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Abstract—The article presents data on the static tensile tests and dynamic impact-toughness tests of a high-
chromium martensitic I0Kh9VIM1FBR steel (0.12 wt % C, 9.8 wt % Cr, 0.93 wt % W, 1.01 wt % Mo,
0.2wt %V, 0.05 wt % Nb, 0.05wt % N, 0.003 wt % B, 0.36 wt % Mn, 0.2 wt % Ni, 0.06 wt % Si, 0.01 wt % P,
0.008 wt % S, 0.02 wt % Cu, 0.1 wt % Co, 0.015 wt % Al, and the remainder is Fe) in the temperature range
from 20 to —196°C. In the case of static loading, a reduction in the temperature leads to an increase in the
strength characteristics; upon a drop in the temperature from 20 to —100°C, the plasticity also increases. This
is connected with the fact that the ductile fracture remains the basic mechanism down to cryogenic temper-
atures. The brittle—ductile transition related to the transition from ductile intragranular fracture to quasi-
brittle one is observed at —45°C. The steel exhibits high impact toughness to the temperature of —60°C
(KCV_¢y = 95 J/cm?), at which the fraction of the ductile component in fracture is equal to 20%. At 80°C,
the impact toughness decreases down to critical values (30 J/cm?), which correlates with the decrease in the
fraction of the ductile component on the fracture surface down to 1%. The further decrease in the impact
toughness down to 10 J/cm? at —196°C is related to the transition from intragranular to intergranular brittle

fracture.
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INTRODUCTION

Martensitic steels with 9—12% Cr are widely used
for producing elements for coal-fired power plants
operating at steam temperature up to 630°C due to
their unique heat resistance [1, 2]. Moreover, they are
not susceptible to strong embrittlement during long-
term operation, unlike austenitic steels [1, 3—6]. This
ensures the reliable operation of high-temperature cir-
cuits of boilers and main steam pipes, and allows one
to evaluate the residual life of these units with high
accuracy [1, 6]. In addition, the low temperature of
the brittle—ductile transition (BDT) and the high
impact toughness ensure the high reliability of the
operation of steam-turbine rotors [1].

In the last 15 years, high-chromium steels are
widely used and are considered to be promising mate-
rial for various parts of thermal reactors and fast-neu-
tron reactors that belong to the third and fourth gener-
ations, respectively [7—10]. Neutron irradiation leads
to an increase in the temperature of the BDT up to
200—300°C and to a decrease in the high-temperature
impact toughness [8, 9]. The low temperature of the
BDT and the high values of the impact toughness are
critical requirements for the 9—12% Cr steels used in
atomic power industry, especially, for steels strength-
ened by nanoparticles of oxides [8—11].

Despite the importance of the above parameters
(the impact toughness and the temperature of the
BDT) for the practical application of high-chromium
steels [1], a detailed study was only performed in a lim-
ited number of works [3—6, 12—17] and none of them
were devoted to the mechanisms responsible for the
BDT. Thus, our work is aimed at a detailed analysis of
the BDT and of the mechanical behavior of one of the
most common modern high-chromium steel
10Kh9VIM1FBR (Russian analog of the European
E911 steel) at cryogenic temperatures [1]. This steel is
used as material for pipes of boilers and the main
steam pipe, as well as for the rotors of steam turbines.
Impact tests for a detailed analysis of the BDT of this
material were carried out simultaneously with static
tensile tests in the temperature range from —196 to
20°C. These complex studies allow one to estimate the
effect of the loading rate on the fracture toughness.

