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ARTICLE INFO ABSTRACT

Keywords: The effect of different thermomechanical treatments, i.e., ausforming and tempforming, on the microstructure
High-strength low-carbon steel and mechanical properties including impact fracture behavior of high-strength low-carbon S700MC-type steel
Ausforming was investigated. The tempforming resulted in the development of ultrafine grained elongated grain micro-
Tempforming

structure with the transverse grain size of 530 nm, whereas the ausforming led to the formation of typical
tempered martensite structure with a distance between high-angle boundaries of 1.5 um. The tempered mi-
crostructures involved the formation of carbides with an average particle size about 50 nm and M(C, N)-type
carbonitrides with average size of 10 nm. The tempformed steel exhibited the ultimate tensile strength of
1110 MPa and the impact toughness, KCV, above 450 J/cm? at a temperature of 293 K, and KCV of 109 J/cm? at
liquid nitrogen temperature for impact direction perpendicular to rolling plane. In contrast, KCV of the aus-
formed steel was 180 and 10 J/cm? at 293 and 77 K, respectively. The enhancement of toughness was associated
with delamination cracks which occurred in the ultrafine elongated grain structure with anisotropic properties.

Ultrafine grained microstructure
Delamination toughening

1. Introduction

High-strength low-alloy (HSLA) steels are widely used materials due
to their low cost and good combinations of strength, ductility and
toughness [1-3]. However, this type of steels with high strength typi-
cally exhibits low Charpy V-notch impact energy of 10-40 J at lowered
temperatures [1-3]. Such low toughness often limits their structural
applications. Structural steels have to be both strong and tough. These
steels could not be used at temperatures below the ductile-brittle
transition temperature (DBTT), at which the steel loses its toughness
and fracture occurs in a brittle mode. The grain refinement is one of the
most promising approaches to decrease DBTT concurrently with
strengthening of structural steels and alloys [4-7]. The ultrafine grained
structure decreases the stress concentration at grain boundaries, espe-
cially at triple junctions [7].

The water-cooled thermo-mechanical processes are widely used to
obtain high strength and superior toughness in HSLA steels through
grain refinement [5]. The direct water spray quenching after controlled
rolling results in martensite structures in HSLA steels. The lath mar-
tensite consists of prior austenite grains, packet, blocks and laths with
high dislocation densities [3,8-10]. The use of thermo-mechanical
process with direct quenching (ausforming) allows remarkable refine-
ment of the martensite structural elements [5]. Other effective methods
for grain refinement involve cold rolling of martensite followed by
annealing or warm rolling of tempered martensite [10,11]. However,
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the strengthening by refining the grain size to 1 um or less tends to
degrade the tensile ductility and toughness [8]. An interesting approach
to increase the toughness and decrease DBTT of HSLA steels was pro-
posed by Kimura et al. [12]. This method consists of the formation of a
lamellar structure with the transverse grain size of about 100 nm and a
uniform distribution of dispersed nanosized particles of secondary
phases in steels owing to specific thermo-mechanical processing, i.e.,
tempforming, which allows obtaining a promising combination of me-
chanical properties in low-alloyed steels. It is worth noting that thermo-
mechanical processing with accelerated cooling can produce the same
structure in low-carbon steels [5]. Therefore, tempforming and aus-
forming allow obtaining a superior combination of strength and
toughness in low-alloyed steels. In particular, the tempformed steels
exhibit delamination phenomenon, which improves the toughness at
low temperatures [14-16]. Delamination results from anisotropic mi-
crostructures, i.e., the grains/subgrains highly elongated along the
rolling direction (RD) and the second phase particles precipitated at the
longitudinal grain/subgrain boundaries. Delamination was observed in
various structural steels and alloys [12,17-29], leading to so-called
delamination toughening. The delamination toughening can decrease
DBTT in low-alloy steels by reducing the triaxial stress concentration at
the crack tip [18-22,25,26]. The dominating factors controlling the
delamination toughening are considered to be the ultrafine grains, the
grain shape and the <110> || RD fiber texture [9,13,22,23,29-31],
which vary depending on the starting microstructure [9,23] and the
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Fig. 1. Schematic diagrams illustrating the routes of thermo-mechanical processing (a)
and the specimen orientations for impact tests (b).

processing conditions, such as rolling temperature and rolling reduction
[9,22].

