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HIGHLIGHTS

» A new wear/gall resistant stainless steel
alloy is developed that rivals the perfor-
mance of Stellite from T = 300 to 625 K;
The alloy design strategy is to suppress
strain localization hard phases and ma-
trix strain hardening;

This is achieved through powder metal-
lurgy and annealing to achieve extraor-
dinarily high nitrogen strengthening;
An enhanced strain-induced martensite
phase transformation at 298 K and
twinning at 625 K are observed.
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ABSTRACT

This work details the development of a new cobalt-free stainless steel powder metallurgy hardfacing alloy designed
to replace Stellite 6, a cobalt-based hardfacing alloy used in nuclear valve applications. The fundamental strategy
centers on alloying stainless steels with up to 0.5 wt% nitrogen, which is shown to increase both the volume fraction
of hard phase precipitates and the strain-hardening rate of the matrix. The resultant alloy, Nitromaxx, exhibits gall-
ing performance that is comparable to Stellite 6, up to 350 °C. This performance is attributed to the suppression of
strain localization events associated with galling. In particular, transmission electron microscopy and diffraction
measurements from tensile tests show that the nitrogen addition decreases the calculated matrix stacking fault en-
ergy and enhances both deformation-induced martensite transformation at room temperature and deformation
twinning at elevated temperature. These strain-hardening mechanisms, coupled with the increase in precipitate
volume fraction, effectively suppress localization and enhance galling resistance up to 350 °C. The enhanced galling
resistance cannot be rationalized in terms of tensile stress-strain response alone.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

applications. Cobalt-based Stellite alloys have excellent resistance to
galling, a severe form of adhesive wear that involves plastic flow or ma-
terial transfer during metal-to-metal sliding under a nominal contact

Hardfacing alloys provide high tribological wear resistance under
unlubricated sliding conditions. Such conditions are prevalent in
power plant turbines, pumps, valve seats, and numerous other
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pressure [1]. They are often used in wear-resistant valve applications
in power plants [2].

Despite a superior galling performance, Stellite 6 has a significant
drawback: corrosion and wear debris can be activated to radioactive
Co-60 and circulate through the nuclear core of a power plant. This
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radioactive isotope of Co is considered to be the largest contributor to
occupational radiation exposure in nuclear power plants, resulting in a
large incentive to replace Co-based hardfacing alloys with Co-free alter-
natives. Until now, a cobalt-free, gall-resistant, hardfacing alloy has not
been available to address this problem.

This paper outlines the design approach, implementation, testing,
microstructural characterization, and deformation mechanisms in
Nitromaxx, a new Co-free hardfacing alloy with excellent gall-
resistance performance. Section 2 describes the basis for a key hypoth-
esis that underlies this work: high galling resistance can be achieved
by suppressing strain localization. Section 3 details the experimental ap-
proach to increase the nitrogen content in NOREM 02, a Co-free stain-
less steel alloy. Nitrogen is the target for compositional modification
because at high concentrations in stainless steels, it has been observed
to decrease the stacking fault energy [3-6]. This affects the planarity of
slip [7], enhances the kinetics of a strain-induced martensitic transfor-
mation [8-11], and promotes deformation twinning at higher concen-
trations (e.g., 0.99 wt% N) [12]. Nitrogen can also increase the volume
fraction of hard precipitates [13]. Martensite formation, twinning, and
hard precipitates can help impart work hardening and suppress strain
location [12, 14]. More recently, steels with higher nitrogen have been
achieved using additive manufacturing methods, thus augmenting the
strain-induced martensite transformation [15, 16]. The benefits of nitro-
gen addition in the resulting alloy, Nitromaxx, when tested from RT to
343 °C, are documented in Section 4. Nitrogen is shown to increase
the volume fraction of hard phases and enhance a deformation-
induced FCC-to-BCC martensite transformation at room temperature
and twinning at elevated temperature (350 °C). The conclusions sup-
port the hypothesis that the superior gall resistance of Nitromaxx is
coupled to microstructural features and deformation mechanisms that
effectively suppress strain localization.

2. Design approach

This investigation builds on a fundamental observation in prior work
[17] that the initiation of galling scars in stainless steels is associated
with localized shear deformation under a sliding contact. Fig. 1a from
that work shows physical evidence of shear localization in debris near
a gall scar. The elongated shape and the sharp demarcation in the de-
formed, aligned microstructure from the relatively undeformed coun-
terpart below provide evidence of strain localization.

