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Abstract—The effects of quenching and tempering on the structure, phase composition, and mechanical
properties of the Fe—0.34C high strength steel with 1.77 wt % Si are studied. The tempering at temperatures
up to 500°C barely has an effect on the structural characteristics of packet martensite formed during quench-
ing. The precipitation of intermediate (transition) m-carbide particles at tempering temperatures in the range
of 200—400°C leads to increases in the yield strength to 1490 MPa and in the impact toughness to 35 J/cm?.
The determined temperature of the ductile—brittle transition of the steel tempered at 200°C is about —50°C.
A decrease in the impact toughness and a decrease in the proportion of ductile fracture with a decrease in the
test temperature are accompanied by a transition from transgranular to intergranular fracture. The precipita-
tion of cementite particles along the boundaries of the laths and blocks is observed after tempering at 500°C.
This leads to a decrease in the yield strength, while the impact toughness of the steel remains unchanged.
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INTRODUCTION

Currently, manufacturers of agricultural and earth-
moving equipment are in demand for high-strength
steels with a yield strength of above 1400 MPa, from
which materials it is planned to manufacture working
components of earth-moving machines. These kinds
of steels are subject to requirements for a combination
of high hardness, strength, wear resistance, good duc-
tility, and satisfactory impact toughness [1—5]. High-
strength steels are used in aircraft manufacturing,
rocketry, and space technology [4, 5]. Their use in the
production of cars, transport and earth-moving equip-
ment is hampered by their high cost [1, 2]. Among all
types of high-strength steels, only low alloyed steels
with transition carbides of the €¢/1n-Fe,C type are suit-
able for use in civil engineering industries because of
cost restrictions [4]. This class of steels includes
medium carbon steel 300M, which is an improved ver-
sion of steel AISI4340 with a high Si content (1.6 wt %)
(Table 1) [4—6]. This steel shows high yield strength,
good ductility, and satisfactory impact toughness after
quenching and tempering (Q&T) at 300°C (Table 1)
[7]. To obtain this set of properties, steel 300M is sub-
jected to vacuum arc remelting (VAR). To produce

high strength steels for the use in agricultural machin-
ery and vehicles, it is advisable to replace VAR with
electroslag remelting (ESR), which decreases the sul-
fur content and increases the toughness of steels with
transition carbides [4, 7].

The unique combination of strength, ductility, and
toughness in steel 300M is associated with the effect of
Si on the processes that accompany Q&T [8—12]. In
the quenching process, steel 300M retains up to 10% of
austenite, which is saturated with carbon up to 1.5 wt %
after low temperature tempering due to the redistribu-
tion of carbon from martensite [12—15]. As is known
[2, 8—11, 15, 16], the addition of more than 1.5 wt % of
Si to low alloyed steel suppresses the formation of
cementite up to temperatures around 470°C, which
ensures the presence of only transition carbides in the
structure of steel tempered at temperatures of <400°C.
The decomposition of retained austenite during low
temperature tempering leads to the formation of tran-
sition carbides in bainitic ferrite [9, 17]. That is, phase
transformations in low alloyed steels with a Si concen-
tration of >1.5 wt % during tempering differ from
transformations in steels with lower contents of Si
[6,9, 16—18]. Suppressing the formation of lamellar
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Table 1. Chemical composition and mechanical properties of steels 300M and AISI4340 and the ductile—brittle transition
temperature (DBTT) [3, 6] after quenching and low-temperature tempering (240—310°C)

Steel

300M

AISI4340

Chemical composition, wt %

Fe—(0.4—-0.45)C—(1.45—1.80)Si—(0.7—
0.95)Cr—(1.65—2.0)Ni—(0.3—0.5)Mo—
(0.05-0.1)V—-0.01P—-0.01S

Fe—(0.37—0.43)C—(0.15—0.3)Si—(0.7—
0.9)Cr—(1.65—2.0)Ni—(0.2—0.3)Mo—
(0.6—0.8)Mn—0.04P—0.04S

Yield strength, MPa 1590 1407

Ultimate tensile strength, MPa 1923 1873

Total elongation, % 10 6

Impact toughness, J/cm? 20 18

DBTT, °C —17 —

Table 2. Chemical composition of the Fe—0.34 wt % C steel under study (Fe is base)

Elements C Si Mn Cr Mo Nb Ti B Al 2(S+P)

Fe—0.34C| 0.34 1.77 1.35 0.56 0.20 0.04 0.031 0.002 <0.01 <0.012

cementite along the boundaries of packet martensite
structures eliminates or weakens reversible temper
brittleness [8, 9]. The microalloying with Nb and Ti is
aimed both at the formation of two types of MX car-
bonitrides in the high temperature region to prevent
recrystallization processes in austenite during hot
deformation and at obtaining additional dispersion
strengthening [19]. Russian steels of a similar class,
which are developed on the basis of steel 30KhGSA,
contain a higher Cr content and about 1 wt % Si[19].
They do not belong to the class of high strength steels,
since their yield strength is <1300 MPa [20].

