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Abstract 

The segregation of alloying elements that occurs during the solidification of steel leads to 

microscale and macroscale microstructural heterogeneity that can cause anomalous 

mechanical behaviour. The centreline macrosegregation of a cast and its increased 

inclusion content are usually considered to be particularly detrimental in the case of 

conventional structural steels. Samples from centreline and off-centreline positions in a 

single continuously cast slab of an ultrahigh-strength steel were subjected to hot rolling, 

reheating and water quenching to 12 mm thick fully martensitic plates to explore the 

differences in mechanical properties between a homogeneous clean matrix and a 

heterogeneous inclusion-rich centreline. Despite the presence of strong macrosegregation 

and a high inclusion content, the centreline material has a significantly better, i.e. a 15 °C 

lower, fracture toughness reference temperature T
0
. However, neither the 28 J Charpy V 

impact toughness transition temperature T
28J

 nor the tensile properties show notable 

differences. The inclusion rich heterogeneous material achieves its unexpected toughness 

properties despite the higher hardness of the centreline and an abundance of large 

inclusions. Thorough microstructural characterisation shows that the centreline 

enrichment of alloying elements and impurities leads to a profound refinement in the 

local grain size, which more than compensates for the expected detrimental effects of the 
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inclusions and the harder microstructure. The results have practical importance regarding 

the levels of macrosegregation and inclusion contents that can be tolerated by ultrahigh-

strength steels. 

Keywords: Fracture toughness; Impact toughness; Ductile-brittle transition temperature; 

T0; T28J; Inclusions; Grain size 

1. INTRODUCTION 

Macrosegregation during the solidification of steels is generally considered to lead to 

impairment and anisotropy of mechanical properties due to the local enrichment of 

impurities and elements that increase hardenability and hardness. While localised 

microsegregation on the size scale of dendrite side-arms can be mitigated by subsequent 

homogenisation heat treatment, solid state diffusion is too slow to enable the 

homogenisation of macrosegregation [1]. The differences in local composition persist 

through the processing of the steel product affecting e.g. in low-alloy steels, austenite 

recrystallisation kinetics and grain growth, hardenability and phase transformation 

temperatures, and the formation and growth of carbides. The strongest macrosegregations 

are associated with the last pools of liquid to solidify making them prone to the highest 

contents of non-metallic inclusions, which are also generally considered as detrimental to 

toughness properties. 

 In the case of continuously cast steel slabs, the central equiaxed area being the last 

to solidify tends to contain larger non-metallic inclusions, commonly based on e.g. Al, Ca, 

Mn and Ti, due to the longer time available for them to grow. If there is also centreline 

macrosegregation, the locally higher content of e.g. Mn and Ti tends to exacerbate the 

growth of e.g. detrimental MnS, TiN and Ca-based inclusions [2–5]. On the other hand, 

the higher contents of alloy elements in the centreline segregation can lead to finer 



 3 

austenite grain sizes via their effect on austenite recrystallisation and grain growth, either 

via their effect in solid solution or indirectly through the formation of microalloy carbides 

and nitrides that have a pinning effect on grain boundaries [6]. The central region of 

continuously cast slabs becomes the centreline of the final steel plate, the properties of 

which are important for the toughness behavior of the steel structures made from the 

plate: the plastic constraint and triaxial stresses that arise when the structure is loaded are 

highest in the central part of the plate, which is the region where brittle failures originate 

in up to 90% of cases [7]. 

 The critical factors that determine the brittle fracture toughness can be divided 

into three commonly addressed types: 1) small particles, like carbides and carbide 

clusters [8–11], 2) larger inclusions and brittle second phase particles [3–5,12–14], and 3) 

grains [15–18]. These have been used, both interchangeably and often indirectly, to 

describe toughness properties both at very low temperatures, where toughness is crack 

nucleation controlled, and at temperatures in the ductile-brittle transition temperature 

(DBTT) region, where toughness is controlled by crack propagation [15]. More often 

than not, failure initiation can be a complicated interaction between large grains and large 

particles [19–21]. Due the ability of grain boundaries to hinder crack propagation and 

cause local crack arrests, the importance of the effective of grain size is emphasised in the 

impact toughness test [21], where total absorbed energy is commonly used as the measure 

of toughness. 

 Splitting, also known as delamination, can be observed on the fracture surfaces of 

thermomechanically rolled steels, usually in impact toughness specimens, as cracks 

formed parallel to the rolling plane and normal to the specimen crack plane. It is often 

associated with segregation and manifests local anisotropy of toughness [22–25]. The 

splits introduce an internal size effect to toughness specimens making full-size specimens 
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behave like a packet of sub-sized specimens by reducing the plane strain constraint, 

which in turn increases the proportional amount of shear lips. On the upper shelf, this 

reduces upper shelf energy [26], since crack propagation by ductile tearing absorbs about 

twice the energy of a fully shear fracture [27]. 

 On the other hand, several studies show that splitting increases the absorbed 

energy at the ductile-brittle transition temperature region towards the lower shelf and so 

lowers the resulting transition temperatures [22,24–26,28]. This is due to two dominant 

factors. The first is the above-mentioned higher fraction of shear lips, the propagation of 

which consumes more energy than brittle cracks irrespective of the fracture morphology 

in the splits. Secondly, splitting increases the absorbed impact energy by creating 

additional fracture surfaces perpendicular to the main fracture plane [22,28]. Even though 

the impact energy per unit area is slightly smaller for the splits than for the main crack 

plane, generating splits can toughen the material in the DBTT region [28]. 

