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A B S T R A C T

It is still a big challenge to obtain excellent low-temperature toughness for bulk steel materials. Delamination is

an effective method to improve low-temperature toughness. In the present study, delamination toughening in a

low carbon microalloyed steel plate with elongated and ultrafine-grained microstructure rolled in the dual-phase

region has been investigated in detail. When toughness was measured along normal direction, the steel plate had

a high upper shelf energy and no delamination occurred in the upper shelf region. A large delaminated crack

parallel to rolling plane started to appear and changed the propagation path of main crack when testing tem-

perature was lower than −60 °C. We find this kind of delamination induces a second upper shelf in the Charpy

transition–temperature curve. The second upper shelf, reaching up to 300 J in the temperature range of −60 °C

to −140 °C, results in excellent low-temperature toughness for the steel plate, and the ductile-brittle transition

temperature is lowered to −157 °C. The developed steel plate also has high low-temperature toughness mea-

sured along transverse direction due to delamination. The effect factors on upper shelf energy, delamination

mechanism and delamination toughening are discussed.

1. Introduction

Developing stronger and tougher steels is of great interests to me-

tallurgists. It is well known that grain refinement is an effective and

economical way to achieve such properties for steels [1–3]. However,

achieving excellent low-temperature toughness is still a big challenge

for bulk steel materials due to the limited degree of grain refinement

[4–6]. Some studies show that delamination can contribute to low-

temperature toughness. Kum et al. found the delaminated crack pro-

pagated along the layered boundary leaded to excellent toughness in a

laminated composite that the ductile-brittle transition temperature

(DBTT) was lower to −140 °C and high shelf energy was larger than

325 J [7]. Inoue et al. developed a fibrous and ultrafine-grained mi-

crostructure in a plain carbon steel with DBTT reduced from −45 °C to

−165 °C [8]. The excellent toughness was mainly caused by delami-

nation. The reason for the improved toughness by delamination is that

delamination relaxes the stress at the crack tip so that crack is blunted.

Thus, plastic deformation and ductile fracture are enhanced. This is

called delamination toughening. Therefore, excellent low-temperature

toughness can be achieved via delamination toughening for the bulk

steels.

Applying rolling in ferrite region for steel plates, elongated and

ultrafine-grained (EUG) microstructures can be obtained. High low-

temperature toughness can be acquired, but the upper shelf energy is

low in the Charpy transition–temperature curve, compared with their

coarse-grained (CG) counterparts produced by the conventional

thermo-mechanical controlled processing (TMCP) [9–11]. The low

upper shelf energy means inferior toughness at room temperature. In

our previous study, we found high upper shelf energy could be attained

in the EUG steel plates rolled in the dual-phase region. Excellent low-

temperature toughness was achieved by controlling microstructure and

crystallographic texture [12].

However, the previous study only focused on the toughness mea-

sured along transverse direction (TD) where the impact load parallel to

during Charpy impact testing. The toughness measured along normal

direction (ND) has not been investigated. Zou et al. achieved a high

upper shelf energy higher than 450 J via delamination toughening in a

0.05C-5.0Mn-0.5Si-1.4Ni-0.12V (mass%) steel plate when toughness

was measured along ND [13]. Zhang et al. obtained a laminated dual-

phase microstructure via adding 3% Al to a 5%Mn steel plate to obtain
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elongated δ-ferrite grains during rolling so that high toughness was

obtained via delamination toughness measured along ND [14,15].

Judging from the microstructure and crystallographic texture char-

acters of the EUG steel plates, one can expect that the delamination will

be pronounced when the impact load goes along ND. Therefore, ex-

cellent low-temperature toughness will be obtained via delamination

toughening. In the present study, the effect of delamination on tough-

ness measured along ND in a EUG low carbon microalloyed steel plate

was investigated in detail.

2. Experimental procedure

In the present study, chemical composition of the EUG steel plate

with a thickness of 12mm is listed in Table 1. The EUG steel plate was

prepared by the following two steps. First, a steel billet with a thickness

of 140mm was hot-rolled to 65mm thickness, followed by water-

quenching to room temperature. This water-quenched steel slab was

then reheated up to 810 °C and held for 7200 s to homogenize the

temperature. According to our previous work, the slab was held in the

dual-phase region that the microstructure was composed of bainitic

ferrite and a small amount of austenite [12]. Second, nine passes rolling

was carried out using a Φ450 mm two-high reversible trail mill. The

total reduction was 81.5% in thickness. Thus, a steel plate with a

thickness of 12mm was obtained. The rolling schedule is listed in

Table 2. The starting rolling temperature was very close to the re-

heating temperature. To minimize the temperature dropping during

rolling period of the EUG steel plate, a short interpass time about 5 s

was controlled. The steel plate was held for 300 s in the furnace after

the fourth and seventh passes to compensate the temperature dropping.

