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EFFECT OF NITROGEN ADDITION ON PHYSICOCHEMICAL PROPERTIES
AND CORROSION RESISTANCE OF CORROSION-RESISTANT STEELS
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The physicochemical properties, hardening, and corrosion resistance of austenitic chromium-nickel steels of
type Kh18AN10 with different contents of impurities and different chromium concentrations (from the level
of impurity to 0.220%) and of chromium-nickel-manganese steel Kh18N5AG9M2 are investigated.
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INTRODUCTION

Austenitic steels of type Kh18AN10 are used widely as
corrosion-resistant, heat-resistant, and cryogenic materials
[1-28].

The complexity and the multifactor nature of the action
of nitrogen are responsible for the absence of precise criteria
for choosing its rational content and the structure to be ob-
tained for steels intended for various purposes.

Nitrogen, just like carbon, provides solid-solution hard-
ening and precipitation hardening of steels due to formation
nitrides and carbonitrides. Since the diameter of a nitrogen
atom is somewhat smaller than that of carbon, it provides
stronger solid-solution hardening and strain hardening.

Nitrides in chromium-nickel steels are finer and more
uniformly distributed than carbides, which makes it possible
to obtain high characteristics of strength, ductility and tough-
ness simultaneously.

Another effective means is grain-boundary hardening of
nitrogen steels due to precipitation of fine nitrides and carbo-
nitrides over boundaries and sub-boundaries and formation
of finer grains under heat treatment.

Stable chromium-nickel and chromium-manganese aus-
tenitic steels alloyed with nitrogen are often hardened by
cold plastic deformation and aging.

Increase in the content of N and N+ C intensifies
supersaturation of the solid solution and may enhance the ef-
fect of aging during the deformation and after it. In its turn,
this may change the processes of structure formation and
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worsen the corrosion and other special properties. Spe-
cifically, the long-term strength may be lowered as a result
of precipitation of nitrides and carbonitrides Cr,;(CN)j,
Cr,(CN). In this case it is necessary to correct the alloying in
order to preserve the properties the steel, i.e., reduce the ni-
trogen content or introduce additionally other alloying ele-
ments.

Thermomechanical treatment is also effective for nitro-
gen-containing austenitic steels if applied in a rational re-
gime. The heating temperatures in high-temperature thermo-
mechanical treatment of such steels may be higher than those
used for nitrogen-free steels [9, 10].

Alloying of a steel with nitrogen raises the resistance to
local kinds of corrosion and to intercrystalline corrosion
[4 — 8]. However, the corrosion strength is sensitive to the
structural state of the steel, and therefore it is necessary to al-
low for the specific temperatures of precipitation and disso-
lution of nitrides.

The aim of the present work was to study the effect of ni-
trogen alloying on the hardening and corrosion resistance of
austenitic chromium-nickel steel of type Kh18AN10 of dif-
ferent purity and of chromium-nickel-manganese steel
Kh18N5AGI9M2 under the conditions when nitrogen is lo-
cated in the solid solution.

METHODS OF STUDY

We studied specimens of steels of type Kh18AN10 with
0.186 and 0.220% nitrogen, of chromium-nickel-manganese
steel Kh18NSAGIM2 with 0.240% nitrogen and, for com-
parison, of steel 12Kh18N10T with chemical compositions
presented in Table 1.
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TABLE 1. Chemical Compositions of Studied Steels

L. M. Kaputkina et al.

Content of elements,” wt.%

Steel
C Cr Ni Mn Mo S P Al N
1) 12Kh18N10T 0.100 17.7 9.5 1.19 0.100 0.007 0.027 0.110 <0.010
2)Kh18AN10 (0.186% N) 0.050 18.1 9.6 0.82 <0.100 0.018 0.025 0.120 0.186
3) Kh18ANI1O0 (pure, 0.220% N)  0.007 19.1 9.3 1.42 0.012 0.004 0.002 0.035 0.220
4) Kh18N5AGIM?2 0.061 16.8 4.5 9.10 2.250 0.011 0.007 0.035 0.240

* The remainder Fe.

