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ABSTRACT

This research program addresses fundamental questions concerning the relationships 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 nm; this
resolution is equal to the interplanar spacing of the (222} MgO planes. In particular, we demongtrate for the

first time that the bonding across a Cu/MgO {111}-type heterophase 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
achicved without any deconvolution of the 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. TFirst results are also presented for the Ni/CrpOy4 interface; for this system selected area atom probe
microscopy was used to analyze this interface; CroOg4 precipitates are located in a field-ion microscope tip and a
precipitate is brought into the tip region via a highly controlled electropelishing technique.
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Introduction

This is a progress refgo.}',,luon the experimental research program supported by the U. S. Department of
Encrgy, Office of Basic Energy Sciences, under grant No. DE-FG02-89ER45403 that commenced 1 September
1989. The emphasis of this tcéjchrcll program since it was initiated has been to obtain atomic scale information
concerning the chemical sequ'_éncing 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, high
resolution electron microscapy 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/ceranuc interfaces. We have obtained result for two metal/metal oxide systems:
Cu/MgO and Ni/Crp03. 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 Metal/Ceramic Interface on an Atomic Scale: the  Cu/MgO
{111} Interface
(Dr. Ho Jang, Research Associate I)

1. Abstract

The chemical composition profile across a Cu/MgO {111}-iype haterophase 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 nmy; 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 {111}-type heterophase
interface, along a <111> direction common to both the Cu matrix and an MgO precipitate, has the sequence
CulOIMg... and nor CulMglO... ; this result is achieved without any deconvolution of the experimental data.
Before determining this chemical scquence it was established, via high resoluticn 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.

2. Introduction

Internal interfaces and, in 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 in service is
determined by how well these rather disparate materials adhere to one another [11-14]. In particular, on the
experimental side, a great deal of energy has been expended employing high resclution electron microscopy
(HREM) to determine 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 ficld-ion microscopy (APFIM) to dircctly
ascertain -- on an atomic scale -- the chemical compositions of individual atomic planes in traversing Cu/MgO
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I Introduction and Research Highlights
This is a renewal proposal to continue the experimental research program supported by the U. S, A

Department of Energy, Office of Basic Encrgy Sciences, under grant No. DE-FG02-891:R45403 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
ficld-ion microscope specimens, high 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 ficld 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/Cr03. 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 nin 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 Metal/Ceramic Interface on an Atomic Scale: the Cu/MgO {111}
Interface
(Dr, Ifo Jang, Research Associate I)

1. Abstract

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 nm; this resolution is equal to the interplanar spacing of the {222} MgO plancs. In
particular, we demonstrate for the first time that the bonding across a Cu/MgO {111}-type heterophase
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 achicved wirhout any deconvolution of the expcrimental 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.

2. Introduction

Internal interfaces and, in 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 in service is
determined by how well these rather disparate materials adhere to one another [11-14]. In particular, on the
experimental side, a great deal of energy has been expended employing high resolution electron microscopy
(HREM) to determine 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 ficld-ion microscopy (APFIM) to directly
ascertain -- on an atomic scale -- the chemical compositions of individual atomic planes in traversing Cu/MgO
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{111})-type interfaces that were produced by internal oxidizing [18-25] a Cu(Mg) single-phase alloy. This is a
particularly interesting metal/ceramic interface as it involves the bonding of a noble free-electron metal (Cu) to
a strongly heteropolar metal oxide (MgO). The heterophase interfaces formed by internal oxidation of Cu(Mg)
have the following important advantages : (1) Impurity atom segregation is essentially nil -- 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) All the MgO precipitates have a simple octahedral shape bounded by the low-index
(111} planes. The APFIM technique is used to both supplement and complement transmission electron
microscopy (TEM) and HREM 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 nor CulMglO... ; the resolution for this
chemical profiling is equal to the spacing between the {222) planes of MgO -- 0.121 nm,

3. Experimental procedures

Three different Cu(Mg) alloys were prepared by melting ASARCO copper (99.998+ at.% pure) and
Johnson Matthey magnesium (99.98 at.% pure) in a high purity graphite crucible covered with a loose-fitting
graphite cap; the copper was placed on top of the magnesium in the graphite crucible to confine the magnesium
vapor during melting of the two elements. Prior to using the high purity graphite crucible it was heated for 4
haurs at 1473 K under high vacuum conditions. The covered graphite crucible, containing the copper and
méagnesium charge, was placed in a quartz tube and evacuated to 1.3:10-2 Pa, and then the quartz tube was
backfilled with argon gas and sealed. The small cylindrically-shaped Cu(Mg) ingots produced in this manner
eué\h weighed approximately 26 gm. The particular alloy compositions prepared were Cu-0.16 at.% Mg, Cu-0.7
at.% 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 mm thick sheets for transimission electron microscopy (TEM) and
HREM studies, or drawn into 250 m diam wires for APFIM studies.