This observation motivated the hypothesis that galling in stainless
steels can be reduced by the suppression of shear localization. This
may not extend to other alloys in which the mechanism of severe adhe-
sive differs. Fig. 1b outlines a two-part strategy to minimize localization.
The first strategy is geometric: minimize the scale over which localiza-
tion can occur by reducing the depth of the highly-deformed nanocrys-
talline layer in which localization events form. The second strategy is
constitutive: impart plastic flow properties that suppress shear localiza-
tion. The proposed approach to achieve the geometric strategy is to re-
duce asperity size and increase hardness. These actions are expected to
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decrease the thickness of the highly deformed nanocrystalline layer [17]
and reduce the scale of galling. The proposed approach to achieve the
constitutive strategy is to incorporate hard secondary phases that are
difficult to shear [18] and to promote large strain hardening of the ma-
trix as to diffuse strain localization [19].

Fig. 2 shows a road map that details the mechanistic strategies in this
work. The aforementioned fundamental hypothesis and strategies to
suppress localization are detailed in the first and second columns. The
third column lists specific microstructural modifications that include
(1) increasing interstitial solution strengthening; (2) inducing plastic
deformation mechanisms that increase matrix strain hardening; and
(3) adding hard secondary phases. Interstitial solution strengthening
is known to increase hardness in stainless steels [20], which is expected
to decrease asperity size and reduce the thickness of the nanocrystalline
layer. The increase in hardness aligns with the geometric strategy to de-
crease the scale of stress redistribution under the asperity. The reduced
scale decreases the local driving force for adhesive wear processes
[21-22], including simple adhesive wear and galling.

The third column also details the constitutive strategies to suppress
shear localization. Strain hardening of the FCC matrix in stainless steels
can be achieved by decreasing the stacking fault energy (SFE) [23]. A re-
duction in SFE is known to promote dissociation of perfect dislocations,
thereby suppressing the ability of dislocations to circumvent obstacles
via cross slip [24]. Dislocations are therefore more likely to be
immobilized at defect intersections and produce Lomer-Cottrell locks
and other reactions that pin dislocations [24]. A reduction in SFE can
also aid deformation twinning, which introduces area defects (twins)
that can act as barriers for increased strain hardening, as demonstrated
in TWIP type steels [25, 26]. A reduced SFE can also aid the formation of
defects that nucleate martensite [8, 27-29], a phase that can block dislo-
cation motion and enhance strain hardening. Finally, hard second
phases (e.g. carbides and nitrides) can inhibit shear band propagation
and suppress large-scale strain-localization events. These trends follow
from studies of metals [30] and cermet-type materials [31] on strain-
localization properties [32].

The last column of Fig. 2 proposes the addition of nitrogen to stain-
less steel to achieve all three microstructural modifications shown in
column 3. First nitrogen additions can increase interstitial solution
hardening in the FCC matrix. Second, studies [33-35] show that higher
concentrations (>0.2 wt% N) can significantly decrease SFE and promote
e-martensite (HCP) formation [36] during straining at room tempera-
ture, although small additions to conventional SS grades are shown to
do the opposite [20]. This non-monotonic effect may be due to segrega-
tion or clustering of nitrogen to stacking-faults [5] or to a constitutive
thermodynamic interaction [37]. Successive decreases in SFE can aug-
ment the dominant inelastic deformation mechanism from: (1) disloca-
tion cross-slip and forest hardening; to (2) planar slip from extended
dislocations; to (3) deformation twinning; and finally to (4) strain-
induced martensite (FCC to HCP) [38]. The ability to invoke concurrent
mechanisms has been used to explain the wear-rate dependence on
stacking fault energy in several FCC materials [39]. Finally, super-
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Fig. 1. (a) Cross-section view through a galling scar in a stainless steel with precipitates showing severe localization associated with scar and wear debris formation [3]; (b) Schematic
depicting the development of a shear band through a highly deformed, nanocrystalline region with a thickness that scales with the average asperity size (inversely proportional to

hardness, in the Archard wear regime).
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Fig. 2. Flow chart indicating the alloy design approach, from performance goals to a proposed solution involving nitrogen alloying and heat treatment. TGS = threshold

galling stress; SFE = stacking fault energy; HT = high temperature (343 °C).

saturation of nitrogen will lead to nitride formation in stainless steels
during high temperature processing. Nitride formation is associated
with improved wear properties in a wide array of high-nitrogen stain-
less steels, such as 304LN and the Nitronic alloy series [1, 22, 40].
Large (>1 pm), hard particles in a metal matrix have been shown to sup-
press strain-localization and shear banding in a variety of cermet mate-
rials such as Al-SiC [32] and Co-WC composites. The present work
pursues nitrogen additions up to 0.5 wt% N, compared to the 304LN
and Nitronic alloy series that have 0.2 wt% nitrogen or less.

3. Experimental methods

Table 1 shows a series of hardfacing alloy compositions that were
considered in this work. The composition for an existing reference
alloy, NOREM 02, and the new alloy, Nitromaxx, are similar except
that Nitromaxx is produced from powder with 0.51 wt% N vs. 0.17
wt% N for NOREM 02. Each alloy sample was prepared by sintering pow-
der compacts at 1050 °C under vacuum for 10 h and then air cooling. A
variety of normalizing/annealing heat treatments are also shown in
Table 1. Each composition was then evaluated using galling tests, metal-
lography, and electron microscopy.

