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STAINLESS STEELS
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STAINLESS HIGH-STRENGTH SPARINGLY ALLOYED STEEL
FOR OPERATION IN AGGRESSIVE ENVIRONMENTS
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Formation of structure and properties is analyzed in a number of stainless high-strength steels used in oil pro-
duction for shafts of submerged centrifugal electric pumps. The factors elevating the cuttability and corrosion
resistance of sparingly alloyed steel 14Cr17Ni2NV are determined.
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INTRODUCTION

Formation liquid, which consists of water, oil, and che-
mical and mechanical admixtures, is pumped-off from oil
wells with the help of drowned motorized centrifugal pumps
[1]. The most loaded part of such a pump unit is the shaft ex-
posed to a pulsed action of torsional and bending moments in
aggressive environments. The choice of the material for the
shaft is determined considerably by the operating conditions
of the pump and the reliability of the unit on the whole. Li-
quids with high corrosion activity are pumped by centrifugal
pumps, the critical parts of which are produced from corro-
sion-resistant materials.

The corrosion resistance and the mechanical properties
of stainless steels are determined by their chemical composi-
tion, structure and regime of heat treatment [2, 3]. Since a
passive condition of the surface is created by a protective
film of chromium oxides, the main alloying element of
which is chromium, its minimum content for providing cor-
rosion resistance is 12% [4, 5]. Nickel plays an important
role in formation of properties. The presence of nickel in the
chemical composition increases the ductility and toughness
of the steel but also raises substantially its cost.

' M. N. Mikheev Institute for Metal Physics of the Ural Branch of
the Russian Academy of Sciences, Ekaterinburg, Russia (e-mail:
labmet@imp.uran.ru).

2 Ural Institute of Metals,
uim@ural.ru).

Ekaterinburg, Russia (e-mail:

18

Imported chromium-nickel steel 03Cr14Ni7W has long
been preferred for making shafts of drowned pumps, but to-
day its operating properties to not meet the stringent require-
ments on the pipe equipment used in wells with hard operat-
ing conditions. This requires optimization of the chemical
compositions of such steels for elevating their operating
characteristics. Ferrite-forming (aluminum, molybdenum,
vanadium, titanium) and austenite-forming (nitrogen, man-
ganese, copper) elements may be introduced into the steels or
this purpose. However, the choice of the alloying system is
based not only on the operating conditions but also on the
possibilities of the metallurgical production, i.e., availability
of the alloying elements and of the appropriate facilities for
melting, rolling, and heat treatment.

The efficiency of alloying of stainless chromium-nickel
steels of the ferritic-martensitic class with vanadium be-
comes evident when we compare the mechanical characteris-
tics of two steels, i.e., 14Cr17Ni2 and 13Cr14Ni3V. The
steels have the same ductility but the strength characteristics
of the vanadium-containing steel after quenching and high
tempering are 1.5 times higher and the impact toughness is
twice higher [6, 7]. Numerous studies of Russian and foreign
researchers have shown that joint introduction of vanadium
and nitrogen raises the strength level of structural steels both
in hot-rolled and normalized conditions and after quenching
and tempering [8, 9]. These facts have been allowed for in
the development of a novel steel 14Cr17Ni2NV, which has
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TABLE 1. Chemical Compositions of the Steels Studied
Content of elements, wt.%
Steel

C Mn Si Cr Ni P S N \Y% W% Cu
03Cr14Ni7W 0.03 1.00 0.80 14.00 7.00 0.025 0.020 - - 1.0 -
14Cr17Ni2NV 0.14 0.63 0.58 17.28 2.24 0.029 0.014 0.04 0.10 - 0.2
TABLE 2. Modes of Heat Treatment and Mechanical Properties of the Steels Studied

Steel Heat treatment G(,, MPa G,., MPa 3, % v, % KCU, MJ/m?

03Cr14Ni7W Heating to 800°C, air cooling, tempering at 650°C 900 1080 17 58 1.18
14Cr17Ni2NV  Heating to 1050°C, air cooling, tempering at 670°C 880 950 14 59 0.81

been tested successfully in the production of shafts of
drowned pumps.

The aim of the present work was to perform a compara-
tive analysis of the structural state of steel 03Cr14Ni7W used
traditionally for critical parts of pump facilities and of a
novel steel 14Cr17Ni2NV sparingly alloyed with nickel and
to determine the factors providing the elevated process and
special properties of steel 14Cr1 7Ni2NV.