In this study, we investigated the effects of quench-
ing and subsequent tempering (Q&T) on the structure
and mechanical properties of high strength steel Fe—
0.34C, which is characterized by the absence of Ni, an
increased Mn content, a reduced carbon content, the
presence of Nb, and the use of ESR to remove impu-
rities instead of VAR in comparison with steel 300M
(Table 2).

Scanning and TEM techniques were used to deter-
mine the effect of increased silicon content on the
phase transitions occurring in the course of low tem-
perature tempering in low alloyed medium carbon
steels and to establish the relationship between the
structure formed during low temperature tempering
and the mechanical properties. Based on the obtained
results, the possibility of using the Fe—0.34C steel as a
high strength steel obtained with cost effective alloying
and by simplified metallurgical technology was
assessed [4, 5].

MATERIALS AND METHODS

The chemical composition of the studied Fe—
0.34C steel obtained by the ESR method is given in
Table 2. The ingot was homogenized at 1150°C for 4 h
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with subsequent forging in the temperature range of
1150 to 950°C into the billet with dimensional sizes of
60 X 150 x 450 mm, which then cooled to room tem-
perature in air. Thermal treatment of the samples
included austenitization at a temperature of 900°C for
5 min, quenching in hot water, and subsequent tem-
pering at temperatures of 200, 280, 400, and 500°C for
1 h with final cooling in air.

Equilibrium volume fractions of the phases were
calculated in the Thermo-Calc software package using
the TCFE7 thermodynamic base.

The differential scanning calorimetry (DSC) stud-
ies were performed on an SDT Q600 calorimeter
(TA Instruments New Castle, DE, United States).
The weight of the samples was about 142 mg; a protec-
tive atmosphere of pure argon was used. The samples
were quenched in hot water from an austenitization
temperature of 900°C and then heated with a rate of
10°C/min in a calorimeter. The dilatometry studies
were performed using a DIL 805 hardening dilatome-
ter from the same company. The dilatometric curve
was obtained by cooling from a temperature of 900°C
to a temperature of 330°C with a cooling rate of
200°C/s and then from 330°C to room temperature
with a cooling rate of 53°C/s. Cylindrical samples with
a length of 10 mm and a diameter of 3 mm were used
in dilatometric studies.

Microstructures were studied by scanning electron
microscopy (SEM) on a Quanta 600FEG microscope
(FEI, Hillsboro, Oregon, United States) equipped
with an analyzer of electron backscatter diffraction
(EBSD) patterns and a system for misorientation
mapping (OIM) and by transmission electron micros-
copy (TEM) on a Jeol JEM-2100 microscope (JEOL
Ltd., Tokyo, Japan) with an INCA attachment for
energy dispersive X-ray (EDX) analysis (Oxford
Instruments, Oxfordshire, UK). Samples for SEM
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and thin foils for TEM were prepared by electrolytic
polishing and double sided jet electrochemical polish-
ing with use of a 10% HCIO, solution and a 90%
CH;COOH solution. To analyze phases, carbon repli-
cas for subsequent investigation by TEM were
obtained from the samples. Phases were identified by
comparing the chemical composition data determined
by the EDX method and from the electron diffraction
patterns (TEM). Two EBSD maps were analyzed in
each state. The resulting EBSD maps had an area of
100 x 100 um? with a scanning step of 0.1 um. The
average value of the coefficient characterizing the reli-
ability of indexing the Kikuchi lines (Confidence
Index, CI) of the EBSD patterns was in the range from
0.29 to 0.41. For EBSD patterns with a CI coefficient
of more than 0.1, the fraction of correctly indexed
Kikuchi lines is 95%, which indicates the high reliabil-
ity of the obtained results [21]. For correct interpreta-
tion of EBSD patterns, points with a CI coefficient of
less than 0.1 were excluded. The boundaries of the ini-
tial austenite grains and martensite packets were iden-
tified using algorithms for reconstructing the initial
austenite structure with use of the MTEX toolkit
implemented in the MATLAB program [10, 22]. The
dislocation density was calculated by determining the
average misorientation between adjacent points inside
individual grains by means of Kernel function for
EBSD maps [10, 23]:

20
==, (1)
P bh
where 0 is the average misorientation between adja-
cent points, b = 0.25 nm is the Burgers vector abs.
value for a.-Fe, and / is the scanning step.

The volume fraction of retained austenite was
determined by two methods. First, by calculating the
quantitative ratio of points with fcc and bcc lattices
identified on the surface of samples when analyzing
EBSD patterns. Secondly, by determining the mag-
netic saturation of the sample using a Fischer Ferit-
scope FMP30 ferritometer (Helmut Fischer Gmbh,
Sindelfingen, Germany). The error of the results
obtained by different research methods did not exceed
0.2%.

