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ARTICLE INFO ABSTRACT

A sufficient level of toughness at low temperatures is paramount for the use of structural steels intended for
arctic applications. Therefore, it is important for the steel industry to identify the factors that control brittle frac-
ture toughness. In this study, the quantitative effect of microstructure on the impact toughness transition tem-
perature has been investigated with 18 different thermomechanically rolled and direct-quenched low-carbon ul-
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g]::ir;ztie:sanon tra-high-strength steels with varying martensite and bainite contents. The steels were produced by altering their
Microstructure chemical composition, the finish rolling temperature and the total reduction of the prior austenite grains in the

non-recrystallisation temperature regime, i.e. austenite pancaking, and characterised in terms of microstructural
constituents, grain size distributions and texture as well as by using Charpy-V impact and tensile testing. It is
shown for the first time that the impact toughness transition temperatures T,g; and Ts, closely follow a dynamic
reference toughness, defined by yield strength and the size of the coarsest grains in the effective grain size dis-
tribution at 80th percentile. Decreasing the area fraction of {100} cleavage planes oriented within 15° of the
macroscopic fracture plane by increasing austenite pancaking is also shown to improve Tyg;. The best toughness
is achieved with the lowest finish rolling temperatures that are nevertheless high enough to avoid the subsequent
formation of granular bainite, which weakens both the toughness and strength. The results show that it is per-
fectly possible to produce untempered ultra-high-strength martensitic and martensitic-bainitic structural steels
with adequate low-temperature toughness when the grain size is properly controlled.

testing. The data from the test is normally used to define toughness at
a given temperature or some certain transition temperature value, like
Tso, the fracture appearance transition temperature corresponding to

1. Introduction

In ferritic steels at high temperatures, the dominant crack growth
mechanism is microvoid coalescence, but at sufficiently low temper-
atures, ductile crack growth is followed by an increasing amount of
brittle cleavage fracture until failure is completely brittle. In the duc-
tile-brittle transition region in polycrystalline materials these two mech-
anisms can alternate due to local cleavage crack arrests, while the prob-
ability for brittle failure increases as more material is sampled during
the ductile crack growth before the critically sized microcrack is en-
countered.

Knowledge of the toughness properties and how they evolve in the
ductile-brittle transition temperature (DBTT) region is essential for safe
structural design. The most widely used method to characterise the
transition temperature behaviour of steels is Charpy impact toughness

50% ductile fracture (FATTs5), or Tog;. Ts, also referred to as the DBTT,
is the temperature where the absorbed energy obtains the average of the
upper and lower shelf toughness values. T,g; (or T,;;) defines the im-
pact toughness transition temperature where the fitted transition curve
coincides with the given absorbed energy value. The difference between
the Ty;; and T,g; is only in the philosophy of rounding the value in
joules from 20 ft-Ib and the difference in temperature is estimated to be
within 1 °C. The most common way to fit the scatter-ridden test data is
to utilise the tanh-fitting. Other popular means to fit the data are e.g.
exponential fit, which enables the use of just the lower-shelf data, and
fitting by hand. [1]

The benefit of T,g; is that it lies on the less scattered lower shelf
side of the DBTT region. As opposed to FATTsy, it does not rely on the
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subjective fracture appearance determination and the fracture surfaces
consist macroscopically mainly of transgranular crack propagation. A
level of 27-28 J is low enough to mostly omit the tearing resistance
dependence of the shear zone area. Also, T,g; can be determined by
covering a smaller part of the DBTT range when an appropriate fitting
method is used. Furthermore, Tyg; is important as it is the basis for
the estimation of the fracture toughness reference temperature T, [2],
which is used in structural integrity procedures [3-6], and it is com-
monly used as the minimum specified toughness level for many steel
grades.

Of all the factors having an effect on toughness and the ductile-brit-
tle transition temperature, grain size is the most well established, usu-
ally following a familiar Hall-Petch type equation [7-22]. Barr and Tip-
per [7] were the first to show with the Liberty ships that the DBTT was
elevated with increasing ferrite (F) grain size. Since then, different mi-
crostructural units have been linked to toughness: ferrite grain size in
ferritic-pearlitic steels [8,9], while in bainitic and martensitic steels the
prior austenite grain (PAG) size [10,23], packet size [10-12] and block
size [13] have been claimed to be important. More generally, the effec-
tive grain size, i.e. the size of grains bound by high-angle grain bound-
aries has been shown to be important [14-23]. It is recognised that
this effective microstructural unit governing cleavage and ductile-brit-
tle transition in as-quenched microstructures is the block boundary be-
tween distinct Bain variants [19,24] corresponding to a grain boundary
misorientation of at least 15° [25,26].