METHODS OF STUDY

The studied steels had chemical compositions presented
in Table 1. Ingots with a mass of 5 tons were melted in arc
electric furnaces. The metal was deoxidized with lump alu-
minum. During melting, steel 14Cr17Ni2NV was modified
with calcium and barium.

The process of production of bars from these steels at the
Serov Metallurgical Plant includes several operations. The
rolling for long-length bars (up to 9 m) to a diameter of
17 mm is conducted with preliminary heating to a tempera-
ture of at least 1200°C for 0.5 h. The final shape is con-
trolled, the bars are straightened and cut to length. The final
heat treatment includes quenching and tempering. The
modes of the treatment and the mechanical properties of the
steels are presented in Table 2.

We studied the structure and the phase composition of
the steels in heat treated condition. The metallographic struc-
ture was uncovered by etching in a mixture of hydrochloric
and nitric acids in 3 : 1 proportion. To observe the structure,
we used a “QUANTA-200" scanning electron microscope
with an x-ray microanalyzer. The fine structure of the steels
was studied by transmission electron microscopy using a
JEM-200CX microscope for the electron diffraction analysis.
The x-ray diffraction analysis was performed with the help of
a DRON-UMI diffractometer in copper radiation with
monochromator at a voltage of 30kV and a current of
20 mA. The diffraction patterns were obtained in a step mode

with angle 26 = 0.02° and 10-sec pulse duration.

The studies were performed at the collective use “Test
Center for Nanotechnologies and Perspective Materials” of
the M. N. Mikheev Institute for Metal Physics of the Ural
Branch of the Russian Academy of Sciences.

RESULTS AND DISCUSSION

Quantitative proportion of chromium and nickel places
steel 03Kh14N7W into the two-phase martensite-austenite
range [10]. By the data of the x-ray diffraction analysis, the
content of retained austenite in the structure of the steel is
13%. The matrix of the structure of the steel after annealing
and tempering is represented by tempered martensite
(Fig. la). The “former” austenite grains with a size of
30 — 40 um contain several packs of martensite. The marten-
site crystals have a lath morphology (Fig. 2a ). Layers of re-
tained austenite are observed between martensite laths; in the
dark-background images obtained in the reflection of the
y-phase such regions are in a reflecting position (Fig. 2b).

Steel 03Kh14N7W contains precipitates of chromium
carbide with a size fluctuating in a wide range. The largest
particles (0.2 — 0.5 um) are observed in the images obtained
under the scanning electron microscope (Fig. la). Transmis-
sion electron microscopy of thin foils has made it possible to
detect precipitates of fine dispersed carbides of type Cr,;Cq
with a maximum size of 20 — 40 nm (Fig. 2c and d).

The content of chromium in the chemical composition of
steel 14Cr17Ni2NV has been increased from 14.0 to
17.28 wt.%; the content of nickel was reduced from 7.0 to
2.24 wt.%. This places the steel into the class of ferritic
steels. The diffraction pattern contains reflections from only
one modification of iron with bcc crystal lattice. The struc-
ture has no retained austenite. The size of the ferrite grains is
10 — 20 um. The fine structure of the ferrite has a developed
subgrain pattern (Fig. 3a). The dislocation density in indi-
vidual ferrite subgrains differs. In addition to the regions free
of dislocations, we observe net and cellular dislocation sub-
structures (Fig. 36 and ¢).
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Fig. 1. Microstructure of the steels studied (SEM): @) steel 03Kh14N7W; b)) steel 14Cr17Ni2NV; dis-
tribution of chromium over the scanning line containing chromium carbide.

The chemical composition of steel 14Cr17Ni2NV im-
plies the presence of several excess phases in the structure.
The electron diffraction analysis has shown that in addition
to the matrix reflections from the crystal lattice of bce iron
(ferrite) the electron diffraction patterns bear reflections from
a fee lattice of vanadium carbonitride V(C, N) and a complex
fee lattice of chromium carbide of type Cr,;Cq. In the elec-
tron diffraction pattern presented in Fig. 3¢ we can observe
reflections (222) and (200) from vanadium carbonitride, as

well as reflection (113) from chromium carbide and reflec-
tion (110) from bcc iron, which coincides partially with
(200) V(C, N). The particles of these phases differ in size
and morphology.

