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Fracture characteristics of new ultra-high-strength 
steel with yield strengths 900 – 960 MPa

• Tensile properties of Optim 960 QC steel. Table 1

Condition, orientation Rp0.2 [MPa] Rm [MPa] A5 [%]

As-delivered LT 1095 1182 11
As-delivered TL 1125 1215 9
Artificially aged 250 °C / 30 min TL 1222 1224 9
Rectangular hollow section, 5 mm, LT, -40 °C 1113 1210 9

• Abstract
The fracture behaviour of S960 steel in different condi-
tions, i.e. as-delivered, cold strained, cold strained and 
artificially aged, has been studied using small-scale 
fracture mechanics and Charpy V testing as well as 
tests on large-scale U-beams and cold-formed rect-
angular hollow sections. At room temperature and -40 
°C, fracture resistance testing indicated overall ductile 
behaviour. Regarding brittle fracture, the T0 reference 
temperature for the as-received material was around 
-50 °C. Artificial ageing alone increased this tempera-
ture only slightly, but cold-straining and artificial ageing 
together raised T0 (and T28J) by almost 50 °C. For the 
strength level studied, the FITNET correlation between 
T0 and T28J leads to severely un-conservative KJC 
estimates, indicating that KJC needs to be measured 
directly. T0 estimates based on fracture mechanics tests 
using small-scale 3-point bend specimens were clearly 
conservative in relation to the large-scale U-beam 
behaviour due to different constraints. Shear fracture oc-
curred in the U-beam tests as a result of the small plate 
thickness; however, this led to only a 10 % decrease in 
the load-bearing capacity from the theoretical maximum 
load. Quasi-static bending tests on welded fatigue-
cracked cold-formed rectangular hollow sections at -40 
°C showed good agreement with nonlinear FEA calcula-
tions using the J-integral approach. Both large-scale test 
variants showed that brittle cleavage fracture will not 
become the dominant fracture mode in the welded beam 
constructions studied, provided the service temperature 
does not fall below -50 °C.

• Keywords
ductile fracture, brittle fracture, critical crack size, ulti-
mate capacity of cracked component, J-integral, ultra 
high strength steel, low ambient temperature 

• 1. Small-scale toughness testing
Fracture behaviour was investigated using 6 mm thick ul-
tra-high strength Optim 960 QC (S960) steel in controlled 
rolled & direct quenched condition. The tensile properties 
of the investigated S960 steel are given in Table 1. 

The experimental programme comprised the following 
tests:

(i) standard Charpy V impact tests using sub-sized 
specimens (5 x 10 x 55 mm and 3 x 10 x 55 mm)

(ii) fracture mechanics tests according to ASTM E 1921 
(T0 and J-R at 20 °C) using small pre-fatigued and 
side-grooved SE(B) specimens (5 x 10 x 55 mm3)

(iii) fracture mechanics tests (J-R) using small pre-
fatigued SE(B) specimens without side grooves  
(5 x 10 x 55 mm3) at -40 °C

The following material conditions were examined:
 - as-delivered parent steel: orientations LT and TL
 - artificially aged (250 °C / 0.5 h) parent steel: orienta-
tion TL

 - cold-strained (15 %) and artificially aged (250 °C / 0.5 
h) parent steel: orientation TL

 - steel from cold formed rectangular hollow section: 
orientation LT

Standard Charpy V tests were made to determine 
impact toughness transition curve, ductile-to-brittle 
impact toughness transition temperature T28J and the 
upper-shelf toughness KVUS. Fracture mechanics tests 
were conducted in accordance with ASTM E 1921 to 
determine the brittle fracture reference temperature T0 
(corresponding to KJC = 100 MPa√m) and the fracture 
resistance curve for ductile fracture (i.e., J-Δa or J-R 
curve). All tests were made using sub-sized 5 x 10 x 
55 mm3 SE(B) (single edge bending) specimens, pre-
fatigued with a0/W = 0.5 and side-grooved to 10 %, 
except J-Δa tests at -40°C without side-grooves. J-R 
curves were made at room temperature using partial 
unloading compliance. 

