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Abstract

Two martensitic stainless steels of 2Cr12Ni6 type hardened and tempered at 773 K have been studied: the first with 0.2%
carbon content and the second with partial replacement of carbon by nitrogen (C0.1NO.1) in the first steel. It is found that
the partial substitution of carbon with nitrogen contributed to an increase in ductility and strength of the steel, presumably
due to the formation of more dispersive carbonitrides. Meanwhile, the addition of nitrogen suppressed the precipitation of
carbonitrides, so that the solid solution strengthening effect of C0.1NO.1 did not decrease significantly after tempering treat-
ment. In addition, the partial replacement of carbon by nitrogen contributed to improved ability against pitting corrosion (PC)
in chloride-containing medium (3.5%NaCl at 303 K). The higher resistance to PC of tempered nitrogen-containing steel is
apparently due to the lower content of massive carbonitrides, especially the reduced aggregation at grain boundaries. This
leads to a lower acidity and aggressiveness of the test solution near the sample surface due to the accumulation of NH4*
ammonium ions in it. As a result of nitrogen addition, exception for Cr,;C, and VC, Cr,N and (Cr, V) N type precipitates
have also been found in C0.1NO.1 steel and this is consistent with the thermodynamic calculation results. In conclusion,
substituting carbon by nitrogen in traditional martensitic stainless steel could realize the simultaneous improvement of mul-
tiple properties of martensitic stainless steels. This result provides a promising composition optimization route to develop
novel martensitic stainless steels.
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1 Introduction

Nitrogen is commonly mentioned in the modern metallurgi-
cal industry, but has consistently been classified as a haz-
ardous element. In recent years, many studies have found
that adding nitrogen into stainless steel could both improve
the corrosion resistance and the mechanical properties of
steel. In the traditional steel design strategy, the strength was
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generally enhanced by increasing the carbon content, while
this enhancement was invariably accompanied with the loss
of plasticity, toughness and the corrosion resistance [1-4].
Moreover, among the various alloying elements added into
the steel, nitrogen does not cause environmental problems
and nitrogen is also an inexpensive alloying element.

The addition of nitrogen to steel definitely causes an
increase in hardness, which has been reported by many
researchers [5—7]. However, the effect of nitrogen addition on
ductility and toughness is controversial. The effect of nitro-
gen content on microstructure and mechanical properties of
1Cr12NiMo martensitic stainless steel has been researched.
It was found that with the increase in nitrogen content, the
strength and hardness of 1Cr12NiMo increase dramatically,
while the Charpy impact energy shows a minor decline. This
is due to the formation of M,;Cq, Cr,N and other carbonitrides
toward the grain boundary segregation [8, 9]. Some scholars
also carried out experiments on 16CrSNilMo steel with dif-
ferent nitrogen contents. The results showed that tempering
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above 823 K promotes the precipitation of Cr,N within mar-
tensitic laths and at martensitic lath boundaries, strengthening
the alloy at the cost of elongation and toughness [9]. How-
ever, in another research [10, 11], the properties of steels with
different carbon and nitrogen contents were reported. They
showed that adding nitrogen to steel improves its toughness
while maintaining its strength. Numerous studies have found
that nitrogen alloying has a great effect on the precipitation
behavior of carbides in martensitic stainless steel. The addi-
tion of nitrogen can significantly reduce the size of carbide and
improve the distribution of carbonitrides. At the same time,
the precipitation of large phases in martensitic stainless steel
was inhibited, and the area proportion of carbides was reduced
[12, 13]. It was found that the strength of tempered steel was
significantly enhanced, while the impact toughness was not
significantly decreased. In this regard, the functional mecha-
nism of nitrogen is not thoroughly understood. The effect of
nitrogen on microstructure and mechanical properties of steel
still needs to be further studied.

