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Structures of Some 17% Cr(Mn, N)

Stainless Steels

P.L. AHUJA, B. N. HALDER, S. S. BHATNAGAR
National Metallurgical Laboratory, Jamshedpur-7, India

A study of the structures of 17 wt.%, Cr(Mn, N) stainless steels has been made with the
help of X-ray diffraction, optical and electron microscopic techniques. It reveals that these
steels become entirely austenitic when 109, manganese or more is present in a steel that
contains about 0.4%, nitrogen and 0.1% carbon. No precipitation other than the grain
boundary carbides is observed on prolonged exposure to high temperatures.

Below 10%, manganese, an unstable austenite is formed which undergoes a series of
transformations at different temperatures. The mode of these transformations has been
studied in detail from 1400 to 700°C. A possible mechanism of transformation is discussed.

1. Introduction

Nickel-free stainless steels are of interest to
countries which do not possess large deposits of
nickel. Since India does not possess any proven
deposit of nickel, development of nickel-free
stainless steels was undertaken at the National
Metallurgical Laboratory. During the course of
this work, some interesting transformations were
encountered in the duplex range of the 179
Cr(Mn, N) steels when subjected to isothermal
treatment at different temperatures [1 j.

The conventional steels containing 17 wt. % Cr
consist, at room temperature and in the equi-
librium state, of body-centred cubic phase
(a-ferrite) and carbides, but on progressive
heating, they undergo a partial transformation to
face-centred cubic y-phase (austenite) up to a
maximum of 1100°C, above which it regresses
and, at about 1300°C, a single homogeneous
body-centred cubic phase (S-ferrite) is again
obtained and remains stable up to the solidus.
These high-temperature transformations are the
cause of the double loop separating the gamma
and the alpha (or delta) regions in the Fe-Cr
equilibrium diagram [2].

Increasing amounts of carbon and nitrogen
contribute strongly to austenite formation. The
gamma-promoting influence of carbon and
nitrogen is practically equivalent. Chromium
strongly promotes, and manganese weakly
promotes, delta ferrite formation in the range of
1150 to 1300°C. One half per cent chromium in
excess of the limit of austenite stability at 1260°C
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will produce approximately 39 of the delta
ferrite. Increasing the nitrogen content by
approximately 0.05 % is as effective as an increase
of 19 nickel in enhancing austenite formation at
1300°C. Either addition permits an increase in
chromium content of approximately 0.6%;,
without decrease in austenite stability. Increasing
amounts of both chromium and manganese are
effective in enhancing the solid solubility of these
steels for nitrogen [3].

From a commercial point of view, the precipi-
tation of delta ferrite is known to seriously
affect the hot-working characteristics of these
steels. The presence of delta ferrite also impairs
the deep-drawing properties of the austenitic
steels. Its presence, however, is essential to
produce a controlled-transformation stainless
steel that can be heat-treated to give high
strength [4].

In view of the fact that these structural
modifications resulting from the addition of
manganese and nitrogen in varying amounts to
the conventional 179, Cr steels have a pro-
nounced influence on their properties, the
establishment of the relationship between the
manganese and nitrogen contents and the struct-
ural modification is essential in order to obtain
a comprehensive understanding of the character-
istics of these steels.

2. Experimental Procedure

Heats of ~ 10 kg ingot capacity were made in an

air-melting basic-lined high-frequency induction
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furnace, using Lowmoor iron, low-carbon ferro-
chrome, nitrided ferro-chrome and nitrided
electrolytic manganese. The electrolytic mangan-
ese was dechydrogenated by keeping it at
500°C for 2 h before nitriding. Loss of nitrogen
during pouring was prevented by using the
capping technique devised at the National
Metallurgical Laboratory [1]. The ingots were
hot-forged at 1250°C and rolled to sheets of
1.57 mm thickness.

All the samples were given a standard anneal
in vacuum which consisted of heating at 1100°C
for 30 min, followed by water-quenching. They
were then heated in vacuum for different periods
of time at temperatures ranging from 1400 to
700°C, after which they were again water-
quenched. The corresponding structures were
examined by microscopic and X-ray analysis.

A number of specimens was transformed
directly from the standard annealing temperature
of 1100°C to the various heat-treatment
temperatures and the results obtained were
found to be similar to those which had been
subjected to an intermediate water-quench.