Brittle— Ductile Transition at Static
and Impact Loadings

The rate of loading steels affects the BDT in accor-
dance with the well-known scheme (Fig. 1) [18]. In
general, the shift of the BDT temperature increases
with increasing loading rate. The difference between
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Fig. 1. Dependence of the fracture toughness on the temperature upon static and dynamic loading [18].
the temperatures of the BDT obtained in impact tests EXPERIMENTAL
and in static tensile tests depends on the yield strength The investigations were carried out using

and, for most steels, is described by the equation [18]

o))

where ATypr is the difference between the tempera-
tures of the BDT at static tensile tests and impact tests
(°C), while o, is the yield stress at room temperature
(MPa). This relation is performed well for most steels
with a yield stress of 193—931 MPa. In steels with
Cp,=> 931 MPa, the difference in the temperatures of
the BDT between the static tensile and impact tough-
nesses is absent [18]. The dependence of the fracture
toughness on the temperature at the static and impact
loading relates to the mechanisms of nucleation and
propagation of cracks (Fig. 1) [18].

ATBDT = 100 - 1.260_2,

The using of Charpy standard specimens with a
Vsshaped notch provides for the value of intensity
stress at the crack tip to be above the critical value K,
of the material and leads to the unstable propagation
of the crack after fairly short stages of nucleation and
stable growth of the crack with a size less than the crit-
ical one [18]. At the static and impact loadings, in
regions I (temperature A) and III (temperature D),
the nucleation and propagation of crack occurs via the
mechanisms of brittle and plastic fracture, respectively
[18]. In transition region II, upon static loading (tem-
perature B) and impact loading (temperature C), the
crack nucleates via a plastic mechanism and propa-
gates by brittle fracture.
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10Kh9VIM1FBR steel with the following chemical
composition: 0.12 wt % C, 9.8 wt % Cr, 0.93 wt % W,
1.01 wt % Mo, 0.2wt %V, 0.05wt % Nb, 0.05wt % N,
0.003 wt % B, 0.36 wt % Mn, 0.2 wt % Ni, 0.06 wt % Si,
0.01wt % P,0.008 wt % S, 0.02wt % Cu, 0.1 wt % Co,
0.015 wt % Al, and the remainder was Fe. The samples
were subjected to normalization from 1060°C with
subsequent two-stage tempering at 300 and 760°C for
3 h at each temperature. The fine structure and the
chemical and phase compositions of the second phases
after tempering were studied using a JEOL-2100 trans-
mission electron microscope (TEM) at an accelerat-
ing voltage of 200 kV, which was equipped with an
attachment for energy dispersive microanalysis
(Oxford Instruments).

TEM foils were prepared by a jet electropolishing
method using a 10% solution perchloric acid in acetic
acid in a Struers Tenupol-5 device. To obtain the pre-
cise chemical composition of the particles of second
phases, carbon replicas obtained by sputtering carbon
onto the prepolished and etched surface of samples
with the subsequent etching of the metal matrix using
a 10% solution of hydrochloric acid in ethanol at a
voltage of 2V were studied.

The transverse size of the martensite laths was cal-
culated by the intercept method using TEM images.
The dislocation density was determined by counting
the individual dislocations inside the martensite laths
using typical TEM images. The average size of second-
phase particles was measured using TEM images.
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Fig. 2. (a) Microstructure, (b) particles of carbides and
carbonitrides on the carbon replicas of 10Kh9VIM1FBR
steel after normalization from 1060°C and two-stage tem-
pering at 300 and 760°C.
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Fig. 3. Engineering  stress—strain  curves of

10Kh9VIMI1FBR steel upon mechanical tensile tests in
the temperature range from 20 to —140°C.
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The tensile tests were performed using flat samples
with a length of the working part of 35 mm and a cross
section of 3 x 7 mm in an Instron 5882 universal test-
ing machine at temperatures of 20, 0, —10, —20, —60,
—100, and —140°C at a deformation rate of
2 mm/min. The impact tests were carried out using
standard samples with a square section of 10 x 10 mm,
length of 55 mm, and a V-shaped stress concentrator
using an Instron IMP 460 pendulum impact machine
at temperatures of 20, 0, —20, —40, —60, —80, and
—196°C.

