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ABSTRACT
Experiments were performed to determine the effects of me¬
chanical vibrations on ordering in CuAu. The effects of 5, 10 and 15 kc
vibrations were investigated over a range of ordering temperatures of
230 to 360°C. A retarding of the rate of ordering was observed at all
frequencies and ordering temperatures. This retarding effect is attri¬
buted to the oscillation of dislocations as a result of applied vibrations.
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INTRODUCTION
The effects of mechanical vibrations on certain solid state
reactions have been noted by several investigators* In 1930* Mahoux^
reported a substantial increase in the case-depth of a steel sample
nitrided under the influence of mechanical vibrations over that of an
unvibrated sample* Similarly, an accelerating effect of vibrations on
the diffusion of chromium in steel was noted. Guillet^, in the same
year, confirmed the results of Mahoux. More recently Schenck and
Schmidtmann^) studied the effects of low-frequency, alternating loads
on the diffusion of carbon in steel* The results of their experiments,
conducted at 500 cycles/min. and 0.2% strain, also indicated an acceler¬
ation of the process* On the other hand, Altenburg^ and Ehringer^
have given some theoretical reasons and experimental evidence as to
the improbability of any effect of ultrasonic vibration on rate processes.
Gudzoff and Gavze^ investigated the influence of high-frequency
vibrations on the age hardening of aluminum alloys • They reported an
increased age-hardening rate as the result of mechanical vibrations in
the frequency range of 500 to 1000 kc. This accelerating effect was
reported to be dependent on the intensity of the vibration, the higher
intensities resulting in a greater effect* A somewhat higher final hard¬
ness was also reported for the vibrated specimens.
Fairbanks and Dewez^ conducted experiments on the effect of
400 kc and 1000 kc vibrations on the annealing of steel. A decrease in
grain size and corresponding increase in hardness over that of unvibrated
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samples of a hypoeutectoid steel was reported. The degree of grain
refinement and the final hardness increased with increasing frequency
and intensity. A coarsening of the ferrite and carbide layers in the
pearlite grains of a hypereutectoid steel annealed under the influence
of vibrations was also reported. This coarsening effect and the
corresponding decrease in hardness was less pronounced at the higher
frequency and became more pronounced with an increase in intensity.
Comprehensive surveys of these and other investigations of the
effects of mechanical vibrations on metallurgical reactions are given
by Hiedemann^ and Bergmaun^.
The results of these earlier investigations suggested that
further work on the effect of mechanical vibrations on solid state re¬
actions involving nucleation and diffusion was desirable. The order¬
ing transformation in CuAu was chosen for investigation since it is one
which involves both nucleation and diffusion. Moreover > the mechanism
of ordering transformations is fairly well established^ and their pro¬
gress may be easily followed by observation of electrical resistance
changes.