To reveal the microstructure, the polished
samples were etched in various mixtures of picric
and hydrochloric acids dissolved in alcohol, the
proportions being varied according to the
requirement for a particular specimen. Carbon
extraction replicas were prepared from polished
and etched surfaces for transmission electron-
microscopic study of the samples. Hardness
determination of the phases was made with a

TABLE | Chemical composition of steels (wt.%, bal. Fe)

Steel Cr Mn C N Si S P

S3 169 65 0.037 034 013 0.012 0015
S4 171 83 0.049 0.39 0.12 0.010 0.009
S5 17.0 10.3 0.054 0.38 0.12 0.012 0.012
S6 17.2 12,7 0063 0.37 0.15 0011 0.010
S7 16.8 15.7 0.072 031 0.15 0.009 0.008
S8 171 169 0.108 041 0.15 0.014 0.011

GKN Microhardness Tester using a load of 30 g.

For X-ray examination, thin strips were cut
from the heat-treated sheets, smoothed and
electropolished in a perchloric acid (20 %)-butyl-
cellosolve (109%))-alcohol electrolyte, using an
annular stainless steel cathode at a current
density of 0.04 amp/cm? The thin cylindrical
wires thus obtained were suitable for direct
mounting in a powder camera.

Precipitates were extracted electrolytically
from the transformed samples by an electrolyte
containing 60 g ammonium chloride and 160 g
citric acid per litre of distilled water. The
potential drop across the electrodes was main-
tained at 1.0V and current density at 0.04
amp/cm?2. The precipitate was recovered from the
electrolyte by centrifuging the solution and
analysed by X-ray powder technique.

3. Results
Table I shows the chemical analysis report of the
six steels used for this investigation.

X-ray analysis of the samples annealed at
1100°C for 30 min showed that the steels S3 and
S4 were duplex in structure, whereas steels with
10.3% Mn and above became entirely austenitic.
This was confirmed by varying the holding time
at 1100°C and employing more rapid quenching.
A typical record of the X-ray analysis of steels
S4 and S5 is shown in Table II.

The diffraction lines for the ferrite phase were
stronger in steel S3 than in steel S4.

Table III gives the results of X-ray analysis
and metallographic examination of the trans-
formed specimens. The phases were identified by
X-ray powder analysis ‘of the steels and their
extracted residues. The corresponding micro-
hardness data are also given against each phase.

Precipitates from steels given the standard
anneal at [100°C for 30 min were extracted
electrolytically and analysed by X-ray diffraction.
These precipitates were found chiefly to consist

TABLE Il X-ray analysis of steels annealed at 1100°C for 30 min.

Steel S4 Steel S5

dA) 11, hkl Phase d(A) 1L, hil Phase
2.090 V.S. (111) gamma 2.095 V.8 a1n gamma
2,033 f (110) alpha — — — —
1.809 S (200) gamma 1.796 s (200) gamma
1.278 S 220) gamma 1.271 s (220) gamma
1.175 v.f. 211 alpha — — — —
1.089 V.S. 311 gamma 1.084 v.s (311 gamma
1.043 S (222) gamma 1.039 s 222) gamma

v.s. = very strong line, s = strong, f = faint, and v.f. = very faint.
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TABLE Il Phase structure as related to time and temperature.

Temperature Time Steel S3 Steel 54 Steel S5
Phase  Microhardness Phase  Microhardness Phase  Microhardness
(DPN) (DPN) (DPN)
1400°C 30 min y 291 v 259
8 349 3 336
1280°C 20 min y 310 y 235 y 217
kY 335 8 340
1200°C 15 min y 272 y 233
8 310 3 386
1100°C 30 min y 270 y 277
) 400 (8) —
900°C 30 min — — Y 310
(B) —
() —
2h y 241 y 319
(3) — (B) —
€)] —
6h y 247 v 319 ¥ 228
(8) — (B) 421
)] —
800°C 21h B 354 ¥ 339
y 241 B 443
700°C 17h B 400 y 362
(v) — B 460
100 h o 490 y 305 y 245
with general ppt. B 460

(i) Round bracket represents minor phases; (ii) ‘B’ is an aggregate of (« 4+ CryN).

of Cr,N, with small quantities of Cr,;C; and
Fe,N. This was confirmed by chemical analysis
of the residue which showed chromium and
nitrogen to be the major constituents. Table IV
gives the result of X-ray analysis of the residue
extracted from steel S3 after annealing at 1100°C
for 30 min.

Similar results were obtained for steels S3 and
S4 at different temperatures of ageing.