Static tensile tests on flat samples with a calculated
length of 35 mm and a cross section size of 7 X 3 mm
were carried out on an Instron 5882 testing machine
(Illinois ToolWorks Inc., Norwood, MA, United
States) at room temperature. Dynamic impact tests in
accordance with the ASTM E-23 standard were per-
formed on Charpy specimens 55 mm in length and
10 X 10 mm in cross section with a 2 mm deep V-type
concentrator with use of an Instron SI-1M impact
driver (Instron corporation, Grove City, PA, United
States) equipped with an Instron Dynatup Impulse
system for recording diagrams. Two standard samples
were tested in each determination of tensile and
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impact toughness values. The spread in the obtained
values of mechanical characteristics was no more than
10% for each state. The fracture surface of the tested
Charpy samples was investigated using a Quanta
600 FEG scanning electron microscope. The remain-
ing details of structural studies, DSC, dilatometry,
and mechanical tests were described in previous stud-
ies [8—11, 24].

RESULTS AND DISCUSSION
Phase Transformations

According to thermodynamic calculations
(Fig. 1a), the temperatures of the onset (4,;) and com-
pletion (A,;) of the austenitic transformation are 733
and 827°C, respectively. According to the analysis of
the DSC curve (Fig. 1b), the corresponding tempera-
tures were determined to be 761 and 886°C, respec-
tively. One can see that the differences between the
calculated and experimental temperatures of 4., and
A5 are 28 and 50°C, respectively. Thus, the selected
heating temperature for quenching ensures a com-
pletely austenitic structure.

According to thermodynamic calculations per-
formed in the Thermo-Calc software package, the
structure of the steel under study contains the follow-
ing thermodynamically equilibrium carbides: M;C,
M,C;, M(C, and MC at temperatures below 4., and
M,;C4 and MC at temperatures above A4,;. Vertical
dotted lines indicate temperatures that correspond to
the austenitization and tempering temperatures of the
studied steel. It should be noted that the TCFE7 data-
base does not contain transition carbides of the ¢/n-
carbide types, which can be precipitated during tem-
pering at temperatures up to 420°C [4, 6, 8—11, 17, 18,
25—27], and can be used in calculations only for the
phases shown in Fig. 1a. The maximum fractions of
carbides M,;C, and M¢C were 0.07 and 0.32 vol %,
respectively. The low volume fraction of MC carbides
in the equilibrium phase composition at the tempera-
ture of the low temperature tempering process is
explained by the small amount of Mo in the chemical
composition of the steel. The volume fraction of M;C
cementite reaches 6 vol % at 550°C, which corre-
sponds to the medium carbon steel with a ferrite—
pearlite structure. In this case, the calculation of the
equilibrium phase composition allows us to establish
the following sequence of transitions: martensite —
M,C; —> M,C.

The data of dilatometric studies made it possible to
determine the Martensite start (M,) and martensite
finish (M;), which were found to be M, = 316°C and
M; > 140°C, respectively (Fig. 1c). Given that the dif-
ference between the end point of martensitic transfor-
mation (M;) and the temperature of the quenching
medium is about 100°C, it can be concluded that the
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Fig. 1. (a) Temperature dependence of the equilibrium
volume fraction of phases, (b) the heating mode DSC
curve of the steel after quenching, and (c) the dilatometric
curve obtained in the cooling mode.

applied treatment regime produces a martensitic
structure with a small amount of retained austenite.

Figure 1b shows the results of a DSC analysis. A
weak exothermic peak that is associated with the for-
mation of carbon clusters [28] is observed at 68°C.
The exothermic peak at 198°C may be associated with
the onset of austenite decomposition. However, it is
more likely that this peak is associated with the precip-
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itation of transition carbides in view of the small amount
of retained austenite (Table 3), the same as in other low
alloyed steels undergone low temperature tempering [8—
11]. The exothermic peak at 474°C is associated with the
precipitation of cementite [8—11, 29]. Thus, the alloying
with Si, Mo, and Cr increases the temperature of Fe;C
precipitation in the studied steel compared to steels
with a low silicon content and a comparable carbon
content [16, 18, 29]. It follows from the DSC data that
partial decomposition of martensite is accompanied
by the precipitation of transition carbides and the
complete decomposition of martensite leads to the
precipitation of cementite at temperatures close to
500°C. Accordingly, the steel structure will corre-
spond to martensite with transition carbides after low
temperature tempering and to ferrite with cementite
after medium temperature tempering.

Microstructure

Misorientation maps and the fine structure of the
studied steel after Q&T are shown in Figs. 2 and 3, and
the structural characteristics are summarized in Table
3. The quenching process leads to the formation of a
typical packet martensite structure that consists of
packets, blocks, and laths, in which the boundaries of
the prior austenite grains (PAGs) are inherited (Fig. 2)
[8—11, 22, 30—32].

