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HIGHLIGHTS

o The fracture toughness J0.2(B) of CLF-1 steel decreases from 25 °C to 450 °C and increases from 450 °C to 550 °C.
o The load-line displacement of miniature 3 PB specimens was measured by a 3D-DIC method.
e Few typical dimples observed at 450 °C indicated quasi-cleavage-like features.
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Fracture toughness is one important mechanical property of reduced activation ferritic/martensitic
(RAFM) steels which are primary candidate structural materials applied to fusion reactors. Temperature
effect on fracture toughness of the Chinese low activation ferritic/martensitic (CLF-1) steel was inves-
tigated in the range of 25—550 °C with miniature three-point bend (3PB) specimens, using the digital
image correlation (DIC) method to measure load-line displacement. Results show that the fracture

toughness Jo(s) of CLF-1 steel decreases from 25 °C to 450 °C and increases from 450 °C to 550 °C. This
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changing trend with temperature is similar to that of some commercial ferritic/martensitic (F/M) steels
and consistent with the temperature dependence of its ductility which is total elongation obtained from
tensile testing. The fracture toughness minimum at 450 °C could be attributed to the deterioration of
ductility, where the fracture surfaces with few typical dimples indicated quasi-cleavage-like features.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Reduced activation ferritic/martensitic (RAFM) steels, consid-
ered as primary candidate structural materials for a demonstration
(DEMO) fusion plant and the first fusion power reactors [1-5], will
be subjected to high irradiation damage and elevated temperatures.
In the severe environment, fracture toughness is an important
engineering property of RAFM steels. Because of the thin-wall
structure of fusion blankets and space limitation in irradiation
volume for structural materials, there is a high demand for spec-
imen miniaturization [6—8]. Miniature specimens were used in
most of the studies [9—16] on fracture toughness of RAFM steels at
different temperatures [9—19]. For JLF-1 steel, the fracture tough-
ness was evaluated at room temperature [11—13]. For CLAM steel,
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the fracture toughness was obtained at room temperature [9,10],
450 °C and 500 °C [17], respectively. As for other types of RAFM
steels, such as F82H [14,18,19], EUROFER97 [15], Optimax [14], and
9Cr—2WVTa [ 18], the fracture toughness was evaluated from room
temperature to no more than 250 °C. Therefore data on fracture
toughness at high temperatures are limited, considering that the
service temperature of RAFM steels reaches up to 550 °C [20]. Be-
sides, for commercial ferritic/martensitic (F/M) steels [21—23], such
as HT-9 [23], the fracture toughness decreased from room tem-
perature 25 °C—250 °C and then increased from 250 °C to 550 °C.
Although RAFM steels and commercial F/M steels are similar, it is
unclear whether the temperature effect on fracture toughness of
RAFM steels is similar to that of commercial F/M steels.

Since fracture toughness values are usually size-dependent
[10—13], it is difficult to determine plain-strain fracture toughness
Kic or Jic of RAFM steels with high ductility and toughness, espe-
cially for compact tension (CT) specimens. In respect of specimen
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Table 1

Tensile properties of CLF-1 steel at different temperatures [29].
T(°C) E (GPa) YS (MPa) UTS (MPa) TE (%)
25 224 555 668 22
250 213 488 568 17
350 205 456 527 14
450 194 421 473 15
550 182 340 376 22

T: temperature, E: Young’s modulus, YS: yield stress, UTS: ultimate tensile stress, TE:
total elongation.

18

especially for irradiated specimens.

In this paper, temperature effect on fracture toughness of the
Chinese low activation ferritic/martensitic (CLF-1) steel was
investigated in the range of 25—550 °C with 3PB miniature speci-
mens. A DIC method was applied to measure the load-line
displacement of the 3PB specimens. Fractographs were also
examined to find fracture characteristics and identify fracture

types.

1.65+0.02

— — —

3.30+0.02

Fig. 1. Shape and size of the 3PB specimen (unit: mm).

miniaturization and preparation, 3PB specimens show advantages
over CT ones, but load-line displacement of 3PB specimens cannot
be correctly measured by clip gages [13]. It is also difficult to use
clip gages at high temperatures because complex devices have to be
used [24]. Therefore a digital image correlation (DIC) method
[25—27], a non-contact optical method of full-field displacement
measurement, was used to directly measure the load-line
displacement in this study. It could be a convenient and effective
method of measuring displacement for nuclear materials [28],

Table 2
Test temperature and ag/W of the 3PB specimens.
Temperature (°C)  ag/W  Fo(N)  vo(mm) Av/AF (mm/N) Josy(kl/m?)
25 0.550 304 0.99 0.08 463
0596 218 1.14 0.10 439
250 0.529 319 0.83 0.03 436
0.526 332 0.84 0.05 389
350 0477 358 0.80 0.03 425
0537 254 0.54 0.04 337
450 0.500 287 0.48 0.05 265
0462 324 0.53 0.04 321
550 0.544 247 0.87 0.03 275
0474 290 0.94 0.04 393