The steels were produced and treated preliminarily as
follows. Steel 7/ (12Kh18N10T) of commercial production
was studied in hot-rolled condition. The nitrogen-alloyed
steels were melted under laboratory conditions using blend
components of different purity. Steel 2 (Kh18AN10 with
0.186% N) was melted in an induction furnace by remelting
a commercial nitrogen-free steel of a close chemical compo-
sition with an addition of pure blend components to the re-
quired composition. Steel 3 (Kh18AN10 with 0.220% N) and
steel 4 (Kh18N5AGI9M20) were melted in a vacuum induc-
tion furnace from pure blend materials, i.e., electrolytic iron
of grade 008ZhR (steel 3) or armco iron (steel 4), electro-
lytic nickel N1, electrolytic manganese Mn998, pure chro-
mium Kh99 nitrided with ferrochrome FKhNS, and granu-
lated aluminum.

The ingots were subjected to hot forging and subsequent
hot rolling. The finishing treatment was the same for all the
steels, i.e., quenching (treatment for solid solution) from the
austenitic range from 1050°C in water.

The mechanical properties of all the steels were deter-
mined [11] by tensile tests of specimens in accordance with
the GOST 149784 Standard.

The thermal conductivity was determined in a special de-
vice in the temperature range of 20 — 100°C with the help of
a differential electrodeless thermocouple with plotting the
temperature and time dependences. One end of the specimen
was placed into boiling water with temperature 7, (i.e.,
T, = const = 100°C). The rod itself was placed into foamed
plastic to eliminate the heat exchange between the side sur-
face and the ambient. The temperature of the second end of
the rod was measured with a thermocouple by determining
the time intervals ¢ in which it attained a constant value. At
the initial moment of time the rod had a temperature 7|, then
the temperature started to grow and tended asymptotically (at

t=o0) to value 7, . The thermal diffusivity was determined
by the formula
2 -
o= 2L In LTy ,
5ty T, -T;

where T is the temperature measured on the second end of
the rod at moment £, ; L is the length of the rod.

The thermal expansion factor and the effects of the phase
transformations were determined with the help of a DIL805
dilatometer in the following test mode: heating from room
temperature to 1200°C at a rate of 5 K/sec, holding for
1 min, and cooling at a rate of 50 K/sec to 50°C.

We estimated the resistance of the steels to total, inter-
crystalline and pitting corrosion in various environments.
The tests were performed with the use a Zive MP2 electro-
chemical station.

The susceptibility to total corrosion was determined in
sea water (3% NaCl) and in an acid medium (0.5-M H,SO,),
including blasting with H,S. We determined the potentials
and the critical density of the passivation current. The test in-
volved evaluation of the free corrosion potential (£, ) by the
potentiostatic method (with 3-h hold), plotting of the pola-
rization curve from negative values of the potential (from the
cathode region) to the repassivation region (in an acid me-
dium), or to the potential of formation of steady pits (in sea
water).

The critical passivation potential (E, ) was understood as
a potential corresponding to the maximum current density in
the zone of active dissolution; the total passivation potential
(E,) was understood as a potential after which the scanning
current density decreased by no more than 1 pA/cm? (for
0.5-M H,SO,) or as a potential at which the current density
was equal to 3% of the critical one (for 0.5-M H,SO, + H,S);
the critical passivation current density 7., was determined as
the current density at the critical passivation potential, and
the current density in the passivation range i, was determined
as a minimum current density in the passivation range.

The repassivation potential was understood as a poten-
tial, the growth of which was not accompanied by decrease
in the current density; for the steels studied the threshold
value of the current density was about 5 pA/cm? (for 0.5-M
H,S0,) or 1 uA/cm? (for 0.5-M H,SO, + H,S).