^Comprehensive survey articles on the mechanism of ordering are
given by Nix and Shockley^Siegel^1^, Cowley^12\ Elcock^3^, and
Lipson^^,
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EXPERIMENTAL PROCEDURE
The specimens used for the experimental observation of order¬
ing rates were prepared from SO atomic per cent copper-gold alloy wire*.
Each specimen consisted of a 0.02-inch diameter wire approximately
10 inches long to which two copper potential leads were silver soldered*
2-1/2 inches apart* near one end of the wire. A 1/8 inch diameter x
1/4 inch long steel stub was silver soldered to the opposite end to facil¬
itate attachment to the transducer.
A fixture supported the vibration transducer and the specimen*
as illustrated in Fig. 1. The fixture included a suitable support for
the lower end of the specimen and the potential and current connections
necessary for measuring the electrical resistance of the test section.
The vibration transducer* Fig. 2* consisted of a 1 inch x 1 inch
x 4-1/4 inch laminated nickel core wound with approximately 200 turns
of 20 gage copper wire. A brass exponential stub* designed according
to Neppiras^) with a velocity ratio of 7:1* was bonded to the lower end
of the transducer core. The transducer was driven by a wide range
oscillator and a 200 watt* high fidelity amplifier* as shown in Fig. 3.
To provide a means of measuring the vibrational amplitude in
the test section of the specimen* a phonograph crystal pickup was
mounted in such a manner as to allow the needle to be advanced against
the wire specimen. The voltage output of the crystal pickup was fed to
an oscilloscope through a preamplifier. A Sonotone No. 3P-IS cartridge
^Obtained from Handy and Harman* Chicago* Illinois.
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was used in the experiment* and was calibrated at frequencies from
2 kc to 20 kc by the use of a test recording* The voltage output of the
cartridge was measured* by means of an oscilliscope* on each fre¬
quency band of the test recording. The observed voltage output was
compared to the amplitude of the record grooves* as measured on a
stage microscope. The voltage output was found to be independent of
frequency up to 20 kc and to vary linearly with the amplitude of the vi¬
bration.
The wire specimens were disordered prior to each experiment
by heating to a temperature of 525°C ±2°C for a period of 30 minutes
in a vertical tube furnace. The specimens were then dropped directly
from the furnace into a brine bath maintained at -5°C. Helium gas was
bled into the furnace during the disordering treatment to minimise
oxidation. Following the disordering treatment the specimens were
stored in liquid nitrogen.
The disordered specimens were mounted in the fixture by attach¬
ing the upper end to the exponential stub by means of a threaded collar.
The lower end was clamped in its support. The specimen potential
leads were silver soldered to the fixture leads to avoid variation in the
electrical resistance of the connections. The specimens were then
pulse annealed by submerging the test section in a salt bath maintained
at the desired temperature* ±3°C. The electrical resistance of the test
section was measured periodically during ordering to observe the rate
of change of resistance with time. All resistance measurements were
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made at liquid nitrogen temperature using a Rubicon #1620 Kelvin
bridge. The resistance measurements were made with a maximum
tolerance of -5 x 10'® ohms.
Observations of the rate of change of resistance were made with
and without vibrations at 280, 310, 335 and 360°C. The frequency of
the applied vibration was varied from 5 to 15 kc* and the amplitude* as
measured at the center of the test section* was held constant at 0.21
microns during all runs •
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DISCUSSION AND RESULTS
The degree of order of an AB type alloy is measured by the
Bragg-Williams order parameter S a (2r-l), where r Is the fraction of
atoms occupying correct sites* This order parameter may be related
to the electrical resistivity of the alloy by*
s =

V(y°d - p^Ap<i - po> ^ (i)

as given by Dienes^16) and Muto<17), where/^ andyO are the resistivities
of a completely disordered and completely ordered alloy* respectively*
The ordering process* as shown by Dienes* is a continuous process
characterised by a single activation energy. By the application or re¬
action rate theory to this process* Dienes suggests that the rate of
ordering is proportional to some power of the difference between the
fraction of ordered atoms at a given time* r* and the fraction or order¬
ed atoms at equilibrium*
% = Kr(roo-r)7
(2)
Upon substitution of r in terms of S from Eqn* (1) the equation describ¬
ing the kinetics of ordering becomes»
d

5dt = Ks(Soo“S)X
(3)
Si is the equilibrium order parameter for a given temperature* The
experimental data of Dienes^*)

were found to be well described

by Eqn* (3) if the value of / was chosen as 3* This was also found to
be the value best describing the data of the present investigation* Inte¬
gration of Eqn. (3)* between the limits of 0 and t* with/ * 3 yields:
= 2K t

/Isoo-sf - /1s«,-S|f

where

s

«<>

is the order parameter at t * 0*
The experimental results for ordering without vibration are

/
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plotted according to Eqn. (4) in Figs. 4 and 5 using the values of Soo
given in Table 1*
TABLE 1
Values of Order Parameter at Equilibrium
Temperature * °C
Soo
280

0.9955

310

0.9886

335

0.9810

360

0.9780

The S values for 280°C and 310°C were obtained from resistance
measurements made after an ordering period of 100 hours. The values
for 335°C and 360°C were obtained by extrapolation. Deviation from
Eqn. (4) may be expected to occur at the higher temperatures after
long ordering times due to the formation of an orthorhombic ordered
structure and twins as noted by Kuczynski, Hocfcman, and Doyma^).
The curves of Figs. 4 and S do not include the portion of the ordering
reaction during which these phenomena become significant. The values
of K0 as determined from the curve of Figs. 4 and 5 are given in Table II.
TABLE B
Rate Constants for Ordering in CuAu
Temperature
°C