The aim of the present paper is to study the effect of thermo-me-
chanical processing route on the fracture toughness of an S700MC-type
low-alloy steel over a range of temperatures from 293K to 77 K. In
order to understand the underlying mechanisms of fracture, the mi-
crostructure and mechanical properties of the steel subjected to temp-
forming and ausforming were comparatively analyzed.

2. Experimental

A high-strength low-alloy steel of S700MC-type with a chemical
composition of Fe — 0.09C - 0.12Si — 1.19Cr — 1.55Mn - 0.003P - .005S
- 0.05Nb - 0.025A1 - 0.05Ti — 0.42Mo — 0.09V - 0.003B (all in mass%)
was subjected to homogenization annealing followed by hot forging at a
temperature of 1423 K. Two different routes of thermo-mechanical
processing were chosen (Fig. 1a). The first method was ausforming
consisting of rolling with decreasing temperature from 1273K to
1123 K to a total strain of 0.9 followed by quenching and tempering at
923K for 1h. The second method included quenching from 1373 K,
tempering at 923K for 1h and rolling at tempering temperature
(tempforming) to a total strain of 1.5.

The structural observations were performed on the RD-ND sections
(RD is the rolling direction, ND is the normal direction), using a Quanta
Nova Nanosem 450 scanning electron microscope (SEM) with an elec-
tron back scattering diffraction (EBSD) analyzer incorporating an or-
ientation imaging microscopy (OIM) system and a Jeol JEM 2100
transmission electron microscope (TEM). The samples for structural
characterizations were electro-polished using an electrolyte containing
10% perchloric acid and 90% acetic acid at a voltage of 20 V at room
temperature. The OIM images were subjected to clean up procedure
setting minimal confidence index of 0.1. The mean grain size was
evaluated on the OIM micrographs as an average distance between
high-angle boundaries with misorientations of & = 15°. In addition to
OIM, the misorientations between the grains/subgrains were analyzed
by the conventional TEM Kikuchi line method using the converged-
beam technique [31]. The lath/subgrain sizes were measured on TEM
micrographs by the liner intercept method, including all clear visible
boundaries and subboundaries. The dislocation density was evaluated
by counting individual dislocations inside the laths/subgrains on
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representative TEM images.

Tensile tests were carried out using an Instron 5882 testing ma-
chine. The tensile specimens with gauge dimensions of 12mm in
length, 3mm in width, 1.5mm in thickness were prepared with the
tensile direction along RD. The specimens were tested at ambient
temperature at a crosshead rate of 2 mm/min. Standard Charpy V-notch
specimens were tested using an Instron 450 J impact machine (Model
SI-1M) with an Instron Dynatup Impulse data acquisition system at
temperatures ranging from 77 to 293 K. The specimens for impact test
were cut out as shown in Fig. 1b, where the sample 1 is that for the
impact direction along ND (impact test |[ND) and the sample 2 is that
for the impact along TD (impact test ||TD).

3. Results
3.1. Microstructure characterization

Typical microstructures of the present steel subjected to different
treatments are shown in Fig. 2. The structural parameters for the
S700MC-type steel samples after ausforming and tempforming are
summarized in Table 1. The ausforming resulted in the development of
tempered martensite lath structure, in which prior austenite grains are
subdivided into packets and blocks of martensite laths [10] (Fig. 2a).
The mean sizes of the prior austenite grains and martensite blocks are
about 20 um and 1.5 pm, respectively. On the other hand, the temp-
forming led to the evolution of ultrafine grained microstructure con-
sisting of grains elongated along RD. The mean transverse grain size is
530nm (Fig. 2b). The tempformed steel is characterized by strong
<001> |IND and <111)> ||ND fiber textures (corresponding to red and
blue colors, respectively, in Fig. 2b). It was shown that intensity of the
{100}<110> texture increases in low-carbon steels during multi-pass
warm plate rolling at temperatures of 813 — 923 K [13,28]. Indeed, the
highest relative intensity of 5 was obtained for <001> |[ND texture
component.