The finishing rolling temperature was about 780 °C. Then the steel plate

was water-cooled to 633 °C at a cooling rate of about 10 °C/s followed

by air cooling to room temperature.

For comparison, a CG steel plate was prepared via TMCP under the

same rolling schedule, and the holding thickness was 30mm. The

starting rolling temperature and finishing rolling temperature in rough

rolling period were 1080 °C and 1034 °C, respectively. The starting

rolling temperature and finishing rolling temperature in finishing

rolling period were 855 °C and 810 °C, respectively. The interpass time

was also about 5 s. Then the steel plate was water-cooled to about

610 °C at a cooling rate of about 10 °C/s followed by air cooling to room

temperature.

Samples for microstructure observation were sectioned at quarter

width of the EUG steel plate and CG steel plate, respectively. After

mechanical polishing, the samples were etched with 4% Nital solution.

The microstructures on longitudinal section at quarter thickness were

examined using a ZEISS ULTRA 55 field emission scanning electron

microscope (FE-SEM). Electron back-scattered diffraction (EBSD) ana-

lyses were performed to obtain the grain orientations, distributions of

grain boundary misorientation angles and grain sizes of the EUG steel

plate and CG steel plate at the quarter thickness on the longitudinal

section. The samples for EBSD analyses were prepared by

electropolishing. The scanning areas were 80 μm×100 μmat a step

size of 0.15 μm. EBSD analyses were carried out through this ZEISS

ULTRA 55 FE-SEM equipped with an EBSD attachment (Oxford

Instruments, INCA Crystal). The crystallographic textures were mea-

sured by a Bruker D8 Discover X-ray diffractometer (XRD) for both the

EUG steel plate and CG steel plate on plane at the quarter thickness

parallel to the rolling plane. The samples were also prepared by elec-

tropolishing.

Toughness of the EUG steel plate was measured along ND in the

temperature range from 0 °C to −196 °C. The Charpy V-notch impact

specimens with 10mm×10mm×55mm in size were machined along

RD in the EUG steel plate, as shown in Fig. 1. We also measured the

toughness of the EUG steel plate along TD. As regards the CG steel plate,

toughnesses along ND and TD were measured, respectively. Three V-

notch specimens were tested at each temperature in Charpy impact

tests. The average value of the three tested results was calculated as the

impact absorbed energy at each temperature. The fracture surfaces of

the broken impact specimens were observed by a smartphone and a FEI

Quanta 600 SEM. The propagation path of the delaminated crack was

characterized by the abovementioned ZEISS ULTRA 55 FE-SEM. Cy-

lindrical tensile samples with 8mm diameter and 70mm gauge length

were machined along RD of the EUG steel plate and CG steel plate

according to GB/T 288.1–2010 standard. Tensile tests were conducted

using an INSTRON 4206 machine at a constant crosshead speed of

3mm/min.

3. Results

3.1. Microstructure characters

The SEM observations and EBSD analyses for microstructures of the

EUG steel plate and CG steel plate are shown in Fig. 2. As expected, the

EUG steel plate has an elongated and ultrafine-grained microstructure

because dynamic recovery has been confirmed as the main mechanism

during ferrite deformation due to its high stacking fault energy

[4,8,12]. The volume fraction of ferrite is 93.6%, and it is 6.4% for

pearlite. The perlite was formed by the decomposition of austenite. As

regards the CG steel plate, it is the typical polygonal ferrite and pearlite

microstructure with volume fractions of 91.6% and 8.4%, respectively,

as shown in Fig. 2d.

The result of EBSD analysis in Fig. 2b shows that high-angle grain

boundaries (HAGBs) with a fraction of 51.9% are presented in the

microstructure of EUG steel plate. The grains with similar orientation

distribute in bandings, as shown in Fig. 2c. This is the typical character

of EUG microstructures [13,16,17]. As for the CG steel plate, most of

Table 1

Chemical composition of the EUG steel plate (mass%).

