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Nuclear-Magnetic-Resonance and K-Ray Study of Solute Loss
by Internal Oxidation in Comminuted and Vacuum-

Annealed Cu-Mn Alloys
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Eennecott Copper Corporation, Ledgemont Laboratory, Lexington, 3fassachlsetts
(Received 28 September 1966)

It is shown that Cu-Mn alloys lose part of their solute Mn during comminution and vacuum annealing.
X-ray measurements indicate that the solute loss occurs by the mechanism of internal oxidation, the domi-
nant oxide formed being MnO (manganosite). NMR and x-ray measurements have been correlated in terms
of loss of solute Mn from the Cu lattice. The results indicate that physical measurements on both annealed
and unannealed samples of powdered Cu-Mn alloys can lead to errors in interpretation, if measured param-
eters are correlated with solute concentrations obtained directly from chemical analysis. Similar effects were
observed with solutes of Ti, Fe, and Al in Cu.

I. INTRODUCTION

'HE NMR parameters of Cu-based binary alloys
are usually explained in terms of direct and in-

direct internuclear reactions and quadrupole perturba-
tions. ' ' For binary alloys containing suQicient solute to
produce second-order quadrupole interactions through-
out the Cu lattice, first-order quadrupole e6'ects arising
from cold work should not be observable. First-order
perturbations aGect only the satellite components of
the NMR line, whereas second-order perturbations
affect both the satellites and the central maximum. ' For
Cu alloys containing in excess of approximately 1 at.%
of solute, therefore, the observed Cu" linewidths, in-

tensities, and Knight shifts, should not change with
annealing heat treatment. The relative intensity of the
central maximum in an alloy dominated by second-order
quadrupole interactions should follow the probability
relation I(c)=Is(1—c)", where c is the solute concen-
tration present in the host lattice and e is the number of
resonant atoms whose contributions to the total ob-
served intensity is wiped out by an isolated soluteatom. '
For many solutes in Cu, the (1—c)" relation has been
verified, ' ' but usually only for unannealed materials.

For solute concentrations below approximately 1
at.%, both erst- and second-order perturbations will be
apparent, and the effects of cold work will be of signi6-
cance. In this region, the change of NMR parameters
with annealing heat treatment can be considerable.

Two authors in particular have examined the eBects
of heat treatment on the NMR of Cu-based alloys.
Rowland' used samples that were generally not an-
nealed. In a few unspecified instances, when filings were

annealed, he found that the resonance intensities before
and after annealing were unchanged. From second-order

1 A. Blandin, E.Daniel, and J.Friedel, Phil. Mag. 4, 180 (1959).
2 W. Kohn and S. Vosko, Phys. Rev. 119, 912 (1960).
' K. Yosida, Phys. Rev. 106, 893 (1957).' M. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954).
~ M. H. Cohen and F. Reif, in Solid State Physics, edited by

F. Seitz and D. Turnbull (Academic Press Inc. , New York, 1957),
Vol. 5.

6 R. V. Pound, Phys. Rev. 79, 685 (1950).
7 N. Bloembergen and T. J. Rowland, Acta Met. 1, 731 (1953).
8 T. J. Rowland, Phys. Rev. 119, 900 (1960).
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perturbation theory, this is what one should expect.
Rowland, however, did not study the Cu-Mn system.
Of the several authors who have studied Cu-Mn
alloys, ' " all used unannealed material except Chap-
man and Seymour. "These authors used Cu-Mn filings
and found wide differences between the NMR param-
eters of material as 6led and material which had been
vacuum-annealed for 4 h at 400'C. In particular, the
annealed samples showed a narrowing of the linewidth,
an increase in the intensity, and a reduction in the
Knight shift: changes which, one may suggest, are
typically associated with a loss of solute from the lattice.
Chapman and Seymour observed that a second anneal
had no further effect on the Cu" resonance. They
proposed that heat treatment produces a clustering of
solute Mn ions and used the magnetic effects of such
clusters to account for their NMR results. X-ray
photographs of unannealed and heat treated samples of
alloys were taken and no difference between the two
patterns could be detected.