Historically, untempered martensite has been considered unwanted
as being too brittle for structural use. Despite this, it has been shown
that, in the case of sufficiently low carbon contents, combinations of
as-quenched microstructural constituents including martensite can pos-
sess similar or even better low-temperature toughness properties than
the conventional softer phases due to their finer effective grain size and
the occurrence of autotempering due to the relatively high martensite
start temperatures of low-carbon compositions [15-17,22,27]. In ad-
dition to conventional tempering, successful methods to improve the
DBTT of as-quenched steels are increasing the bainite content [17,20],
refinement of the prior austenite grain structure [13,16,20] and, in the
case of direct quenching, lowering the finish rolling temperature (FRT)
below the non-recrystallisation temperature Tyg [16,20,28]. Depend-
ing on the process parameters and the hardenability of the material,
the latter two or even all three of these toughening methods are usu-
ally used in conjunction with each other. Recent studies have high-
lighted the importance of texture on the bendability of direct-quenched
ultra-high-strength steels (UHSS) [29,30] and on the impact toughness
of a ferritic steel [31].

Many works have been dedicated to deriving formulae to predict the
impact toughness transition temperatures of steels. In studies with fer-
ritic-pearlitic steels Pickering and Gladman [8] linked Ts, to the inverse
square root of the grain size and Mintz et al. [9] included the detri-
mental factors of grain boundary carbides and elevated yield stress to
the estimate. Effective grain size has been incorporated to the modi-
fied Mintz type equations by Bhattacharjee et al. [14] for ferritic steels
and by Gutiérrez [18] extending the equation to bainitic microstruc-
tures. Isasti et al. [21] added the DBTT raising effects of M-A islands
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and grain size heterogeneity. Common to these estimates is that they
all show that, other things being equal, elevated yield strength (oyg) re-
duces toughness.

A range of definitions have been used to describe the effective grain
size for estimating toughness: average grain size d,,, [14-18] and the
size of the coarsest grains at various percentiles in the cumulative grain
size distribution dgg,, [21,22] or dgg, [20,28,32]. Volume-weighted av-
erage grain size d, has been successfully used with heterogeneous grain
size distributions to describe strength with a modified Hall-Petch equa-
tion [33] and it would be of interest to apply this to toughness analyses
since it is calculated on the basis of the whole grain size distribution but
gives the greatest importance to the largest grains.

The present study brings out the effects of microstructural con-
stituents, grain size, texture and yield strength on the impact tough-
ness transition temperatures of thermomechanically rolled and di-
rect-quenched martensitic and martensitic-bainitic steels, thereby ad-
dressing the needs identified in a recent review [34]. These low-car-
bon ultra-high-strength steels, used in the as-quenched condition, are a
modern economical type of structural steel with yield strengths above
900 MPa. They combine high strength with sufficient toughness, forma-
bility and weldability, and are typically used in weight-critical and
high-performance structures [35]. It is shown for the first time that the
transition temperatures do not correlate with yield strength alone but
that, in conjunction with the area percentage of cleavage planes on the
macroscopical crack plane, a simple stress-intensity term described with
yield strength and effective coarse grain size is able to model the transi-
tion temperatures with good accuracy.

2. Materials and methods

The influence of microstructural constituents, grain size and tex-
ture on the impact toughness transition temperatures was investigated
with experimentally hot-rolled and direct-quenched low-carbon steels
with the chemical compositions shown in Table 1. The carbon equiv-
alent CEpy [36] is included as a rough measure of the relative hard-
enability of the different compositions. The data set is complemented
with experimental S960 steels originally introduced in Refs. [20,30]
that are further investigated here. Different microstructures were pro-
duced by varying both the finish rolling temperatures (FRT) from 950
to 800 °C, thereby covering the temperature regions both above and be-
low the non-recrystallisation temperature Ty, and the total rolling re-
duction of the PAG below Tyg (Rror). After the final pass, the 8 mm
thick (S960: 6 mm) strips were direct-quenched to room temperature at
a rate of 50-70 °C/s. The 18 individual materials are denoted later by
the code given in Table 1 combined with the FRT. For comparison, ma-
terial S960-830 was reaustenitised and quenched, and is referred to as
material S960-RQ. To be able to compare materials with differing Tyg,
the finish rolling temperature was normalised relative to Tyg using the
parameter FRTy as described in Eq. (1), temperatures used here in °C.
The non-recrystallisation temperature was chosen in preference to the
more appropriate recrystallisation stop temperature as Tyy can be esti-
mated on the basis of the Boratto formula given in Ref. [37], but its in-

Chemical compositions in wt%, carbon equivalent and non-recrystallisation temperatures Tyg.

TNR
Steel C Mn Si Cr Mo Al Ti Nb B P S CEqw [°C]
A 0.07 1.4 0.2 1.0 0.02 0.03 0.02 0.039 0.001 0.009 0.0007 0.50 987
B 0.08 1.8 0.2 1.0 0.01 0.04 0.02 0.040 0.002 0.011 0.0004 0.59 997
C 0.09 1.1 0.2 1.1 0.15 0.04 0.02 0.042 0.001 0.009 0.0006 0.54 1014
S960 0.09 1.1 0.2 1.2 0.01 0.03 0.03 0.004 0.002 0.007 0.0020 0.55 856
[20,30]
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FRTy =1 — FRT/Ty o

The prior austenite grain size was measured after picric acid etch-
ing using a Keyence VK-X200 laser scanning confocal microscope and
the total rolling reduction of the PAG below Ty (Ryor) was determined
according to Ref. [38]. Microstructural characterisation of the transfor-
mation microstructures was performed on nital-etched specimens with a
ZEISS Ultra Plus field emission scanning electron microscope (FE-SEM)
to quantify the phase fractions following the microstructural classifica-
tion described in Ref. [39]. Electron backscatter diffraction (EBSD) mea-
surements and analysis were performed at the mid-thickness position on
RD-ND sections to define the grain size parameters and texture using
Oxford-HKL acquisition and analysis software with a 10 kV acceleration
voltage and 0.2 um step size (0.05-0.15 pm for S960).