After mechanical tests, the fractometric studies
were carried out using an FEI Quanta 600F scanning
electron microscope. The fraction of the plastic com-
ponent in the fracture of the samples after impact tests
at different temperatures and at the temperature of the
BDT, i.e., the fracture appearance transition tempera-
ture (FATT), was determined by the fraction of the
plastic component, which was calculated according to
ASTM E 23-07a.

RESULTS
Microstructure of Steel after Two-Stage Tempering

10Kh9VIM1FBR steel after normalization and
two-stage tempering has a structure typical of high-
chromium martensitic steels (troostomartensite struc-
ture) with an average transverse size of the laths of
packet martensite of 0.335 pum (Fig. 2a). A high dislo-
cation density (~5 x 10'* m~2) is observed within the
martensite laths. During tempering, the precipitation of
M,,Cq-type carbides with an average size of 100—
150 nm occurs at the boundaries of the initial austenite
grains (IAGs), martensite packets, and blocks (Fig. 2a).

M(C,N) carbonitrides enriched in niobium and
vanadium, which are clearly differ in their morphol-
ogy, are distributed uniformly over the entire volume of
the steel [12]. The niobium-enriched carbonitride
particles have a round shape with an average size of
about 5—10 nm. The vanadium-enriched carbonitride
particles have a platelike shape with an average length
of 50 nm and width of 10 nm (Fig. 2b). Therefore,
10Kh9VIM1FBR steel demonstrates a two-phase sep-
aration of the M(C,N) carbonitrides into niobium-
and vanadium-enriched carbonitrides, which provides
their stability against coalescence at high temperatures
[1,12, 19, 20].

Mechanical Properties

Figure 3 shows the engineering stress—strain curves
(tensile diagrams). The values of the ultimate tensile
strength (o), yield stress (o, ,), relative elongation (9),
and uniform elongation (9,) obtained as the result of
tests are presented in the table.

The shape of c—¢ curves at all test temperatures is
approximately the same. At the initial stage of defor-
mation, noticeable strain hardening is observed,
which gradually goes into a long stage of stable flow.
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Effect of the test temperature on the yield stress (G ,), ultimate tensile strength (o), relative elongation (8), and uniform

elongation (3,)

Mechanical Test temperature, °C
properties 20 0 —10 -20 —60 —100 —140
Gy, MPa 675 710 715 730 770 830 900
G2, MPa 500 500 510 520 545 590 710
5, % 21 20 21 22 23 25 23
S, % 9.5 10 10.5 11 12 14 13

The localization of deformation, which leads to the
formation of a neck (Fig. 4), occurs at the stage of
apparent softening. Thus, the fracture of samples
occurs after significant uniform elongation at all test
temperatures (table).

The 6,/0,, ratio varies from 1.35 to 1.42, which
provides high stability of the plastic flow and high uni-
form elongation. A reduction in temperature leads to
an increase in both the strength characteristics and
plasticity. The plasticity only begins to decrease at 7'<
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Fig. 4. Samples of 10Kh9V1IM1FBR steel after mechanical
tensile tests in the range of temperatures from 20 to

—140°C.
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—100°C. With a decrease in the test temperature from
20 to —140°C, the yield stress increases from 500 to
710 MPa. The relative elongation is in the range of
20—15%. Thus, the steel shows no signs of BDT upon
a reduction in the test temperature to cryogenic tem-
peratures.

Impact Toughness

The results of impact tests of 10Kh9VIMI1FBR
steel are presented in Fig. 5. The steel exhibits a clearly
pronounced BDT at —45°C. With a reduction in the
test temperature from 0 to —80°C, an almost linear
drop in the values of the impact toughness from 230 to
30 J/cm? is observed (Fig. 5a). Note that the steel
exhibits a high impact toughness at temperatures
down to —60°C, at which its KCV is 95 J/cm?. The
value of the impact toughness decreases by a factor of
three with decreasing temperature from —60 to
—80°C. However, even at this temperature, KCV =
30 J/cm?. This value is considered sufficient to stop
the fracture at a crack propagation upon dynamic
loading and exceeds 20 J/cm?, which is a conditional
boundary of the transition from plastic to brittle frac-
ture [18]. At a subsequent decrease in the test temper-
ature down to —196°C, there is a further reduction in
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Fig. 5. (a) Dependence of impact toughness on test temperature and (b) load—deflection curves at different temperatures.
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Fig. 6. Fractography of fractures of I0Kh9VIM1FBR steel after tensile tests at temperatures of (a) 20 , (b) 0, (c) —20, (d) —60,