Cu/MgO internal interfaces were formed by internally oxidizing these alloy specimens utilizing the
Rhines pack method [20,217; this pack consists of a powder mixture of Cu plus Cu20 plus Al203 (1:1:1), and it
corresponds to heating the specimens in a partial pressure of oxygen equal to the decomposition pressure of
cuprous oxide [21]. Figure 1 exhibits the root-mean squared-diffusion distance (V<X2>) of the oxygen
diffusion front versus time (1) for several internal oxidation temperatures and two different Mg concentrations
--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
concentration increases from 0.16 to 2.8 at.% Mg, This data also demonstrates that for the foil thickness we
emplpy the value of V<X2> does not vary very much after =20 min, at several internal oxidation temperatures,
for the 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 min treatment results in the complete
internal oxidation of the 250 um diam wires with 2.8 at.% Mg. To realize a high probability of finding un MgO
precipitate in an APFIM specimen, experiments were performed to determine the optimum Mg concentration,
internal oxidation temperature and time for achicving a high number density (>5-1021 m-3) and small diam
precipitates (<20 nm). The optimum composition for 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 min for both the thin sheets and wires.
These experiments demonstrate that to achicve 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.
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FIG 1, A plot of the root mean-squared diffusion distance (V<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 the 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 NapCrO4:4H20 in 900 ml of acetic acid. A stainless steel cathode in the form of a 25 mm
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 Hitachi 700H 200 kV electron mic: oscope [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 volume -- approximately 10-21 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
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presented in Section 2 Note that these MgO pxuupmtcs in a Cu matrix exiibit typical “coffee-bean” strain-
field contrast effects and that the line of no-contrast is perpendicular to gopo [29]. 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 taken along the [100] zone with many diffraction spots
excited -- this is a so-called multibeam micrograph. TFrom micrographs of the type shown in Fig. 2 we
determine that the number density of MgO precipitates is dpproxnmtely 5:1021 m'3; this density is high enough
that MgO precipitates can be recdily detected in the tip of an FIM specimen. (The histogram of the diameters of
the N "20 precipitates is quite broad [30]). The actual diameter of an MgO precipitate, however, is difficult to
estimate precisely from the TEM micrographs exhibited in Fig. 2, since the observed shape 'md amount of
strain-ficld contrast depend strongly on the direction of the electron beam relative to a  specimen’s
crystallography |31,32]. |

FIG. 2. (a) A dark-field transmission electron micrograph of MgO prccipitntcv in a Cu matrix produced
by internal oxidation of a Cu-2.8 at.% Mg alloy. The operating reflection is 020 (go20) and the precipitates
exhibit classical "coffee-bean" strain-field contrast . Note that the line of no-contrast is perpendicular to go20.
(b) A bright field transmission electron micrograph of MgO precipitates in a Cu matrix along a [100] zone axis
with a number of reflections excited -- this is a so-called multibeam micrograph.

In view of the above, the Moiré 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 (11 T) Moiré fringes of a faceted precipitate -- the operating reflection for this
micrograph is 11 1 (g117) -- with the projected image plane close to (123). And, therefore, the shape of the
fringes represents the shape of the precipitate viewed along a [123] direction, The Moir¢ pattern in this case is a

restlt of the difference between the interplanar spacings of the Cu and MgO (11 1) lattice planes. The fringe
spacing is 1.5 nm and the average diameter of the precipitates studied by this technique is 19.5 nm.

5. High Resolution Electron Microscopy Resuits

To investigate the detailed atomic structure of a Cu/MgO {111]-type heterophase interface and to learn
more about its gecometric shape, HREM observations were performed on Cu-2.8 at. % Mg specimens that had
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FI1G. 3. A (111) Moiré fringe pattern of a faceted MgO precipitate with the image 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 scen in Fig. 2; this
illustrates that the contrast changes accordi g to the orientation of the specimen relative to the electron beam.

