
Phonon density of states of nanocrystalline Fe prepared by high-energy
ball milling

B. Fultz
California Institute of Technology, mail 138-78, Pasadena, California 91125

J. L. Robertson
Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831

T. A. Stephens and L. J. Nagel
California Institute of Technology, mail 138-78, Pasadena, California 91125

S. Spooner
Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831

~Received 28 December 1995; accepted for publication 19 February 1996!

We performed inelastic neutron scattering measurements on nanophase Fe powders prepared by
high-energy ball milling. Neutron energy loss spectra were measured for two states of the material:
~1! as milled, when the material had a characteristic nanocrystallite size of 12 nm; and~2! annealed,
when the material had a characteristic crystallite size of 28 nm. The longitudinal peak in the phonon
density of states~DOS! of the nanophase Fe was broadened, compared to that of the annealed
material. We attribute this broadening to short phonon lifetimes in nanocrystals. The nanophase
material also showed an enhanced density of states at low energies below 15 meV, which may
indicate the presence of intercrystallite vibrations. These differences in phonon DOS should have
only a small effect on the difference in vibrational entropy of nanocrystalline and larger-grained Fe.
© 1996 American Institute of Physics.@S0021-8979~96!00611-1#
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I. INTRODUCTION

There has been strong recent interest in nanocrystall
materials, generally defined as materials with microstructu
features of 100 nm or less. The interesting microstructu
properties relationships of nanostructured materials are of
classified as ‘‘confinement effects’’ and ‘‘interface effects.
An example of a confinement effect is the shift in frequenc
of optical absorption that occurs in semiconductors when t
crystallite size is comparable to the size of the electron–h
exciton.1 An example of an interface effect is the surpris
ingly high ductility of nanocrystalline ceramic TiO2, which
has been attributed to atom movements within its copio
grain boundaries.2 A high density of grain boundaries is cer
tainly a distinguishing feature of nanocrystalline material
but there were also reports that nanocrystalline gra
boundary structures are more disordered than grain bou
aries in large-grained materials.3 Although some of these
early claims of disorder have been shown to be overstated4,5

in the present work we show evidence of nanocrystalli
vibrations that involve the motion of stiff crystallites sepa
rated by weak intercrystallite forces consistent with diso
dered grain boundaries.

There were early reports that the heat capacity of na
ocrystalline materials is significantly larger than that o
large-grained materials.6 Unfortunately, contamination by in-
terstitial helium may have vitiated these early observation7

Some measurements of Debye–Waller factors have indica
that atoms in nanocrystals have larger thermal mean-squ
displacements than in large-grained materials.8–11 More re-
cently, Suzuki and Sumiyama measured neutron inelas
scattering spectra on nanocrystalline Ta prepared by m
chanical attrition.12 These authors reported a smoothing o
8318 J. Appl. Phys. 79 (11), 1 June 1996 0021-8979/96/
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features in the phonon density of states~DOS! of the nano-
crystalline Ta~10 nm crystallite size!, but no general soften-
ing of the vibrational spectrum. On the other hand, in a r
cent inelastic neutron-scattering study on nanocrystalli
Ni3Al with a 7 nmcrystallite size,13 a large enhancement of
the phonon DOS at low energies was reported, although
was suggested that this could have been caused by quasi
tic scattering by hydrogen in the material. The present wo
was undertaken to measure the phonon DOS in nanocrys
line Fe, which is not expected to absorb a significant amou
of hydrogen. For nanocrystalline Fe we report some e
hancement of the phonon DOS at low energies, together w
a smoothing of the longitudinal peak.

