
D. N. Seidman 'and K. L. Merkle, Atomic Structures and Compositions of Internal Interfaces 12

200nm



f' t_
IV 4r

' , DOE/ER/45403--3

DE92 012136

ATOMIC STRUCTURES AND COMPOSITIONS OF INTERNAL IN FERI ArES

Progress Report
for Period September 1, 1991 to August 31, 1992

David N. Seidman

Northwestern University ._'_._ ' _,_e._ _ _,_.=
Materials Science and Engineering Department _ '_ _ g g: _ 8 .; _.t_.. _ _,o

Evanston, Illinois60208-3108 _i._,._-,'°a"gi'__'_'__N_' g_"_
KarlL. Merkle "-oe=° _o_"

g"--,¢,_

Argonne National Laboratory } g >,g ,_ _.,Materials Science Division : ,o _,_ _ _"

Argonrle, Illinois 60439-8269 _-,>t.__ ,-- C/' %1 _

%) _ ." 14 O

_ _7._ _ _ o=

__ o_o> >

March1992 ii _'_'_;'_=_e°z

Prepared for

THE U. S. DEPARTMENT OF ENERGY
AGREEMENT NO. DE-FG02-89ER45403

_ ., ., ,.

/.
- ,q )

[11
BISTfllflt.ITIONOFTtt18IOOCUMENI"tS UNLIMITEP

..... ,,, ,r, 'e_" v ,p,l,,e, !Pl" "' "rl','q"," ',_ ,ii ,,rUt,le,...... ,r' li[If ' ' ,t, ' I1' tlIll rl_ ,' ,1,_1 .... "lW'lIllqllI ' 'el't't' 'II;I_ ' " _ ,'11'1,""'" 'qlqlltll II' 'llq'r ' _IP "



m v

D. N. Sddman'and K. L. Merkle, Atomic Structures and Compositions of Internal Interfaces 1
o

ATIJMIC STRUCTURES ANl) COMPOSITIONS OF INTERNAL INTERFACES'_'

RESEARCIt PROGRESS REPORT

FOR TItE PERIOD 1 SI,,I IEMBER 1991 TO 31 AUGUST 1992

David N, Seldman, Principal lnvesiigalor

Materials Science and Engineering Deparlment

Northwestern University

Evanston, Illinois 60208-3108

TEL: (708) 491-4391

FAX: (708) 491.7820

Karl L. Merlde, Co-Principal lnvestlgalor

Materials Science Divsion

Argonne, llllnois 6043%8269

(708) 972-4990

TAI_LE OF CONTENTS

ABSTRACT 2

INTRODUCTION 3

A. The Chemical Composition of a Metal/Ceramic Interface on an Atomic Scale:

The Cu/MgO {111 } Interface 3
1. Abstract 3

2. Introduction 3

3. Experimenlal Procedures 4

4. Transmission Electron Microscopy Results 5

5. High Resolution Electron Microscopy Results 6

6. Atom-Probe Field-Ion Microscope Results for Cu/MgO {! 1li-type

Interfaces 7

7. Atom-Probe Field-Ion Microscope Evidence for Heterophase

Fluctuations 16

8. Conclusions and Discussions 17

B. Chemical Composition on an Atomic Scale of Ni/Cr203 Interfaces 21
1. Abstract 21

2. Introduction 22

3, Experimental Procedures 22

4. Results 23

5. Conclusions 24

II
.... '' ........... _ ,_,",1 ',lr',',1.,,'_'.',",,_.'_,..i..,..-r .......... ,i,.. ,¢lll_,,,rlllr_,tttr r.ll..'"' .... II'"_r'.il'lP"*' 'Ill'llIIt_...." .....".,'rv'rl"tlrtt'l'lll_I



i

D. N. Seidman and K. L. Merkle, Atomic Structures and Compositions of Internal Interfaces • 2

ABSTRACT

This research program addresses fundamental questions concerning the rclatiol_ships between atomic

structures and chemical compositions of metal/ceramic heterophase interfaces. The chemical composition

profile across a Cu/MgO {111 }-type heterophase interface, produced by the internal oxidation of a Cu(Mg)

single phase alloy, is measured via atom-probe field-ion microscopy with a spatial resolution of 0.121 nra; this

resolution is equal to the interplanar spacing of the {222} MgO planes. In particular, we dcmoz,,:trate for the

first time that the bonding across a Cu/MgO {111 }-type heterophase interface, along a <111 > direction common

Loboth the Cu matrix and an MgO precipitate, has the sequence CulOIMg... and not CulMgIO... ; this result is

achieved without any deconvolution of tlae experimental data. Before determining this chemical sequence it

was established, via high resolution electron microscopy, that the morphology of an MgO precipitate in a Cu

matrix is an octahedron faceted on {111 } planes with a cube-on-cube relationship between a precipitate and the

matrix. First results arc also presented for the Ni/Cr204 interface; for this system selected area atom probe

microscopy was used to analyze this interface; Cr204 precipitates are located in a field-ion microscope tip and a

precipitate is brought into the tip region via a highly controlled electrop(;lishing technique.

"_l all,,,r .... rill...... r,l,, l, ,*lit .... irl1 ,,_1a,lll,, rli,, , ,,,,,,,,, ,_lll I ,,r ............. lt....... p_a,l'll ,, , irl I1' _I, ll't' '_'1""',, _'' _r, ,lr ,,, iir_r,,qia,,r_ll=,ll, _pltqrlv,,_, flu , Iqrll'_r" II_p,"' ,p_p,I,;llt",r "'
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lnlroduction '

{ , 't_

This is a progress repo.,_;t"onthe experimental research program supported by the U. S. Department of
Energy, Office of Basic Energy'.Sciences, under grant No. DE-FG02-89I_R45403 that commenced 1 September
1989. The emp]aasis of this research program since it was initiated has been to obtain atomic scale infom_ation
concerning the chemical sequ'encing across well-defined metal/ceramic interfaces. The metal/ceramic interfaces
are produced by internally oxidizing bin_u'ymetal alloys. The approach employed utilizes transmission electron
microscopy, high resolution electron microscopy and atom probe field-ion microscopy. Transmission electron
microscopy is employed to locate individual metal oxide precipitates in field-ion microscope specimens, high
resolution electron rnicrosc@y is used to characterize the nature of the interface between a metal oxide
precipitate and its matrix on an atomic scale, and atom probe field ion microscopy is used to determine the
chemical nature of metal/ceran:_c interfaces. Wt have obtained result for two metal/metal oxide syslems:
Cu/MgO and Ni/Cr203. In the case of the Cu/MgO syslem, the atom probe is demonstrated to give unique and
definitive chemical information with a depth resolution equal to 0.12 nm for the Cu/MgO system. The principal
results for these two systems are detailed in Sections A and B below.