The mean size of PAGs is 23 um (Table 3), and
their shape is close to an equiaxed one (Fig. 2) charac-
terized by small degrees of deformation during forging.
Moreover, the ratio of the sizes of martensite packets
to the sizes of PAGs is relatively small [8—10, 33] and
equals Dy, = 0.27 X Dp,g. This is due to the fact that
packets with crystallographic orientation correspond-
ing to no more than three different {111}, planes are
formed within an PAG (Figs. 2b and 2d) [30—32]. In
PAGs with a size of more than 20 pum, six or more
packets are observed (Figs. 2b and 2d). Among them,
two and sometimes three packets are round in shape
and consist of several blocks, while other packets can
actually be considered as one block. In most PAGs
with a size of less than 20 um, one large packet is
observed, which occupies more than 60% of the area
of the entire PAG (Figs. 2b and 2d).

The ratio of packet sizes to block sizes is large and
equals Dp,eer = 12 X Dy [8—10, 33]. This is due to
the large size of the packets in PAGs with a size of
20 um and the small thickness of the blocks. More-
over, there are usually more than three blocks in large
packets, in which up to six variants of {111}, || (011),,
can be observed in accordance with the Kurdjumov—
Sachs orientation relationship. The high density of dislo-
cations is observed in the studied steel (Table 3), which is
1.5 times higher than that in the steel with a similar
chemical composition with 0.25 wt % C [9, 10] after
similar treatment.
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Table 3. Microstructure parameters of the studied steel after quenching and tempering

STRUCTURE, PHASE COMPOSITION, AND MECHANICAL PROPERTIES

1323

. Volume Size Size of Size
Seel | i e pm | widthogm | P 10| faction of | orNB(C.N) | n-caride |of FesC.

’ ’ v-Fe, % |particles, nm| (//w), nm nm

Quenching 23+5 | 6.2+ 1.5 |0.53 £0.08| 209 + 33 9.4 (0.86+0.18 27 40/5 —
Tempering 200°C | 26 =4 | 8.5+ 1.9 |0.49 +0.08] 216 + 34 9.1 10.63+0.17 33 73/6 —
Tempering 280°C | 27+ 6 | 9.3+ 2.1 |0.65% 0.09| 234 £+ 29 9.3 (0.54+0.20 34 120/7 —
Tempering400°C | 26+ 6 | 8.6 = 1.7 [0.63 £0.07 231 £ 35 8.4 10.45+0.11 34 132/7 —
Tempering 500°C | 23+3 | 6.5+ 1.2 |0.52+0.08] 235+ 33 8.6 10.21+0.18 48 — 26

Residual austenite is located predominantly along
high angle boundaries (HABs) of blocks of the mar-
tensitic structure. The tempering process does not lead
to complete transformation of retained austenite,
while its volume fraction decreases with an increase in
the temperature (Table 3). This is due to the fact that
retained austenite has a film morphology, while high
hydrostatic stresses ensure its stability [34] up to high
tempering temperatures.

Distribution of Carbides

In the quenched state, NbC carbide particles were
found inside the laths (Fig. 3a). These carbides have a
spherical shape, and their small size (Table 3) suggests
that they are precipitated on dislocations during the
quenching process [20, 35]. The martensitic matrix
also contains a small amount of plate shaped particles
of transition mn-carbide Fe,C with a high aspect ratio

Fig. 2. Electron backscatter diffraction microphotographs of the studied steel after (a, b) quenching and (c, d) tempering at a tem-
perature of 500°C: (a, ¢) misorientation maps; (b, d) maps showing different block packets in the martensitic structure. Thick
black lines in figure parts (b) and (d) show the PAG boundaries, and thin lines show the block boundaries.

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 124
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Fig. 3. Particles of the second phases in the steel structure after (a) quenching and (b—d) tempering at temperatures of (b) 200,
(¢) 400, and (d) 500°C. Circles in the images indicate the regions from which the corresponding electron diffraction patterns were

obtained.

({/w) of about 8 (Table 3). The thickness of these par-
ticles suggests that they are precipitated in martensite
during self-tempering [10, 35].

The decomposition of martensite at tempering
temperatures of < 400°C leads to the growth of NbC
and m-Fe,C carbide particles (Table 3). This indicates
the precipitation of carbide NbC and m-carbide during
tempering. The lamellar shape of n-carbide particles sug-
gests the presence of a semicoherent boundary between
them and the martensitic matrix [18, 23, 25, 27]. An
increase in the size of m-carbide particles with an
increase in the tempering temperature to 400°C is
accompanied by an increase in the aspect ratio to
about 19 (see Table 3 and Fig. 3¢). The growth of tran-
sition carbides occurs through the migration of an inco-
herent transverse interface [18, 25]. The location of
T-carbide plates inside martensite laths indicates a homo-
geneous mechanism of their nucleation [10, 18, 25].

The formation of Fe;C cementite particles occurs
with an increase in the tempering temperature to
500°C (Fig. 3d). The transition m-carbide particles
dissolve. In contrast to uniformly distributed m-car-
bide particles, the observed cementite particles are
predominantly located along the boundaries of laths
and blocks. After tempering at 500°C, the maximum
size of NbC carbide particles was about 90 nm, and
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their minimum size was about 10 nm. The size and
chemical composition of NbC carbide particles
changes regardless of carbide transformations (Figs. 4
and 5).

