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Small angle X ray scattering used in precipitation in A1ZnMgCuLi alloy "
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Abstract: Small angle X-ray scattering has been used to study the variation of microstructure parameters in an AtZmr

Mg CirLi alloy aged at various temperatures for various durations. Coarsening of precipitates was studied by analyzing the

curve of kinetics strength vs the cube of radius. The results show that the coarsening of precipitates conforms to LSW

principle. In addition, the characteristic of s*J('s) vs s curves was analyzed. The results show that the curves for samples

aged at 160 C for various durations(24, 48 and 96 h) have negative deviation, which maybe results in the formation of

certain new precipitate. In the other aging treatment states, the curves conform to Porod principle which means there is

sharp boundary between the precipitates and matrix.
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1 INTRODUCTION

7XXX series alloys are used extensively in
aerospace industry. In recent years, developing high
strength and low density materials is the main aim for
most researchers. AFLi alloys have many merits such
as high specific strength, high specific modulus and
low density. In order to take advantage of AFLi
alloys merits, Li has been added to normal aluminum
alloy. Many new alloy systems were developed such as A+
CrLi, AFCurMgLi and AFMgLi alloys'!. Many
studies have also been focused on 7XXX series ( AlZn-
MgCu) containing Li. The precipitation sequence in
AlZnMgCulLi alloys under various aging conditions is of
prime importance for the understanding of their mechani-
cal strength and corrosion resistance properties. Much of
the research to date has been dedicated to the time evolu
tion of the microstructure of this alloy by transmission

: [174]
electron microscopy

. In this study we used the small
angle X-ray scattering measurement to obtain the quant
tative information about precipitate size range and volume
fraction under various aging conditions. This information
obtained will be beneficial to deep understanding the pre-

cipitation process of AlZnMgCulLi alloys.
2 EXPERIMENTAL

The composition of the alloys( mass fraction, %)

isZn5.14, Mg 1.24, Cu 1.76, Li 1.01, Mn 0. 35,
Zr 0. 10, Cr 0. 24. The alloy was solution treated at
490 Cfor 1 h in salt bath followed by water quench-
ing. Several aging heat treatments were then per
formed under different conditions.

Small angle X-ray scattering measurements were
performed at BSRF Division, Institute of High Ener-
gy Physics. The gauge of samples was 8§ mm X 6 mm
X 0. 07 mm. The parameters of light source near
samples were as follows: energy range is 3~ 12 keV,
energy resolution AE/E about 2 x 10" %, photons
flux 1.0x 10" s ', wavelength of X-ray 0. 154 nm
and facula size 3.2 mm X 1.5 mm. Scattering signal
was recorded by detector of formation image board.

3 RESULTS

3.1 Determination of precipitate radius

According to the small angle X-ray scattering in-
tensity obtained by experiments, we can obtain the
relation curves of the relative scattering intensity( /)

and scattering vector ( ) which are shown in

Fig. 1.

For SAXS, it is assumed that the system
formed by precipitates and matrix is sparse and
homogeneous system . According to Guinier ap -

proximate formula , scattering intensity is as fol -
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Fig. 1 Curves of J( h) vs h for alloys

aged under various conditions
(a) —Aged at 160 C for 24 h;
(b) —Aged at 160 C for 48 h;
(¢) —Aged at 160 C for 96 h

lows! >

2.2

Ju= J.Nnle Reh /3 (1)
where Jj is the scattering intensity corrected collimation
error, J.the scattering intensity of an electron, n the to-
tal electron number of one particle, N the total particle
number in the field irradiated by X-ray, R the gyration
radius of particles, h the scattering vector. To obtain In/J
(h)— h* curves, we can use the experimental data J( h)
to substitute J,. J, is the relative intensity, which
is calculated by subtracting background intensity

In[J(h)]
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Fig. 2 Curves of InJ( h) vs h? for alloys
aged under various conditions
(a) —Aged at 160 C for 24 h;
(b) —Aged at 160 C for 48 h;
(c¢) —Aged at 160 C for 96 h

from the scattering intensity of samples. The curves
of InJ(h) vs h? are shown in Fig. 2. ais the slope of
InJ(h)- h* curves in the range of small angle. With
formula R¢= (- 3a)"?, the gyration radius of pre-
cipitates can be calculated at different heat treatment
states. The values are listed in Table 1. Most of the
precipitates are spherical based on the observation of
TEM!®®'. Then the practical radius can be calculated
from the equation which describes the relation be
tween the practical radius and the gyration radius
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N3/5R (2) relation is given by Eqn (4) 5.6, 10]
Sp= 8K (J( APV 4
3.2 Determination of Porod constant b a D7 V] . ()
where Jeis the scatterlng intensity of an electron,

As shown in Fig. 3, s°J(s)— s curves are plot-
ted. It can be seen from Fig. 3 that s°J(s) approach-
es a constant K;at large values of s for samples aged at
130 C for 24 h, 150 C for 24 h and two-step aging
at 120 C for 3.5 h then at 160 C for 15 h, respec
tively. This indicates that there is sharp boundary be-
tween precipitates and matrix in electron density.