It is the purpose of this paper to establish that changes
in the NMR parameters do indeed arise from loss of
solute. The loss, however, is not due to clustering of
Mn, but results from internal oxidation' "of a portion

' R. E. Behringer, J. Phys. Chem. Solids 2, 209 (1957)."T.Sugawara, J. Phys. Soc. Japan 14, 643 (1959)."J.Owen, M. E. Brown, W. Knight, and C. Kittel, Phys. Rev.
102, 1501 (1956).

~ J.Owen, M. E.Brown, V. Arp, and A. F. Kip, J.Phys. Chem.
Solids 2, 85 (1957).

'3 K. Asayama, J. Phys. Soc. Japan 18, 1727 (1963).
14 D. L. Weinberg and N. Bloembergen, J. Phys. Chem. Solids

15, 240 (1960).
"W'. Van der Lugt, N. Poulis, G. Hardeman, and W. Hass,

Physica 23, 797 (1957).
16 A. C. Chapman and E. F. W. Seymour, Proc. Phys. Soc.

(London) 72, 797 (1958)."F. N. Rbines, Trans. AIME 137, 246 (1940)."J.L. Meijering and M. J. Druyvestyn, Philips Res. Rept. 2,
81 (1947); 2, 260 (1947).

19 J. L. Meijering, in Proceedings of the Pittsblrgh International
Conference on Surface Reactions (Corrosion Publishing Company,
Pittsburgh, Pennsylvania, 1948).

'0 J. L. Meijering, Trans. AIME 218, 968 (1960).
"M. F. Ashby, Ph.D. thesis, University of Cambridge, 1961

(unpublished) ."D. M. Williams, Ph.D. thesis, University of Cambridge, 1964
(unpublished)."R. H. Rapp, Corrosion 21, 382 (1965).
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of the solute during comminution and vacuum anneal
of the powdered samples.

II. NMR INTENSITY MEASUREMENTS

Resonance parameters werc measured with a con-
ventional Pound-Knight-Watkins NMR spectrometer. '4

The magnetic field was maintained constant at 8000 G.
Intensities of NMR lines were measured as peak-to-peak
heights of the recorded derivative curves of the absorp-
tion linc, s normalized by injection of a calibrating signal
from a Watkins calibrator. "Modulation was constant
at 500 cps and 2-0 peak. Only the Cu" line was exam-
ined. All measurements were made at room temperature.

Samples were prepared from bulk Cu-Mn alloys growg.
by the Czochralski method. Ingots were swaged to rods
of 6 mm diam. Samples were also chill-cast in quartz
tubes under argon. Chill-cast samples were also ob-
tained from Johnson-Matthey. In all cases the Cu
purity was said to be 99.999%.Mn content was deter-
mined by wet chemical analysis. Where possible, con-
centrations of Mn were also checked in the electron
probe against a standard Mn sample. Alloy rods were
sealed in evacuated quartz tubes and annealed at 400'C
for 16 h. Metallographic sections of rod samples werc
examined for second-phase components. Where neces-
sary, bulk alloys were sealed in evacuated quartz
envelopes, homogenized at 900'C for 3 h, and quenched
in water. AHoy rods were checked for homogeneity of
Mn solute dispersion by electron-probe analysis. Meas-
ured variations in the radial homogeneity were usually
better than 2%, this variation being the statistical
error of the probe.

Alloy I'ods werc comminuted by high-spccd cutting
with a tungsten carbide rotary cutter, "both in the dry
state and under oil. Samples were also ground under
oiP~ and occasionally hand-Gled. Samples exposed to
oil were rinsed in benzene and acetone, and air-dried.
All powders were screened to &150 or &400 mesh
(Tyler). Three-gram samples were then sealed in
evacuated Pyrex or quartz tubes.

Alloys prepared by high-speed cutting or grinding
had one dimension &10~, and no eddy current losses
were encountered. The skin depth at 10 Mc and 20'C
is 27 p for Cu containing 0.30 weight % Mn, so hand-
filed samples of particle size greater than 600 mesh
required a correction for eddy curren. t loss.