ASTM G98 pin-on-block, self-mated gall tests were performed at
room and elevated temperature (343 °C) to mimic conditions experi-
enced by valves in pressurized water reactor conditions. Cylindrical
specimens with mating surfaces were rotated relative to one another
by 360°, using progressively larger normal (compressive) loads from
one test to the next. The TGS was recorded as the nominal compressive
stress at which pronounced grooving and metal transfer were observed,
based on laser profilometry and optical microscopy as specified in the
ASTM method. The threshold for galling and subsequent seizure was
the primary performance parameter of interest and, for that reason,
the ASTM G98 galling test was used exclusively to assess performance.

Microstructures were investigated using conventional metallography,
X-ray diffraction (Rigaku SmartLab), and scanning electron microscopy
(SEM-FEI ESEM XL-30). Powder metallurgy samples of increasing nitro-
gen content for the Nitromaxx alloy were prepared using Vilella's reagent

followed by electro-etching in boiling NaOH to reveal grain boundaries,
carbides, and nitrides. Phase balance and identification were determined
using a combination of X-ray diffraction quantification and point counting
analysis from SEM micrographs. Simulations of the equilibrium structure
were also performed using ThermoCalc (v6.2, TCFE4 database).

A methodology for microscopy and metallographic examination to
protect wear surface features and debris was developed. Cross-sectional
specimens normal to the wear surface were prepared by electroplating
the wear surface with copper, followed by light polishing tangent to the
gall sliding direction. Samples that were tested at or near the TGS were ex-
amined using scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and electron back-scattered diffraction (EBSD) to de-
termine the phases, structure, and microstructure near the wear surface
(FEI ESEM XL-30). TEM analysis of the microstructure under the worn
surface was performed on electron-transparent foils prepared by focus
ion beam machining (FIB) in a Phillips model CM200 (accelerating volt-
age 200 KV).

The strain-induced martensite transformation was also investigated
with respect to strain-evolution and temperature stability using in-situ
X-ray diffraction (XRD). The in-situ XRD experiments were performed
at the Nanotechnology Laboratory (LNNano) in Campinas, Brazil. A
Gleeble thermomechanical simulator was set up in the path of a synchro-
tron X-ray beam at the beamline. An X-ray beam energy of 12 KeV (wave-
length 1.033 A) was used in a reflection geometry inside the experimental
chamber. Information about the structure and fraction of various phases
was collected during isothermal tensile testing at several temperatures
under vacuum. Details of the experimental apparatus are available at
http://Innano.cnpem.br/laboratories/cpm/facilities/xtms/

4. Results
4.1. Galling properties
Table 2 shows that the Nitromaxx alloy has excellent room (RT) and

high temperature (343 °C) galling behavior, comparable to or better
than Stellite 6. In contrast, stainless steel 316 L displays poor performance
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Table 1

Compositions (wt%) of the Melt and Annealing Temperature Used to Make Powder-Based Hardfacing Alloys, measured by electron-probe microanalysis (EPMA).
Alloy Cr Ni Mn Mo Co Si w C N Fe Annealing T
Stellite 6 30 3 1 15 58 15 4 1 1325 K (1050 °C)
NOREM 02/1050 25 4 4 <0.06 35 12 0.17 Bal. 1325 K (1050 °C)
NitroMaxx/1100 28 4 4 2 35 1.2 0.51% Bal. 1375 K (1100 °C)°

¢ 0.30 and 0.44 Wt% N also studied.
51050, 1150, and 1200 °C also studied.

at both temperatures and NOREM 02 shows excellent performance only
at RT. Fig. 3 shows optical micrographs of NOREM 02, Nitromaxx, and
Stellite 6 samples after high temperature G98 testing at 100 MPa. Both
Nitromaxx (Fig. 3b) and Stellite 6 (Fig. 3c) show modest surface deforma-
tion with small (<50 pum) features, characteristic of excellent gall resis-
tance. However, NOREM 02 (Fig. 1a) displays obvious signs of galling.
This marked degradation in the NOREM 02 performance at high temper-
ature is consistent with previous experimental studies [41]. The transition
from excellent gall resistance at room temperature to poor resistance at
elevated temperature has been correlated to the cessation of a strain-
induced martensite transformation above 200 °C [42].

4.2. Surface oxides

Fig. 4 shows surface oxides (dark regions, top of images) on the
Nitromaxx and Stellite 6 surfaces after elevated temperature G98 test-
ing. These features are not present on surfaces with poor galling resis-
tance (e.g., NOREM 02 at elevated temperature). They are indicative of
localized, high temperatures near asperities during G98 wear tests.
The localized high temperatures are hypothesized to increase with in-
creasing hardness for a given nominal stress and coefficient of friction
because a comparable nominal work rate is distributed over smaller as-
perities and thinner nanocrystalline regions (Fig. 1b) [2].