"" " C?,u/MgOA. The Chemical Composition of a Metal/Ceramic Interface on an Atomic Scale. the
{111} lnle,'face
(Dr. Ilo Jang, Research Associate I)

1. Abstract

The chemical composition profile across a Cu/MgO {111}-:ype h::terophase interface, produced by the
internal oxidation of a Cu(Mg) single phase alloy, is measured via atom-probe field-ion microscopy with a
spatial resolution of 0.121 nra; this resolution is equal to the interplanar spacing of the {222} MgO planes. In
particular, we demonstrate for the first time that the bonding across a Cu/MgO {lll}-type he tcrophase
interface, along a <111> direction common to both the Cu matrix and an MgO precipitate, has the sequence
CulOiMg... and not CulMglO,.. ; this result is achieved without any deconw)lution of the experimental data.
Before determining this chemical sequep.ce it was established, via high resoluti,)i; electron microscopy, that the
mOrl)hology of an IVlgOprecipitate in a Cu matrix is an octahedron faceted on {111 } planes with a cube-on-
cube relationship between a precipitate and the matrix.

2. Introduction

Internal interfaces and, iraparticular, metal/ceramic heterophase interfaces are currently receiving a great
deal of experimental attention because they are omnipresent in a wide range of materials and structures [1-6];
for example, metal matrix composites with ceramic fibers [7], metal/ceranaic nanocornposites 18], machinable
ceramics, metallization of microelectronic circuit structures [9], semiconductor devices, oxide scales on metals
[10], and dispersion hardened alloys• 'The cohesive energies of metal/ceramic interfaces have also been the
focus of much theoretical effort as ultimately the behavior of a metal/ceramic heterophase interface in service is
determined by how well these rather disparate materials adhere to one another [11-14]. In parlicular, on the
experimental side, a great deal of energy has beera expended employing high resolution electron microscopy
(I/REM) to deternaine the temainating plane on the oxide side of metal/metal oxide heterophase interfaces by
comparing ItREM micrographs with micrographs computed using image simulation techniques 115-17].

In this paper we present the results of a different approach for studying the chemical character of
metal/ceramic heterophase interfaces. We employ atom probe field-ion microscopy (APFIM) to directly
ascertain -- on an atomic scale -- the chenaical compositions of individual atomic planes in traversing Cu/MgO

,,,,, rt " ' lm"lqr ,,,_:,, u i,,,,,,., "111tl" "" " till1''" "'"'p' ,t,_ _iil_l ,_' ._,r_ ..... ,,', ul ......... ,r,Nq[ll_,,, ':',,_"ll'l_,ll,,' ',I' t,.tl .... Hill,,, ,, ,i,ip...... rl_ ,,' _llPIl_lt '
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I. Introduction and Research llighlights

This is a renewal proposal to continue the experimental research program supported by the U.S. J,

Department of Energy, Office of Basic Energy Sciences, under grant No. DE-FG02-89ER45403 that
commenced 1 September 1989. The emphasis of this research program since it was initiated has been to obtain

atomic scale information concerning the chemical sequencing across well-defined metal/ceramic interfaces.

The metal/ceramic interfaces are produced by internally oxidizing binary metal alloys. The approach employed

utilizes transmission electron microscopy, high resolution electron microscopy and atom probe field-ion

microscopy. Transmission electron microscopy is employed to locate individual metal oxide precipitates in
field-ion microscope specimens, h;gh resolution electron microscopy is used to characterize the nature of the

interface between a metal oxide precipitate and its matrix on an atomic scale, and atom probe field ion
microscopy is used to determine the chemical nature of metal/ceramic interfaces. We have obtained result for

two metal/metal oxide systems: Cu/MgO and Ni/Cr203. In the case of the Cu/MgO system, the atom probe is

demonstrated to give unique and definitive chemical information with a depth resolution equal to 0.12 nm for
the Cu/MgO system. The principal results for these two systems are detailed in Sections A and B below,

A. The Chemical Composition of a Melal/Ceramic lnlerface on an Atomic Scale: the Cu/MgO {111}
lnlerfaee

(Dr. lie Jang, Research Associate I)

1. Abstract

The chemical composition profile across a Cu/MgO {111 }-lype heterophase inlerface, produced by the

internal oxidation of a Cu(Mg) single phase alloy, is measured via atom-probe field-ion microscopy witil a

spatial resolution of 0.121 nra; this resolution is equal to the interplanar spacing of the {222} MgO planes. In

particular, we demonstrate for the first time that the bonding across a Cu/MgO {lll}..type heterophase
interface, along a <11 1> direction common to both the Cu matrix and an MgO precipitate, has the sequence

CuIOIMg... and not CuIMglO... ; this result is achieved without any deconw_lution of the experimental data.
Before determining this chemical sequence it was established, via high resolution electron microscopy, lhat the

morphology of an MgO precipitate in a Cu matrix is an octahedron faceted or! {111 } planes with a cube-on-

cube relationship between a precipitate and the matrix.

2. Introduction

Internal interfaces and, ira particular, metal/ceramic heterophase interfaces are currently receiving a great

deal of experimental attention because they are omnipresent in a wide range of materials and structures [1-6];

for example, metal matrix composites with ceramic fibers [7], metal/ceramic nanocomposites [8], machinable
ceramics, metallization of microelectronic circuit structures [9], semiconductor devices, oxide scales on metals

[10], and dispersion hardened alloys. The cohesive energies of metal/ceramic interfaces have also been the
focus of much theoretical effort as ultimately the behavior of a metal/ceramic heterophase interface ira service is

determined by how well these rather disparate materials adhere to one another [11-141]. In particular, on the

experimental side, a great deal of energy has been expended employing high resolution electron microscopy

(HREM) to delermine the terminating plane on the oxide side of metal/metal oxide heterophase interfaces by

comparing HREM micrographs with micrographs computed using image simulation techniques [15-17].