Fe C Si Mn P S Nb V Ti

Balance 0.10 0.32 1.5 0.015 0.003 0.04 0.06 0.015

Table 2

Rolling schedule of the EUG steel plate.

Pass First Second Third Forth Fifth Sixth Seventh Eighth Ninth

Thickness/mm 54 44 36 30 26 22 18 15 12

Reduction ratio 16.9% 18.5% 18.2% 16.7% 13.3% 15.4% 18.2% 16.7% 20.0%

Strain rate/s−1 5.6 6.5 7.1 7.4 7.2 8.4 10.0 10.5 12.9

Fig. 1. Schematic diagram of the Charpy V-notch impact specimens in the EUG

steel plate. P is the impact load during Charpy impact testing.
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the ferrite grains are surrounded by HAGBs. The regions with high

density of low-angle grain boundaries (LAGBs) are pearlite colonies, as

shown in Fig. 2e. The grains with each orientation distribute uniformly

in the microstructure of CG steel plate. The average ferrite grain size of

the EUG steel plate is 2.7 μm by calculating the average equivalent

circle diameter of grains surrounded by HAGBs. The average ferrite

grain size of CG steel plate is 6.4 μm. The crystallographic textures of

the EUG steel plate and CG steel plate are shown in Fig. 3. The EUG

steel plate has an intense {100}< 011> texture component and γ-

fiber texture component. No obvious texture is found in the CG steel

plate.

3.2. Toughness

The results of Charpy impact testing of the EUG steel plate and CG

steel plate are shown in Fig. 4. Toughness of the EUG steel plate mea-

sured along ND has the highest upper shelf energy. The upper shelf

energy is as high as 347 J in the temperature range of 0 °C to −40 °C.

When testing temperature is reduced from −40 °C to −60 °C, the ab-

sorbed energy is lowered to about 300 J. However, when testing tem-

perature is further dropped to −80 °C, and even to −140 °C, the ab-

sorbed energy remains unchanged. Therefore, we can assume that

double high upper shelf can exist in the Charpy transition–temperature

curve. So the EUG steel plate has excellent low-temperature toughness

measured along ND. When testing temperature is reduced to −155 °C,

the absorbed energy drops sharply to 181 J. And the absorbed energy

further reduces to 13 J at −196 °C, which means the EUG steel plate

losses its toughness entirely. On the other hand, high upper shelf energy

is also obtained in the temperature range of 0 °C to −20 °C of the EUG

steel plate when toughness is measured along TD. With the decrease in

temperature, the absorbed energy reduces at a relatively slow speed.

Therefore, high low-temperature toughness is obtained measured along

TD of the EUG steel plate.

For the CG steel plate, the toughnesses measured along ND and TD

are similar to each other. The upper shelf energies are about 290 J in

the temperature range of 0 °C to −20 °C where a ductile fracture be-

havior is presented (Fig. 5a and Fig. 5d). The absorbed energy decreases

rapidly with the decrease in temperature when the temperature falls

Fig. 2. Microstructures of (a, b, c) EUG steel plate and (d, e, f) CG steel plate. (a) and (d) SEM images, (b) and (e) distributions of grain boundaries, (c) and (f) inverse

pole figures.

Fig. 3. Crystallographic textures of (a) EUG steel plate, (b) CG steel plate characterized at the cross section of ϕ2=45° from the distribution map of orientations and

(c) ϕ2=45° section of Euler space showing the typical texture components.

Fig. 4. Charpy transition–temperature curves of EUG steel plate and CG steel

plate measured along ND and TD.
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below−20 °C. By observing the broken impact specimen, we find this is

caused by brittle fracture (Fig. 5b and e). When temperature decreases

to −80 °C, fully brittle fracture takes place (Fig. 5c and f). This tran-

sition of toughness as a function of temperature is very common in the

body-centered cubic (BCC) steels [1,3,12,18]. In the current study,

DBTT of the steel plates is determined by the temperature corre-

sponding to the half value of the upper shelf energy. A lowest DBTT is

found to be −157 °C for the EUG steel plate when toughness is mea-

sured along ND. In addition, the DBTTs of EUG steel plate measured

along ND, CG steel plate measured along ND and TD are −102 °C,

−67 °C and −70 °C, respectively.