The 3-5 pum thick oxide layers in self-mated G98 tests of an austen-
itic stainless steel hardfacing alloy are similar to those in Stellite [43]
and are usually indicative of good wear/galling properties. The layers
are surface-adherent and have a lower effective atomic density, based
on the reduced intensity in electron-backscattered images. They also
show no contrast or coherent electron-backscatter diffraction and are
not detected even in long exposure X-ray diffraction. This indicates
that the structure is either amorphous or very highly faulted.

The mechanism of oxide formation is not certain because of the lack
of in-situ tribological characterization. It may occur by re-deposition
and mixing of debris [43] or by enhanced surface diffusion, yielding a
layer that is thicker than that predicted from steady-state oxide kinetics
[2]. The beneficial effects of this local oxidative behavior are hypothe-
sized to be similar to those for (uniform) oxidative wear behavior.
They include prevention of metal-to-metal surface contact and prefer-
ential deformation of the softer oxide layer. The result is a solid-phase
lubricant-like effect with demonstrably beneficial wear properties.

4.3. Microstructure
Fig. 5 contrasts the microstructures of Stellite 6, NOREM 02, and

Nitromaxx. Table 3 shows the volume fraction of phases in each alloy

Table 2
ASTM G98 Threshold Galling Stress (MPa).

Threshold Galling Stress (MPa)

Alloy 298 K (25 °C) 625K (343 °C)
Stellite 6 >240 200

NOREM 02/1050 >240 70
Nitromaxx/1100 >240 >240

Stainless Steel 316 L 1 0.1

as determined from integrated peak intensities of X-ray diffraction
data. These values were also substantiated through point counting
methods in micrographs as in Fig. 5. All three alloys share the same fea-
ture that a FCC matrix is reinforced with M;3Cg carbides. For Stellite 6
and NOREM 02, the relative fractions of matrix and carbides is similar.
However, Nitromaxx has 15 vol% nitrides (Cr,N) in addition to the car-
bides. Thus, it has a greater overall volume fraction of hard phases,
which may serve to suppress shear localization. Nitromaxx also has a
finer microstructure than NOREM 02 (compare Fig. 5b-c).

Fig. 6 shows that increasing wt% N in the melt during powder pro-
cessing increases the volume fraction of nitride precipitates in a mono-
tonic fashion. This trend is also supported by thermodynamic modeling
of Nitromaxx using ThermoCalc software [32]. In particular, Fig. 7 shows
output from ThermoCalc software for the Nitromaxx composition (wt%
N = 0.51, Table 1). The molar fractions of nitrides and carbides are rel-
atively constant over the temperature range 1050 to 1200 °C varying
from 0.17 to 0.20 for M»3Cg and from 0.05 to 0.07 for Cr,N. A key conse-
quence is that the equilibrium volume fraction of hard phases increases
modestly with annealing temperature.

4.4. Matrix lattice parameter and composition

Fig. 8a shows that the lattice parameter of the FCC matrix, measured
at room temperature by X-ray diffraction, monotonically increases with
annealing temperature in the range of 1050 to 1200 °C for a 2-hour an-
neal. This is significant because the FCC matrix lattice parameter in-
creases with interstitial (nitrogen and carbon) content [45]. Table 4
shows that both NOREM 02 and Nitromaxx samples have the same lat-
tice parameter (3.585 & 0.005 A) when sintered under pressure at
1000 °C, cooled, annealed at 1050 °C for 2 h, and then water quenched.
The data therefore suggest a similar interstitial matrix composition in
both Nitromaxx/1050 and NOREMO02/1050, where the nomenclature /
1050 specifies the annealing temperature in °C. This is peculiar since
the wt% N in the melt during powder processing was different for
these alloys (Nitromaxx = 0.45 wt% N, NOREM 02 = 0.12 wt% N).
When the annealing temperature was increased from 1050 to 1100 °C,
the tabular results show that the matrix lattice parameter in Nitromaxx
increased by ~0.5%.

Fig. 8b shows predictions from CALPHAD thermodynamic simulations
that the mass% N in the FCC phase of Nitromaxx monotonically increases
with annealing temperature. This is consistent with the experimentally
observed increase in FCC phase lattice parameter with annealing temper-
ature. The simulations also suggest that this trend extends to even greater
annealing temperature, consistent with other work on similar stainless
steel compositions [46]. The complex equilibria between the carbide
and nitride species (Fig. 7) are a possible source of this nitrogen su-
persaturation. Small amounts of nitrogen can increase the lattice pa-
rameter (approximately 0.0009 A per at% N [46]) and provide
significant increases in yield strength (up to 120 MPa per wt%
N) and strain hardening [47]. It is thus advantageous to increase
the annealing temperature to increase interstitial content in the
FCC matrix. However, constraints can intervene: if Nitromaxx is
used as a hardfacing material on 316 L, the annealing temperature
will be limited to 1100 °C (2 h), the maximum allowable ASTM an-
nealing temperature for 316 L [46].
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Fig. 3. Surfaces of: (a) NOREMO02; (b) Nitromaxx; and (c) Stellite 6; after ASTM G98 testing at elevated temperature (350 °C) and 15 ksi (100 MPa) nominal compressive stress. The mm-
scale galling scars in (a) contrast with the small (<50 pm) wear features in the Nitromaxx alloy and Stellite 6. The prominent vertical features in (a) and (b) and horizontal ones in (c) are

from the ground surfaces before testing.

