
VOLUME 70, NUMBER 25 PHYSICAL REVIEW LETTERS 21 JUXE 1993

Self-Organized Criticality of the Fracture Processes Associated with Hydrogen
Precipitation in Niobium by Acoustic Emission
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The statistical analysis of the acoustic signals, emitted by hydrogenated Nb samples during hydrogen
precipitation from solid solution, reveals that the distribution of their amplitudes follows the Gutenberg-
Richter power law, N(A' & 8)—2 with c =0.9 over more than 2 orders of magnitude. This behavior
can be considered as evidence that fracture processes due to hydride precipitation in the Nb-H system
determine a self-organized critical state.

PACS numbers: 62.20.Mk, 05.40.+j, 81.30.Mh

The notion of self-organized criticality (SOC) has been
recently introduced by Bak, Tang, and Wiesenfeld [1,2]
to explain the behavior exhibited in nature by dynamic
composite systems having numerous interacting elements.
According to Refs. [1,2] such systems organize them-
selves into a stationary critical state in which a minor
event starts oA a chain reaction that can aff'ect any num-
ber of elements. The critical stationary state is charac-
terized by spatial and temporal correlation functions fol-
lowing power laws. The importance of the SOC theory
derives from the fact that it can serve as a framework to
explain a variety of seemingly disconnected phenomena
such as the dynamics of earthquakes [3,4], the current
fluctuations through resistors (flicker noise) [1], the ran-
dom steplike changes of the magnetization of ferromag-
netic samples [5], and the behavior of traffic and market
movements [2].

The study of the SOC systems has to a great extent
been based on simple physical models and computer
simulations which should capture the essential features of
the real systems. An example of these models is a sand-
pile [1,6] to which sand grains are continuously added
until the pile reaches a critical stationary slope, beyond
which a single grain can provoke an avalanche of any
size. Other cellular automata [4,7,8], which constitute an
evolution of the Burridge-Knopoff model of earthquakes
[9], are systems of blocks interconnected by springs and
put on a frictional plate; an external force can provoke
the sliding of a particular block if the spring force
exceeds a critical value, and the model evolves to a criti-
cal state in which both small and large earthquakelike
phenomena are generated.

Recently, an interesting manifestation of SOC has
been revealed by recording the underground ultrasonic
signals due to microfractures and structural movements
following the primary activity of the Stromboli volcano
[10]. The continuous volcanic tremors present the oppor-
tunity to observe a large number of seisms in a relatively
short period of time.

As earthquakes are associated with fracture phenome-
na, the question arises of whether fractures in materials

subjected to externally applied stress also display SOC.
Indeed, little attention has been devoted to this aspect up
to now; to our knowledge the only report of this kind is a
reference by Chen, Bak, and Obukhov [4] to an unpub-
lished work showing a power-law distribution of fracture
events in stressed Al and Nb rods.

Plastic deformation and fracture processes occur also
in metal-hydrogen systems during precipitation of hydro-
gen from solid solution (a phase), due to the accommoda-
tion of the hydride domains (P phase), which generally
have a density different from that of the host lattice (12%
volume increase in Nb-H) [11,12]. It has been found
[13] that the nucleation and propagation of microcracks
during hydride precipitation is accompanied by intense
ultrasound emission caused by sudden releases of elastic
energy.

In the present paper the acoustic emission (AE) signals
detected during hydride formation in Nb-H are analyzed
to see whether this system shows a SOC behavior. The
hydride formation was stimulated by decreasing tempera-
ture from 330 to 220 K. The samples were five circular
plates (30-36 mm in diameter, 3-6 mm thick) of 99.9%
pure polycrystalline niobium from diA'erent manufactur-
ers, hereafter labeled as Hr2, Hr4, Kl, K2, and Hy, hav-
ing masses 17.8, 17, 29.5, 45, and 38.5 g, respectively.
The AE signals were detected while the temperature
(measured by an iron-Constantan thermocouple directly
attached to the specimen) was decreased at a constant
rate of 1 or 4 K/min.