As regards the impact specimens measured toughness for the EUG

steel plate along ND, delamination is only presented in the low-tem-

perature region. This phenomenon is also indicated by different sym-

bols in Fig. 4. For the impact specimens measured toughness in the

upper shelf region, the fracture surface shows a laminated tearing

morphology (Fig. 6a). A large delaminated crack along RD is found

when the testing temperature falls below −60 °C (Fig. 6b). The length

of delaminated crack increases gradually with the decrease in testing

temperature (Fig. 6c and d). At −196 °C, the fracture surface changes a

lot and the laminated crack becomes shorter (Fig. 6e). It can be found

that the delamination belongs to brittle fracture (Fig. 6f), and the la-

minated crack propagates through grain boundaries along RD (Fig. 6g).

Many micro-cracks with their long axis parallel to RD locate nearby the

delaminated crack (Fig. 6g). Meanwhile, there are cementite particles

or pearlite colonies in the location of micro-crack. And the ferrite grains

are stretched along RD, which means a certain amount of plastic de-

formation has been happened.

For the impact specimens measured the toughness of the EUG steel

plate along TD, it is also fully ductile fracture and no delamination

exists in the upper shelf region (0 °C to−40 °C), as shown in Fig. 7a and

Fig. 7d. The fracture surface is relatively smooth compared with that

measured the toughness of the EUG steel plate along ND. When testing

temperature is smaller than −60 °C, delamination starts to appear. For

example, three delaminated cracks parallel to rolling plane are found on

the fracture surface of specimen tested at −80 °C (Fig. 7b). The

Fig. 5. SEM micrographs of the fracture surfaces of the CG steel plate after Charpy impact tests measured along ND: (a) −20 °C; (b) −40 °C; (c) −80 °C; (d)–(f)

enlarged views at particular locations.

Fig. 6. Fracture surfaces of specimen after

the Charpy V-notch impact tests measured

the toughness of the EUG steel plate along

ND: (a) −20 °C; (b) −80 °C; (c) −120 °C;

(d) −155 °C; (e) −196 °C; (f) enlarged view

of laminated crack indicated in (b). (g) and

(h) microstructure near delaminated crack

of specimen tested at −120 °C.
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delamination also presented a brittle fracture feature (Fig. 7e), and it is

ductile fracture in the area nearby the delaminated crack (Fig. 7f). In

the temperature range of −60 °C to −155 °C, delamination is gradually

reinforced with the decrease in testing temperature that the number of

delaminated cracks increases (Fig. 7c). When the testing temperature

decreases to −196 °C, delamination weakens rapidly, and almost

completely brittle fracture is presented (Fig. 7g and h).

3.3. Tensile properties

The engineering stress-engineering stress curves of EUG steel plate

and CG steel plate are shown in Fig. 8. Unexpectedly, the EUG steel

plate possesses a lower strength compared with the CG steel plate. The

yield strength of the EUG steel plate (466 ± 3MPa) is smaller than that

of the CG steel plate (483 ± 1MPa) about 17MPa. The tensile strength

of the EUG steel plate (537 ± 3MPa) is smaller than that of the CG

steel plate (576 ± 3MPa) 39MPa. And the total elongations of the

EUG steel plate (36.7 ± 1%) is larger than that of the CG steel plate

(33.7 ± 0.5%) about 3%.

Generally, steels with ultrafine-grained structure have higher

strength than their counterparts with coarse-grained structure due to

the strengthening by grain refinement [10,19,20]. However, pre-

cipitation strengthening also contributes to the strength of steels. Fig. 9

shows the precipitation particles in the EUG steel plate and CG steel

plate. The precipitation particles contain Nb, V and C elements, clar-

ified by energy dispersion spectrum. It can be easily found that the

characters of precipitation particles in the two steel plates vary greatly.

The precipitation particles is coarsen (6.3 ± 1.6 nm) and sparse in the

EUG steel plate. But it is fine (4.0 ± 0.9 nm) and dispersive in the CG

steel plate. As small-sized and dispersed precipitation particle is bene-

ficial for strength [21,22], we speculate that the above abnormal phe-

nomenon about strength is caused by the different precipitation beha-

vior. In addition, there is a difference in strength between EUG steel

plate in our present study and the steel plate that reheating temperature

is also 810 °C in our previous study, i.e. 466MPa vs. 518MPa. This

difference may be caused by diverse dislocation density. Because the

EUG steel plate with 12mm thickness has higher percent of HAGBs than

the previous steel plate with 7mm thickness, i.e. 51.9% vs. 46.8%,

which means the lower dislocation density.

