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Using X-ray diffraction analysis and Raman spectroscopy
techniques, a mechanically induced double displacement reac-
tion has been used to investigate the chemical mechanism by
which mechanical alloying occurs. The specific reaction studied
was the reduction of cupric oxide by iron. From Rietveld analy-
sis of milled powders, isotropic atomic displacement parameters
are refined and the lattice strain involved in displacing oxygen
in the CuO lattice is then calculated. In addition, anisotropic
atomic displacement parameters are refined, providing infor-
mation regarding the reaction pathway. Raman spectroscopy
is used to differentiate between thermal motion and static dis-
placement of oxygen atoms in the CuO lattice. Using this infor-
mation, the mechanism of a mechanically induced solid state
reaction is described. 0199 Academic Press, Inc.

INTRODUCTION

Mechanical alloying (MA) is a process which has become
widely used since the 1970s (1, 2), but investigations
into the mechanism have been somewhat limited. In
simple terms, MA can be viewed as a means to induce
solid state reactions in powders during ball milling. Ac-
quiring an understanding of how the reaction occurs may
allow the possibility of defining systems which suit the
MA process.

One aspect of MA which sets it apart from other solid
state processes is that it is nominally a room temperature
process. Reactions can occur at room temperature during
MA because the reactants are severely strained and
reaction rates are controlled by the rate of strain accumu-
lation (3, 4). It is generally assumed that the strain is
due to the introduction of line and point defects and a
reduction in the grain size. The diffusion pathway changes
during milling from bulk diffusion to short circuit diffu-
sion. The activation energy is decreased as a consequence
(4). Tt is apparent that the kinetic energy of the balls
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is transferred to the powders, increasing the lattice energy
and decreasing the activation energy. What is unresolved
is the nature of the defects which store the excess energy,
and how this influences the reaction pathway. The aim
of this article is to study the reaction from a crystallo-
graphic point of view, and in this way examine strain
accumulation in a crystal lattice during a reaction.

Favas et al. (5) used anisotropic Gaussian atomic dis-
placement parameters (ADPs) to visualize phase changes
in K,TaF;. Argyriou (6) isolated static disorder contribu-
tions from thermal vibrations in measured ADPs of ZrO, in
a temperature dependent neutron diffraction study. These
examples point to the possibility of following reactions
through crystallographic measurements of atomic motion
and disorder in the solid state. In this paper we apply
this methodology to the mechanically induced reduction
of CuO by Fe.

EXPERIMENTAL

Previously (4), cupric oxide and iron had been mechani-
cally alloyed in a SPEX 8000 mixer/mill, and X-ray diffrac-
tion (XRD) patterns were collected using a Philips PW1130
diffractometer with a graphite monochromator using
CuKa radiation. These patterns were reanalyzed using the
Rietveld refinement computer program LHPMS (7, 8).
Atomic displacement parameters extracted from these re-
finements were used in the RIETAN-94 computer program
to calculate Madelung coefficients (9, 10). These parame-
ters were also used in the program ATOMS V3.1? in order
to visualize equiprobability ellipsoids for both copper and
oxygen ions, and indicate the general reaction pathway.
Raman spectra were collected with a Perkin—Elmer 2000R
FT-Raman spectrometer, using a NdYAG laser. Unmilled
CuO and CuO milled for 36 min using the same milling
conditions as the previous work were scanned at room
temperature in order to compare their lattice modes. De-
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FIG. 1.

fect structures of unmilled CuO were examined using a
JOEL 4000FX transmission electron microscope (TEM)
operating at 400 keV.

RESULTS

The microstructure of the unmilled CuO is shown in
Fig. 1. The starting material is microcrystalline and the
Moiré fringes are indicative of lattice strain. XRD pat-
terns indicate that during the ball milling process, CuO
peaks broaden and flatten within a short period of
milling. The Fe peaks do not broaden noticeably before
combustion but do begin to flatten following combustion
(4). Figure 2 shows a typical Rietveld refinement of CuO
and Fe, milled for 36 min. Rietveld refinement of samples
milled to combustion show that the ADPs of oxygen in
the CuO become very large, and then level out prior
to combustion. Table 1 shows, for selected sample milling
times, the refined unit cell and atomic coordinates of
the phases, and the isotropic ADPs. Table 2 is a list of
Bragg R factors and the point by point profile fitting
index for the entire pattern (R, value).
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Typical TEM micrograph of unmilled CuO showing distorted Moiré fringes, indicative of lattice strain.

Anisotropic ADPs were refined for CuO, and these are
given in Table 3. Crystal structures of the CuO unit cell
(Fig. 3) were constructed from the Rietveld refinement of
unmilled material (Figs. 3a and 3b), and the material milled
for 36 min (Figs. 3c and 3d). These show the overall dis-
placement of cations and anions within the structure. There
is minor displacement of both species in unmilled material,
and a high probability of displacement of O?>" ions in
heavily milled material.