Nitrogen alloying is a common method in modern metal-
lurgy to improve the corrosion resistance of steel. By add-
ing nitrogen to steel, nitrogen can inhibit the nucleation and
growth of chromium-rich carbides, which reduces the occur-
rence of chromium-poor zone at grain boundary. At the same
time, with the increase in nitrogen content, the diffusion
rate of carbon will slow down. Usually carbon is inclined to
form Cr,;Cq-type carbides, while nitrogen and chromium are
inclined to form Cr,N precipitate. Thus, the content of chro-
mium required for carbon to form carbides is much more than
that of nitrogen, so it is difficult to form chromium-poor zone
at grain boundaries in nitrogen-containing steel. However, it
has been reported that there exists a certain threshold value
[14], and the corrosion resistance will decrease if the upper
limit of nitrogen content is exceeded.

In this study, the mechanical properties and corrosion resist-
ance of martensitic stainless steel with different contents of
carbon and nitrogen were compared. The influence of nitrogen
on the strength and plasticity of martensitic stainless steel was
systematically discussed. Considering the corrosion resistance,
the advantages and disadvantages of introducing nitrogen in
martensitic stainless steel with vanadium element have been
provided. This study attempts to reveal the functional mecha-
nism of nitrogen through experimental characterization and
thermodynamic simulation. The results can deepen the under-
standing of the role of nitrogen in martensitic stainless steel.

2 Experimental

Two martensitic stainless steels with different carbon/nitrogen
additions were melted in a 25 kg vacuum induction melting
furnace. Two ingots were homogenized at 1473 K for 8 h and
then forged into plates with section size of 25 mm X 80 mm.
Steel scrap was taken for analysis. Their compositions in the
as-forged state were analyzed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) and are presented
in Table 1.

The sample was solution treated followed by air cooling.
Then, the tempering was performed at 773 K for 0.5, 1, 2,
4, 8, 16 and 20 h, respectively, followed by air cooling. In
order to obtain the similar grain size in two steels, the solu-
tion treatment (The solution temperature is the temperature
for dissolving all the precipitates.) has been optimized and
will be presented later. The samples for optical microscopy
and scanning electron microscopy (SEM) observation were
corroded by 2 g picric acid+5 mL hydrochloric acid+ 100 mL
ethanol solution [15]. For transmission electron microscopy
(TEM) characterization, grind 10 mm X 10 mm X 0.4 mm until
the thickness is 40 um, press the complete wafer with a punch.
The electrolysis double spray was performed in 10% perchloric
acid solution. The voltage of electrolysis was 18 V, and the
temperature was kept at 253 K during the whole experiment
[16]. The time was not limited until the light transmittance
reached 200 and the instrument was stopped. TEM experi-
ments were performed using an FEI Tecnai F20 microscope
operated at 200 kV.

The dimension of samples for hardness test was
10 mm X 10 mm X5 mm, and the surfaces were ground to
2000 mesh; and the hardness was tested by Rockwell hard-
ness tester. Dogbone-shaped specimens with typical dimen-
sions were machined, and tensile tests were performed on
Shimadzu AGS100 at a cross-head speed of 1 mm/min.
Under specific heat treatment conditions, three samples for
tensile test have been tested to ensure repeatability and reli-
ability. The sample size for the corrosion resistance test was
50 mmXx25 mm X5 mm. A 3-mm diameter hole was drilled in
the upper part of the sample for easy suspension. To eliminate
the effects of surface roughness, it was sanded and then tested
by dipping in a solution that mimicked sea water. Thermody-
namics and kinetics calculations were performed using the
software Thermo-Calc combined with the TCFE9 database.
The kinetics simulations were performed using the diffusion-
controlled transformations (DICTRA) simulation package

Table 1 Chemical compositions

N - Steel C N Ni Cr \% Fe
of the experimental steels (wWt%)
C0.1NO.1 0.094 0.1075 6.45 12.2 0.219 Bal.
C0.2 0.204 0.0050 6.58 124 0.213 Bal.
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implemented in Thermo-Calc together with the MOBFE4
database for the mobility of the elements in bce-Fe.

