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Abstract: The flow curves of an ultra-high nitrogen austenitic steel containing niobium (Nb) and vanadium (V) were obtained by hot com-
pression deformation at temperatures ranging from 1000°C to 1200°C and strain rates ranging from 0.001 s™' to 10 s™'. The mechanical be-
havior during hot deformation was discussed on the basis of flow curves and hot processing maps. The microstructures were analyzed via
scanning electron microscopy and electron backscatter diffraction. The relationship between deformation conditions and grain size after dy-
namic recrystallization was obtained. The results show that the flow stress and peak strain both increase with decreasing temperature and in-
creasing strain rate. The hot deformation activation energy is approximately 631 kJ/mol, and a hot deformation equation is proposed.
(Nb,V)N precipitates with either round, square, or irregular shapes are observed at the grain boundaries and in the matrix after deformation.
According to the discussion, the hot working should be processed in the temperature range of 1050°C to 1150°C and in the strain rate range

of 0.0l to 157",
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1. Introduction

High-nitrogen austenitic steels have been widely used in
the energy, mechanical, and medical industries because of
their good non-magnetic and corrosion resistance and the
excellent strength and toughness [1-6]. A typical example
of their use is the heavy retaining rings for power generators.
However, precipitation usually occurs in the hot working
process because of the high alloy content in this type of steel,
which leads to the surface cracking during hot forging and
deteriorated corrosion resistance during service.

In recent years, researchers have added microalloying
elements to improve the properties such as strength and
corrosion resistance of high nitrogen stainless steels and
studied the deformation mechanism of high nitrogen steel.
The addition of vanadium or niobium to ordinary austenitic
steels can effectively inhibit the formation of MyC, thus
significantly reducing the intergranular corrosion sensitivity
[7]. Knutsen et al. [8] indicated that niobium and vanadium
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could stabilize MX-type precipitates and discontinuous
M,X-type precipitates, respectively. Tarboton et al. [9] in-
vestigated the effect of chemical composition and deforma-
tion temperature on the surface cracking behavior of high
nitrogen steel. Their group found that higher Cr content and
higher temperature promoted surface cracking. Wang et al.
[10] studied the influence of M,;Cy on the mechanical be-
havior of high nitrogen steel through hot tensile testing.
Their group reported that M,;Cq precipitated at the grain
boundaries, and its content and precipitation temperature
could be reduced by decreasing the C content, which sig-
nificantly decreased the hot ductility. Kim et al. [11] re-
ported that the initial and subsequent deformation processes
of high nitrogen steel were controlled by slipping and twin-
ning, respectively. Dislocation and twinning characteristics
in high nitrogen steel were studied by Shin and Lee [12].
Their group found that, because of the substructure trans-
formation from dislocation to cross twinning, the strain
hardening exponent was improved by increasing the strain
from 10% to 50%. However, this transformation decreased
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the peak strain. Hong ez al. [13] found that the dislocation
density and twining in high nitrogen steel were the highest
at 800°C, and the grain boundary carbides precipitated at
this temperature. Furthermore, Lang et al. [14] obtained the
hot deformation activity energy (764.5 kJ/mol) and the
critical strain for recrystallization (0.51) in high nitrogen
steel (0.56wt% N) through thermal simulation.

However, the ultra-high nitrogen steel is difficult to de-
form by hot working because of the high work hardening
rate caused by the high N content (> 0.9wt%). Furthermore,
the precipitation behavior and the influence of vanadium (V)
and niobium (Nb) precipitation on the hot deformation in
high-alloy steels, especially ultra-high nitrogen steels, are
not clear to date.

In the present work, the deformation behavior of ul-
tra-high nitrogen austenitic steel containing Nb and V was
analyzed in the temperature range of 1000°C to 1200°C and
in the strain rate range of 0.001 to 10 s™'. The hot deforma-
tion equation, hot processing maps, and microstructure
characteristics were discussed to provide a theoretical basis
for establishing the hot working process.