Rate Constant
(min'’*)

280

0.175

310

0.70

335

1.81

360

10.2
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For a rate process exhibiting a single activation energy, the
rate constant Kg should satisfy the equation,

Ks =K0eQ/RT

(5)
where Q is the heat of activation for the process, and KQ a temperatureindependent constant.
The logarithm of Kg is plotted vs. the reciprocal of the abso¬
lute temperature in Fig. 6, from which an activation energy, Q s 35,400
cal/mole, was determined. This value of Q is slightly higher than that
determined by Dienes (Q

•

28,600 cal/mole) but in very good agreement

with that observed by Borelius, Larsson, and Selberg^®) (Q - 36,000
cal/mole).
The general effect of vibrations was found to be that of retarding
the rate of ordering at all frequencies and temperatures investigated.
The curves of the order parameter as a function of time for ordering
at 280°C with and without vibrations are shown in Fig. 7. The general
relationship of the vibrated and unvibrated curves at this temperature
is typical of each of the temperatures investigated.
Comparison of the rates of ordering with and without vibration
for each temperature investigated. Figs. 8, 9, 10, and 11, reveal that
the kinetics of the ordering process under the influence of mechanical
vibration are no longer described by Eqn, (3). The order-time relation
is expressed by a modification of that equation of the form,

= Ks(S»-S)y - f(S,v) (6)
where f(S,v) is a function of the order parameter and the vibrational
conditions imposed on the ordering process.
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The indicated magnitude of f(Sy), over the temperature range in*
vestigated exhibits a minimum between 310 and 335°C. This tempera¬
ture range corresponds very closely to the temperature range of highest
ordering rate as noted by Kuczynski, et al*^^.
This correlation of temperatures suggests that the retarding
effect is the result of a mechanism by which the growth of ordered
nuclei is limited to a maximum size* An explanation of the observed
effect would be that the movement of a dislocation through an ordered
domain would disrupt the order of that domain

(21)

. If an ordered

nucleus* growing in a given direction* encounters an oscillating dis¬
location* the dislocation* by its alternating disordering and ordering
action* would act as a limit to the growth of the nucleus • It may be
postulated* then* that dislocations* throughout the lattice* oscillate
under the influence of the applied mechanical vibrations

limiting

the growth of ordered nuclei in three dimensions. This results in a
retarding of the rate of ordering* The delaying mechanism would be
expected to be most pronounced in the temperature ranges of low nucleation rate. This is consistent with the experimental results* as
noted above.
The experimental results show a dependence of the magnitude
of the retarding effect on the frequency of the applied vibration. At
an ordering temperature of 280°C* Fig. 8* the retarding effect in¬
creased with increasing frequency. Since the average strain in the
test section of the specimen* vibrated in the manner of the experiments*
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was greater for the higher frequencies* the frequency dependence may
be attributed to the increase in strain* This is consistent with the pro¬
posed mechanism since the amplitude of oscillation of a dislocation
would vary with the magnitude of the alternating strain imposed on the
material* The experimental results at ordering temperatures of 310
and 335°C* Figs. 9 and 10* do not clearly exhibit the same strain de¬
pendence. It is felt that* since the retarding effect at these tempera¬
tures is very small* the strain dependence of the effect could not be
detected by the experimental methods employed. The results at 360°C,
Fig. 11, show a greater effect at the lower frequency in the range of
order parameter plotted. The trend of the data indicates* however*
that the expected strain dependency of the effect would exist at lower
degrees of order.
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SUMMARY
The investigation led to the following conclusions:
1* The rate of ordering in CuAu is retarded by mechanical vibra¬
tions in the frequency range of 5 to 15 fcc at all temperatures.
2. The retarding effect is the least pronounced at a temperature
corresponding to the highest nudeation rate.
3. The magnitude of the retarding effect is dependent on strain
amplitude* increasing with an increase in strain amplitude.
4. It appears that dislocations, oscillating as a result of applied
vibration, limit the growth of ordered nuclei thus retarding
the rate of ordering.

