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Abstract: The microstructure of the low carbon Cr-Ni steel after slow cooling from austenization temperature represents a
mix of granulated bainite with islands from carbon-rich martensite and carbon-poor austenite. After quick cooling
throwing in salt bath from austenization temperature the microstructure is lath bainite. However, in the same
treatment conditions, the microstructure of the low carbon Cr-Ni-W steel is different - clusters consist from lath
ferrite and retained austenite, disposed in the frame of parent’s austenite grains. The cooling velocity has no
effect upon the structure making. The impact toughness of the steel with tungsten content is bigger than the steel
without tungsten.
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1.

Introduction

The necessity to decrease to minimum damages and
losses in machine constructions caused from cracks in
them is the reason to study the phenomenon related to
engineering equipment destroying. The requirements to
the metal, from which the high loaded constructions are
being built, become higher and higher. The work loads
and temperatures increase incessantly, the radiation and
corrosion actions upon metal constructions are expanding,
which is the reason cracks to arise and to disrupt the
metal entity. Therefore, in order, to evaluate the real
construction reliability it is necessary to analyze and
study the metal resistance against the already running
∗
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aroused cracks, in other words - to examine the metal
crash resistance or the impact resistance.
The obtainment of an unique complex of strength,
plasticity, hardness, weld ability, which guarantees high
toughness and crack resistance is an art - there is a
necessity of developing new technologies and steels [1],
which structures then to be bainite.
The influence of the tungsten in high alloy steels is well
known, especially the action of tungsten carbides upon
the hardness and wear steel resistance [1] (and many
others), but the bibliographic data on the influence of
small tungsten quantities upon mechanical properties of
low carbon steels are significantly small in quantity.
For example, small tungsten content and tungsten
carbides (MWC) in low carbon Ni-Mo, Ni-Mo-W steels
lead to increasing of the hardness and to wearing the
resistance [2]. Other authors [3, 7] specify that the

T. B. Avdjieva, G. G. Tsutsumanova, S. N. Russev and K. G. Staevski

1.1.

Materials for investigations

The materials used for this experimental work are lowcarbon Cr-Ni and Cr- Ni-W steels with the chemical
composition shown in Table 1.

2. Heat treatment regimes and
Methods of Investigations
2.1.

Figure 1.

Scheme of heat treatment of the steels.

cooling after austenization before austempering of the
3Cr1.5Mo0.25VO.l steel with different velocity is the
reason for the generation of structures different from
the typical bainite structures. These structures are
a precondition for different material toughness. The
increasing of the tungsten quantity from 2 to 3% in the
same steels after tempering at 750◦ C after austempering
increase the radiation material resistance.
Acicular bainite can be found in 3Cr-3WV and 3Cr-3WV
(Ta) steels after normalization, which is the reason for
increasing the toughness KIC with ≈10% [4]. On the
other side, the adding of 1% W in 3Cr-2WV steel does
not change the impact toughness of a material [5].
The influence of the cooling velocity upon the structure
making in 18Cr2Ni4MA steel after austempering is the
object of the investigation in [6]. The step [gradual] cooling
leads to the formation of granular bainite with mixed
martensite-bainite structure.
The absence of enough information about the structure
making and the crack resistance of low carbon steel
with carbide forming elements in their composition after
austempering is the reason for this investigation. The
object of the experiments is to study the tungsten influence
as alloy element in low carbon Cr-Ni steel upon the
microstructure characteristics and impact toughness after
austempering and after cooling with different velocity after
austenization.

Heat treatment regimes

The steel samples are austenitized at 860◦ C for 30 min,
then some of the specimens are left cooling in air, and
some are immediately put in salt bath. Subsequently the
structure is obtained in a salt bath (KNO3 /NaNO3 , 1:1)
at temperatures between 313◦ C and 316◦ C and times from
120 minutes. It is found that the carbides could not be
completely dissolved during the austenitization due to the
presence of stronger carbide forming elements like Cr, Mo
and Ti, as the same problem is shown in [8]. The scheme
of heat treatment is shown in Figure 1. The cooling after
austempering is in air for all specimens.
The choice of the austenization temperature of the alloy
steels with carbide formed elements together with non
carbide formed elements as silicon, even though in
small quantity, is made taking into consideration the
temperature influence upon the structure changes, as
the alloy elements chrome, tungsten, vanadium affect at
different manner the growing of the austenite grain. This
is due to the specific way of austenitic grain forming in
alloy steel with pearlite-ferrite structure, which contains
elements, dissolved in ferrite matrix and formed carbides.
This phenomenon has not been extensively explored
yet [9]. As the target of the heat treatments is to obtain
structures in the temperature interval upper-lower bainite,
the temperatures of martensite and bainite beginning are
calculated [9] according to formulas (1) and (2). On the
base of these calculations the austempering temperature
of 313◦ C is chosen:

Ms = 764.2 − 302.6%C − 30.6%Mn − 16.6%Ni − 8.9%Cr
+ 2.4%Mo − 11.3%Cu + 8.5%Co + 7.4%W − 14.5%Si
= 280◦ C
(1)
Bs = 830 − 270%C − 90%Mn − 3%Ni − 70%Cr − 83%Mo
= 303◦ C
(2)
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Table 1.