The TEM images of the S700MC-type steel subjected to ausforming
and tempforming are shown in Figs. 2¢ and 2d. The ausformed micro-
structure consists of elongated martensite laths with rather high dis-
location density of 5 x 10'* m ™2 The transverse lath size comprises
approx. 200 nm and the misorientations between the laths are mostly
below 3 degrees (Fig. 2c). The tempforming resulted in the develop-
ment of thin lamellar structure with an average transverse subgrain size
of 100 nm and the dislocation density of 8 x 10'* m ~2. The boundaries
between the elongated grains/subgrains are represented by a mixture of
low-to-high angle (sub)boundaries (Fig. 2d). It is worth noting that
there are many subboundaries with relatively large misorientations
close to 15°. The laths developed by quenching and tempering further
increase their misorientations during tempforming, i.e., warm rolling at
923K to a total true strain of 1.5. The main difference between two
structural conditions consists in the size and shape of the blocks being
aggregations of the laths with the same crystallographic orientation.
Tempforming provides lamellar block shape and refines the thickness of
blocks.

Both ausformed and tempformed microstructures are characterized
by the formation of dispersed carbides at various boundaries/sub-
boundaries of laths, blocks, packets and prior austenite grains. Typical
examples of Cry3Ce-type carbides are shown in Figs. 3a and 3b. In ad-
dition, M(C, N) carbonitrides with an average size of 10 nm precipitate
throughout the tempered martensite. As shown on Fig. 3c the carbide
particle sizes range from 7 to 160 nm, and an average size is about
50nm after both treatments. It is clearly seen that the particle size
distributions have maximums in the range of 40-50 nm irrespective of
ausforming/tempforming treatment, although tempforming provides
more homogeneous carbide distribution (sharper peak in Fig. 3c). It
should be noted that the precipitations in the present steel samples and
those evolved in low-carbon steels subjected to the thermo-mechanical
control process are nearly the same [5].
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Fig. 2. Microstructures developed in an S700MC-type steel through ausforming (a) or tempforming at 650 °C to a total strain of 1.5 (b). Colors correspond to the crystallographic direction
along the normal direction (ND). The black and white lines indicate high-angle boundaries (6 > 15°) and low-angle sub-boundaries (2° < 6 < 15°), respectively. Substructure in an
S700MC-type steel after ausforming (c) and tempforming (d). The numbers indicate the boundary misorientations.

Table 1
Structural parameters of an S700MC-type steel processed by ausforming or tempforming.

Treatment High-angle Transverse Dislocation Mean
boundary lath size, nm density, x 10'*  carbide
spacing, pm m~2 size, nm

Ausforming 1.5 203 5 55

Tempforming 0.53 105 8 50

3.2. Tensile properties

The engineering stress—strain (o-¢) curves obtained for a S700MC-
type steel samples by tension at ambient temperature are presented in
Fig. 4. After ausforming the o-¢ curve exhibits a noticeable strain
hardening followed by an apparent steady-state flow with a quite low
work-hardening rate. Relatively large strains after the onset of plastic
instability and necking are observed in the both material conditions.
Following the onset of plastic flow, the tempformed specimen exhibits a

negligible short stage of strain hardening and a well-defined peak stress
followed by a plateau that is discontinuous yielding [3,32,33].

The tensile properties of the ausformed steel are characterized by
relatively high ultimate tensile strength and yield strength of 980 and
910 MPa, respectively. These high strength properties are combined
with satisfactory plasticity; total elongation is about 13%. The temp-
forming significantly enhances the strength owing to the formation of
ultrafine grain layered structure. The ultimate tensile strength and yield
strength are almost the same and comprise 1110 and 1090 MPa, re-
spectively. An increase in the strength after tempforming is accom-
panied by a decrease in total elongation to 9%. The values of yield
strength, ultimate tensile strength and total elongation are shown in
Table 2.