The resistance to intercrystalline corrosion (ICC) was de-
termined by the method of potentiodynamic scanning ac-
cording to GOST 9.914-91 in a solution of 0.5-M H,SO, +
0.01-M KSCN. The tests consisted in plotting polarization
curves of active (from the cathode region to the anode one)
and return (from the anode region to the cathode one) stroke
for all the specimens. The ratio of the calculated total charges
of return stroke (Q,) to the charges of active stroke (Q,)
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TABLE 2. Mechanical Properties of Studied Steels

Steel G6.,MPa oy, MPa 3,% v, %
1) 12Kh18N10T 515 230 47 51
2)Kh18AN10 (0.186% N) 715 355 25 67
3) Kh18ANI10 (pure, 750 400 63 84
0.220% N)
4) Kh18SN5SAGIM2 835 545 50 72

characterized the resistance of the specimen to intercrys-
talline corrosion; if it was less than 0.11 the specimen was
assumed to be resistant to intercrystalline corrosion.

The resistance to pitting corrosion was determined ac-
cording to the GOST 9.912 — 89 Standard in terms of the
mean conventional rate of pitting corrosion. The tests con-
sisted in holding preliminarily weighed specimens in a solu-
tion of iron chloride (IIT) for 24 h and second weighing. The
loss in the mass was used to determine the mean conven-
tional rate of pitting corrosion v,, by the formula

—

"oSt’

where Am is the total loss in the mass of parallel (simulta-
neously tested) specimens (g), S is the total area of the sur-

face of the parallel specimens (m?), and ¢ is the duration of
the test (h).

RESULTS AND DISCUSSION

The strength characteristics determined earlier in [11] in-
creased upon growth in the nitrogen content in steels / — 4
and with total alloying of the steel (4, Table 2) (from 230 to
545 MPa for o), and from 515 to 835 MPa for ,); it can be
seen that the resistance to low plastic deformation o, in-
creased the most. After the tests, the specimens of steel 3
(Kh18AN10) were weakly magnetic and acquired some
strain martensite (o-martensite). The other steels remained
nonmagnetic even after tension until failure at room tempe-
rature.

All the steels had high ductility parameters under tension
(Table 2). The purest steel 3 (the least alloyed of the steels
studied and with a high nitrogen content) exhibited the high-
est ductility (6 = 63 % and y = 84%), a low strain resistance,
and medium strength values.

The thermal diffusivity of the steels of type Kh18AN10
in the temperature range of 25 — 100°C had values typical for
austenitic high-strength steels (Table 3). For example, the
thermal diffusivity of steel 3 was 3.8 mm?/sec.

Analysis of the dilatograms of heating of the nitrogen
steels shows that heating at 50 — 1200°C at a rate of about
5 K/sec may cause precipitation of excess nitrides and then
their dissolution. Precipitation may occur at a temperature of

TABLE 3. Physical Properties of Studied Steels

o
Steel p,g/em® (25— 100°C), Oféjk, ,
mm?/sec
1) 12Kh18N10T 7.920 43 17.5
2)KhISAN10 (0.186% N) 3.8 20.5
(50-300 °C)
4) Kh18N5AGIM?2 7.910 12.0 20.6
(50-300 °C)

Notations: p is the density; o is the thermal conductivity; o, is the
TCLE.

400 — 700°C, and dissolution may occur at a temperature ex-
ceeding 1000°C. This process should be controlled, because
it may affect positively the strength and negatively the ducti-
lity, to say nothing of the corrosion resistance.

The thermal expansion factor o for different temperature
ranges has a usual order of magnitude; for example, for steel 3
in the range of 50 —300°C (where precipitation of excess
phases is known to be absent) it amounts to 20.5 x 10" ¢ K1,
The mean values of thermal expansion factors for the ranges
of 50 —800°C and 50 — 1200°C are 25.3 x 10-°K~! and
31.7 x 10K~ ! respectively. The difference is connected
with the change in the phase composition, may be used for
rapid control of the processes of transformation, and should
be taken into account when evaluating the effects of size
changes. Articles from nitrogen steels after quenching should
not be heated above 300°C to keep nitrogen in the solid solu-
tion, as it has been shown earlier in [12].