3 Results and Discussion

3.1 Effect of Precipitates on the Strength
and Ductility

Thermo-Calc software was used to calculate the equilib-
rium phase diagrams of the experimental steels, as shown
in Fig. 1. Based on the phase diagrams, phase transformation
in the process of solution treatment has been predicted. In
C0.1NO.1 steel, V (C, N) phase with face-centered cubic
structure precipitated firstly, and Cr,;Cg¢, Cr,N, (Cr, V) N
precipitated in sequence. A large amount of Cr,;C, phase
precipitated in C0.2 steel. By comparing the phase diagrams
of the two steels, it is not difficult to see that the VN is
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generated at a high quite temperature [17] (~ 1473 K) in
CO0.INO.1 steel. This indicates that it is difficult to elimi-
nate the VN generated in the solidification process via solu-
tion treatment. In CO0.2 steel, the precipitation temperature
is much lower (1253 K) due to the lack of nitrogen. This
indicates that VC precipitates can be basically eliminated at
1273 K during the solution treatment.

Figure 2a shows the Rockwell hardness of the two steels
at different heating stages. The results show that nitrogen has
little effect on the Rockwell hardness of the steels at solid
solution condition, but the strength and ductility are slightly
different according to the tensile test results. This may be
due to the fact that Rockwell hardness actually reflects the
mechanical response of local areas. In addition, the size of
prior austenite grains in C0.1NO.1 and C0.2 samples was
quantitatively calculated, because grain size is an essential
factor determining the mechanical properties of steels. The
addition of nitrogen led to the presence of high-temperature
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Fig. 1 Equilibrium phase fraction variations with temperature predicted by Thermal-Calc for a C0.1NO.1 steel and b detail enlarged picture of

CO0.1NO.1 steel; ¢ CO.2steel and d detail enlarged picture of C0.2 steel
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Fig.2 a Evolution of hardness as a function of tempering time in two experimental steels. Error bars correspond to one standard deviation from
the mean value. b, ¢ Optical images taken for counting the size of prior austenite grain (PAG) in C0.1NO.1 and CO0.2 specimens, as well as the

statistical results

precipitates in the steel, which acted as nails to hinder grain
growth [18, 19]. In order to more accurately evaluate the
influence of the nitrogen-containing particles on the per-
formance of the experimental steel, we changed the heat
treatment route to obtain the equal grain size of the two
steels, so as to eliminate the influence of grain boundary as
much as possible [20-22]. According to the statistical results
in Fig. 2b, c, the prior austenite grain sizes in C0.1NO.1
and C0.2 samples were determined to be (54 +1.11) pm and
(53.6+1.89) pm, respectively. This gap is within the stand-
ard deviation range, indicating that there is no difference
in prior austenite grain size between C0.1NO.1 and C0.2
samples. Optical images revealed that the microstructure of
two steels was similar, consisting of lath martensite with a
slight amount of residual austenite and dispersive precipi-
tates. By observing the microstructure of samples, it can be
seen that precipitates in C0.1NO.1 could not be completely
dissolved after solution treatment. While precipitates in C0.2
were completely dissolved after solution treatment. This is
consistent with the results of Thermo-Calc analysis. After
tempering, it is obvious that abundant fine precipitates dis-
solved out of both steels. Moreover, it can be seen that these
precipitates distributed more dispersively in C0O.1NO.1 steel
[23], while aggregate precipitates have been found at the
grain boundary in CO0.2 steel.

It is evident from the hardness test results that C0.1NO.1
steel showed a pronounced secondary hardening trend during
tempering, while the hardness of C0.2 steel decreased con-
tinuously during tempering. This is due to the precipitation
of small dispersive (Cr, V)N phase in C0.1NO.1 steel in the
tempering process, which plays a role in strengthening the
steel by precipitate hardening mechanism [24, 25]. With the
extension of tempering time, the second particles grow up,
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resulting in a continuous decrease in hardness. The hardness
of C0.2 steel is always lower than that of C0.1NO.1 steel and
the hardness of C0.2 steel is severely reduced as the tempering
time is extended.

Based on the thermodynamic results, the solution treatment
for C0O.1NO.1 steel was chosen to be 1373 K/1 h followed by air
cooling. The solution treatment of C0.2 steel has been selected
as 1273 K/1 h, followed by air cooling. In this way, the grain
sizes of the two steels are essentially the same, thus minimiz-
ing the effect of grain boundary. Finally, the samples used for
microstructure characterization and property testing were tem-
pered at 773 K for 2 h.