4.5. Uniaxial response and strain-induced martensite

Fig. 9 shows the results of in-situ X-ray diffraction during tensile
testing of Nitromaxx at room temperature. In particular, straining at a
rate of 0.01/s diminishes the volume fraction of the FCC matrix and in-
creases that of the BCC martensite phase. Specifically, the FCC (111)
and (200) peaks diminish from a large initial intensity (red) to a smaller
intensity (green), while the BCC (220) peak increases in intensity from
green to red (Fig. 9). Thus, a FCC-to-BCC strain-induced martensitic
(SIM) transformation is observed. The changes in diffraction intensity
with strain were quantified by fitting and normalizing the peaks,
using a custom algorithm in the IgorPro and Matlab programming
suites. The normalized intensities of the (111) and (110) peaks were
used to determine the fraction of FCC and BCC phases in the matrix as
a function of strain. The experimental set-up and data reduction method
are detailed in Smith et al. [40].
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Fig. 10 shows that the fraction of strain-induced martensite (SIM)
evolves similarly with strain for both NOREM 02/1050 and Nitromaxx/
1050. The similar SIM response prevails even though the alloys have a
different %N melt composition (0.12 vs. 0.45) during processing and a
different %vol. fraction of hard phases (0.33 vs. 0.44). However, both al-
loys have the same annealing temperature (1050 °C) and similar FCC
matrix lattice parameter. This suggests that the evolution of SIM is con-
trolled by %N in the matrix rather than the alloy composition.

Nitromaxx/1100 displays an increased SIM relative to Nitromaxx/
1050. This is consistent with the results in Fig. 8 and Table 4 that a larger
annealing temperature produces an increase in the FCC matrix lattice pa-
rameter and thus an increase in %N in the matrix. The larger %N is then hy-
pothesized to lower the stacking fault energy in the matrix and increase
the rate of SIM transformation via the formation of high-energy nucle-
ation sites at shear band locations, as described in the Olson-Cohen
model [8]. This is evidenced by the increased rate of martensite formation
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Fig. 4. Analysis of (a) Nitromaxx and (b) Stellite 6 samples after ASTM G98 testing at elevated temperature (343 °C) under a nominal compressive stress of 100 MPa. Upper images show
sample cross-sections near the worn surface (top) using backscattered electron scanning electron microscopy. Arrows point to an oxide phase on the surface. Lower plots show chemical
compositions based on EDS (XPS) measurements, indicating an elevated oxygen content near the surface.
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Fig. 5. Scanning electron microscope images showing the multiphase microstructure of (a) Stellite 6, (b) NOREM 02/1050, and (c) Nitromaxx/1100 as listed in Table 1. Note that the
contrast of a particular phase (e.g., M23Cs) can differ between micrographs due to relative differences in Z-number and crystal orientation.

Table 3
Phase balance of hardfacing alloys, as determined from integrated peak intensities of X-ray
diffraction data.

Matrix % Vol. Fraction  Secondary Phases % Vol. Fraction
Stellite 6 FCC 70 + 10 M,3Cs 30+ 10
NOREM 02/1050  FCC 65+ 5 M,5Cs 35+5
Nitromaxx/1100  FCC 50+5 M,5C6/CroN 35/15+5

with strain and also the increased amount of martensite at the beginning
of the test. The results can be fit to the Olson-Cohen [8] and other models
[48, 11] for the SIM as a function of strain (see solid curves, Fig. 10). The
data in Table 4 show that an increase in matrix lattice parameter is readily
achieved by increasing the annealing temperature from 1050 to 1100 °C
(compare Nitromaxx/1050 and Nitromaxx/1100, Table 4). However, an
increase in %N in the melt without an increase in annealing temperature
does not change the matrix lattice parameter (compare NOREM 02/
1050, Nitromaxx/1050, Table 4). Thus, an increase in annealing tempera-
ture is observed to increase %N in the matrix (Fig. 8 and Table 4) and in-
crease the strain-induced transformation rate (Fig. 10).