2. Experimental

The tested steel was melted in a pressurized induction

furnace, and its chemical composition (wt%) was as follows:

0.11 C, 18.52 Cr, 14.59 Mn, 3.06 Mo, 0.91 N, 0.28 Nb, 0.63
V, 0.69 Si, and balance Fe. The forged ingot was held at
1200°C for 2 h, and then machined into hot compression test
specimens with sizes of $8 mm % 12 mm. Hot compression
tests were conducted using a Gleeble-3500 thermal/me-
chanical simulator. The specimens were preheated to
1200°C for 5 min, cooled to the testing temperature at a rate
of 10°C's™", and then held for 10 s to eliminate the tempera-
ture gradient. Tests were performed at temperatures of
1000°C to 1200°C and strain rates of 0.001 to 10 s™'. All
samples were deformed to a strain of 0.8 and then instantly
quenched with water. For metallographic examination, the
deformed specimens were cut along the axis, polished, and
etched using a solution of aqua regia (HNO5:HCI1 = 1:3 by
volume). The microstructures were observed by scanning
electron microscopy (SEM) and electron backscatter dif-
fraction (EBSD). Moreover, the average dynamic recrystal-
lization grain size was measured by interception.

3. Results and discussion
3.1. Flow curves

The flow curves of the tested steel at deformation tem-
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peratures of 1000°C to 1200°C and strain rates of 0.001 to
10 s~ are shown in Fig. 1. Both flow stress and peak strain
increase with decreasing temperature and increasing strain
rate. At the same deformation temperature, a higher strain
rate corresponds to larger work hardening rate, peak stress,
and steady stress. At the same strain rate, the softening rate
and content as well as the peak stress and steady stress in-
crease with increasing temperature. For each flow curve in
Fig. 1, the flow stress decreases with increasing strain when
the flow stress reaches a peak. A platform appears when the
strain rate is lower than 0.01 s™' and the temperature is
higher than 1050°C, which is typical of fully dynamic re-
crystallization [15].

3.2. Hot deformation equation

In the thermal deformation of metal materials, the flow
stress is related to chemical composition, temperature (7),
deformation (¢), and strain rate (£). When the chemical
composition is determined, the relationship between flow
stress (o) and deformation conditions can be described by
the classical hyperbolic sine function, as shown in Eq. (1)
[16].

& = A[sinh(er- 0)]" exp(—-Q/ RT) (1)

where 4 and a are the material constants that are independ-
ent of deformation temperature, o the steady flow stress, n
the stress exponent, O the hot deformation activation energy,
R the gas constant, and T the absolute temperature. In this
study, o was taken as the peak stress.

The relation curve between peak stress and temperature
can be obtained after processing the flow curve in Fig. 1.
Through the linear regression, the following average values
of every parameter were obtained as 4 = 3.34x10%, a =
0.00573, n = 4.79, and Q = 631 kJ/mol. High alloy content
and precipitates lead to a higher hot deformation activation
energy. The hot deformation equation of the tested steel can
be expressed as

& =3.34x102*[sinh(0.005730)]*7° exp(—=631000/ RT).
(2)
3.3. Microstructure

The initial microstructure of ultra-high nitrogen austenitic
steel containing Nb and V is a single-phase austenite with a
grain size of 74 um. Fig. 2 shows the electron backscatter
diffraction (EBSD) and misorientation angle maps of spec-
imens deformed at different deformation conditions. Fig. 2(a)
shows that the parent grains are elongated and surrounded
by newly formed dynamic recrystallization (DRX) grains
(i.e., necklace structure). Fig. 2(b) shows that the number
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number fractions of high-angle (> 15°) and low-angle (< 15°)
grain boundaries are similar in the specimen deformed at
1000°C. At 1100°C in Fig. 2(c), both the DRX content and
grain size are larger than those in Fig. 2(a). Fig. 2(d) shows
that low-angle grain boundaries are still observed with a

The DRX grain sizes are measured via the line intercept,

and their dependence on deformation conditions is shown in
Fig. 3. After fitting, the quantitative relationship can be ob-
tained, as shown in Eq. (3)
D =9.05x(Z/A)"" 3)
where D stands for the dynamic recrystallization grain size,
Z the Zener—Hollomon parameter, and 4 the material con-
stant.
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number fraction of approximately 0.25. When the deforma-
tion temperature reaches 1200°C, the DRX grain size is ap-
proximately 20 pm, and no elongated grains exist. The cor-
responding misorientation angle map reveals a completed
DRX structure in Fig. 2(f).

Fig. 1. Flow curves of the tested steel
under different strain rates at tempera-
tures: (a) 1000°C; (b) 1050°C; (c)
1100°C; (d) 1150°C; (e) 1200°C.