Table 2 indicates the mechanical properties of two experi-
mental steels obtained by tensile test. The yield strength
(YS), ultimate tensile strength (UTS) and elongation (EL)
of C0.1NO.1 sample are (866 +7) MPa, (1604 +9) MPa
and (15 +1)%, respectively. Meanwhile, the YS, UTS and
EL of C0.2 sample are (859+5) MPa, (1416 +8) MPa and
(12.8 +£0.2)%, respectively. It turns out that the properties of
two steels differ considerably after tempering. The ultimate
tensile strength of C0.1N0.1 sample decreases slightly, but
the elongation increases significantly, which may be attributed
to the occurrence of dispersive precipitates during tempering
[26, 27]. It is noteworthy that substituting 0.1% carbon by 0.1%
nitrogen contributes to the simultaneous enhancement of UTS
(190 MPa) and EL (2.2%) compared with C0.2 sample. While

Table 2 Mechanical property of the experimental steels

Steel YS (MPa)  UTS (MPa)  EL (%) AR (%)
CO.INO.1  866+7 1604 +9 15+1 63.7+1
C0.2 85945 1416 +8 128402  62.5+1
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YS and area reduction (AR) are basically the same. In addi-
tion, it can be seen from the fracture morphology in Fig. 3b
and c that the fracture character of C0.1NO.1 and C0.2 samples
is a mixture of dimple and cleavage plane. The difference is
that C0O.1NO.1 sample has a much higher percentage of cleav-
age features, which seems slightly different from the better
strength/ductility combination of C0.1NO.1 sample shown in
Table 2. In this regard, it is believed that carbonitrides should
be the main factor controlling strength and ductility. Work
hardening often occurs when engineering strain increases
during tensile test and the microstructure mechanism should
be attributed to the dislocation multiplication and plug, which
is prone to cleavage fracture mode. Attributed to the nitrogen
alloying, dispersive carbonitrides in C0.1NO.1 steel make the
stress distribution in the deformation process more uniform
and delays the necking and fracture caused by stress concen-
tration [28]. Therefore, although C0.1NO.1 shows a higher
proportion of cleavage fracture characters, it still behaves bet-
ter ductility than that of C0.2 steel [29, 30]. Considering the
fracture of C0.2 sample, ductile fracture with the micro-void
aggregation mode accounts for a large proportion. However,
the existence of large-size precipitates was prone to cause
stress concentration and facilitate the generation and propa-
gation of microcracks in steel, which led to the reduction of
strength and elongation of C0.2 sample.

Figure 4a—d is SEM images indicating carbonitrides
in CO.1NO.1 and C0.2 samples. It can be clearly seen that
there are significant differences in the precipitates charac-
ters between C0.1NO.1 and CO0.2 samples. The amount of
precipitates in C0.1NO.1 sample is much less than that in
C0.2 sample. Based on this phenomenon, it is concluded that
the partial substitution of carbon by nitrogen is effective in
suppressing the precipitation of carbonitride. In addition, it
can be observed that accumulation precipitates have been
observed at the grain boundary in C0.2 sample. In compari-
son, the grain boundary of CO.1INO.1 sample is clean and
rare precipitates could be observed along the grain boundary.
The results indicate that nitrogen can inhibit the precipita-
tion at prior austenite grain boundary (PAGB) and promote
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the precipitation in the inner grain area, thus making the
distribution of carbonitride in high nitrogen martensitic steel
more dispersed. A conclusion can be drawn that the strength
and plasticity of steel can be improved simultaneously by the
fine and dispersed precipitated phase.

3.2 Effect of Nitrogen Alloying on the Ability
of Martensitic Stainless Steel Against Pitting
Corrosion

According to the experimental results, the corrosion rate of
C0.1NO.1 is 0.1324 g/(h m?) and that of C0.2 is 0.4153 g/
(h m?). The results show that the corrosion resistance of
CO0.1NO.1 steel is better.