In this paper we present the results of a different approach for studying the chemical character of
metal/ceramic heterophase interfaces. We employ atom probe field-ion microscopy (API:rIM) tO directly
ascm_ain -- on an atomic scale -- the chemical compositions of individual atomic planes in traversing Cu/MgO

tl I' '" ............' ............. ,,,, ,,l,"r,,,_r',r.....,....... _,11...... _,.... ri........... ,,...... ,,,...... lp.... _l...... I_.... "l' "'li '1,..... ,_"'H,,'II_',,_ll',_,lilllllll'l_r"_,I'l'r' ,l" W ',',FT. ,_;_,........ii,,plli,,i,r,,, , ,,,,,,r,_illr,_,,,llqi_,,, ,, 'li"
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{111 }-type interfaces that were produced by internal oxidizing [18-25] a Cu(Mg) single-phase alloy. This is a
particulmiy inleresting metal/ceramic interface as it involves the bonding of a noble free-electron metal (Cu) to
a strongly heteropolm" metal oxide (MgO). The heterophase interfaces formed by internal oxidation of Cu(Mg)
have the following important advantages ' (1) hnpurity atom segregation is essentially nii -- atom probe
observations substantiate this point -- because of the large total interfacial area per unit volume, (2) Common
low index directions between the MgO precipitates and the matrix are present that have interplanar spacings
suitable for HREM; and (3) Ali the MgO precipitates have a simple octahedral shape bounded by the low-index
{111} planes, The APFIM technique is used to both sut)plement and complement transmission electron
microscopy (TEM) and I1REM observations of the same interface. Using APFIM we demonstrate in a direct
manner -- without data deconvolution -- that the bonding across a Cu/MgO {111 }-type interface, along a
common <111> direction, has the bonding sequence CulOIMg,,, and not CulMgIO,.. ; the resolution for this
chemical profiling is equal to the spacing between the {222} planes of MgO -- 0,121 nra.

3. Experimental procedures

Three different Cu(Mg) alloys were prepared by melting ASARCO copper (99,998+ at,% pure) and
3ohnson Matthey magnesium (99,98 at.% pure) in a high purity graphite crucible covered with a loose-fitting
gFaphite cap; the COl)perwas placed on top of the magnesium in the graphite crucible toconfine the magnesium

v_,iporduring melting of the two elements. Prior to using the high purity graphite crucible it was heated for 4
hours at 1473 K under high vacuum conditions. The covered graphite crucible, containing the copper and
mi!!gnesium charge, was placed in a quartz tube and ewtcuated to 1.3.10 "2 Pa, and then the quartz tube was
ba_ikfilled with argon gas and sealed. The small cylindrically-shaped Cu(Mg) ingots produced in this manner
eac_hweighed approximately 26 gin. The particular alloy compositions prepared were Cu-0.16 at.% Mg, Cu-0.7
at.fib Mg and Cu-2.8 at.% Mg; these Mg concentrations correspond to single-phase solid-solution alloys at 1173
K [!26]. The ingots were rolled into 0.125 nam thick sheets for transmission electron microscopy CI'EM) and
IIREM studies, or drawn into 250 I.lm diam wires for APFIM studies.

Cu/MgO internal interfaces were formed by internally oxidizing these alloy specimens utilizing the
Rhines pack method [20,21]; this pack consists of a powder mixture of Cu plus Cu20 plus A1203 (1'1'1), and it
corri;:sponcts to heating the specimens in a partial pressure ofoxygen equal to the decomposition pressure of

' ' 2
CUl_r<)usoxide [21]. Figure 1 exhibit,,: the root-meansquared-diffusion chstance ('4<X->) of the oxygen
diffusion front versus time (t) for several internal oxidation temI)eratures and tw() different Mg concenlrations
-- 0.16 and 2.8 at.% Mg -- for a plate geometry. This plot was created from the experimental data presented in

Ref./[21]. Fig. 1 demonstrates that the time required for complete internal oxidation decreases as the Mg
conci:ntration increases from 0.16 to 2.8 at.% Mg. This data also demonstrates that for the foil thickness we
emplpy the value of ',/<X2> does not vary very much after --20 rain, at several internal oxidation temperatures,
for tlie 2.8 at.% Mg alloy. The time required to internally oxidize a cylinder completely is approximately 50%
of the!:time to achieve the same condition for a plate [27]. Therefore, a 20 rain treatment results in the complete
inten{al oxidation of the 250 I.madiam wires with 2.8 at.% Mg. To realize a high probability of finding an MgO
precipitate in an APFIM specimen, experiments were performed to determine the optimum Mg concentration,
internal oxidation temperature and time for achieving a high number density (>5.1021 m -3) and small diam
precipitates (<20 nra). The optimum composition fox"these combined experiments is a Cu-2.8 at.% Mg alloy, at
an internal oxidation temperature of 1173 K, and an oxidizing time of 20 rain for both the thin sheets and wires.
These experiments demonstrate that to achieve the desired conditions the most critical parameter is the Mg
concentration, and neither the temperature nor the time of the internal oxidizing treatment appear to be
especially critical.

,, ,'*_ " ,,I,,',p_....... _qr...... ,, ,,,_r,_,,,..... ,, ...... _............. q'll'"',ll1'1" m '_llI'll"u"'_IIl' ' IIV'rlr_r" Hlil_.....H,,, ',,,ii, ......ii......iv,, ,ll,m_;llf_¢...... ,_vl11,,, , ii_gr.... 'I_h,MIril_'"" 'l'131"'qllrl
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FIG 1. A plot of the rcmt mean-squared diffusion distance (q<X2>) for an oxygen diffusion front in Cu
(Mg) alloys for two different Cu(Mg) alloys -- 0,16 and 2.8 at.% Mg. The curves were calculated employing
data given in Ref, [21],

For tile TEM and HREM studies 3 mm diam disks are punched out of the thin sheets, and a twin-jet

polisher (Tenupol) employing a 30 vol.% nitric acid/70 vol.% methanol solution at 243 K is used to prepare
electron transparent thin regions. The APFIM specimens are electropolished to a sharply-pointed tip with an
approximately 25 nm diam, after the internal oxidation procedure, utilizing an electrolytic solution with the
composition 100 g Na2CrO4:4H20 in 900 ml of acetic acid. A stainless steel cathode in the form of a 25 nam
diam circular loop is used to electropolish the wire-shaped specimens and the electrolyte is placed in the loop to
form a meniscus [28]. To examine the wire-shaped specimens by TEM a specially fabricated double-tilt stage is
employed for an tlitachi 700I-I 200 kV electron mic; :>scope [28]. This double-tilt stage is unique as it allows us
to examine the same wire FIM specimen both prior to and after an atom probe study, as well as at any stage of
the electropolishing procedure [28].