• Brittle fracture behaviour
Results of the T0 fracture toughness tests describing the 
onset of brittle fracture and size-adjusted (B0 = 25 mm) 
are presented in Figs. 1–4 as mean values together with 
5 % and 95 % fracture probabilities.
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The T0 reference temperature (KJC = 100 MPa√m) mea-
sured for the as-received Optim 960 QC was around 
-45… -50 °C. According to Figs 1 – 4, both artificial age-
ing and cold-forming & artificial ageing had an adverse 
effect on material’s fracture toughness, in relation to the 
as-delivered condition. In the artificially aged condi-
tion, deterioration of fracture toughness was, however, 
somewhat less than indicated according to the Charpy 
tests [1], with a shift in T0 -temperature being only about 
10 °C (T0 = -39 °C). Cold straining and artificial ageing, 
in turn, resulted in a significant rise of around 50 °C in 
both the T0 and the T28J temperatures (T0 = +2 °C) from 
that in the as-delivered parent steel.

Whilst the fracture toughness test results are in line with 
the present knowledge [2–4] as regards the effects of 
cold-forming and ageing, they are in contrast with the 
outcome of the Charpy tests. As a result, the T0 fracture 
toughness temperature in relation to the T28J impact 

Fig. 1. Fracture toughness for as-delivered parent steel (LT) analysed acc. 
to ASTM E 1921. T0 = - 48 °C. Fracture probabilities of 5, 50 and 95 % (B0 
= 25mm).

Fig. 2. Fracture toughness for as-delivered parent steel (TL) analysed acc. 
to ASTM E 1921. T0 = - 43 °C. Fracture probabilities of 5, 50 and 95 % (B0 
= 25 mm).

toughness transition temperature no longer follows the 
well-known general correlation shown and validated 
previously [5 – 8] for ferritic steels (with the YS ranging 
from 250 to 1100 MPa), being:

T0 = T28J  – 18 °C (± 1σ)  , σ = ±15 °C

Consequently, estimating the fracture toughness from 
the Charpy data is found to lead to severely un-conser-
vative KJC estimates, see Table 2. This suggests that 
the correlation in its present form is not safe, as such, 
for ultra-high strength steel and thus, the values of KJC 
should not be estimated for the S960 steels using only 
Charpy data.

Interesting to note, similar deviation from the general 
T0 - T28J correlation has been discovered also in a 
previous ECSC project [9] for conventional quenched & 
tempered S890 QL steel. It is therefore obvious that the 

Fig. 3. Fracture toughness for artificially aged (250 °C / 0.5 h) parent steel 
(TL) analysed acc. to ASTM E 1921. T0 = - 39 °C. Fracture probabilities of 
5, 50 and 95 % (B0 = 25 mm).

Fig. 4. Fracture toughness for cold-strained (15 %) & artificially aged 
(250 °C / 0.5 h) parent steel (TL) analysed acc. to ASTM E 1921 T0 = + 
2 °C. Fracture probabilities of 5, 50 and 95 % (B0 = 25mm).
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• Transition temperatures T28J and T0 for the as-delivered, Table 2
artificially aged and cold-strained and artificially aged Optim 960 QC steel

Condition & orientation T28J (°C) T0 (°C) T0 - T28J  (°C)

As-delivered ; 
LT As-delivered ; TL

-111 
-110

-48 
-43

+63 
+67

Artificially aged 
250 °C / 0,5 h ; TL

-72 -39 +33

Cold-strained & artificially aged 
15 % & 250 °C / 0,5 h ; TL

-62 +2 +64

Fig. 5. Fracture resistance (J-R) curve for as-delivered parent steel (LT). Fig. 6. Fracture resistance (J-R) curve for artificially aged (250°C/0.5 h) 
parent steel (TL).

Fig. 7. Fracture resistance (J-R) curve for cold-strained (15 %) & artificially 
aged (250°C/0.5 h) parent steel (TL).