Raman spectra of unmilled material and material milled
36 min are shown in Fig. 4. The spectrum of unmilled
material shows peaks at 294 and 595 cm™!, correspond-
ing to A, and B,(z) modes (where A, and B,(z) are the
symmetric O translational modes in the y and z direc-
tions, i.e., along crystallographic b and c axes, respec-
tively). The Raman bands were assigned with reference to
a single crystal study (11). CuO milled 36 min shows
Raman shifts of ca. 300 and 590 cm™! for the respec-
tive modes. The vibrational frequencies observed in
each case are essentially identical. This implies that the
vibrational amplitudes are the same in milled and un-
milled materials.
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FIG. 2. Observed and calculated XRD traces of CuO and Fe powders prior to combustion (milled 36 min). The smooth line is the calculated
pattern and the bold line is the difference pattern. The CuO peaks have broadened significantly while the Fe appears unchanged.

DISCUSSION
A. Method

The Rietveld technique is a method of crystal structure
refinement which compares a calculated X-ray pattern to
an experimental pattern made up of integrated profile in-
tensities (12). ADPs are an integral part of the refinement
procedure, as these reflect atomic movement within the
crystal lattice. ADPs are time- and lattice-averaged proba-
bility density functions and are a measure of the mean
square displacement of an atom from its ideal site (13).
The atomic displacement affects the Madelung potential

of the lattice at a given site. The Madelung potential, which
is responsible for the cohesion of the ionic lattice, is the
electrostatic potential on a test charge due to all other ions
in the crystal.

Strain buildup in CuO during MA is seen in the cell
dimension variations and with the variation in O atom
positions with milling. The lattice strain is reflected in the
atomic displacement parameters. The ADPs have compo-
nents due to static disorder and thermal vibration of atoms.
Thermal atomic motion is a low-energy process and doesn’t
contribute significantly to the nett lattice energy. However,
true atomic displacements affect the lattice energy greatly
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TABLE 1
Rietveld Refinement of Atomic Positions and Atomic Displacement Parameters for
CuO and Fe from Unmilled Material through to Combustion

CuO unit cell (A)

Fe unit cell (A)

Milling time Oxygen
(min) a b c B () y value ap Biso (A2)
0 4.6832 3.4288 5.1297 99.3086 0.4281 2.8654 1.3600
10 4.6776 3.4593 5.1264 98.9645 0.4521 2.8652 1.5819
25 4.6839 3.4734 5.1226 98.7300 0.4721 2.8665 1.5481
30 4.6797 3.4768 5.1193 98,6440 0.4621 2.8657 1.5454
32 4.6844 3.4792 5.1215 98.6836 0.4469 2.8652 1.4836
34 4.6732 3.4770 5.1190 98.5625 0.4517 2.8659 1.2178
36 4.6791 3.4805 5.1183 98.5981 0.4523 2.8651 1.5260
37 (combustion) 4.6791 3.4805 5.1183 98.5981 0.4523 2.8705 0.7635
TABLE 2
Bragg R Factors and R, Factors from Rietveld Refinements of CuO and Fe
Milling time (min) CuO Fe Cu Fe;0, FeO R,
0 0.99 3.09 — — — 2.52
10 0.46 0.97 — — — 261
25 0.38 119 — — — 2.59
30 0.33 118 — — — 2.33
32 0.42 127 — — — 2.54
34 0.20 1.00 — — — 2.36
36 0.31 0.96 — — — 237
37 0.43 0.32 251 178 164 332
TABLE 3
Anisotropic ADPs for Cu and O in the CuO Lattice
Anisotropic atomic displacement parameters
Atom
Milling time (min) type B B2 B33 Br" Bis B2s"
0 Cu 0.009 0.038 0.011 —0.004 0.006 —0.002
o 0.013 0.015 0.030 — —0.009 —
10 Cu 0.014 0.033 0.016 0.006 0.011 0.025
o 0.136 0.006 0.082 — —-0.045 —
25 Cu 0.014 0.026 0.015 —0.003 0.010 0.027
(¢] 0.163 0.056 0.082 — —0.059 —
30 Cu 0.010 0.026 0.015 0.001 0.011 0.024
O 0.152 0.072 0.091 — —0.069 —
32 Cu 0.014 0.028 0.010 0.018 0.005 0.038
O 0.125 0.024 0.110 — 0.008 —
34 Cu 0.010 0.028 0.012 0.003 0.008 0.025
O 0.153 0.015 0.109 — —0.025 —
36 Cu 0.013 0.021 0.014 —0.009 0.012 0.021
O 0.169 0.060 0.077 — —0.073 —

