Templated growth of a complex nitride island dispersion
through an internal nitridation reaction
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A new synthesis route, based on internal oxidation reactions in multiphase alloys, is
proposed for the controlled production of near-surface, complex ceramic-ceramic or
ceramic-metallic composite structures. Using this approach, a microdispersion of a
complex nitride perovskite, GPtN, was formed in GN or Cr(Pt) by internal

nitridation of a two-phase Cr(Pt) + ¢Rt precursor alloy. A framework for use of this
phenomenon to synthesize island micro- (and potentially meso- or nano-) composite
functional surface structures is presented.

Internal oxidation (nitridation, sulfidation, carburiza- [Fig. 1(a)] has been used as a basis to design heat-
tion, boronization, etc.) reactiohs provide a straight- resistant alloys for use in oxidizing environments and is
forward and rapid method to synthesize ceramicof long-standing technological importance. The indepen-
dispersions (oxides, nitrides, sulfides, carbides, boridesient reaction mode was first reported in the late 1950s
etc.). A major limitation from a synthesis standpoint is (Ref. 18) but has been considered of little direct techno-
that internal oxidation usually yields only simple, binary logical importance, with only a small number of studies
ceramic precipitates (e.g.,&X-). Although simple ce- in the intervening 40 years (reviewed in Ref. 17). The
ramic phases exhibit many interesting properties (e.gkey characteristic of the independent reaction mode, re-
Ref. 6), complex ceramic phases (e.g., ternag8 /X, cently termed in situ” or “in-place” internal oxida-
and higher order structures) offer a far greater wealth ofion,*”*° is that the reaction is dominated by inward
behaviors and opportuniti€s’* Complex ceramic oxidant transport, with negligible outward diffusion of
phases have been reported as a result of internal oxidéie alloy components within the individual phases. Con-
tion (e.g., Ref. 12). However, they are typically formed sequently, the reaction product replicates the size, mor-
by subsequent solid-state reactions involving the initiallyphology, spatial distribution, and chemistry of each
precipitated simple binary ceramic compound(s) withphase in the underlying alloy structure [Fig. 1(b)]. Effec-
each other or the matrix. The particle size tends to beively, the initial alloy microstructure acts asgemplate
large (order of microns) and the chemistry varied, oftenlf the second phase is a multicomponent metallic (or
irregularly intermixed with the initially formed binary intermetallic) compound, we propose that a complex ce-
ceramic compounds that gave rise to them. To solve thisamic phase with a similar metal component stoichi-
limitation, we propose that by usingraultiphasealloy =~ ometry can potentially be formed.
precursor, internal oxidation can be used to controllably To determine whether the direct, controlled formation
synthesizecomplexceramic island structures. of a complex ceramic phase dispersion from a precursor

From a phenomenological viewpoint there are twometal precipitate phase of similar metal component
limiting cases for the oxidation of a multiphase alloy stoichiometry is possible, we examined the nitridation
(Fig. 1): (i) The phases may react cooperatively yieldingbehavior of Cr-5Pt atomic percent (at.%). This alloy con-
a single-phase reaction product or (ii) the phases magists of a dilute Cr(Pt) matrix with a gt second-phase
react independently yielding a composite reaction prodprecipitate and was selected for study because Cr exhib-
uct (e.g., Refs. 13-17). The cooperative phenomenoits a high permeability for nitrogen, which favors internal
modes of reaction, and a complex nitride phase with
similar metal component stoichiometry to {t, the
Cr;PtN perovskite phas®,exists. The alloy was arc cast
a)address all correspondence to this author. from high-purity Cr and Pt chips and nitrided for 48 h at
bradymp@ornl.gov 1100 °C (as-cast) or 24 h at 1000 °C (after a 1350 °C-8
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h/1050 °C-12 h solution/precipitation vacuum heat treatwhich the surface GN layer was removed by grinding
ment) in high-purity nitrogen. The nitrided samples were(Fig. 3). The diffraction pattern was indexed as a com-
characterized by x-ray diffraction (XRD) using Cy,K bination of CgPtN and CgN, with trace amounts of
radiation (1.5406 A), scanning electron microscopyCr,0O5 as a minor phase (likely an impurity inclusion left
(SEM), electron probe microanalysis (EPMA) using pureover from the arc casting). The {AtN phase has been
element standards for Cr, Pt, and a BN standard for nireported® to have a cubid®mBm perovskite structure
trogen, and transmission electron microscopy (TEM). Allwith a lattice parameter ai = 3.879 A. A quantitative
compositions are reported in at.%. Rietveld analysi$" refined to the following lattice