Fig. 8. Fracture resistance (J-R) curve for cold formed rectangular hollow 
section 5 mm (LT). Test was done without sidegrooves at -40 °C
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trend for the Charpy test to overestimate the toughness 
behaviour in relation to the fracture toughness test is not 
solely a characteristic feature of the present Optim 960 
QC steel, but rather a consequence of extremely high 
strength and the associated underlying microstructural 
/ substructural features enabling such high strengths. It 
is known that both loading rate effects and notch effects 
are strength dependent. Thus, the fact that the deviation 
in the aforementioned correlation was systematically 
towards the same direction, i.e. the T0 temperature 
estimated according to the T28J being un-conservative, 
suggests that the differences in toughness responses 
are related to the different natures of the quasi-static 
fracture toughness test (with ‘sharp’ pre-fatigued notch) 
and the dynamic Charpy test (with blunt V-notch) and 
that these differences become accentuated due to mate-
rial’s extra high strength.

• Ductile fracture behaviour
The fracture resistance curves for ductile fracture (i.e., 
J-R -curves J-Δa) tested at room temperature are pre-
sented in Figs 5 – 7. Fig. 8 shows resistance curve for 
steel in cold formed condition at -40 °C.

The J-R fracture resistance tests at RT demonstrated 
overall ductile fracture behaviour of the Optim 960 QC 
steel. Irrespective of material condition, the steel be-
haved in a fully ductile manner. The ‘initiation’ toughness 
(i.e. J0.1mm or J0.2 mm) for the as-delivered and artificially 
aged condition appeared nearly equivalent, i.e. 80 – 120 
kJ/m2, whereas for the cold-strained & artificially aged 

condition somewhat lower values of 50–70 kJ/m2 were 
recorded (Figs 5–7). The results of tests without side 
grooves showed much higher toughness (Fig 8). This is 
due to change of the loading mode during the test. Frac-
ture surfaces of these specimens showed strong crack 
tunnelling and shear lip formation. Crack divided in two 
at surfaces in the beginning of test with low toughness. 
When other crack tip stopped, toughness increased.

• Numerical evaluation of failure behaviour
Earlier work [10,11] have shown that in the case of thin 
plate, the high strength of modern structural steel can be 
effectively utilised as elevated design stresses without 
risk of brittle fracture. Due to low rigidity and restraint of 
thin plate structures, the welding residual stress level 
remains low; consequently, even at moderately low 
temperatures of -20…-30 °C plastic collapse tended to 
become the dominant failure mode of the 5–6 mm thick 
650 MPa yield strength TM steel instead of brittle cleav-
age fracture [10,11].

The results of FEM analyses [12] in the present study 
showed that static strength and fracture behaviour of the 
Optim 960 QC steel can be reliably and safely assessed 
using the ‘FITNET’ procedure [8] with Mis-Match Option, 
even in cases where local softened regions of under-
matching strength exist in the welded joint area. Particu-
larly in the case of undermatching, it is essential to apply 
appropriate limit load solutions for all different regions of 
the mis-matching weldment, in order to ensure sufficient 
conservatism of the FAD analysis.

Fig. 9. Failure Assessment Diagram (FAD) for bending loaded (σb) ’mis-
match’ weldment: degree of under-matching: M, semi-elliptical surface crack 
(crack depth a/b = 0.25), maximum welding residual stresses assumed. 
Limit load solutions (Lr

max) made for each different degree of under-match-
ing (M). Green lines: material’s fracture toughness T0 = -40 °C; blue lines: 
material’s fracture toughness T0 = 0 °C. Structure’s operating temperature T 
= +20, -20 or -40 °C.

Fig. 10. Failure Assessment Diagram (FAD) for bending loaded (σb) ’mis-
match’ weldment: degree of under-matching: M, semi-elliptical surface 
crack (crack depth a/b = 0.25), no welding residual stresses assumed. Limit 
load solutions (Lr

max) made for each different degree of under-matching (M). 
: Plastic collapse dominated failure: Kr → 0 ; Lr > 1. Green lines: material’s 
fracture toughness T0 = -40 °C; blue lines: material’s fracture toughness T0 
= 0 °C. Structure’s operating temperature T = +20, -20 or -40 °C.
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According to Fig. 9, conservative analysis according to 
the ‘FITNET’ procedure for the bending loaded ‘mis-
match’ case with undermatching (M) no less than 0.6 
and using postulated defect size of a/B = 0.25 (semi-
elliptical surface crack) demonstrated [12], potential risk 
of brittle fracture can be avoided, provided the mate-
rial’s T0 temperature is around -40 °C and the operating 
temperature does not fall below -40 °C. The significant 
influence of welding residual stresses in the ultra-high 
strength material becomes apparent when comparing 
Figs. 9 and 10.