All the grain size parameters are determined as equivalent circle di-
ameters of the grains with high-angle boundaries (>15°) excluding val-
ues smaller than 0.3 ym. D,, is the average grain size of the population,
the sizes of the coarsest grains dgg,, and dgq, correspond respectively to
the effective grain size at 80% and 90% in the cumulative size distrib-
ution, and the volume-weighted average grain size d, is calculated with
Eq. (2) according to Ref. [33] using unfitted data sets.

Charpy-V notch impact testing was performed according to the stan-
dard EN ISO 148-1 [40] at temperatures ranging from 40 to —140 °C
to fully and reliably characterise the transition temperature region us-
ing mainly 7.5 mm thick sub-size specimens, 6 mm thick in the case of
S960, tested in both longitudinal-transverse (LT) and transverse-longi-
tudinal (TL) orientations, which means the total data set covered 36
samples. Note that LT specimens have their long side parallel to the
longitudinal (rolling) direction and their notches pointing in the trans-
verse direction while for TL specimens the opposite is true. Tanh-fit-
ting was used to calculate the T,g; and Ts, transition temperatures.
T,g; values are reported as their equivalent full-size values using
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the procedure explained in Ref. [1].
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3. Results
3.1. Microstructure, texture and grain size

The results of the microstructural and textural characterisation from
the mid-thickness of the materials are summarised in Tables 2, 3. The
changes in the microstructure can be best described with the process pa-
rameter FRTy. The martensite content varies with FRTy and the harden-
ability as characterised by the carbon equivalent (Fig. 1a). The materials
B920, B880 and S960-RQ are fully autotempered lath martensite (ATM)
[27], while the other materials include combinations of ATM and bai-
nite, but also 10% ferrite in the case of A820. The direct-quenched S960
variants with lower FRTy than the other steels, are the only ones where
lower bainite (LB) was observed.

Fig. 1b) shows that the coarse grain size dg, is strongly influenced
by the degree of pancaking, i.e. the total reduction of the PAG below the
Rror. Grain size decreases as the final rolling pass is brought to lower
temperatures. Exceptions to this are the materials with low finish rolling
temperatures where the appearance of more than 10% granular bainite
(GB) causes the grain size to abruptly increase. All the different grain
size definitions do evolve in a similar manner, although the changes in
the average grain size d,,, are minor.

The intensities of the texture components {001}<110> and
{112} <110> along with the percentual area of {100} cleavage planes
and {112} shear planes within 15° of the LT and TL oriented speci-
mens crack growth planes are shown in Table 3. Both the peak inten-
sities and the area of cleavage planes develop with FRTy and Rygy in
the same manner as the grain size: the {001} <110> intensity and the
area of {100} planes decrease while the {112} <110> intensity and
the area of {112} planes increase up to the point where the granular
bainite formation starts to be significant. After this these trends are re-

Microstructures and grain sizes (FRTy = normalised finish rolling temperature, Ryor = total reduction of PAG, ATM = autotempered lath martensite, LB = lower bainite, UB = upper
bainite, GB = granular bainite, F = ferrite, d,,; = average grain size, dggy, = coarse grain size from 80% cut-off, dggy, = coarse grain size from 90% cut-off, d, = volume-weighted

average grain size). For d,, the standard error is < 0.04 um.