4. Discussion

The results obtained will be discussed, starting
with the annealed steels followed by those
treated at 1400°C and successively lower
temperatures.

4,1. Annealed at 1100°C

The structure of steels S3 and S4 is shown in
figs. 1, 2a and b. The absence of grain boundary
ferrite allotriomorphs may be noticed. Both
steels show an austenitic matrix with two types
of ferrites:

(@) An acicular Widmanstéatten ferrite. The length

of these plates is oriented in a direction favour-
able to growth in the austenite grain; side
thickening and branching also occur in them.
The plates show a high hardness and metallo-
graphic examination shows some sort of
precipitate inside the plates, the nature of whichis
not clear. The microhardness of this acicular
ferrite is about 400 DPN.

(b) A plate-like ferrite marked “A” in figs. 2a and
b. This consists of elongated particles of ferrite.
This type of ferrite occurs in a colony, a single
austenite grain normally having a single colony
in which all the ferrite particles are oriented in
the same direction. Usually this mode of trans-
formation starts from a grain boundary, but
sometimes also from the side of the Widman-
stédtten plate. This transformation is the resuit of
ferrite nucleating at several places and the
growth occurs along particular planes. The
colony advances by formation of fresh nuclei of
ferrite. During this process a redistribution of
alloying elements occurs among the two phases.
The ferrite becomes richer in Cr, whereas the
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surrounding austenite in C, N and Mn. The
austenite therefore becomes more stable and this
may be the reason that fresh nuclei of ferrite are
formed in preference to the growth of existing
particles. The microhardness of these particles
of ferrite is about
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Figure 2 (a) Steel 84, 1100°C - 30 min (x 190).
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Figure 2 (b) Steel S4, 1100°C - 30 min (x 1530).

Figures1,2(a) and 2(b) Acicular Widmanstatten ferrrite and
plate-like ferrite (marked “A”) in the matrix of austenite.
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The formation of the two kinds of ferrite
indicates that the starting material must have
been richer in y phase, part of which transforms
to & phase on heating to 1100°C. These steels
were forged starting from 1200°C to much
lower temperature of about 950°C. At these
lower temperatures the steels have considerably
more y phase. This is to be expected from a steel
whose composition lies in the a + y region. This
v phase subsequently transforms to 8 phase on
heating to higher temperatures.

In the case of steel S4 with 8 % Mn, the growth
of the ferrite plates is restricted as compared to
S3. In steel S5 with 109, Mn, no such reaction is
observed. This shows the stabilisation effect of
manganese on the austenite matrix.

4.2, At 1400°C

Both steels S3 and S4 show ferrite in a matrix of
austenite (figs. 3 and 4). The absence of Widman-
stitten plates will be noticed.

Figure 4 Steel S4,1400°C - 30 min (X 350).
Figures 3 and 4 Ferrite in a matrix of austenite.
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Figure 5 Steel S3, 1280°C - 20 min (X 350). s-ferrite in the
matrix of austenite.

Figure 6 (a) Steel S4, 1280°C - 20 min {x 350). s-ferrite in
austenite matrix.

Figure 6 (b) Steel S4, 1280°C - 20 min (x 350). Widman-
statten delta ferrite.

4.3. At 1280°C

At some places allotriomorphs of delta ferrite
are observed in steel S3 at the grain boundaries
of the matrix austenite (fig. 5). The deita ferrite
formed in this steel is stable and does not trans-

form during quenching to the products reported
in steels of 17 9, Cr composition without mangan-
ese and nitrogen additions [5].

The 8%, Mn steel S4 (fig. 6) at 1280°C shows
both types of delta ferrite. Grain coarsening can
be noticed. Fig. 6a shows some Widmanstitten
d-ferrite.

4.4, At 1200°C

Both steels S3 and S4 at 1200°C (figs. 7 and §)
show the same features as at 1280°C.

H
of iRAr
R

7 d R/

Figure 8 Steel S4, 1200°C - 15 min (x 350).
Figures 7 and 8 Same features as shown for 1230°C,

4.5. At 900°C

On isothermal holding for 2 h, steel S3 (fig. 9a)
retains the same features as found in the steel
treated at 1100°C for 30 min. However, on
isothermal treatment for 6 h (fig. 9b), the
o-ferrite phase dissolves in the austenite matrix
and a new aggregate starts forming at the grain
boundaries of austenite.
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4

Figure 9 (a) Steel S3, 900°C-2 h (x 190). Acicular
Widmanstatten ferrite and plate-like ferrite in austenite
matrix.