(e) —100, and (f) —140°C.

the impact toughness down to 10 J/cm?. Thus, the
steel is only completely embrittled at the temperature
of liquid nitrogen.

The analysis of the fracture curves (Fig. 5b) shows
that the reduction in the test temperature in the range
of 20 to —60°C increases the load and fracture occurs
in the region of plastic deformation. This increase in
the load is correlated with an increase in the stress
upon static loading and shows that the fracture in this
temperature range occurs after large plastic deforma-
tion. At a temperature of —20°C and above, the region
of plastic deformation exceeds the sample thickness,
which allows us to talk about the so-called hinge frac-
ture when the path of crack propagation prior to the
separation of the sample into two parts is much longer
than the thickness of the Charpy sample [18, 21]. The

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 117

crack only propagates through the thickness of the
sample at temperature of —40°C and below. The tran-
sition to brittle fracture without the formation of a plas-
tic zone occurs at —80°C. At this temperature and
below, the propagation of the crack begins to outpace
the pendulum motion, i.e., the crack propagation
occurs due to the relaxation of the elastic energy [18]. At
—196°C, the mechanism of brittle fracture becomes dif-
ferent, since the load required to start the propagation
of a main crack decreases by more than three times.

Fractography

Figure 6 presents fractographs of fractures in
10Kh9V1IM1FBR steel after tensile test. An analysis of
the fracture surface in the central part of the samples

No. 4 2016
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(zone of nucleation and slow propagation of the crack)
shows a single-type plastic fracture in the temperature
range of 20 to —60°C (Figs. 6a—6d). In this tempera-
ture range, plastic intragranular fracture via the nucle-
ation, growth, and coalescence of micropores prevails.
The majority of fracture surfaces is represented by
fine, deep dimples with diameters of less than 5 um
and a few coarse dimples with sizes of 10—20 pm, most
of which have particles at the bottom. The nucleation
of the coarse dimples mostly occurs at the interfaces
between the matrix and dispersed particles. The
majority of these coarse pores [22] are located at the
boundaries of the IAGs. The coalescence of these
pores leads to the formation of “canyons” at the grain
boundaries (indicated by arrows in Figs. 6a and 6d).
Consequently, in this case, intergranular plastic frac-
ture occurs. However, this mechanism is not impor-
tant, since the pores formed at grain-boundary parti-
cles grow in isolation and only form elongated cracks
in some cases, the size of which is significantly less
than critical.

The fraction of the canyons increases with a
decrease in the test temperature to —100 and —140°C.
The canyons nucleate at the boundaries of the IAGs
and martensite packets (Figs. 6e and 6f). The round
pores of large size are formed by the mechanism of
plastic fracture; the elongated pores, by the mecha-
nism of quasi-cleavage [22]. The presence of slip lines
on their walls indicates that severe plastic deformation
occurs upon the formation of surfaces. In general,
with decreasing test temperature, the fraction of inter-
granular fracture increases and the transition from
plastic fracture to quasi-cleavage occurs. However,
even at —140°C, plastic intragranular fracture is the
predominant mechanism. Correspondingly, the frac-
ture surface of the samples tested at these temperatures
represents the alternation of canyons and coarse dim-
ples formed at the boundaries of IAGs and martensite
packets, as well as shallow dimples in the bulk of pack-
ets. Thus, while the plastic intragranular fracture,
which is characterized by very fine dimples, remains
the main mechanism of fracture, the plasticity of steel
is not reduced.

