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ABSTRACT 
'rhe effect of hydrostatic pressures up to 12 kbar on the rates of formation 

of (f' and 0' precipitates in an Al-4'3 % Ou alloy has been studied. Pressure 
strongly inhibits the rates of formation of these precipitates. The (f' pre­
cipitates were formed at 170°c and the 0' at 220°c . The activation volume 
for the 0" formation was 12·4 ± 0·4 cm" mole- 1 and that for 0' formation was 
12·3 ± O·6 cm" mole- I, i.e. effectively the same. Measurements of rates of 
formation of (f' and 8' at various temperatures at atmospheric pressure also 
give the same activation energy of 27·45 kcal mole- 1 (1·19 ev) for the for­
mation of the two types of precipitate. 

§ 1. INTRODUCTION 

COMPARED with the amount of work done by varying the ageing tempera­
ture in the examination of the formation of the various types of precipitate 
in the AI-Cu alloys, very little has been done using pressure as the main 
variable. Goliber, McKee, Kasper, Tillyard, Cahn and Phillips (1959), 
using a solid as the pressure transmitting medium, measured the effect of a 
pressure of 30 kbar on the formation of the () precipitate at 400°c. The rate 
of precipitation was 40 times less than when a specimen was aged at the 
same temperature at atmospheric pressure, and they obtained an activation 
volume of6·S cm3 mole-I. Both Goliber et al. and Hilliard and Calm (1961) 
calculate that a pressure of 30kbar would increase the solubility of copper 
in aluminium at a temperature of 400°c by only 9% compared with the 
solubility at atmospheric pressure and thus would have a negligible effect 
on the precipitation rate. The conclusion was therefore reached that the 
reduction in precipitation rate by pressure was due to the decrease in the 
diffusion rate of copper in aluminium. Work by Phillips (1961) on a 
Cu-Be alloy supports this conclusion. He found that the precipitation rate 
in this alloy was decreased by pressure although calculation had shown that 
pressure should markedly reduce the solubility of Be in Cu. In another 
investigation Harvey, Kaufman, Kulin, Leyenaar and Udin (1960) used 
alloys of nominal composition Al-4% Cu, 0'5%Mn, 0'5%Mg and Al-4·5% 
Cu, 0·6% Mn, 1'5% Mg. Specimens were aged at 100°c at atmospheric 
pressure and at 20 kbar. The ageing process was followed by hardness and 
resistivity measurements. Unfortunately, the scatter in the results was 
large and the only definite conclusion was that the ageing rate was reduced 
by pressm'e. 

In the work reported in this paper the effect of hydrostatic pressures up 
to 12 kbar was determined on the rate of formation of ()" precipitates at an 
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ageing temperature of 170°0 and also on the formation of 0' precipitates at 
220°0. It was essential to use purely hydrostatic pressures, as the presence 
of shear stresses produced plastic deformation in the specimens and the 
results were not then reproducible. The activation energy and the activa­
tion volume were derived for the formation of both types of precipitate. 
Both the activation volume and the activation energy were found to be the 
same in both cases. 

§ 2. EXPERIMENTAL 

The specimens of the AI- Cu alloy had dimensions of about 
0·4cmx 0·125cm x 0·006cm and a copper content of 4·32 % by weight. 
The impurities present in parts per million were: Fe 10, Mg 10, Ca 8, Ag 7, 
Pb6, Na5, Si5, Mn<l. The grain size was about O·lcm diameter, 
which meant that a specimen only contained a few grains. The specimens 
were homogenized at 540°0 for 2 hr in a restricted air-flow vertical furnace. 
They were then quenched into water which contained a few drops of teepol 
at 0°0. Only specimens which sank immediately were used in the experi­
ments. The time of fall from the furnace to the quenching bath was about 
0·2sec. After quenching, the specimens were aged in air at 20°0 and 
atmospheric pressure for 24hr. This treatment allowed the fast reaction 
(De Sorbo, Treaftis and Turnbull 1958) to be completed and brought the 
specimens into a reproducible standard starting condition in the slow 
reaction region for ageing treatments at higher temperatures. For the 
formation of 0" and 0' precipitates at atmospheric pressure the specimens 
were aged in an oven at 170°0 and 220°0 respectively. These ageing treat­
ments at 170° and 220° were also done under pressure and the high pressure 
cell will now be described. 

