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Precipitation hardening in an Al-Cu-Si-Mg

alloy at 130 to 220°C
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The variation of the hardness of a complex Al alloy, of the L70 type, (Al 4% Cu 0.8%

Si 0.8% Mg 0.7% Mn 0.5% Fe) with ageing time at 130, 160 and 190° C was measured and
correlated with transmission electron microscope observations of preciptate morphology.
It was established that the peak hardness, after both 160 and 190° C ageing, was
associated with coherent 6’ precipitate particles with a diameter of ~ 700 A and the
subsequent limited overageing at these temperatures was controlled by the slow growth of
8’ particles. Measurements of 6 particle coarsening at 220° C suggested that the process
occurred by Ostwald ripening. In contrast, ageing at 130° C gave a series of hardness—
time plateaus, which were ascribed to the sequential precipitation of zones, 8" and 0’

precipitates.

1. Introduction

Although the complex aluminium precipitation
hardening alloy, of L70 type, and with compo-
sition Al 4% Cu 0.8% Si 0.8% Mg 0.7% Mn 0.5%
Fe*, finds considerable application, the precipitate
morphology associated with peak hardness in this
alloy has not previously been established. In this
paper the ageing behaviour at 130, 160, 190 and
220° C is discussed. The variation of hardness with
ageing time was measured and is correlated with
transmission electron microscope observations of
precipitate morphology.

2. Experimental procedure

The Al alloy, of composition shown in Table Lin
sheet form (thickness = 1.25mm), was solution
treated at S00° C for 2 h, and quenched in water at

TABLE I Composition of Al alloy

Element wt% Element wt %
Cu 4 Fe 0.5

Si 0.8 Ni 0.004
Mg 0.8 Al rest
Mn 0.7

*Wt. %

© 1976 Chapman and Hall Ltd. Printed in Great Britain.

room temperature. The quenched specimens were
then aged at 130, 160 and 190° C for various times
up to 1000h and the corresponding hardness
values (VHN), (the average of ten readings and
accurate to £ 5 VHN), were determined. Thin foils
were prepared from the aged specimens (and from
some specimens aged at 220° C) and examined in a
JEOL-JEM7 electron microscope.

3. Results

3.1. Hardness measurements

The hardness—ageing time graphs measured at 130,
160 and 190° C are shown in Fig. 1. At 130°C,
the hardness—ageing time graph exhibited four
hardness plateaus, at 128 VHN (after 15 h), at 135
VHN (after 40h), at 150 VHN (after 80 h) and at
the peak hardness of 162 VHN. In contrast, at
160°C peak hardness (163 VHN) was achieved
after 20 h and remained constant until 50 h. A pro-
nounced reduction in hardness occurred after
200h and a value of 135 VHN was measured after
1000 h. The ageing curve at 190° C was similar in
form to that at 160° C, but the time to reach peak
hardness (160 VHN) was only 13h and pro-
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Figure 1 Hardness (VHN) versus
ageing time at 130°C (+), 160°C

{2} and 190° C (0). (Note change in
scale at 100 h.)
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nounced softening started after 18 h, with a value
of 115 VHN after 100 h.

3.2. Precipitate morphology

3.2.1. Ageing at 130° C

The as-quenched specimens exhibited helical dis-
locations, numerous insoluble particles [1] and a
mottled background structure, such as shown in
Fig. 2. This structure persisted until an ageing time

Figure 2 Helical dislocations, insoluble particles and
mottled background in an asquenched specimen
(1 gm marker).

of 80h at 130°C, when 6" precipitate particles,
with extensive strain fields, were also resolved
(Fig. 3a) and faint (1 0 0) matrix spot streaking was
noted in the selected area diffraction patterns (Fig.
3b). The precipitate particles without extensive
strain fields, which can also be seen in Fig. 3a,
were probably 6’ precipitate particles, but 8’ preci-
tate diffraction spots were not definitely until
after 150h at 130°C, as shown in Fig. 4. The
associated streaking of ' diffraction spots in Fig.
4 indicates the presence of coherency strain, which

was retained for all the ageing times examined (up
to 504 h).
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Figure 3(a) 6" and ' precipitate particles (and some
insoluble particles) after 80h at 130° C (1 um marker).
(b). Diffraction pattern from (a) showing faint (100
matrix spot streaking.