 The above factors are important for the development of tough ultrahigh-strength 

structural steels and the assessment of their weakest links. These steels can possess 

adequate toughness, weldability and formability, in the as-quenched state even without 

tempering, when based on low carbon contents and produced by thermomechanically 

controlled rolling and direct quenching [29]. A common feature of these as-quenched 

ultrahigh-strength steels is that they do not obey the widely adopted [30–32] correlation 

of Ref. [33] between the fracture toughness reference temperature T
0
 and impact 

toughness transition temperature T
28J

 [34,35]. To overcome this, Wallin et al. [36] have 

proposed an updated correlation that estimates the T
0
 satisfactorily over a wide range of 

yield strengths. Pallaspuro et al. [37] have recently highlighted the importance of the 

coarsest grains for low-temperature toughness based on characterisation of 

microstructures that were considered internally homogeneous. 
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 In the present study, we distinguish the microstructural features governing the 

impact toughness and fracture toughness transition temperatures in a heterogeneous 

system by investigating the influence of locally varying properties. The competition 

between the weakest link candidates is investigated by characterising a “clean” 

homogeneous microstructure and a “dirty” inclusion rich segregated heterogeneous 

microstructure. 

2. Materials and methods 

2.1. Materials 

The material is an experimental continuously cast 210 mm thick slab of a nominally 0.13 

wt.% carbon steel selected specifically for this study. A complete cross-sectional slice, 

270 mm long in the casting direction, was cut from the slab, and from this slice, central 

blocks were cut with a width of 80 mm through the whole 210 mm thickness. These 

blocks were then sawed into three pieces 62.5×80×270 mm (H×W×L), with the cast 

surfaces removed. In this way, the central piece of the slab with equiaxed grains, a high 

inclusion content, and centreline segregation, referred to as material “CL” for centre-line, 

was separated from the cleaner columnar material of the top piece, referred to as material 

“MM” for matrix material. These pieces were first soaked at 1050 °C for two hours, and 

then hot-rolled with a Carl Wezel laboratory rolling mill to a 12 mm final thickness with 

a total reduction of 0.44 below the non-recrystallisation temperature. After the final pass 

at 850 °C, the plates were directly quenched in water to room temperature with an 

average cooling rate of 90 °C/s. Temperature was constantly measured with a K-type 

thermocouple inserted into a hole drilled prior to rolling. The quenched plates were 

subsequently reaustenitised at 870 °C with a holding time at peak temperature of 20 

minutes, and finally water-quenched to room temperature. We produced two similar steel 
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plates from adjacent pieces of each material using identical process parameters to obtain 

a representative sample size. We paid special attention to the heat treatments and hot 

rolling to produce and retain a fine equiaxed prior austenite grain (PAG) structure so that 

the observed effects of inclusions and segregation on toughness would be relevant to 

industrially produced steel plates. 

2.2. Mechanical testing 

Impact toughness and fracture toughness tests were used to evaluate the effects of the 

microstructural inhomogeneities on the impact toughness transition temperature T
28J

 and 

the fracture toughness reference temperature T
0
, i.e. the temperature at which K

Jc(1T)
 = 100 

MPam [38], which we later also refer to as the transition temperature. Charpy V-notch 

(CVN) impact testing according to EN ISO 148-1 [39] was used to determine the 28 J 

transition temperature T
28J

 and the upper shelf energy (US) using full-sized 10 mm thick 

specimens tested in the temperature range [-80, +40] °C. Exponential fitting [27] of 

results was used to determine T
28J

. Fracture toughness tests were performed according to 

the standard ASTM E1921 [38] using 10 mm thick single-edge notched bending (SENB) 

specimens with an a/W ratio of 0.5 in the temperature range [-60, +5] °C. Toughness 

testing was performed on both longitudinal-transverse (LT) and transverse-longitudinal 

(TL) specimens [40]. For both types of specimen, the notch is cut in the long side of the 

specimen in the thickness direction. LT means that the long side of the specimen is 

parallel to the longitudinal (L, i.e. rolling) direction and the fracture propagates in the 

transverse (T) direction, and TL means the long side of the specimen is parallel to the 

transverse direction and the fracture propagates in the L direction. Room-temperature 

tensile tests were done with an MTS 250 kN test machine in accordance with the standard 

EN ISO 6892-1 [41] using rectangular 10 mm thick specimens. 
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2.3. Materials characterisation 

We carried out a range of different analyses to study both the global and local 

microstructural properties. The PAG structure was studied from picric acid etched 

microsections with a laser scanning confocal microscope, the general microstructure from 

nital etched samples and the effective grain size (> 15° misorientation between the grains) 

from samples polished with colloidal silica suspension. A ZEISS Sigma field-emission 

scanning electron microscope equipped with an EDAX Hikari XP electron backscatter 

diffraction (EBSD) camera and EDAX TSL OIM software was used for fractography and 

to study the microstructure, and effective grain size. To clean up the EBSD data captured 

with a 0.1 μm step size, points with a confidence index lower than 0.1 were excluded, 

grain confidence index standardisation (tolerance 2.5°, min. size 5 pixels) and 3
rd
 level 

neighbour orientation correlation were used. We identified the primary cleavage fracture 

initiation sites from both SENB and CVN specimens by following the river patterns on 

the fracture surfaces in regions narrowed down with the aid of an optical stereo light 

microscope. 