Ryor ATM LB UB dgou dooos
Material FRTy [%] [%] [%] [%] GB (F) [%] Ay [Mm] [um] [um] d, [um]
A920 0.07 54.6 80 20 1.29 5.41 8.24 3.63
A880 0.11 62.3 50 40 10 1.24 4.88 7.21 3.22
A840 0.15 67.4 10 50 40 1.49 6.29 9.23 411
A820 0.17 65.7 5 45 40 (10) 1.23 5.24 8.89 3.62
B920 0.08 53.2 100 1.53 7.85 12.1 5.75
B880 0.12 63.1 100 1.21 5.16 7.99 3.44
B820 0.18 67.0 90 10 1.09 4.63 7.75 3.15
€920 0.09 51.9 90 10 1.23 4.73 6.95 3.19
880 0.13 63.6 70 30 1.04 4.04 6.42 2.69
840 0.17 64.4 25 70 5 1.05 3.87 6.16 2.67
€820 0.19 64.2 10 60 30 1.34 5.55 8.23 3.79
C800 0.21 69.1 10 45 45 1.54 6.24 9.30 4.21
$960-RQ 0.00 0.0 100 1.49 9.02 13.23 6.81
$960-950 -0.11 23.0 96 4 1.39 6.68 10.18 4.40
$960-920 —-0.07 44.0 82 18 1.26 5.70 8.42 3.48
$960-850 0.01 56.0 88 12 1.21 4.63 6.97 3.09
$960-830 0.03 79.0 66 24 10 1.14 3.41 5.24 2.41
$960-820 0.04 71.2 62 13 13 12 1.15 4.10 6.19 2.85
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Table 3
Texture component intensities and the area percentages of the grains oriented so that their {100} or {112} planes are within 15° of the crack growth planes of LT and TL oriented speci-
men.
{001} {112} Area of {100} planes (+ Area of {100} planes (+ Area of {112} planes Area of {112} planes
Material <110> <110> 15°, LT) [%] 15°, TL) [%] (£15°, LT) [%] (£15°, TL) [%]
A920 2.5 6.2 6.4 8.2 27.2 38.5
A880 4.2 2.0 6.1 8.7 31.3 29.4
A840 4.2 6.0 1.6 5.2 39.6 34.1
A820 2.2 12.0 3.4 5.7 27.6 43.3
B920 3.7 4.5 5.8 9.0 28.1 33.0
B880 2.2 3.5 3.1 4.7 33.3 33.9
B820 1.8 7.3 2.9 6.5 30.8 35.8
€920 4.5 3.5 7.1 9.3 23.6 28.2
C880 3.8 6.5 4.3 7.4 28.1 30.7
C840 2.3 6.5 2.7 5.5 39.2 37.2
€820 6.0 5.0 3.3 4.6 35.8 34.9
C800 1.5 12.8 2.5 6.4 335 41.9
S960 RQ 8.6 4.3 6.6 8.0 27.4 34.4
S960-950 3.8 1.6 9.6 9.5 34.2 36.1
S960-920 8.4 3.0 8.8 10.1 18.2 29.4
S960-850 2.8 3.6 7.6 8.7 29.1 38.3
S960-830 1.8 11.6 3.0 7.1 33.1 33.0
S960-820 3.8 6.3 4.1 6.7 335 31.4
10
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Fig. 1. a) Effect of the normalised finish rolling temperature (FRTy) on the martensite fraction, and b) effect of the austenite pancaking (Ryor) on the coarse grain size dggy.

versed until the GB grains are refined sufficiently. S960-RQ inherits
some of its texture from the S960-830 from which it is reaustenitised
and quenched. Both the measured {100} and {112} planes are more fre-
quent in the RD-ND plane, i.e. in the crack growth plane of the TL spec-
imen.

3.2. Mechanical properties

The impact toughness transition temperatures and the room tem-
perature 0.2% offset yield strengths from Refs. [20,30] are reported in
Table 4 and the ductile-brittle transition curves in Fig. 2. The standard
deviation for both T,g; and Ts is estimated as 10 °C using the method
presented in Ref. [1]. T,q; ranges from —9 to —126 °C with the mainly
martensitic steels B and S960 showing higher transition temperatures.
The LT and TL values of Tog; have a very good correlation with each
other (coefficient of determination R? = 0.92) with the values being on
average 4 °C higher for the TL orientation. With Ts, this correlation is
not as strong (R? = 0.87) and the average difference is + 6 °C. Un-

like the effect of specimen orientation on T,g; and Ts,, the upper shelf
energies are strongly affected: on average, TL specimens show 30%
lower values than the LT specimens (Fig. 2). There are differences in the
yield strengths measured with LT and TL specimens that vary from case
to case but on average there is no significant difference between the
two. A drop in yield strength is seen in the materials containing gran-
ular bainite and the material A820 has oyg < 900 MPa due to its low
hardenability and martensite content. The best toughness is achieved in
steel C, while yield strengths reach 1100 MPa and above in the materi-
als B820, S960-850 and S960-830. The best combination of these tough-
ness and yield strength values is a subjective choice, but the highest ab-
solute value oyg X Tog; is achieved in the materials C880 and C840 and
the lowest value in the reheated and quenched S960 and in S960 with
the highest FRT, i.e. a negative FRTy.

Martensite content has an apparent impairing effect on impact
toughness transition temperature: apart from the fully martensitic mi-
crostructures, a broad range of martensite contents, i.e. between 10%
and 70%, can yield values of T,g; at or below —85 °C while retaining
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Table 4
Impact toughness transition temperature values (T,g; = temperature where the fitted curve corresponds to 28 J. Ts, = DBTT = ductile-brittle transition temperature, oyg = yield strength
in longitudinal (L) and transverse (T) tensile directions).