3.4. Processing maps

The theoretical basis and methods for establishing hot
processing maps have been previously described in detail by
Prasad [17]. A work piece deformed at hot working conditions
can be considered to be a power dissipater. The strain rate
sensitivity index (m) for determining the distribution of sys-
tem power dissipation caused by viscous-plastic deformation
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Fig. 2. EBSD and misorientation angle maps of specimens deformed at different deformation conditions (true strain 0.8): (a) and (b)

1000°C, 1 s7'; (c) and (d) 1100°C, 1 s7%; (e) and (f)1200°C, 1 s~

Fig. 3. Relationship between deformation condition and DRX
grain size.

because of structural changes is denoted by the power dissi-

pation ratio (77) due to the structural changes in the deforma-

tion process, which is indicated how efficiently the material

dissipates energy under microstructural changes. This find-

ing can be defined by Eq. (4).
2m

m+1 @

where 7 is the energy change in the microstructure, which
varies with deformation temperature and strain rate, and m is
the strain sensitivity index of flow stress and can be given

by Eq. (5).
Alno
m=
Alné

)
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The power dissipation map can be obtained based on the
values of 7 under different conditions. Eq. (6) shows the
flow instability criteria (£).

£= oln[m/(m+1)] N

0 6
dlné ms ©)

Flow instabilities are expected when ¢ is negative. The
instability map can be superimposed on the power dissipa-
tion map to obtain a processing map.

The hot processing map of ultra-high nitrogen austenitic
steel containing Nb and V is shown in Fig. 4, where the
values of isoclines represent the percentage of power dissi-
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pation at that condition, and the shadow area represents flow
instability. As observed, the power dissipation (7) increases
with increasing temperature and decreasing strain rate. The
percentage of energy dissipation rate reaches a maximum of
65% at 1200°C and 0.001 s at a strain of 0.8 in Fig. 4(d).
Moreover, the flow instability mostly appears in the high
strain rate area (1 to 10 s™'). The temperature range of flow
instability varies with deformation amount. The area of in-
stability at temperatures ranging from 1000°C to 1200°C is
larger at strains of 0.2 and 0.4, and it significantly decreases
with increasing strain. Thus, the suggested processing win-
dow is 1050°C—1150°C and 0.01-1 57",
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Fig. 4. Hot processing maps obtained on the tested steel at different strains: (a) 0.2; (b) 0.4; (c) 0.6; (d) 0.8

3.5. Precipitate phase

According to the Ref. [18], the second phase would pre-
cipitate at the grain boundary or dislocate in the hot defor-
mation process in austenitic steel (0.36wt% N, 0.29wt% Nb).
The sizes of particles were different; the plate-like particles
were as large as 15 um, the round particles were 1 um to 2
um, and the smallest particles were approximately 0.3 um.

The morphology and composition of the precipitate at

1150°C and 1.0 s™" are shown in Fig. 5. Apparently, many

small particles are at the grain boundaries and in the matrix.
The intragranular precipitate phase is round ellipse or ir-
regular in shape with a size of ~220 nm, and the intergranu-
lar precipitates are square or irregular with sizes of ~580 nm.
These precipitates can pin grain boundaries and refine grain
size during hot deformation. Energy-dispersive X-ray spec-
troscopy (EDS) analysis of precipitate in Fig. 5(b) shows
that the particle is MX type, i.e., (Nb,V)N. NbN and VN are
completely miscible because of their same face-centered cu-
bic structure and similar lattice constant. The precipitate
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particles grow following the Ostwald ripening mechanism.
The effect of precipitation strengthening is further enhanced

Fig. 5.

4. Conclusions

(1) The flow curves of ultra-high nitrogen austenitic steel
are obtained at temperatures ranging from 1000°C to
1200°C and strain rates ranging from 0.001 to 10 s™'. The
peak stress and flow stress both increase with decreasing
deformation temperature and increasing strain rate.

(2) The hot deformation activation energy at tempera-
tures of 1000°C to 1200°C and strain rates of 0.001 to 10 s™
is 631 kJ/mol.

(3) The hot processing maps of ultra-high nitrogen aus-
tenitic steel containing Nb and V are obtained. The power
dissipation (#) increases with increasing temperature and
decreasing strain rate. Moreover, the suggested processing
window is 1050°C—~1150°C and 0.01-1s™".

(4) Many small particles (Nb,V)N are located at grain
boundaries and in the deformed matrix of the ultra-high ni-
trogen austenitic steel. The intragranular precipitate phase is
round, ellipsoidal, or irregular with a size of ~220 nm, and
the intergranular precipitates are square or irregular with
sizes of ~58 nm.
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