Figure 7 presents fractures of samples of
10Kh9VIMI1FBR steel after impact tests. It can be
seen that, in the temperature range of 20 to —20°C,
completely plastic fracture is observed. The dimples
are clearly visible at the surfaces of the fractures. Large
dimples are formed at the grain-boundary M,;C, par-
ticles (=100 nm) located at the boundaries of IAGs,
martensite packets, and blocks. The sizes and shapes
of the dimples are determined by the morphology and
size of these particles. As a result, the sizes of the dim-
ples vary in a wide range of 5—30 um. The decrease in
the test temperature increases the number of coarse
dimples. At temperatures of —40°C, a transition from
plastic to brittle transcrystalline fracture (the fraction
of the plastic component is 60%) is observed and brit-
tle fracture occurs according to the mechanism of
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quasi-cleavage [22]; the mixed-type fracture is also
retained at —60°C. Regions of plastic dimpled fracture
and brittle fracture are observed in the fractured sur-
face; quasi-cleavage facets are connected by leaf-type
tear ridges. Correspondingly, if the fracture is intra-
granular and regions of plastic fracture are observed,
the impact toughness remains high (KCV_¢ =
95J)/cm?). A perceptible reduction in the impact
toughness (30 J/cm?) upon a decrease in the test tem-
perature to —80°C is correlated with the disappearance
of the plastic region in the fracture curve and a
decrease in the fraction of the ductile component to
1%. The further drop in the impact toughness with
decreasing temperature to —196°C is associated with
the development of the intergranular fracture at the
boundaries of IAGs and martensite packets. Thus,
10Kh9VIM1FBR steel retains impact toughness
above the conditional level (20 J/cm?), which charac-
terizes the transition to fully brittle fracture [18] until
it fails under impact loads due to transcrystalline quasi-
cleavage. If, upon the propagation of the main crack,
the plastic mechanism of fracture makes even a slight
contribution to the overall fracture, the value of KCV
will be sufficient to suppress the onset of fracture [18].

The FATT was determined based on the fraction of
the plastic component and corresponds to —45°C. At
this temperature, the fraction of the plastic compo-
nent in the fracture is equal to 50%. It should be noted
that the FATT coincides with the temperature of the
BDT, at which the medium value between the values of
the maximum and minimum impact toughnesses is
observed (Fig. 8). Note that the minimum value of
KCV =40 J/cm?, which should be at room temperature
in order to ensure the reliable operation of both steam
turbines and high-temperature circuits of boilers, as
well as the main steam pipe, is observed at a temperature
of about —70°C. Thus, 10Kh9VIMI1FBR steel has a
large reserve of fracture toughness.

DISCUSSION

An analysis of the above results shows that
10Kh9VIM1FBR steel demonstrates not only out-
standing creep resistance [1], but also very good frac-
ture toughness. Upon static loading, even small signs
of brittle fracture according to the mechanism of pure
cleavage, in which cracks propagate along {100}
planes, has not been revealed down to the temperature
of liquid nitrogen. This fracture mechanism leads to
the formation of characteristic stair steps [22], which
are often observed in pearlitic steels, even at room
temperature [23]. Consequently, the investigated steel
is not inclined to embrittlement upon static loading.
The impact toughness of 10Kh9V1M1FBR steel upon
dynamic loading is also high and even exceeds the
same characteristic in a ferritic high-chromium steel
at room temperature [24]. A clearly pronounced BDT
is observed upon impact loading; however, this transi-
tion, which according to Eq. (1) should be observed at
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Fig. 7. Fractography of the fractures of 10Kh9VIM1FBR steel after impact tests at temperatures of (a) 20 (a), (b) 0, (c) —20, (d) —40,
(e) —60, (f) —80, and (g) —196°C.
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—90°C, is absent upon static loading. The lack of a
correlation with the data obtained in tensile tests indi-
cates that the brittle fracture of this material may only
begin if a crack is present in a construction with a
greater than critical size [18], and its loading has an
impact character. Thus, BDT only takes place in
10Kh9VIM1FBR steel at the third stage of fracture,
when the uncontrolled propagation of the main crack
occurs [18]. At the first and second stages, when the
formation of microcracks and their coalescence into a
stable crack capable of growth occurs [18], the BDT is
not observed down to —140°C.

