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Abstract

The oxygen-dispersion-strengthened FeAl Grade &nmgtallic alloy has undergone a
low energy-high flux nitridation treatment. The fanm implanted layer is accompanied
by a random distribution of protrusions anchored pitria particles. Electron
microscopy studies reveal the presence of thinrlayeAIN embedded in a matrix of
FeAl, which mainly accounts for the dramatic ingean surface microhardness. After
nitridation, fragmentation of the outermost FeAlamrs occurs through which
countercurrent diffusion of nitrogen and aluminilseems to proceed. As a result,

segregation otr-Fe is observed at the nitrided layer / substrateiface.

1.- Introduction

Boron, zirconium and yttria containing binary B2onr aluminides processed by
mechanical alloying and subsequent thermal tredtrfead to an oxide dispersion
strengthened (ODS) intermetallic alloy of fine gratructurd1-5] showing -preferably

in the absence of humidity- good mechanical progef6-8 and oxidation resistance

[9-12.

In intermetallic alloys, the nitridation of titamiualuminides have received most of the
attention concerning the treatment it4él8-14, their corrosion propertigd.7] or their
high temperature behaviolk8-21]. However, little is known on the nitridation of &Ale
intermetallic alloys. To the best of our knowledgaly the oxidation kinetics and the
likely mechanisms of a nitrided ODS FeAl alloy weeported if22]. In this study, the
effects of nitridation on the same ODS FeAl alloye anvestigated by electron

microscopy techniques and the likely mechanisnferofiation are proposed.



2.- Experimental Procedure

FeAl40 Grade 3 containing 15 ppm B, 0.1 wt% Zr antiwt% Y,O3 dispersion were
kindly supplied by CEA/CEREM (Grenoble, France)easruded bars at 1100° C after
mechanical alloying of the components. They shostrang <110> fibre texture and
about 0.5-1um grain sizd11,29. Discs of 15 mm diameter, 1 mm thick were cut from
the bars and subsequently mechanically polishedftaal roughness of 0,gim. They
were then ultrasonically degreased in acetone iasdd in 96 % ethanol. Low energy —
high flux nitrogen (N, N*) implantation was carried out with a Kaufman typa
source at 1.2 keV and a current density of abauflcni? for 1 h, corresponding to an
estimated dose of about 3.5 x*1at.cm?. The temperature of the samples was carefully
controlled with a thermocouple attached on the bEHdke samples in order that it did
not exceed 400°C. Prior to the nitridation treatmeXr™ sputtering (1.2 keV, 0.5
mA.cm? for 15 min) was carried out on each main coupare f remove the rigid
oxide layer that precludes nitridatig23], which partially heated the samples. The
backing pressure in the chamber upon the nitrigiracess was better than 4 ®a.
Implantation was carried out on both principal cmupfaces for the subsequent

oxidation experiments, representing about 85% efoerall surface.

Characterisation of the implanted and the oxidispdcimens was undertaken using
contact mode atomic force microscopy (AFM) with &wtoprobe CPR (Veeco
Instruments), by X-ray diffraction in a Bruker AXB-5005 equipment in thé-20
configuration using the Cu K (A = 0.15406 nm) as well as by scanning electron
microscopy (SEM) coupled to energy-dispersive spewttry (EDS) in a JEOL JSM-
4510 LV. Cross sections of the implanted specima&rese also prepared for
transmission electron microscopy (TEM) studies TE®L-JEM 2010 operating at 200
kV. For such purpose, careful mechanical polishim@giC# 4000 emery paper was
performed down to a thickness of about|58. Then, Ar bombardment at 3 keV was
carried out in a GATAN PIFS (precision ion polishing system) model 691 ateddéht
angles. Vickers microhardness measurements weargaitformed at increasing loads to

get acquainted of the effects of the implantation.



3.- Results

As shown in Figure 1 (a), the morphology of theridgd alloy is quite uniform
throughout the entire surface with some remainimyogity arising from the
manufacturing process as well as ridge-like andemMuund protrusions, of nanometre
scale. EDS analysed-igure 1 (b) on different large areas reveal average atomic
compositions of 55% Fe-25% Al and 20% N (at%), welasrpoint EDS on the white
round particles indicate the presence of yttriumh @xygen in variable amounts together
with the nitrided matrix elements, thus presumablyresponding to the 20;
dispersion. The edges of the ridges seem to beetbat the white round particles and
do not contain any yttrium. This is confirmed by MFmaging (Figure 2), which also

allows to observe that the average surface roughagesly exceeds 0.Qbn.