The AE setup consisted of a PZT transducer coupled
to the specimen by silicone grease, a low-noise pream-
plifier (40 dB gain, 6 pV input noise), and a high-pass
filter at 100 kHz. From the filter the signals were sensed
by an amplitude detector (with adjustable threshold put
at 30 dB and with 100 dB of dynamic range) giving an
output proportional to the log of the peak amplitude of
the burst; then they were sent to a distribution analyzer
providing the total number N, of events (bursts) and
their distribution in 100 levels. A burst signal occurring
more than 10 ms after the level of the preceding burst
had decayed below the threshold level was counted as a
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FIG. 1. Total count of acoustic signals (bursts) recorded
from sample Hr2 at two different H concentrations during the
first cooling after the charge; the sample was cooled at a con-
stant rate of I K/min. The temperatures T& of the onset of H
precipitation are indicated by the arrows.
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FIG. 2. Number of bursts with amplitudes higher than that
given by the corresponding abscissa, during the two cooling runs
of Fig. 1. The continuous line is the least squares fit of the
power law N(A'& A) —A ', the derived exponent is indicated
for each curve. The amplitude is expressed in dB above I pV at
the PZT output.

separate event.
Hydrogen doping of the samples was conducted at

550 C in a controlled pure Hq atmosphere. The H con-
tents were determined by the mass variation of the sam-
ples, both after the H charge and after vacuum extraction
subsequent to the AE experiments; the concentrations
were chosen so that the hydride precipitation occurred in

the investigated temperature range. The H precipitation
temperature T& was determined either by the solvus line
of the Nb-H system [14] or by the sharp increase of the
elastic energy dissipation and modulus occurring at the
onset of the a-P phase transformation [15,16]. The AE
observed in all the samples during hydride formation had
the character of isolated, intense bursts having peak am-
plitudes distributed in the voltage range 0.1-30 mV.

Figure 1 displays the total number of events recorded
in sample Hr2 during the first cooling after two diAerent
H charges, at 3.8 and 5.8 at. % H. The cumulative counts
of events from the beginning of the experiment are re-
ported as a function of both temperature and time, be-
cause the sample was cooled at a constant rate. The
background of the H-free sample is reported in the same
figure. The H charges were preceded by a thermal treat-
ment at 800 C for 2 h in a vacuum of 5 x10 Pa.

Acoustic emission starts at a temperature somewhat
lower than that of the onset of hydride precipitation. It
has been demonstrated [13] that the observed emission is
due to the nucleation and growth of microcracks and not
to the dislocation multiplication accompanying the hy-
dride formation, which is characterized by signals of
much lower amplitude. %'hen the local stress field
around the growing precipitates reaches a value such that

elastic and plastic accommodation is no longer possible,
microcracks nucleate and subsequently multiply and
propagate, giving rise to the stress wave emission.

Figure 2 presents the amplitude distribution of the
events recorded during the two cooling runs of Fig. 1.
The ordinates correspond to the number of events (after
subtraction of the background) whose peak amplitude
exceeds the level given by the corresponding abscissa.
The amplitude is expressed in dB above 1 pV at the
transducer output.

The background consisted of the number of events
recorded in each channel with an H-free sample cooled
under the same conditions; it had little influence on the
plots even in samples displaying low acoustic emission.

Similar amplitude distributions of events were also ob-
served during the first cooling runs of the samples Hr4,
Kl, K2, and Hy conducted at two diR'erent cooling rates,
1 or 4 K/min, as shown in Fig. 3. If reference to the first
cooling is made [17], at a given cooling rate the total
number of events generally increases with increasing H
concentration and sample mass. High cooling rates may
produce low AE or no activity at all; this is due to a finer
dispersion of precipitates, whose growth is diA'usion con-
trolled.

The cumulative distribution functions of the ampli-
tudes of the transient elastic waves follow the power law:

/V(A'& A) —A ', c =0.9+'0.1,
over more than 2 orders of magnitude (Figs. 2 and 3).
This law is expected to be valid for signals with amplitude
higher than a threshold connected with some minimal
event, e.g. , the minimum energy for crack propagation.
Here we limit its validity to signals higher than the exper-
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tern goes into a SOC state, as far as the AE is concerned.
The observed power-law distribution of the events dur-

ing the hydride precipitation gives a value for c/2 very
close to that estimated [18] by the data of the Harvard
earthquakes catalog c/2=0. 55. This coincidence in phe-
nomena involving remarkably different scales and mecha-
nisms should be considered as experimental evidence of
what is suggested by numerical simulations [1,2,4,7-9];
i.e., fracture processes evolve into a SOC state.