The polarization curves plotted in the tests in an acid en-
vironment (as an example, we present in Fig. 1 the polariza-
tion curve for steel 2) have a smooth outcome from the ca-
thode zone into the anode one; the peak of active dissolution
is well manifested in the range from —150 to +113 mV for
steel 2, from —147 to +271 mV for steel 3, and from —100 to
+112 mV for steel 4. The width of the passive domain for
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Fig. 1. Polarization curve for steel 2 (the environment is 0.5-M
H,S0,, the scanning rate is 1 mV/sec).
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(7]

Fig. 2. Appearance of steel specimens after testing in a medium of 0.5-M H,SO, (@ — ¢), in a medium of 0.5-M H,SO, with
blasting H,S (d —f), and in a 3% solution of NaCl (g — i ) (the external diameter of the specimens is 18 — 20 mm, the diameter of
the functional zone is 11 mm, the thickness is 1.5 — 5.7 mm): a, d, g ) steel 2; b, e, h) steel 3; c, f, i ) steel 4.

steels 2, 3, 4 amounts to 1145, 996 and 1580 mV respec-
tively. The corresponding electrochemical results of the tests
of the steels for resistance to total corrosion in an acid envi-
ronment are presented in Table 4.

The surface of the specimens of steels 2 and 3
(Kh18AN10) after the tests is strongly etched, rough, and
has well manifested boundaries of the working region
(Fig. 2a and b); the surface of the specimens of steel 4
(Kh18N5SAGI9M2) is the lowest, and a larger part of the sur-
face preserves luster (Fig. 2¢).

In an acid environment (0.5-M H,SO,, pH = 0.44) all the
steels except for 3 are in a passive condition without applica-
tion of an external potential, i.e., are more corrosion resistant

in the acid medium. On the whole, the resistance of steel 4
(Kh18N5AGI9M2) to corrosion in the acid environment is
higher than that of the steels of type Kh18AN10 (2 and 3),
because it has a wider zone of passivity (by 450 mV on the
average) and a current density an order of magnitude lower
(as compared to steel 2) in the zone of active dissolution and
in the zone of passivity. It should also be noted that steel 4
does not loose the state of passivity upon the attainment of
the potential of oxygen emission, whereas the steels of type
Kh18ANI10 are activated.

In the tests in a 0.5-M solution of H,SO, with blasting
H,S the polarization curves of the studied steels have a
smooth outlet from the cathode zone into the anode one; the
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TABLE 4. Electrochemical Parameters Obtained in Tests of the Studied Steels in Acid Environment

Steel Eg,mV E,,mV E,,mV iy, MA/cm? iy, BA/cm?
Acid environment (0.5-M H,SO, )
2)Kh18AN10 (0.186% N) 473 —11 113 3.550 52.4
3) Kh18AN10 (pure, 0.220% N) —135 0 271 11.000 8.35
4) Kh18N5SAGIM2 245 —48 122 0.142 11.2
Acid environment (0.5-M H,SO, ) with blasting H,S
2)Kh18AN10 (0.186% N) —132 463 510 135.0 871.0
3) Kh18AN10 (pure, 0.220% N) - 189 607 623 176.0 81.9
4)Kh18N5SAGOM2 — 155 151 165 38.6 18.6

peak of active dissolution corresponds to the range from
—147 to +510 mV for steel 2, from —182 to +623 mV for
steel 3, and from —161 to +234 mV for steel 4. The passi-
vation is abrupt and jumpwise, the width of the passive re-
gion is 701, 688, and 1473 mV for steels 2, 3, and 4 respec-
tively. The results of the tests for resistance to total corrosion
in an acid medium with blasting H,S are presented in Ta-
ble 4. The erosion of the surface of the studied specimens is
uniform, the depth of the erosion is low, but the surface be-
comes uniformly rough (Fig. 2d —f); the black points ob-
servable on the surface of the specimens of steel 2 are com-
monly associated with selective dissolution of the compo-
nents of the steel. In the range of active dissolution the sur-
faces of all the specimens acquire a black nonprotective
(possibly due to porosity) film, which detaches upon the at-
tainment of the critical passivation potential £, . With allow-
ance for the data of [13] this film should be nickel sulfide
Ni,S.