The Vickers microhardness measurements as a fanofidhe estimated indentation
depths are shown in Figure 3, where it can be gbdethat the surface hardness is
increased by about four times with respect thathef as-polished alloy. The overall
estimated nitrided depth is of aboupidh, but the highest values are encountered within
the first 1.5um. The nitrided layer fully develops within the stdate matrix. After a
chemical etch, a distinctive white layer is obsdr¢Eigure 4) with the outer surface
again showing protrusions. This layer is mainly posed of FeAl containing
hexagonal AIN, as inferred by three XRD peak8 £233.2, 36.1 and 38°) at lower
diffraction angles than a large and high (110) ps@kesponding to the substrate matrix
[22]. Likewise, the chemical etch allows to observerithaometre range of the grains

composing the nitrided layer.

TEM cross section inspection of the parent inteaftietalloy reveals a preferential
elongation of the grains throughout the thinnechast Figure 5 (a), with an average
grain size between 0.5 andutn, which confirms previous metallographic studiéthe
same substrat¢ll,2d. Random distribution of the )O3 particles is also readily
observable in the dark field mode. No segregatibribayon has been found in the
material but that of zirconium, typically withindgH-eAl grains, as that shown in Figure

5 (b). Figure 5 (c) corresponds to the selected diffraction pattern (SADP) of a grain

oriented [Lii], showing the {110} planes as well as weaker wtitss of the {211}



planes. The lattice parameter calculation giveslaevof a = 0.2896 nm, which agrees

well with that reported by Y.B. Pithawall24] for nanocrystalline B2 FeAl particles.

The AIN containing layer developed by implantatdiffusion in the intermetallic alloy

iIs composed of tiny equiaxed grains at the nan@mstale[Figure 6 (a). The 3 nm
spot size EDS analys¢Bigure 6 (b) across this layer indicate a smooth decrease of
nitrogen towards the surface while maintaining astant amount of aluminium. Iron,
in turn, increases continuously towards the nittadeer/substrate interface dramatically
exceeding (~ 75 at%) the actual iron content inlthse material (~ 60 at%). In fact,
close inspection of this interface (Figure 7) shdhat an iron band segregates at the
nitrided layer/substrate interface. This is conBdrby point EDS analyses and it is in
course of investigation by Conversion Electron Midsser Spectroscopy (CEMS).
Diffraction patterns of the different areas poinit the different features observed in
these samples such as the nanometre scale of ttigedilayer characterised by the
typical rings corresponding to FeAl as well as s@pets at shorter distances belonging

to AIN. As summarised in Table 1, some of the disé&s may also correspondaer-e.

Table 1.- Experimental d-spacings obtained with 03 um-diaphragm SADPs at the
nitrided layer/substrate interface in the as-nitrided intermetallic alloy and their

correspondence to the planes of the identified coropnds.

Experimental FeAl a-Fe AIN
d-spacing, nm  JCPDS 33-20 JCPDS JCPDS 25-1133
0.252 - - 002
0.207 110 110 -
0.160 111~ - 110
0.143 200 200 -
0.119 211 211 202

* superstructure peak

4.- Discussion
Low energy-high flux implantation-diffusion treatnte at moderate temperatures allow

to produce relatively thick nitrided layers in @iféent substratef25-27. In typical



austenitic matrices, nitridation leads to the apgeee of a metastabjg phasg28-3Q.
However, in aluminium-containing alloys, nitridatitoreatments may bring about either
supersaturation of nitrogen in aluminium or thenfation of AIN depending on the
implanted dos¢31] and on the thermodynamic stability of the alloyelgments. In the
FeAl alloy, the chemical affinity of N to Al is mbayreater than that to Fe (e §H° =
-318.0 and —10.5 kJ.mblfor AIN and FgN, respectively|32] so that iron nitride

formation was not expected to occur.

The samples have shown a very uniform implantethserwith some protrusions at the
external surface and remaining porosity. This tdgature can be mainly explained by
the manufacturing process of this material, whishpowder metallurgy. However,
different studies have shown that nitrogen implaomtamay give rise to the appearance
of blisters (i.e. the above mentioned protrusicarsj remaining porosity owing to gas
bubbleg[33]. According to Matthews et d134], these are created above a critical dose
and may be dependent on the orientation of thepdtipes relative to the surface, the
amount of deformation being thus dependent on iile gtress of the host material. In
this study, the elongated shape of the protrusromsld be related to “softer” areas of
the base material, where theOg pinning effect is less important, as shown in VA