Chemical composition of the used materials (wt.%).

Element.
Cr

Ni

Si

Mn

Mo

W

Cu

Ti

S

P

18Cr2Ni4A 0.20

wt. %

C

1.64

4.55

0.27

0.43

0.06

0.002

0.15

0.01

0.01

0.020

18CrNi4WA 0.18

1.64

4.10

0.27

0.44

0.06

1.11

0.19

0.01

0.01

0.020

(a)

(b)

(c)

(d)

Figure 2.

2.2.

Microstructure of 18CrNi4A (a), (c) and 18Cr2Ni4WA (b,) (d); (a), (b) - immediately cooling; (c), (d) - air cooling.

Experimental procedures

The received structures are observed by means of light
optical microscopy, scanning electron microscopy SEM
(Czech Focused ion beam equipped SEM Lyra, Tescan
with Quantax EDS detector - Bruker) and transmission
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electron microscopy (TEM). The observations are carried
out on steel samples (18Cr2Ni4WA and 18Cr2Ni4A)
etched with 3% HNO3 . The fracture surfaces are observed
using the Lyra tesscan microscopy type SEM analyzing
microscope.
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Figure 3.

Structure of lath bainite (× 45 000).

Figure 4.

Schematic representation of bainite laths in the frame of
the parent austenite grain.

MicroVicker’s hardness evaluation is carried out on all the
samples at 50 g load. The Rockwell hardness is carried
out on all the samples. Impact toughness is measured
at temperature: +20◦ C, samples of material (10×10×55)
with V notch after heat treatment. At the base of the
notch is cut a crack with 1 mm depth by erosion fibber
with diameter 0.2 mm.

3.

Obtained results

3.1.

Microstructure

The microstructure of the investigated steels, revealed
by etching with 3% nital, shown in Figure 3, indicates
that these are not the typical bainitic steel structures:
granulated bainite in 18CrNi4A steel after slow (air)
cooling (Figure 3c) and different granulated bainite
after quick cooling-immediately dipping in salt bath
(Figure 3a); bainitic laths structure in 18Cr2Ni4WA steel
(Figure 3b and d), not influenced by the cooling velocity.
A significant difference is noticed in microstructure of
two steels, treated at the same treatment regime. The
steel structure with 1.11% tungsten contents represents
clusters with parallel laths of bainitic ferrite and retained
austenite (Figure 2b and d). Each lath is originated at
the ex-austenite grain boundary. A single cluster grows
up till crossing of other clusters and does not reach the
opposite boundary of the ex-austenite grain. The clusters
lay under angle each other, but this angle is not well
defined. Schematically this structure may be drawn in
the manner, shown at Figure 4. In cross section the laths
have tape character, and in a longitudinal direction are as
a leave (Figure 3).
Morphological features of the bainitic laths exhibited
in microphotographs-at the largest magnification-indicate
that the lower bainite prevails in this type of
microstructure (Figure 5b).
In the granular bainite
there are areas rich and areas poor areas in carbon
concentration. The structure is a mixed one and consists
of bainitic ferrite, martensite and retained austenite
(Figure 5a).
The clusters in the steel with tungsten consist of
parallel carbon reach ferrite and austenite laths and some
martensite. The light laths (ferrite) are relatively largerapproximately with 0.89 µm for the fast cooling specimens
and 185 µm in air cooling specimens. The sizes of the dark
(austenite) laths are 0.78 µm for the fast cooling specimens
and 1.72 µm in air cooling specimens (Figure 6b and
c). Probably, the slower cooling is a precondition for
the easily growing of the laths, because of the greater
difference in the free phase energy. The granular bainite
sizes are difficult to measure (Figure 6a). The light
spots are between 0.35-0.55 µm, and the dark spots 0.60-0.90 µm.
Formation of carbides at the parent’s austenite grain
boundary is not found out. The same austenite boundaries
are seen with difficulty at the two steels. Groups of
carbides are found inside the ferrite laths in the acicular
bainite structure (Figure 7a), the forms of which were
more acicular (may be cementite carbides-parallel one to
another, being situated under a small angle toward the
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(a)

Figure 5.

(a)

(b)

Microstructure at the largest magnification: (a) granular bainite, (b) acicular bainite.

(b)

(c)

Figure 6.
488

Sizes of micro structural elements: (a) 18Cr2Ni4A - granulated steel, (b) 18Cr2Ni4WA - air cooling, (c) 18Cr2Ni4WA - immediately
cooling.
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(a)

(b)

Figure 7.

