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Abstract Austenitic Fe–Cr–Mn stainless steels intersti-

tially alloyed with nitrogen have received considerable

interest lately, due to their many property improvements

over conventional Fe–Cr–Ni alloys. The addition of

nitrogen to Fe–Cr–Mn stabilizes the fcc structure and

increases the carbon solubility. The benefits of increased

interstitial nitrogen and carbon content include: enhanced

strength, hardness, and wear resistance. This study exam-

ines the effect of carbon, silicon, molybdenum, and nickel

additions on the phase stability and tensile behavior of

nitrogen-containing Fe–Cr–Mn alloys. Nitrogen and carbon

concentrations exceeding 2.0 wt.% were added to the base

Fe–18Cr–18Mn composition without the formation of

nitride or carbide precipitates. Minor additions of molyb-

denum, silicon, and nickel did not affect nitrogen

interstitial solubility, but did reduce carbon solubility

resulting in the formation of M23C6 (M=Cr, Fe, Mo) car-

bides. Increasing the interstitial content increases the lattice

distortion strain, which is directly correlated with an

increase in yield stress.

Introduction

Iron–chromium–manganese steels are not only less

expensive than comparable iron–chromium–nickel stain-

less steels but can be designed to have higher strength,

wear and creep resistance [1–5]. The strength of Fe–Cr–Mn

steels can be increased more than three-fold by alloying

with nitrogen [2, 4, 6–8]. The substitution of manganese for

nickel enhances the alloy’s nitrogen interstitial solubility.

Recently, high-nitrogen Fe–Cr–Mn–N steel alloys have

been shown to also have an enhanced solubility for carbon

[9–17]. Carbon also enters the alloy as an interstitial. Thus

these Fe–Cr–Mn–N–C alloys have increased the total

interstitial concentration resulting in further increasing the

alloy strength [2, 4, 5, 8, 9, 12, 13]. Two atomic phe-

nomena have been observed that help explain the enhanced

carbon–nitrogen interstitial concentration and the resulting

effect on material properties [14, 16, 17]. The first has

resulted from electron-spin-resonance experiments in

which the free electron concentration of alloys for the

combination of nitrogen and carbon is greater than the sum

of the individual components [14, 16, 17]. The higher free

electron concentration promotes the metallic structure and

stable fcc phase, and suppresses the formation of precipi-

tates. The second has resulted from Mossbauer experiments

that have shown the presence of one interstitial nearest

neighbor only, no next nearest neighbor neighbors [14, 16,

17]. Neither carbon nor nitrogen occupies adjacent inter-

stitial sites within the first and second coordination spheres

[16]. This promotes interstitial solubility and reduces the

chance of precipitate formation.

The interstitial stability of high levels of nitrogen and

carbon in iron-based alloys was first discovered and char-

acterized in alloys systems that contained only iron,

nitrogen, and carbon [14, 16, 18, 19]. In these studies, the

high concentrations of nitrogen were introduced into fer-

ritic Fe–C alloys that resulted in the formation of stable,

solid-solution, single-phase, precipitation-free, high inter-

stitial, austenitic Fe–N–C alloys. These Fe–N–C alloys

were investigated to determine if it might be possible to

extend the temperature range of the fcc phase by alloying

with nitrogen and carbon. The fcc to bcc phase transition
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for pure iron occurs at 911 �C, for Fe–C at 723 �C, and for

Fe–N at 590 �C. In the fcc phase both Fe–C and Fe–N have

a solid-solution range approaching 2 wt.% at elevated

temperatures. Moreover, in Hadfield’s steels, carbon levels

in excess of 1.0 wt.% remain in solution and are necessary

to ensure the alloy remain fcc down to room temperature in

these Fe–Mn–C compositions [20].

