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Variations in The Structure of Guinier — Preston Zones During Aging*
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An analysis of the diffuse scattering from GP1 zones in an aluminum —1-67 at. % copper alloy aged
for 6, 12, 24, and 36 hours at 130 °C is given. The diffuse scattering between the 200 and 400 Bragg
reflections was measured with a diffractometer employing monochromatic radiation and pulse height
discrimination. The diameter of the GP1 zones varied from 35 to 63 A and the copper clustering was
contained within 3 to 5 planes. The copper content of the central plane decreased from 57 at. % at
6 hr to 30at. % at 36 hr. The displacements of the lattice planes from the matrix positions extended
beyond 8 planes from the central plane with the maximum displacement at the first plane. The value
of the ¢ parameter of GP2 compared favorably with other investigators. A maximum corresponding
to a spacing of 1:27 A was detected in the diffuse intensity during the formation of GP2 and ¢'. This
maximum was explained as a matching of 6 GP2 planes with 5 matrix planes and 8 ¢’ planes with 6

matrix planes.

Introduction

Recent refinements in theoretical methods and experi-
mental techniques (Toman, 1957; Gerold, 1958; Doi,
1960; Thomas, 1961) have allowed investigators to
describe more accurately the structure of Guinier—
Preston zones in aluminum-copper alloys. These
zones, previously named GP1, have been described as
thin platelets coherent with the (100) matrix planes and
varying in diameter from 30-500 A. Subsequent aging
has been shown to produce an ordered coherent struc-
ture called GP2, a non-equilibrium precipitate §', and
finally the equilibrium precipitate 8 (CuAl,).

X-ray diffraction data for structure analysis pre-
viously have been obtained by film techniques, such
as oscillating and precession photographs. These data
are difficult to interpret as a result of the non-linear
response of the film to the radiation. Consequently,
the use of a counter diffractometer with monochrom-
atic radiation and pulse height discrimination should
result in more precise data.

Two recent investigations of GP zones are those of
Doi (1960) and Thomas (1961). In both investigations
film methods were used and the amplitude of the
scattered radiation was calculated as the positive square
root of the corrected intensity. The electron density
according to Doi (1960) was calculated by fitting para-
meters of a model to the data and according to Thomas
(1961) by a trial and error method.

The present work followed a similar approach to
that of Thomas (1961) and consisted in measuring the
diffuse intensity distribution at various aging times for
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an aluminum-1-67 at.%; copper alloy. A diffractometer
employing a focusing curved-crystal quartz mono-
chromator, a scintillation counter, and pulse height
discrimination was used to record the diffuse intensity.
FORTRAN programs developed by the authors for
the IBM 7090 computer were employed to correct the
observed intensity and to calculate the electron density
distribution.

Theory

It has been shown that for a large number of statisti-
cally centrosymmetric zones, the positive square root
of the diffuse zone intensity along a line between two
Bragg maxima is proportional to the amplitude of
scattered radiation (Doi, 1960). Therefore the ampli-
tude distribution is symmetric about the reciprocal
origin as is the zone intensity. The operators and func-
tions used in this investigation are defined in Table 1.

Table 1. Functional definitions

Fourier

&(x) — GO) transform

[+
G) = S o(x) e2nixydx

Convolution

H(x)=g(x) * f(x) H(x)= Swg(h)f (x—h)dh

product
. 1, |x|<af2
Truncation =
S(x/a) function Stxfa) { 3’ };I;Zg

If we assume no interaction between the radiation
scattered from the zones and the radiation scattered
from the matrix, the total intensity may be given as the
sum of the intensities. The intensities are the projected
intensities as defined by the measuring instrument.
Since the intensity of the matrix in the aged condition
remains unchanged from the intensity of the matrix
in the unaged condition, the zone intensity may be
obtained by subtracting the scattered intensity of the
specimen in the unaged condition from the intensity
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scattered from the specimen in the aged condition. If
we take the amplitude of scattering between two reci-
procal lattice points as the positive square root of the
intensity (Doi, 1960), the zone electron density and
the amplitude of scattering from the zone, F(y,), are
related by

F(yy) ——o(x)). (1

Since it is physically impossible to determine the total
amplitude distribution in the y, direction, a truncation
function, 7, must be introduced to describe the limits
of the measurements. In terms of the observed and
actual quantities

Fovs (y1)=Fact (1) - T(y1) . 2)
The Fourier transform of equation (2) yields
Qobs(X1) =Qact (x1) * t(xy) . 3)

The quantities gons (x;) and #(x;) can be calculated
from the observed amplitude and the truncation func-
tion. It should be noted that equation (3) is not
susceptible to a simple analytical solution for gact (x1).
Therefore, a relaxation method must be employed to
obtain the solution.

