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The effect of air quenching and subsequent tempering on the structure, mechanical properties and fracture
mechanism of steel 10Kh9K3B2MFBR alloyed with tantalum and boron is studied. Transmission electron mi-
croscopy is used to show that after the air quenching, the steel acquires a structure of lath martensite with
nanosize particles of (Nb, Ta)(C, N) carbonitride and cementite. Residual film-like austenite morphology is
located over the boundaries of laths and blocks. The steel in this state is characterized by a high strength
(64, = 1020 MPa) and an impact toughness of 24 J - cm?. During the low-temperature tempering, dispersion
hardening and decomposition of retained austenite with precipitation of cementite chains along the lath
boundaries lead to embrittlement. Increase of the tempering temperature in the range of 500 — 750°C is ac-
companied by a monotonic decrease in the strength characteristics. However, a significant increase in the im-
pact toughness occurs only at tempering temperatures > 780°C. It is concluded that the relatively high temper-
ing temperature required to ensure a satisfactory impact toughness is explainable by enhanced precipitation of
particles of a M23C6-type carbide and (Nb, Ta)(C, N) carbonitride, which retards the retrogression processes
in the lath martensite structure.
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INTRODUCTION on the stability of the martensitic structure under the condi-
tions of creep due to the higher fineness and coagulation re-

Elevation of the creep resistance of high-chromium mar- sistance of the particles of M,;(C, B)¢ [4, 5]. In addition, al-
tensitic steels used for making high-pressure and ultra- loying of high-chromium steels with tantalum stimulates pre-
high-pressure boiler tubes is an important task of the science cipitation of nanosize particles of (Nb, Ta)(C, N) carbo-
of materials, because its solution will make it possible to nitride, which have a high resistance to coagulation [6]. Such
raise the steam temperature in the power units of cogene- particles precipitate in steels during tempering and improve

ration plants, to elevate their efficiency and to reduce harm-
ful emissions into the atmosphere. It has been shown that al-
loying of such steels with the aim to raise the stability of the
fine particles of carbides and carbonitrides makes it possible
to improve considerably their long-term creep resistance
[1—3]. A low content of boron produces a favorable effect

not only the heat resistance but the impact toughness too.

The mode for the heat treatment is chosen with allowance for

the fracture toughness under dynamic loading in order to

lower the susceptibility of the structure components to brittle
fracture in assembly and operation.

It has been reported that the steels with elevated boron
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(e-mail: tkachev_e@bsu.edu.ru). (700 — 750°C) have a low impact toughness [7, 8]. It is as-
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Fig. 1. Schemes and formulas for computing the average misorien-
tation within individual grains according to Kernel: a, b ) for point 4
surrounded by points with misorientations below or above the
threshold value, respectively.
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promotes nucleation of brittle cracks [7, 9, 10]. Segregation
of boron on the high-angle boundaries of the original auste-
nite grains can also cause embrittlement accompanied by
fracture by the intergrain mechanism [11]. Another pheno-
menon in the temperature range mentioned is precipitation of
MX-type carbides inside the martensite laths. This retards
the retrogression processes and may be one more cause of re-
duced impact toughness.

An important phenomenon from the standpoint of prac-
tice is the temper brittleness in the temperature range of
450 —550°C [7, 12]. The fracture surface of samples of
martensitic steels after tempering at these temperatures con-
sists of numerous cleavage facets with rare detachment
ridges at their intersections, which is a sign of brittle trans-
crystalline fracture [13]. The temper brittleness is responsi-
ble for extremely low values of the impact toughness (about
5 J/cm?) even when the fracture occurs at room temperature.
The lowering of the impact toughness correlates with the
precipitation hardening and is often explained by precipita-
tion of carbides of different morphologies in decomposition
of retained austenite. The retained austenite in these steels
has a film form and occurs chiefly on the boundaries of mar-
tensite laths and blocks. Double-stage tempering reduces the
susceptibility to brittle fracture and makes it possible to keep
a high strength due to variation of the sizes and distribution
of carbide particles precipitated from the retained austenite
[14, 15]. Thus, the spheroidization of carbides and redistri-
bution of dislocations inside the martensite laths affect the
impact toughness positively. However, there are no reported
data on the relation between the microstructure and the tem-
per brittleness of martensitic thermal engineering steels mod-
ified with boron. The changes in the microstructure under
tempering and their contribution into the variation of the
strength and impact toughness in these steels have not been
studied exhaustively.
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The aim of the present paper was to study the
microstructure, the mechanical properties and the fracture
mechanism of steel 10Kh9K3B2MFBR with 0.085 wt.% Ta
and 0.013 wt.% B after air quenching and tempering at
200 — 800°C.