The high pressure apparatus used was of the tetrahedral type. It was 
originally designed by Hall (1958) and lately modified by Lloyd, Hutton and 
Johnson (1959) and by King (1965). Briefly, the apparatus consists of 
four anvils, each of which presses onto a face of a pyrophyllite tetrahedral 
cell which contains the specimen. The cell, with a side length of 1·125in., 
is shown in fig . 1 as it was used for the bismuth pressure calibration which 
will be mentioned later. The cell is similar to one described by Curtin, 
Decker and Vanfleet (1965). A hollow stainless-steel tube of diameter 
0·19 in. was incorporated into the pyrophyllite tetrahedron and an electrical 
connection made from one end of the tube to a face of the cell by a copper 
tab . The other end of the tube emerged at another face ofthe tetrahedron. 
An electrical current could be passed through the tube via the anvils which 
touched the two faces , and the cell could thus be heated. The tube was 
filled with a silicone fluid with a viscosity of 20 cstoke at 25°0 and sealed 
at both ends by teflon plugs. This silicone fluid was found to remain liquid 
at all experimental conditions provided the pressure and temperature were 
increased progressively to the operating conditions. A chromel-alumel 
thermocouple which was led out between the anvils measured the tempera­
ture of the silicone fluid, and the data of Hanneman and Strong (1965, 1966) 
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were used to apply a correction for the effects of pressure on the thermo­
couple output. The pressure calibration of the cell was done by measming 
the change in electrical resistance of a manganin wire as the pressure was 
changed. A length of about 30 cm insulated manganin wire of diameter 
0·0112 cm was non-inductively wound into the form of an unsupported 
coil and placed in the silicone fluid of the cell. Electrical contact was made 
to the measuring apparatus via two copper tabs which made contact with 
the two remaining anvils. It was found necessary to season the manganin 
wire to temperatme and pressure by progressively raising the temperatme 
and pressme together to about 25 kbar and 200°c and maintaining these 
conditions for about 2 hr. The resistance was very sensitive to plastic 
deformation and the seasoning was necessary to take account of shear 
stresses which were imposed on the parts of the wire emerging from the cell. 

Fig. 1 
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The tetrahedral pressure cell when used for the bismuth calibration. 

After this procedure the change in resistance of the manganin gauge was 
measmed as the external load was decreased at a fixed cell temperatme of 
170°c. During all these treatments the liquid in the cell did not solidify. 
The bismuth I - II and II- III transitions were next determined by resistivity 
measmements of a bismuth wire at 170°c with a similar cell to give fixed 
points at 18·2kbar and 22·8kbar respectively (Butuzov 1957). Thus, by 
combining the two methods a calibration curve of applied load against the 
pressure in the cell could be made with the silicone fluid at 170°c. It was 
not possible to carry out pressme measurements during the ageing of the 
aluminium alloy under pressme, so all the cells were made as similar as 
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possible and it was assumed that the pressure-load calibration curve wa.s 
applicable in all the experiments . 

A standard amount of incomplete precipitation of elf at an ageing tempera­
ture of 170°0 and atmospheric pressure was decided upon and the times 
required to produce the same amount of precipitation at various pressures 
were experimentally determined with the ageing temperature maintained 
at 170°0 in the pressure cell by a sensitive temperature control unit. The 
same procedure was followed for the formation of ef precipitates at 220°0. 
The amount of precipitation produced in a particular experiment was deter­
mined by transmission electron microscopy after the specimens had been 
suitably thinned (Nicholson, Thomas and Nutting 1958-using chromium 
trioxide instead of their recommended chromium oxide in the polishing 
solution). The standard amount of precipitation for elf and e' was also 
produced at atmospheric pressure by varying the ageing temperatures to 
determine the activation energies for the two processes. 

§ 3. RESULTS 

3.1. Formation of elf Precipitates 
It was first necessary to obtain a standard amount of precipitation at 

atmospheric pressure of elf. Specimens were homogenized, quenched and 

Fig. 2 

The standard 8" result. The ageing conditions were: 170°0, atmospheric 
pressure, 4 hr. 
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aged at room temperature for 24 hI' at atmospheric pressure. Then 
followed an ageing treatment of 4hr at 170°0 at atmospheric pressure to 
produce the standard amount of e" precipitation with no other type of 
precipitation present (fig. 2). The e" precipitation appeared to occur 
evenly in the specimens and the diameters of the e" precipitates were 
measured and a histogram constructed for the standard result (fig. 3). The 
mean e" diameter as determined from the measurements was 1651.. 
Several specimens were given the standard ageing treatments of 4 m at 
170°0 and the range of diameters produced were shown by the Student's 
t test, which will be briefly mentioned later, to come from the same popula­
tion of diameters . 
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Histogram of the distribution of {}" diameters in a specimen which had been 
aged under the standard conditions. 