Since the Cu atoms substitute for the Al atoms on
the Al sites, the shape of the projected electron density
in a single layer of the zone will be proportional to the
difference in atomic scattering factors of copper and
aluminum (Cochran, 1956). The function, gact (x;), is
synthesized by placing the projected electron-density
shape at the assumed position of each plane and
weighting this shape by a constant proportional to the
at.%; Cu in that plane. In this manner adjustments in
composition and displacement of the various layers
in the zone can be made with each iteration.

Procedure

The specimen used in this investigation was a flat single
crystal (approximately 1 in. diameter and % in. thick)
of Al-1-67 at.%; Cu which was grown by a modified
strain anneal method. The crystal was grown with a
(100) plane nearly parallel to the specimen surface. The
specimen was solution heat treated at 560 °C for 68
hours and quenched in ice water. The diffuse zone
intensity was determined between the 200 and 400
reciprocal lattice points by a three-circle diffracto-
meter. A Siemens curved-crystal quartz monochroma-
tor set for Cu Ku«; radiation was the source. Twelve
runs were made at various times between 1 and 300
hours aging at 130 °C. FORTRAN language programs
were written for the IBM 7090 computer by the authors
to correct the observed intensity and to solve for the
actual electron density. This method of data reduction
was necessary since approximately 1700 data points
were taken for each measurement. The intensity was
corrected for Lorentz-polarization, but absorption and
Debye thermal scattering were assumed to be negligible
in taking the difference in intensities.
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Since the amplitude distribution was symmetric,
equation (1) was programmed as the cosine transform

4]
Qobs=2y S Fovs (1) cos 2mx;y;y dy,

where y, and y, were the y, coordinate limits of the
intensity measurement. The truncation function given

by

T()=S01/2yv) — S(»1/2y4)
defines the limits of the measurements. The iterative
solution of gaet (x;) was obtained from

Sin 2mypx —sin 2myax
X

dx
“)

where ¢ and d were fixed to include the region out
to 25 A from the center of the symmetric zone. An
initial assumption for gact (x;) was made to evaluate
the integral in equation (4). The values of this integral
were compared with gops (x;) and appropriate modifi-
cations were made in gact (x;). Using the modified
Qact (x1), the above procedure was repeated until the
evaluation of the integral in equation (4) converged
on Qobs (X1).

The desired solution, @act (x;), was determined for
GP1 for 6, 12, 24, and 36 hours aging at 130 °C. Zone
diameters were determined in each run by scanning
in reciprocal space perpendicular to the diffuse streak
at various positions along the streak. The qualitative
aspects of the zone growth were followed to the state
of equilibrium precipitation.

d
Qobs (X1)= S Qact (X1 — X)

Results and discussion

An example of the general shape of the diffuse scat-
tering from the zone is shown in Fig. 1. For the four
runs of 6, 12, 24, and 36 hours aging in which only
GP1 was present, the displacement and the copper
content in each plane of the zone were determined
from the solutions of gact (x;). These values are given
in Table 2. The displacements were determined from
the difference between the position of each peak in
Qact (x1) and the corresponding position of the coherent
plane in the matrix. The copper content was calculated
on the basis that the background is 1-67 at.%{ Cu and
that the areas of each peak are proportional to the
square of the copper content (Cochran, 1956). The
errors in concentration and displacement were ob-
tained by considering only the fit between the iterative
solution in equation (4) and the value of gops (xy)
calculated from the amplitude distribution. Conse-
quently, the actual errors are probably larger.

The results given in Table 2 are not in agreement
with either Doi (1960) or Thomas (1961) for 36 hours
aging. In particular, the gradient of the copper con-
centration as determined in this investigation is smaller,
and the strain field exists beyond 8 layers instead of
the previously reported 2 layers. In Fig,. 1, it is apparent
that a major contribution to the zone intensity occurs
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Table 2. GP1 zone structure between 6 and 36 hours

Plane 6 hr
Center 57
Copper 1 2-8
content 2 1-67
at. % 3 1-67
(+5% of value) 4 1-67
Displacement 1 22:5
toward 2 12-5
origin 3 12-5
x 10+2 A 4 12'5
(+0-025 A) 5 125
6 10
7 10
8 10
Zone diameter
A(+104) 35

very close to the 200 Al reflection. Since the zone inten-
sity determined by Thomas (1961) and the intensity
used by Doi (1960) were obtained by film methods,
the accuracy of the difference in film blackening near
the Bragg peak for long exposures is subject to large
errors. Calculations of the electron-density distribution
for changes in the shape and height of this peak in
the diffuse streak indicate that there is a major effect
on the results. The authors are, therefore, of the opinion
that the major difference in these investigations is
related to the accuracy in the diffuse intensity near the
Bragg peak. Since counter methods are inherently more
accurate in intensity measurements, the authors are
of the opinion that the results of the present investi-
gation are more realistic. A comparison of the results
of this investigation with both Doi (1960) and Thomas
(1961) is shown in Fig. 2.