® /‘{ !

Figure 9 (b) Steel S3,900°C -6 h (X 190). Dissolution of
s-ferrite in the austenite matrix and formation of B-
aggregate at the grain boundaries.

In steel S4, some ferrite is still seen after
isothermal treatment for 30 min. On further
holding for 2 h, the structure changes completely
to gamma phase and a new aggregate starts
forming at preferred regions of the austenite
grain boundaries (figs. 10a and b). These new
aggregates that form in steels S3 and S4 at this
temperature are the B-aggregates (or nitrogen-
pearlite) as named by Castro and Tricot [5], and
consist of alternate lamellae of « ferrite and
Cr,N.

4.6. At 800°C

The nature of B-aggregate can be clearly seen in
steels S3 and S4 aged at 800°C (figs. 11 and 12).
In steel S3, the rate of ¥ — a transformation is
so fast that the structure consists of ferrite as the
major phase. In steel S4 (89, Mn), the same
reaction is observed, but austenite continues to
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Figure 10 (b) Steel S4,800°C -2 h (x 982).
Figure 10 (a and b) Beginning of the formation of
B-aggregate.

be the major phase. This again shows the
stabilising effect of Mn.

4.7. At 700°C
Whereas steel S3 on ageing for 100 h transforms
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Figure 12 Steel S4, 800°C -21 h (x 350). B-aggregate in
austenite matrix.

Figure 13 (b) Steel 83, 700°C-100 h (carbon replica)
(X 30000),

Figure 13 (a and b) Dispersion of Cr,N in a-ferrite,

Figure 14 (b) Steel S4, 700°C-100 h (Ni-C replica)
(< 20000).

Figure 14 (a and b) B-aggregate along the grain bound-
aries in austenite matrix.

completely into a-ferrite with a fine dispersion of
Cr,N (figs. 13a and b), the steel S4 (figs. 14a and
b) shows the same behaviour as observed in the
case of 800°C treatment (fig. 12). The B-aggre-
gate in steel S4 is formed at the grain boundaries.
Steel S3 recorded a very high hardness of 500
VPN after ageing at 700°C for 100 h.

5. Mechanism of Transformation

On the basis of these experiments some inferences
can be drawn on the mode of the decomposition
of these steels. These can be enumerated as
follows.

5.1. Austenitic Steels
Fig. 15 for a 10% Mn steel (S5) shows only a
grain boundary precipitation, despite 100 h
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Figure 15 Steel S5, 700°C-100 h (x 350). Completely
austenitic phase with g.b. precipitation of Cr,,C,.

TABLE 1V X-ray data of electrolytically extracted

precipitate.
d(A) 11, Phase
2.422 v.f. Cr,N
2.238 m Cr,N
2.163 m Cry5Cs
2125 v.S. Cr,N
1.640 m Cr,N
1.268 m Cr,N
1.162 f Fe,N
0.934 f Fe,N

v.s. = very strong, m = medium, f = faint, and v.f. =
very faint.

treatment at 700°C. The precipitate was
identified to be Cr,;Cq by X-ray diffraction
analysis. This is in agreement with the findings
of Hsiao and Dulis, who also did not observe
any general precipitation of the carbide phase
when the carbon content of the steels was
maintained below 0.15% [6]. A remarkable
feature of the microstructure of 109 Mn
austenitic steels investigated by wus, is the
absence of any discontinuous precipitation in
contrast with the findings of other workers for
steels which are similar but have different Cr, C
and N contents [7-9].

The addition of Mn to chromium steels does
not appreciably widen the gamma field at low
carbon content, its effect being principally that of
stabilising the austenite which is formed at high
temperatures by lowering its critical cooling rate
and by making it more resistant to prolonged
tempering.

5.2. Steels with Unstable Austenite Structure
When the Mn content of steels is less than 109,
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at the same level of (C + N) of ~ 0.4%, an
unstable austenite is formed.

In the case of steel S3, isothermal holding at
1280°C causes the formation of d-ferrite from
austenite. The formation of §-ferrite leads to a
redistribution of the alloying elements amongst
the phase constituents [10]. One would expect
Cr concentration to increase in the 8 phase and
C and N in the y phase. The growth of the ferrite
plate would, therefore, be opposed. At higher
temperature it has been noticed that fresh nuclei
of ferrite are favoured as compared to growth of
the existing particles.