METHODS OF STUDY

We studied high-chromium martensitic steel with the fol-
lowing chemical composition (in wt.%): 0.10 C, 8.92 Cr,
3.01 Co, 1,80 W, 0.59 Mo, 0.34 Mn, 0.20 V, 0.06 Nb, 0.085
Ta, 0.03 Si, 0.013 B, 0.007 N, the remainder Fe.

An ingot with a mass of 50 kg was obtained by vacuum
induction melting. The ingot was subjected to a homogeniz-
ing annealing at 1200°C for 24 h, forging at this temperature,
and air cooling. The billet obtained was cut into samples with
a size of 13 x 40 x 60 mm. The samples were quenched for
martensite by 30-min austenitization at 1050°C and air cool-
ing. The finishing heat treatment was tempering at 200 —
800°C for 3 h. After the heat treatment, we fabricated speci-
mens for studying the microstructure and tensile and impact
testing.

The laps for the scanning and transmission electron mi-
croscopy were prepared by the method of electropolishing in
a 10% solution of HC1O, in CH;COOH at a voltage of 21 V.
To obtain the EBSD patterns and to study the fracture sur-
faces, we used a FEI Quanta 600 FEG scanning electron mi-
croscope with a EDAX Velocity™ attachment. To assess the
level of the internal microstresses, we analyzed local misori-
entations within individual grains by the method of Kernel
[16]. We measured the average misorientation with respect to
the neighbor points (Agy ) for every point with confidence in-
dex above 0.1. The points with misorientations exceeding the
threshold value (4°) were neglected as it is shown in Fig. 1.

The fine structure of the steel and the particles of the sec-
ond phases were studied using a JEOL JEM-2100 transmis-
sion electron microscope (TEM). The sizes of the compo-
nents of the martensitic structure were determined by the
method of reconstruction of the initial austenitic structure de-
scribed in [17].

The tensile tests were conducted at room temperature for
flat samples with the length of the test portion 25 mm and
cross section 3.0 x 1.5 mm using an Instron 5882 device at
deformation speed 1 mm/min. The hardness of the samples
was measured after polishing their surface by the Brinell
method using a Wolpert 3000BLD hardness tester at a load
of 750 N and diameter of the steel ball 5 mm. We calculated
the average hardness value for the results of at least five
measurements. The impact toughness was determined for
standard V-notched samples with cross section of the test
portion 10 x 8 mm and length 55 mm using an Instron IMP
460 pendulum hammer. The volume fraction of the retained
austenite was measured by the method of magnetic satura-
tion using a FERITSCOPE FMP30 device.
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Fig. 2. Microstructure of lath martensite in Ta- and B-added steel 10Kh9K3V2MFBR after air
quenching as reconstructed by EBSD analysis (@) and pole figure of the family of plane {001} from
the scanning range presented (b ).

RESULTS

Structure after air quenching. Austenitization of the
steel at 1050°C with subsequent air cooling produces a struc-
ture of lath martensite represented by thin martensite laths.
The laths form blocks and packs surrounded by the boun-
daries inherited from the initial austenite grains (IAG)
(Fig. 2).