3.3. Impact toughness

The specimens after impact tests are shown in Fig. 5. It is seen that
cracks propagated directly across the central portions of the Charpy
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Fig. 3. Typical TEM micrograph of an S700MC-type steel subjected to ausforming (a) or tempforming (b). The size distributions of carbide particles in an S700MC steel subjected to
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Fig. 4. Room temperature tensile curves of an S700MC-type steel subjected to different
treatments.
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Table 2
Mechanical properties of an S700MC-type steel subjected to ausforming or tempforming.

Treatment Offset yield strength, Ultimate tensile Elongation, %
MPa strength, MPa

Ausforming 910 980 13

Tempforming 1090 1110 9

specimens for impact test ||TD at all temperatures in the tempformed
condition and at 77K in the ausformed condition. The Charpy speci-
mens in the tempformed condition exhibit delaminations, i.e., the
cracks branch along the impact test specimens, and zigzag-shaped
cracks appear. The Charpy specimen in the tempformed conditions did

262

not separate into two pieces after impact test |[ND at 293 K. Even at
liquid nitrogen temperature, the crack propagation crosswise to the
impact specimen is suppressed.

Series of load vs displacement and absorbed energy vs displacement
curves obtained by the impact tests of the steel subjected to ausforming
and tempforming are shown in Fig. 6 with indication of the char-
acteristic points of general yield load (Pgy), maximum load (P,,), fast
fracture load (Py) and arrest load (PA) [34-39]. The sample subjected to
ausforming and tested at room temperature exhibits high V-notch im-
pact adsorbed energy of 140 J. The displacement range exceeds the size
of the central portion of the impact specimen that is characteristic of a
fracture when the crack propagation path before the separation of the
sample into two parts is much larger than the sample thickness
[13,34-39]. The arrest load after the fast fracture propagation takes
place at a displacement of about 7 mm. The total fracture energy is
mostly consumed during the initiation of crack with critical dimension
and the stage of stable crack propagation. A decrease in the test tem-
perature shortens the stage of stable crack propagation. In the tem-
perature range of 233-293K, the Pgy and P, values are almost the
same. The large displacement interval from Pgy to P, provides a high
value for impact adsorbed energy. At 183 K, the onset of unstable crack
propagation occurs just after the maximum load. At 77 K, the onset of
unstable fracture takes place after insignificant plastic deformation; the
steel is fully brittle. In contrast to a common tendency of an increase in
PGY and Pm with a decrease in the impact test temperature, the max-
imal load decreases by a factor of 5 with a decrease in the test tem-
perature from 183 to 77 K.

The impact behavior of the tempformed samples is quite different
from that of ausformed samples. The specimens for impact test ||[ND
exhibit all four stages of crack propagation at T > 183 K. The P,, va-
lues are remarkable higher than Pgy. The stages of stable and unstable
crack propagations are typical for delamination toughness; the alter-
nation of crack re-initiation points and arrest points is attributed to
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of the tempformed S700MC steel after impact test in two directions (impact test ||[ND and impact test ||TD) at the indicated temperatures.

zigzag crack deflection and secondary cracks running perpendicular to
the impact direction [27]. The onset of unstable crack propagation
occurs after rather large stage of stable crack propagation. A short stage
of the arrest of unstable crack propagation is observed even at 183 K. At
77 K, the onset of unstable crack propagation appears at the maximum
load. A decrease in the test temperature leads to an increase in the Pgy
and P,, values. On the other hand, the onset of unstable crack propa-
gation occurs right after the maximal load during the impact tests ||TD
in the studied temperature range.