According to Thermo-Calc calculations, MC car-
bides contain a substantial amount of Cr until reach-
ing a tempering temperature of 280°C (Fig. 4a). With
a further increase in the temperature, Cr is substituted
by Nb and Ti. However, a study of carbon replicas
revealed that MC carbonitrides mainly contain Nb
and Ti with a Nb/Ti ratio of about 1.5 until reaching a
temperature of 280°C, while the Cr content in these
particles is less than 10 at % (Fig. 4b). With an increase
in the tempering temperature from 200 to 500°C, the
Nb/Ti ratio in carbonitrides MC decreases from 1.5 to
1.0 (Fig. 4b).

At tempering temperatures of < 400°C, the calcu-
lated equilibrium chemical composition of cementite
is dominated by Fe (Fig. 4c). At 500°C, the content of
Mn and Cr in the cementite phase increases (Fig. 4c).
Moreover, the Fe/Z(Cr + Mn) ratio is 3.3. Only tran-
sition carbide particles were found in the steel struc-
ture at tempering temperatures of <400°C, which indi-
cates that the precipitation of more stable Fe;C with
the Si content close to 0 is impossible at this tempering
temperature [9]. The thermodynamically equilibrium
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Fig. 4. Chemical compositions of (a, b) MC and (c, d) M5C/M,C carbide particles according to (a, c) calculations in the
Thermo-Calc software package and (b, d) experimentally determined from the results of analyses of carbon replicas. In figure
parts (b) and (d), the fractions of atoms of given metal elements with respect to the sum of the atoms of all carbide-forming metal

elements in steel are given.

chemical composition of cementite particles at tem-
pering temperatures of 280—400°C correlates well with
the experimentally determined composition of n-car-
bide particles, with the exception of the Si content.
This indicates that the formation of cementite parti-
cles with a more equilibrium composition is possible
only under the condition of diffusion outflow of Si from
the nucleating particles of this phase. That is, only tran-
sition M-carbide can be precipitated during low tem-
perature tempering, since its formation does not require
redistribution of Si. The formation of cementite in a
steel containing 1.77 wt % Si can not be achieved under
conditions of low temperature tempering [9].

The technique used for the preparation of carbon
replicas from the etched surface of steel samples did
not allow us to extract cementite particles after tem-
pering at 500°C. Therefore, only the chemical compo-
sition of m-carbide particles is shown in Fig. 4d. The
elemental analysis of n-carbide particles on extraction
replicas (Fig. 4d) showed that the content of metal ele-
ments in these particles approximately corresponds to
the chemical composition of the studied steel. Hence,
transition carbide can be formed without considerable
redistribution of substitution elements in the marten-
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sitic matrix, which facilitates its precipitation during
low temperature tempering. It is possible that carbon
clusters in the martensitic matrix serve as nucleation
sites for mn-carbide [28]. At the same time, the forma-
tion of particles of other carbides, such as M,;Cq,
M,C;, and M¢C, was not detected at the studied tem-
pering temperatures.

A schematic representation of the evolution of car-
bide particles with an increase in the tempering tem-
perature is shown in Fig. 5. After quenching, small
NbLC particles are present in the martensitic matrix,
and lamellar n-Fe,C particles are located in separate
blocks (Fig. 5a). The low temperature tempering leads
to the precipitation of transition n-Fe,C carbide parti-
cles throughout the entire volume of steel and to the
increases of their length and aspect ratio. The partial
decomposition of martensite has no effect on the
structural characteristics of this phase (see Fig. 5b and
Table 3). All carbide particles formed during low tem-
perature tempering are located inside martensite laths
(Fig. 5b). The tempering at 500°C leads to complete
decomposition of martensite through the precipitation
of cementite along the boundaries of laths and blocks.
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Fig. 5. Schematic representation of carbides in the studied
steel subjected to (a) quenching and (b, ¢) tempering at
temperatures of (b) 200—400 and (c) 500°C.

According to the Thermo-Calc calculation data,
ferrite in a thermodynamic equilibrium with carbides
contains about 0.0004 wt % C. Only NbC carbide par-
ticles remain inside the martensite laths. The tem-
pered troostite structure is formed [36, 37].

Thus, the fundamental difference between steels
with a Si content of less than 0.5 wt % and more than
1.5 wt % is the presence of clearly temperature regions
of existence of transition carbides and cementite in the
former. That is, the low temperature tempering and
medium temperature tempering processes in this steel
differ from each other mainly in the precipitated car-
bides, while the structural characteristics differ slightly
(Table 3).