As shown in Fig. 11, numerical analysis according to 
the ‘FITNET’ procedure for the corresponding ‘mis-
match’ case under tension loading demonstrate far 
more stringent conditions in respect to failure [12]. This 
accrues from the fact that pure tension load condition 
(where membrane stresses dominate) does not allow 
complete stress redistribution in a similar manner as 
occurs under bending loads. Assuming maximum weld-
ing residual stresses this may accentuate risk of brittle 
fracture, provided the material’s T0 temperature is about 
0 °C (corresponding to the CGHAZ or cold-strained & 
artificially aged condition) and the operating temperature 
falls below -20 °C [12]. On the other hand, being the T0 
temperature around -40 °C (corresponding to the as-
received parent steel), brittle fracture is unlikely, unless 
the operating temperature falls below -40 °C [12], see 
Fig. 11. However, even in this case structural integrity 
assessment according to ‘FITNET’ Option 2 or 3 would 
yield conservative (and hence safe) prediction owing to 
the ‘cut-off’ safety limits c.f. Fig. 11.

• 2. Large-scale testing
• Failure behaviour in large-scale U-beam tests

In order to verify the outcome of numerical FAD analysis 
and small-scale test results, it is of crucial importance 
to perform large-scale tests describing the ‘authentic’ 
load bearing capacity and failure behaviour of a welded 
structural member. In earlier works [5–7], shallow bend-
ing loaded U-profile beam specimen with a pre-fatigued 
notch was shown to describe realistically the appear-
ance and effect of shear failure resulting reduction of the 
theoretical limit load.

Results of recorded load-displacement curves and 
associated fracture surface analyses of static loaded 
Optim 960 QC steel U-beam specimen (W x h x B x L 
= 100 x 90…120 x 6 x 600 mm) tests within the +20…-
80 °C temperature range clearly proved [1,13] that 
brittle cleavage fracture does not become a dominant 
fracture mode until at very low temperatures of -60 °C 
and below. At higher temperatures in the -60…+20 °C 

Fig. 11. Failure Assessment Diagram (FAD) for tension loaded (σm : 
membrane stress)  ’mis-match’ weldment: degree of under-matching: M, 
semi-elliptical surface crack (crack depth a/b = 0.25), maximum welding 
residual stresses assumed. Limit load solutions (Lr

max) made for each differ-
ent degree of under-matching (M). Brittle fracture dominated failure: Kr → 1 
; Lr → 0. Green lines: material’s fracture toughness T0 = -40 °C; blue lines: 
material’s fracture toughness T0 = 0 °C. Structure’s operating temperature T 
= +20, -20 or -40 °C.

range, the fractured surfaces revealed shear fracture 
propagating in the 45° orientation after initially ductile 
initiation [1,13]. It is noteworthy that the reduction in the 
limit load bearing capacity caused by the occurrence of 
shear fracture remained comparatively modest: all the 
measured maximum load values were at least 90 % of 
the theoretically calculated limit load, as shown in Fig. 
12. Thus, with the U-beam like test specimen configura-
tion the occurrence of shear fracture led to only a 10 % 

Fig. 12. Results of the large-scale U-beam tests for Optim 960 QC steel: 
load bearing capacity (Pmax / Plimit load) as a function of a combined material 
strength – specimen geometry dependent parameter ((σU / σy) * (B/b)0.1). 
Earlier data from “Jernkontoret” -project [5–7] as a reference.
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decrease in the load-bearing capacity from the theoreti-
cal maximum load [1,13]. This, however, is obviously 
loading mode dependent; it should be pointed out that 
further experiments using ‘slender’ SE(B) specimens un-
der pure bending loading indicated a somewhat greater 
loss of 25 %.

