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DSC and TEM characterizations of thermal stability
of an Al-Cu-\Mig-Ag alloy
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Assessment of long-term stability of an aluminium alloy exposed to elevated temperatures
is important in the design of lightweight aerospace structures. The manner in which
differential scanning calorimetry (DSC) and transmission electron microscopy (TEM) are
used together in monitoring microstructural evolution, and thereby assess phase stabilities
in an Al-5.1Cu-0.8 Mg-0.5 Ag-0.7 Mn-0.13 Zr (wt %) alloy, are described. DSC thermograms
of the alloy, spanning room temperature to 400 °C, revealed the presence of two endotherms
and an exotherm. TEM investigation has identified these thermal events to be associated
with Q, S, and 0" precipitates. Quantitative TEM was used to measure diameter, thickness,
number density, and volume fraction of the precipitates in the alloy exposed at 135 °C for
times as long as 3000 h. The quantitative TEM results are correlated with the DSC signatures
relating to precipitation, dissolution, and coarsening reactions affecting the Q, S’, and ¢’

precipitates in the exposed alloy.

1. Introduction
Additions of small amounts of silver (~0.1 at %) to
Al-Cu—Mg alloys effect significant enhancement of
mechanical properties and thermal stability above
100 °C, through formation of the Q phase [1, 2]. The
Q precipitates in silver containing Al-Cu—Mg alloys,
with a composition close to Al,Cu, nucleate and grow
on matrix {111} planes and exhibit a hexagonal plate
morphology [3]. The Q phase (unit cell parameters
a=0496nm, b=0.859nm, c¢=0.848 nm; space
group: Fmmm) is coherent with {111} habit planes
and has a misfit of — 9.3% normal to the plane [4].
The Q phase has also been described as a {111}
variant of the equilibrium 6 (Al,Cu) phase, with
a slightly lower solvus temperature [5]. The domi-
nance of either Q or ' (Al,Cu) formation is dictated by
the Cu/Mg ratio in the alloy [6]. While a relatively
low value of the ratio (~6) favours Q, a high value
(~10) favours 0’ [6, 7]. In addition, S’ (Al,CuMg) and
a small amount of S (AlsCugMg,) may also be noticed
[8]. Relative stabilities of Q and 0" are also affected by
coldwork prior to ageing [9]. Coldwork undermines
Q precipitation, while at the same time favouring 6’
formation. Thermal stability of the Q phase in
Al-Cu—-Mg-Ag alloys with relatively high Cu/Mg ra-
tios (~13-14), and aged at high temperatures
(200-300°C) was reported recently by Ringer et al.
[10].

Based on the beneficial effects of silver in
Al-Cu—Mg alloys, Alcoa has recently designed an
Al-5.1Cu-0.8Mg-0.5Ag-0.7Mn-0.13Zr (wt %) alloy

to be a candidate high-temperature material. Applica-
tions envisage long-term thermal exposure (several
tens of thousands of hours) at temperatures as high as
~135°C. The long-term exposure to which this alloy
may be subjected can significantly alter the relative
distributions of Q, S, and 0" phases, and hence affect
the thermal stability of the alloy. A comprehensive
identification of phase transitions in the range room
temperature—550 °C has been reported for the alloy in
a companion study [11]. The present investigation
purports to evaluate the long-term thermal stability of
the alloy exposed at 107 and 135 °C for times as long
as 3000 h, using DSC and TEM analyses.

2. Experimental procedure

The Al-5.1Cu-0.8Mg—0.5Ag-0.7Mn—-0.13Zr (wt %)
alloy, produced by Alcoa in the form of 2.3 mm thick
sheet, was heat treated to a commercial T8 temper
(5% stretch after solution treatment, followed by age-
ing at 160 °C for 16 h). Alloy sheets in the T8 temper
were further exposed in air for times up to 3000 h each
at 107 and 135°C.

DSC: thermograms spanning room temperature—
400°C were obtained for the T8 and the variously
exposed samples (DSC specimens 3.5mm x 3.5mm,
2.3 mm thick and weight of ~80mg) were obtained in
flowing dry nitrogen, using a TA Instruments 2910
DSC apparatus. A pure aluminum disc of approxim-
ately the same mass as a DSC specimen, was used as
the reference.
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TEM: a Philips EM 420 operating at 120kV and
equipped with a Kevex energy dispersive analyser,
was used for microstructural characterization. TEM
foils were prepared by electrolytic jet polishing,
with a 70% methanol +30% HNO; bath at — 30°C
and 12'V.