Carbide precipitations in the 18Cr2Ni4WA steel in different magnification.

ferrite laths). The rotund carbides are found out in the
steel with tungsten (Figure 7b and Figure 8) (may be
complex chromium-tungsten M3C and M7C3 or M23C6
carbides, which are the primary precipitates, as this is
found out for the 2.25Cr steels [11]. Carbide formations in
the granulated structure are impossible to be found out.

3.2.

Hardness and impact toughness

Microstructural analysis indicates that the reason for the
inferior impact toughness of the 18Cr2Ni4A is the granular
bainite-27.07 J/cm2 (Figure 3a), 26.6 J/cm2 (Figure 3c).
Properties are improved by developing an acicular
bainite microstructure in steel 18Cr2Ni4WA-43.4 J/cm2
(Figure 3b) and 38 J/cm2 (Figure 3d). Alternatively,
acicular bainite can be promoted by increasing the
hardenability-HRC 37, versus HRC 40.5 in granular
bainite. Hardenability is changed by adding small
amounts of tungsten to the 18Cr2Ni4WA composition and
by the respective heat treatment.

3.3.

Micro hardness

No significant difference in micro hardness of the two
steels is found out. The micro hardness of the dark spots in
acicular bainite is in the limits 590 HµV50-610 HµV50,
and that of the light spots-580 HµV-HµV50 590. The
micro hardness in the granular bainite was HµV 590.

3.4.

Fractography

The fracture surface of the impact test specimens is
examined through chez scan electron microscope. The
crack in fracture surface of steel 18Cr2Ni4A is initiated
at the bottom of the notch and is run perpendicular of the
notch line. There is not similar structure in the fracture
surface in steel 18Cr2Ni4WA. The surface is more in relief
with more bulge and more concave zones.
The impact specimens with a mixed bainitic-martensitic
structure have a dimpled intergranular fracture free from
brittle facets (Figure 9a). As already determined [11],
since it has a lower strength than martensite, the bainite
fails earlier in the shear mode with the formation of
relatively large shear "lips".
The fracture toughness results and microscopic
observations of the fractured surfaces indicate that
the addition of tungsten could improve the fracture
toughness of the low carbon Cr-Ni steel.
Typical lath bainite fracture surfaces are illustrated on
Figure 9b and Figure 9c. Fracture surface shows even
dimple character and the average dimple diameter equals
10 µm-34 µm. The fracture surfaces have a cleavage
feature and the inter granular fractures are not observed.
The average dimension of fracture facets corresponds to
the primary austenite grain sizes -19-32 µm.
The energy of rupture (impact toughness) is improved
a little for steel with a lath bainite structure, mixed
martensite/bainite structure and the steel is softened a
little. Since a decrease in strength is usually accompanied
by some increase in toughness and ductility, the mixed
martensitic-bainitic structure produced by small cooling
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(a)

(b)

Figure 8.

Transmission electron microscope structure: (a) in steel 18Cr2Ni4A, (b) in steel 18Cr2Ni4WA

(b)

(a)

Figure 9.

Fracture at surface of Charpy V-notch specimens 20◦ C: fracture containing bainitic-martensitic structure (a), (b).

velocity from austenization temperature was with smaller
energy of rupture than lath bainite.

ensures higher crack resistance in comparison with the
granular bainite-martensite structure.

4.

5.

Discussion

Two microstructures being formed by cooling with different
velocity is compared - martensite/austenite and bainite
structure being granular bainite structure and lath
bainite structure. Acicular ferrite laths are nucleated
inter granularly in the parent austenite grains. The
laths are realized without diffusion process, by displace
mechanism showing chaotic configuration in clusters. The
martensitic-bainitic structure with granular bainite has
a lowered strength and satisfactory ductility than the
lath bainite structure. The lath bainitic-ferrite structure
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Conclusions

Based on the performed investigations the following
conclusions can be drawn:
1. Regardless of the cooling velocity and tungsten
content in the low carbon Cr-Ni steel, the
lath bainitic-ferrite structure ensures higher crack
resistance in comparison to the granular bainitemartensite structure.
2. The investigated steels are characterized by a
similar hardness level, and there is only a slight

T. B. Avdjieva, G. G. Tsutsumanova, S. N. Russev and K. G. Staevski

hardness decrease with a cooling velocity after
austenization.
3. The 18Cr2Ni4WA steel after the isothermal heat
treatment has very good fracture resistance and
a sufficient hardness. Its microstructure is lath
lower bainite after fast cooling from austenization
temperature. The structure of the same steel after
slow cooling is bainite too, but with bigger size of
the structure elements.
4. The globular bainite structure will lower the
toughness of the steel.
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