In stainless steel alloys, interstitial concentration can be

increased by varying the base composition (manganese

increases nitrogen solubility, nickel decreases nitrogen

solubility [1, 3]). Fe–18Cr–18Mn stainless steel alloys

melted at atmospheric pressure have a nitrogen concen-

tration limitation of 0.4–0.6 wt.% [20]. It is interesting to

note here that above approximately 0.5 wt.% the free

electron concentration begins to decrease [16]. The inter-

stitial nitrogen concentration can also be increased by

increasing the nitrogen gas pressure over the molten liquid

during melting. Nitrogen solubility followed Sievert’s Law,

nitrogen in the melt is proportional to the H(nitrogen gas

pressure over the melt) [1, 3]. Carbon has limited solubility

in stainless steels, and readily forms carbides, preferen-

tially with chromium. Thus, carbon is thus not generally

added to Fe–Cr–Ni stainless steels [2, 9, 14]. Similarly,

nitrogen also has limited solubility in Fe–Cr–Ni stainless

steels resulting in the formation of nitrides.

Silicon and molybdenum are commonly added to steels

to enhance oxidation and corrosion resistance. Nickel is

alloyed to improve machinability [1, 12]. Alloying with

silicon and molybdenum is predicted to reduce the inter-

stitial solubility, and thus enhance the chance of precipitate

formation [1]. The object of this study was to characterize

and evaluate the phase stability and microstructure of Fe–

Cr–Mn–N steels alloyed with carbon and with minor, solid-

solution additions of nickel, molybdenum, and silicon.

Experimental procedure

Twenty-five 1 kg mixtures of 99.9% pure elemental com-

pacted particles were melted in an environmentally

controlled induction furnace. Melt atmosphere was either

pure argon (Alloys D1 thru D5) or pure nitrogen (all other

alloys). Nitrogen melt pressures are listed in Table 1.

Ingots were then homogenized at 1,150 �C for 12 h in a

vacuum furnace. Alloys were forged and hot rolled at

1,150 �C using 25–30% reductions to a final thickness of

Table 1 Alloy table: alloy chemistry (wt.%), d-spacing (nm), yield (MPa), melt nitrogen pressure (MPa)