II. EXPERIMENT

Iron powders were made by mechanical attrition o
pieces of Fe of 99.995% purity. The material was milled fo
12 h in a Spex 8000 mixer/mill with hardened steel vials an
balls and a ball-to-powder weight ratio of 5:1. For compar
son, a second sample was prepared from some of this s
powder by annealing at 500 °C in an evacuated quartz a
poule for 0.5 h, and then followed by cooling at the rate
50 °C/h. X-ray diffractometry was performed with an Ine
CPS-120 diffractometer using CoKa radiation. A few grams
of the powders were heated to 400 °C and analyzed
evolved hydrogen, oxygen, and nitrogen by a Hewlet
Packard 5890 gas chromatograph equipped with a therm
conductivity detector. We also analyzed the gas evoluti
from samples of Ni3Al which were used in a previous
study.13

Samples of the as-milled and the annealed powders, e
about 50 g, were placed in thin-walled aluminum cans a
mounted at room temperature on the goniometer of the H
79(11)/8318/5/$10.00 © 1996 American Institute of Physics
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triple axis spectrometer at the High Flux Isotope Reactor
the Oak Ridge National Laboratory. The spectrometer w
operated in constant-Q mode with the fixed final energyEf

of 14.8 meV. The energy loss spectra were made by scann
the incident energy from 14.8 to 74.8 meV. The neutron flu
from the monochromator was monitored with a fission dete
tor, which was used to control the counting time for eac
data point. The incident beam on the pyrolytic graphi
monochromator crystal had a collimation of 1108, and 408
Soller slits were used between the monochromator and
sample. Pyrolytic graphite filters placed after the samp
were used to attenuate thel/2 andl/3 contamination. The
filtered beam passed through 408 slits before the pyrolytic
graphite analyzer crystal. Following the analyzer, 708 Soller
slits were used before the3He detector. With this arrange-
ment, the energy resolution varied between 0.9 and 2 me
depending on the energy transfer and the slope of the pho
dispersion surface. Spectra from each specimen were
tained at two values ofQ, 3.98 and 4.60 Å21.

III. RESULTS

Figure 1 presents x-ray-diffraction patterns from the a
milled powder and from the same powder after annealin
Grain sizes and distributions of internal strains were obtain
by the method of Williamson and Hall,14 after correcting the
peak shapes for the characteristic broadening of the x-
diffractometer. In this method the widths of the diffractio
peaks ink space were plotted against thek vectors of the
diffraction peaks. The slopes of these plots then provide t
mean-squared strain, and they intercepts provide the char-
acteristic crystallite size. We also used the Scherrer meth
to determine a crystallite size.14 Mean crystallite sizes were
12 nm for the as-milled Fe powder and 28 nm for the a
nealed powder. The mean squared strains were 0.4% in
as-milled, and 0.1% in the annealed powders. Gas chrom
tography showed that the as-milled and annealed sample
Fe powder had, respectively, hydrogen contents of,0.004
and 0.006 wt %, oxygen contents of 0.236 and 0.262 wt
and nitrogen contents of 0.748 and 0.849 wt %. Some
these gases, especially oxygen and nitrogen, may have b
adsorbed on the surfaces of the powders and not absor
interstitially. The as-milled and annealed samples of Ni3Al

FIG. 1. X-ray powder diffraction patterns of the as-milled~nanocrystalline!
and annealed~larger-grained! Fe powders. The as-milled data are offse
vertically for clarity.
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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had, respectively, hydrogen contents of 0.0083 and 0.01
wt %, oxygen contents of 0.0695 and 0.0502 wt %, and n
trogen contents of 0.232 and 0.188 wt %. We do not expe
any significant quasielastic neutron scattering from the
trace amounts of hydrogen.

The individual energy loss spectra from the Fe powde
show a modest dependence on the momentum transferQ, as
is generally expected for coherent inelastic scattering fro
polycrystalline alloys.15 Figure 2 presents the sum of the
spectra for both values ofQ, 3.98 and 4.60 Å21. In these
summed data, as in the individual pairs of spectra, two d
ferences are seen. First, in the low-energy regions below
meV there is stronger scattering from the as-milled Fe th
the annealed Fe. The second difference is that the spe
from the annealed powder have sharper longitudinal pea
~near 36 meV! than do the spectra from the as-milled pow
der. This is seen most prominently for the peak of the long
tudinal branch at an energy of about 36 meV.