3.2. Formation of e" Precipitates unde1· Hydrostatic Pressure at 170°0 
Specimens which had been homogenized, quenched and aged at room 

temperature and atmospheric pressure for 24m were further aged at 170°0 
at various hydrostatic pressures for times such that the standard gil result 
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was obtained. To compare the sizes of the B" precipitates formed under 
pressure with the standard B" result for a particular experiment, the dia­
meters were measured and the mean precipitate diameter and the standard 
deviation from the mean of the precipitate diameter distribution were 
obtained. These values were then compared with the corresponding 
values obtained from the standard result using the ' Student's t test'. If 
the agreement was not within the required limits of elTor the ageing time 
was adjusted accordingly. The Student's t test is a statistical method for 
comparing two sets of data in order to determine the probability that they 
come from the same population. t is defined as : 

(Xl - x2 )(n2n l )l 
t = (2 2)+' nlul +n2u 2 

where, in the present work: 

Xl = mean of the standard set of data, 
x2 = mean of the trial set of data, 
n l = number of readings in the standard set of data, 
n 2 = number of readings in the trial set of data, 
UI = standard deviation from the mean for the standard set of data, 
U 2 = standard deviation from the mean for the trial set of data. 

The details of the t test are given by Weatherburn (1961). Ift ~ 2, then the 
probability that the trial set of data comes from the same population as the 
standard set of data is at least 95%. This was the criterion used for the 
comparison of the results obtained under different ageing conditions. It 
was also used to check that the micrographs which were taken were repre­
sentative of each result. 

The results are summarized in fig. 4. The error bars were obtained by 
taking the shortest and longest times of ageing within which the standard B" 
result was still obtained. Pressure did not appear to affect the actual 
density of precipitates for the standard result, nor wa,s there any apparent 
change in the observed contrast at the precipitates. 

It is very probable that the imposition of pressure is slowing down the 
diffusion of copper atoms to the precipitates and the following is applicable: 

D=Doexp ( - ~~), 
where D is the diffusion coefficient of copper in aluminium, Do is the 
frequency factor and !1H is the enthalpy change. This may be written: 

where !1U = activation energy for the diffusion process at atmospheric 
pressure, P is the pressure and !1 V is the activation volume. From diffusion 
theory (see, for example, Wert and Thompson 1964): 

x2=2Dt. 

.. 

r 
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Fig. 4 
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where x2 = mean square distance travelled by an atom in time t. Hence, if 
x2 is a constant, as is assumed in the present experiments: 

D=C: 
t' 

where ex is a constant. Thus 

1 P~ V ~U I ex 
n t = Rl' + RT + n D' 

o 
Thus at constant T and if Do and ~ V are independent of pressure, then the 
slope ofln t versus P will have a gradient of ~ VIRT. From fig. 4 an activa­
tion volume ~ V for the diffusion process in the formation of 8" precipitates 
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of 12·4 ± 0·4 cm3 mole-1 is obtained. This can be compared with 

10·02 cm3 mole-I, 

which is the molar volume of aluminium. In work on the effect of pressure 
on self -diffusion, Do is not independent of pressure but the correction to the 
activation volume due to this factor is less than 10%. For instance, Beyeler 
and Adda (1968) found that the uncorrected activation volume for vacancies 

Fig. 5 
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in aluminium was 12·5 cm3 mole- I, and when the correction for the variation 
of Do with pressuTe was made, the activation volume became 12·9 cm3 mole-1 , 

a. correction ofless than 4%. 
To obtain the apparent activation energy for the formation of the 0" 

precipitates, specimens were homogenized at 540°0, quenched to 0°0, 
aged at room temperature for 24 hr and then further aged at temperatures in 
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the range 130°c-170°c at atmospheric pressure for times such that the 
standard (J" result was obtained. The results are shown in fig. 5. By 
applying the above formula at atmospheric pressure and varying tempera­
ture: 

6. U ex 
In t = R T + In If ' 

o 
and the slope oflnt versus I jT will be 6. U jR. 

From fig. 5 the activation energy for the (J" precipitation is 27 ·45 ± 1·15 
kcalmole- 1, i.e. (1'19 ± 0·05 ev) for the atomic activation energy. 