Figure 5a and c shows the macroscopic morphology
of samples after immersion test. The surface of C0.1NO.1
sample showed few corrosion traces and remained bright
as a whole, while the surface of C0.2 sample showed large
corrosion traces and a large amount of corrosion products
accumulated around the corrosion pit. The maximum pitting
was observed by metallography, and the results are shown
in Fig. 5b and d. The pitting pit depth of C0.2 sample was
110 pm, while that of C0.1NO.1 sample was only 50 pm.
By comparison, it could be seen that the surface of C0.2
sample was more seriously corroded than that of C0.1NO.1
sample. It can be seen that adding nitrogen into steel can
effectively improve its corrosion resistance. The higher
resistance to pitting corrosion of tempered C0.1NO.1 steel
is apparently due to the lower content of harmful large-size
precipitates. The dispersive fine precipitates and the reduced
aggregation at grain boundaries contribute to the lower acid-
ity and weaker aggressiveness of the test solution near the
sample surface due to the accumulation of NH** ammonium
ions in it [31].

The better pitting resistance of C0.1NO.1 steel should be
attributed to the intrinsically beneficial effect of nitrogen
which has been widely reported in previous research. What
is more, the precipitates should be the main factor leading to
the different corrosion resistance of two martensitic stainless

Fig.3 a Engineering stress—strain curves of C0.1N0.1/C0.2 specimens after tempering treatments; b, ¢ corresponding fracture morphologies

observed by SEM
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C0.1N0.1

C0.1N0.1

Fig.4 SEM images indicating carbonitrides in C0.1NO.1 specimen a and ¢, and carbonitrides in C0.2 specimen b, d

steels. In CO0.2 steel, the precipitates after tempering are
mainly Cr,;C¢ and it can be seen from Fig. 6a, b that the
amount of precipitates in C0.2 sample is much more than
that in C0.1NO.1 sample, which will cause the generation of
serious chromium depletion area [31, 33]. There is no doubt
that Cr is the main element in improving the corrosion resist-
ance of steel, while its content in matrix will be severely
reduced once the Cr atoms dissolve out to form precipitates.
When nitrogen is added into carbon steel, the types of pre-
cipitates change into Cr,N [34], V(N,C) and Cr,;C, dem-
onstrated by thermodynamic calculations. Furthermore, the
addition of nitrogen can inhibit the precipitation of carbides,
thus slowing down the decreasing trend of chromium content
in matrix [35, 36] and improving the corrosion resistance of
CO0.1NO.1 steel after tempering treatment.

In order to further understand the relationship between
characters of precipitates and the corrosion resistance,
the differences in the number and type of precipi-
tates between C0.1NO.1 and C0.2 samples were subtly
compared by TEM characterizations. Typical bright
field images of C0.1NO.1 sample clearly show dense

@ Springer

carbonitrides, as shown in Fig. 7a. At higher magnifica-
tion, scanning transmission electron microscopy (STEM)
and energy dispersive spectroscopy (EDS) mapped by Cr,
N, C and V atoms outline the morphology of the carboni-
trides. The carbide distribution features were observed in
C0.2 sample. The morphology of carbide can be observed
in Fig. 8a, c. It can be seen that the size of precipitates in
CO0.2 steel is slightly larger than that of C0.1NO.1 sample,
which is consistent with the previous SEM observations.
It should also be noted that the precipitate in C0O.1NO.1
steel mainly consists of Cr, N, C and V, while the precipi-
tate in C0.2 sample mainly consists of Cr and C.