Vanadium carbonitrides are nanosize precipitates; they
manifest themselves through decoration of the dislocation
substructure; at the places of their location the dislocation net
exhibits a kind of compaction from 5 to 10 nm in size
(Fig. 3b and ¢). These compactions are characterized by a

Fig. 2. Fine structure of steel 03Kh14N7W: q, c) light-background images; b ) dark-background image

in reflection (200)y of austenite; d ) dark-background image in reflection (113) of Cr,3C¢ chromium
carbide.
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(200)V(C,N)
. (110)aFe

Fig. 3. Fine structure of steel 14Cr17Ni2NV: a, b, ¢) light-background images; d ) electron diffraction

pattern.

high dislocation density. The presence of nanosize particles
of vanadium carbonitride affects the condition of the bcc ma-
trix of the steel studied. It has been shown in [11] that
tetragonal and monoclinic distortions appear in the crystal
lattice of the V(C, N) particles less than 10 nm in size, and
the structure becomes susceptible to atomic ordering with re-
spect to the interstitial atoms. Formation of such particles is
accompanied by considerable growth of the atomic volume
and gives rise to considerable local stresses.

Chromium carbides in the structure of steel 14Cr17Ni2NV
form a complex hierarchy of precipitates. In the images ob-
tained by transmission electron microscopy chromium car-
bides are represented by individual oval particles 50 —
120 nm in size. These particles seem to have formed during
tempering. The images obtained by scanning electron mi-
croscopy exhibit coarser particles up to 1 —2 pum in size,
which form discontinuous chains and border some grain
boundaries (Fig. 15). The streak arrangement of the particles
seems to be inherited from the production process and indi-
cates that the crystal structure defects that have appeared un-
der rolling become substrates for precipitation of chromium
carbides and are partially preserved in the structure under
heating. The relatively large size of particles in steel
14Cr17Ni2NV has made it possible to identify them by the
method of diffraction analysis. Scanning over the line con-
taining such particles gives maximums of the characteristic
radiation for chromium at the places of their location
(Fig. 1b).

Combination of quenching with high tempering is a tra-
ditional heat treatment for stainless chromium-nickel steels.
Let us estimate how the changes in the chemical composition
of the steels affect the efficiency of each stage of the treat-
ment with allowance for the data of the structural studies.

The temperature of heating for quenching is chosen so as
to provide maximum possible dissolution of carbides at a rel-
atively small grain size. Since steel 14Cr17Ni2NV contains
hardly soluble vanadium carbonitrides and the content of
chromium and hence of chromium carbides in it is higher
than in steel 03Kh14N7W, its quenching should be per-
formed at a considerably higher temperature (1050 and
800°C, respectively). The grain size in steel 14Cr17Ni2NV is
virtually twice smaller (10 —20 um instead of 30 — 40 pum).
The refinement of the grains is a result of the presence of va-
nadium in the composition of 14Cr17Ni2NV, which restricts
the growth of grains under heating. It should also be noted
that the presence of subgrain boundaries in ferrite, which
contribute into the growth of the yield strength in accordance
with the Hall — Petch relation, is also important for formation
of the mechanical properties of the steel.

The mode of tempering for the steels is chosen with al-
lowance for the combination of mechanical properties and
corrosion resistance. Chromium carbides of different type
can precipitate in chromium steels. With growth of the tem-
pering temperature from 400 to 700°C the stoichiometric
composition of the carbides varies in the following succes-
sion: (Fe, Cr);C, (Fe, Cr),C;, (Fe, Cr),3Cq, CrysCy [12]. At
relatively low tempering temperatures fine carbides
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Fig. 4. Fracture surfaces of steels 03Kh14N7W (@) and
14Cr17Ni2NV (b ) after impact loading.

(Fe, Cr);C and (Fe, Cr),C; precipitate and provide the best
set of strength and ductility parameters. However, the limited
diffusion processes result in inhomogeneity of the solid solu-
tion of the bee iron; the regions directly adjoining the carbide
particles are depleted of chromium and, therefore, the corro-
sion resistance after such treatment worsens. At high temper-
ing temperatures the precipitation of Cr,;C, carbides is ac-
companied by their coagulation; due to the active develop-
ment of diffusion the chromium concentration in the body of
the grains levels and the corrosion resistance of the steel in-
creases.

The results of the study of the structures show that tem-
pering of the steels at 650 — 670°C causes precipitation of
carbides of type Cr,;C; at a relatively uniform distribution of
chromium in the matrix metal. The effect of precipitation
hardening of steel 03Kh14N7W is connected with precipita-
tion of chromium carbides with a maximum size not exceed-
ing 0.2—0.5 um. We have established experimentally that
the structure of steel 14Cr17Ni2NV contains chromium car-
bides up to 1 —2 um in size and nanosize vanadium carbo-
nitrides. Reported results allow us to expect the presence of
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fine copper particles in the structure, which should also con-
tribute into elevation of the corrosion resistance [13].