Typical changes in resonance intensity as a function
of vacuum annealing time at 400'C are shown in Fig. 1.
Results for several methods of sample comminution are
given. Changes in the resonance intensity with vacuum-
annealing time varied with the particle size and the
method of comminution. High-speed cutting under oil

~4 R. V. Pound, Progr. Nucl. Phys. 2, 21 (1952).
~5 G. D. %atkins, Ph.D. thesis, Harvard University, 1952

(unpublished)."D. H. Howling and J. M. Hoskins, Rev. Sci. Instr. 37, 379
(1966);M, 400 (1965)."L.E. Drain, Phil. Mag. 4, 484 (1959).
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FIG. 1. Measured change of resonance intensity of comminuted
Cu-Mn alloys as a function of vacuum-annealing time at 400'C.
Sample A= &400-mesh particles, ground under oil in the method
of Drain. Chemical concentration =1.97 wt. 'P0 Mn. Sample
8=&150-mesh, high-speed cut under QowIng NHg. Chemical
concentration=0. 36 wt. % Mn. Sample C=:&150-mesh, high-
speed cut in air. Chemical concentration=0. 49 wt. % Mn. Sample
D= &400-mesh, high-speed ground under kerosene. Chemical
concentration=0. 97 wt. 'P& Mn. Sample K= &150-mesh, hand
61ed in air. Chemical concentration=0. 30 wt. % Mn. Resonance
intensity corrected for eddy current losses. Sample F= &150-mesh,
high-speed cut under oil. Chemical concentration =0.30 wt. jo Mn.
Reference intensity for annealed pure Cu.=38.5 mV/g.

or in liquid N2 tended. to reduce the extent of the in-
tensity change on annealing, but did not necessarily
prevent it. Similarly, exposing the sample to air between
successive anneals did not significantly change the
results, nor did cleaning the alloy particles with acids,
nor did. high-speed cutting of the alloys in atmospheres
of N2, H2, NH3, and Ar. In several instances, annealed
samples were chemically analyzed. The total Mn
content was found invariant. Annealing under Qowing
hydrogen also failed to prevent intensity changes from
occurring, although this is to be expected from a consid-
eration of the kinetics of Mn oxidation. ' At 400'C, if

'the partial-pressures ratio pHI/pH&o is less than 10',
oxidation of Mn will take place. Most laboratory
hydrogen supplies have considerably more H2O than.
1 part in 10", hence oxidation of Mn will take place
even during hydrogen. anneal.

One must pay attention to the possibility of the
quartz and glass envelopes giving oG 02 and passing O2
through the walls, resulting in the starting material
being fiHed with Og to begin with. The permeation I'
of gaseous 02 through vitreous silica at 900'C has been
measured by Norton. "Using his value of 8=9&10 "
cm' gas (STP)/sec/mm thickness/cm' area/cm Hg dif-
ference of gas pressure, the weight of 02 diffusing through
the walls of a 1-mm-thick quartz tube of 30-cm'
surface area is 2.1X10 9 g/h. The loss of Mn to MnO
from this source is thus '1.2X10 ' g/h at 900'C, which
is quite negligible.

Measurements of 02 permeation through quartz or
glass at 400'C are not available. According to Dr.

"F.D. Richardson and J. H. K. - Jellies, J. Iron Steel Inst.
(London) 16Q, 261 (1948), L. S. Darken and R. %. Gurry,
Physical Chemistry of cVetals (McGraw-Hill Book Company, Inc. ,
New York, 1953), p. 349.

'9 F. J. Norton, Nature 191, 701 (1961).
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Altemose, ' however, who studied the diffusion of
helium through glass, " the results of Norton can be
reliably extrapolated to 400'C. This yields a permeation
I' of 1.7X10 ' cm' (STP)/h/mm of wall thickness.
The corresponding loss of Mn is 8.0X10 "g/h and again
may be discounted.