“For oxygen atoms in the 4(e) site, B, and B,; are fixed at zero (15).
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FIG. 3. Projected crystal structure of CuO with 95% probability
ellipsoids showing ionic displacements. (a) 0 min milled (100) projection;
(b) 0 min milled (010) projection; (c) 36 min milled (100) projection; (d)
36 min milled (010) projection.

by altering the Madelung potentials at selected sites. It
is therefore necessary to differentiate between thermal
vibration and static disorder of the oxygen atoms.
Dunitz et al. (14) have shown that the isotropic ADPs
(Biso) correspond to particular lattice vibrational modes
for perfect crystals. The Bjs, ought to reflect the vibrational
frequency of a particular mode. The volumes covered by
the ellipsoids in Fig. 3 represent the regions in which there
is 95% probability of locating the atoms. The atoms may
vibrate anywhere within that volume through thermal mo-
tion, or they may randomly occupy sites in that volume in
a statically disordered structure. XRD at variable tempera-
tures may be used to differentiate between the two causes
for the ADP values (6). Alternatively, thermal vibrations
may be discounted if the energies of the phonons are con-
stant. The lattice vibrational modes observed in Raman
spectra modes arise exclusively from O displacements
along the b and c axes. Sizes of the Raman shifts may be
related to the magnitude of the respective anisotropic
ADPs (Table 3), i.e., B2, corresponds to A, and ;3 corre-
sponds to B,(z) mode, where 83;;is the displacement param-
eter in the ij direction. Since the S, and B3; values of
milled material are nearly double those of the unmilled,
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large differences in the Raman shifts are expected if the
ADPs merely reflect vibrational motion.

The Raman spectra of unmilled CuO and material milled
36 min (Fig. 4) indicate vibrational atomic displacements
are nearly the same in each case. Therefore the excess
values of the ADPs in milled CuO with respect to unmilled
CuO may be assigned to static positional disorder. Static
disorder and thermal vibration components of the ADPs
of the unmilled material together may be considered as
constant contributions to the ADPs in the rest of the
(milled) materials.

The ADPs of highly crystalline CuO found by Asbrink
and Norrby (16) and later by Brese ez al. (17) are in contrast
with the values for the starting material found in this study.
The generally larger isotropic ADPs found herein, and
specifically the larger a and ¢ axis components of the aniso-
tropic ADPs in the highly milled material, indicate a more
defective CuO sample was used here than in the earlier
studies. This was confirmed by TEM (Fig. 1) and justifies
the use of the present structure in subsequent calculations.
Overall order in the a and ¢ directions is degraded in
unannealed material, which is reflected in the high values
of the corresponding anisotropic ADPs (8;;, Table 2).

Because Raman spectroscopy has shown that vibrational
internal energy is constant throughout the series, a signifi-
cant part of the structural energy (cohesive energy of the
lattice) arises from nett electrostatic attraction and repul-
sion of ions. Nett electrostatic repulsive and attractive en-
ergy may be calculated from the Madelung potential of
the lattice, which depends on interionic distances. The elec-
trostatic energy (Madelung potential) Uy, is given by

_NAZ2€2ML

UM - 47780}’

(1]

where N, is Avogadro’s number, z is the valency, e is the
electron charge = 1.602 X 10-°C, g, is the permittivity of
free space, r is the interionic separation, and My is the
Madelung constant, the geometric factor dependent on
a particular lattice (18). For subsequent calculations, the
lattice is approximated to an orthogonal system, with only
displacement components along the principle axes being
considered. It has been shown (14) that

Bi = 2m’ujaj - af, 2]
where u;; is the RMS displacement in the ij direction and
aF is the reciprocal lattice parameter in the i direction.
Root mean square (RMS) displacements (as opposed to
the mean in real space) may be calculated from the ADPs
applied in calculations of RMS Madelung potential for the
unmilled and the deformed lattices. Using Eq. [2], RMS
displacements are found for O in each cell, given in Table
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FIG. 4. Raman spectra of CuO, showing similar peak positions (arrowed) for both milled and unmilled material.

TABLE 4
RMS Principle Axis Displacements of Oxygen

Milling time Principle axis Displacement
(min) (A) ADP real space u A

0 a = 4.6832 B = 0.013 0.120

b = 3.4288 B = 0.015 0.095

¢ = 51297 B33 = 0.030 0.200

36 a = 4.6791 B = 0.169 0.433

b = 3.4805 B2 = 0.060 0.192

¢ = 51183 Bss = 0.077 0.320

Note. The strain indicated by cell dimension variation translates to

energy by affecting the interionic distances.