Based on the data obtained, it is possible to give the
following forecast for the embrittlement of steel during
operation. At high temperature, the coarsening of
grain-boundary  M,;C, carbides occurs in
10Kh9VIMI1FBR steel [25, 26]. Moreover, large
Laves-phase particles (from 300 nm to 1 pm) precipi-
tate at the boundaries of mainly IAGs and martensite
packets [27] and facilitate the nucleation of microc-
racks at these boundaries. Upon static loading, this
will not lead to embrittlement, since there are no pro-
cesses that can lead to a transition from plastic to brit-
tle fracture in the ferritic matrix [25—27]; i.e., only the
fraction of intergranular fracture will increase, which,
upon the predominance of intragranular fracture, does
not significantly affect the fracture toughness [12].

In the case of the formation of continuous films at
the boundaries of IAGs, with a drop in the KCV to
6 J/cm?, a transition to brittle intergranular fracture is
possible upon impact loading, even at room tempera-
ture [13]. However, in steels of this type, no continu-
ous chains of M,;C, carbides and Fe,W Laves phases
are formed at the boundaries of IAGs upon creep
[20, 25, 27]. Consequently, the plastic intragranular
fracture will be observed [5] in any case that will pro-
vide a KCV value of 40 J/cm? and will allow one to use
coal-fired power plants that use steel in their construc-
tion without any restrictions on life span. It is not pos-
sible to draw the same conclusion about the possibility
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of using 10Kh9VIM1FBR steel in reactor construc-
tions. It is known that irradiation by neutrons leads to
a strong embrittleness of the high-chromium steels
[7—11], and there is no description in the open litera-
ture of the effects of irradiation on the fracture mech-
anism and BDT.

CONCLUSIONS

(1) The normalization and two-stage tempering of
10Kh9VIM1FBR steel lead to the formation of troos-
tomartensite structure with grain-boundary M,;Cq
carbides and M(C,N) carbonitrides located in the fer-
rite matrix. The two-phase separation of the M(C,N)
carbonitrides into V- and Nb-enriched carbonitrides
takes place.

(2) The reduction in the temperature of static ten-
sile test from 20 to —140°C leads to an increase in the
yield stress by 33% and the ultimate tensile strength by
42% , while plasticity remains almost unchanged and is
in the range of 20—25%. High uniform elongation is
determined by the ratio of 6,/c,,~ 1.4, which weakly
depends on the temperature. At all test temperatures,
plastic intragranular fracture is the main mechanism
of fracture. The decrease in the temperature leads to
an increase in the contribution of the intergranular
mechanism of fracture related to the formation of
microcracks at the grain-boundary M,;C, carbides.
With decreasing temperature, the type of fracture
changes from plastic to quasi-brittle.

(3) The clearly pronounced brittle—ductile transi-
tion, which is observed at the temperature of —45°C, is
associated with the transition from plastic intragranu-
lar to quasi-brittle fracture. 10Kh9VIMI1FBR steel
shows a relatively high impact toughness down to a
temperature of —60°C (95 J/cm?). The impact tough-
ness only drops to critical values (30 J/cm?) as the
temperature decreases to —80°C, which correlates
with the decrease in the fraction of the plastic compo-
nent on the fracture surface down to 1%. At a subse-
quent decrease in the temperature to —196°C, the
impact toughness decreases by three times. This is
connected with the transition from intragranular brit-
tle fracture to intergranular fracture along the bound-
aries of initial austenite grains and martensite packets.
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