The solubility of O2 in quartz at 950'C was derived

by Norton" as 2.3X10 s cm' (STP)/cm' solid for 76-cm

gas pressure applied. Exposure to the atmosphere
would result in a solubility of 5X10 ' cm'/cm' of
quartz. An envelope consisting of 5 cm' of solid quartz
would, therefore, contain 3.5&&10 ~ g of O2. Loss from
this source would be 1.2&10 ' g of Mn, and again may
be neglected. In a similar manner we can neglect loss
of Mn at 400'C from this source of O~. The residual
vacuum of 7.5X10 ' Torr accounts for 6&(10 '

g of O2

in the gas phase and may also be neglected. There re-
mains outgassing as a possible major source of 02.
Sulk samples heat treated at 900 and 400'C gave con-
centrations of Mn, determined by precision x-ray
lattice measurements, which were in agreement with
concentrations obtained from chemical analysis. This
con6rms the correctness of the analysis above and also
indicates that signihcant loss of solute from outgassing
02 does not occur.

III. X-RAY MEASUREMENTS

In order to use x-ray measurements for accurate
determination of true solute concentrations of Mn, it
was necessary to establish a calibration curve of dif-
fraction angle, or lattice parameter, as a function of
known solute concentration. Greater accuracy was re-
quired than could be obtained from published-lattice
parameters for the Cu-Mn system. "Use of powdered

+ V. Q. Altemose, Corning Glass Research Laboratory (private
communication).

» V. Q. Altemose, J.Appl. Phys. 32, )309 (&961).
» +. B. Pearson, Handbook of I.attice SPacing and Strmctgres

of 3Atals (Pergamon Press, Inc., Neer York, 1958), p. 587.

samples directly was out of the question, since the solute
concentration of powdered Cu-Mn samples was always
uncertain. Initially a calibration curve for annealed
bulk alloys was established. These alloys were prepared
and heat-treated as described in Sec II. Mean-lattice
constants for the bulk alloys were measured, using
several re6ecting planes for di6ractometer scans.

Since many of the internally oxidized powder samples
had low residual solute concentrations, it was necessary
to improve the precision of x-ray determination of
solute in the concentration range below 1 at. /o. This
was done by utilizing differences in the 28 value for the
di6raction angle of a single reQecting plane, as a function
of the true solute concentration of Mn present in the Cu
lattice. Using sectioned and polished samples cut from
annealed bulk alloys, values of A(28) for the (311)
reflection (measured with respect to the 28 value for a
pure Cu sample) were measured as a function of Mn
solute concentration. These results are given in Fig. 2.
Solute concentrations determined from this curve are in
agreement with those derived from the mean-lattice
parameter calibration utilizing rejections from several
lattice planes. The measurement is valid for bulk sam-
ples. %ith powders, variations in the mechanical pack-
ing of the alloy in the x-ray mound caused excessive
errors in the measurement of 628. These errors were
eliminated by mounting powdered samples under Scotch
cellophane tape on a glass slide. The diBraction angle
was then reproducible to within 5 mdeg.

Annealed samples of &400 mesh Cu gave the same
28 value for the (311)reflection as bulk Cu. A correction
was necessary for particles of larger size. A direct transi-

C3
0
Ol
M 30

E

20

CO

0
0 .Ol .02 .05 .04 .05 .06 .07 .08

A(28) [(Bll) Reflection] in degrees

Fxo. 3. Correlation between observed resonance intensities and
measured A(28) for the (311) reQections of comminuted Cu-Mn
alloys of varying solute concentration of Mn.
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tion was then made from measured 6(28) values of
annealed powdered samples to the calibration curve of
Fig. 2 for annealed bulk alloys. Unannealed powders
gave broader diGraction peaks than annealed samples,
but at the higher solute concentrations (&0.2 weight '%%)

628 could be determined with suQicient accuracy. The
point at 628=0 for unannealed pure Cu was obtained
with the accuracy of the resonance intensity measure-
ment ( 2/~). A reliable calibration curve for as-cut
samples was therefore obtained. To 6rst order, 628
curves for annealed and unannealed samples, as a func-
tion of true solute concentration, can be considered the
same. All 628 measurements have therefore been referred
to the calibration of Fig. 2. The correlation between
resonance intensities of annealed and unannealed
samples and measured values of 628 is shown in Fig. 3.
Final curves giving resonance intensities as a function of
solute concentration, for both annealed and unannealed
powdered samples, are shown in Fig. 4. Resonance
analysis of these curves will be given elsewhere.