IV. ANALYSIS OF PHONON DOS

The analysis of the scattering data was helped consid
ably by the availability of interatomic force constants ob
tained from previous work with single crystals of bcc Fe
Using the force constants of bulk Fe from Ref. 16, the d
namical matrix of the Born–von Ka´rmán model,D~k!,17 was
diagonalized for approximately 105 values ofk distributed
uniformly over the first Brillouin zone. Histogram binning of
the resulting eigenfrequencies provided the calculated ph
non DOS. For comparison with our experimental data, th
calculated phonon DOS was convoluted with a Gaussi
function of full width at half-maximum of 3.9 meV.

The experimental energy loss spectra include coher
and incoherent scattering. The incoherent scattering has
shape of the phonon DOS weighted by a thermal factor, b
the coherent scattering contribution has a shape that is s
sitive to the momentum transferQ. In particular, the coher-
ent inelastic scattering at low energies is expected to be re
tively weak for our choices ofQ. This is because the sum

t

FIG. 2. Sum of neutron energy loss spectra atQ53.98 and 4.60 Å21 for the
nanocrystalline and larger-grained powders.
8319Fultz et al.
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overq for the dynamical structure factor includes a factor
d~Q2q2t!, wheret is a reciprocal lattice vector,q is the
phonon wave vector, andQ is the momentum transfer. To
obtain the strongest coherent inelastic scattering fr
phonons with smallq, the value ofQ should be nearly a
reciprocal lattice vector. This is not the case for our choic
of 3.98 and 4.60 Å21. We devised a correction procedur
described below, to convert the neutron energy loss spect
of the nanocrystalline powder to a phonon DOS, using
calculated and experimental results from the larger-grai
Fe as a reference.

The features of the inelastic scattering described in
previous section led us to the following procedure for obta
ing an approximate phonon DOS from the experimental d
Our data analysis procedure has some similarities to meth
used previously.13,18–22 The individual spectra for both
Q53.98 and 4.60 Å21 were first summed~see Fig. 2!. The
same constant background was then subtracted from
summed spectra—a constant background is a good app
mation for data from the HB2 spectrometer. To understa
the thermal factor, the incoherent inelastic scattering was
culated for bcc Fe using the conventional multiphon
expansion.18,20,23We found that at the relatively low value
of Q and temperature of the present experiments, m
tiphonon corrections would have made little difference to t
resultant phonon DOS. We therefore divided ea
background-corrected spectrum by the one-phonon cor
tion factor ~n~n!21!/n,24

n~n!21

n
5

1

n@12exp~2hn/kT!#
. ~1!

To accommodate theQ dependence of the coherent inelas
scattering, we compared these intermediate results to the
culated phonon DOS of Fe. We obtained a correction fu
tion by dividing this calculated DOS by the intermedia
result from the annealed Fe powder. When the intermed
result for the annealed bcc Fe was multiplied by this corr
tion function, the calculated curve was of course recover
and this curve is shown at the bottom of Fig. 3. On the ot
hand, when the intermediate result from the nanocrystall

FIG. 3. Phonon DOS curves obtained from the experimental data of Fig
using the calculated phonon DOS to generate a correction factor for
verting the annealed Fe spectrum into the Fe phonon DOS. The ‘‘instrum
tally broadened’’ phonon DOS from Fe, equal to the corrected phonon D
of the annealed specimen, is shown as ‘‘Annealed.’’ The data from
as-milled sample are offset vertically by 0.02.
8320 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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as-milled Fe was multiplied by this correction function, w
obtained the phonon DOS for the nanocrystalline Fe at t
top of Fig. 3. Finally, we normalized the areas of the phon
DOS curves.~The normalization correction was small, abou
3%, and likely caused by differences in the powder packi
in the two sample cans.!