 The bulk chemical compositions were determined with an optical emission 

spectrometer (SS-OES) and with combustion analysis for the elements H, C, N, O and S. 

Large-scale through-thickness chemical contents were determined from RD-TD sections 

with a Spectruma GDA 750 GD-OES using a two-mm spot size and a minimum of three 

material-consumptive measurements per spot. Local chemical components were mapped 

with a Jeol JXA-8200 electron probe microanalyser (EPMA) in WDS mode over the 

thickness-wise central area of the materials, using a 10 μm spot and 20 μm step size 

excluding obvious inclusion-affected artefacts from the data. 

 Inclusions were mapped with a Jeol 7000 scanning electron microscope equipped 

with an XMAX 80 EDS detector and INCA software using a 10 mm working distance, a 



 8 

15 kV accelerating voltage, a 20 μm aperture and 500 x magnification. After appropriate 

contrast based thresholding of 46 mm
2
 area from longitudinal – plate normal plane per 

plate, the spectra of all inclusions with an equivalent circle diameter of 0.9 μm or larger 

were collected from the whole inclusion area. The inclusions were classified into relevant 

groups using a recognition threshold of 5 wt.% for all the detected elements. Iron, where 

detected, was removed from the compositional results and all the other element contents 

were normalised to 100%. 

 Through-thickness macroscopic hardness was measured, and the hardness of 

martensite (HV
M
) was estimated based on locally varying chemical compositions using 

Eq. [1] from Blondeau et al. [42], where V
R
 is the cooling rate. The equation is widely 

used to estimate hardness of martensite in continuously cooled low-alloy steels [43] and 

their welds [44]. The possible presence of residual austenite was examined using a 

Siemens D5000 XRD device. Carbide size was determined with a dedicated plug-in in 

Photoshop 7.0 from binarised SEM images rejecting data smaller than one nm. All the 

sizes of microstructural units are given as equivalent circle diameters (ECD). 

                                           [1] 

3. RESULTS 

3.1. Mechanical properties 

Table 1 presents the various strength and toughness properties of the two materials. 

Based on the tensile properties, i.e. yield strength (σ
YS

), tensile strength (σ
TS

), and uniform 

elongation (A
g
), the two materials are equal. Impact toughness follows the same line with 

the transition temperature T
28J

 being insignificantly different at p ≥ 0.10 (Fig. 1). With the 

material CL, splitting raises the average absorbed energy for the LT oriented specimens 

that were tested at -60 °C, and causes an apparent discrepancy for the exponential fitting 
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(Fig. 1 b). For both materials, T
28J

 is around -50 °C in the LT orientation and around -

35 °C in the TL orientation. The upper shelf toughness (US) is better in the material MM 

in both orientations. 

 Fig. 2 presents the fracture toughness test results as K
Jc(1T)

 values, thickness-

corrected to give the equivalent toughness values of 1-inch thick specimens as per ASTM 

E1921 [38]. Surprisingly, T
0
 of CL is significantly better than MM (p < 0.0001), being 

13 °C lower in the LT and 16 °C lower in the TL orientation. Here too the material 

inhomogeneity of CL is visible as more pronounced scatter of the individual data points. 

In a given temperature, CL specimens with splits have higher fracture toughness than the 

specimens without them. 

 Table 1 shows T
0
 also as estimated from the exponential-fitted values of the 28 J 

impact transition temperatures. The conventional formula for estimating T
0
 (T

0,E1
 [33]) 

gives values that are far from the measured values on the unconservative side. However, 

both MM and CL materials fall inside the estimate of T
0,E2

 [35] that was developed for as-

quenched microstructures and of T
0,E3

 [36] that applies to the whole range of ferritic 

structural steels. 

 

Table 1. Strength and toughness of the study materials.* 

Material & 
orientation 

σ
YS

 
[MPa] 

σ
TS

 
[MPa] 

A
g
  

[%] 
T

28J
 (exp.) 

[°C] 
US 
[J] 

T
0
 

[°C] 
Est. 
T

0,E1 

[°C] 
[33]

 

Est. 
T

0,E2
 

[°C] 
[35]

 

Est. 
T

0,E3
 

[°C] 
[36]

 

MM L / 
LT 

963 
± 18 

1252 
± 14 

3.6 
± 0.2 

-49 
± 10 (18) 

205 -22 
± 6 (16) 

-68 -26 -34 

 T / 
TL 

1012 
± 28 

1251 
± 15 

2.8 
± 0.8 

-38 
± 10 (22) 

159 -20 
± 6 (16) 

-55 -16 -17 

CL L / 
LT 

970 
± 5 

1258 
± 3 

3.8 
± 0.3 

-54 
± 10 (22) 

185 -35 
± 6 (17) 

-81 -36 -38 

 T / 
TL 

993 
± 1 

1250 
± 23 

3.2 
± 0.5 

-33 
± 10 (24) 

130 -36 
± 6 (16) 

-56 -16 -14 

* L = longitudinal, LT = longitudinal-transverse, T = transverse, TL = transverse-longitudinal, σ
YS