12

BIBLIOGRAPHY
1. G. Mahoux, Comptcs Rendus 191 , 1328 - 1330 (1930)
2. L. Guillet, Comptes Rendus 191 , 1331 - 1332 (1930)
If

3»

H. Schenck and E. Schmidtmann, Arch. Eiseahuttenw. 25,
579 - 588 (1954)
n

4. K. Altenburg, Z. fur phys. Chemie 202, 460 - 473 (1954)
5. H. Ehringer, Thesis, T. H. Stuttgart (1951)
6. N. Gudzoff aad M. Gavze, Journal of Inorganic Chemistry
(Russian) 1, 1533 - 1538 (1956)
7. H. Fairbanks and F. Dawes, J. Acoust. Soc. Amer. 29,
588 - 592 (1957)
3. E. Hiedemann, J. Acoust. Soc. Amer. 26, 831 - 842 (1954)
9.

L. Bergmann, Ultrasonics and Their Scientific a

Application
10. F. Nix and W. Shockley, Rev. Mod. Phys. 10, 1 - 71 (1938)
11. S. Siegel, Phase Transformations in Solids, J. Wiley & Sens,
N. Y. 1951. 366 - 386
12. J. Cowley, Phys. Rev,, 77, 669 (1950)
13. E. Elcock, Order-Disorder Phenomena, J. Wiley Si Sons, (1956)
14. H. Lips on, Progress in Metal Physics, 2, 1 - 52 (1950)
15. E* Neppiras, J. Scient. Inst. 30, 72 (1953)
16. G. Dienes, J. Appl. Phys. 22, 1020 - 1026 (1951)
17. R. Muto, Inst. Phys. Chem. Research Sci. Papers (Tokyo) 30,
99 (1936)

13

18. G, Dienes, Acta. Met. 3, 549 - 55? (1955)
19. G. Kuczynski, IV. Hocbmaa and M. Doyaxna, J.Appl. Phya.
26. 871 - 878 (1955)
ti

20. G. Borelius, L. Lars son and H. Selbarg, Ar. for Fyoik, 2,
161 - 170 (1950)
21. J. Fisher, Acta* Met. 2, 9 - 10 (1954)
22. A. Nowick, Progress in Metal Physics, 4, 1 - 70 (1953)

TRANSDUCER AND SUPPORT FIXTURE

FIGURE

I

TRANSDUCER DETAIL

FIGURE 2

MclNTOSH
MODEL MI-200B

TRANSDUCER DRIVE CIRCUIT

FIGURE 3

CHANGE IN ORDER vs TIME FOR ORDERING IN
FIGURE

CuAu

4

l

300

TIME - minutes

CHANGE IN ORDER

vs TIME FOR
FIGURE 5

ORDERING

IN CuAu

RATE CONSTANT

RATE

CONSTANT vs

FOR
FIGURE 6

ORDERING IN CuAu

ORDER PARAMETER

0

20

40

60

80

100

TIME-minutes
ORDER PARAMETER vs TIME FOR ORDERING IN
AT 280°C WITH AND WITHOUT VIBRATION
FIGURE 7

CuAu

o

0.1 0.2 0.3 0.4 0.5
(Soo-S)3

ds/dt vs (Soo-S)3 FOR

WITH

AND

ORDERING IN

WITHOUT
FIGURE 8

CuAu AT

VIBRATION

280"C

ds/dt

0

.0 1

.0 2

.03

.0 4 .05

(Soo-S)3
ds/dt vs (Soo S)3

WITH

FOR

AND

ORDERING IN

WITHOUT
FIGURE

CuAu AT 335°C

VIBRATION
10

d s /dt

0 .001 .002 .003 .004 .005
(Soo-S)3
ds/dt vs

(Soo-S)3 FOR
WITH AND

ORDERING

IN

CuAu

WITHOUT VIBRATION
FIGURE II

AT

360°C