Material Togy (LT) [°C] Tag; (TL) [°C] Tso (LT) [°C] Tso (TL) [°C] oys (L) [MPa] [20,30] oys (T) [MPa] [20,30]
A920 —-72 —-67 -59 —54 1003 + 3 1018 + 1
A880 —-102 —-110 —-81 —-78 967 + 12 1003 + 6
A840 —-98 -89 -75 —-63 901 + 37 909 + 11
A820 —98 —105 —74 —65 879 + 21 849 + 12
B920 —44 -39 -35 -31 1080 + 3 1091 +1
B880 -57 —54 —43 -39 1102 + 2 1098 + 3
B820 -96 -77 -73 -60 1009 + 34 1104 + 6
C920 —51 —-50 —-36 -39 1057 +9 1059 + 5
C880 —-100 -127 -77 —94 1092 + 27 1070 + 5
C840 —-126 —-126 -93 -84 1031 + 46 1048 + 14
C820 —94 -91 —-78 -73 980 + 17 953 +11
C800 -85 —88 —66 -79 959 + 22 943 +5
S960-RQ —-23 -9 —14 —4 935 + 39 936 + 12
S960-950 -17 -9 -19 -10 1051 + 16 1034 +8
S960-920 -50 —-26 -35 —-25 1059 + 4 1052 +7
S960-850 —-63 —-51 —-60 —45 1134 + 4 1120 + 17
S960-830 -97 —-92 —100 —74 1175 + 19 1148 +3
S960-820 -109 -98 -96 -97 982 + 20 987 + 6
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. — DBTT 35 J/em? DBTT 35 J/cm?
0 L 1 L L L L 'l 0 'l ' L il L L 1
-140 -120 -100 80 -60 -40 20 0 20 2140 =120 -100 -80 -60 -40 20 0 20
Temperature [°C] Temperature [°C]
¢) 3 —orr d) 3 T ROLT  ==S960-RQTL
—=—(1920 TL —-8960-950 LT  —8-S960-950 TL
250 —-C880 LT 250 F --S960-920 LT ~ -o S960-920 TL
- -gsgo TL ----8960-850 LT -%-S960-850 TL
200 [ SSIOLT 200 b ~-S960-830 LT -~e-S960-830 TL
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Fig. 2. Ductile-brittle transition curves of the steels A, B, C and S960 in a), b), ¢) and d), respectively.

yield strength > 900 MPa (Fig. 3a). For the present materials, these
low transition temperatures are obtained when the coarse grain size
dggy, is 6.3 um or less (dgé)%s > 0.40), Fig. 3b). The materials of steel
A and C containing more than 12% granular bainite form a separate
group, with relatively low strength and above average T,gj, which nev-

ertheless are inferior to those with GB < 12% and 10-70% martensite.
The higher tails of the trend in Fig. 3a) can be accounted for by larger
grain sizes. The overall influence of the grain size on Tyg; is clearly seen
in Fig. 3b).
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Fig. 3. Changes in Tyg; as a function of a) martensite fraction b) the inverse square root of the coarse grain size dgy, with their corresponding 95% confidence limits.

3.3. Correlations

A study of the influence of individual microstructural and mechan-
ical factors on the impact toughness transition temperature Tyg; and
yield strength is presented in Table 5 considering only the most promi-
nent characteristics and the different grain size definitions. For the
analyses, the LT and TL oriented specimen are grouped together due
to the similitude of the mechanical properties as shown in Sections
3.1. and 3.2. The bivariate analysis shows martensite fraction (Fig. 3a),
coarse grain size (Fig. 3b), Rror, {100} area fraction, and cd’ref\/ (r dggo)
to have the biggest influence on T,g; (Table 5). This last term is defined
here as the dynamic reference toughness (K40 given in Eq. (3), where
room temperature yield strength is elevated to correspond to the dy-
namic yield strength (o) at a strain rate of 10%s~! of a Charpy im-
pact test, and effective coarse grain size de,s includes dggy, dogy, and d,
as potential descriptors. For oyg > 900 MPa and A820 a coefficient c,yg
of 1.2 is used according to the Ref. [41]. As expected, the grain size de-
scriptors dggy,, dogy, and d, influence Tog; with little difference observed
between them while the average grain size shows the least correlation
with Tog;.

Contrary to previous studies, no direct relation between the yield
strength and impact toughness transition temperatures is observed
within the albeit limited yield strength span of 326 MPa. The variance
in Tog; is explained significantly better when the factors of effective
coarse grain size and dynamic yield strength are combined in Ky  .f than
with d,.4 alone. These findings support the establishment of Kigrer. In
general, the parameters that correlate with T,g; do not correlate with
room temperature yield strength apart from the martensite fraction.

Linear regression analyses for Ty;, Togy and Ts, including various
combinations of the parameters shown in Table 5 were explored. As
discussed below, for all transition temperatures, the statistically most

Table 5
Correlation of Tyg; and yield strength (cyg) with selected parameters.

robust result was obtained by combining the reference toughness Kig ¢
and the fraction of {100} cleavage planes close to the macroscopic crack
growth planes in the CVN specimen as given in Eq. (4), where T covers
Ty7, Tagy and Tsp.