Mechanical Properties

The o—¢ engineering curves obtained under ten-
sion are shown in Fig. 6a. At tempering temperatures
of <280°C, the intense strain hardening immediately
follows the onset of plastic flow and the ultimate ten-
sile strength is achieved at strain rates of < 5%. At
Tiemp < 400°C, an increase in the tempering tempera-
ture leads to a decrease in the degree of deformation at
which the ultimate tensile strength is achieved. This
effect of tempering temperature is usually correlated
with an increase in the specific volume of dispersed
particles located in the martensitic matrix. At a tem-
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Fig. 6. (a) Deformation curves and (b) the dependences of
the load on the move of the pendulum, which are obtained
during impact tests of the steel after the Q&T processing.

pering temperature of 500°C, the stage of strain hard-
ening becomes longer, the magnitude of strain hard-
ening decreases, and the onset of neck formation shifts
toward higher degrees of deformation. This type of 6—
€ curves is typical of the deformation accompanied by
the movement of dislocations along martensitic laths
[36, 38] when dispersion strengthening is provided by
chains of carbides located along the boundaries of
laths and blocks.

At Tiemp < 280°C, the (value of) yield strength

increases because of increasing the contribution of dis-
persion strengthening. It should be noted that the steel
is in a highly plastic state after quenching (Table 4),
which confirms the redistribution of carbon from the
martensitic matrix into the Cottrell atmospheres
during cooling in the quenching process [8, 33]. An
increase in the tempering temperature above 280°C
leads to a decrease in both the yield strength and ulti-
mate strength values (Table 4). This is associated with
an increase in the degree of martensite decomposition
and the enlargement of transition mn-carbide particles
at 400°C and with the complete decomposition of
martensite and the replacement of mn-carbides with
grain boundary chains of cementite at 5S00°C. The dif-
ference between the ultimate tensile and yield strength
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Table 4. Mechanical properties of the studied steel after the Q&T processing

Q&T Yield strength, MPa Ultimate tensile strength, MPa Total elongation, %
Quenching 1280 1870 7.5
Tempering 200°C 1430 1870 9.0
Tempering 280°C 1490 1800 8.0
Tempering 400°C 1420 1640 7.5
Tempering 500°C 1160 1300 10.5

Table 5. Mechanical characteristics and proportions of various zones on the fracture surface of the steel samples after impact
tests performed at room temperature after quenching and tempering

Impact toughness, Proportion of the. P.rop.or.tilon of the fracture-
Q&T 1 fem? Py, kKN lateral zone of ductile | inhibition zone of crack
fracture, % propagation, %
Quenching 17 18 3.6 1.0
Tempering 200°C 31 28 8.6 1.7
Tempering 280°C 35 29 13.8 4.7
Tempering 400°C 22 23 5.6 1.8
Tempering 500°C 37 29 14.2 5.7

values decreased by 70% from 440 to 140 MPa when
the tempering temperature increased from 200 to
500°C, which indicates that transition carbide parti-
cles located in the matrix contribute to the accumula-
tion of dislocations during tension to a greater extent
than grain boundary carbide particles. With an
increase in the tempering temperature above 280°C,
the relative elongation increases by 30% (Table 4).
These data indicate that the studied steel can be certi-
fied as a high strength steel with transition carbides. It
is superior in strength and ductility to steel AIS14340
and is slightly inferior to aviation steel 300M, which is
the main high strength steel (Table 1). Tempering
leads to an almost twofold increase in the impact
toughness of the studied steel (Table 5). It should be
noted that the impact toughness of the Fe—0.34C steel
after tempering is higher than that of steels AIS14340
and 300M (Table 1). The resulting microstructure of
the studied steel with a low carbon content made it pos-
sible to achieve high impact toughness combined with
high strength parameters despite the absence of Ni.

Irreversible tempering-induced brittleness, which
manifests itself in the Fe—0.34C steel after tempering
at a temperature of 400°C, is usually associated either
with the formation of cementite films at the retained
austenite/martensite interfaces or with the formation
of elongated cementite along the boundaries of laths
and blocks [6, 8]. The formation of cementite was not
detected at tempering temperatures of <400°C in the
studied steel, in contrast to steel AISI4340, in which a
large amount of cementite is observed after tempering
at 350°C [39]. Irreversible tempering-related brittle-
ness in high strength low alloyed steels with transition
carbides may be caused by an increase in the effective
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grain size for brittle fracture. The effective grain size is
taken to be the distance between the boundaries,
within which the crack does not substantially change
its direction. An increase in this size is associated with
the decomposition of retained austenite located along
the boundaries of blocks and/or the disappearance of
carbon segregations along the HABs [8]. As a result,
block boundaries cease to serve as an obstacle to the
propagation of chips. In addition, the coarsening of
transition mn-carbide particles reduces impact tough-
ness [8]. Suppression of the precipitation of cementite
along the boundaries due to the introduction of
1.77 wt % of Si into steel reduces the extent of decreas-
ing the impact toughness in the temperature range of
irreversible tempering-related embrittlement [8]. The
tempering of the Fe—0.34C steel at a temperature of
500°C allows one to increase the impact toughness by
almost 65% when compared to tempering at 400°C
and by a factor of almost 2 relative to the impact
toughness after quenching (Table 5), despite the for-
mation of cementite chains along the boundaries of
laths, blocks, packets, and PAGs, which is considered
the cause of tempering-induced brittleness in steels of
the AISI4340 type [6, 8, 39]. Accordingly, the forma-
tion of grain boundary cementite particles in the stud-
ied steel not only does not lead to its embrittlement,
but also provides high impact toughness and plasticity
values (see Fig. 5 and Tables 4 and 5).