The partial replacement of carbon with nitrogen con-
tributed to an increase in ductility and strength of the steel,
apparently due to the formation of more dispersive car-
bonitrides during tempering, as well as a slight increase
in residual austenite in the form of thin layers between the
martensite lath. These film-like austenites should have not
undergone y — a transformation [37, 38] due to random
increased compressive stresses.
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Fig. 5 a and ¢ Macroscopic morphologies after immersion in 3.5% NaCl solution at 303 K. b, d Depth of maximum pitting pit of C0.1NO.1 and

C0.2

Fig.6 SEM images of a C0.1NO.1, b C0.2 samples after tempering treatment

3.3 Understanding the Effect of Nitrogen
on the Precipitates Based on Thermodynamic
and Kinetic Simulations

Table 3 lists the percentage content of the different phases
after tempering at 773 K. The results show that Cr,;C¢ and
Cr,N are the main Cr-rich precipitates in the experimental
steels, which is consistent with the previous microstructure

characterizations. In addition, the content of Cr,;C type car-
bides decreases obviously when partially substitute carbon
by nitrogen. Furthermore, the addition of nitrogen enriches
the type of precipitate in the steel. Since different precipi-
tates are not easy to aggregate and grow up because of the
composition difference, the size of precipitates in C0.1NO.1
sample is smaller than that in C0.2 sample [39]. Moreo-
ver, the variety of precipitates is more likely to generate
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100'nm e

100 hm : e 100 nm

Fig.7 TEM images taken from C0.1NO.1 sample after tempering treatment showing N, Cr, C, V and Fe element mappings

Fig.8 TEM micrographs for C0.2 and the corresponding STEM EDS of C, Cr and Fe element mappings
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Table 3 Percentage of various phases at 773 K (%)

Steel Ferrite  Austenite  CryCg  Cr,N (Cr,V)N
CO.INO.1 94898  2.4692 1.7629  0.42324  0.44659
C0.2 93.505  2.9496 35457 0 0

dispersive distribution character, which leads to a stronger
precipitation hardening effect in C0.1NO.1 sample than that
in C0.2 sample.

The SEM results show that substituting carbon by
nitrogen in martensitic stainless steel could promote the
intragranular precipitates during tempering. At the same
time, attributed to the nitrogen alloying effect, the precipi-
tates at grain boundary will be suppressed and the disper-
sive precipitates could be obtained. According to TEM
results in CO.1NO.1 steel, the types of precipitates changed
after tempering treatment. The change of precipitate type
caused by the addition of nitrogen should be key factor
causing more dispersive precipitates in C0.1NO.1 steel
[40], thus leading to superior combination of strength,
ductility and corrosion resistance. In order to deepen the
functional mechanism of nitrogen on the precipitates in
the steel, we carried out relevant thermodynamic calcula-
tions. Figure 9 shows the variation of Gibbs free energy
of each precipitate in the sample with nitrogen content.
According to thermodynamic calculation results, we can
see clearly that when C/N ratio is lower, the Gibbs free
energy of nitride is reduced gradually, and carbide Gibbs
free energy gradually increases. This could well explain

Carbon content (%)
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the effective increase in precipitate type by substituting
carbon by nitrogen, as well as the suppression of precipita-
tion and aggregation of Cr,;C, precipitates in martensitic
stainless steel.

In addition, the variation of Gibbs free energy of Cr,;Cq
with nitrogen content was calculated when carbon con-
tent was fixed at 0.1%, shown in Fig. 9b. It was found
that nitrogen inhibited the precipitation of Cr,;Cg4 and this
indicated that nitrogen addition could reduce the number
of coarse carbides Cr,;Cg in CO.1NO.1 steel. According
to thermodynamic calculation results, substituting car-
bon by nitrogen in martensitic stainless steel, the driv-
ing force of Cr,;C4 precipitates would weaken dramati-
cally; meanwhile, the driving force of (Cr, V) N and Cr,N
could be enhanced. Therefore, under the same tempering
conditions, both the size and quantity of precipitates in
CO0.1NO.1 steel are smaller than that in C0.2 steel.