Cross-section SEM micrographs for heat treated Crparametersa = 3.8797 A for CgPtN; a = 4.8066 A
5Pt after 24-h nitridation at 1000 °C are shown in Fig. 2.and ¢ = 4.4817 A for CyN; and a = 4.948 A and
The microstructure consisted of three zones;en®sur- ¢ = 13.58 A for CrO,. The phase fractions were deter-
face Cr-nitride layer of composition 74Cr—26N, a secondmined to be CfPtN (32.9 wt%), CsN (64.5 wt%), and
layer approximately 7m thick of nitrided Cr(Pt) ma- Cr,0O5 (2.6 wit%). The identification by XRD of GPtN
trix of composition 69Cr-1Pt-30N containing a disper-and CgN is consistent with the SEM and EPMA data
sion of nitrided CgPt (white) of composition 65Cr-13Pt- shown in Fig. 2.
22N, and a third zone an additionall00 wm deep TEM was used to further investigate and confirm that
containing nitrided CyPt (white) of composition 69Cr- the CgPt phase nitrided to form the ¢RtN perovskite
16Pt-15N in a matrix of metallic Cr(Pt) of composition phase. Analysis was performed on arc-cast Cr-5Pt ni-
99Cr-1Pt. The composition of the LBt phase away from trided at 1100 °C for 48 h in the region where both the
the reaction zone was approximately 86Cr-14Pt. [TheCr(Pt) matrix phase and the Rt dispersion were
compositions of the GPt and nitrided CyPt regions nitrided. Dispersed grains observed in the matrix of
should be considered semiquantitative due to the likelithe nitrided precipitate phase were consistently identified
hood of beam overlap with the surrounding Cr rich re-
gions as a result of the fine (generally micron-range size
alloy structure.] The nitrided microstructure suggests ar
initial, transient period of cooperative reaction to form an &
external Cr-nitride surface layer followed by a transition >
to extensive subscale in-place internal nitridation, whlck
replicated the underlying alloy structure.

By SEM and EPMA analysis, most of the nltrlded
Cr5Pt particles (white) appeared single phase [Fig. 2(b)] 2
Some of the nitrided GPt particles showed a small
“sliver” of a dark phase region in the center of the
particle, suggesting the presence of a small fraction Of
second phase. This may be due to incomplete nitridatio ***™ 4 Pt Metal: 99Cr 19t
or possibly an artifact of the fine scale of the nitrided CryPt Metal: 86Cr-14P1
Cr3PtN precipitates in which underlying regions of the (a)
nitrided Cr-matrix phase may show through.
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@ (b) FIG. 2. SEM (secondary mode) cross-section micrographs of Cr-5Pt

at.% heat treated at 1350 °C for 8 h, 1050 °C for 12 h, and then held
FIG. 1. Schematic limiting cases for reaction of a two-phase alloyin high-purity nitrogen at 1000 °C for 24 h: (a) low-magnification
(shown here for oxygen) (after Ref. 17). overview, (b) high-magpnification view of boxed region in (a).
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by x-ray energy dispersive spectroscopy (XEDS) to conin the CBED whole pattern of thélli1zone axis
tain Cr and Pt [Fig. 4(a)]. The presence of nitrogen isshown in Fig. 4(b). Then-glide plane symmetry con-
not readily apparent in this spectrum due to absorptiotained in the CyPt structure indicates that a Gjonnes-
of characteristic low-energy x-rays. Qualitatively, differ- Moodie (G-M) line should be present in kinematically
ent levels of strain were present in this phase since thiorbidden 111 reflectiorf$ and this extra symmetry
spatial position of diffraction spots in selected-area dif-element can be used to differentiate between the two
fraction (SAD) patterns obtained from large areas werghases. Figure 4(c) shows the CBED whole pattern
systematically shifted relative to the center of disks inof the (112 zone axis; the observedrZnsymmetry does
convergent-beam electron diffraction (CBED) patternsnot show any evidence of the G-M line in the 111 re-
obtained from localized areas. Inhomogeneities in thdlection. Thus, the combined results of calculated lattice
magnitude of strain resulted in a range of calculated latd spacings, interplanar angle, and symmetry are consistent
tice d spacings from the SAD patterns that preventedwith the CgPtN perovskite phase based on ve3m space
an unambiguous determination of the crystal structurgroup, as indicated by the EPMA and XRD analysis. No
based on either the ¢t or CgPtN phases (JCPDS evidence of the GPt phase locally internally nitriding to
files). However, symmetry may be used to differ- form Cr,N and Pt, rather than gPtN, was observed.
entiate between these two phases. The space group ofThe microstructural characterization of the nitrided
Cr3Pt is PnBn whereas that of GPtN is Pm3m. These  structure in Cr-5Pt is therefore consistent with nitridation
space groups belong to the same point group o06f the CgPt precipitate phase to form single-phase (or
m3m, which is consistent with then3 symmetry observed nearly single-phase) giPtN perovskite. This result pro-
vides proof of principle that in-place internal oxidation
in a two-phase alloy can be used to controllably synthe-
Lo 15405 A LS oyels_353 Obss. and Calo. Profiss size a complex ceramic compound. The microstructural
' ' e e ' ' evidence suggests that the;RiN phase formed directly
from Cr;Pt, rather than a multistep process by solid-state
reaction of intermediate formed phases such ghbl@nd
Pt. To our knowledge, this would be the first example of
such a reaction path.