2. Material and methods

The material used in this study was CLF-1 steel produced by
vacuum induction melting method. The steel was fabricated from a
5-ton ingot and supplied as hot-rolled plates with 30 mm in
thickness. The chemical composition of this steel in wt% is Fe-0.12C-
8.50Cr-1.50W-0.25V-0.10Ta-0.51Mn. The steel was normalized at
980 °C for 45 min and then tempered at 740 °C for 90 min. Both the
normalizing and tempering heat treatments were followed by air
quenching [29]. Tensile properties of CLF-1 steel are listed in
Table 1. All specimens were pre-cracked subjected to fatigue
loading under force control at a frequency of 101 Hz. Temperature
was kept at 23 °C during the pre-cracking. Fig. 1 shows the shape
and size of the 3PB specimen. The ratio of original crack length to
the width, i.e. ap/W, measured by an optical microscope, is in the
range of 0.46—0.60. The specimen span S equals to 4 W for all the
specimens.

Test temperatures and ap/W of the 3PB specimens are listed in
Table 2. Two specimens were tested at each temperature in a MTS
machine. Accuracy of force measurement was within +0.1% of the
working range. In the test, the specimens were heated in a vacuum
furnace below 10 Pa. The temperature during test was measured
with an accuracy of +1 °C. The specimens were held at the test
temperature for 30—40 min at the beginning of each test. After test,

Fig. 2. (a) Experimental setup of the 3D-DIC system; (b) Displacement field in form of contour plot.
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Fig. 3. The load versus load-line displacement curves at different temperatures.
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Fig. 4. (a) Effect of ap/W and temperature on Fy; (b) Effect of temperature on vg and AvAF.

the specimens were tinted at 250 °C for 20 min and then broken in
half in liquid nitrogen atmosphere. The fracture surfaces were
examined in a Zeiss scanning electron microscope (SEM). The
original crack length ag was measured again and verified by a nine-
point average procedure based on the SEM measurement obtained
from the post-test fracture surface, as shown in Table 2.

The load-line displacement was measured by the 3D-DIC
method [30—32]. Fig. 2a shows the experimental setup of the 3D-
DIC system, which consists of two LED lights and two cameras. The
load-line displacement was obtained from the displacement field of
specimen surface given in the form of contour plot [33], as shown in
Fig. 2b. The load-line displacement of a 3PB specimen is defined as
the vertical displacement of the load point on the specimen from its
original position as a consequence of loading [34,35].

The unloading compliance method was applied following ISO
12135 requirement [34]. The specimens were loaded under
crosshead-displacement control at a constant speed of 0.1 mm/min.
The maximum range of unload/reload cycles was 25% of the current
force. The unload/reload cycles were spaced with the crosshead
displacement interval at 0.05 mm. The specimen compliance was
subsequently used to estimate the crack length. A size-dependent
fracture toughness value, Joa(s) is defined as the intersection of
the regression line and the 0.2-mm offset line in the J-R curve.

3. Results and discussion
3.1. Load-displacement relations

Fig. 3 shows the load versus load-line displacement relations at
25 °C, 250 °C, 350 °C, 450 °C and 550 °C. These curves are smooth
and the applied forces slowly decline with displacement after the
peak, indicating that the crack propagated stably with good
toughness. For the two specimens tested at the same temperature,
the difference in their peak forces is caused by the different ap/W
values. After the peak, the decrease rates of force are similar at the
same temperature and change with increasing temperatures.

A schematic diagram of load-displacement curves is given in
Fig. 4a, in which the unload/reload cycles are omitted. Fy is the peak
force and vg is the corresponding plastic component of total
displacement. AF is the force reduction after the peak and Av is the
corresponding change of plastic displacement. The values of Fy, vo
and ABAv are shown in Table 2. Fig. 4a indicates that the peak
forces at the same temperature decline with increasing ap/W. When

the ag/W values are similar, the peak forces decline with increasing
temperature. The peak force variety seems to be more sensitive to
ap/W than to test temperature. For example, the difference in the
peak forces of two specimens with similar ag/W (about 0.550) is
only 57 N at different temperatures (25 °C and 550 °C). In contrast,
the difference in the peak forces of another two specimens with
different ap/W (0.477 and 0.534) reaches up to 104 N at the same
temperature (350 °C). Besides, the decreasing rates of the peak
forces with increasing ap/W approximately decline with increasing
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Fig. 5. (a) Effect of temperature on fracture toughness of CLF-1 steel and other steels
[9,11-13,15,17,19,21,23]; (b) Effect of temperature on total elongation of CLF-1 steel [29]
and other steels [21,37].



Y. Xie et al. / Journal of Nuclear Materials 531 (2020) 151992 5

temperature.

Fig. 4b shows the temperature effect on vp and AvAF. The vg
values decrease with increasing temperature from 25 °C to 450 °C,
followed by an increase. The change of vy with temperature could
be attributed to the change of ductility of CLF-1 steel, as shown in
Fig. 5b. A ductility minimum was found at about 400 °C. AvAF is the
average change rate of plastic displacement per force reduction
after the peak force. A lower AVAF value indicates that the crack
tends to propagate more easily. The AVAF values decrease from
25 °Cto about 400 °C and increase from about 400 °C to 550 °C. This
finding is consistent with the result of RAFM steels which showed
that the crack propagation rate changed with tensile test temper-
ature and peaked at about 400 °C [36].