3.3. Formation of (J' Precipitates at 220°0 

The next series of experiments was concerned with the effects of pressure 
on the formation of (J' precipitates. The experimental method was the 
same as that for the investigation of (J" precipitates and a standard (J' result 
was obtained. This standard result was obtained by homogenizing a 
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pressure, 1·5 hr. 
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specimen, quenching, ageing for 24hr at room temperature at atmospheric 
pressure and then ageing at 220°0 for 1·5 hr at atmospheric pressure (fig. 6). 

The distribution of (jf diameters obtained from the micrographs is shown 
in fig. 7 and the mean diameter was 27001.. Unlike the (j" precipitates the 
(jf precipitates were not uniformly distributed throughout the specimens 
but occurred in wide bands with a lower density of (jf precipitates in between. 
It is possible that the (jf precipitates formed preferentially at dislocations 
but there was no direct evidence for this. The micrographs used for the 
measurement of precipitate diameters were taken at the high density 
regions. The standard result was for incomplete precipitation, since if the 
ageing times were longer than 1·5hr at 220°0 the (jf precipitates increased 
further in size. 

Fig. 7 
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3.4. F01·mation of Of unde1· Hyd1·ostatic Pressu1·e at 220°0 

Specimens which had been homogenized, quenched and aged at room 
temperature and atmospheric pressure for 24 hr were further aged at 220°0 
under various pressures such that the standard Of result was obtained. 
The Student's t test was again used. The results are shown in fig. 8 which 
gives an activation volume for diffusion of copper in aluminium of 12· 3 ± O· 6 
cm3 mole-1 for the formation of Of precipitates, which is effectively the 
same activation volume as for the 0" formation. 

To obtain the apparent activation energy for the formation of Of precipi­
tates , the standard Of result was obtained by ageing specimens in the 
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temperature range of 210°c to 240°c at atmospheric pressure for various 
times. Temperatures of less than 210°c could not be used as some ()" 
precipitates were also formed and ageing temperatures above 240°c 
produced such a rapid growth of ()' precipitates that the times to obtain 
the standard ()' result could not be accurately measured. The results are 
shown graphically in fig. 9 from which an activation energy of 27·45 ± 1·85 
kcal mole-1 (1·19 ± 0·08ev) was obtained. This value is the same as was 
obtained for the activation energy for ()" formation at 170°c. 
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§ 4. CONCLUSIONS 

The conclusions of this work are: 
1. Because the activation energies and activation volumes for the 

formation of both ()" and ()' precipitates are the same, the formation of the 
two types of precipitate is controlled by the same diffusion process. 

• 
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Turnbull and Cormia (1960) suggested that the low measured activation 
energy for the formation of G.P, zones can be accounted for by vacancy 
traps at the zones. If vacancy traps are also present at Oil and Of precipitates 
of depth about 0·67 ev (assuming an activation energy of migration of 
0'52ev) to account for the low measured activation energy (1'1gev) 
compared with the reported activation energy of copper in aluminium 
(1·4 ev), then the traps are of the same type at the Oil and Of precipitates. It 
is considered extremely unlikely that the low activation energy can be 
explained by either grain boundary diffusion or diffusion along dislocations 
in the present work. 

2. It has been mentioned that Beyeler and Adda (1968) obtained an 
uncorrected value of 12·5 cm3 mole-1 for the activation volume for self­
diffusion in aluminium and this value is within the experimental errors for 
the values obtained for Oil and Of formation . A direct comparison of the 
activation volumes for Oil and Of formation and that for self-diffusion in 
aluminium cannot be made because present theories (Le Claire 1962 and 
Corless and March 1961) have considered very dilute alloys which Al-4 % Cu 
certainly is not. However, the magnitude of the measured activation 
volumes and the fact that they are the same for both types of precipitate 
show that pressure is inhibiting the diffusion of copper to the precipitates 
and not inhibiting the nucleation of the precipitates. 

3. The magnitude of the measured activation volumes shows that the 
vacancy concentration is at thermal equilibrium or not greatly in excess of 
it. This would lend some credence to the same sort of suggestion to that 
which has been put forward by Stoebe and Dawson (1968) for self-diffusion 
in aluminium, that the migration energy component of the activation energy 
for the diffusion of copper in aluminium is, for some reason, temperature 
dependent and the activation energy is, in fact, about 1·2ev at 200°c. 
Then there would be no need to postulate vacancy traps at the precipitates. 
Obviously further diffusion work on copper in aluminium at various 
temperature ranges would have to be done to resolve this point. 
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