4. Transmission electron microscopy results

First, conventional TEM is used to determine both the number density and size distribution of MgO

precipitates in order to be certain that a precipitate is found in the small v()lume -- approximately 1021 m3 -- of
an FIM tip, during the course of a pulsed-field evaporation dissection of a tip of an FIM specimen on an atom-
by-atom basis. Figure 2(a) is a dark-field TEM micrograph -- recorded using a 020 operating reflection (g020) --
of MgO precipitates in a Cu-2.8 at.% Mg alloy that had been internally oxidized employing the procedure

.... _ri'] .... II _y]l I "_ Jill' i'' ...... Ill'l 11'' I_ _ .... Iii ........... til ,I,,, .... , ' lr, , ii,ql,I ,li]l.... , rl .... ,_ ........ III r'llil'' '"11 Iii ......
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presented in See_txon2. Note that lhese MgO precipitates in a Cu matrix ex;,ibit typical "coffee-bean" strain-
field contrast effects and that the lille of x_o-contrastis perl_endicular to g020 1129].The contrast variations from
precipitate to precipitate are due to the well-known depth oscillations with the position of a precipitate in a thin
foil. Figure 2(b) is a bright field TEM micrograph t_lken along the [100] zone with many diffraction spots
excited -- this is a so-called multibeam micrograph. From micrographs of the type shown in Fig. 2 we
detenlaine th_ttthe number density of MgO precipitates is _q_proximately5.1021 m"3; this density is high enough
that MgO precipitates can be re_,dilydetected in the tip of an FIM specimen. (The histogram of the diameters of
the 1_,gO precipitates is quite broad [30]). The actual dian3eter of an MgO precipit_te, however, is difficult to
estimate precisely from the TEM micrographs exhibited in Fig. 2, since the observed shape anit aJalotjnt of
strain-field contrast depend strongly on the direction of the electron beam relative to a ispecimen's
crystallography [31,32].

FIG. 2. (a) A dark-field tratasmission electron microgr_ph of MgO precipitate.,; in a Cu m_trix prc_.lt_ced
by internal oxidation of a Cu-2.8 at.% Mg alloy. The operating reflection is 020 (g020) and the precipitates
exhibit classical "coffee-bean" strain-field contrast. Note that the line of no-cotatrast is perpendicular to g020.

(b) A bright field transmission electron micrograph of MgO precipitates in a Cu matrix along a 1100] zone axis
with a number of reflections excited -- this is a so-called multibe_m_microgr_ph.

In view of the above, the Mc,!r6 fringe method is used to determine the exact dimensions of a precipitate

-- it employs a double-diffraction technique [33]. For instance, Fig. 3 displays a TEM micrograph of MgO

precipitates that exhibit parallel (11T) Moir6 fringes of a faceted precipit_lte -- the operating rcflection for this
micrograph is 11]" (g_T) -- with the proj,ected image plane close to (123). And, therefore, the shape of the
fi'inges represents the shape of the precipitate viewed along a [123] direction, The Moir6 p_ttcrn in this c_se is a
rest'lt of the difference between the interplanar spacings of the Cu and MgO (11 1) lattice planes. The fringe

spacing is 1.5 nna and the average diameter of the precipitates studied by this technique is 19.5 nra.

5. High Resolution Electron Microscopy Results

To investigate the detailed atomic structure of a Cu/MgO {111 }-type heterophase interface and to learn
more about its geometric shape,HREM obserwations were perforated on Cu-2.8 at.% Mg specimens tht_thad

,
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FIG. 3. A (111) Moir6 fringe pattern of a faceted MgO precipitate with the in:age plane close to (123).
The shape of the fringes represents the shape of the precipitate viewed along a [+123]direction. The strain-field
contrast pattern near the MgO precipitates displays a different shape compared to the pattern seen in Fig. 2; this
illustrates that the contrast changes accord;ag to the orientation of the specimen relative to the electron heath.

been internally oxidized as described in Section 2. A:_ial illurnination in an Hitachi It9000 t-IREM allows the
direct observation of the configuration of atoms near an internal i_tefface when proper operating conditions are
met [34]. The high resolution micrographs now discussed demonstrate that the MgO precipitates have an
octahedral shape. First, Fig. 4 exhibits an IIREM inaage (defocus value is 69.4 nm at 300 kV) of an MgO
precipitate in a Cu matrix with a common [100] zone axis for both the MgO precipitate and the Cu matrix. The
0.21 nm interplanar spacing of the (200) planes of this MgO precipitate is indicated on it, and the 0,181 nm
interplanar spacing of the (020) planes of the copper matrix is also indicated. Note that the projection of this
pi ecipitate on the (100) plane is an approximately square-shaped figure; two of the sides are, however, slightly
curved -- this is because this precipitate is not fully relaxed to its equilibrium shape [.34,35]. The truncation of
an octahedron by the {100}-type planes gives rise to squares of different dimensions. Second, Fig. 5 is a
HREM image (defocus value of 65.1 nm at 300 kV) recorded employing a common [110] zone axis for an MgO
precipitate in a Cu matrix. This micrograph shows quite clearly that the projection of this precipit_ ,_taa (110)
plane has an hexagonal-shape, although it is not a perfect hexagon because the precipitate is not fully relaxed;
the hexagonal shape arises from the truncation of an octahedron by {110}-type planes, when they do not pass

through its apex. The 0.242 nm interplanar spacing of the (T 11) planes of this MgO precipitate is indicated on

it, and the 0.209 nm interplanar spacing of the (1T 1) planes of the copper matrix is also indicated. The diana of

this MgO precipitate is 13 l,,n. Third, Fig. 6 is a ttREM (defocus value of 65.1 nra) also recorded employing a
cornmon [110] zone axis exhibiting a diamond-shaped MgO projection ota the (110) plane; this shape is a result
of the truncation of an octahedron by a {110}-type plane passing through its apex. These HREM images also
demonstrate that the orientation relationship is ct|be-on-cube with the Cu matrix, as found in previous

investigations [17,34,35], with an octahedral-shaped precipitate that is faceted on {111} planes. The lattice

misfit parameter (11)is given by rl = 2[(aMgO- acu)/(aMgO + aCu)], where the a's are the lattice parameters of
the two phases, and its experimental value is 0.1483 in agreement with the calculated value; aCu = 0.362 nm and
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FIG. 9. A transmission electron micrograph of a field-ion microscope specimen containing a high
number density of MgO precipitates. The MgO precipitates are ali aligned in the same direction with respect to
the matrix -- that is, along a <11 l>-type direction; thus, a {111 }-type plane of the MgO precipitates is parallel
to a corresponding {111 }-type plane of the Cu matrix.

precilgitate on a random basis. This is a cn_cial point, for if the number density of precipitates is not high
enough then the probability of finding a precipitate in the volume of an FIM tip is essentially nil. Alternatively
it is possible to use a combination of TEM and careful electrochemical backpolishing techniques to piace a
preselected metal oxide precipitate in the field-of-view of a field-ion microscope image 128,3'7].