Fig. 7. Fracture surfaces of specimens after the Charpy V-notch impact tests measured the toughness of the EUG steel plate along TD: (a) 0 °C; (b) −80 °C; (c)

−120 °C; (d) enlarged view indicated in (a); (e) and (f) enlarged view indicated in (b); (g) −196 °C; (f) enlarged view indicated in (h).

Fig. 8. Engineering stress-engineering strain curves of the EUG steel plate and

CG steel plates.
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4. Discussion

4.1. High upper shelf energy

Warm rolling is often used to produce bulk steels with ultrafine-

grained microstructure aiming at improving strength and toughness

[9,10,16,23]. There are two kinds of warm rolling frequently used. One

is flat warm rolling, the other is caliber warm rolling. Generally, flat

warm-rolled steels have a low upper shelf energy [9,10]. This phe-

nomenon can be found in the studies of Bourell [9] and Song et al. [10].

Song et al. thought the low upper shelf energy may be caused by low

elongation and delamination in the upper shelf region. On the one

hand, low elongation means bad plasticity. As a result, the energy ab-

sorbed during impact testing is limited. On the other hand, delamina-

tion reduces the fraction of ductile fracture on the fracture surface so

that less energy is consumed considering that completely ductile frac-

ture will occur if no delamination takes place. Steels generated by ca-

liber warm rolling have high upper shelf energy [8,19,24]. For instance,

Inoue et al. found that a caliber warm-rolled steel bar (Fe-0.15C-0.3Si-

1.5Mn, mass%) had an upper shelf energy as high as its CG one. Inoue

et al. ascribed this high upper shelf energy to relatively high elongation

[8].

The flat warm-rolled steel has an elongated and ultrafine-grained

microstructure with intense texture containing {100}< 110> com-

ponent and γ-fiber ({111}∥ND) component due to the approximately

two-dimensional strain state during rolling period [10,12]. The caliber

warm-rolled steels has a fibrous and ultrafine-grained microstructure

with intense texture containing {100}< 110> component and

{110}<110> component due to the three-dimensional strain state

during rolling period [8,23]. On the one hand, the microstructure of the

flat warm-rolled steel is coarser than caliber warm-rolled one at the

same transverse linear interception. On the other hand, the< 110>

∥RD texture component provides the {110} ductile plane parallel to

main fracture surface when toughness is measured along ND or TD,

which will promote the motion of dislocation so that the stress at the

front of crack is relaxed [19,25]. As a result, plastic deformation is

enhanced and more energy is absorbed during impact testing. But only

one texture component of the flat warm-rolled steel possesses< 110

> ∥RD texture component compared with the caliber warm-rolled one.

Besides, the {110} orientation in the caliber warm rolled steel also fa-

vors toughness. Thus, we can get the conclusion that the low upper

shelf energy of flat warm-rolled steels may be caused by insufficient

refined microstructure and its texture character.

In our present study and previous study, flat rolling was applied in

the dual-phase region and an elongated and ultrafine-grained micro-

structure was also generated. We found no delamination occurred in the

upper shelf region. This maybe result from the weakened

{100}<011> texture component and the reduced degree of lami-

nated microstructure morphology. The effects of reheating temperature

on upper shelf energy, yield strength, ferrite grain size and the percent

of HAGBs in the EUG steel plates in our previous study are shown in

Fig. 10. It can be found that the upper shelf energy increases gradually

with the increase in the reheating temperature. When reheating tem-

perature reaches to 810 °C, the upper shelf energy of the EUG steels is

first higher than that of the CG one accompanied by the gradually re-

duce in yield strength from 612MPa to 518MPa (Fig. 10a). Increasing

reheating temperature results in the increase in the ferrite grain size

and the percent of HAGBs, as shown in Fig. 10b. The detail can be found

in Ref. [12].

The increase in grain size leads to higher work hardening rate so the

Fig. 9. Precipitation particles in (a) EUG steel plate and (b) CG steel plate observed by TEM.