• Design against brittle fracture
Comparison between the T0 reference temperatures 
calculated from the fracture mechanics analysis of the 
U-beam test data [5–7,8,13] and those in accordance 
with ASTM E 1921 small-scale 5 x 10 x 55 mm3 SE(B) 
tests [1] revealed that the former were clearly lower than 
the latter. Whilst the analysis according to ASTM E 1921 
gave T0 temperatures around -43…-48 ºC (see Fig. 
1), those calculated from the U-beam data were in the 
range of  -98…-107 ºC [13]. This difference can be as-
cribed primarily to the constraint effect (affected e.g. by 
the a/W -ratio) and the associated influence on the so-
called T-stress parameter that, in turn, can be correlated 
to the Master Curve T0 temperature. The difference in 
T-stress between the small-scale SE(B) and large-scale 
U-beam specimens was roughly estimated as 100-200 
MPa which translates to the T0 temperature difference 
of about 20–40 °C [13]. The rest of the difference is 
thought to originate from (i) different loading mode (i.e. 
pure bending in SE(B) specimens vs. combined tension 
and bending in U-beam specimens), (ii) difference in 
side-groove effects (no side-grooves in U-beam speci-
mens vs. 10 % side-grooving in SE(B) specimens) and 
(iii) difference in fracture mode (shear fracture occurred 
only in U-beam specimens). Performing detailed elastic-
plastic 3D based constraint analysis would enable more 
accurate quantitative description of the aforementioned 
differences in fracture toughness response between the 
applied small-scale and large-scale test specimens.

According to the experimental results, the Optim 960 
QC steel studied here can effectively withstand initiation 
of brittle fracture in large-scale beam structures at op-
erating temperatures commonly used for high strength 
steel applications. The outcome of the large-scale U-
beam tests [13] and the cold-formed rectangular hollow 
section tests [14] was consistent in this respect; they 
both demonstrate that brittle cleavage fracture will not 
become the dominant fracture mode in the welded beam 
constructions studied, provided the operating tempera-
ture does not fall below -50 °C.

• Failure behaviour in a cold-formed rectangular 
hollow section
A cold-formed rectangular hollow section with dimen-
sions W x h x B x L = 180 x 135 x 5 x 1820 mm was 
made from the same Optim 960 QC steel as studied in 
the small-scale tests. To simulate a welded structure, a 
single weld bead was welded around the bottom corners 
of the section as shown in Fig. 13a. The beam was then 
cyclically loaded to produce a fatigue crack that pen-
etrated the whole bottom flange and gradually grew into 
the web until the critical size was reached, Fig. 13a. In 
one test, the crack was grown to a certain length and 
then the beam was subjected to a quasi-static bending 
load until final failure occurred. Nominal applied loads 
were 180 kN and 270 kN.

• J-Integral calculation 
An elastic plastic fracture mechanics procedure (manual 
crack extension) was performed using a non-linear finite 
element method in order to define the J - a curve. That 
is comparable to the material resistance curve (JR - Δa) 
to estimate the critical crack size. The starting point for 
the crack simulation was at the end of the weld on the 
web. Fig. 14 shows the toughness required for several 

Fig. 13a & 13b. Crack starting point & Laboratory test arrangement. L = 1820 mm and l = 400 mm.
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crack lengths under applied loads of 180 kN and 270 kN.

As shown in Fig. 15, the crack growth energy criterion 
means fracture will then occur when [15]:

The critical crack size can be defined as:

where acr is the length of the symmetrical cracks in the 
webs of the box beam.

The critical crack size extended to outside the weld area 
into the parent material of the web. Consequently the resis-
tance curve WP3 (Web Parent 3) was chosen from Fig. 8.

It was not possible to measure the real critical crack size 
directly from the test specimen due to the test set-up. 
Therefore the critical crack size was estimated by com-
paring the load-displacement curve with finite element 
analysis results obtained using several models which 
only differed in the size of the crack in the net section. 
The models which provided displacements equal to the 
critical displacements were taken as giving the condition 
of instability in the structure. The load - displacement 
approach based on linear elastic modelling could be 
used because, except for the small portion of the struc-
ture which reaches plasticity, the rest of the structure 
behaves elastically.