Figure 4 o'

precipitate diffraction
pronounced streaking, after 150h at 130° C.

spots showing



No evidence of S’ or S precipitate (Al, CuMg)
was noted at any of the ageing temperatures
investigated.

3.2.2. Ageing at 160 and 190° C
The initial ageing sequence at 160 and 190°C
occurred more rapidly than at 130°C. At both
temperatures, the onset of (100) matrix spot
streaking (after 1h) was observed before 8" pre-
cipitate was resolved (after 2 h, as in Fig. 3a) while
the presence of 0’ precipitate diffraction spots
(with associated streaking) was noted after 3h
(Fig. 5b).

Further ageing increased the diameter of the 8’
precipitate (Figs. 6, 7), although the rate of in-
crease was small, and increased, and finally

decreased, the number of ' precipitate particles

per unit volume (Fig. 8). In these figures, the pre-

cipitate diameter (d) refers to the dimension of the
precipitate measured from a {001} foil surface,
while the number of particles per unit volume N,
was calculated from:

Na_
t+d

Ny = ¢y
where N4 is number of particles per unit area of a
{001} foil surface and ¢ is the foil thickness
(~ 3000 A). The number of 6" particles per unit
volume was a maximum after ~ 200h at 160° C
and ~ 80h at 190° C, while the diameter of 8" in-
creased from ~700A (3 to 45h) to ~950 A
(640h) at 160° C, as compared with an increase

Figure 5(a) 0’ precipitate particles, after 3h at 190°C (1 um marker). (b) Diffraction pattern from (a), showing

pronounced 6’ diffraction spot streaking.
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Figure 6 Histograms of 8’ particle diametex. after various
ageing times at 160° C.

3t 9h

R . 24h N
AV=700 A AV =775 A AV =850 A
0 [
50 |
4 |
30
20
10
Wi
(U] I L L. Il 1 —
= o1 2 3 o1 2 3|01 2 3
z
uj
o
& 72h 216h o 504h
a AV=890 A AV = I000 A AV ~1630 A

50

30

20

e Ean

01 23 101 23[01 23 4%
9" DIAMETER .10° (&)

Figure 7 Histograms of §' particle diameter after various
ageing times at 190° C.
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Figure 8 The variation of the number of 8’ Q 4
particles per unit volume with ageing time at Q 2
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from ~700& (34h) to ~1630A(504h) at
190° C. Some streaking through 6’ diffraction
spots was associated with all these conditions,
except for the 504h at 190° C ageing treatment,

3.2.3. Ageing at 220° C

For ageing times at 160 and 190° C at which the
increase in 8’ precipitate diameter is accompanied
by a decrease in the number of 8 particles per unit
volume, it would be expected that particle
coarsening occurs by the resolution of smaller par-
ticles and the growth of larger particles (Ostwald
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ripening). However, as the data in this region at
160 and 190° C were limited, the increase of §'
particle diameter with time was also investigated at
higher ageing temperature. At 220° C, the 0’ pre-
cipitate diameter increased from 880 A (after 1h)
to 2015 A (after 160 h), as shown in Fig. 9, while
the number of 8" particles per unit volume con-
tinuously decreased (Fig. 10). Even at this
temperature ' diffraction spot streaking was
observed after 240 h.

4. Discussion
It has been established that the peak hardness



produced by ageing at 160 and 190°C has ap-
proximately the same value and in each case is
correlated with the presence of 8’ precipitate.