2. 4 A.tm-;

0.30 Wt%

Fig. 11(a, b) show the uniaxial response and SIM, respectively, for
NOREM 02/1050 and (c, d) show the respective data for Nitromaxx/
1100, measured at different test temperatures. When the test tempera-
ture is increased from 23 to 150 °C, both alloys exhibit a decrease in
strength. When the test temperature is increased further from 150 to
350 °C, the strength of NOREM 02/1050 continues to decrease but the
strength of Nitromaxx/1100 remains relatively constant. The decrease
in strength in the lower temperature range (23 to 150 °C) for both alloys
can be rationalized in terms of the concomitant decrease in SIM shown
in Fig. 11c-d.

However, the divergent trends in strength in the higher temperature
range (150 to 350 °C) are not easily rationalized because both alloys suffer
a comparable monotonic reduction in SIM with increasing test tempera-
ture. For example, the equivalent Mds, (the temperature at which the
matrix is 50 vol% martensite at 30% strain) is only 15 °C larger for
Nitromaxx/1100 compared to NOREM 02/1050. The results also suggest
that it is difficult to directly correlate uniaxial response and galling resis-
tance. In particular, Stellite reaches 1200 MPa at 7% strain and is relatively
insensitive to temperature from RT to 350 °C [42]. Thus, Stellite is consid-
erably stronger than Nitromaxx at elevated temperature yet Table 2
shows Nitromaxx has comparable or better threshold galling resistance.

Fig. 6. Optical micrographs of alloys achieved by powder processing with (a) 0.30, (b) 0.44, and (c) 0.51 wt% N in the melt. Carbides are light blue/gray and nitrides are black. The alloy
labeled c) is Nitromaxx as defined in Table 1. Samples were etched with Vilella's etchant and then boiled in NH4OH.
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Fig. 7. Prediction of the equilibrium molar fraction of phases in Nitromaxx as a function of
temperature, using ThermoCalc software [44]. The FCC matrix is in equilibrium with
carbide and nitride phases and is meta-stable at low temperature.

4.6. Deformation twinning at elevated temperature (343 °C)

Fig. 12 is a transmission electron microscopy (TEM) image of a cross-
section near the worn surface of a Nitromaxx/1100 sample, after G98 test-
ing at 343 °C. This sample was prepared by coating the cut surface with Pt
and the worn surface with Cu, then using focused ion beam (FIB) milling
to trench, undercut, and thin it for TEM. Fine (<50 nm diameter) grains
are observed within 2 um of the wear surface (top); the severe deforma-
tion in this region obscures the ability to discern any twinning. However,
twin laths are apparent in the six smaller circular regions located within 2
to 5 um from the worn surface. No laths were observed in the larger ellip-
tical region located >5 pm from the worn surface. Foils taken from outside
the wear region confirm that the observed twining was due solely to the
mechanical deformation of the material during the ASTM G98 galling test;
it was not a pre-existing artifact of machining or sample preparation. TEM
samples harvested from the opposing (block) surface from the same
Nitromaxx/1100 G98 test have the same features. In contrast, foils taken
from galled surfaces of NOREM 02/1050 samples revealed no deformation
twinning. Thus, during G98 testing at 343 °C, deformation twinning oc-
curred in Nitromaxx/1100 but not NOREM 02/1050. This motivates a hy-
pothesis that the divergent trends in elevated temperature strength
(Fig. 11a, b) and gall resistance (Table 2) are related to presence of defor-
mation twinning in Nitromaxx/1100 and absence of it in NOREM 02/
1050. At 350 °C, the tensile stress-strain response of NOREM 02/1050

Table 4
Matrix Lattice Parameter, Melt Composition, and Hard Phase Fraction of Hardfacing Alloys.

Annealing T  Lattice wt% N, Hard Phase Fraction
K (°C) Parameter (A) Melt (% Vol.)
NOREM 02/1050 1325 (1050) 3.585 0.12 33+£5
Nitromaxx/1050 1325 (1050) 3.582 0.45 48 + 5
Nitromaxx/1100 1375 (1100) 3.602 0.45 44 +5

and Nitromaxx/1100 are quite comparable and far below the 1200 MPa
strength reached by Stellite. The results suggest that twinning decreases
the dependence of strength on temperature at elevated temperature.
Also, the observed deformation twinning (Fig. 12) plus the larger hard
phase volume fraction (Table 4) in Nitromaxx/1100 does not produce sig-
nificantly larger tensile stress-strain response relative to NOREM 02/
1050. These results underscore that the different threshold galling behav-
iors (Table 2) cannot be rationalized in terms of tensile stress-strain
behavior.

Fig. 13a shows a higher resolution TEM image representative of
the interior of the six smaller circles in Fig. 12. Fine, 1 nm-thick
laths extend over several hundred nm and they intersect a hard
phase in the upper left corner. Fig. 13b shows a selected-area diffrac-
tion pattern (SADP), typical of the three circular regions located 3 to
5 um below the worn surface, where the grain size is large enough to
obtain a pattern. The pattern confirms a clear twinning orientation
along the (110) zone axis, consistent with deformation twins. Specif-
ically, the diffraction pattern shows doubling of general diffraction
spots, except those of type (hhh). These peaks correspond to a twin
invariant plane of (111), the expected invariant plane in FCC phases
present in stainless steels [49].