All the steels tested in a 0.5-M solution of H,SO, with-
out application of external potential have an active condition,
i.e., their corrosion resistance in this environment is low.
Blasting of the solution with H,S equally activates all the
steels, i.e., the current density in the zones of active dissolu-
tion and passivity increases, the passivation potential shifts
to the positive side, and the passivation range narrows. It is
possibly that all the steels exhibit some change in the passive
state due to formation of sulfide components in addition to
the oxides; in the tests in the active range the specimens ac-
quire a black coat not possessing protective properties, which
is withdrawn completely before the passivation. Specifically,
such behavior is typical for nickel in sulfur-containing media
[14]. Experiments have shown formation of sulfides in the
surface coat on nickel. Steel 4 is more resistant to corrosion

TABLE 5. Electrochemical Parameters Obtained in Sea Water
Tests

Steel Eg ,mV E,,mV
2)Kh18AN10 (0.186% N) -9 664
3) Kh18AN10 (pure, 0.220% N) 32 785
4) Kh18N5SAGIM2 10 947

in this environment than the other steels; the current density
for it is an order of magnitude lower and the passivation
range is wider by 800 mV on the average; the passive condi-
tion is preserved at the potential of oxygen emission.

The polarization curves of all the specimens tested for
the resistance to total corrosion in a 3% solution of NaCl (sea
water) do not have a zone of active dissolution, i.e., are in a
passive condition during the whole of the test. The free cor-
rosion potential (Ef, ) is much more negative than the pitting
potential (£, ). For this reason, we determined the potentials
of free corrosion and pit formation (understood as the poten-
tial corresponding to the current density of 1 mA/cm?) for
all the specimens. The electrochemical characteristics ob-
tained in the tests in 3% solution of NaCl are presented in Ta-
ble 5.

In this environment all the specimens acquired well man-
ifested pits at inconsiderable total corrosion; the functional
parts of all the specimens preserved high luster (Fig. 2g —i).
The pits were of the same kind on all the specimens and are
shown in Fig. 3 (the pits on steel 2 are larger).

All the steels studied are susceptible to crevice corrosion
in sea water; traces of crevice corrosion are observable on all
the specimens over the edges of the functional zone (at the
place of contact between the hydraulic insulation seal and the
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Fig. 3. Appearance of pits formed on the surface of specimens
tested in a 3% solution of NaCl.
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TABLE 6. Results of the Tests for Resistance to Intercrystalline
Corrosion

Steel 0,/0, Resistance to ICC
2)Kh18AN10 (0.186% N) 0.0002 Resistant
3)Kh18ANIO (pure, 0.220% N) 6 x 107 Resistant
4) Kh18N5AGIM?2 0.01 Resistant
TABLE 7. Results of Tests for Pitting Resistance

—4 .2 Vm>

Steel S, 1074 m Am, g o/(m? - b
1) 12Kh18N10T 2.99 0.1586 11.06
2)Kh18AN10 (0.186% N) 4.27 0.1661 16.22
3) Kh18ANI1O (pure, 0.220% N)  3.14 0.0997 6.61
4) Kh18N5SAGIM2 4.92 0.0422 3.57

Notations: §'is the surface area; Am is the loss in the mass; v, is the
mean conventional rate of pitting corrosion.

surface of the metal); they have the form of strong erosion
shaped as rings or ring sectors. However, the susceptibility of
the steels of type Kh19AN10 (2 and 3) to crevice corrosion
is higher than that of steel Kh18N5SAGIM2.

The results of the electrochemical tests show that steel 4
(Kh18N5AGY9M2) has the highest corrosion resistance in
chlorine-containing media of the steels studied (its pitting
potential is 250 — 300 mV more positive on the average than
those of the steels of type Kh18AN10). The pure steel 3 with
0.220% N is more resistant than the steel with 0.186% N (its
E, is 120 mV more positive than that of steel 2).