Figure 6b shows the dependence of the load on the
displacement of the pendulum during impact tests.
One can see that the type of curves is the same for all
processing modes. In all load—displacement curves,
only the point of maximum load (P,,) is observed
among the four points characterizing the behavior of
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Fig. 7. (a) Effect of the test temperature on the impact
toughness and (b) the dependence of the load on the
deflection (displacement) value for the steel after temper-
ing at a temperature of 200°C.

the material during these tests [40, 41]. After reaching
the maximum load, the crack propagation stage
immediately begins. The increase in the energy spent
to initiate a crack of a critical size and the energy spent
for its propagation is accompanied by an increase in
the Py, value and leads to an increase in the impact
toughness. Low temperature tempering at 200 and
280°C increases the P,; value when compared to
quenching. A similar maximum load value is observed
after tempering at 500°C, while the P, value achieved
after tempering at 400°C is smaller (Table 5). Thus,

BORISOVA et al.

the precipitation of both transition carbides at a tem-
pering temperature of up to 280°C and cementite
chains along the boundaries of laths and blocks pro-
vides a relatively high critical length of a crack that is
capable of propagation.

It should be noted that it is difficult to understand
the nature of destruction from the results of dynamic
mechanical tests, since the curves do not contain the
Pg point, which is associated with the transition from
stable to unstable crack propagation. In addition, the
slope of the load—displacement curve to the right of
the P,; point indicates that a significant amount of
energy is spent on crack propagation, which is not typ-
ical of unstable crack propagation [40, 41]. Given that
the displacement of the pendulum is much less than
the thickness of the sample, accelerated crack propa-
gation occurs.

The ductile—brittle transition (DBT) was studied
on steel samples tempered at a temperature of 200°C
(Fig. 7). The weak influence of the test temperature in
the range of 7> —80°C on the impact toughness is a
feature of the steel with transition carbides (Table 6).

An increase in the test temperature from —80°C to
100°C leads to an increase in the impact toughness by
56% (Table 6), which is associated with an increase in
the Py value (Fig. 7b). Moreover, the impact tough-
ness of the steel at a test temperature of —80°C does
not fall below 20 J/cm? (Table 6). This value is consid-
ered sufficient to stop the propagation of a crack under
dynamic loading and approximately corresponds to
the conventional boundary of the transition from duc-
tile to brittle fracture [41]. That is, the impact tough-
ness of the studied high strength steel with transition
carbides is hardly sensitive to operating temperatures.

The DBT temperature defined as the temperature
corresponding to 50% of the difference between the
maximum and minimum impact toughness values was
about —50°C (Fig. 7a). With a decrease in the test
temperature to —196°C, embrittlement occurs
because of decreasing the Py, value by a factor of
almost 3 with respect to the Py, value achieved during
the test run at 100°C. It should be noted that the
obtained impact toughness values are generally typical
of high strength steels with transition carbides and low
tempered martensite [7, 42].

Table 6. Mechanical characteristics and proportions of various zones on the fracture surface of samples tempered at 200°C

and subjected to impact tests

Temperature
Parameters
100°C 20°C —40°C | —80°C | —196°C

Impact toughness, J/cm? 36 31 29 23 9
Py, kKN 33 28 27 19 11
Proportion of the lateral zone of ductile fracture, % 19.6 8.6 11.9 4.2 0.3
Proportion of the fracture-inhibition zone of crack propagation, % 11.9 1.7 2.1 1.0 0.8
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Fig. 8. SEM images of the fracture surface of samples after impact tests performed at room temperature after (a) quenching and
(b—e) tempering at temperatures of (b) 200, (c) 280, (d) 400, and (e) 500°C. Figure parts (al—el) correspond to crack propaga-
tion zones, parts (a2—e?2) correspond to the rupture zones, and parts (a3—e3) correspond to zones of destruction by a shear

mechanism.

Figure 8 shows the fracture surface images of the
studied steel samples after impact toughness tests per-
formed at room temperature.

Three fracture regions can be distinguished in
Figs. 8a—8e. These are central zone 1 in which a crack
mainly propagates by the quasi-cleavage mechanism
characteristic of steels with a packet martensite struc-
ture [6, 8—11, 41] (corresponds to parts al, bl, cl, dl,
and el in Fig. 8), fracture zone 2 with inhibited prop-
agation of the main crack [20, 22, 40, 41] (corresponds
to parts a2, b2, ¢2, d2, and e2 in Fig. 8), and lateral
zone 3 of ductile fracture characteristic of low alloyed
steels with a strength above 1200 MPa [20, 22] (corre-
sponds to parts a3, b3, c3, d3, and e3 in Fig. 8). After
hardening, the areas of zones 2 and 3 are reduced.
Accordingly, the contribution of ductile fracture to
impact toughness is insignificant. Small dimples are
observed only on some detachment ridges (Fig. 8al).
Impact toughness is determined by the mechanism of
quasi-cleavage fracture during crack propagation (see
Table 5 and Fig. 8a). The cleavage occurring typically
within blocks and, in rare cases, in the whole packet is
a feature of the mechanism of propagation of the main
crack (Fig. 8al). Low temperature tempering leads to
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an increase in the proportion of ductile fracture both
due to increases in the areas of zones 2 and 3 (Table 5)
and due to an increase in the proportion of ductile
fracture in zone 1 (Figs. 8b and 8c). Tempering at
400°C reduces the proportion of ductile fracture (see
Table 5 and Fig. 8d). This change may be associated
with an increase in the effective grain size during brit-
tle fracture due to increases in the particle size and in
the volume fraction of transition carbides [8, 43, 44].