IV. CHANGE OF SOLUTE CONCENTRATION
WITH VACUUM ANNEALING

The calibration curve of Fig. 4 applied to the in-
tensity variations shown in Fig. 1 immediately yields
the results given in Fig. 5. These curves show the true
residual solute concentration of Mn remaining in the Cu
lattice as a function of vacuum-annealing time. The
starting concentrations of solute Mn, as determined
from chemical and x-ray analysis, for the various
samples are given in the legend. As vacuum annealing
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I'xo. 5. True lattice concentration of solute Mn in comminuted
Cu-Mn alloys, as a function of vacuum-annealing time at 400'C.
Samples A, 8, C, D, E, and P are those de6ned in Fig. 1.

proceeds, equilibration of a solute oxide is achieved, the
oxygen apparently being adsorbed on the particle sur-
face or present as Cu20. Absolute loss of solute tends to
be greater with alloys of greater initial solute concentra-
tion. This was especially apparent in the loss of solute
during comminution. The change in mechanical proper-
ties of the alloy can probably account for this effect, but
no simple correlation was evident. Sample 3 (com-
minuted under an atmosphere of NHs) did not lose
solute during comminution. The greatest loss occurred
with Sample A, ground under oil in the method of
Drain. '7 Solute loss on comminution is, presumably, ,
also caused by internal oxidation.

No limit on concentration for this loss of solute c»
be set from these experiments. The limit would probably
be set by a compromise between the increase of mechani-
cal hardness and rate of surface oxidation with solute
concentration. The percentage loss would then go
through some form of maximum, probably at a concen-
tration in the vicinity of 3 to 5%%u~.
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FIG. 4. Resonance intensity of comminuted Cu-Mn alloys as a
function of true lattice concentration of solute Mn. Curves are
given for vacuum-annealed and unannealed (as-cut) samples.

V. OXIDE IDENTIFICATION

A. X-Ray Analysis

Debye-Scherrer photographs repeatedly identiGed a
second phase in vacuum-annealed powder alloys as
cubic MnO (manganosite). A typical result is shown in
Fig. 6. This photograph was obtained with Sample A
of Figs. 1 and 5. The Mn-solute concentration of this
sample had fallen from 1.K to 0.09 wt.m by comminu-
tion and vacuum annealing. Con6rmation of this identi-
Qcation of MnO was made using monochromatic CuEnq
radiation and a Guinier-type focusing digractjon
camera. No evidence of free or clustered Mn was found
in the x-ray studies. A complete indexing of Fig. 6 is
given in Table I.

As far as I am aware, no previous x-ray study of the
Cu-Mn system has identi6ed the oxide specie of Mn
produced by internal oxidation. Rhines" studied the
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TABLE I. Indexed lines of x-ray powder photograph shown in
Fig. 6. d values are in A and I values are relative intensities taken
from H. D. Swanson. ' The second phase present is identi6ed as
MnO (manganosite).
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IIP
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II

MnO l557I (220)

I5
'- I4-:-----l5

I6
l7

K55555 5 K 5 5 ~ ~ S I9

MnO I.340 5II)
MnO l.285 222)

Cu l.0900 (VII)

I IIS5 5 Ilk

::5 IKI I IR555 K 5 II +I I
IIRI S

MAO 2.57 (III)
456 Mno 2.223 (200)

7
9' k 5-:-~~=-:-IQ Cu I.808 (200)
ll
l2

FIG. 6. X-ray pow-
der photograph of a
comminuted and vac-
uum-annealed Cu-Mn
alloy (Sample A of
Fig. 1 after 80-h anneal
at 400'C). Each line
has been indexed in
terms of its associated
lattice, the lattice spac-
ing in A, and the cor-
responding (heal) value.

