temperatures, a sharp decrease
in the curves was observed immediately after reaching
the maximum load. This form of load—deflection curves
indicates the occurrence of avalanche crack propagations,
which is characteristic of brittle fracture.

The fracture of the samples at low temperatures occurs
through the mechanism of transcrystalline cleavage, as
depicted in Fig.3,a and b. Even at —40 °C, the frac-
tion of brittle fracture is almost 100 %, as shown in Fig. 4, a.

In the temperature range of —40 + —70 °C, the fracture
surfaces exhibit a lack of tightening of the lateral faces
and shear lips (represented as A in Fig. 3, d), which are
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Fig. 1. SEM images of steel structures in hot-rolled state (a), after cross-helical rolling using mode 7 (b, ¢) and mode /7 (d — f)
(F — ferrite; GB — granular bainite; LB — lath bainite; T — troostite; MA — MA component)

Puc. 1. POM-u300paxkeHHS CTPYKTYP CTAIIH B TOPAYCKATAHOM COCTOSHUH (a), OCIIE IIOIEPEYHO-BUHTOBOI IpoKaTKy 110 pexumaM [ (b, ¢) u Il (d —f)
(F — depput; GB — rpanynspusiit 6eiinut; LB — peeunsrii 6eitnut; T — Tpooctut; MA — MA cocrasnsitorast)

20

Load, kN

15

20 25
Deflection, mm Deflection, mm

30
Deflection, mm

Fig. 2. Curves of impact loading of steel in the hot-rolled state (a), after treatments using mode / (b) and mode / (¢):
1-T,, =+20°C;2-T, =-40°C;3-T,_ =-70°C

test

Puc. 2. KpuBble yaapHOro Harpy>KeHusi CTaJld B TopsiueKaTaHOM COCTOSIHUH (a), Tociie 00padoTok mo pexumam / (b) u 11 (c):
1-T,,=+20°C;2-T,,=-40°C;3-T, , =-70°C
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Mechanical properties of X70 steel

Mexanunyeckue cBoiicTBa cTajau Kareropuu npounoctu K60

State HV,, 6,,»MPa | 6,MPa | &% | KCV*?, Jiem*> | KCV, J/em?> | KCV, J/em?

Hot rolled HV, =165 360 650 23.0 250 23 11

; ; HV._. =205
Processing according  to £ 440 760 20.5 245 185 160
mode / HV, =320

i i HV_ =225
Processing according to E 490 280 20.0 160 85 45
mode 7 HV, =335

After cross-helical rolling of steel according to mode /,
the fracture toughness of the samples at ambient tempera-
ture remains at a similar level to that of the hot rolled state
(refer to Table). The loading diagram of these samples

characteristic of macroplastic deformation (Fig. 3, a;
Fig. 4, b). The temperature at which the steel undergoes
a transition from a viscous to a brittle fracture mode,

known as T, is =30 °C.

Fig. 3. Fracture surfaces of the impacted samples of steel in hot-rolled state at 7, =40 °C (a, b),

after treatment using mode / at 7, = +20 °C (¢) and 7, , = —40 °C (d, e) and using mode /7 at T, =40 °C (f—h)

Puc. 3. [ToBepXHOCTH pa3pyIleHus ylapHbIX 00pasIoB CTalu B ropsuekaranom coctosuuu npu 7, =40 °C (a, b),
nocsie o6padorku no pexkumy / pu T, = +20 °C (¢) u T, =40 °C (d, ) u no pexumy Il npu T, =40 °C (f—h)

est

315



N3BECTUA BY30B. YEPHAA METAJIJIYPTUA. 2023;66(3):311-319.
Topduenko A.H., Baacos H.B, [louusasos H0.U. BiusiHue yCKOPEHHOTO OXJIAXK/|€HHS [T0CJIe TI0TNIePEeYHO-BUHTOBON MPOKATKY ...

120 32
N a - b
N“ o'\ 28_
(5] <
S 5:524_
3 2
tog “S 20 |
7] B
- o 16
~ <
5 5 12 F

=}
g 2 8
-~ Q
3) S

-70 -40 20 -70 -40 20

Temperature, °C Temperature, °C

Fig. 4. Bar graphs of the area fractions of brittle fracture zones
Ly (a) and shear lips (b) on steel fractures after hot rolling ()
and after treatment using modes / and // (Il and ()

Puc. 4. I'mcrorpammsl j1071€# IIIOIA/ M 30H XPYIKOTO pa3pyIeHus
Ly (@) n y6 cpesa (b) Ha U3JI0Max CTajK MOCJIE TOPSYEH MPOKATKK ()
1 nocie o6padorkn mo pesxumanm [ u 11 (Il u M)

does not exhibit linear segments of load drop (Fig. 2, b,
curve /). Instead, oscillations of the load are detected,
which are characteristic of high ductile steels and typical
for fracture toughness analysis [13]. The nucleation and
propagation of crack at all stages of fracture occur
through the formation, growth and coalescence of pores
(Fig. 3, ¢). Coarse carbide particles are present within
the dimples observed on the fracture surface.