The Charpy V-notch impact absorbed energy of the S700MC-type
steel subjected to different treatments is shown in Fig. 7. The value of
impact toughness of the ausformed samples is 177 J/cm? at room
temperature and 98 J/cm? at 263K. Further decrease of the test
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temperature results in a gradual decrease in the impact toughness to
42J/cm? at 183K, and then the absorbed energy falls to 6J/cm? at
77 K. The last value corresponds to lower shelf energy [34-39], whereas
upper shelf energy should be higher than 177 J/cm? at 293 K. There-
fore, the ductile-brittle transition takes place at approx. 273 K. The
Charpy test specimens from the tempformed steel were not completely
broken at T = 233 K after impact tests ||[ND. Therefore, the real values
of the V-notch impact energy at these temperatures should be higher
than indicated in Fig. 7. These specimens exhibit superior delamination
toughness. The high impact energy of 109J/cm? is obtained even at
liquid nitrogen temperature. In contrast, the Charpy V-notch impact
energy of the tempformed steel obtained by the impact tests ||TD lies at
lower shelf of ductile-brittle transition. In this case, DBTT seems to be
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above 293 K.

3.4. Fractography

The low- and high-magnification SEM images of the impact fracture
surfaces of the ausformed specimens are shown in Figs. 8 to 10. A
viscous fracture can be observed at room temperature, the fraction of
ductile fracture is about 0.83 as calculated by a ratio of ductile fracture
area to total one (The areas of ductile fracture are outlined by dashed
lines in Fig. 8). The fracture surface consists of the initiation, stable
crack propagation, unstable crack propagation and shear lip zones
[34-39]. The dimpled transgranular fracture, which results from the
coalescence of microvoids, is observed in the initiation, stable crack
propagation and shear lip zones. These zones are distinguished by the
dimple shapes. The shallow dimples are in dominant in the initiation
zone, where fine dimples alternate with rather coarse ones. In contrast,
the uniform distribution of dimples with conical shape is observed in
the shear lip zone. Individual particles located on the dimple bottom
suggest the microvoid nucleation on the particles [40]. The stable crack
propagation occurs in an essentially ductile manner, when the absorbed
energy can be related to the dimple aspect ratio, i.e., depth/diameter
ratio, through a linear function [41]. Fracture in the zone of unstable
crack propagation occurs by quasi-cleavage transgranular mechanisms,
while the fine dimples can only be found on rare tear ridges.

The zone of unstable crack propagation expands while other zones
shorten with a decrease in the impact test temperature. The quasi-
cleavage transgranular fracture is observed in the zone of unstable

Materials Science & Engineering A 723 (2018) 259-268

Fig. 8. Fracture surface of the Charpy V-notch specimen of the ausformed S700MC-type
steel tested at 293 K; general view (a) and high magnification of the indicated portion (b).

crack propagation and the shear lip zone at 233 K, although the latter
contains small amount of the fine dimples on tear ridges (Fig. 9). The
shear lip zone can hardly be observed at 183 K. Therefore, decreasing
the temperature suppresses the arrest of unstable crack propagation.
The zones of stable crack propagation are distinguished as areas of
quasi-cleavage fracture alternating with large areas of fine dimples.
These zones of stable crack propagation provide KCV > 20J/cm? de-
spite the negligible portion of shear in the fracture surface. At 77 K, the
quasi-cleavage fracture is observed on the whole fracture surface
(Fig. 10). The onset of unstable crack propagation occurs immediately
after contact between the pendulum and the Charpy test specimen.

The SEM images of impact fracture surfaces of the tempformed
specimens after impact tests ||[ND at 293K and 77K are shown in
Figs. 11 and 12, respectively.

The dimple fracture occurs during impact tests |[ND at 293 K at the
initiation stage (Fig. 11b). Then, the stable crack propagation takes
place that is associated with the delamination along RD-TD planes, i.e.,
crosswise to the impact direction, by transgranular cleavage (Fig. 11c).

2 TN

Fig. 9. Fracture surface of the ausformed S700MC-type steel after impact test at 233 K (a). High magnifications of brittle and ductile fracture surfaces are represented in (b) and (c),

respectively.
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Fig. 10. Fracture surface in the Charpy V-notch specimen of the ausformed S700MC-type
steel after test at 77 K.