Line
d Observed

1 6.982
2 5.869
3 2.6033
4 2.3077
5 2.2197
6 2.1479
7 2.0881
8 1.9958
9 1.9554

10 1.808
11 1.6643
12 1.5727
13 1.4150
14 1.3433
15 1.2781
16 1.2058
17 1.1572
18 1.0900
19 1.0440
20 0.9041
21 0.9035
22 0.8644
23 0.8363
24 0.8294
25 0.8292
26 0.8084
27 0.8082

(uht), „

Ep (111)

(111)
Xp (200)

(200)

Ep (220)

(220)
I:p (311)
I:p (222)
(311)
(222)
(400)
(400)
I"p (331)
J;p (420)
(331)
(331)
(420)
(420)

IObserved

2
1
2
8
3
2

100
5
2

90
1
2
3
2

70
3

70
20
12

1
1

30
10
30
10

&M o (hkl)M o IM o

Instrument line
Instrument line

2.57 (111) 62

2.233 (200) 100
Instrument line

Instrument line

Collodian reflection
1.571 (220) 58

1.340 (311) 21
1.283 (222) 13

a H. E. Swanson, N. T. Gilfrich, and G. M. Vgrinic, Natl. Bur. Std.
U. S. Circ. No. 539, V, 45 (1955).

, I ikssjINsls I —20
i K ~sksskRKKKKK Ksk i 2 I

22
25
24
25
26
27

Cu 0.8084 420)
Cu 0.8082 420)

Cu-Mn system, but attempts to identify the oxide
species failed. Meijering and Druyvestyn" weighed an
oxidized sample of Ag-Mn alloy and proposed an
oxide MnO&. », midway between Mn203 and MnOp.
These authors also identified A1203, MgO, and Sn02 in

Ag alloys. Using x-ray diffraction methods, Mines,
Johnson, and Anderson" identified the following oxides

"F.N. Rhines, W. A. Johnson, and W. A. Anderson, Trans.
A&ME 147, 205 (19&2),

in Cu alloys: Al&03, Si02, Cr203, Fe304, Ti02, Zr02,
SnO~, Pb304, ZnO, and CoO. Martin and Smith"
identified Si02 in internally oxidized Cu-Si alloys, using
a refractive-index method. Ashby and Smith" identiied
p A1203 in internally oxidized Cu-Al alloys, by means of
electron diffraction.

Apart from the measurement herein reported, no
evidence concerning the type of Mn oxide formed ap-
pears to be available. Bulk samples of Cu-Mn alloys
were therefore internally oxidized at 900' in an atmos-
phere of oxygen. X-ray measurements identified the
presence of MnO in these samples. These results will be
presented elsewhere.

In a recent paper, Gonser et a/. 36 have made oxidation
studies of the Cu-Fe system using the Mossbauer effect.
Internal oxidation of Fe was observed when a 2.2 at.%
Fe sample was annealed in a vacuum of 3)&10 ' Torr
at 850'C for 2 h. The observed spectra indicated the
presence of FeO. This converted to Fe304 on further
oxidation. Essentially, no evidence for Fe203 was found.
Extending the present study to include several transi-
tion metal solutes showed that internal oxidation effects
occurred with solutes of Ti and Fe in vacuum-annealed
Cu alloys. Internal oxidation effects were also observed
with Al in Cu.

'4 J. W. Martin and G. C. Smith, J. Inst. Metals 83, 153 (1954).
35 M. F. Ashby and G. C. Smith, Phil. Mag. 5, 298 (1960).
"U. Gonser, R. W. Grant, A. H. Muir, and A. Wiedersich,

Acta, Met. 14, 259 (1966).
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B. Electron Microscoyy

Usually, direct-transmission microscopy of thin
sections of internally oxidized alloys has failed to give
an oxide diffraction pattern. "' In such attempts only
the dominant Cu lattice diffraction pattern is seen,
even though metallography reveals an easily visible
array of oxide particles. "

Attempts were made to examine internally oxidized
Cu-Mn powder directly by sprinkling a portion of a
vacuum-annealed powdered alloy on a supporting sub-
strate of collodion. Transmission diffraction through the
thin edges of the particle revealed only the Cu diffrac-
tion pattern. Thin disks of bulk Cu-Mn alloys were
therefore oxidized internally using the method of
Rhines. " The disks were then electropolished and
studied in transmission. Carbon extraction replicas were
also prepared. Single-crystal diffraction patterns of
oxide inclusions were identified as cubic MnO (man-
ganosite). The presence of y Mn, O, and MnO Mnsos
(manganese spinel) were also identified. No electron-
diffraction evidence for free or clustered Mn was ob-
served. Details of the electron microscopy study and
observations on the oxide particle morphology will be
published elsehwere. '