Tempering at 500°C increases the proportion of
ductile fracture both due to increases in the areas of
zones 2 and 3, and due to the appearance of tear-asso-
ciated dimples on the ridges around most of the packets
(Fig. 8e). Simultaneously, cleavage occurs within indi-
vidual blocks (Fig. 8e1). However, cleavage within indi-
vidual packets predominates (Fig. 8e1). Crack propaga-
tion in the steel undergone tempering at 400 and 500°C
occurs along individual boundaries of packets and
PAGs and does not completely cover these structural
elements of martensite (Figs. 8d1 and 8el).

Impact tests of steel samples after tempering at
200°C showed that a decrease in the impact toughness
with decreasing test temperature is associated with a
decrease in the proportion of ductile fracture both due
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Fig. 9. SEM images of the fracture surface of samples of the studied steel tempered at a temperature of 200°C after impact tests
performed at temperatures of (a) 100, (b) —40, (c) —80, and (d) —196°C. Figure parts (al—d1) correspond to crack propagation
zones, parts (a2—d2) correspond to the rupture zones, and parts (a3—d3) correspond to zones of destruction by a shear mecha-

nism.

to decreases in the areas of zones 2 and 3 (see Table 6
and Fig. 9) and due to a decrease in the area of ductile
fracture in zone 1 (Figs. 9al—cl).

At —80°C, intergranular brittle fracture is detected
around individual packets and PAGs, as well as quasi-
cleavage within some packets (Fig. 9c1). At —196°C,
no ductile fracture was observed in the zone of critical
crack propagation even on the ridges of separation
(Fig. 9d1), and the areas of zones 2 and 3 were negli-
gibly small.

CONCLUSIONS

The mechanical properties, microstructure, and
distribution of carbide particles in the Fe—0.34C
medium carbon steel after Q&T are studied. The fol-
lowing conclusions are drawn.

(1) After austenitization at 900°C and quenching,
lath martensite inherits the boundaries of the prior
austenite grain with a size of 23 um and includes pack-
ets, blocks, and laths. The size of the packets and the
width of the blocks and laths in this state are 6.2 and
0.53 um, and 209 nm, respectively. The dislocation

PHYSICS OF METALS AND METALLOGRAPHY Vol 124

number density calculated by analyzing the EBSD
patterns is high and equals 9.4 x 10'* m~2. There are
Nb(C,N) carbide particles and a small amount of
transition n-carbide particles precipitated during self-
tempering inside the laths.

(2) During low-temperature tempering (up to
400°C), transition n-carbide particles are precipitated.
Their average size and specific volume increase with
an increase in the tempering temperature. Medium
temperature tempering at a temperature of 500°C
leads to the formation of cementite particles in the
form of chains along the lath and block boundaries.
This process is accompanied by complete dissolution
of transition n-carbides.

(3) The increase of the vyield strength from
1230 MPa in the quenched state to 1490 MPa after
tempering at 280°C is associated with the precipitation
of n-carbide particles. A total elongation of about 8%
and a ultimate tensile strength of about 1800 MPa
hardly depend on the low temperature tempering tem-
perature. The tempering at 400°C leads to a decrease
in the strength and ductility. After tempering at 500°C,
the yield strength decreases to 1160 M Pa, and the ulti-
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mate tensile strength decreases to 1300 MPa with an
increase in the elongation to about 10%.

(4) The impact toughness increases from 17 J/cm?
after quenching to 37 J/cm? after tempering at 280°C.
An increasing in the tempering temperature from 280
to 400°C leads to a decrease in the impact toughness
from 37 to 22 J/cm?. The complete decomposition of
martensite at 500°C increases the impact toughness.

(5) The DBT temperature of the studied steel after
tempering at 200°C is about —50°C. The decrease of
the impact toughness in the range of test temperatures
from —80 to —196°C is associated with a decrease in
the proportion of ductile fracture and the development
of intergranular brittle fracture. In the temperature
range from —80 to +100°C, the material has accept-
able impact toughness. The weak temperature depen-
dence of the impact toughness was observed.

(6) The studied Fe—0.34C steel can be certified as
a high strength steel with transition carbides. It is
superior in strength, ductility, and toughness to steel
AISI4340 and nearly corresponds to that of the steel
300M considered the main high strength aviation
steel.
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