Nitrogen was found to suppress the precipitation of car-
bide at the grain boundaries in C0.1NO.1 steel. In view
of this phenomenon, the diffusion coefficient of carbon
in BCC-Fe under different ratios of carbon and nitrogen
and the diffusion coefficient of carbon in BCC-Fe with
various nitrogen content when carbon content was fixed
at 0.1% were calculated, shown in Fig. 10. It was found
that the addition of nitrogen element inhibited the diffu-
sion of carbon in BCC-Fe, which indicated that it will be
more difficult for carbon atoms to diffuse toward grain
boundaries. That is, the probability of forming carbides
at the grain boundaries decreased. Therefore, nitrogen
alloying improves the distribution of carbide along grain
boundaries.
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Fig.9 Thermal-Calc simulation on Gibbs free energy of the precipitated phase with the (C+N)=0.2 composition at 500 °C as a function of the
nitrogen content. a Gibbs free energy of (Cr,V)N, Cr,N and Cr,;Cq, b Gibbs free energy of Cr,3Cq with nitrogen content when carbon is fixed
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at 773 K, b the BCC as a function of the nitrogen content at 773 K when carbon is fixed

3.4 Microstructure Evolution in the Tempering
Process

Based on the above experimental results and thermody-
namic calculations, the microstructure evolution of the
experimental steels during the heat treatment is illustrated
in Fig. 11. Subjected to solution treatment, fully austen-
ite microstructure with no precipitates could be obtained,
shown in Fig. 11a. In the subsequent air-cooling process,
martensitic transformation begins when the temperature is
lowered to the martensitic transformation start temperature

I Austenite ® Carbon atoms

© Fine precipitated phase © Accumulated carbides

Austenite

(d1)

(Ms), as shown in Fig. 11b1, c1. When air cooling to room
temperature, typical lath martensite microstructure contain-
ing a small amount of retained austenite has been obtained
(Fig. 11b2, c2) in both C0.1NO.1 and CO0.2 steels.

In the tempering process, solute atoms (Cr and C) in C0.2
steel will precipitate from the matrix (Fig. 11e2); meanwhile,
Cr and C atoms will diffuse toward the grain boundary to
form carbides (Fig. 11e3). In comparison, substituting car-
bon by nitrogen (C0.1NO.1 steel) increases the Gibbs energy
of Cr,;C, carbides and inhibits their precipitation in the tem-
pering process. In addition, the change of C/N ratio reduces

® High temperature precipitated phase ==) Slow diffusion

=) Fast diffusion

(d3)

N
(\‘ )' C0.1N0.1

Co.2

Heat treatment

Fig. 11 Microstructure evolution of experimental steels during the heat treatment
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the diffusion rate of C, which has a significant effect on the
redistribution of C atoms during tempering (Fig. 11d2),
which can effectively reduce the aggregation of carbonitride
at grain boundaries (Fig. 11d3). As a result, more dispersive
carbonitrides have been obtained in CO.1NO.1 steel.

4 Conclusions

1. Systematic experimental studies associating with
thermodynamic and kinetic simulations demonstrated
that the optimization of the chemical composition of
2Cr12Ni6 (C0.2) martensitic stainless steel via partial
replacement 0.1% carbon by 0.1% nitrogen (C0.1NO.1
steel) contributed to increasing its strength, ductility
and corrosion resistance. After composition optimiza-
tion, an increase of UTS (190 MPa) and EL (2.2%) has
been achieved in C0.1NO.1 steel. The increase in pitting
resistance in a 3.5% NaCl solution at 303 K (modeling
sea water solution) was characterized by a significant
reduction in the number of pittings on the surface of the
C0.1NO.1 sample and a reduction of more than twofold
(from 110 to 50 microns) considering the depth of pit-
tings.

2. Improvement of mechanical properties in CO.1NO.1 steel
should be attributed to the changes in the type, size,
quantity and distribution of carbides and carbonitrides
formed during tempering. Uniform distribution of car-
bonitrides in CO.1NO.1 steel with weak grain boundary
aggregation has contributed to this improvement.

3. Improvement of pitting resistance of C0.1NO.1 steel is
caused by reducing the aggregation of high-chromium
carbides. This will suppress the occurrence of chromium
depletion area and motivate the inhibitory effect of NH,*
ammonium ions formed during dissolution of steel.

4. Regulation of carbon and nitrogen in the martensitic
stainless steels can effectively tailor the free Gibbs
energy of various phases and diffusion rates of precipi-
tate-forming elements, promoting the formation of more
dispersive carbonitrides and weakening their aggrega-
tion at the grain boundary.
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