As the test temperature decreases, the fracture tough-
ness, work of crack nucleation, and work of crack propa-
gation in the steel processed according to mode I decrease
(refer to Table and Fig. 2, ). However, these properties
remain at a higher level compared to the hot rolled state.
In the loading curves, segments of sharp load decrease
were observed (Fig. 2, b; curves 2 and 3, indicated
by white arrow). However, after the avalanche propa-
gation of the crack, there is a “blunting” of the crack.
Further crack propagation is accompanied by plastic
deformation (Fig. 2, b; black arrows). On the fracture
surfaces of the destroyed samples, a clear transition from
brittle to viscous fracture is observed (Fig. 3, d, e; indi-
cated by white arrow). Additionally, the fracture surfaces
exhibit segments of splitting (Fig. 3, d; indicated by yel-
low arrow), which contribute to an increase in fracture
toughness by increasing the surface area upon crack for-
mation [14]. Consequently, the energy required for crack
development is higher, and the fraction of the brittle con-
stituent in the fracture is lower (Fig. 4, a). At temperatures
of —40 and —70 °C, the fraction of the brittle constituent
in the fracture is 29 and 80 %, respectively. The presence
of significant tightening on the lateral faces (Fig. 3, d),
wide lips (Fig. 4, b), and rupture area (Fig. 3, d) down
to =70 °C indicates a high degree of plastic deforma-
tion during crack propagation. This confirms higher resis-
tance to fracture of the steel after processing according
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to mode /. The temperature of the viscous brittle transi-

tion, T, decreases to —55 °C.

In the case of continuous accelerated cooling after
cross-helical rolling (mode /), the fracture toughness
at ambient temperature is lower compared to all consi-
dered sates of the steel (refer to Table). At negative test
temperatures, the work of crack nucleation and propaga-
tion is higher compared to the hot rolled state but lower
than after processing according to mode / (Fig. 2, ¢).
The sample exhibits a higher degree of macroplastic
deformation compared to the hot rolled state, as evidenced
by the presence of tightening on the lateral faces (Fig. 3, /)
and shear lips (Fig. 4, b) even at temperatures as low as
—70 °C. Oscillations are observed in the loading-deflec-
tion curves until reaching the maximum load. The high-
est load, at which the main crack begins to develop, is
observed in the case of processing according to mode /1.
This results in the highest concentration of stresses near
the crack tip. After reaching the maximum load, there is
a sharp drop in the curve along a straight path. This stage
corresponds to the brittle propagation of the crack through
the mechanism of transcrystalline cleavage (Fig. 3, g).
However, the fracture exhibits a mixed pattern, as it con-
tains both cleavage facets and dimples on the fracture
surface (Fig. 3, & —indicated by white arrows), indicating
a certain degree of plastic deformation during the propa-
gation of the main crack. The temperature of the vis-
cous brittle transition, 7, for the steel after processing

50°
according to mode /7 is —35 °C.

- DISCUSSION

The application of cross-helical rolling according
to mode / offers a significant increase in the low tempera-
ture fracture toughness of X70 steel. This improvement
is attributed to several factors, including the refinement
of ferrite grain size (from 12 to 4.6 um), a reduction in
the size and fraction of the more brittle troostite phase,
and a more homogeneous distribution of structural cons-
tituents (ferrite, troostite, bainite). These conclusions
align with the experimental findings reported in refe-
rences [3 — 6; 8]. During low temperature impact loading,
there is an incompatibility of plastic deformation between
the “soft” ferrite and the brittle troostite regions. The pre-
sence of larger troostite regions increases the likelihood
of brittle cleavage crack development. By implemen-
ting accelerated cooling according to mode /, the forma-
tion of granular bainite occurs, and the structure releases
finely dispersed carbides due to the holding at 530 °C.
As a result, the fraction of troostite decreases to 10.5 %.
Consequently, the propensity for brittle fracture during
low temperature tests is reduced.