Fe Cr Mn Ni Mo Si N C d-space Phases Yield Melt

D1 69.5 14.9 14.6 0.0 0.0 0.0 0.01 0.03 0.3595 fcc–bcc 269 0.0

D2 64.4 17.9 17.7 0.0 0.0 0.0 0.00 0.01 0.3594 fcc–bcc 339 0.0

D3 63.9 14.3 21.3 0.0 0.0 0.0 0.01 0.02 0.3597 fcc–bcc 497 0.0

D4 62.4 15.2 22.0 0.0 0.0 0.0 0.01 0.02 0.3603 fcc–bcc 528 0.0

D5 58.3 16.4 24.5 0.0 0.0 0.0 0.01 0.01 0.3607 fcc–bcc 594 0.0

F1 60.4 14.8 24.1 0.0 0.0 0.0 0.29 0.01 0.3619 fcc 258 0.05

F2 64.4 17.9 17.1 0.0 0.0 0.0 0.56 0.03 0.3618 fcc 300 0.1

F3 63.7 15.0 20.3 0.0 0.0 0.0 0.61 0.01 0.3624 fcc 372 0.1

F4 68.2 14.6 16.5 0.0 0.0 0.0 0.22 0.52 0.3621 fcc 629 0.05

F5 62.1 14.7 22.0 0.0 0.0 0.0 0.50 0.31 0.3629 fcc 442 0.1

F6 62.7 15.0 21.1 0.0 0.0 0.0 0.43 0.35 0.3627 fcc 386 0.1

F7 63.4 17.5 18.2 0.0 0.0 0.0 0.43 0.46 0.3622 fcc 598 0.1

F8 69.1 14.2 14.8 0.0 0.0 0.0 0.94 0.36 0.3621 fcc 560 1.0

F9 70.0 13.8 14.2 0.0 0.0 0.0 0.88 0.46 0.3623 fcc 598 1.0

F10 71.0 13.7 12.0 0.0 0.0 0.0 1.67 0.41 0.3629 fcc 872 4.0

M1 62.7 16.1 17.8 1.9 0.91 0.34 0.58 0.04 0.3621 fcc 624 0.2

M2 60.9 16.5 18.7 1.9 1.10 0.30 0.60 0.03 0.3624 fcc 724 0.2

M3 65.1 16.0 11.7 0.4 1.04 0.51 0.71 0.03 0.3628 fcc 747 0.4

M4 60.6 17.4 12.5 1.0 0.99 0.43 0.89 0.11 0.3630 fcc 764 0.6

P1 61.1 17.4 17.6 1.8 0.87 0.34 0.52 0.44 0.3622 fcc, M23C6 668 0.2

P2 61.9 16.2 17.6 1.9 0.75 0.38 0.53 0.64 0.3622 fcc, M23C6 680 0.2

P3 65.4 15.3 15.1 0.0 2.20 0.87 0.76 0.49 0.3624 fcc, M23C6 710 1.0

P4 60.6 17.0 17.9 1.9 0.86 0.25 0.45 0.91 0.3622 fcc, M23C6 722 0.2
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3 mm. After hot working, the alloys were heat treated at

1,150 �C for 30 min and air-cooled. Samples were then

sectioned: (i) for chemical analysis (Table 1), (ii) for

optical microscopy, and (iii) for X-ray diffraction analysis.

Chemical analysis for nitrogen and carbon was conducted

on LECO gas analyzers. Metallic component concentra-

tions were determined both by X-ray fluorescence and

induction coupled plasma. Microstructure was determined

using high-resolution optical micrographs (Fig. 1a–d).

Phase identification and lattice fcc-[100] d-spacing were

obtained from X-ray diffractographs (Table 1). Samples

were also machined for sheet tensile tests and tested at

room temperature in accordance with ASTM E-8.

Results

The observed alloy phases are consistent with composi-

tional calculations and predictions of the Schaeffler

diagram (Fig. 2) [21]. Chemical analysis, fcc [100] lattice

d-spacing, and tensile yield stress for the alloys are listed in

Table 1. The alloys are divided into four categories: (1)

Fe–Cr–Mn alloys with a duplex fcc–bcc phase micro-

structure, (2) Fe–Cr–Mn–N–C alloys with a single-phase

microstructure, (3) Fe–Cr–Mn–N alloys with minor solid-

solute additions of molybdenum, silicon, and nickel with a

single-phase microstructure, and (4) Fe–Cr–Mn–(Mo–Si–

Ni)–N–C alloys with fine carbide precipitate uniformly

distributed through the fcc phase. Within each category, the

alloys are ordered with respect to increasing total nitrogen

and carbon concentration.

Predicted nitrogen concentrations were calculated

combining Sievert’s Law with respect to nitrogen pressure,

p(N2), and alloy component chemistries’ thermodynamic

interaction equivalent factors, Ci, [1]:

Fig. 1 (a) Base alloy: duplex-

phase microstructure: fcc and

bcc Fe–18Cr–18Mn (Alloy D1)

(b) Base alloy plus both

interstitial nitrogen and carbon

interstitials: fcc-phase only Fe–

18Cr–18Mn–0.43N–0.46C

(Alloy F7) (c) Base Alloy plus

Ni, Mo, and Si minor solutes

and interstitial nitrogen: fcc-

phase only Fe–16Cr–12Mn–

0.4Ni–1.0Mo–0.51Si–0.70N–

0.03C (Alloy M3) (d) Base

Alloy plus minor solutes and

both nitrogen and carbon

interstitials: fcc-phase with

M23C6 precipitates uniformly

distributed throughout the

microstructure Fe–19Cr–18Mn–

1.9Ni–0.3Mo–0.40Si–0.63N–

0.64C (Alloy P4)

Fig. 2 Schaeffler diagram: alloy concentrations for Table 1 are plotted

using the following equations [1]: Ni equivalent ¼ Niþ ð0:87 �MnÞ þ
ð30 � CÞ þ ð18 � NÞ; Cr equivalent ¼ CrþMoþ ð1:5 � SiÞ
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½%N�calc ¼ 0:0396 � pðpðN2Þ=fN; ð1Þ

where fN = activity coefficient of element i: log10ðfNÞ ¼P
eXi

N ½%Xi�, eXi

N = interaction parameter, Xi = element i

concentration.

The measured nitrogen chemistries are consistent with

those predicted for the alloy chemistries and melt pres-

sures. Statistical analysis showed an R2 value of 0.993 for a

linear fit between the measured nitrogen concentration

(Table 1) and calculated nitrogen concentrations.