VI. KINETICS

The results of Figs. 1 and 5 were obtained from in-
ternally oxidized samples which had been vacuum-
annealed in glass tubes of some 30 ml volume. These
tubes were Game-sealed at a residual pressure of
7.5&10 ' Torr, leaving 5.7X10 4 rng of available oxygen
in the gas phase. A 3-g sample of Cu-Mn would lose
only 3.9X10 ' wt.% of Mn solute from this source of
oxygen. According to Phillips et al. ,

" the oxygen solu-
bility limit in Cu at 550'C is 15 ppm. A bulk. sample of
Cu—(0.31 wt.

%%u&Mn )allo y, grow nb y th eCzochralski
method, showed a measured oxygen content of only 2.3
ppm. Any oxygen present as an oxide would have been
included in the analysis.

A Cu alloy sample of &150 mesh particles, obtained
by high-speed cutting in air, was oxidized to a uniform
red color by heating in air. According to Constable, '
the visible red stage of Cu oxidation corresponds to a
layer of CusO, some 1300 A thick. The measured weight
gain of the oxidized particles above was 1.4 mg of 02
per g of alloy. This amount of 02 could produce a loss of
solute Mn of 0.52 wt. %. Assuming that all of the Os
went to form a uniform layer of Cu20, the measured
weight gain indicates a surface area for the alloy particles
of 200 cm'/g. This agrees well with the value of 160
cm'/g calculated from the measured physical dimensions
of the particles. Originally, the alloy sample contained
0.72 wt.

%%u&Mn . Th eobserve d lossof solut eM nafter

37 M. F. Ashby (private communication)."D.H. Hovrling, Phys. Status Solidi 18, 579 (1966).
39 A. Phillips and E. N. Skinner, Trans. AIME 143, 301 (1941).
40 F. H. Constable, Proc. Roy. Soc. (London) A115, 570 (1927).
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Fro. 7. Diffusion plot of SP=@/2 (Dtl "],derived from observed
solute concentrations of Mn, as a function of vacuum-annealing
time t at 400'C. Samples A and B are those de6ned in Fig. 1.

vacuum-annealing the oxidized sample was 0.56 wt. %.
Agreement between the observed and anticipated loss of
Mn provides support for the contention that an oxide
layer of Cu20 can account for the loss of solute observed
in these experiments. To account for the measured total
loss of solute for sample A (1.97—0.09 wt. % Mn) of
Fig. 5, however, the uptake of oxygen must be very large.
Some dependence of the loss of solute on particle size
should be expected. This was verified experimentally.

Young et a/."have shown that the uptake of oxygen
on the (100) face of Cu, at 178'C, saturates at 600 4
of Cu&O. The formation time of this oxide layer is 10
min. Comminution must, therefore, result in extremely
high temperatures, even under oil, if oxide thicknesses of
the required magnitude are to form rapidly. To account
for the loss of solute Mn (from 1.97 to 0.73 wt. %) on
comminution of sample A of Fig. 5, extensive oxygen
diffusion would also be required.

Rhines et ul. 33 and Meijering and Druyvestyn" have
derived complex expressions for the rate at which an
internal oxide front advances. A simplified form
of the kinetics reduces to a solution of Fick's law
Bc/Bt=DB'c/dx', for a one-dimensional diffusion of
oxygen of concentration c at time t and distance x.
Since the particles were generally in the form of thin
flakes, "we can assign boundary conditions as follows.
At time t =0, the oxygen concentration is zero internally
and finite at the surface. At t= ~, the oxygen is uni-
formly distributed through the particle (in oxide form).
More conveniently, we use the solute conctenration c
of Mn as the variable, starting with a concentration cp

at t=0 and equilibrating to a final concentration cf at
00

A standard error function solution is

' F. W. Young, Acta Met. 4, 145 (1956).