At helding temperatures below 900°C, the
austenite phase becomes unstable and starts
transforming by a discontinuous reaction into
alternate lamellae of Cr,N and a-ferrite. As the
temperature is progressively lowered, the amount
of the nitrogen-pearlite increases. Fig. 13 shows
the microstructure of steel S3 aged at 700°C for
100 h. Austenite has completely transformed and
the structure is entirely ferritic with continuous
precipitation of finely divided Cr,N. Fig. 14 (84)
aged for 100 h at 700°C shows regions of dis-
continuous precipitates in a matrix of untrans-
formed austenite. The stabilising effect of Mn on
austenite is apparent.

As the surface energy necessary for the
formation of a nucleus is less at the grain
boundary, the interfaces are suitable sites for the
precipitation to occur. The formation of é-ferrite
takes place at the austenite grain boundaries
between 1200 and 900°C.

6. Conclusions

A study of the structures of some 179 Cr (Mn,
N) stainless steels has shown that the steels
containing 109, Mn and about 0.49; N + 0.1%
C are entirely austenitic. Like other austenitic
stainless steels, a grain boundary precipitation of
Cr,,C, occurs, but a remarkable feature is that
no other form of precipitation, i.e. general or
discontinuous precipitation (a common phenom-
enon in Cr-Mn-N stainless steels) is observed.
This may be attributed to the optimum level of
nitrogen which is retained in solution at different
temperatures. This observation could be signific-
ant in the production of such steels and their
behaviour in service.

Steels containing less than 109, Mn form an
unstable austenite which undergoes trans-
formation with time. The various stages observed
at decreasing temperatures are
(i) Formation of 8-ferrite acicular needles and
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particles in colonies at 1100°C. At higher
temperatures the formation of acicular needles
decreases and the formation of ferrite particles
is favoured.

(ii) Transformation to y (900°C).

(iii) Decomposition of the austenite into a
lamellar aggregate of a-ferrite and Cr,N
(800°C).

(iv) Continuous precipitation of finely divided
Cr,N in the matrix of a-ferrite in 6 %, Mn steel at
700°C. This does not happen in 8%, Mn steel.
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Letters

Generating Electron Channelling Patterns
in the JSM-II SEM

A detailed analysis has recently been carried out
on the electron optical conditions for generating
single crystal electron channelling patterns
(ECP’s) in the JSM-II scanning electron micro-
scope [1]. Because of the large number of such
SEM’s currently in service and because of the
rising interest in the electron channelling pattern
technique, the analysis is summarised here. A
general analysis was reported earlier [2] and
applied specifically to the ‘“Stercoscan”; the
geometry of the JSM-II is sufficiently different
to warrant a separate study. The origin and
applications of ECP’s have been discussed quite
extensively in the literature, and the reader is
referred to a recent review by Dr G. R. Booker
[3]. Suffice it to say that patterns are comprised
of orientation dependent lines and bands of
contrast, which arise through variations in the
back-scattered and secondary emitted electron
intensities as the incident beam scans through the
reflecting positions for various Bragg planes.
ECP’s are useful for determining accurately
crystal orientations and for assessing crystal
{near-surface) perfection.

The important requirements are smail beam
divergence & and high beam current i at the
specimen. For a practical guide we assume the
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values 8 < 3 x 10~* radians and 7% 10-*
amps. These can be satisfied in several ways
depending on the type of beam required. For
instance, a narrow focused beam is used to
generate simultaneously channelling contrast
and contrast from surface features; a wide
collimated beam is used for patterns only, since it
integrates out of the image contrast due to topo-
graphical and other features of repeat distance
smaller than about half the beam diameter; an
unfocused beam is used only if there are no
surface features. The procedures follow:

(@) For an unfocused beam the simplest method
is to turn off the lenses. The divergence in
radians is then given by 8 = (D,/800) x 103
where D, is the diameter in microns of the final
aperture, and the beam current is given by
i = D28 where [ is the gun brightness
(x 2 x 10 amps/cm?sr. at 25 kV); the beam
size 1, is essentially D,. For a standard JSM-II,
D, = 200 pm.

(b) For a focused beam the condenser (lens 1) is
operated at long focal length by removing the
pole-piece, and the objective (lens 2) is used to
focus the beam to a spot onto the specimen. To
prevent cut-off during scanning of the beam (now
narrow in the plane of lens 2) the final aperture is
enlarged, and to satisfy divergence requirements
the first aperture, usuvally about 1 mm, is
reduced. In this case 6 = [U,D,/30 (220-U,] x
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