been internally oxidized as described in Section 2. Axial illumination in an Hitachi H9000 HREM allows the
direct observation of the configuration of atoms near an internal interface 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 HREM image (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
precipitate 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 precipitc = ~na (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 (Tll) planes of this MgO precipitate is indicated on

it, and the 0.209 nm interplanar spacing of the (1 1 1) planes of the copper matrix is also indicated. The diam of
this MgO precipitate is 13 nm. Third, Fig. 6 is a HREM (defocus value of 65.1 nm) also recorded employing a
common [110] zcne axis exhibiting a diamond-shaped MgO projection on 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 cube-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 (1) is given by 1 = 2[(amgo - acw/(amgo + acy)), 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; acy = 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 all aligned in the same direction with respect to
the matrix -- that is, along a <111>-type direction; thus, a {111)-type plane of the MgO precipitates is parallel
to a corresponding (111]-type plane of the Cu matrix.

precipitate on a random basis. This is a crucial 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 place a
preselected metal oxide precipitate in the field-of-view of a field-ion microscope image [28,37].

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 cm, 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 ~100 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 disseciion process
consists of applying a series of pulse voltages (Vp) on top of a steady-state imaging voltage (V4c) 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].

R LR

'y



D. N. Scidman and K. L. Merkle, Atomic Structures and Compositions of Internal Interfaces ‘ . 13

Chevron detector

_Inuxgc intensification system

,Probe hole
MoO particle

b] /

K
/

(q--- [t ], < )
. \
‘ N , Cylinder of
i matrix alioy analyzed

F1G.10. The geometry employed for analyzing a Cu/MgO interface, with the plane of the 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 100 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 =2.2 m. 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 precipitate -- 0.121 nm.
This schematic diagram is not to scale.

The same specimen exhibited in Fig. 9 was ther iransferred 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 plane. The approximate diam of this precipitate is 7.3 nm. Note the 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 ficld-evaporation
dissection sequence of this MgO precipitate; the actual dissection process is on an atom-by-atom basis, and
these six FIM images are simply representative of this process. Image 1 is at the beginning of the 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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F1G. 13, An atom-probe field-ion microscope mass spectrum of an internally oxidized 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 octahedral-
shaped MgO precipitate. In this case no Mg events were detected in the matrix while 7 oxygen events 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, withour data
deconvolution -- that the bonding across a Cu/MgO (111) interface has the sequence CulOIMgl... and not
CulMglOl... .

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

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! and 2.60 eV
atom-! 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 heterophase fluctuations [53] was discovered during the course of
examining a specimen that had a mean MgO precipitate diamter of less than 10 nm.
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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 this heterophase interface is
CulOIMg... . The depth resolution for this chemical composition profile is aO/(Z\/?}), where a, is the lattice
parameter of MgO (0.420 nm), 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 ~10-3 at. fr. oxygen and 9-10°5 at. fr. magnesium,

8. Conclusions and Discussions

1. Three 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 (51021 m-3) of
small (<20 nm diam) 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 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 interface and then the signal is 100 % oxygen until that plane has
been completely removed by the field evaporation process, and then the next (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/MgQ interface is reached is 7 out of a total number of
815 (Cu plus Mg 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 though the lattice misfit
parameter (1) is 0.1483; m is given by 2[(amgO - acu)/(aMgO + acu)] where the a's are the lattice parameters 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 [110] 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 ficld-ion microscopy, to be almost 100 at.% Cu, with
only trace amounts of oxygen (<10-3 at. fr.) and magnesium (<104 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
(111) interface is CulOIMgl... and not CulMglOl... . 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)Mmgo planes and this value is 0.121 nm,

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 MgQO, 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 O atoms.
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B. Chemical Composition on an Atomic Scale of Ni/Cr203 Interfaces
(Mr. David Chan, Ph.D. candidate)

1. Abstract

The chemical composition profiles across Ni/CrpO3 interfaces are being studied employing atom-probe
field-ion microscopy, inconjunction with transmission electron and high resolution microscopies to study the
structure of interfaces. This heterophase interface is produced by internally oxidizing an Ni-1 at.% Cr alloy to
produce hep CryO3 precipitates. Thus, in this system the heterophase interface is between an fcc matrix and an
hcp precipitate. A significant fraction of the CroO3 precipitates are faccted such that (1THNjII(0001)gxige Or
(110)N;lI(11 -20)oxide. For Ni/Crp03 interfaces selected area atom-probe ficld-ion microscopy is employed as
the number density of CrpO3 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 51021 m-
3 .. see Section I.LA. We have succeeded to backpolish field-ion microscope specimens containing CrpO3
precipitates and to place these precipitates at a distance of <100 nm from the tip, and then to successfully field
evaporate specimens to place Cra03 precipitates in the field-of-view of ficld-ion microscope images. Atom-
probe field-ion microscope mass spectra and integral profiles have been obtained from these specimens.
Experiments are presently in progress to analyze the chemical sequence across Ni/CrpO3 interfaces in detail,
and to determine the structure of these intefaces via high resolution clectron microscopy.
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2. lntrodué(ion