The pole figure obtained by analyzing the misorienta-
tions in the EBSD map reflects the presence of a Kurdyu-
mov—Sachs orientation relationship between the formed mar-
tensite and the initial austenite, i.€.,

{111}, ]| {011} ,5 (101), || (111, (1

Each of the four possible equivalent planes of the initial
austenite {111}, for the given orientation relationship corre-
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sponds to a pack variant, and the six equivalent directions
(111), are responsible for the presence of 24 differing vari-
ants of orientation of martensite blocks in every individual
IAG [18]. The average size of the IAG and of the martensite
packs amounts to 46 + 4 um and 2 £+ 3 pum, respectively.

At 1050°C, the austenite is in equilibrium only with the
particles of the (Nb, Ta)(C, N) carbonitride, the volume frac-
tion of which is 0.09% [6] preserved in the structure of the
steel after the air cooling (Fig. 3a). The particles have a
spherical shape, and their average size after the austeni-
tization is 38 nm. Air cooling also gives rise to precipitation
of cementite particles with a lamellar morphology inside
martensite laths (Fig. 35 ). In this condition, the volume frac-
tion of retained austenite is relatively high and amounts to
4.85+0.99%. The TEM study has shown the presence of

. e

Fig. 3. Results of a complex study of the structure of particles in Ta- and B-added steel 10Kh9K3V2MFBR after air quenching
(TEM): a — d) carbonitride of type MX; e — g ) cementite particle inside martensite lath; @, ¢) against light background; ) curve ob-
tained by energy dispersive chemical analysis; ¢, f) diffraction; d, g ) simulated electron diffraction patterns.
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Fig. 4. Retained film-like austenite (A, ) in the structure of Ta- and B-added steel after air quench-
ing (TEM): a) against light background; b ) diffraction; c) against dark background (y-Fe).

film-like retained austenite inside the IAG along martensite
blocks (Fig. 4).

The width of the detected layers of austenite is 20 —
60 nm; their length exceeds 1 um. The accommodation de-
formation under the martensitic transformation elevates the
dislocation density inside the laths, which is well observable
in Figs. 3 and 4. We have established in our previous works
that the density of lattice dislocations in the air-quenched
steel is about 1 x 10" cm 2 [6, 19].

Effect of tempering on the structure and internal
stresses. Figure 5a presents the dependence of the volume
fraction of retained austenite on the tempering temperature.

When the tempering temperature is increased to 450°C,
the fraction of retained austenite decreases gradually to 3%.
Increase of the tempering temperature to 600°C causes total
dissolution of retained austenite. The effect of the tempering
temperature on the phase composition, the size of the parti-
cles and their chemical composition in the steel studied has
been investigated earlier in [6]. It should be noted that
cementite particles are detectable in the structure of the steel
after the tempering at up to 500°C.

A considerable content of cementite particles observed in
the structure is located over the boundaries of martensite
laths. This allows us to think that they have formed during
the dissolution of retained austenite, in contrast to the
cementite particles precipitated in the process of self-temper-
ing, and are distributed uniformly inside the laths. In addition
to cementite, the steel tempered at 500°C acquires relatively
coarse particles of carbide M¢C enriched with W and Mo
(Fig. 6b). Precipitation of globular particles of carbide
M,;(C, B) is observable in the steel during tempering at
700 — 780°C. The volume fraction of these particles is the
highest of all the second-phase particles, and they precipitate
primarily over the intercrystalline boundaries of martensite
packs, blocks and laths [6]. The M,;(C, B), special carbide
substitutes completely the less steady cementite at the tem-
pering temperatures mentioned. Thus, the phase composition

evolves with increase of the tempering temperature as
follows:

MX + Fe,C — MX + Fe,C + M(C —
MX +M,C +M,,(C, B)y > MX +M,,(C,B),.  (2)

where MX is the (Nb, Ta)(C, N) carbonitride.