4.7. Reduced stacking fault energy

The effect of nitrogen on stacking fault energy (SFE) in the FCC matrix
was considered to rationalize the observations of enhanced strain-
induced martensite (SIM) at room temperature and deformation twin-
ning at elevated temperature (343 °C) in Nitromaxx. A decrease in SFE
has been proposed to affect SIM, by increasing both the thermodynamic
driving force to form martensite as well as the density of nucleation
sites for SIM [8]. The nucleation sites include intersections of stacking
faults and twins, which can be promoted by a decrease in SFE. Although
prior work has documented an enhanced FCC-to-BCC SIM and increased
strain hardening when twinning accompanies SIM [41], the twinning ob-
served in Nitromaxx/1100 does not appear to enhance SIM, relative to
NOREM 02/1050 (Fig. 11b, d).

The stacking fault energy can be determined by measuring the equi-
librium distance d.¢ between partial dislocations in the FCC matrix. A
governing equation based on dislocation theory [24] (see Eq. (10.14)),
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Fig. 8. (a) Lattice parameter of the FCC phase in Nitromaxx as a function of annealing temperature, as determined by X-ray diffraction. The Nitromaxx samples were heat treated at
temperature for 2 h and water quenched. (b) Interstitial nitrogen in the FCC phase as a function of equilibrium temperature, as predicted from thermodynamic simulations
(CALPHAD). ThermoCalc ® software [44] was used with suppression of the non-observed phase M;Cs.
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Fig. 9. Results from in-situ X-ray diffraction experiments during tensile testing of Nitromaxx at room temperature and a nominal strain rate of 0.01/s, showing diffraction patterns, test
temperature (°C), change in cross-sectional dimension (mm, using laser extensometry), and tensile force (kN).

as applied by Aerts et al. [50] to anisotropic FCC crystals, is

2
Ueieh™ 2— Vg ( W cosZB)
SFE = 1— 1

8Mdefr 1—Vegr 2—Vefr M

Here, b = a/6(112) is the magnitude of the Burgers vector of a partial
dislocation in FCC stainless steel, for which a = 3.608 A is the lattice pa-
rameter, (3 is the angle between the Burgers vector and line direction of
the perfect dislocation, and tlesf = 73 GPa and Ve = 0.31 are the effec-
tive elastic shear modulus and Poisson's ratio, respectively, oriented
along (111) slip planes that contain stacking faults. The effective numer-
ical values have been shown to be an excellent fit to experimental data
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Fig. 10. Calculated fraction of BCC phase (martensite) as a function of tensile strain for the
RT experiments described in Fig. 9, for NOREM 02/1050, Nitromaxx/1050, and Nitromaxx/
1100 as defined in Table 4, where the nomenclature /1050 and /1100 specifies the
annealing temperature in °C. The results for NOREM 02/1050 and Nitromaxx/1050
overlap whereas that for Nitromaxx/1100 is shifted up. The /1050 vs. /1100
nomenclature indicates a 1050 °C vs. 1100 °C anneal. The solid lines are a best fit to the
Olson-Cohen model for SIM [8].

for FCC stainless steels [51]. An upper estimate to SFE values is obtained
by setting 3 = 90°, consistent with an edge dislocation. This upper
bound was used because variations in strain and sample thickness
prevented an accurate determination of 3.

Fig. 14 shows TEM images from Nitromaxx/1100 and NOREM 02/1050
samples after G98 testing at 343 °C. A near [111] zone axis tilt was used to
observe dislocation pairs on (111) slip planes (typical of FCC materials),
using a (—220) type diffraction vector. Following the approach of Pierce
etal.[52],ag(4 g) diffraction condition was adopted for partial dislocation
imaging, using an inside out diffraction condition reversal to determine
the position of the partial dislocations that bound a stacking fault. Approx-
imately 20-25 pairs of partial dislocations were imaged in each sample.

Table 5 shows that Nitromaxx/1100 has a larger d.g and therefore
smaller stacking fault energy (SFE) than NOREM 02/1050. In particular,
the SFE of Nitromaxx is estimated to be <20 mJ/m?, the empirical range
below which twinning becomes accessible in FCC alloys [41, 6]. Thus,
there is direct evidence that an increase in nitrogen from ~0.17 to
~0.5 wt% N, coupled with an increase in annealing temperature from
1050 °C to 1100 °C, decreases the SFE in the FCC matrix. There are
three caveats to this observation. First, the assumption of 8 = 90° in
Eq. (1) provides an upper bound to SFE values. Second, these values
may not reflect those at 343 °C because the samples were imaged at
RT following deformation at 343 °C. Third, the observed partial disloca-
tions are unlikely to be in equilibrium due to internal stress from nearby
defects, free surfaces, sample bending, and lattice resistance to disloca-
tion motion. On average, the effects of internal stress should produce
deviations that are centered about the equilibrium value because in
principle, the internal stress in an unloaded sample should fluctuate
around zero. Although these caveats are expected to affect the absolute
values of SFE in each alloy, the difference in average stacking fault width
supports the conclusion that Nitromaxx has a relatively smaller SFE.