[Note, the elemental concentrations in this manuscript

are reported in weight percent, wt.%. This nomenclature is

routinely used in designation of iron-based alloy compo-

sitions. To a first approximation, to convert to atomic

percent: (i) for the major elements: iron, chromium, man-

ganese (and nickel), the atomic percent approximately

equals weight percent, and (ii) for the minor elements their

contribution is small and to convert the interstitial nitrogen

and carbon concentrations from weight percent to atomic

percent multiply by 4, silicon multiply by 2, molybdenum

divide by 2.]

Base alloy compositions, Alloys D1 thru D5: Fe–(15–18)

Cr–(15–25)Mn.

The Fe–Cr–Mn base alloy composition has a duplex-

phase microstructure: fcc (austenite) and bcc (ferrite)

(Fig. 1a). X-ray diffractograph patterns show only fcc and

bcc phases present. High-resolution optical microscopy did

not show any evidence of bct phase (martensite). Increas-

ing manganese concentration expands the fcc lattice and

increases the yield strength.

Base alloy composition plus nitrogen and carbon, Alloys

F1 thru F10: Fe–(14–18)Cr–(12–24)Mn–(0.01–1.67)N–

(0.03–0.46)C.

The microstructure for the Fe–Cr–Mn base composi-

tions alloyed with both (i) nitrogen, and (ii) nitrogen and

carbon is single-phase fcc (Fig. 1b). The entire nitrogen

and carbon concentration remains interstitial. There was no

evidence of the formation of nitrides and carbides, even

when the total nitrogen and carbon interstitial concentra-

tions exceed 2 wt.%. Increasing the interstitial

concentration expands the fcc lattice and increases yield

strength.

Base alloy compositions plus nitrogen and Si, and Mo

additions, Alloys M1 thru M4: Fe–(12–16)Cr–(12–19)Mn–

(0.4–2.0)Ni–(0.2–1.0)Mo–(0.4–1.0)Si–(0.6–0.9)N.

The microstructure for the base alloy with nitrogen and

with minor solid-solute elements: molybdenum, silicon, or

nickel additions, is single-phase fcc (Fig. 1c). X-ray dif-

fraction confirms only the fcc phase was present.

Increasing the interstitial content expands the fcc lattice by

increasing the yield strength.

Base alloy composition plus nitrogen and carbon and Si,

Mo, and Ni addition minor solutes, Alloys P1 thru P5:

Fe–(15–19)Cr–(15–18)Mn–(0–1.9)Ni–(0.3–2.2)Mo–(0.4–

0.9)Si–(0.4–0.8)N–(0.4–0.9)C.

The matrix microstructure is single-phase fcc with a

uniform dispersion of 10–20 micron precipitates (Fig. 1d).

X-ray diffraction analysis shows the precipitate to be

M23C6. These alloys were further investigated using SEM-

Energy Dispersive Spectroscopy. Precipitates had an

average metallic chemistry of 50-Cr, 17-Mn, 29-Fe, 2.8-

Mo, and 0.55-Ni, with no silicon. (The precipitate size was

such that the SEM beam probably extended into the metal

matrix.) For these alloys with precipitates, there is a direct

correlation between the lattice d-spacing and the yield

strength.

Discussion

The Schaeffler diagram is a well-documented means of

predicting phase composition of designing stainless steel

alloys. For a given alloy chemistry, determination of the

different matrix phases: fcc, bcc, and bct, and the

approximate proportion of each phase is predicted in terms

of nickel and chromium weight percent equivalents [1, 19]:

Ni equivalent ¼ Niþ ð0:87 �MnÞ þ ð30 � CÞ
þ ð18 � NÞ þ � � �

ð2aÞ

Cr equivalent ¼ CrþMoþ ð1:5 � SiÞ þ � � � ð2bÞ

A plot of the alloy chemistries onto the Schaeffler

diagram successfully predicted the observed phases. The

role of interstitial nitrogen and carbon in stabilizing the fcc

phase is well documented [2, 3, 5, 9, 14]. However, the

Schaeffler formulation cannot be used to predict when, or

if, precipitates (such as nitride and/or carbide) will form.