in Figure 2. A combination of such deformation adlvas the formation of AIN gives
rise to a four-fold increase in superficial hard)gsrogressively decreasing inwardly
down to about 4um deep, with the most superficial 1 being the hardest. This
feature seems to be related to the decreasing dmbuitrogen present in the nitrided
layer, as revealed by the EDS analyses shown iar&i§ (b). As a matter of fact,
Sonnleitner et all35 on their glow discharge optical spectroscopy (Gp@sl TEM
studies of plasma nitrided aluminium found thatypojstalline hexagonal AIN was
exclusively formed if the nitrogen content fell hirt the range 15-25 wt% (i.e. 25-40
at% in AIN). Sanghera and Sullivd82] found by X-ray photoelectron spectroscopy
(XPS) that nitrogen implanted at low energy and faw into pure aluminium did not
render stoichiometric AIN because of reconstructbaurface atoms upon implantation
giving rise to many vacancies, interstitials anéedes due to radiation damage. From
our semiquantitative analyses, only the outermepgtrs would contain enough nitrogen
to produce the hexagonal AIN phases massively laer@fore, one the average values of

nitrogen decrease, a mixture of FeAl containingeliised particles of AIN occurs closer



to the nitrided layer/substrate interface. The saashy the hardness is still very high
compared to that of the parent intermetallic ai®yound in the fragmentation of the
FeAl grains[Figures 6 (a) and]found after implantation since more grain bouresari
are available to increase such hardness. This fatation effect of the grains has also
been found after nitridation of AISI 304L stainlesteels[36]. Besides, Serventi et al.
[31] on the aluminium implantation with 5x1ON*.cmi? at 150 keV, which contained
25 at% N on average, found the presence of higbspre allotropic structures of AIN
and reported that the internal stress increasesedaly the precipitation owing to the

difference in specific volumes of the matrix and firecipitates.

Nevertheless, one of the most interesting featisrésea-Fe segregation at the nitrided
layer/substrate interface. From the results presemt[22], the broadening of the FeAl

(110) peak had already been noticed. The hypotisegjgested that the formation of
AIN could lead to the appearanceosfe, which agrees well with this study. However,
the TEM studies of this work lead us to think rath@ a combined mechanism of
nitrogen diffusing inwardly and aluminium outwardiyiring the nitridation treatment.

This is likely to occur since on the one hand tHep/ofile is constant all across the
analysed layer as well as the progressive decrefsdtrogen towards the internal

interface. This countercurrent diffusion would b@moted by the creation of short-
circuit diffusion paths, i.e. new grain boundaridsie to the above-mentioned
fragmentation of grains. Although the implantatimmperature of this study never
exceeded 400° C, diffusion of indium (isoelectromith aluminium) has been found to

be faster than that of iron by a factor of about tw FegAlz4 and FeyAlse [37], which

helps in corroborating the suggested mechanism.

5.- Summary

Nitridation of ODS FeAl by implantation diffusioedds to the development of a layer
containing hexagonal AIN in a matrix of FeAl, ofryenigh hardness. Deformation of
the layer seems to be anchored by the presende dfardening yttria particles present
in the base alloy. After nitridation, the FeAl matrpossesses a nanometre size
compared to the micrometre scale of the parentmabhtaving to fragmentation of the
grains. Under the AIN-containing FeAl layer, segton ofa-Fe is shown to occur as a

result of outward diffusion of aluminium to readthvinwardly diffusing nitrogen.
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Figure 1.- SEM surface morphology of the nitrided FeAl Grade 3 showing
uniformity (a) and the average EDS ar ea analysis.



Figure 2.- AFM image of FeAl Grade 3 nitrided by inplantation—diffusion showing

ridges pinned by Y,Oj3 particles (view of 10 x 1Qum areas).
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Figure 3.- Vickers microhardness values vs. applied load for the untreated and
nitrided FeAl Grade 3 substrates.



Figure 4.- SEM cross section of the nitrided FeAl Grade 3 showing thickness
homogeneity of the nitrided layer as well as the appearance of protrusions at the
layer/gasinterface. The nanometer scale of the substrate grainsis also observed.



Figure5.- (a) TEM dark field image of the as-received FeAl Grade 3 intermetallic

alloy showing homogeneous grain size and random distribution of some Y,03

particlesand (b) SADP of asinglegrain oriented [1ii].
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Figure 6.- (a) TEM cross section of the nitrided by implantation-diffusion FeAl

Grade 3 substrate showing the nanometer size of this layer and (b) EDS analysis
acrossthenitrided layer.



Figure 7.- TEM cross section showing the nitrided layer/substrate interface. The

band of a-Fe segregated at thisinterface between arrows.