 = 0.2% 
offset proof stress as yield strength, σ

TS
 = tensile strength, A

g
 = uniform elongation, T

28J
 = Charpy V impact 

toughness transition temperature, US = Charpy V upper shelf toughness, T
0
 = fracture toughness reference 

temperature. Values marked ± are standard deviations, and values in parentheses are numbers of parallels. 
Tensile properties are based on two parallels. 
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Fig. 1. Impact toughness with fitted ductile-brittle transition curves and their 95% confidence limits of 

a) MM (LT), b) CL (LT), c) MM (TL) and d) CL (TL). Specimens with splits are marked with black 

circles. 
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Fig. 2. Fracture toughness test results as K
Jc(1T)

 with Master Curve fits and their 95% confidence limits 

of a) MM (LT), b) CL (LT), c) MM (TL) and d) CL (TL). 

3.2. Microstructure, chemical composition and hardness 

The microstructures of both materials are through-hardened as-quenched martensite. The 

microstructure of the material MM is approximately 90% auto-tempered lath martensite 

containing clearly visibly carbides and 10% untempered lath martensite with at most only 

very weakly visible carbides as shown in Fig. 3 a). Material CL is 85% auto-tempered 

lath martensite and 15% untempered lath martensite (Fig. 3 b). No residual austenite was 

found in the XRD measurements, which in practice means that the content is less than 1 

percent and, if present, are likely very finely distributed [45]. 
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 In the following analyses, we divide CL thickness-wise into the middle third, i.e. 

± 2 mm from the plate centreline, and the upper and lower thirds, i.e. those parts > 2 mm 

from the plate centreline. MM appears homogeneous through its thickness and is 

presented undivided. 

 

 

Fig. 3. Microstructures at the plate centreline of the materials a) MM, b) CL with a MnS inclusion. 

 

Table 2 shows the main alloying elements and their variation between the materials and 

through the thickness with the estimated hardness values calculated using Eq. [1]. In 

addition to those shown, the following elemental concentrations in wt.% were measured 

(MM / CL): Al 0.03 / 0.03, Ca 0.003 / 0.002, O 0.002 / 0.002, N 0.005 / 0.005 and Ni 

0.05 / 0.06. At the bulk level, the materials show only the slightest differences in 

chemical composition that account for only six HV units difference in the estimated 

hardness calculated after Blondeau et al. [42]. That is well in line with the measured 

average through-thickness HV
10
 hardness of 391 (± 2) and 395 (± 3) of the materials MM 

and CL, respectively. 

 Differences in chemical composition appear when the normal planes from 

different depths are studied with GD-OES. While the upper and lower thirds of CL are 

similar to MM, the middle third of CL shows clear segregation. The alloying elements 

drawn into the centreline boost its hardenability and deplete the regions adjacent to the 
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centreline segregation of alloying elements. The enrichment increases the estimated 

hardness 27 HV on average and 45 HV based on the maximum concentration. These 

variations coincide accurately with the measured hardness: the scatter is low in MM with 

the values falling in the range [375,402] HV
10
 (Fig. 4 a) whereas CL shows substantial 

scatter through the thickness with the range [367,448] HV
10
 (Fig. 4 b). 

 Zooming in to the middle third of the materials with EPMA, the banded nature of 

the segregation emerges (Fig. 5) with a through-thickness variation of Mn, Cr and Mo. 

Yet again, the scatter in MM is minor (Fig. 5 a), though existing, compared to the 

fluctuation in CL, where six to seven peaks corresponding to segregation bands can be 

recognised (Fig. 5 b).  

 

Table 2. The chemical compositions (wt.%) as measured with SS-OES (bulk) and the percentual 

differences with 95% confidence intervals on different depths (mm) from the plate centrelines as 

measured with GD-OES. 

Material C Mn Cr Mo Ti S 
Est. HV

M
 

(Eq. [1]) 

MM (bulk) 0.124 1.080 0.705 0.155 0.030 0.002 389 

MM (4) 
 

-4.0 
(± 0.8) 

+13.6 
(± 1.2) 

+6.5 
(± 0.8) 

+25.2 
(± 1.5) 

+23.3 
(± 5.4) 

+57.9 
(± 6.7) 

387 

MM (0) 
 

-3.2 
(± 0.8) 

+14.3 
(± 0.8) 

+7.0 
(± 0.5) 

+26.5 
(± 1.0) 

+30.0 
(± 2.6)  

+57.9 
(± 10.0) 

388 

        
CL (bulk) 0.130 1.100 0.709 0.157 0.032 0.002 395 

CL (4) 
 

-5.3 
(± 6.5) 

+6.9 
(± 5.6) 

+4.1 
(± 8.0) 

+17.9 
(± 7.6) 

+12.39 
(± 8.3) 

+103.3 
(± 19.5) 

390 

CL (2) 
 

-9.1 
(± 0.8) 

+19.8 
(± 0.3) 

+24.8 
(± 1.4) 

+31.89 
(± 6.5) 

+28.4 
(± 17.1) 

-15.0 
(± 11.8) 

390 

CL (0) 
 

+17.9 
(± 3.9) 

+19.4 
(± 3.3) 

+17.8 
(± 4.4) 

+32.19 
(± 2.9) 

+45.6 
(± 10.6) 

+86.1 
(± 10.8) 

422 

CL (max) 
+30.2 
(± 0.1) 

+31.7 
(± 2.6) 

+29.1 
(± 1.4) 

+45.09 
(± 3.1) 

+99.8 
(± 10.9) 

+105.0 
(± 24.4) 

440 
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Fig. 4. Hardness profiles of the materials a) MM and b) CL. 