At both temperatures, the peak hardness—time
plateau is associated with an average 6 diameter of
~ 700 A and a continuing increase in the number
of 8’ particles per unit volume (although with dif-
ferent absolute values at each temperature). At
160° C, the onset of a marked decrease in hardness
with time (at 200h) relates to an average 6’
diameter of 850 to 950 A and corresponds with
the maximum number of particles per unit
volume. A similar value of ' diameter (850 A) is
associated with the onset of overageing at 190° C,
although the number of particles per unit volume
is less that the maximum value. The limited pro-
gress of overageing at both 160 and 190° C results
from the measured slow growth rate of the 8’ par-
and the consequent retention of coherency strain.
The effects of 6’ particle diameter on hardness at
160 and 190°C are similar during overageing,
with, for example, a hardness of 133 VPN corre-
sponding to 640h at 160° C (8’ ~ 950 A) and 72h
at 190°C (8" ~ 890 A).

The rate of 0" particle coarsening at 220° C can
be evaluated in terms of the equation derived [2]
for Ostwald ripening of spheroidal particles, with,
for a given temperature and composition,

rP—ry = k(t—to)

(2

where r and r, are the mean 0’ particle radii at
time ¢ and #¢ (the onset of coarsening) and k is a
constant. As 0’ particles are disc-shaped rather
than spheroidal, it is assumed in using Equation 2
that the thickness increased at the same rate as the
radius. Taking to = 1h, a plot of (** —r3) versus
(¢ — t¢) exhibits a linear relationship (Fig. 11) and
confirms that at 220° C coarsening of 8" occurs by

1.10722 ()
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the resolution of the smaller particles and growth
of the larger particles. For comparison, the two
data points at 190° C, calculated on the basis that
to =72h are also plotted in Fig. 11.

In contrast to ageing at 160 and 190°C, the
peak hardness after ageing at 130° C was associ-
ated with a structure consisting of ' precipitate
and 0" precipitate, which produced an equivalent
value.

At 160 and 190°C, the appearance of (100}
matrix spot streaking (after 1 h), before that of 8"
precipitate (after 2h), may be correlated with the
presence of GPI zones. Hence the likely major
ageing sequence appears as:

supersaturated _ GPl1 N

6” '_)6’
solid solution zones

However, this sequence does not account for
the increase during the first hour of ageing at 160
and 190° C, while the first 80 h of ageing at 130°C
produced a considerable increase in hardness
without any (1 00) matrix spot streaking. This in-
crease in hardness at 130° C may be related to the
presence of GPB zones (Al-Cu—Mg) [3] which
produce smaller lattice strains than GPI zones, and
have been noted [4, 5] in both Al 2.5% Cu 1.2%
Mg and Al 2.5% Cu 1.2% Mg 0.24% Si. GPI and
GPB zones have been observed together in a
Cu—Mg alloy [3] with a Cu:Mg ratio of 7:1, but in
each case the zones were succeeded by 8" and 6’
precipitate or S’ and S (Al,CuMg) precipitate,
respectively. In the present study, no S’ precipitate
was observed, which on the basis of this previous
evidence, suggests that the GPB zones persist
throughout the ageing sequence, with ' precipi-
tate developing from either the limited number of
GPI zones or by direct nucleation. This point in
considered in detail elsewhere in the context of

440 Figure 11 Coarsening of 6 particles at 220° C

(o) and 190° C (0).
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quenching and room temperature ageing of this
alloy [6]. The variations in slope of the
time curve observed during the approach to peak
hardness at 130° C probably reflect the sequential
precipitation of zone(s) to 6" to 0', while the
rapidity of initial ageing at 160 and 190°C pre-
cludes any distinction between these intermediate
phases.

5. Conclusions
(1) The peak hardness produced by 160 and
190° C ageing is related to coherent 6’ precipitate
particles of ~ 700 A diameter, while at 130°C,
peak hardness is associated with a mixed structure
of 8" and 8" precipitate.

(2) The rate of 8’ particle coarsening is slow at
160 and 190° C and, at 220° C is associated with
Ostwald ripening.
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