The absence of holding and continuous cooling in
mode I/ restricts the release of carbides. As a result,
the fraction of finely dispersed carbides in the ferrite matrix
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after cooling according to mode /I is lower compared
to processing according to mode /. This leads to a higher
carbon concentration in austenite and an increase in its
stability [15]. Consequently, the subsequent decomposi-
tion of austenite occurs at lower temperatures, resulting
in the formation of lath bainite and the presence of seg-
ments of the MA phase (Fig. 1, f). As a consequence,
the fracture toughness of the steel after processing accor-
ding to mode /I is lower than after processing according
to mode /. In the available literature [3; 16 — 19] focusing
on the study of bainite structures, there is no consensus
on which type of bainite phase provides higher frac-
ture toughness for steel. Some studies have shown that
the structure of acicular ferrite leads to higher fracture
energies and a lower temperature of viscous brittle transi-
tion [16; 17]. On the other hand, the formation of granu-
lar bainite has been associated with lower fracture ener-
gies due to coarser grains and larger segments of the MA
phase. However, other researchers [3; 18; 19] have men-
tioned that the structure of granular bainite offers higher
fracture toughness compared to lath bainite and pearlite.
These differing conclusions can be attributed to variations
in carbon content and micro-dopants (such as niobium,
vanadium, molybdenum, titanium, etc.) in the steels, as
well as differences in the rolling temperature modes that
influence the conditions of bainite phase formation. In
the studied case with a carbon content of 0.13 wt. %, roll-
ing in the (y + a) region results in significantly enriched
overcooled austenite. Subsequent accelerated cooling
leads to the formation of lath bainite and large segments
of'the MA constituent. This aligns with the higher strength
observed in the bainite structure (335 HV ). However,
the more strained structure of lath bainite does not allow
for sufficient fracture toughness to be achieved after pro-
cessing according to mode /1.

It is important to note that fracture toughness is not
solely controlled by the properties of the more brittle
phase, but also by the properties of the surrounding
matrix [20]. Microregions with higher fracture toughness
can inhibit the propagation of brittle fracture originating
from adjacent regions with lower fracture toughness. This
explains the higher low temperature fracture toughness
observed in the steel with a dispersed structure after roll-
ing according to mode /7, in comparison to the hot rolled
state. Additionally, the mixed viscous brittle pattern
of fracture, with the presence of blunting of the brittle
crack and alternating cleavage facets and dimple relief in
the fractures (Fig. 3, /), further supports this observation.

Based on the experimental results, it can be assumed
that for this specific X70 steel, the favorable type
of bainite phase is granular rather than lath bainite. In
order to achieve a higher increase in fracture tough-
ness through accelerated cooling, it may be necessary
to decrease the carbon content in the steel.

- CONCLUSIONS

Cross-helical rolling combined with accelerated cool-
ing and holding at 530 °C (mode /) enables the refinement
of the granular structure of X70 steel from 12 to 4.6 pm.
The resulting structure consists of ferrite, troostite, granu-
lar bainite and finely dispersed carbides Fe,C. Continuous
accelerated cooling after cross-helical rolling (mode /7)
leads to the presence of grains of ferrite, troostite, granular
and lath bainite, as well as segments of the martensite-aus-
tenite phase and Fe,C particles. Compared to the hot rolled
state, both modes / and /7 result in a more homogeneous
distribution of structural constituents (ferrite, troostite,
bainite) and a lower fraction of troostite in the structure
(10.5 and 7.5 %, respectively).

As a result of the refinement of the granular struc-
ture, formation of the bainite phase, and matrix harden-
ing by carbides, the microhardness of the ferrite matrix
in the steel increases to 205 and 225 HV,, in modes /
and /I, respectively, compared to the hot rolled state. In
the bainite regions, the microhardness reaches 320 and
335 HV,,. The yield stress of the steel increases to 440
and 490 MPa, and the ultimate strength increases to 760
and 880 MPa in modes / and /1, respectively.

After cross-helical rolling according to mode /,
the fracture toughness at negative temperatures sig-
nificantly increases (KCV~7°°C =160 J/cm?) compared
to the hot rolled state (KCV~7°°C =11 J/cm?). The pres-
ence of significant tightening on the lateral faces and wide
shear lips up to —70 °C indicates a high degree of plastic
deformation during crack propagation. The temperature
of the viscous brittle transition, 7., decreased to —55 °C

50°
for the steel after rolling according to mode /.
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