  

Fig. 5. The local through-thickness variation of elements Mn, Cr and Mo as measured with EPMA in 

a) MM and b) CL. 

3.3. Inclusions 

We divide the mapped inclusions into four different groups based on the main element: 

aluminium, calcium, manganese and titanium. Within these groups, there are nitrides, 

oxides, sulphides and mixed types. These mixed inclusions with secondary particles are 

grouped together by equivalent circle diameter and appearance, where appropriate. The 

total number of mapped inclusions is 3651 in the material MM and 3293 in the material 

CL. From Fig. 6 a) and b) it is evident, that CL possesses larger inclusions, with the 

exception of CaOS, which are 23% bigger in the material MM. Especially MnS based 

inclusions are clearly larger in CL. The mixed inclusions that contain TiN as a secondary 
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particle are notably smaller compared to otherwise similar Al, Ca and MnS based 

inclusions without the presence of TiN (Fig. 6 a). 

 Comparing inclusion size distributions (Fig. 6 b), MM has a higher frequency of 

smaller inclusions (< 2 μm), 70% of its population, whereas the majority of the mapped 

inclusions in CL are larger than 2 μm. The middle section, which is where the brittle 

failure generally nucleates, contains most of the large inclusions (69%) in CL. The size of 

the largest inclusions at 80% of the cumulative distribution (d
i-80%

) is 3.3 μm for MM and 

the upper and lower thirds of CL but 5.3 μm for the middle third of CL. 

 

  

Fig. 6. a) The inclusion types with their respective average equivalent circle diameters (ECD), b) 

inclusion sizes in MM and in CL, with CL also divided into thickness-wise thirds. 

3.4. Grain size 

The prior austenite grain structures separate the two materials further (Fig. 7). The 

material MM has a quite uniform grain size distribution with some distinct larger grains 

as can be seen from the micrographs in Fig. 7 a) and c) and the grain size distributions in 

Fig. 8 a). On the other hand, the material CL contains frequent segregation bands (Fig. 5 

b), of which a representative example shows a bimodal grain size distribution containing 

both fine grained and coarse grained areas, Fig. 7 b), d) and Fig. 8 a). These segregation 
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bands possess significantly smaller PAGS (prior austenite grain size), but also a 

concentration of large inclusions, Fig. 3 b), Fig. 7 b). 

 The fine-grained segregation bands result in a laminar-like structure with a 

smaller mean PAGS of 5.9 μm for the middle third of CL (Table 3), compared to the 

outer thirds. Those have a bimodal distribution, which consists of a peak from the 

segregation bands and a peak of larger grains between the bands (Fig. 8 a). The peak of 

MM falls between these two. Consequently, MM and the outer sections of CL have the 

same mean PAGS of 8.9 μm (Table 3). 

 

 

Fig. 7. The prior austenite grain structure in materials MM and CL, the latter with a representative 

segregation band in the plate centreline, as nital-etched and imaged with a laser microscope in a) and 

b), and binarised images showing the grain boundaries in c) and d), respectively. The arrows in b) 

point to inclusions. 

 

 Advancing to the measures of effective grain size of the martensite, i.e. the size of 

grains surrounded by boundaries with a misorientation > 15° as measured using EBSD, 
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we see that the size of the coarsest grains at the 80
th
 percentile position in the grain size 

distribution, d
80%

 - a measure of the effective coarse grain size d
ecgs

 [37], is slightly finer in 

the outer thirds of CL compared to MM, and significantly smaller in the central third of 

CL (Fig. 8 b). Emphasising this, the differences in d
80%

 is 43% between MM and the 

middle section of CL (Table 3). The average grain sizes for both the MM material and all 

thirds of the CL material is of the order of 1 μm (Table 3). 

 In some microstructures, carbide sizes are known to influence cleavage crack 

nucleation [10]. In the present microstructures, the carbides are significantly, although 

only marginally, larger in the middle third of CL than in MM (Table 3). The carbide size 

of the outer thirds of CL is between those two. As with grain size, carbide size is defined 

as the ECD. For both materials, the coarse carbide size (d
carb-80%

) is around 40 nm and the 

biggest observed carbides in both materials are < 100 nm ECD. 

 

 

Fig. 8. a) Prior austenite grain size in MM and in the different thirds of CL. b) Cumulative 

probabilities of the effective grain size in MM and CL highlighting the effective coarse grain size d
80%

. 
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Table 3. Grain size parameters and carbide size. (PAGS = prior austenite grain size, effective grain 

size parameters (> 15° misorientation) d
avg

 = average effective grain size and d
80%

 = effective coarse 

grain size, and d
carb-80%

 = coarse carbide size). 