In conclusion, we have shown that hydride precipita-
tion stimulated in Nb by decreasing temperature pro-
duces microseism activity, revealed by recording the im-

pulsive stress waves at the surface of the specimens. The
AE signal amplitudes follow a power-law distribution
which is indicative of a SOC state. The derived exponent
is very close to that of the Gutenberg-Richter law of
earthquakes, suggesting that fracture processes represent
a category of SOC states.

The authors wish to thank Professor P. Diodati, who
introduced them to the SOC subject.
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FIG. 3. Number of bursts with amplitudes higher than that
given by the corresponding abscissa during the first run after
the H charge of various samples at two cooling rates: (a) 1

K/min; (b) 4 K/min. The continuous line is the least squares fit
of the power law N(A') A) —A ', the derived exponent is in-

dicated for each curve. The amplitude is expressed in dB above
1 pV at the PZT output.

imental noise (30 dB corresponding to —30 pV).
Remembering that the squared amplitude of the events

is proportional to their energy, we can express the distri-
bution function also in terms of the number of events
with energy between E and E+dE,

N(E) —E '+'/ ) c/2 =0.45 W 0.05,

where c/2 corresponds to the exponent b of Ref. [4].
The occurrence of power-law distribution functions

suggests the absence of characteristic length and time
scales, as in critical phenomena near a second order phase
transformation, in fractals and in SOC systems. We ex-
clude an explanation of our data in terms of a critical
phenomenon because hydride precipitation is a first order
transformation, which does not imply Auctuations over all
scales. Indeed, the shapes and dimensions of the precipi-
tate particles are rather regular and depend on micro-
structure and cooling rate, because of the diffusion con-
trolled nature of the process. Moreover, as each sample
had a homogeneous grain texture, we can also exclude
that the observed power law may arise from a possible
preexistent fractal structure of grains or domains. There-
fore we conclude that during the H precipitation the sys-

[1] P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev, Lett. 59,
381 (1987); Phys. Rev. A 38, 364 (1988).

[2] C. Tang and P. Bak, Phys. Rev. Lett. 60, 2347 (1988).
[3] A. Sornette and D. Sornette, Europhys. Lett. 9, 197

(1989).
[4] K. Chen, P. Bak, and S. P. Obukhov, Phys. Rev. A 43,

625 (1991).
[5] L. V. Meisel and P. J. Cote, Phys. Rev. B 46, 10822

(1992).
[6] G. A. Held, D. H. Solima, D. T. Keane, W. J. Haag,

P. M. Horn, and G. Grinstein, Phys. Rev. Lett. 65, 1120
(1990).

[71 J. M. Carlson and J. S. Langer, Phys. Rev. Lett. 62, 2632
(1989).

[8] Z. Olami, H. J. S. Feder, and K. Christensen, Phys. Rev.
Lett. 68, 1244 (1992).

[9] R. Burridge and L. Knopoff, Bull. Seismol. Soc. Am. 57,
341 (1967).

[10] P. Diodati, F. Marchesoni, and S. Piazza, Phys. Rev. Lett.
67, 2239 (1991).

[11]M. S. Rashid and T. E. Scott, J. Less-Common Met. 31,
377 (1973).

[12] H. K. Birnbaum, M. L. Grossbeck, and M. Amano,
J. Less-Common Met. 49, 357 (1976).

[13] G. Cannelli and R. Cantelli, J. Appl. Phys. 50, 5666
(1979); J. Phys. (Paris), Colloq. 42, C5-947 (1981); J.
Appl. Phys. 51, 1955 (1980); Scr. Metall. 14, 731 (1981).

[14] Hydrogen in Metals, edited by G. Alefeld and J. Volkl
(Springer-Verlag, Berlin, 1978).

[15] G. Carmel(i and F. M. Mazzolai, Nuovo Cimento 64B,
171 (1969).

[16] G. Cannelli and R. Cantelli, Appl. Phys. 3, 325 (1974).
[17] It has to be emphasized that the present AE has been ob-

served in virgin Nb samples during the first cooling after
the H charge. Two of the present authors have reported

3925



VOLUME 70, NUMBER 25 PH YSICAL REVI EW LETTERS 21 JUNE 1993

[l3] that the AE in metal-hydrogen systems decreases
with thermal cycling until it disappears. The AE can be
restimulated either partially by thermal treatments at
150 'C or totally by ultrahigh vacuum treatments at
higher temperatures (2000'C). The former treatment
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acoustic signals whose amplitude distribution no longer
followed a power law.
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