Figure 10 is a schematic drawing illustrating the relationship between an MgO precipitate ,and the
chevron ion detector in the atom probe. The MgO precipitate sits in an FIM specimen such that a {111 }-type
plane is parallel to the channel electron multiplier array containing a circular probe hole; that is, for instance, a
(111) bounding plane of an octahedral-shaped MgO precipitate is parallel to a (111) plane of the Cu matrix.
The distance from the probe hole to the FIM is typically between 4 to 6 cre, and the distance from the FIM tip to
the chevron detector is approximately 2.2 m; the chevron detector consists of two channel electron multiplier
,arrays in series to yield a gain of =106 for a single ion [38]. The projected diameter of the probe hole on the
surface of the FIM tip is varied by changing the distance between the FIM specimen and the channel electron
multiplier array [38]. In the cases to be discussed -- see Figs. 13 to 15 -- this distance was adjusted such that the
projected diameter of the probe hole is less than the diameter of a precipitate. A pulsed dissection process
consists of applying a series of pulse voltages (Vp) on top of a steady-state imaging voltage (Vdc) as this results
in the dissection of a specimen on an atom-by-atom basis; pulsed field-evaporation is a highly controllable
process that has been successfully employed to observe individual point defects-.- vacancies and self-interstitial
atoms -- in the bulk of specimens [39] as well as small precipitates in metal alloys [40-44]. As illustrated in Fig.
10 all the atoms in the cylinder of material with the diameter D are analyzed -- that is, their mass-to-charge state
ratios are determined -- on an atom-by-atom basis. For the geometry illustrated in Fig. 10 no matrix correction
to the composition of a precipitate is required; alternatively, if the diameter of a precipitate is greater than the
projected diameter of the probe hole on a precipitate then there is a potential correction to a precipitate's
composition. In the case of MgO precipitates there is no solid solubility of Cu in MgO; hence, even if Cu is
detected while dissecting a precipitate this is Cu from the matrix and not from the precipitate; the problem of the
matrix contribution to a precipitate has been dealt with in some detail elsewhere [45].
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FIG.10. The geometry employed for analyzing a Cu/MgO interface, with the plane of tile channel
electron multiplier array containing the probe hole parallel plane to a {111} plane of the MgO precipitate. The
projected diameter of the probe hole on the surface of the field ion microscope tip is indicated by the letter D.
The pulsed field-evaporated ions pass through the probe hole in the channel electron multiplier array on their
journey to the chevron detector; the latter consists of two channel electren multiplier arrays in series with an
overall gain of 106 for an individual ion. The distance from the field ion microscope tip to the channel
multiplier array is typically between 4 to 6 cm, while the distance to the the chevron detector is _=2.2m. The
spatial resolution of a composition profile across the Cu/MgO {111 } interface -- along a common <111>
direction -- is determined by the interplanar spacing of the {111} planes of an MgO precipilate -- 0.121 nra.
This schematic diagram is not to scale.

The same specimen exhibited in Fig. 9 was then tra,sferred to our atom probe for a chemical analysis of
a {111 }-type interface. Figure 11 is an FIM micrograph exhibiting an MgO precipitate in the Cu matrix of this
specimen. Note well that the heterophase interface of the MgO precipitate is parallel to the (111) planes of the
Cu matrix; this is consistent with the HREM observations, and it also implies that the exposed plane of the

precipitate is a (111)MgO plmle. The approximate diam of this precipitate is 7.3 nm. Note thz projection of the
probe hole in the channel electron multiplier ,array onto the FIM image at approximately 3 o'clock near the 111
pole. Figure 12 is a series of FIM micrographs recorded at various stages of a pulsed field-evaporation
dissection sequence of this MgO precipitate; the actual dissection process is on an atom-by-atorn basis, and
these six FIM images are simply representative of this process, hnage 1 is at the beginning of tile pulsed-field
dissection process of this precipitate, and by image 6 the MgO precipitate has been completely removed by it;
the black arrow heads point at the MgO precipitate. It is emphasized that both the MgO precipitate and the Cu
matrix are simultaneously removed by this dissection technique -- see Figure 10. Also note that individual
atoms within the MgO precipitate are resolved at different stages of its dissection; furthermore, the precipitate
exhioits well-developed contrast features outlining its atomic scale geometry.
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FIG, 13, An atom-probe field-ion microscope mass spectrum of an il!!:::rnallyoxidized Cu/MgO specimen.
The ordinate is the number of events plotted on a logarithmic scale, while the abscissa is the mass-to-charge
state ratio of the pulsed field-evaporated ions. This spectrum was recorded at a background pressure of 1.2.10 -8
Pa employing a pulse fraction (f) of 0.1; f is the ratio of the pulsed field evaporation voltage (Vp) to the steady-
state voltage (Vdc) on a field-ion microscope specimen. The hydrogen ion signal is from the background
pressure in the atom probe.

Figure 15 is an integral profile along a [111] direction across a Cu/MgO (111) interface in another ¢,tahedral-
shaped MgO precipitate. In this case no Mg events were detecled in the matrix while 7 oxygen event_ were
detected out of a total of 815 events, and this implies of a bulk concentration of <10 .3 at. fr. magnesium and
8.6.10 -3 oxygen. Once again, there is an abrupt transition from an essentially pure Cu matrix to a (222) plane in
the precipitate that is 100 at.% oxygen, and then the second (222) plane is 100 at.% magnesium (again the tip
then failed catastrophically). The depth resolution is 0.121 nm for this profile just as it is in Fig. Fig. 14. Thus
once again the experimental results for this precipitate demonstrate directly -- that is, without data
deconvolution -- that the bonding across a Cu/MgO (111) interface has the sequence CulOIMgl... and not
CulMglOI ....