The structural state of the steels after the heat treatment
provides about the same level of the yield strength, i.c.,
Gy, = 880 — 900 N/mm?. However, the difference in the na-
tures, sizes and volume fractions of the phases precipitated
under tempering determines different margins of ductility of
the steels under subsequent loading in mechanical tests. The
elongation of 17% for steel 03Kh14N7W and of 14% for
steel 14Cr17Ni2NV indicates that the latter is less suscepti-
ble to strain hardening under uniaxial tension. The energy ca-
pacity of fracture under impact loading of the steels also dif-
fers. The elevated impact toughness of steel 03Kh14N7W
(KCU=1.18 MI/m?) is a result of the ductile fracture be-
havior, which develops by the mechanism of formation and
merging of micropores (Fig. 4a). For steel 14Crl17Ni2NV
typical elements of the fracture surface are facets connected
by detachment ridges and shallow dimples (Fig. 45). The
quasi-brittle pattern of fracture limits substantially the im-
pact toughness of the steel (to KCU = 0.81 MJ/m?).

A very important operating characteristic of steels serv-
ing in aggressive environments is their corrosion resistance,
which depends on a number of factors. The capacity to resist
to hydrogen sulfide corrosion is very important. In accor-
dance with ISO 15156-3, the effect of chemical composition
on the susceptibility of steels to pitting corrosion in such en-
vironments may be evaluated in terms of parameter PREN,
which characterizes quantitatively the comparative efficiency
of alloying, i.e., PREN = (% Cr) + (3.3% Mo) + (16% N).
For steels 03Kh14N7W and 14r17Ni2NV PREN = 14 and
18% respectively; the difference in these value amounts to
28% and reflects the higher corrosion resistance of steel
14Cr17Ni2NV. In the structural aspect steel 14Cr17Ni2NV is
also preferable, because in contrast to the double-phase mar-
tensitic-austenitic steel 03Kh14N7W it does not acquire local
galvanic pairs. In addition, the protective oxide film provid-
ing a passive condition of the metal is stronger because the
quality of its surface after cutting is higher.

The special features of straining create process advan-
tages for steel 14Cr17Ni2NV under mechanical treatment in
the stage of fabrication of parts as compared to steel
03Kh14N7W. The cutting process is implemented due to
plastic deformation of a thin surface layer of the metal; in the
final stages of the deformation it breaks and forms chips
[14]. In the more brittle steel 14Cr17Ni2NV the margin of
plasticity is exhausted faster, which makes the formation of
chips easier, improves the cuttability, and provides lower sur-
face roughness. The practice of production of shafts from
this steel has shown that the cuttability of the metal has im-
proved by 15%. The susceptibility of steel 03Kh14N7W to
strain hardening creates difficulties with cutting and is re-
sponsible for intense wear of the cutting tools.
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CONCLUSIONS

We have performed a comparative analysis of the struc-
ture and phase composition of high-strength steels
03Kh14N7W and 14Cr17Ni2NV. It has been shown that in
the heat treated condition the structure of the former consists
of tempered martensite, while the structure of the latter is
represented by ferrite containing precipitates of chromium
carbides and vanadium carbonitrides.

At the same level of strength, the fracture behavior of
steel 14Cr17Ni2NV is quasi-brittle, which creates process
advantages in the stage of mechanical treatment of the sur-
face. Optimization of the chemical and phase compositions
and the high quality of the surface provided by mechanical
treatment promote elevation of the corrosion resistance of
steel 14Cr17Ni2NV.

The data of laboratory studies and the results of full-scale
tests of steel 14Cr17Ni2NV sparingly alloyed with nickel al-
low us to recommend it as a stainless high-strength material
for the production of critical highly loaded parts operating
under the conditions of aggressive environment in oil extrac-
tion facilities.

A pilot batch of precision polished rolled products has
been produced from steel 14Cr17Ni2NV at a domestic plant.
The field tests of the pumps in oil wells located in different
regions (Tataria, Bashkiria, Tyumen) have proved advan-
tages of the operation of shafts from the novel steel, i.e., 30%
prolongation of the service life and 20% growth of the resis-
tance to pitting corrosion.

The work has been performed within state assignment on
topic “Structure” (No. 01201463331) with support of Pro-
ject No. 15-15-2-16 of the Ural Branch of the Russian Aca-
demy of Sciences.
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