Porod constant can be expressed as follows! ' :

lim[ s> (s)]= K,

where

(3)
s= 2sint)/ A 20 is scattering angle, Awave
length of X-ray and J(s) the scattering intensity ob-
tained by using a long slit collimation system and K&
Porod constant. However, it can be seen from Fig. 3
that s°J(s)— s curve has negative deviation at large
values of s for samples aged at 160 C for 96 h. In
Ref.[ 5], the deviation stems from obscure boundary
between precipitates and matrix. It means that there
is an transitional zone of electron density between two
phases.

When 33](3) — s curves are in conformity with
Porod principle, K,pis related to specific inner S,
surface of particle matrix two-phase system. The

AP electron density difference between the particle
and the matrix and V the volume of samples irradiat-
J{(AP2V]

constant. Specific inner surface S, of particle-matrix

ed by X-ray. In certain condition [ is an

two-phase system, i e, the ratio of the total surface
area of particles to the volume of samples, is directly
related to material property. it is difficult
It can be seen from Eqn. (4)
that K values reflect the relative values of specific in-
The values of K’ pare listed in

However,
to calculate directly.

ner surface.

Table 1.

3.3 Determination of integrated intensity
With long slit collimation system, the integrated

intensity can be written as follows! >

@,\»: I:.sj(s)d.s: 1 Ap)zl/‘P(l_ ® (5

where AP is electron density difference between the
particle and the matrix, V the volume of samples ir-
radiated by X-ray and ® the volume fraction of parti-
cles that is the volume ratio of particles to the sample.

Integrated intensity has

important physical

* — 120°C,3.5h+160°C, 15h meaning. It is only dependent on the volume fraction
180 — 150, 24h  pgginitrinttsrir ®? when parameters V and AP are fixed. In order to
A — 160 C,9%h obtain the relative values of volume fraction, we can
1.4}® — 130°C,24h oo .
‘Té calculate the values of Q firstly. By comparing Q,,
£ 10} we can understand the variation of volume fraction.
) ~
5 ‘ To calculate Q; accurately, Eqn. (5) can be rewritten
“ 061 as follows:
o4 e S Sy oo
5| éﬁ{* 0, = L J(s)ds + I sJ(s)ds + I sJ(s)ds
.Yl .Yz
-0.2 i . A g i i = Ql"‘ 02+ 03 (6)
0 0.02 0.04 006 0.08 0.10 0.12 0.14 B 5 . s, .
- where Q= Ls](s)ds, Q2= L sJ(s)ds, Q3=
“1
Fig.3 Curves of s°J(s) vs s for alloys J. sJ(s)ds. Intherange s; ~ s2, the scattering in-
aged under various conditions "2
Table 1 Values of a, Rg, R, K;, NOS of samples heat treated under various conditions
No. Heat treatment a R¢/mm R/nm K/[) nm”~ 3 i).\./nm* 2
1 490 C, 1 h+ 160 C, 24 h -9.612 5.37 6.93
2 490 C, 1 h+ 160 C, 48 h - 13.146 6.28 8. 11
3 490 C, 1h+ 160 C, 96 h - 16.756 7.09 9.15
4 490 C, 1h+ 120 C, 96 h - 3.266 3.13 4. 04 0.001 4 0.029 8
5 490 C, 1h+ 120 'C, 24 h+ 180 C,3 h - 13.063 6. 26 8. 08 0.000 7 0.031 4
6 490 C, 1 h+ 130 C, 24 h - 6.279 4.34 5.60 0.014 2 0.044 5
7 490 C, 1 h+ 150 C, 24 h - 7.712 4. 81 6.20 0.001 2 0.039 2
8 520 C, 40 min+ 120 C, 3.5h+ 160 C,15h - 4.588 3.71 4.78 0.001 6 0.0389
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tensity can be obtained directly from experiments. In
the range 0 ~ s, the scattering intensity can be ob-
tained by extrapolation of J(s) values from s; ~s2.