Fig. 10. Effects of reheating temperature on (a) upper shelf energy and yield strength; (b) ferrite grain size and the percent of HAGBs in EUG steel plates in our

previous study.
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plasticity is improved [10,26]. And the increase in the percent of

HAGBs means the reduce in dislocation density, which is favorable for

toughness [27,28]. So, we can know that the high upper shelf energy of

EUG steels produced by rolling in dual-phase region is caused by rela-

tively coarse grain and low-density dislocation. In the present work, the

reheating temperature was chosen as 810 °C to obtain high upper shelf

energy according to our previous study. As expected, high elongation

and no delamination existed in the upper shelf region are obtained so

that high upper shelf energy is gained when toughness is measured

along TD. It should be note that the higher upper shelf energy was

presented when toughness was measured along ND (Fig. 4). Compared

with the corresponding fracture surface of impact samples (Figs. 6a and

7a), we can concern that the laminated tearing ductile fracture is re-

sponsible for this higher upper shelf energy, which results from the

laminated microstructure morphology.

4.2. Delamination mechanism

Delamination is a typical feature for the fracture surface of lami-

nated composite, caliber/flat warm-rolled steels [7,8,10,13], which is

characterized by crack branching normal to the direction of impact load

and belongs to brittle crack. The well acceptable elucidation of dela-

mination is the existence of weak interface. The weak interface induces

the nucleation of delaminated crack and acts as propagation path for

laminated crack. In the laminated composite, the weak interface is

heterogeneous boundary between each layer where stress is con-

centrated during impact period so that delamination is induced. As

regards the caliber/flat warm-rolled steels, no heterogeneous boundary

exists, the weak interfaces are the boundary of elongated grains with

{100} cleavage plane, the interfaces between the ferrite matrix and the

cementite colony or aligned cementite particles and two elongated

grains with different orientation [8]. Moreover, in the TMCP steel

plates, especially pipe steels, delamination also appears on the fracture

surface during impact period. Also, the elongated grain with {001}

orientation, microstructural banding and banding of the weaker phase

(such as thin layers of martensitic or bainitic) are responsible for de-

lamination [29–32]. Furthermore, an important phenomenon is that

delamination is dramatically influenced by temperature that delami-

nation trends to appear in the low-temperature region. This phenom-

enon further concerns that {001} orientation participates in the oc-

currence of delamination. Because delamination belongs to brittle

fracture and {001} orientation plays an important role in brittle frac-

ture varying with temperature of the BCC metals [29,33].

In our present study, microstructure of the EUG steel plate has a

banding morphology in which the elongated ferrite grain with {100}

orientation layers parallel to the rolling plane (Fig. 2c). Almost all the

micro-cracks with a flat shape parallel to rolling plane are nucleated at

the location of cementite particle or pearlite colony. Thus, we can

conclude that the weak interfaces are elongated ferrite grain boundaries

with {100} orientation and the boundaries between ferrite grain and

cementite particle or pearlite colony. A particular interface maybe

possess the above two characters, which is the weakest interface. Be-

cause the BCC metals have ductile-brittle transition phenomenon, de-

lamination with brittle fracture character will occur with the decrease

in temperature.

Combining the above theoretical analysis and microstructure ob-

servation near the delaminated crack (Fig. 6 g and 6h), delamination

mechanism in the present study can be illustrated in Fig. 11. When

toughness is measured along ND, the weak interface perpendicular to

impact load direction will crack when testing temperature is lower than

−60 °C. At the beginning of impacting period, specimen will crack at

the V-notch location under the effect of impact load. At the same time,

the area beneath the crack tip will take place plastic deformation.

Micro-crack will nucleate when the degree of plastic deformation

reaches to a certain extent. The elongated microstructure morphology

causes the micro-crack with a flat-like shape. As the impacting goes on,

micro-crack will grow and coalesce so that delamination is induced and

then propagates along the weak interface. Thus, a large delaminated

crack is formed. As a result, the main crack changes its original pro-

pagation path. With the decrease in testing temperature, the brittleness

of weak interface enhances gradually, so the delaminated crack gets

longer. However, when testing temperature further reduces to−196 °C,

toughness of the EUG steel plate degrades remarkably, which leads to

the decrease in delaminated crack.