The fracture surface consists of almost flat terraces formed parallel to
RD-TD plane [17,42]. The delamination cleavage frequently initiates on
parallel cleavage {100} planes lying almost parallel to the rolling plane
[17,20]. An average dimension of terraces is approx. 200 um. The
stepwise terrace crack propagation belongs to crack arrester-type de-
lamination [17]. The presence of elongated grains with {111 >||ND in

Materials Science & Engineering A 723 (2018) 259-268

the tempformed structure restricts the crack propagation along {100}
planes and promotes the crack branching. It is worth noting that dimple
fracture dominates on the planes normal to the delaminated layers
(Fig. 11d). Thus, a very high V-notch absorbed energy during the im-
pact tests |[ND of the tempformed steel is attributed to the arrest of
crack propagation in cleavage manner along the rolling plane and
ductile fracture in perpendicular direction. Decreasing the impact test
temperature leads to anisotropy in the dimensions of delamination
terraces (Fig. 12a). Their dimension along TD increases, while that in
RD decreases. At 77 K, the dimple fractures are observed in the local
areas of initiation stage and tear ridges between the areas of quasi-
cleavage fracture (Fig. 12b). It is apparent that the zigzag crack pro-
pagation provides relatively high impact energy despite of hindering
ductile fracture even at 77 K.

The fracture surfaces of the tempformed S700MC-type steel after
impact test ||TD at 293K and 77K are shown in Fig. 13. The main
feature of fracture surfaces is intergranular cleavage fracture along the
impact direction irrespective of test temperature. The deep splits pro-
pagate along the rolling plane, i.e., normal to the impact direction
(Figs. 13a and 13d). The small dimples are observed at the ridges be-
tween these splits (Figs. 13b and 13e). The distinct sawtooth fracture
profiles are observed (Figs. 13c and 13f). The depth of intergranular
splits decreases while their density increases as the impact test tem-
perature decreases. Moreover, the areas of shear lip zones reduce with
temperature. Thus, the fracture of the tempformed steel during the
impact tests ||TD occurs mainly through intergranular cleavage me-
chanism. However, final separation of the Charpy specimen occurs by
ductile transgranular fracture at ridges and in the shear lip zone, pro-
viding the fracture toughness of KCV > 25J/cm? at T = 183 K.

4. Discussion

The tempered martensite in the ausformed steel is characterized by
relatively small high-angle boundary spacing and high dislocation
density. This microstructure improves the mechanical properties such

Fig. 11. Fracture surface of the tempformed specimen after impact test |[ND at 293 K; general view of tested sample (a) and high magnifications of indicated portions (b to d).
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Fig. 12. Fracture surface of the tempformed specimen after impact test |[ND at 77 K; delaminated layers (a) and portion of ductile fracture (b).

as yield strength, ductility and V-notch impact energy. The latter in-
creases by a factor of 2 in comparison with the data sheet properties for
S700MC steel after conventional thermo-mechanical processing [43].
On the other hand, the tempforming produces structure with laminar
morphology (Fig. 14). The distance between high-angle boundaries
along ND and the lath thickness are significantly reduced, the thickness
of layers and blocks in the ND direction is almost the same. Thus, the
main difference between steels subjected to ausforming or tempforming
is the difference in the block dimensions. The block size in the lath
martensite structure can be considered as the effective grain size that
controls the steel cleavage [8]. The refinement of martensite blocks is
very effective in an increase of resistance to transgranular cleavage
fracture. Moreover, the ductile-brittle transition temperature depends
on the block size and tends to decrease with decreasing the block di-
mensions [8].

The fracture mechanisms operating in the ausformed steel are ty-
pical for steels with tempered martensite lath structures [36,37]. The
toughness is provided by stable crack propagation in ductile manner.
Decreasing temperature facilitates quasi-cleavage fracture and

.
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decreases the impact plane-strain fracture toughness that leads to
transition from stable crack propagation to unstable one at smaller
displacements [36-38]. Generally, steels with an impact strength below
28 J are considered as brittle ones [43]. Therefore, embrittlement upon
decreasing the temperature can be characterized by a transition tem-
perature (T,g;), which corresponds to critical impact strength of 28 J
[34]. The temperature of T,g; is below 183K for the ausformed
S700MC steel. Therefore, the ausformed steel can be considered tough
down to cryogenic temperatures.