All the steels have shown good resistance to intercrys-
talline corrosion (Table 6) in a standard environment of
0.5-M H,SO, + 0.01-M KSCN; the ratio of the return stroke
charge to the active stroke charge Q, /Q, for all the steels is
less than 0.11. The erosion of the specimens during the tests
is minimum and the luster of the surface is preserved. Note
that the resistance to ICC is higher in the impurity-free steel
3 than in steel 2 of conventional purity and even than in the
more alloyed steel 4.

L. M. Kaputkina et al.

The resistance of the steels studied to pitting corrosion in
a solution of iron chloride evaluated in terms of the mean
conventional rate of pitting corrosion is at a close level (Ta-
ble 7), but the highest value is exhibited by steel 4. The pit-
ting corrosion resistance of the nitrogen steel (2, Kh18AN10)
and of the nitrogen-free steel (/, 12Kh18N10T) of usual pu-
rity is about the same and lower than that of the pure steel
(3, Kh18ANI10).

Thus, on the whole, the resistance of the studied nitrogen
steels to different kinds of corrosion is quite close, but the
values of the critical current, of the passivation potential, of
the ratio of the charge of return stroke to the charge of active
stroke in the evaluation of the resistance to ICC, and of the
mean conventional rate of pitting corrosion allow us to rank
the steels as follows (Table 8). Steel 4 (Kh18NSAGIM?2) has
the highest corrosion strength in all the environments stu-
died. Then follows nitrogen steel 3 (Kh18AN10) clean with
respect to impurities; it has higher resistance to ICC and re-
sistance to total and pitting corrosion in chloride solutions as
compared to conventional-purity steels.

CONCLUSIONS

1. Alloying of austenitic chromium-nickel steel of type
Kh18N10 with nitrogen in an amount of up to 0.220% in the
absence of additional precipitation of nitrides is a promising
measure for raising the corrosion resistance in little-aggres-
sive chloride-containing environments (sea water).

2. Alloying with nitrogen increases insubstantially the
resistance of steels of type Kh18AN10 to corrosion in highly
aggressive  environments (H,SO, and, especially,
H,SO, + H,S).

3. Additional increase in the corrosion strength of steels
of type Kh18ANI10 is attained by lowering the content of im-
purities.

4. The corrosion resistance of nitrogen-alloyed chro-
mium-nickel-manganese steel Kh18N5SAGIM2 in acid envi-
ronment (0.5-M H,SO,) and in sea water (3% solution of
NaCl) with respect to different parameters (ICC, general, pit-
ting and crevice corrosion) is not lower or higher than that of
steels of type Kh18AN10 and of the traditional nitrogen-free
corrosion-resistant steel.

TABLE 8. Resistance of the Studied Steels to Different Kinds of Corrosion

Total corrosion IC Pitting corrosion
Acid environment  0.5-M H,SO, Sea water 0.5-M H,S0, + 100 g/liter
(0.5-M H,SO4)  with blasting H,S (3% NaCl) 0.01-M KSCN FeCl; - 6H,0
Steel
Ranking with respect to
combination combination
E —E .

of parameters of parameters P Tl O/ O Ym
2)Kh18ANI10 (0.186% N) 2 Not resistant 3 2
3) Kh18ANI10 (pure, 0.220% N) 3 Not resistant 2
4) Kh18N5AGIM?2 1 Not resistant 1 3
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5. The proportion of the parameters of corrosion resis-
tance and strength in steel Kh18N5SAG9M?2 is higher than in
the steels of type Kh18AN10 and 12Kh18N10T, in which the
values of o, and o, are twice lower despite the fact that the
content of nickel in Kh18N5AGI9M2 is almost twice less.

The results have been obtained within the framework of
State Assignment REMEF157514X0071 of the Ministry of

Education and Science of Russia.
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