4. If the most probable positions of loci of RMS displace-
ments indicated by atomic coordinates and ADPs are con-
sidered to be occupied by static point charges, then lattice
(Madelung) energies may be calculated (as in Table 5) for
unmilled CuO and material milled just prior to reaction
(36 min), using Eq. [1] and assuming divalent oxygen ions.

B. Implications for the Mechanism

Forrester and Schaffer (4) measured the activation en-
ergy for the reduction of CuO which reduced during milling
from an initial value of 600 to 200 kJ/mole just prior to
combustion. The precombustion value approximates the
baseline destabilization of 223 kJ/mole (Table 5), due to
inherent defects and thermal motion. The anion displace-
ment accounts for a further 219 kJ/mole (Table 5). This
is about half the difference between the initial and the
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TABLE 5
Variation of Madelung Energy (Uy) of CuO Lattices
with O Displacement

Milling time

(min) Oxygen location Unm

—3.011 MJ/mole
—3.234 MJ/mole
AUy = 223 kJ/mole

—3.011 MJ/mole
—3.453 MJ/mole
AUy = 442 kJ/mole

0 O at most probable location
O at RMS position

36 O at most probable location
O at RMS position

AU = AUy — AUy
=219 kJ/mole

final activation energies; i.e., the lattice strain from dis-
placements accounts for half the activation energy. Other
crystalline defects, such as Schottky defects, dislocations,
and grain boundaries would account for the remaining
strain.

The O displacement also creates a diffusion pathway.
Initially, the oxygen ADPs orient toward the (0 0 1) direc-
tion, and these change toward the (1 0 0) direction during
milling. The copper ellipsoids are flattened in a plane away
from the long principle axis of the oxygen ellipsoids, sug-
gesting the Cu atoms move aside for (or are displaced by)
the diffusion of the oxygen atoms. At combustion, the
oxygen atoms can simply slide past the Cu atoms, leaving
the Cu atoms in a face-centered cubic array (Figs. 3¢ and
3d). The Cu atoms in the C-centered lattice are related to
their final positions in the F-centered lattice through two
consecutive transformations, as follows:

00 1 110
C—I1|l0 1 0 I-F[1 1 0
101 00 1

A monoclinic C-centered lattice is equivalent to a mono-
clinic I-centered lattice by redefinition of a principle axis
along a basal diagonal (C — I). An F-centered lattice may
be obtained from an I-centered one by rotation about a
principle axis (I — F).

After the oxygen atoms have diffused out of the CuO
lattice, they apparently diffuse into the Fe lattice. Prior to
combustion Fe is strain-free (see Table 1), but following
combustion, the Fe acquires strain. This lack of strain is
seen in the lack of peak broadening in Fe;O, and FeO
which is produced in the combustion reaction. The ac-
quired strain in Fe accounts for the peak shifts in its
diffraction patterns following combustion (the cell dimen-
sion of Fe increases). The existence of FeO in ultrafine
domains with Fe;O,4, observed by Wang et al. (19), is
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suggestive of O mobility within these structures, consis-
tent with the proposed mechanism of Fe oxidation. The
cell dimension found for FeO is midway between that
reported for FeO grown on Fe and FeO grown on Fe;O,
(20). FeO is therefore an intermediate stage to Fe;Oy
formation from Fe.

The accumulated strain increases the lattice energy and
decreases the activation energy required to initiate com-
bustion. It also provides a diffusion pathway which effec-
tively results in a movement of the reactants along the
reaction coordinate toward the activated complex. The
decreased activation energy barrier and the provision of
a diffusion pathway provide the means by which a solid
state reaction can occur at a significant rate at low tempera-
tures.

It is apparent that some systems undergo a combustion
reaction during milling while others do not. For example,
Ag,0 and Al combust whereas ZnO and Ca do not, al-
though the adiabatic temperature indicates that they
should (21). Similarly, Ti and C combust to form a carbide
whereas W and C do not (22). Since this work proposes a
crystallographic mechanism for mechanical alloying in-
duced reactions, it may become possible to define systems
which suit the mechanical alloying process. It may be that
suitable systems are those where the kinetic energy can
be transformed into lattice strain energy in the form of
atomic displacements and where the displacements are in
a direction to facilitate atomic migration. This hypothesis
remains to be tested.

CONCLUSIONS

1. Itis possible to use crystallographically derived ADPs
to visualize diffusion pathways for certain types of solid
state reactions.

2. These ADPs are indicative of lattice strains which
store energy (prior to reaction); i.e., the kinetic energy of
milling is converted to chemical potential energy in the
form of atomic displacement.

3. The anisotropic atomic displacement decreases the
activation energy required for combustion and also pro-
vides an enhanced diffusion pathway.
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