3.2. Joo)-temperature relations

Although the obtained fracture toughness Jo(p) values are not
qualified as Jic for the miniature specimens which always cannot
fully satisfy the requirements of ISO 12135, the Joo(s) values still
contribute to understanding temperature effect on the fracture
toughness of RAFM steels. Since the Jo o(g) values also represent the
fracture toughness of RAFM steels, the temperature dependence of
Jo2(p) can characterize that of Jic to some extent. As shown in Fig. 5a
and Table 2, the Joo) values of CLF-1 steel decline from 25 °C to
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450 °C and then rise from 450 °C to 550 °C. This trend illustrates
that an increase in temperature results in a decrease in crack
propagation resistance below 450 °C. When the temperature rise
above 450 °C, it becomes difficult for the crack to propagate. The
changing trend of fracture toughness of CLF-1 steel with temper-
ature is consistent with that of its ductility, the total elongation
obtained from tensile testing. The ductility minimum at about
400 °C [21,29,37] shown in Fig. 5b results from dynamic strain
aging (DSA) phenomenon, found in RAFM steels [36,38—40] and
some commercial F/M steels [21,37]. The DSA phenomenon occurs
due to the repeated pinning—unpinning dislocation motions by
diffusing solute atoms, which usually causes a reduction of ductility
and toughness [41]. Toughness represents a combined effect of
strength and ductility. Since the strength of CLF-1 steel declines
monotonously from 25 °C to 550 °C, as shown in Table 1, the in-
crease in fracture toughness from 450 °C to 550 °C could mainly be
attributed to the rise in its ductility at above 450 °C.

Most of the scattered Jozg) values of other RAFM steels seems to
be in line with the changing trend of CLF-1 steel, especially when
the values of CLAM steel at 450 °C [17] were smaller than those at
room temperature [9] and 500 °C [17]. The fracture toughness
variation of CLF-1 steel is similar to that of commercial F/M steels
from 25 °Cto 550 °C. The fracture toughness minimum of both HT-9
and 9Cr— 1Mo steels was at about 250 °C [23,42]. Besides, the
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Fig. 6. Fracture surfaces of CLF-1 steel at different temperatures.



6 Y. Xie et al. / Journal of Nuclear Materials 531 (2020) 151992

fracture toughness minimum of P91 steel was at 380 °C [21].

3.3. Fractography

To investigate temperature effect on the fracture toughness of
CLF-1 steel from fracture characteristics, the fracture surfaces were
examined in an SEM machine, as shown in Fig. 6. Although CLF-1
steel exhibited ductile fracture at macroscopic scale throughout
the test temperature range, some differences were found in the
fracture surfaces at different test temperatures. The fractographs of
specimens could roughly fall into three categories with different
temperatures: (i) 25 °C and 250 °C, (ii) 350 °C and 450 °C, and (iii)
550 °C. Both the fracture surfaces at 25 °C and 250 °C exhibited
rough and significant dimple structures, indicating ductile fracture
characteristics. There were some large deep dimples and a group of
small dense ones. For the specimens at 350 °C and 450 °C, typical
dimples were hard to find on the fracture surfaces, which exhibited
quasi-cleavage-like features corresponding to low fracture tough-
ness shown in Fig. 5a. In detail, the fracture surfaces were corru-
gated with some discrete short ridges. When the test temperature
rose up to 550 °C, there were also some coarse dimples on the
fracture surfaces and the specimens exhibited an increase in frac-
ture toughness shown in Fig. 5a. Likewise, a few cleavage features
were observed on the fracture surfaces of P91 steel at 380 °C, where
the specimen showed a fracture toughness minimum [21]. The
fractographs of HT-9 at 537 °C and P91 at 550 °C also exhibited
typical dimples, where the fracture toughness values showed an
increase [42].

4. Conclusions

Temperature effect on the fracture toughness of CLF-1 steel was
investigated in the range of 25—550 °C with miniature 3PB speci-
mens, using the 3D-DIC method to measure load-line displace-
ment. CLF-1 steel exhibited good ductility and toughness
throughout the test temperature range. The fracture toughness
Joo(s) of CLF-1 steel decreases from 25 °C to 450 °C and then in-
creases from 450 °C to 550 °C. This changing trend with tempera-
ture is similar to that of commercial F/M steels in the range from
25 °C to 550 °C, where the fracture toughness of both CLF-1 and
commercial F/M steels increase after decreasing to a minimum. The
temperature dependence of fracture toughness of CLF-1 is consis-
tent with that of its ductility, the total elongation obtained from
tensile testing. Since toughness represents a combined effect of
strength and ductility and the strength of CLF-1 steel declines
monotonously from 25 °C to 550 °C, the fracture toughness mini-
mum at 450 °C could be attributed to the deterioration of ductility,
where few typical dimples were observed on the fracture surfaces,
indicating quasi-cleavage-like features.
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