When toughness is measured along TD, the weak interface will crack

when testing temperature is lower than−60 °C. The nucleation, growth

and coalescence of micro-crack are as the same as the condition when

toughness is measured along ND. However, only small delaminated

crack are formed and main crack will not change its propagation path

because the weak interface is parallel to the impact load direction.

Similarly, delamination is enhanced that the number of delaminated

crack increases gradually with the decrease in testing temperature. And

delaminated is weakened at −196 °C due to the loss of toughness.

4.3. Delamination toughening

Typically, there are two kinds of delamination. One can change the

propagation path of main crack, as shown in Fig. 6 in our present study.

The other acts as the branch of main crack, as shown in Fig. 7 in our

present study. In terms of the first kind of delamination, toughness is

remarkably improved both in upper shelf region and low-temperature

region. Because the main crack is blunted obviously so that the spe-

cimen becomes a no notch one after delamination. This forceful dela-

mination toughening phenomenon can be found in the studies of Zou

et al. [13] and Cao et al. [34]. For instance, the upper shelf energy

larger than 450 J and excellent low-temperature toughness (about

105 J at −196 °C) are obtained in a medium-manganese steel plate. As

regards the second kind of delamination, some studies indicate that

delamination may be responsible for the low upper shelf energy of flat

warm-rolled steel plates [10]. But in the low-temperature region, it is

confirmed that delamination is helpful for toughness because stress at

crack tip is relaxed by delamination.

In our present study, delamination occurs in the low-temperature

region. When toughness is measured along ND, the large delaminated

crack changes the propagation path of main crack. Therefore, the ab-

sorbed energy increases to the extent that the temperature dependence

of toughness is changed. Therefore, a second upper shelf appears in the

Charpy transition–temperature curve in the temperature range of

−60 °C to −140 °C (Fig. 4), and excellent low-temperature is obtained.

When toughness is measured along TD, the small delaminated cracks

blunt the main crack so that toughness is also improved. Correspond-

ingly, the reducing rate of the absorbed energy with the decrease in

temperate is retarded (Fig. 4), and high low-temperature toughness is

gained. In addition, it should note that toughness degrades obviously

when testing temperature is lower than −140 °C even though large

delaminated crack also appears when toughness is measured along ND.

This is because the tested microalloyed steel has a BCC crystallographic

structure. The BCC steels will become brittle with the decrease in

temperature essentially [1,3,12,18]. The measured toughness presented

in Fig. 4 indicates that the brittleness of EUG steel is boosted when

testing temperature reduces to −155 °C and becomes dominant at

−196 °C.

5. Conclusions

A low carbon microalloyed steel plate with a thickness of 12mm

was produced by flat rolling in the dual-phase region. The steel plate

had an elongated and ultrafine-grained microstructure and intense

{100}<011> texture component. The effect of delamination tough-

ening was investigated in detail. The results obtained are as follows.

(1) No delamination appeared in the upper shelf region. When testing
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temperature was lower than −60 °C, delamination began to take

place. A large delaminated crack parallel to rolling plane and pro-

pagated along RD was formed in the Charpy impact samples when

toughness was measured along ND. Small delaminated cracks were

formed on the facture surface of the Charpy impact samples when

toughness was measured along TD. The delaminated was caused by

the elongated ferrite grains with {100} cleavage plane and the in-

terfaces between ferrite and cementite particle or pearlite colony.

(2) Double upper shelf in the Charpy transition–temperature curve was

developed when toughness was measured along ND. The second

upper shelf reached up to 300 J in the temperature range from

−60 °C to −140 °C, and the DBTT was as low as −157 °C. The

second upper shelf was caused by the large delaminated crack,

which changed the propagation path of the main crack during im-

pact testing so that the absorbed energy was remarkably improved.

High low-temperature toughness was acquired when toughness was

measured along TD because of the bluntness of crack tips by the

small delaminated cracks.

(3) The developed steel plate had high upper shelf energies when

toughnesses were both measured along ND and TD. The high upper

shelf energy that toughness was measured along TD resulted from a

relatively coarse grain and a high percent of HAGBs. As regards for

the higher upper shelf energy that toughness was measured along

ND, laminated tearing fracture was a contributor besides the above

two factors.

(4) The strength of steel plate with elongated and ultrafine-grained

structure was lower than that of steel plate with coarse-grained

structure fabricated by TMCP, mainly due to different precipitation

features.

Data availability
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be shared at this time as the data forms part of an ongoing study.
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