(co—c)/(cs —cr) = 1—erf(S),

where S=x/2(Dt)'i' and x and D define the half-
thickness of the thin dimension of the particle and a
diffusion constant for oxygen, respectively.
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The observed Mn solute concentrations obtained from
Fig. 5 were used to evaluate the corresponding param-
eter 5 as a function of annealing time. A plot of 5
versus f 'I' should yield a straight line of slope x/(2D'~s)
Results for samples A and B are plotted in Fig. 7.
Curve A for the &400-mesh particles gives the result
x/(2D'I') =53. Taking the average thickness of a thin
Hake as 4 p, we obtain a diffusion constant at 400'C of
a=3.3)&l0 ". Similarly, curve 8 for &150-mesh
particles gives the result a=4.8&10 " at 400'C, if
we take the mean particle thickness at 8 p. We can
compare these values of the diGusion constantderived
on the assumption of oxygen di6usion with a known
value for the diffusion of oxygen in Cu. Extrapolating
measured values from 600'C,"we obtain D= 3.3X10 "
at 400'C. This agrees well with the values obtained from
our analysis.

The corresponding value for Mn diQ'usion in Cu
(taking Do 10', Fe ——91 kcal/——mole)4s gives D=4&&10—"
at 400'C. The rate limiting process for the growth of
MnO is thus the low-energy mechanism of oxygen
diffusion at Ee 46 kcal/——mole.

VIL CONCLUSION

X-ray and NMR measurements on powdered and
vacuum-annealed Cu-Mn alloys have been interpreted
in terms of loss of solute Mn from the Cu lattice. '4

X-ray and electron-di6raction data have conhrmed the
presence of a second phase identified as cubic MnO in
the form of manganosite. Electron diGraction has
also established that minor quantities of a second
phase, identi6ed as y Mn203 and manganese spine].
(MnO MnsOs) were also present. Chemical analysis
has established that the total Mn content of the sample
remains constant during comminution and vacuum
annealing. We conclude that internal oxidation is re-
sponsible for the observed loss of solute. No evidence for
free or clustered Mn has been found. The low solid
solubility of oxygen in Cu and the small oxygen com-
ponent present in the evacuated and sealed envelopes,
suggest that sufhcient oxygen or oxide must accumulate
during the act of comminution, or on exposure to the
atmosphere, to account for the observed loss of solute.

4s C. J. Smithells, Metals Reference Book (Butterworths Scien-
ti6c Publications, Ltd. , London, 1962), Vol. II, p. 581.

4s C. J. Smithells, Metals Reference Book (Butterworths Scien-
ti6c Publications, Ltd. , London, 1962},Vol. II, p. 591.

'4 D. H. Howling, Phys. Rev. Letters 16, 253 (1966).This letter
contains a very brief summary of the endings reported here.

Observed changes of solute concentration with vacuum
annealing time have been interpreted on the basis of
diGusion of oxygen from the sufrace of a particle. Dif-
fusion constants derived on the basis of this model are in
agreement with known diffusion constants for oxygen
diffusion through Cu.

The conditions for internal oxidation can be sum-
marized as follows" ":

I. Oxygen must dissolw and disuse in the alloy.
II. The solute must form an oxide which is more

stable than the oxide of the solvent.
III. The solute oxide must be insoluble in the alloy.

If these conditions exist, then some loss of solute wi11

result from comminuting and vacuum-annealing alloy
samples. Both annealed and unannealed samples ol'

powdered alloys can therefore lead to errors in interpre-
tation, if measured parameters are correlated directly
to solute concentrations obtained from chemical
analysis. The effects reported here are not restricted to
powdered alloy samples. Drastic resistivity changes have
also been observed in rods and wires of Cu-Mn, Cu-Fe,
and Cu-Co alloys, heat-treated in rarehed atmospheres
of 02 by Domenicali and Christenson, 4' These authors
correctly suggested that observed resistance changes
arose from internal oxidation effects, but no study of
the oxide or its kinetics was attempted.

Resonance results based on the true solute concen-
trations of annealed samples of Cu-Mn, Cu-Ti, and
Cu-Fe and other alloys have been interpreted on the
basis of internuclear reactions and quadrupole effects.
These results will be presented elsewhere.
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