A recent study [22] supports the finding in this study that

the base alloy chemistry, Fe–18Cr–18Mn, has a duplex

microstructure (bcc–fcc) until the nitrogen concentration

exceeds approximately 0.3 wt.%, after which, with

increasing the nitrogen concentration, the alloy remains

fcc. Previous stainless steel studies have shown that silicon

slightly decreased nitrogen solubility; molybdenum sig-

nificantly increased nitrogen solubility [1]. However,

nitrogen concentrations approaching 0.90 wt.% remained

interstitial in these alloys, even with minor additions of Si,

Mo, or Ni.

This study shows that when in combination with nitro-

gen concentrations from 0.3 to 1.5 wt.%, carbon

concentrations between 0.0 and 0.5 wt.% remain interstitial

in Fe–Cr–Mn alloys. However, when carbon was added to

alloys containing the minor alloy additions of silicon and

molybdenum, M23C6 precipitates formed. M23C6 precipi-

tates form in these alloys as a result of the combined effects

of silicon, reported to reduce interstitial solubility, and
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molybdenum, known to enhance formation of precipitates

[1, 21, 23–29].

The fcc-phase lattice dimension is a function of the alloy

composition: (i) the lattice expands when the larger radius

atoms of elements such as molybdenum, manganese, or

silicon [1] are substituted into the fcc lattice for iron and

chromium atoms, and/or (ii) the lattice expands when

nitrogen and carbon are placed interstitially into the fcc

octahedral void sites [30]. The solid-solution radius of iron,

chromium, and nickel atoms is approximately 0.125 nm,

and that of manganese, silicon, and molybdenum is

approximately 0.135 nm [20]. In the fcc lattice, interstitial

C and N fit into the octahedral void site, expanding the

0.05 nm void to accommodate the 0.07 nm radius of the

carbon and nitrogen interstitial atoms [1]. Both these lattice

expansion effects were observed. Preliminary results

between the lattice expansion and alloy strength are pre-

sented. (An in-depth analysis of strength microstructure

can be found in Ref. [31].)

For the interstitial free alloys, the change in the fcc (100)

lattice dimension of the base alloy compositions was

determined to be directly related to the manganese

concentration:

fcc ð100Þ lattice d-spacing ðnmÞ
¼ 0:3594þ 0:00012 � ½Mn;wt.%�: ð3aÞ

The expanded lattice and resulting internal stress

increased the yield strength linearly with increasing man-

ganese concentration:

yield ðMPaÞ ¼ 250þ 34 � ½Mn;wt.%�: ð3bÞ

In the solid solution, interstitial alloys, the fcc lattice

expansion was also directly proportional to the interstitial

concentration. The strengthening contributions for either

nitrogen or carbon were determined to be similar (within

one standard deviation) and thus can be combined. The

combined effect of the manganese solid solution and

nitrogen plus carbon interstitial lattice expansion is:

fcc ð100Þ d-spacing ðnmÞ ¼ 0:3592þ 0:00011 � ½Mn;wt.%�
þ 0:0012 � ½Nþ C;wt.%�:

ð4aÞ

The lattice d-spacing and the increase in alloy strength

are approximately a factor of ten greater for interstitials

than the matrix solid-solution contribution. A similar effect

of interstitial versus solid-solution concentration can be

found on their effect on yield strength:

Yield ðMPaÞ ¼ 251þ 33 � ½Mn;wt.%� þ 313 � ½N
þ C;wt.%�: ð4bÞ

The effect of alloy composition on the formation and

quantity of precipitates was determined from the total

concentration of nitrogen and carbon, the lattice expansion,

and microscopy. Optical microscopy shows a uniform dis-

tribution of precipitates. X-ray diffraction indicated these

precipitates to be M23C6. The fcc lattice dimension for the

alloys increased linearly with increasing nitrogen and car-

bon concentration. Alloys with precipitates all had similar

lattice displacement, suggesting the interstitial concentra-

tion in these alloys was similar. (The increase in lattice

dimension for P3 is due to the enhanced concentration of

larger solute atoms, silicon and molybdenum.) The expan-

ded lattice dimensions suggest an interstitial concentration

of approximately 0.62 wt.% nitrogen and carbon. Because

the precipitates were only carbides, the difference in the

total nitrogen and carbon concentration and the interstitial

concentration is the loss of interstitial carbon that is now

carbide precipitates. The percent carbides predicted and that

measured using optical microscopy image analysis are in

close agreement (Table 2).