 Material (section) 
PAGS 
[μm] 

d
avg

 
[μm] 

d
80% 

[μm] 

Carbide 
size 
[nm] 

d
carb-80%

 
[nm] 

M 
8.9 (± 
0.1) 

1.16 (± 
0.06) 

6.05 18.5 (± 1.6) 
40.0 

CL (upper and lower 1/3) 
8.9 (± 
0.2) 

1.11 (± 
0.04) 

4.80 22.1 (± 2.3) 
39.3 

CL (middle 1/3) 
5.9 (± 
0.2) 

1.00 (± 
0.03) 

3.43 23.2 (± 0.8) 
39.3 

3.1. Fractography 

Overall, the fracture surfaces of both the SENB and CVN specimens are typical of ferritic 

materials tested in the DBTT range, consisting of mixed brittle areas separated by 

frequent narrow ductile stretches. The macroscopic fracture surfaces of the material MM 

at -20 °C and below are essentially flat, whereas CL specimens frequently possess either 

one large or one to three smaller splits (Fig. 9). 

 We investigated 43 CVN and SENB specimens tested in the DBTT region under 

microscopes. In 56% of the cases the primary cleavage fracture initiator (CI) could be 

identified (Table 4). Those specimens in which no CI could be identified, contained 

multiple initiation regions due to either excessive brittleness, large splits and/or ductile 

crack growth. Large TiN and CaOS inclusions (Fig. 6 a, Fig. 10 a) or clusters followed by 

grain boundary triple points are the most common CI in the material MM. Abundant TiN 

and Ca-based inclusions could be found near the local failure initiation sites in MM. TiN 

inclusions are the dominant crack initiation sites in the CL material, either as a large 

individual inclusion (Fig. 10 b) or as a cluster. The TiN inclusions at the nucleation sites 

in CL either appeared alone or they were accompanied by MnS (Fig. 10 d). No evidence 

of carbide-initiated failure was found. 

 The average ECD sizes of the inclusions initiating cleavage cracks are 4.6 ± 0.8 

μm and 7.4 ± 1.8 μm for the materials MM and CL, respectively. These correspond to the 
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94
th
 and 90

th
 percentiles in the cumulative size distributions. The average cleavage 

fracture unit sizes around the primary initiation sites are 5.8 ± 0.6 μm and 5.6 ± 0.4 μm 

for MM and middle third of CL, which correspond to the 79
th
 and 92

nd 
percentile, 

respectively. 

 The splits, which are present only in CL, start with an inclusion, either straight 

from the pre-fatigued crack tip or after a short stretch of ductile crack growth, and contain 

very large MnS inclusions, up to 30 μm long as measured in the main fracture plane. The 

split morphologies are diverse with two examples shown in Fig. 9 b & Fig. 10 c. The 

bottoms of the splits, where observable, always exhibit transgranular cleavage. The sides 

of the splits are mainly a combination of cleavage fracture and multi-void coalesced 

(MVC) ductile fracture with a strong division between the “left and right” sides of V-

shaped splits when only one half of a specimen is considered, Fig. 9 b) and Fig. 10 c). 

The side that has supposedly formed first has failed by cleavage and the latter side by 

MVC. Shear lips were present on most of the splits (Fig. 10 c), but in some instances, the 

tops of smaller splits were flat without shear lips. In both LT and TL oriented specimens, 

large inclusions infest the walls of the splits (Fig. 10 d) showing that inclusion clusters 

spread in the rolling direction play a role in split formation. As measured in the main 

fracture plane, the splits are longer in the TL oriented specimen than in TL, which 

reflects the length of the segregation bands on the given crack planes. 
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Fig. 9. Typical crack propagation in TL oriented SENB specimen of a) MM and b) CL with a split. 

Circles show cleavage fracture initiation sites. 

 

Table 4. The primary failure initiators in SENB and CVN specimens and the number of specimens 

with macroscopic splits. (+) denotes the presence of secondary components in the inclusions. 

  M (SENB) M (CVN) 
CL 

(SENB) 
CL (CVN) 

Total number examined 13 5 13 12 

CaOS(+) / CaOS cluster 3 0 0 0 

TiN(+) / TiN cluster 2 2 5 2 

TiN(+) and MnS 0 0 1 2 

Grain boundary triple point 2 1 0 0 

Unidentified 6 2 7 8 

Macroscopic splitting (LT / TL) 0 / 0 0 / 0 4 / 2 2 / 8 
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Fig. 10. Inclusions contributing to crack propagation: a) TiN & CaOS that have nucleated a local 

cleavage fracture in MM CVN specimen, b) a large TiN that has initiated the failure in a CL SENB 

specimen without splits, c) split morphology in CL showing a shear lip and a brittle and a ductile side, 

and d) TiN inclusions & MnS at the apex of a large split (CL, SENB). 

4. DISCUSSION 

The fact that the “dirty” inclusion rich and heterogeneous CL material is more resistant to 

failure initiation in the DBTT regime than the “clean” homogeneous MM material is, at 

first sight, unexpected: the CL material is associated with a plate centreline that is 15% 

harder than the MM material, i.e. harder by 60 HV
10

 units, and the large inclusions at the 

80
th
 percentile of the cumulative size distribution are 60% coarser in the CL specimens 

than in the MM specimens. However, the tougher behaviour of the CL material can be 

explained by the finer local effective coarse grain size, which is especially pronounced in 

the laminar-like plate centreline in hard, inclusion rich segregation bands (Fig. 7). The 

fine grain size seems to counteract the detrimental effects expected from the presence of 
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larger and more numerous inclusions and a higher hardness. According to JMatPro 

calculations, the enrichment in the hardening elements [6] and the decrease in PAGS [46] 

cause the martensite start and martensite finish temperatures to drop by approximately 

50 °C at the plate centreline of CL, which is seen as a slightly higher fraction of 

untempered martensite due to the lower transformation temperatures and shorter time for 

auto-tempering. Considering hardness and excluding the changes in residual stresses, this 

difference in the martensite start and stop temperatures appears to be negligible, as the 

hardness at different thicknesses follow the estimates of Eq. [1] accurately. 