In the early stages of the crack extension, the force versus 
displacement curve shows a smooth drop in the magnitude 
of the maximum load and failure occurs when the displace-
ment increases rapidly (Figs. 17 & 18). In the presence of 
a nominal load of 180 kN at - 40 oC, the critical load, Fcr = 
160 kN and critical displacement δcr = 17.4 mm are appar-
ent in Fig. 17. For the nominal applied load 270 kN at – 40 
ºC the critical load Fcr = 259.6 kN and critical displacement 
δcr= 18.1 mm (Fig 18).

Estimation of the critical crack size according to simu-
lated and measured beam load displacement curves 
are compared to calculated critical crack sizes based on 
elastic plastic fracture mechanics and small scale tests 
in Table 3.

The fracture surfaces for the tests at -40 °C were ductile 
and the fracture type was slanted, a combination of 
modes 1 and 3.

Fig.14. Calculated J – a curves.

Fig. 15. Determination of critical crack length, ac.

Fig. 16. Graphical solution of critical crack length, ac.

Studying the J-a curve method, reveals that the method 
is highly dependent on the chosen JR- curve and non-
linear analysis calculation of the J integral. Estimation of 
the critical crack size in this method is highly dependent 
on the type of the fracture and the chosen resistance 
curve.

88



Fracture characteristics of new ultra-high-strength 
steel with yield strengths 900 – 960 MPa

Fig. 17. Force vs. displacement behaviour of the beam under bending 
with nominal load 180 kN at -40 oC.

Fig. 18. Force vs. displacement behaviour of the beam under bending 
with nominal load 270 kN at -40 oC.

• 3. Conclusions
Based on the present investigation on strength and frac-
ture characteristics of the S960 steel, the following main 
conclusions can be drawn:

(1)  At room temperature and -40 °C, the fracture resis-
tance (J-R) tests indicated overall ductile behaviour.

(2) Regarding brittle fracture, the T0 reference tempera-
ture (KJC = 100 MPa√m) for the as-received mate-
rial was around -50 °C.

(3) Whilst the artificial ageing (250 °C / 0.5 h) increased 
the T0 temperature only slightly (≈ 10 °C), cold-
straining (15 %) & artificial ageing in the combination 
resulted in nearly 50 °C increase in the T0. Similarly, 
the Charpy tests indicated an increase of the T28J 
temperature.

(4) The relation between the T0 and the T28J tempera-
tures does not follow the general  ‘Fitnet’ based cor-
relation; thus, estimating the fracture toughness from 
Charpy data would lead to severely un-conservative 
KJC estimates. Consequently, KJC needs to be mea-
sured directly using fracture mechanics tests.

• Critical crack length according to load-displacement method and elastic plastic fracture mechanics Table 3

According to load displacement curve EPFM

FNom [kN] Fcr [kN] t [oC] δcr  [mm] acr [mm] acr [mm]

180 160.0 - 40 17.4 96.6 108.0
270 259.6 - 40 18.1 62.1 54.7
210 170.0 20 19.8 96.3

(5) Shear fracture occurred in the U-beam and in the 
rectangular hollow section tests as a result of the 
steel’s high strength and the small plate thickness; 
however, this led to only a 10 % decrease in the 
load-bearing capacity from the theoretical maximum 
load according to U-beam tests.

(6) Fracture mechanical analysis revealed that the T0 
estimates according to ASTM E 1921 based on 
fracture mechanics tests using small-scale 3-point 
bend SE(B) specimens were clearly conservative 
and hence on the safe side, in relation to the T0 
estimates calculated from the large-scale U-beam 
test data.

(7) Both the FAD analysis according to ‘Fitnet’ Mis-
Match Option and the outcome from the U-beam 
and hollow section large-scale test variants all con-
sistently showed that brittle cleavage fracture will not 
become the dominant fracture mode in the welded 
beam constructions studied, provided the service 
temperature does not fall below -50 °C.
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