The manifested deformation contrast observed on the
thin foil of the steel after tempering at 500°C indicates pre-
servation of high internal stresses (Fig. 6a and b ). To assess
the evolution of the internal stressed with increase of the
tempering temperature, we analyzed the EBSD maps of the
orientations. Figure 7 presents the maps of the distribution of
the average misorientation for neighbor points turned by an
angle of 0 — 4° relative to each other. The linear gradient of
reliability of the indexing is imposed onto the maps as a se-
cond layer. The dark regions with low reliability in Fig. 7 ex-
hibit high-angle boundaries on which machine deciphering
of the Kikuchi lines is complicated due to their superimposi-
tion. It can be seen that the regions with high average mis-
orientation are distributed primarily near the high-angle
boundaries of martensite blocks. Tempering at 500°C does
not affect substantially the value of the average misorienta-
tion and the distribution of the internal microstresses in the
structure. However, 2 — 3-um regions with a relatively low
level of microstresses are observable inside large martensite
blocks. Increase of the tempering temperature to 750°C re-
sults in obvious relaxation of the microstresses in these re-
gions and redistribution of the dislocations inside laths. The
microstresses in the steel tempered at 750°C are distributed
nonuniformly, but their general level remains high enough
(Fig. 7b). The substantial decrease in the general level of
microstresses after the tempering at 765 and 780°C indicates
intensification of the retrogression processes. The quantita-
tive distribution of points with respect to the misorientation
angles preserves a lognormal form (Fig. 7¢).
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Effect of tempering temperature on mechanical proper-
ties. Variation of the characteristics of strength and ductility
in the process of tempering is presented in Fig. 5b.

After the austenitization at 1050°C with air cooling the
steel exhibited the following mechanical properties: yield
strength 6, = 1020 MPa, ultimate strength o, = 1270 MPa,
elongation & =10.1%. High strength properties after air
quenching are typical for heat technology steels with
9 - 12 wt.% chromium [2, 7, 15, 19]. Tempering at 500°C
promotes elevation of the strength characteristics and incon-
siderable increase in the elongation (Fig. 5b). The difference
between the ultimate strength and the yield strength of the
steel after air quenching is reduced substantially after tem-
pering at 750 — 780°C. For example, the tempering at 780°C
yields 6, = 520 MPa, 6, = 760 MPa, & = 15.5%. We can see
a good correlation between the dependences of the hardness
and strength characteristics on the tempering temperature
(Fig. 5b and ¢).

The hardness of the steel increases in the range of the
temperatures of temper brittleness and amounts to
416 £ 9 HB at Ty, = 500°C. Increase of the tempering tem-
perature from 500 to 790°C causes continuous reduction of
the hardness to 182 + 1 HB. The impact toughness after the
austenitization and air cooling is quite high for a martensitic
structure and amounts to KCV =24 J/cm? (Fig. 5¢). Tem-
pering at 300 — 500°C is accompanied by lowering of the im-
pact toughness by more than a factor of 2. Manifested
embrittling of the steel is observed after tempering at 500°C
(KCV <5 J/cm?). Abrupt growth of the impact toughness by
more than a factor of 5 (from KCV=25]/cm? to
KCV=135]J/cm?) occurs when the tempering temperature
is increased from 765 to 780°C. Figure 8 presents fractures
(SEM) of the samples tested for impact toughness.

We established that the steel tempered at 500°C fractured
by the mechanism of brittle transcrystalline cleavage with
facet size about 5 um yielding numerous secondary cracks.
Brittle fracture typical for transcrystalline cleavage was also
observed in the central part of the sample tempered at 780°C
despite the relatively high value of the impact toughness. At
the same time, a ductile dimple fracture has been detected at
the periphery of the surface (Fig. 8¢ ). The substantial plastic
deformation during the fracture in this condition caused
changes in the shape of the sample (Fig. 8b).