  PAG size is an important parameter as it determines the upper limit of the 

effective coarse grain size the final microstructure can possess and thus affects the 

resulting DBTT [37,47,48]. The finer PAG size in the segregation bands is presumably 

due to a higher density of grain growth hindering precipitates in the reheated austenite 

prior to the final quenching. The nature of these precipitates has not been examined here, 

but it is not unreasonable to suppose that they are TiN that have a higher number density 

and stronger retarding effect on grain growth due to the segregation of Ti and N along 

with the main alloying elements during solidification. It is also likely that grain growth 

will be retarded more in the segregated bands by a higher solute drag arising from the 

enrichment of the main alloying elements [6]. 

 In the fracture toughness specimens of the homogeneous MM, the measured size 

of the cleavage fracture units around the failure initiation sites coincides with the 

effective grain size at the 80
th
 percentile of the cumulative effective grain size distribution, 

implying that this is the statistically appropriate level for assessing the fracture toughness 

in the transition temperature region. With the heterogeneous CL material, it coincides 

with the 92
nd
 percentile of the cumulative effective grain size distribution of the middle 

third. Note that the actual unit size is the same (5.6 – 5.8 μm) in both materials. This is 
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simply due to the same critical stress criterion they are both exposed to, while the 

sampling of a critically sized weakest links is probable enough in both materials. 

 In the cases studied (Table 4), crack initiation from inclusions was more common 

than initiation at other sites, namely grain boundary triple points. The average sizes of 

these inclusions coincide with the 94
th
 percentile (MM: 4.6 μm) and 90

th
 percentile (CL: 

7.4 μm) in the cumulative size distributions, and they are surrounded by the large grains 

with sizes at the abovementioned 80% and 92% levels. In order to initiate a failure, a 

large brittle unit needs to be located in a coarse-grained matrix within the highly stressed 

process zone to propagate the microcrack far enough to accumulate a critical level of 

damage. This is a double-barrier criterion [15] where the first barrier is the inclusion - 

grain interface and the second barrier the boundary between coarse grains. The broken 

large inclusions found in a ductile matrix inside the fracture process zone back up the 

importance of the size of the surrounding grains (Fig. 11). 

 

 

Fig. 11. Broken inclusions surrounded by a ductile matrix found close to the primary failure initiator 

in CL. 

 

 To further evaluate the critical large units, we utilised a simple Griffith crack 

criterion [49], Eq. [2]. A common feature of the analyses of cleavage crack initiation 

from small carbides and larger inclusions is that they utilise a low stress concentration 

factor f applicable to the propagation of a through-thickness crack, i.e. f = 4/π ≈ 1.273 
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[3,8–10,13,21]. In addition to this, there has been lack of direct evidence relating carbides 

to the primary cleavage crack origin [3]. 

 

  𝜎   √𝑓 ×
     

(    ) 
 √

      

(    ) 
       [2] 

 

 The macroscopic crack tip will influence the stress intensity at a microcrack that 

forms ahead of it. As a result, the critical fracture stress for a penny-shaped crack in front 

of a macroscopic crack gets the form of Eq. [2] below with f = π [5,14,19,49]. Using an 

effective surface energy of 100 J/m
2
 for the given DBTT [50] and setting the failure 

criterion to σ
f
 ≈ 3×σ

YS
, which is appropriate for small-scale yielding in a non-hardening 

material, the results are in line with the experimental findings as shown by Fig. 12 (where 

the average σ
YS

 of CL is applied to both the middle third and the outer thirds). For the 

“clean” homogeneous MM, the effective coarse grain sizes d
80%

 and d
90%

 are around the 

criterion level but the failure initiating inclusions are slightly above it. After a suitably 

large inclusion is sampled in the process zone, it is easy for the crack to propagate 

through the large-grained matrix (MM, outer 1/3s of CL). In the middle third of the “dirty” 

inclusion rich heterogeneous CL, an average large inclusion meets the criterion with ease, 

especially inside the segregation bands, but its propagation is more difficult due to the 

smaller effective coarse grain size. 
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 Because the probability of encountering a cleavage crack that is large enough to 

propagate and produce a detectable drop in the load-displacement curve is lowered by the 

segregation in an otherwise very unfavourable environment, the brittle fracture toughness 

K
Jc
 is elevated. We illustrate this with Fig. 13, which shows coarse grains at the plate 

centreline of the homogeneous MM (Fig. 13 a) and very fine grains surrounding MnS and 

TiN inclusions (Fig. 13 b) in a segregation band of the heterogeneous CL. 