Kld,ref [MPG\/E] = Gd,ref\/”_ = (CGYS X O-YS) ”decgs 3)

TT [OC] =C X Kld,ref+ () X % {100} + C3 4

4. Discussion
4.1. Toughness and strength

From the results, it is evident that the effective coarse grain size
decgs (dgons dogy, OF d) has a great influence on the transition temper-
ature toughness properties. This is reasonable considering the fact that
the probable larger grains eventually sampled in the fracture process
zone will most readily cause a cleavage crack to nucleate and propa-
gate over the first grain boundaries. Coarse grain size dg, has a slightly
higher correlation to T,g; over the whole population and has therefore
been used in the analyses. As a single descriptor, coarse grain size dgq,
and volume-weighted average grain size d, can be also used with reser-
vations. Compared to many studies in the literature, the present data
only covers a relatively narrow range of grain sizes, but they do repre-
sent a realistic industrially producible range. Refining the prior austen-
ite grains is an effective way to get smaller effective grain size and
hence better toughness properties, as is well known from the litera-
ture. However, significant improvements are only gained with austen-
ite pancaking, as is shown here with the materials with low finish
rolling temperature and high Rygp. The minimum effective coarse grain
size is achieved in the studied materials with the lowest finish rolling

dayg™*® dggo,~® dgoy, 0° d,~%® ATM Gyg Ud,ref\/(“dsou/n) {100} on crack
n =36 [um] [um] [um] [um] [%] Rror [MPa] [MPa+y/m] plane [%]
Togy R? 0.29 0.45 0.40 0.40 0.46 0.63 0.03 0.70 0.34
p < 0.001 < 0.001 < 0.001 < < < 0.29 < 0.001 < 0.001
0.001 0.001 0.001
Oys R? 0.18 0.19 0.21 0.21 0.40 0.02 0.05 0.07
P 0.01 0.01 0.01 0.01 < 0.47 0.19 0.12

0.001
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temperature that still does not cause the formation of granular bainite
in significant amounts (i.e. > 10%).

The importance of the coarsest grains in the effective grain size
distribution in the ductile-brittle transition temperature region can be
linked to the double-barrier model as presented by Lambert-Perlade et
al. [11]. The critical event for the (local) brittle failure in the propaga-
tion-controlled cleavage cracking temperature range is the propagation
of a microcrack through the high-angle grain boundaries (matrix-matrix
interfaces) of a sufficiently sized grain. Assuming a Griffith criterion for
a penny-shaped crack ahead of a macroscopic crack tip and an effective
surface energy of 100 J/m? [42], dgg, between 3.4 and 9.0 um would
yield failure stresses in the range 4500...2770 MPa. This can be consid-
ered reasonable as these o; correspond on average to the case of critical
opening stress ¢~ (3.0 £ 0.1) 64 ., matching with the small-scale yield-
ing condition.

The current approach still neglects the possible effect of inclusions:
it has been shown that, in addition to large grains, large inclusions or
inclusion clusters can also be the cause of cleavage initiation and alter
this result [43-46]. In support for the importance of the discussed size
range, the majority of large inclusions fall in to the same [42,44,45],
hence potentially making the statistically probable most easily across-
able interface of a large unit the weakest link.

History continues to repeat itself in the sense that material with
higher martensite content possesses higher ductile-brittle transition tem-
peratures. However, the direct-quenched and untempered fully marten-
sitic steels B920 and B880 possess moderate low-temperature toughness
properties with T,g; at or below —40 °C, which is 20-30 °C lower than
that of reheated and quenched S960-RQ due to the difference in the
sizes of the coarsest grains surrounded by high-angle boundaries, i.e. the
differences in d.., The best toughness and toughness-strength combi-
nation was achieved in steel C with a martensite content of 25% (C840)
and 70% (C880) while close behind are materials with 50% and 62%
martensite (A880, S960-820, S960-830). This is in line with previous
studies that have shown the benefits of mixed martensite — bainite mi-
crostructures [15-17], although the beneficial contribution to toughness
was largely attributed to the finer effective grain size compared to fer-
ritic microstructure, whereas in this study the smallest effective grain
size in each material is found in the mixed microstructures.

Deformation below Tyy affects the diffusion-controlled phase trans-
formation and the extent of this effect depends on the hardenability
of the steel (Fig. 1a). Both increasing Ryop and FRTy promote bainite
formation. This is especially seen with the materials with the highest
FRTy (i.e. lowest finish rolling temperature) having formed granular
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bainite whereas the steels with FRTy below 0.05 show lower bainite.
The harmful effect of GB is linked to its higher effective grain size
[17] due to its subgrain structure consisting of low-angle boundaries,
as opposed to the lath-like lower bainite and martensite, and to its M-A
constituent islands that are coarser than those in lath-like bainite and
martensite [47]. In general, bainite formed at higher temperatures con-
tains more ineffective low-angle boundaries [26]. The presence of more
than 10-12% GB leads to larger effective grain sizes and higher duc-
tile-brittle transition temperatures, but also lower strength, and elevated
upper shelf toughness.