The potential utility of in-place internal oxidation as a
synthesis approach comes from the high degree of con-
trol achievable by exploitation of the solid-state alloy
phase equilibria and crystallographic relationships of-
fered by the initial metallic alloy composition, e.g., the
opportunity to “set” the template prior to the oxidation
reaction. A staged process is envisioned beginning

e _ with the deposition of a metallic thin-film alloy (or pos-
FIG. 3. XRD data for 1100 °C, 48-h nitrided cast Cr-5Pt at.% with sibly the surface region of a bulk alloy or single crystal)

detail from the Rietveld refinement showing the experimental data f full lected it Th | treat ti
(points) overlaid with the calculated pattern (line). Below the patternso carerully Se ecte compo§| 'O_n' Qrma r'ea ment 1S
are indicated the peak positions for the three phasgtir(P), CsN  Used to precipitate the metallic dispersion, which patterns

(C), and Cy0; inclusions (O). according to the crystallographic relationships with the
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FIG. 4. TEM analysis of the dispersed phase in 1100 °C, 48-h nitrided cast Cr-5Pt at.% showing (a) XEDS spectrum of the composition and (b,c)
CBED whole patterns of [111] and [112] zone axes consistent wittaBd 2nmsymmetry, respectively, of the GrtN perovskite phase.
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parent matrix. Once the initial two-phase a||oy temp|ateTABLE I. Partial compilation of some potential binary precursor sys-
is set, one or more reactive gaseous species are intrégms (ternary and higher order precursor systems are also amenable to

duced under conditions that promote in-place interna

ihis approach).

oxidation. Depending on the kinetics associated with thevatrix

Potential precursor phase

reaction conditions, the activity (partial pressure)™
of the oxidant, and the nature of the metallic compo- ¢
nent(s), the matrix could remain metallic or be converted Fe
to crystalline or amorphous ceramic.

In some cases, it may be possible to produce the me-M"
tallic precursor precipitates on a nano- or mesoscale toNi0
yield a corresponding nano-/mesoscale complex ceramicyy
phase dispersion. The energetics and structural relationshipgu
in the system and particulars of the precipitation/reaction Ta

Cr,Ge, CgPt, CiRh, CLTi
Culn, Cu,Ti
FeMo, FeNb, Fg_,Se,
Fe,Ta, FeTi
Mn,Hf, Mn,Sb, Mn,Ti
Mo,Co, MoPd, MoPt, MoRh, MoRu, MgSi, Mo,Zr
Ni;,Gd,, NigIn, NizNb, Ni;Sn, NiTa
NbFe, NRGe, Nhb;Sb, Nk;Si;, NbSn,
RuTi
TaFe, TaNi, TaPd

conditions determine whether such a size scale can bé'
achieved. The synthesis of nano-/mesoscale complex ces,

TigBi, Ti,Co, Ti,Cu, TiFe, TiGe;, TiMn, Ti,Sb
V3Ge, VLHf, VNI, V,Zr
Zr,Bi, Zr,Fe, Zgln, ZrMn,, ZrRu, ZrV,, ZrW,, Zr,Zn

ramic dispersions from an initially nano- or mesoscale me
tallic structure will likely only be possible for thin films

(=1-10 microns thick), where the reaction can be accomgponsored by the Oak Ridge National Laboratory LDRD

minimize the opportunity for coarsening.
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