5. Conclusions

A new gall-resistant stainless steel alloy, Nitromaxx, has been devel-
oped that rivals the room and elevated (343 °C) temperature threshold
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Fig. 11. Results from in-situ X-ray diffraction experiments during tensile testing at various temperatures, showing (a) stress-strain response and (b) calculated fraction of BCC phase for
NOREM 02/1050 and corresponding results (c, d) for Nitromaxx/1100. Results for some temperatures (e.g., 350 °Cin (b) and 50 °C in (d) are not available), yet the trends are apparent.

galling stresses of Stellite 6, a Co-base hardfacing alloy used in nuclear
power plants. A benefit to Nitromaxx is that wear debris do not impose
a radiation occupational health hazard as with Co-base alloys. The un-
derlying approach for Nitromaxx was to modify a reference stainless
steel alloy, NOREMO2, so that strain localization is suppressed. The key
strategies to suppress localization were to: (1) increase the volume frac-
tion of hard phase particles, which can serve to arrest shear localization;
(2) increase matrix flow strength, which can reduce plastic asperity
sizes and dimensions of localization events; and (3) increase matrix
strain hardening, which can serve to diffuse localized strain. These

strategies were achieved by a powder processing method, in which
the nitrogen of the melt used to produce the powder was increased
from ~0.17 to 0.5 wt%. The powder was then processed under hot iso-
static pressure at 1050 °C and subsequently annealed for 2 h at 1100 °C.

The increase in melt nitrogen and the higher annealing temperature
(1100 °C) achieved all three key strategies. CroN particles (~15 vol%)
were introduced, bringing the combined hard phase (M33Cg + Cr,N)
volume fraction to ~50 vol%. Nitromaxx maintained flow strength and
strain-hardening levels, independent of temperature, over the range
150 to 350 °C. In contrast, the strength of the reference stainless steel

Twin Lathes Found
Twin Lathes Found
' and DP confirmed

Lathes NOT Found
(Annealing Twin only)

Fig. 12. Cross-section of a Nitromaxx/1100 sample, after ASTM G98 testing at 343 °C. The TEM foil shows the wear surface at the top, where the opposing surface slid out of the page. The
smaller blue and green regions closer to the wear surface show where twin laths were observed.
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Fig. 13. (a) Morphology and structure showing the presence of deformation twins in Nitromaxx/1100 after ASTM G98 testing at 343 °C; (b) selected area diffraction patterns from regions
with laths confirming twinning orientations near the wear surface (see Fig. 12). The invariant plane and twin variant spots are highlighted for clarity.

alloy, NOREM 02, which had a melt composition of ~0.17 wt% N and was
annealed at 1050 °C, decreased in this regime and showed poor galling
performance. An increase in melt nitrogen and a lower annealing tem-
perature (1050 °C) achieved strategy (1) but not strategies (2) and
(3) and was judged to be unsuccessful. Thus, the use of hard particles
alone was judged to be insufficient to achieve high galling resistance
from room temperature to 350 °C and that modification of the matrix
nitrogen content was judged to be essential.

The signature constant flow strength of Nitromaxx in the 150 to
350 °C regime is correlated with deformation twinning that was ob-
served near the worn surface of Nitromaxx but not NOREM 02 sam-
ples tested at 343 °C. The higher annealing temperature (1100 °C)
for Nitromaxx was predicted by CALPHAD to increase interstitial ni-
trogen in the matrix. Experiments confirmed that Nitromaxx with an
1100 °C anneal exhibited a larger matrix lattice parameter, reduced
stacking fault energy, enhanced strain-induced martensitic transfor-
mation at room temperature, and enhanced strain-induced twinning
at elevated temperature (343 °C). The resulting Nitromaxx alloy
(with ~0.5 wt% N vs. < ~0.2 wt% N for 304LN and Nitronic alloys) ex-
hibited extraordinary galling resistance from RT to 350 °C, competi-
tive with existing Co-base Stellite. This has particularly positive
ramifications for mitigating occupational radiation exposure in nu-
clear power plants caused by radioactive Co.

.

a)Nitromaxx

9
59

T
100 nm

Table 5
Stacking Fault Width d.gand Stacking Fault Energy (SFE) After G98 Testing at 625 K (343 °C).

degr (Nnm) SFE (mJ/m?) Eq. (1)
NOREM 02/1050 8416 30 + 20
Nitromaxx/1100 14+£5 10 £ 20
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