Textural evolution, measured from the RD-ND surface for both longi-
tudinal and transverse crack planes, is related to the level of pancaking
of the prior austenite grains [29,48,49]: pancaking increases the inten-
sities of the ~{554}<225> , ~{112}<110>, and ~{112}<131>,
texture components at the centreline. Of these, the first one is close
to the {332} <113> component that can reduce the amount of unde-
sirable {100} <011 > [50]. The decrease in the area fraction of {100}
planes and the increase in the area fraction of {112} planes follow
Rror (Fig. 4a). The lower incidence of {100} planes close to the crack
plane of the Charpy specimen translates similarly to improvement in
T,g; (Fig. 4b) as the continuous early cleavage crack propagation is in-
hibited, although there is clear variance in the effect between the dif-
ferent steels. {112} shear planes and the measured texture components
{001} <110> or {112} <110> did not affect the DBTT properties nor
the upper shelf toughness, although it can be hypothesised that un-
defined {112} diagonal to crack plane should have more influence at
higher temperatures where shearing can play a bigger role in the crack
propagation. While Ry affects both the grain size parameters and the
amount of {100} and {112} planes, the latter two have no correlation
to each other at all.

The effect of texture on the impact toughness can be illustrated by
comparing materials C920 and C840. The pole figures and cropped im-
ages from the scanned area showing grains that have {100} within +
15° of the RD-ND plane, i.e. the main crack plane of the TL Charpy
specimens, are presented in Fig. 5. Due to austenite pancaking there is
clear continuous textural banding visible in the rolling direction, as op-
posed to random distribution found in Ref. [31], which highlights the
importance of the reduction of {100} fraction to promote crack arrests
at the strongest links prevent the crack propagation. The Fig. 5b) and
d) clearly show a difference in the size of the grains in which there are
cleavage planes within 15° of the main fracture propagation plane. Be-
tween these two, the difference in Tyg; is 76 °C, 0.51 MPa\/m in Kig ref
and 3.8% between the area fractions of {100} planes. According to Eq.
(5) introduced below these values translate to 40 °C difference in the
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Fig. 4. a) The effect of the austenite pancaking (Rrgr) on the area fraction of {100} planes within + 15° of the crack planes in the LT and TL Charpy specimens. b) The effect of this area

fraction on the impact toughness transition temperatures Tyg; of the LT and TL specimens.
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Fig. 5. Pole figures and texture mappings showing grains on the {100} plane within 15° of RD-ND surface of C920 in a) and b), and C840 in c) and d), respectively.

estimated T,gj, which still leaves 36 °C to be explained. These findings
are still in line with the finding that a higher density of {100} planes
parallel to the crack plane led to deteriorated impact toughness [31]
(Fig. 4b).

The common presumption that hardened and untempered marten-
site would be too brittle for structural use is put into a new light
when considering the as-quenched low-carbon (C 0.07-0.15 wt%) ul-
tra-high-strength steels of this study and Ref. [51]: yield strengths range
from 849 to 1250 MPa but transition temperatures can be extremely low
provided the microstructure is properly controlled by suitable thermo-
mechanical processing (Fig. 6a). The elevating effect of yield strength
on DBTT is shown in the correlations of Refs. [9,14,18,21,22]. These
formulations stem from studies with ferritic-pearlitic steels, but the
yield strength raising effects are undeniable in all the microstructures
[52,53].

Fig. 6a) shows the general plot of T,g; versus oyg with the 53 dif-
ferent steels tested in both LT and TL orientations in this study and in
Ref. [51]. The only conclusion what can be drawn from this is that T,gy
rarely falls below about —120 °C in low-carbon as-quenched steels. No
direct relationship between transition temperature and yield stress alone
is apparent for these cases. It is necessary to point that this conclusion
is dependent on the proper conduction of thermomechanical rolling and
quenching process where grain size is kept under control.
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As was shown in Table 5, by combining yield stress with the size of
the largest grains in the grain size distributions to form the dynamic ref-
erence toughness, Ky or = Gd,ref\/ (ndeg,), @ strong correlation with Tyg;
is obtained (Fig. 6b). Similar relationships are found for Ts,, too. This
implies that, in fact, high yield strength and large effective coarse grain
size tend to elevate the impact toughness transition temperature values.
The correlations between the transition temperatures and the reference
toughness imply that there is a stress intensity parameter in the propa-
gation-controlled cleavage fracture process.

4.2. Transition temperature correlations

In this study, a new approach was taken to base the model on the
combination of microstructural factors that provided a semi-physical es-
timate of the DBTT with the highest explanatory power that was still
statistically robust, i.e. excluding factors that did not yield significant
improvement to the model, i.e. hold individual significance. The first
term in Eq. (4), Ky e, can be linked to the initiation of the local cleav-
age cracks spanning across the coarsest grains and the second term, the
fraction of {100} planes close to the crack plane, to the propagation
and arrest of local cleavage fractures. Since the grain size is measured
only on the RD-ND section of the materials, i.e. the fracture lane of
the TL specimens, the models are incapable of accounting for the slight
grain size related differences in the transition temperatures between
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Fig. 6. a) Lack of direct correlation between yield strength (cys) and impact toughness transition temperature T,g; in as-quenched low-carbon steels with oyg = 849...1250 MPa [51], and

b) the effect of the Ky, calculated using the effective coarse grain size dgqo,.
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the LT and TL oriented samples. However, this difference of 4 °C in Tygj,
or 6 °C in Ty, can already be explained with the difference in the area of
{100} planes (Eq. (4)). The influence of the elongated inclusions or in-
clusions clusters and coarse M-A constituents can too play a role, which
ought to be studied further.