 

 

Fig. 12. The relative critical failure stress according to the modified Griffith criterion using static yield 

stress values corrected to -40 °C. The upper limits of the bars show the situation for static yield stress 

corrected to -20 °C, i.e. in the region of T
0
, and the lower limits of the bars correspond to dynamic 

yield stress values at a strain rate of 10
-3
s

-1
 and -40 °C, i.e. the region of T

28J
. 
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Fig. 13. The grain size distribution in the plate centreline of materials a) MM and b) CL around 

inclusions. The white arrows pointing upwards indicate MnS inclusions and the arrow pointing 

downwards a TiN inclusion accompanied by a large MnS inclusion. The insets give the colour coding 

of the ECD grain sizes in microns. For colours, the reader is referred to the online version of the paper. 

 

 Large TiN-based inclusions are clearly the most important initiators of low-

temperature fractures in these materials accounting for 70% of the identified causes of the 

primary failures. In fracture toughness testing, T
0
 is unaffected by the specimen 

orientation; but in the case of Charpy V impact toughness testing, inclusions spread in the 

rolling direction lower the impact toughness of the TL oriented specimens. Inclusion 

stringers lower the resistance to crack propagation in TL oriented specimens compared to 

LT oriented specimens. This accounts for the higher T
28J

 transition temperatures of the TL 

specimens: 11 °C in the case of the MM material and 21 °C for the CL material. The 

greater effect of inclusion stringers on crack propagation in the case of the CL material is 

also seen in the CVN fracture surfaces, which show more frequent and longer stringers. 

 In the transition region, the inclusions have a dual role in the heterogeneous 

microstructure. Large TiN-based inclusions can nucleate splits (Fig. 10 c), and on the 

basis of the frequency of inclusions on the exposed split walls, the splits also propagate 
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along the lines of elongated inclusion stringers (Fig. 10 d). The CVN specimens showing 

splits after testing at -60 °C absorbed more energy than those that were without splits (Fig. 

1 b). This caused scatter in the measured toughness values [22,24,28]. The same effect is 

visible in the fracture toughness test results, Fig. 2 b) and d), where the SENB specimens 

with smaller non-critical splits formed before the failure have higher K
JC

 than the 

specimens without splits. This difference is 40 % (+31 to +46 MPa√m) in the LT 

orientation at -20 °C and -40 °C, but varies strongly in TL orientation from +7 to +75 

MPa√m. Large splits have formed either at or after the failure point in the fracture 

toughness tests. While the inclusions that nucleate the primary failure are cracked, most 

of the inclusions on the walls of the splits show at least partial debonding (Fig. 10 d). 

This applies especially to MnS inclusions, which appear to promote split propagation by 

being both longer in the rolling direction and easily debondable. The non-criticality of 

large MnS inclusions as a primary cleavage fracture initiator can be due to their tendency 

to debond already during cooling because MnS has a higher coefficient of thermal 

expansion than the steel matrix, thereby forming blunter voids. However, the opposite 

applies for stress-raisers like CaOS and TiN based inclusions that have smaller 

coefficients of thermal expansion than the steel matrix [51]. 

5. CONCLUSIONS 

We investigated the microstructural features affecting the impact and fracture toughness 

of as-quenched martensite in the ductile-brittle transition temperature region of 12 mm 

thick homogeneous and heterogeneous steel plates that were produced in the laboratory 

by hot rolling samples extracted from the same continuously cast slab. The homogeneous 

material was free of macrosegregation while the heterogeneous material showed strong 

centreline segregation and a high density of large inclusions in the middle third of its 
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thickness. The tensile properties of the two materials were the same, and the impact 

toughness transition temperatures T
28J

 did not show significant differences. However, 

despite having a strongly segregated microstructure with very hard, inclusion rich bands, 

the heterogeneous “dirty” material possessed a significantly better fracture toughness 

transition temperature T
0
. The reasons for this behaviour are as follows: 

 

 When compared to the clean homogeneous material, the inclusion rich 

segregated material has a drastically smaller prior austenite grain size giving the 

transformed martensite a 43% smaller effective coarse grain size at the 80
th
 

percentile of the cumulative distribution. This lowers the probability of finding a 

cleavage crack nucleating inclusion in a large grained matrix and improves the 

brittle fracture toughness of the “dirty”, inclusion rich, heterogeneous material. 

 Since fractography shows that the main failure initiation sites are the coarsened 

regions outside the inclusion rich segregation bands, we conclude that the locally 

very fine grain size of the segregation bands protects the material from cleavage 

crack propagation in these otherwise vulnerable regions.  

 The fact that the main cleavage crack initiation sites contained the coarsest 

inclusions and the coarsest grains, with sizes corresponding to the 80
th
 – 90

th
 

percentiles in the respective size distributions, indicates that the weakest link 

pair with regard to primary failure is a coarse inclusion that is surrounded by 

coarse grains. In the “clean” homogeneous material, the critical inclusions are 

large individuals or stringers of TiN and CaOS. In the inclusion rich 

heterogeneous material, the critical inclusions are TiN particles, either alone or 

in combination with large MnS inclusions. 
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 Splitting increases absorbed energy in the transition region. The nucleation of 

the split is associated to coarse TiN (and MnS) based inclusions. Elongated 

extraordinarily large MnS and TiN clusters promote the propagation of the splits. 

Small splits that do not determine the failure point in the fracture toughness test 

increase the fracture toughness of the heterogeneous material. Larger splits 

either determine the failure point or form after the failure and so do not improve 

toughness. 
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