The fracture behavior of the tempformed S700MC steel is com-
pletely different. It is known that the formation of laminar structure
provides two basic geometries for the crack propagation, i.e., crack
divider and crack arrester [42]. The weak interfaces arrange parallel to
the rolling plane and the stresses generated by local plastic in-
compatibilities at the notch and/or the crack tip causes delaminations
[42]. However, the effect of such delamination on the impact toughness
is quite different for the impact tests ||[ND and the impact tests ||TD. In
the case of impact test ||ND, the delamination results from the crack
propagation occurring in brittle transgranular manner in the crack

Fig. 13. Fracture surfaces of the tempformed S700MC-type steel after impact tests |[TD at 293K (a to ¢) and 77K (d to f).
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Fig. 14. General view of the structure on three orthogonal sections (a) and schematic
illustration of layered geometry showing delamination toughening (b).

divider orientation direction. The delamination along the weak inter-
faces divides the main crack, which propagated along the impact di-
rection, into numerous cracks propagating in perpendicular direction
(Fig. 14). This type of delamination has been suggested to result in
transition from triaxial stress at the crack tip to biaxial planar stress that
hinders the propagation of the main crack [42]. Both the fine marten-
site blocks and the biaxial planar stress conditions provide an effective
arrest of crack propagation along the impact direction and result in
superior toughness even at cryogenic temperatures. In contrast, the
delamination along the weak interfaces creates easy paths for the crack
propagation along the impact direction during the impact tests |[TD
(Fig. 14).

The easy crack propagation occurring in intergranular manner along
the limited number of weak interfaces is ahead of ductile transgranular
fracture. The impact toughness is controlled by the pan-caked mar-
tensite blocks, which play a role of obstacles for crack propagation. As a
result, the tempformed S700MC steel shows satisfactory toughness at
ambient temperature and T,g ; of about 233 K for the impact tests ||TD.

5. Conclusions

1. The present S700MC-type steel subjected to ausforming is char-
acterized by the tempered martensite lath structure, whereas
tempforming results in the formation of an ultrafine grain structure
with an average transverse grain size of 530 nm and strong <111)>
|IND and <001)> |IND fiber textures. The misorientations of disloca-
tion subboundaries after tempforming are significantly larger than
those among laths after ausforming. The latter ones do not exceed a
few degrees, while the tempformed substructures frequently involve
misorientations close to 15°. The microstructures after ausforming
and tempforming are characterized by Cr,3Cs—type carbides with an
average size of 50 nm precipitated along boundaries/subboundaries
and homogeneously distributed M(C,N) carbonitrides with an
average size of 10 nm.

Materials Science & Engineering A 723 (2018) 259-268

. The both ausforming and tempforming lead to high strength prop-
erties. The ultimate tensile strength of the steel subjected to aus-
forming or tempforming comprises 980 MPa and 1110 MPa, re-
spectively.

. The ausformed steel exhibits fracture behavior typical for steels with
tempered martensite lath structure. The V-notch impact energy at
293K is 173 J/cm? and the temperature of Tog; is below 183 K.

. The tempformed steel exhibits extraordinary high impact toughness
above 450 J/cm? at 293 K and of 109 J/cm? at 77 K upon the impact
tests along the normal direction. This high fracture toughness is
attributed to the delamination, when the fracture occurs by cleavage
along the rolling plane with a large energy absorption.

. The fracture toughness of the tempformed S700MC steel in the
impact tests along the transverse direction is 45 and 13 J/cm? at
293K and 77K, respectively. The fracture occurs by intergranular
crack propagation along the impact direction at limited number of
boundaries located crosswise to the rolling direction followed by
ductile transgranular fracture at ridges and in the shear lip zone,
providing satisfactory fracture toughness of above 28J/cm? at
temperatures of T = 233 K.
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