DISCUSSION

Decrease in the average misorientation with growth of
the tempering temperature correlates with the growth of the
width of the martensite laths (Fig. 70). The low-angle
boundaries of the laths have a misorientation ranging within
1 —3° and are hardly distinguishable in the EBSD pictures.
However, the contribution of the lath boundaries into the
general level of the microstresses is quite high. This is con-
nected with the fact that they are dislocation configurations
chiefly formed by same-sign dislocations, and the average

[
Aret ’ %

a

0 200 400 600 800
O,

G;; Go2, MPa 5, %

1400 - o,
1200 L 80

\
1000{e——— T T T AU
N\ L 60
800 N
600 Ne, 40
L ]
400

20
2004 5 J

0 200 400 600 800

11— 0
0 200 400 600 800
ttcmpaoc

T T T T T T T

Fig. 5. Content of retained austenite (A, ) in the structure (a), yield
strength (o) , ), ultimate strength (o, ) and elongation (8) (b ), hard-
ness (HB ) and impact toughness (KCV) (c) as a function of tempering
temperature (#, ) for Ta- and B-added steel 10Kh9K3V2MFBR.

distance between them after the air quenching amounts to
about 0.2 pm (see Table 1).

The scanning step for obtaining EBSD pictures
(0.15 um) is comparable to the width of the laths. The data
on the average misorientation of points on the surface of the
crystal (Bc-ay ) allowed us to calculate the tensor dislocation
density by the following equation [16]:

Pram = ZOKAM/(b h), (3)
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Fig. 6. Cementite layers over boundaries of martensite laths (a, ¢, d ) and globular particles of M(C
(b) carbide in the structure of Ta- and B-added steel 10Kh9K3V2MFBR after 3-h tempering at
500°C (TEM): a, b ) against light background; c) diffraction from cementite in the encircled region;
d) results of simulation of diffraction, axis of zone [010].

where b is the amplitude of the Burgers vector and / is the
scanning step. The calculated tensor dislocation density
Ocam in the steel after austenitization and air cooling

TABLE 1. Characteristics of the Lath Structure of the Steel after
Tempering at Different Temperatures

C By, um Pia > By deg  Pcam: yaB »

T,
! x1014 m~2 x104m-2  pum

o]
emp >

Initial  0.19+0.02 10.04 £4.31 0.789 7.40 3.38
500 0.21+£0.02 3.48+1.25 0.786 7.38 3.21
750 027+0.02 2.31+0.88 0.743 6.97 2.96
765 0.30+0.03 1.20+040 0.653 6.13 3.07
780  0.36+0.04 1.67+0.59 0.603 5.66 3.82

Notations: Initial — initial condition after 30-min air quenching at
1050°C; hy) lath width; p;y) density of lattice dislocations;
Ocan ) average misorientation inside grains by the method of CAM;
Pcam ) tensor dislocation density; /1y, ) average distance between
HAB (EBSD).
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amounted to 7.4 x 10'* m =2 (see Table 1). The obtained val-
ues of O ,,, are somewhat lower than the density of the lath
dislocations calculated from the results of the experimental
assessment of the number of individual dislocations per unit
area of the surface of thin foils with the use of TEM [6]. It
seems that the tensor dislocation density receives contribu-
tion only from the uncompensated dislocations that cause
turning of neighbor parts of the crystal. The close values of
0 1 the steel after the austenitization with air cooling and
after tempering at 500°C indicate that the high elastic
stresses and the dislocation density are preserved, and tem-
pering at this temperature can be classified as a low-tempera-
ture one. Thus, the most probable reason behind the appear-
ance of temper brittleness at 500°C is the additional precipi-
tation of cementite particles over the boundaries of
martensite laths due to decomposition of retained austenite
and precipitation of coarse particles of a M,C carbide. En-
hancement of the degree of decomposition of retained aus-
tenite, which is a softer and less strong phase than mar-
tensite, also results in lowering of the impact toughness and
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Fig. 7. Maps of distribution of the average misorientation after air quenching from 1050°C (30 min) and tempering at different tempe-
ratures (a), dependences of the average misorientation inside grains (64 y) and of the width of martensite laths (/;, ) on the tempering

temperature (b ), and quantitative distribution of misorientations (0, ) after different treatment modes (c).