Fitting Tyg; and Ts, to Eq. (3) using dggy, as decgs and excluding the
B920 outliers seen in Fig. 6b from the data set, we obtain Eq. (5), which
has adjusted R? = 0.83 and a root mean square error (RMSE) of 14 °C,
and Eq. (6), which has adjusted R?> = 0.79 and RMSE = 12 °C, respec-
tively. Note that these equations apply irrespective of the orientation of
the test specimen with respect to the rolling direction due to the inclu-
sion of the factor of {100} plane fraction in Eq. (4).

It is interesting to compare the values of Tog; and Ts, obtained for the
present steel microstructures and regression equations with the predic-
tions of the models of Pickering and Gladman [8], Mintz et al. [9] and
Gutiérrez [18] that demonstrate the development in different decades
(Table 6). For brevity, the Table 6 shows the averages of the experi-
mental and predicted values of T,g; and T, together with their vari-
ances. To estimate the transition temperatures of the materials stud-
ied according to the models in Refs. [8,9,18], a conservative value of
Aoy, = 100 MPa was used in the Gutiérrez model. For the models of
Mintz and Gutiérrez, carbide thicknesses of 0.039 um were used for the
DQ steels and 0.034 pm for the steel S960-RQ [32]. Average grain size
davg is used for the three models [8,9,18] as the most favourable. It is
clear from Table 6 that, as they are, these earlier models are unable
to estimate the DBTT of the studied as-quenched steels. Thorough ad-
justment of the coefficients and the over-conservative strength terms
would be needed for these models to make them usable with the data
presented here. Finally, to sum up the goodness of fit of the estimates
Egs. (5) and (6), where o4, is expressed in MPa and dgg, in m, the
equations are presented in the Fig. 7a) and b), respectively, with their
95% confidence limits. To validate the model further, more materials
and from a wider range of steel types need to be analysed considering
their effective coarse grain sizes and the fractions of {100} planes close
to the macroscopic crack plane. Widening the yield strength range, es-

Table 6
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pecially towards lower strengths, will likely demand adjustment of the
yield strength coefficient cys, as shown in Fig. 8.

TZSJ [OC] = SSXO'd’ref\/ ﬂd80%+3x% {100} —365, o

5
= +14°C ®

TSO [OC] = 42X6d,refv ﬂ'dgo% +2X% {100} —283, (o}

6
==+12°C ©

5. Conclusions

A group of martensitic and martensitic-bainitic direct-quenched
steels have been studied with relations between the microstructure
and impact toughness in mind. Despite their high yield strengths, in
the range 850-1175 MPa, it has been clearly shown that these ul-
tra-high-strength steels can possess sufficient low-temperature tough-
ness for structural use also in cold regions. The best toughness and
toughness — strength combinations are achieved with roughly equal
fractions of lath-martensite and bainite in the microstructure, which
coincides with the finest effective grain sizes, by utilising maximum
austenite pancaking and the lowest finish rolling temperature that still
avoid excessive formation of granular bainite. The formation of more
than 10% of granular bainite impairs the toughness and strength be-
cause it coarsens the effective grain size.

Analysis of an extended data set of 53 different ultra-high-strength
steels with yield strengths between 849 and 1250 MPa revealed no di-
rect correlation between the impact toughness transition temperature
and oyg alone. However, the effect of yield strength is apparent when
it is combined with the size of the coarsest grains in the effective grain
size distribution (dgge,) to form a dynamic reference toughness Ki4 s =
G4 rerV Tdgog- In this work, dgg, i.e. the effective grain size at 80% in
the cumulative size distribution, was found to be the best way of de-
scribing the effective coarse grain size d., i.e. the critical unit size
for cleavage fracture. More detailed analysis shows that both impact

Experimental average values and variances of T,g; and Ts, compared with the estimates from models in the literature and the regression models of this study.

Experimental Experimental T,;; (Mintz et al. Ts, (Pickering & Gladman Tso (Gutiérrez Togy EQ. Tso, Eq.
n=34 Togy Tso [oD (81 [18]) ©)] (6)
Average =77 -61 63 -21 54 -76 —62
[°C]
Variance 1118 699 221 0 8 933 525
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Fig. 7. Estimated and experimental transition temperature values of a) T,g; (Eq. (5)) and b) Ts, (Eq. (6)). The outlier B920 is shown with open circles in both figures. Dashed lines show

95% confidence limits.
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Fig. 8. The basis for the selection of yield strength coefficient c,yg in Eq. (3) after Ref.
[41].

toughness transition temperatures, T,g; and Tsy, of the as-quenched
steels are effectively described by also including the fraction of {100}
cleavage planes within 15° of the crack plane of the Charpy V specimen
to the model. A high area fraction of {100} planes oriented close to the
crack plane is detrimental to the low-temperature toughness properties
of the steels and the best way to reduce the fraction is extensive rolling
below the austenite recrystallisation temperature prior to direct quench-
ing, i.e. austenite pancaking. A high degree of austenite pancaking, i.e.
a high Ryqr, is also an effective way to reduce the grain size including
the size of the coarsest grains, e.g. dggo.
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