The atom-probe ficld-ion microscope technique is u powerful method for determining interfacial
cornposition and the chemistry of individual precipitates on an atomic scale, Previous studics include, for
instance, determining the chemical compositions of radiation induced precipitates {1,2], the composition of
precipitates in aged Al-Li-Zr alloys 3], the compositions of precipitates produced by internal nitridation of
binary alloys [4,5], and the compositions of precipitates formed in an initially single-phase solid-solution [6].
Recently at Northwestern we have determined the chemical sequence across a {111]}-type interface between Cu
and MgO formed via internal oxidation [7]; this study employs the random area analysis technique [8] to
examine this inte rface. The random area analysis technique involves analyzing, via the time-of-{light technique,
all the atoms cotained in a cylinder of alloy on an atom-by-atom basis -- see Fig. 10. The volume of material
analyzed in a vell anncaled specimen is typically 1021 m3, Thus, m order to encounter a precipitate, with a
reasonably high probability, a high number density (>102! m=3) of small precipitaies (20 nm diam) is required
within the aralyzed volume. If the number density is <1021 m-3 a number of samples may have to be examined
before a precipitate is detected. In this situation the examination of a metai/ceramic interfaces can be facilitated
by using the so-called sclected arca analysis technique [8].

The sclected area analysis technique requires locating a precipitate within the field-of-view of an FIM
image, and aligning the probe hole to cover an arca less than that covered by the precipitate. When the
precipitate number density is low tens of nm of material may have to be removed by the pulsed field-
evaporation technique before a precipitate is encountered,  The disscction of a tip by the pulsed ficld-
evaporation technique is time consuming, with a finite probability of a tip fracturing as the electric field is
increased. Alternatively, precipitates can be located within the tip volume of an FIM specimen, by transmission
clectron microscopy, if they are located within =100 nm of the tip. This geometry is achieved by
clectropolishing a specimen in a small diameter loop employing short highly controlled voltage pulses [9,10].
We have previously used this method to study grain boundary segregation by placing grain boundaries within
50 nm of a tip {9,10].

In this research, a systematic method is demonstrated in which internally oxidized Ni-1 a..% Cr alloy
specimens are backpolished in a highly controlled manner, such that individual CrpO3 precipitates are
consistently placed within <100 nm from a tip. Nickel is fcc with a lattice constant of 3.5339 A, and Cr01 is
hep with the oxygen atoms on the hep sites and the chromium atoms on the octahedral sites. For hep Cra03 the

lattice constant a is 4.954 A, and the lattice constant ¢ is 13,584 A, The misfit parameter (1) is given by 1 =

2[(2oxide - aND/(oxide + anD]. The value of 1 along the <111>Njll<0001>0xide is 66%; this corresponds to the
close-packed (111} planes parallel to the close-packed (0001 )oxide basal planes. Precipitates of CroO3 were
obtained by internal oxidation of a Ni-1 at.% Cr alloy with a size range of 50 to 150 nim, and at a low number
density (<10-21 m3). We have developed the selected area technique for examining the interfacial region
between Ni and CrpQ3 precipitates, as the number density of CrpO3 precipitates is too small to use the random
arca analysis technique as was done for Cu/MgO interfaces. We are able to place selectively a Cry03
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 ps to remove nm 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. Experimental Procedures

A Ni(Cr) alloy is prepared from Ni (Materials Research Corporation, Marz grade, 99.995% pure) and
Cr (Johnson Matthey, 99.99% pure) by arc melting these elements three times in an argon atmosphere. The
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alloy is homogenized at 850°C for 100 hours, cold swaged to a 0.16 cm diam rod, and druwn info 134 fm diam
wire. The ss-drawn wire is clectrolytically thinned to a sharply tapering tip (10 nm radius) in a 40% HCI
solution. The thinned wires are annealed at 900°C for 30 minutes in an evacuated quartz tube (30 mTorr)
comitining a Rhines pack f11] consisting of u Ni:NiO (1:3) powder mixture, This Rhines pack mixture forms an
oxygen atmosphere within the tube that is less than the partial pressure required for the formation of gtuble NiO,
but is greater than the partial pressure required for the formation of stuble Cr03,