After 36 hours aging, a maximum in the diffuse streak
at point 4 in Fig. 1 corresponding to GP2 (Silcock,
1953) was detected. Continued aging intensified this
maximum and resulted in a shift of position to a
higher Bragg angle. Table 3 gives the change in c-
spacing of GP2 calculated from the observed maxi-
mum.

cps
25001

0 & Spp————————————

100§ :
Ya A 8 Ye
(200)

(400}

Fig. 1. General shape of diffuse zone intensity after correction
for Lorentz-polarization.

12 hr 24 hr 36 hr
45 47 30
2:6 3 22
2-1 2 1-67
1:67 1 1-2
1-67 1 1-67
22-5 225 22-5
12-5 12-5 12-5
12-5 12-5 12-5
12-5 12-5 12-5
10 10 10
10 7 7-5
7-5 7 7-5
75 7 7-5
48 56 63

Table 3. Change of c-spacing of GP2 with aging

Aging time at

¢ spacing of GP2, Zone Diameter,

130°C A (+001 A) A(+10A)
72 hr 79 86

108 7-73 112

168 7-68 132

188 7-66 143

224 765 147

275 763 147

100% \
\

e e e . — o

(0]

0 2 4 6 8

Fig. 2. The results of structure analyses of present authors
(curves 1), by Thomas (curves 2) and by Doi (curves 3).
(a) The atomic composition of Cu in each plane. (b) The

displacement of each plane toward the zone origin. The
abscissa is expressed in units of 1ao.
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The first non-coherent precipitate, 6, was detected
after 303 hours at 130 °C plus 24 hours at 200 °C.
On the basis of the (004) 6’ reflection measured in
this work, the ¢ parameter of ¢ is 5-84 +0-01 A.

During the growth of GP2 a diffuse maximum existed
at an angle which corresponded to plane spacings of
127 A (B in Fig. 1). This maximum became very
weak after the formation of ¢ and was completely
absent after the equilibrium CuAl, was formed. Diffuse
maxima have been reported in 6’ before (Guinier,
1942), and the present authors propose the following
explanation based on the results of this work. Based
on the 1-27 A spacing, the diffuse maximum observed
during GP2 growth can be explained by a coherent
‘matching’ of 6 GP2 planes and 5 matrix planes
(i.e. a 6th order reflection from a pseudo-lattice of
10-1 A spacing). The diffuse maximum during 8’ growth
is explained by a similar coincidence of 8 &' planes
with 6 matrix planes (8th order reflection). The above
configurations were chosen since they represent the
lowest possible coherency strains between the existing
GP structure and the matrix. .

The sequence of transformation is seen to be gradual
and tends toward a state of lower strain energy. As
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shown in Table 2, the copper content during the for-
mation of GP1 gradually decreases to the approximate
equilibrium composition as the diameter of the zone
increases. At this stage an ordering of the Cu atoms
takes place along with an increase in size of the zone and
produces enough lattice misfit to form a non-coherent
configuration.

The authors wish to acknowledge the Air Force
Institute of Technology and the Advanced Research
Projects Agency, Department of Defense, Contract
SD-102, for their support of this investigation.
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A Three-Dimensional Analysis of Instrumental Broadening in X-Ray Measurements
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The effects of the source distribution, divergence slits, Soller slits, source width at the specimen, and
absorption were interpreted as a three-dimensional measuring function in reciprocal space. The analysis
of these instrumental effects was calculated for a particular set of instrumental coordinates chosen to
minimize the number of instrumental effects along the paths of measurements.

The effect of the measuring functions for monochromatic radiation along the coordinates chosen
was shown for cleaved single crystals of calcite and zinc. The measurements verify the proposed analysis
and illustrate the three-dimensional character of the measurements.

Introduction

The experimental conditions of any diffraction experi-
ment require finite source and receiving openings which
result in divergent beams. Consequently, the conditions
for diffraction may be fulfilled over a range of angles
defined in part by these openings, i. e. by the instrument.
The region in reciprocal space which does give rise to
scattering is restricted by both the instrument and the
specimen. Theinstrument defines the maximum possible
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region while the specimen may restrict the active region
to some smaller portion of the maximum region.

The region defined by the instrument is three-
dimensional, and for any real specimen, the active region
defined by the specimen is also three-dimensional.
Therefore, any diffraction measurement is inherently
a three-dimensional measurement of the scattered
intensity over a finite region, i.e. a power. The authors
feel strongly that this three-dimensional nature of
the measurements must be considered in the interpre-
tation of the diffraction effects.

The elimination of instrumental effects in diffrac-
tion studies has been confined mainly to a one-dimen-
sional analysis. The early work of Spencer (1931, 1939,