V. DISCUSSION

A. High-energy regime

Figure 3 shows that the ‘‘longitudinal peak’’ at 36 meV
is broadened in the as-milled material, in comparison to t
peak in the annealed material. Much of the broadening m
have been caused by short phonon lifetimes in nanoph
material—a confinement effect. A phonon wave packet
expected to travel a distance,l;12 nm, characteristic of the
crystallite size, before scattering. The characteristic numb
of cycles for the phonon lifetimey is

y5
n l

v
, ~2!

wherev is the sound velocity andn is the phonon frequency.
For the longitudinal peaks in Fe, Eq.~2! gives y;20, sug-
gesting a lifetime broadening of 5%–10% in energy. This
a significant effect that can account for the observed broa
ening. The lifetime broadening should be approximate
symmetrical about the mean energy, however, and the lon
tudinal peak in the experimental spectra is broadened m
asymmetrically than expected for a damped harmonic os
lator. There is a distinct shift of some longitudinal frequen
cies toward lower energies in the nanophase Fe. A low
effective stiffness, presumably caused by crystalline defec
could be responsible for this shift.

B. Low-energy regime

The second feature of the phonon DOS of the nanoph
material that differs observably from that of the annealed
is an enhancement of vibrational modes at low energies. T
phonon DOS at low energies is presented in Fig. 4, toget
with an enlargement of previously published results fro
as-milled and annealed powders of Ni3Al.

13 The effects are

2,
n-
n-
S
e

FIG. 4. Enlargement of the data of Fig. 3, together with an enlargemen
the phonon DOS for Ni3Al, published previously~enlarged data from Fig. 4
of Ref. 13!.
Fultz et al.
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qualitatively similar, but larger for Ni3Al than for Fe. Al-
though we suggested previously that this enhancement o
Ni3Al phonon DOS in the low-energy regime could ha
been caused by quasielastic scattering from hydrogen,13 the
present measurements of hydrogen in the Ni3Al powders
showed that the as-milled powder actually has less hydro
than the annealed powder. Recent measurements of the
non DOS of nanophase and large-grained Ni by Trampe
et al.25 gave results similar those in Fig. 4 for Ni3Al.

Fecht26 and Wagner27 proposed a two-phase model f
atomic vibrations in nanocrystalline materials, in which t
‘‘grain-boundary phase’’ has vibrations of lower frequen
than the ‘‘crystalline phase.’’ Perhaps some of the soften
of the high-frequency modes described in Sec. V A can
understood as atom vibrations within the grain-boundary
gion. It is harder to understand our observed enhancem
in the low-energy regime with a two-phase model, howev
It is unlikely that long-wavelength phonons can exist with
a grain boundary. It is also unlikely that the sho
wavelength phonons within a grain boundary can be s
pressed in energy from 30 V to around 3 meV, since
implies a softening of the effective interatomic force co
stants by a factor of 100.

We suggest that some enhancement of the phonon
at low energies could originate from intercrystalline vib
tions of the nanocrystalline microstructure. It is important
ask what condition is required for the low-energy DOS o
nanocrystalline microstructure to be comparable to or la
than the phonon DOS of a crystal of individual atoms. In
Debye model, or for phonons at lowq characterized by a
constant velocity of sound, we have a DOSg~n!

g~n!5
9N

nD
3 n2. ~3!

The Debye frequency is

nD}Ak/m, ~4!

wherek is an averaged inter-atomic force constant andm is
an atomic mass. In lumpingn atomic masses into a nan
crystal, we have a new DOS for the nanocrystalline mic
structureg8~n!,

g8~n!5
9N

nnD8
3 n2, ~5!

where the Debye frequency for the nanocrystalline mic
structurenD8 is

nD8 }Ak8/nm, ~6!

andk8 is an average intercrystallite force constant. To obt
a high density of states in the nanocrystalline microstruct
we seek the conditiong8(n).g(n). We formulate this con-
dition with Eqs.~3!,~4! and ~5!,~6!,

9N

n S nmk8 D 3/2n2.9NSmk D 3/2n2, ~7!

n1/3k.k8. ~8!