The tips undergo some blunting -- up to 15 times the initial dinmeter -- during anncaling, They are
resharpened using a sophisticated backpolishing setup developed at Northwestern University [12],  The
backpolishing unit consists of a specially fabricated power supply that is gated using an E & L Instruments
pulse generator, An optical microscope with an x-y translation stage is used to manipulate the tip of the wire
within a small diameter (3 mm) Pt loop that serves as a cathode. The cathode loop contains, in the form of a
meniscus, an clectrolytic solution of H3PO4:butoxyethanol:Hy0 (4:4:3). The power supply is gated by a pulse
generator to apply pulses as short as 10 psec to a tip. An electropolished tip is observed in an Hitachi 7001 200
kV transmission clectron microscope, employing a specially modified double-tilt stage to hold a one ¢m long
wire sample [12]. The precipitates are observed in a specimen employing standard transmission electron
microscope diffraction techniques. If a CroO3 precipitate is not within 100 nm of a tip, the wire is backpolished
until this condition is achieved, Using this combination of transmission clectron microscopy and highly
controlled electropolishing wires can be resharpened, and a CrpO3 precipitate placed in the tip of un FIM
specimen,

4, Results

An oxidized Ni-1 at.% Cr tip is shown in Fig. 17(a) after resharpening. Crp03 precipitates are clearly
visible along the central axis of the wire, The tip is sharp (50 nm radius) with a shank angle of 30°, An 80 us
pulse is applied to the tip, and approximately 8 nm of material is removed from the tip along the axis of the wire
-- Fig. 17(b). After further backpolishing, a precipitate is scen 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 ps pulse -- Fig. 18(b).
Approximately 80 nm of material is removed, and a smoother surface is obtained, The CryO3 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 CrpO3 precipitate is clearly seen within 41,3 nm of the tip.
Employing selected area diffraction we find that the facets parallel to the long faces have (111)Nill(0001)oxide
(that is, a close-packed plane in the Ni matrix parallel to a close-packed plane in the hep CrpO3 precipitate], and
the facets parallel to the short faces have (110)Nill(11 -20)oxide. Thus, internally oxidized Ni-1 at,% Cr wire
alloys -- containing CroOj3 precipitates -- can be reproducibly sharpened, and specimens routinely backpolished
to place CrpO3 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 Ni2+ since the matrix contains very little Cr or O after the internal oxidation treatment, Figure 21 is an
integral profile, along a <112>-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.
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5, -onelusions

A methodology for systematically producing internally oxidized Ni-1 at. % Cr alloys specimens sultable
for combined transmission clectron and atom-probe ficld-ion microscopies is presented, The technique
developed allows us to selectively place CraO3 precipitates to within 100 nm of a tip's surface using a highly
controlled clectropolishing technique. The tip is then developed in the ficld-ion microscope by controlled
dissection of a specimen, employing pulsed field-evaporation, until the sclecied precipitate is observed in a
field-ion image, and then the probe hole is aligned over the precipitate. This procedure allows a selected arca
analysis of a precipitate to be performed through the interfacial region between the matrix and the precipitate,
Examples are given of this approach for two different specimens, and an integral profile exhibiting a
heterophase fluctuation of O and Cr is exhibited. Experiments are currently in progress to obtain the interfacial
chemical sequence across known crystallographic plancs between the Ni matrix and a Crp03 precipitate as was
done for the Cu/MgO (111} interface |7]. Experiments are presently in progress to analyze the chemical
sequence across Ni/CraO3 interfuces in detail, and to determine the structure of these intefaces via high
resolution electron microscopy.

50nm

FIG. 17 (a) A Ni-1 at.% Cr that had been resharpened electrolytically after internal oxidation at 900°C for
30 min. (b) Same wire specimen after electrolytic backpolishing with an 80 s pulse.
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FIG. 18 (a) Same wire specimen as in Fig. 17 after futher backpolishing. (b) After an additional
electrolytic backpolishing with an 800 |s voliage pulse.

Figv 19 Another Ni-l at.% Cr specxmen 1merna11y OdelZBd at 500° C for 30 min and clecrrolytlcally
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FIG. 20 A mass spectrum of the number of events versus the mass-to-charge state ratio of a Ni-1 at.% Cr
alloy that had been internally oxidized at 900°C for 30 min,
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FIG. 21 An integral profile through the same specimen, along a <112>-type direction in the Ni matrix, for
which a mass specirum is displaycd in Fig. 20. This integral profile contains a cluster of 13 O and Cr atoms.
Note that both before and after the cluster that the matrix is pure Ni.
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