7. Atom Probe Field-Ion Microscope Evidence for Heterophase Flucluations

Figure 16 is an integral profile for oxygen or magnesium along a <110>-type direction; this is a long run
that consists of a total of 30,000 copper plus magnesium plus oxygen ions; the Cu integral profile is not
exhibited because of the problem of simultaneously displaying the number of Cu, Mg and O ions on the same
ordinate scale. Note the three highly localized changes in the oxygen and magnesium concentrations denoted
by the numbers 1, 2 and 3. These regions correspond to small heterophase fluctuations or clusters of
magnesium oxide -- that is, the final stoichiometric ratio of one Mg atom to one O atom has not yet been
achieved. Note that for each cluster the concentration of magnesium is greater than the oxygen concentration.
This is significant as it indicates that the results cannot be explained on the basis of preferential field
evaporation; if this is the case then the Mg should be preferentially field evaporated as it has a significantly
lower cohesive energy than does oxygen; the cohesive energies of Mg and O are 1.51 eV atom -1 and 2.60 eV
atom -1 respectively [50], and the evaporation field is to first order determined by the cohesive energy [51,52].
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The ability of the atom probe to detect heterol_hase fluctuations [53] was discovered during the course of
examining a specimen that had a meariMgO precipitate diamter of less than 10 llm,
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FIG.14. Integral profiles across a Cu/MgO (111) interface detected during a random area analysis along a
[111] direction. The cumulative number of Mg or O ions detected is plotted versus the cumulative number of
Cu plus Mg plus O ions detected. The data were collected for a specimen temperature of 35 K, a pulse fraction
of 0,1, a pulse frequency of 15 Hz, and a background pressure of 1.2.10 .8 Pa. The Cu signal -- not exhibited --
disappears at the Cu/MgO (111) interface and then the signal is 100 at. % oxygen until that (222) plane has been
completely removed by the field-evaporation process, and then the next (222) plane is found to be 100 at. %
magnesium. This result indicates directly that the sequence of (111) planes across tl)is hetero!)hase interface is
CulOIMg .... The depth resolution for this chemical composition profile is ao/(2"43), where ao is the lattice
parameter of MgO (0.420 nra), and is equal to 0.121 nm. The data displayed in this integral profile have not
undergone any deconvolution process. Note that the number of oxygen events detected before the Cu/MgO
interface is reached is 13 out of a total number of 10,899 events (Cu plus Mg plus O); and the number of Mg
events detected before this same interface is reached is 1 out of a total of 10,899 events (Cu plus Mg plus O);

thus the respective concentrations in the Cu matrix are =10 4 at. fr. oxygen and 9,10-5 at. fr. magnesium.

8. Collcluslons and Discussions

1. ']'hree different Cu(Mg) alloys -- 0.16, 0.7 and 2.8 at. % Mg -- were internally oxidized in order

to find an alloy composition, annealing temperature and time that yields a high number density (5.1021 m "3)of
small (<20 nm diana) MgO precipitates.

2. A transmission electron microscope study of internally oxidized field-ion microscope specimens

of these alloys demonstrated that the number density and diameters achieved -- see preceding point -- for the 2,8
at.% Mg alloy are suitable for performing atom probe field-ion microscope studies of those specimens to
determine the Cu/MgO interfacial chemistry on an atomic scale. The optimum internal oxidation conditions for
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FIG, 15, Another integral profile across a Cu/MgO (111) interface detected during a random area analysis
along a [111] direction. The cumulative number of Mg or O ions detected is plotted versus the cumulative
number of Cu plus Mg plus O ions detected, The data were collected for a specimen temperature of 35 K, a

pulse ft'action of 0.1, a pulse frequency of 15 l-lz, and a background pressure of 1,2,10 -8 Pa, The Ct] signal --
not exhibited -- disappears at the Cu/MgO interface and then the signal is 100 % oxygen until that plane has
been completely removed by the field evaporation process, and then the rlext (111) plane is 100 % magnesium,
This result indicates directly that the sequence of planes across this heterophase interface is CulOIMg .... Note
that the number of oxygen events detected before the Cu/MgO interface is reached is 7 out of a total number of
815 (Cu plus M?_plus O); and the number of Mg events detected before this same interface is reached is zero
out of' a total of 815 events (Cu plus Mg plus O); thus the respective concentrations in the Cu matrix are

<8,6.10 -3 at, fr, oxygen and <=10 -3 at. fr, magnesium,

our experiments ,are a time of 20 min at 1173 K for this alloy. The most critical parameter appears to be the Mg
concentration,

3. A high resolution transmission electron microscope study of MgO precipitates in a Cu matrix

along the [100] or [110] axial directions demonstrates that the precipitates have the morphology of an
octahedron with the facets corresponding to {111 } planes, The orientationship relationship between the MgO

precipitate and the Cu matrix is cube-on-cube.

4. The MgO precipitates are semi-coherent with the Cu matrix even '_hough the lattice misfit

parameter (rl) is 0.1483; rl is given by 2[(aMgO - aCu)/(aMgO + aCu)] where the a's are the lattice pttrameters of

the two phases. Misfit dislocations are detected at the Cu/MgO {111 }-type heterophase interface, suggesting
that the 0,1483 misfit between the MgO precipitate and the Cu matrix is accommodated by a combination of

dislocations and elastic straining.

5. The MgO precipitates are readily detectable by field-ion microscopy. A recrystallization texture
of the Cu wires is fortuitously [111], hence the MgO precipitates sit in the Cu matrix such that the (111) facets

of the octahedral-shaped precipitates are perpendicular to the [ 111] fiber axis of the wires. This implies that a

random area analysis of the precipitates along a [111] direction, via the pulsed field-evaporation technique,
results in the uncovering of Cu/MgO (111) heterophase interfaces.
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FIG, 16. Integral profiles for Mg and O accumulated during a random area analysis of a copper FIM tip
containing MgO precipitates along a [1 10] direction; the cumulative number of Mg or O ions is plotted against

the cumulative number of Cu plus Mg plus O ions, The data were collected for a specimen temperature of 35

K, a pulse fraction of 0,1, a pulse frequency of 15 Hz, and a background pressure of 1,2.10 -8 Pa. The regions
numbered 1, 2 and 3 correspond to heterophase fluctuations,

6. The Cu matrix is found, via atom probe field-ion microscopy, to be almost 100 at.% Cu, with

only trace amounts of oxygen (<10 -3 at. fr.) and magnesium (<10 .4 at. fr.) after an internal oxidation treatment.

No evidence was found for impurity atoms at the Cu/MgO (111) heterophase interface.