Assuming the carbide calculations to be accurate it is

also possible to obtain an approximation as to the increase

in strength due to precipitates. The change in yield strength

for precipitates is approximately 100 MPa for each weight

percent carbon in precipitates. This is in contrast to

approximately 30 MPa for each weight percent solid-

solution strengthening, and for over 300 MPa for each

weight percent carbon interstitial (Eq. 4b).

Table 2 Carbide concentration determined from total nitrogen and carbon concentration and lattice expansion. Calculated and measured carbide

concentration. And, yield strength enhancement due to precipitates

(N + C)total (wt.%) (C)carbide
a (wt.%) % of carbide calculated % of carbide measured ryield (MPa) ryield - rinterstitial

b

P1 0.96 0.34 7 6–7 668 28

P2 1.17 0.55 11 8–11 680 40

P3 1.25 0.63 13 10–14 710 70

P4 1.36 0.74 15 15–18 722 82

a Measured total nitrogen and carbon concentration minus 0.62 wt.% interstitial as determined from alloy M1 interstitial concentration with

similar lattice dimensions 0.3622 nm
b Measured yield strength minus 640 MPa as determined from M1 for interstitial strength
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In summary, Fe–18Cr–18Mn has a duplex, bcc–fcc

microstructure. Lattice expands in direct proportion to the

increase in the concentration of the larger atom size of the

solid-solution manganese concentration. The increase in

manganese produces an increase in solid-solution

strengthening.

Fe–18Cr–18Mn–N has a solid-solution, fcc microstruc-

ture. Nitrogen goes into the alloy as an interstitial. Lattice

expansion is directly proportional to interstitial nitrogen

concentration. Yield strength increases in proportion to

increasing interstitial concentration.

Fe–18Cr–18Mn–N–C has a solid-solution fcc, solid-

solution microstructure. Both nitrogen and carbon go into

the alloy as interstitials. Lattice expansion is directly pro-

portional to the interstitial concentration, the total nitrogen

and carbon concentration. Yield strength increases in pro-

portion to the total interstitial concentration. Interstitial

strengthening is approximately ten times more effective

than solid solution strengthening.

Fe–18Cr–18Mn–(Si/Mo/Ni)–N has a solid-solution, fcc

matrix phase. Silicon, molybdenum, and nickel addition

went in as substitution lattice atoms and did not result in

formation of nitride precipitates. Both interstitial and solid-

solution strengthenings are observed.

Fe–18Cr–18Mn–(Si/Mo/Ni)–N–C has fcc matrix phase

with finely dispersed M23C6 precipitates. From the mea-

surement of lattice expansion, these alloys had a uniform

interstitial concentration, regardless of the total added

nitrogen and carbon concentration. Yield strength

increased due to the interstitial concentration which was

approximately solely due to the nitrogen concentration and

in direct proportion to the carbide precipitate concentra-

tion. Yield strength, precipitation strengthening was only a

third as effective as interstitial strengthening.

Conclusion

The phase evolution of Fe–Cr–Mn alloys is strongly

affected by alloy chemistry. Fe–18Cr–18Mn alloy is fcc–

bcc duplex phase. Nitrogen enters Fe–Cr–Mn alloys as an

interstitial. Nitrogen not only stabilizes the fcc phase, but

also increases carbon solubility. Minor alloy additions of

molybdenum, silicon, and nickel do not affect nitrogen

interstitial solubility, but do reduce carbon solubility

resulting in formation of M23C6 precipitates. The addition

of larger solute substituted atoms and interstitials increases

the lattice dimensions. There is a direct correlation between

lattice expansion and yield strength. Increasing the inter-

stitial concentration increases the yield strength by

approximately a factor of ten more than does solute sub-

stitution. Precipitates increase yield strength but only a

factor of three more than solution strengthening.
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