elevation of the strength characteristics. It is known that the gates in martensitic steels by separation over the planes of
distance between HAB corresponds approximately to the family {001} [13, 19, 20]. The comparable sizes of the brittle
width of the martensite blocks, while a brittle crack propa- cleavage facets on the fracture surface and the distance be-

Fig. 8. Macro- (a, b ) and micro-fractures (c — e) of samples tested for impact toughness: a, ¢) after tem-
pering at 500°C; b, d, e) after tempering at 780°C; ¢, d ) in the central region; e) in the region of shear lips.
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tween the HAB allow us to think that the observed fracto-
graphic relief has been formed due to frequent changes in the
direction of the brittle crack upon intersection with the
high-angle boundaries of martensite blocks.

The lowering of the average misorientation inside grains
at tempering temperatures > 750°C is a consequence of the
development of the processes of migration and merging of
lath boundaries and partial annihilation of dislocations inside
laths. We have mentioned that alloying with boron makes the
particles of M,;(C, B)4 finer. The high density of the parti-
cles of second phases in the structure hinders the retrogres-
sion processes in tempering of boron-added martensitic
steels. As a consequence, the relaxation of internal stresses in
these steels requires a higher tempering temperature. The im-
pact toughness increases when the temperature is below the
recrystallization threshold, because the mean distance be-
tween the HAB does not change substantially at the temper-
ing temperatures studied (see Table 1). This allows is to infer
that the transition to a ductile fracture mechanism upon in-
crease of the tempering temperature to 780°C is explainable
by decrease in the internal stresses and enhancement of the
mobility of dislocations inside the martensite laths.

CONCLUSIONS

The results of the study of the microstructure, mechani-
cal properties and fracture surfaces after impact tests of steel
10Kh9K3B2MFBR with 0.085 wt.% Ta and 0.013 wt.% B
after air quenching and tempering at 300 — 800°C allow us to
make the following conclusions.

1. After the austenitization with air cooling the steel ac-
quires a hierarchic structure of lath martensite with
4.85 £ 0.99 vol.% retained austenite with a film morphology.
In this condition, the steel contains undissolved particles of
(Nb, Ta)(C, N) carbonitride and cementite particles precipi-
tated during the cooling inside the martensite laths.

2. Increase of the tempering temperature of the steel
from 300 to 550°C enhances the degree of the decomposition
of the retained austenite, which decomposes totally at 600°C.
This process is accompanied by formation of cementite
chains over the boundaries of the martensitic structure. At
tempering temperatures > 700°C, the special M,;(C, B), car-
bide substitutes the less stable cementite completely.

2. The accommodation deformation in the martensitic
transformation causes growth of the density of lath disloca-
tions to 1 x 10'> cm~2 and of the tensor dislocation density
to 7.4 x 10'* m~2. High internal stresses are preserved in the
structure of the steel after the tempering at a temperature be-
low 750°C. The intensification of the retrogression processes
upon increase of the tempering temperature from 750 to
780°C reduces the internal stresses by 20% and widens the
martensite laths from 270 to 350 nm.

3. The decomposition of the retained austenite and the
secondary hardening during the tempering at 500°C elevate
the yield strength from 1020 to 1050 MPa and the hardness

E. S. Tkacheyv et al.

from 391 +4 to 416 £ 9 HB. The reduction of the impact
toughness to KCV =5 J/cm? in such tempering is caused by
formation of cementite chains over lath boundaries and of
coarse MyC carbides enriched with W and Mo.

4. The elevation of the impact toughness to
KCV=135J/cm? and the dominance of ductile fracture on
the fracture surface when the tempering temperature is in-
creased to 780°C are connected with the lowering of the in-
ternal stresses due to intensification of retrogression pro-
cesses and precipitation of globular particles of grain-boun-
dary carbide M;(C, B)s.
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