S

In the range s, ~ 00, J‘ sJ(s)ds can be rewritten as
&)

follows according to Eqn. (3):
@3 = J. sJ(s)ds = J. K/1{s2ds = K/{sz (7)

S

The values of Q, calculated by Eqn. (6) are listed in
Table 1.

4 DISCUSSION

On the basis of the former work!*®', it is con-

sidered that the strengthening phase is mainly
metastable T phase for the experimental alloy. In
this alloy, the content of zinc is relatively high and
that of lithium is 1. 01%. It is often considered that
lithium mostly exists in solid solution and GP zones.
There is no existence of large Al3Li. Furthermore,
due to high binding energy of lithium-vacancy, the
lithium-vacancy couples will form earlier. The diffu-
sion velocity of Mg and Zn atoms is reduced.

After the isothermal aging heat treatments under
various conditions, the coarsening process of precipi-
tates can be described by LSW( Lifshitz Slyozov-
Wangner) model'* "', The LSW model for coarsen-
ing kinetics is given by Eqn. (8) which predicts the
time dependence of the radius of spherical precipitates

R’- Ri= Kt
K= 8 @ Ye.D/ (9ksT) (8)
where Ry and kp are constants, Y the precipitate

matrix interface energy, Q the average atomic vol-
ume, c. the equilibrium solute concentration, and D
the solute diffusion coefficient. It becomes then possi-
ble to gather all experimental results, for various
times ¢ and temperature T, on a master plot by the
use of a scaling variable:

]T(?Jt_)é Q/kyT (1) (9)
we call this variable “kinetic strength” as first sug-

gested by Shercliff and Ashby!*'. The kinetic

strength characterizes the advance of coarsening that

K, =

results from a given aging treatment.

As shown in Fig. 4, the increase of R with varr
able K follows a linear relationship. So the coarsen-
ing of precipitates conforms to the principle of LSW.

From the radius listed in T able 1, we can see the
variation of radius is dependent on the temperature.
The radius increases with increasing the temperature
when samples are aged for the same durations.

The values of the Porod constant K;and inte

800+ Experimental results
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Fig. 4 Curve of R3vs K, for alloys

aged under various conditions

grated intensity (, of samples aged at 130 C and 150
C for 24 h is respectively 1.42 x 10”2, 1.2x 107 °
and 4. 45 x 1072, 3.92 x 10" 2. This indicates that
the values decrease with increasing temperature. By
analyzing, it is considered that the quantity of precip-
itation is near equilibrium aged at higher temperature
for 24 h. The system with disperse precipitates has
high interface energy, so the system is instable. The
precipitates will coarsen by large particles growing
and small particles dissolving, which is called Ostwald
ripening mechanism. The process of coarsening is re-
lated to Gibbs Thomson effect' . According to this
effect, the solute concentration in matrix near parti-
cles is dependent on the curvature radius of particles.
The solubility of large particles is lower than that of
the small particles. So there is a concentration gradi
ent in the matrix between two kinds of particles,
which make solute flow from small particle to the
large. This competitive growth process maybe leads
to the decrease of specific inner surface and volume
fraction.

It is shown in Fig. 3 that s°J('s) approaches a
constant at large values of s for the samples aged at
130 C for 24 h, 150 C for 24 h and tworstep aging
at 120 C for 3.5 h then 160 C for 15 h, respective-
ly. The curves for the samples aged at 120 C for 96
h then two-step aging at 120 Cfor 24 h and at 180 C
for 3 h respectively, have the same character, which
are not listed one by one. This indicates there is sharp
boundary between the precipitates and matrix' > '
It is also shown in Fig. 3 that the s°J(s) —s curve
has negative deviation for sample aged at 160 C for
96 h. The curves for samples aged at 160 C for 24 h
and 48 h respectively, are similar to those aged at 160
‘C for 96 h which are not listed here. This maybe re-
sults in the formation of certain new precipitate,
which forms the new transitional interface layer be
tween the matrix and precipitates. This problem
needs to be verified by transmission electron mi
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croscopy( TEM) .
S CONCLUSIONS

1) From the precipitate radius deduced from the
SAXS measurement, it appears that the coarsening of
precipitates conforms to LSW principle.

2) The variation of precipitate radius is depen-
dent on the temperature, which increases with in-
creasing the temperature aged for the same durations.

3) The s°J(s)— s curves aged at 160 C for
various durations(24, 48 and 96 h) have negative de-
viation, which maybe results in the formation of cer
tain new precipitate. In the other aging treatment
states, s J(s)— s curves conform to Porod principle
which means there is sharp boundary between the
precipitates and matrix.
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