7. Atom-probe field-ion microscopy analyses reveal that the sequence of atoms across a Cu/MgO

(11 1) interface is CulOIMgl... and not CulMglOI .... Thus the terminating (222) plane for a MgO precipitate in a
Cu matrix is oxygen and not magnesium. This result is achieved without any deconvolution of the experimental

data. The resolution of the composition profile perpendicular to the interface is equal to the interplanar spacing

of the (222)MGO planes and this value is 0.121 nra,
8. For a specimen in which the mean precipitate diameter was 10 nm evidence is found for the

existence of heterophase fluctuations or cluster of MgO, for which the stoichiometric ratio is different from

unity. This result cannot be explained on the basis of preferential field evaporation of Mg as the number of Mg
atoms per cluster is greater than the number of 0 atoms.
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B. Chemical Composition on an Atomic ,Scale of Ni/Cr203 Inierfaces

(Mr. David Chan, Ph.D. candidate)

1. Abstract

The chemical composition profiles across Ni/Cr203 interfaces are being studied employing atom-probe

field-ion microscopy, inconjunction with transmission electron and high remlution microscopies to study tlm
structure of interfaces, This heterophase interface is produced by internally oxidizing an Ni-1 at,% Cr alloy to

pr{×tuce hcp Cr203 precipitates. Thus, in this system the heterophase interfi_ce is between an fcc matrix and an

hcp precipitate, A significant fraction of the Cr20 3 precipitates are facetcd such that (lll)Nill((X)01)oxicl e or
(110)Nill(11 -20)oxide. For Ni/Cr203 interfaces selected area atom-.probe field-ion microscopy is empl(_yed as

tlm number density of Cr203 is not high enough to employ the random area analysis technique; the latter

technique is successful for the Cu/MgO system, because the number density of MgO precipitates is ,=5.1021 m"
3 .. see Section I.A, We have succeeded to backpolish field-ion microscope specimens containing Cr203

precipitates and to place these precipitates at a distnnce of <100 nm from the tip, and then to successfully field

evaporate specimens to piace Cr203 precipitates in the field-of-view of field-ion microscope images. Atom-

probe field-ion microscope mass spectra and integral profiles have been obt_ined from these specimens

Experiments are presently in progress to analyze the che_,a.ica_ sequence across Ni/Cr203 interfaces ira detail
and to determine the structure of these intefaces via high resolution clectron microscopy,
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2. Introduction

'File _ttom-pr(_be field-ion microscope technique is a powerful meth(_t for deternaining interfacial
co_nl)OSition and tile chemistry of individual precipitates on an atol_aic scale, Previous studies include, for
instance, determining the chemical c(_npositions of radiation induced l)rCCil)ilates [11,211,the composition of
precipitates in aged Al-l.,i-Zr alloys 13], the compositions of p_'ccipitates produced by internal nitridation of
binary alloys [4,5], and the compositions of precipitates formed in an initially single-phase solid-solution [6],
Recet_tly at Northwestern we have determined the chen_ical sequence across a {111}-type interface between Cu
and MgO forme+t via internal oxidation [7]; this study employs the randon'l area analysis technique 18] to
examine tills inl¢trace, Tile ra1_dornarea analysis technique involves analyzing, via the time-of-flight technique,
ali the atoms ct) ltained in a cylinder of alloy on an atom-by-atom basis -- see Fig, 10, The volunae of material
analyzed irt a v/cii annealed specimen is typically 10"21 m3. Thus, _n order to encounter a precipitate, with a
reasoi_ably hiI3h probability, a high nunlber density (>1021 m 3) of small precipitaces (20 nrn diam) is required
,,vithin the _r.alyzcd v(_lttnae. If the number density is <1021 tn3 a nunabcr of samples may have to be cx.tmltaed
before a precipitate is detected. In this situation the examination of a trtctal/ccran_ic interfitces can be facilitated
by using the so-called selected area analysis technique [8].

The selected area analysis technique requires locating a precipitate within the field-of-view of an FIM
image, and aligning the probe hole to cover an area less than that covered by the precipitate. When the
precipitate nunaber density is low tens of nm of material rnay have. to be removed by the pulsed field-
evaporation technique before a precipitate is encountered, The dissection of a tip by the pulsed field-
evaporation technique is time consuming, with a finite probability of a tip fracturing as the electric field is
ir_crcased. Alternatively, precipitates can be located within the tip v(_ltltne of an FIM specimen, by tratlsmission
electron rnicroscopy, if they are located within =100 nm of the tip, This geometry is achieved by
electr<)polishing a specimen ira a srhall diameter loop etr_ploying short highly controlled voltage pulses [9,10].
We have previot,sly used this rrlethod to study grain boundary segregation by placing grain boundaries within
50 nm of a tip 19,10].

In this research, a systematic method is demonstrated in which internally oxidized Ni-1 ac% Cr alloy
specinaens are backpolished in a highly controlled manner, such that individual Cr203 precipitates are
consistently placed within <100 ntn from a tip, Nickel is fcc with a lattice constant of 3.5339 A, and Cr203 is
hcp with the oxygen atoms on the hcp sites and the chrotaaiunaatoms on the c_'tahedral sites, For hcp Cr203 the
lattice constant a is 4,954/_, and the lattice constant c is 13,584 A. The misfit parameter ('11)is given by rl =

2[(aoxide- aNi)/(aoxide + aNi)]. The wdue of'rl along the <11 l>Nill<0001>oxide is 66%; this corresponds to the
close-packed {111 }Ni planes parallel to the close-packed {0001 }oxide basal planes. Precipitates of Cr203 were
obtained by internal oxidation of a Ni-1 at.% Cr alloy with a size range of 50 to 150 nra, and at a low number
density (<10 "21 rn3). We have developed the selected area technique for examining the interfacial region
between Ni and Cr203 precipitates, as the number density of Cr203 precipitates is too small to use the random
area analysis technique as was done for Cu/MgO interfaces. We are able to piace selectively a Cr203
precipitate with the volume of a tip, so that it can be analyzed chemically by the atom probe technique. The
technique used employs electrolytic polishing using voltage pulses as short 80 )..tsto rernove nrn of material,
Examples of the application of this technique are presented, along with atom probe data -- a mass spectrum and
an integral profile -- for this system.