For a nanocrystalline microstructure to have an enha
ment in its DOS at low energies that is comparable to
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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DOS itself, Eq.~8! requires that the intercrystallite force con
stant must increase more slowly than the linear dimension
the crystallitel . For a two-dimensional grain-boundary be
tween crystallites, whose area scales asl 2, this demands that
the average interatomic bond across the grain-boundary
creases in strength inversely withl . The stiffness of grain
boundaries in nanocrystalline materials is largely unknow
but we do expect that the interatomic force constants acro
grain boundary are weaker than in regions of good crys
line material. The intercrystallite force constants are pro
ably sensitive to the particular material and its processing
therefore seems plausible that there could be a signific
difference in the intercrystallite force constants of o
nanocrystalline Fe and nanocrystalline Ni3Al. Since the
nanocrystalline Ni3Al had a crystallite size of 7 nm, versu
10 and 12 nm for the nanocrystalline Ta~Ref. 12! and Fe, it
is also possible that the requirement of Eq.~8! may be better
satisfied by nanocrystalline Ni3Al than nanocrystalline Fe or
Ta, giving a larger enhancement of the phonon DOS
Ni3Al at low energies. In addition to our uncertainty of th
intercrystallite force constants, however, we have import
uncertainties about the lattice dynamics of an irregu
nanocrystalline microstructure, such as the coupling betw
inter- and intracrystallite vibrations.

C. Vibrational entropy

We defineDSvib[Svib
nan2Svib

lg as the difference in vibra-
tional entropy of two states of a material, nanocrystalline a
larger grained, at high temperatures. This difference in vib
tional entropy depends in a straightforward way on the d
ference in the phonon DOS of the two phase
gnan~n!2glg~n!,13

DSvib523kBE
0

`

@gnan~n!2glg~n!# ln~n!dn, ~9!

where the difference avoids problems with the dimensions
the argument of the logarithm. Using the phonon DO
shown in Fig. 3, we findDSvib50.019 kB/atom for the dif-
ference in vibrational entropy between the as-mill
nanophase Fe and the annealed larger-grained Fe. This
ference in vibrational entropy contributes only a sm
amount to the thermodynamic stability of the nanophase
crostructure, giving a2T~DSvib! term in the free energy of
248 J/mol at 300 K. In comparison, the excess enthalpy
nanophase materials is a few kJ/mol.28 Although we do not
find a large entropy for nanocrystalline Fe as sugges
previously,26,27 it is possible thatDSvib may be larger for
nanocrystalline materials having weaker intercrystallite for
constants and crystallite sizes smaller than 12 nm.

VI. CONCLUSION

We performed inelastic neutron scattering experime
on Fe powders in two microstructural states: as nanocrys
prepared by high-energy ball milling and as larger cryst
lites prepared by annealing. For each sample, neutron en
loss spectra were collected at two values ofQ. A Born–von
Kármán analysis was performed with the force constants
bcc Fe and the results from this analysis provided a corr
8321Fultz et al.
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tion factor for converting our experimental results from t
larger-grained, annealed material to a phonon DOS of
Fe. The spectra from the as-milled nanocrystalline pow
were also analyzed with this method, so that difference
the phonon DOS could be identified.

We found two differences in the phonon DOS of t
nanocrystalline and larger-grained Fe powders. At hi
energy we found a broadening of the longitudinal peak in
nanocrystalline powder. This could be caused primarily
lifetime broadening. It also seems that in the nanocrystal
material the longitudinal modes are shifted downward in
ergy. A second difference in the phonon DOS occurred in
low-energy regime below about 15 meV, where the pho
DOS of the nanocrystalline material was enhanced over
of the larger-grained material. We attribute this enhancem
of the phonon DOS to intercrystallite vibrational modes
the nanocrystalline microstructure. These measured cha
in phonon DOS should have only a small effect on the
brational entropy of nanocrystalline Fe prepared by hi
energy ball milling.
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