3. Experimenlal Procedures

A Ni(Cr) alloy is prepared fi'orn Ni (Materials Research Corporation, Marz grade, 99.995% pure) ar|d
Cr (Johnson Matthey, 99.99% pure) by arc melting these elements three times in an argon atrnosphere. The

II _+, II'p , 'llnl ' '1++"' I, ' ' ,,+'111 ,, +lPle,,,,' rla',rl ,11111INIr
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alloy is homogenized at 850°C for 100 hours, cold swaged to a 0,16 elladlam rod, and drawn thio 134 gm diana
wire, 'File as..drawn wh'e is electrolytically thtnned to a sharply tapering tlp (10 nm radius) in a 40% I tCI
solution, The thinned wires are annealed at 900°C for 30 minutes in an evacuated quartz tube (30 mTorr)
conudntng a Rhines pack [11] consisting of a Nt:NiO (1:3)powder mixture, This Rhlnes T_ackmixture forms an
oxygen atmosi_laere wilhin the tube that is less than the partial pressure requtred for lhc f(mnation of stable NiO,
but is greater than the ptu'ttal pressure required for the formation of stable Cr203,

The lips undergo some blunting -- up to 15 times tile initial diameter-- during annealing, 'I'hey are
resharpcned using a sophisticated backpolishing setup developed at Northwestern University [12], The
bacKpollrnln,_; unit consists of a specially fabricated power supply that is gated using an E & I., Instrtlmcnts
lzulse generator, An optical microscope with an x-y translation stage is used to manipulate the tip of the wire
wtthin a small diameter (3 nam) Pt loop that serves as a cathode, The cathode loop contains, in the form of a
meniscus, an electrolytic solution of H3PO4:butoxyethanol:H20 (4:4:3), The power supply is gated by a pulse

' _ short as 10 I.lsec to a tip, An electropolished tip is observed in an t-lltachi 7001-t2(X)generator to al ply pulses as

kV transmission electron microscope, employing a specially modified double-tilt stage to hold a one cm long
wire sample [12], The precipitates are observed in a specimen employing standard transmission electron
microscope diffraction techniques, If a Cr203 precipitate is not within 100 nm of a tip, thr wire is backpolished
until this condition is achieved, Using this co_nbination of transmission electron microscopy and highly
controlled electropolishing wires can be resharpened, and a Cr203 precipit_te placed in the tip of an I:IM
specimen.

4. Results

An oxidized Ni-1 at,% Cr tlp is shown in Fig, 17(a) after resharpening, Cr203 precipitates are clearly
* ' 1vlslb e along the central axis of the wire, The tip is sharp (50 nm radius) with a shank angle of 30 °, An 80 gs

pulse is applied to the tip, and al_proximately 8 nm of material is removed from the tip along the axis of the wire
-- Fig, 17(b), After further backpolishing, a precipitate is seen located at a distance of 176,8 nm from the tip --
Fig, 18(a). As the tip surface is not smooth, the tip is further backpolished with an 800 gs pulse -- Fig, 18(b),
Approximately 80 nm of material is removed, and a smoother surface is obtained, The Cr203 precipitates are
now within 100 nm from the tip, and this specimen is suitable for atom-probe analysis, Figure 19 is an example
of another specimen prepared in the same manner, A Cr203 precipitate is cleariy seen within 41,3 nm of the tip.
Employing selected area diffraction we find that the facets parallel lo the long faces have (1 ll)Nill(0001)oxide
[that is, a close-packed plane in the Ni matrix parallel to a close-packed plane in the hcp Cr203 precipitate], and
the facets parallel to the short faces have (110)NiIl(11 -20)oxide, Thus, internally oxidized Ni-1 at,% Cr wire
alloys -- containing Cr203 precipitates -- can be reprc_tucibly sharpened, and specimens routinely backpolished
to place Cr203 precipitates within 100 nm of a tip's surface.

Figure 20 shows the mass spectrum for an internally oxidized Ni-1 at,% Cr alloy, The dominant peak is
due to Ni 2+ since the matrix contains very little Cr or O after the internal oxidation treatment, Figure 21 is an
integral profle, along a <ll2>-type direction, through an atom probe specimen that had been internally
oxidized; the specimen temperature was 55 K and the pulse fraction -- ratio of the pulse voltage to the steady
state dc voltage -- is 0,1, Note that a cluster consisting of seven oxygen and six chromium atoms is present in
this profile, and that the matrix is pure Ni both before and after the cluster is detected, The total number of
atoms detected is only 13 in this cluster, hence it is most likely a heterophase fluctuation,

I I .................... _I' " _ I_lr',Ill , iIrqll ..... i_ IIIr_"1111H II1_11'1''lilt.... _,irn,'....... _l.... n,_l....,_Ilal'rlr' ,v
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5, Conclusions

A methodology for systematically producing internally oxidized Ni-1 at, % Cr alloys specimens suitable
for cornbtned transmission electron and atom-probe field-ion microscopies is presented, The technique

developed allows us to selectively place Cr203 precipitates to within 100 nrn of a tip's surface using a highly
controlled electropolishing technique, The tip is then developed in the field-ion microscope by contr,._lled

dissection of a specimen, ernploying pulsed field-eval_oration, until the selecled precipitate is observed in a

field-ion image, and then the probe hole is aligned over the precipitate, This procedure allows a selected area

a_alysis of a precipitate tc) be performed throtlgh the interfacial region between the matrix and the l.',reclpltate,

Examples are given of lhis approach for two different specimens, and an integral profile exhibiting a

heterophase fltlctuation of O and Cr is exhibited, Experiments are currently in progress to obtain the inlerfacial

chenaicld sequence across known crystallographic planes between the Ni matrix and a Cr203 precipitate as was
done for the Cu/MgO {111 } interface [7], Experiments are presently in progress to analyze the chenfical

sequence across Ni/Cr203 interfaces in detail, and to dcter_nine the structure of these intefaces via high
resolution electr_n microscopy.

FIG. 17 (a) A Ni-1 at.% Cr that had been resharpened electrolytically after internal oxidation at 900°C for

30 rain. (b) Same wire specimen after electrolytic backpolishing with an 80 I.ts pulse.
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c

FIG. 18 (a) Same wire specimen as in Fig. 17 after futher backpolishing. (b) After an additional

electrolytic backpolishing with an 800 gs voltage pulse.

_ 41. 3 nrn

Fig. 19 Another Ni-1 at.% Cr specimen internally oxidized at 900°C for 30 min and electrolytically

backpo!ished to a sb.__,'ptip. _,T,-,,_,r,o prcr, encc of a ,,_;0,1y _cctcu t...r2u3 precipitate 4i .3 nm from the tip.
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