Length, L(Q), L(S'), and thickness, t(Q) ¢(S'),
measurements of the Q and S’ phases (approximately
200 precipitates each) were made in the {112, dark-
field (DF) images, because the precipitates are edge-on
in this orientation. Calibrated values at nominal
TEM magnifications of x 86000 and x 300000 were
employed for measurements of L and t, respectively.
The number density of precipitate per unit volume,
Ny, was computed from a formula given by Hilliard

[12].
Ny = 1/to[ Py — P1/2to + PPy + (nP7/16] (1)

where t, is the foil thickness (estimated to be in the
range of 90-100 nm), P, the area point count, Py the
line intercept count, and Pp the point count. Volume
fractions V; (Q) and V; (S'), of Q and S', respectively,
were computed as follows. V; is the volume of one
precipitate x number of precipitate variants x Ny for
one precipitate variant. The number of precipitate
varaints for Q and S, are respectively, 4 and 12.
A hexagonal plate morphology for Q, and a cylindrical
shape for S were assumed in the computations.

3. Results and discussion

The processes occurring during the course of a ther-
mal exposure may be identified as: precipitation of
additional volume fractions of precipitates through
fresh nucleation or growth of existing precipitates;
progressive dissolution of precipitates; on-going
coarsening of precipitates; and precipitation of new
phases. Some or all of these processes may run concur-
rently at various time periods within an exposure. In
the present study, these processes are sought to be
monitored in post-exposure samples using the DSC
and TEM techniques. It was recognized at the outset
that thermal events in a DSC thermogram that are
critical to the alloy stability vis-a-vis Q, S, and €’
precipitate morphologies, occur mostly in the room
temperature—300 °C temperature range. On the other
hand, the various thermal events in the 300-550°C
range merely aid a general understanding of the
microstructural evolution at higher temperatures
[11]. With this in mind, DSC scans in the present
study span only a limited range of room temper-
ature—400 °C. The rationale for selection of 107 and
135°C as the exposure temperatures is as follows.
Close to 107°C is a temperature that corresponds to
maximal aerodynamic heating in certain applications
[13]. Exposures at 135°C, which is midway between
107°C and the T8 ageing temperature of 163 °C, are
expected to yield data relating to an accelerated degra-
dation of alloy stability. While the DSC data were
gathered for both 107 and 135 °C exposures, the TEM
analysis of precipitate morphologies was done for only
the 135°C exposures.
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Figure 1 Schematic representation of the DSC thermogram for the
T8 condition.

3.1. DSC

Fig. 1 is a schematic representation of a typical DSC
thermogram for the T8 condition. The two en-
dotherms and the exotherm, occurring in the room
temperature—400 °C range are identified therein [11].
The lower temperature endotherm relates dominantly
to the dissolution of Q. However, near the apparent
end of this endotherm, precipitation of both S’ and 6’
is initiated, thereby resulting in a strong exotherm.
Embedded also in this exotherm is a heat effect due to
an on-going dissolution of residual Q. The higher
temperature endotherm accounts for dissolution of S,
coarsening of 6, and dissolution of residual Q. Because
more than one process characterizes both the endo-
therm and the exotherm, these two thermal events
are therefore not ideal candidates for a Johnson—
Mehl-Avrami (JMA) type kinetics analysis to be per-
formed on them. Besides, deconvolution of individual
endothermic and exothermic heat effects was not
attempted in the present study. Nevertheless, mean-
ingful information that complements the TEM char-
acterization of precipitate evolution in the alloy, can
be gleaned from such a thermogram. For example, the
area under the curve, Apgc, peak temperature, Thp,
full-width at half-maximum, FWHM, in a dissolu-
tion/precipitation peak are relatable to volume frac-
tion, average precipitate size, and precipitate-size
distribution, respectively [14].

Fig. 2 is a compilation of thermograms for the T8,
and the variously exposed conditions. Values of Apgc
and T’ of the Q dissolution endotherms, gleaned from
Fig. 2 are presented in Fig. 3. The following observa-
tions and inferences may be made with reference to
Figs 2 and 3.

(i) Judging from the Apgc of the Q dissolution en-
dotherm, the 1000 and 3000 h exposures at 107 °C, and
the 1000 h exposure at 135 °C, account for a nearly
55% increase in additional precipitation. This implies
that the as-received T8 condition has extra super-
saturation which is relieved during these exposures.

(i) The (8" + S) precipitation exotherms for the
107°C exposures are essentially the same for both
1000 and 3000 h. This suggests that the 107°C
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Figure 2 Differential heat capacity of the Al-Cu-Mg-Ag alloy for
various thermal exposures. Scanning rate = 20 °C min~'.
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Figure 3 ([0) Tp and (<) Apsc of the dissolution endotherm for the
135°C exposures as a function of exposure time.

exposures yield microstructures which have very near-
ly constant volume fractions for S’ and 6’ phases. In
contrast, the corresponding exotherm for the
135°C/1000 h exposure has a smaller Apgc. Also, for

the 135°C/3000 h exposure, the (0" + S’) precipitation
exotherm has apparently disappeared. The smaller
Apsc for this exotherm or its disappearance in a ther-
mogram, implies a corresponding increase in the vol-
ume fractions of 6" and S’ in the microstructures for
the 135 °C exposures. Conversely, during a DSC scan,
part of this 8" + S’ dissolves and contributes an addi-
tional endothermic heat into the Apgc of the ostensible
Q dissolution endotherm.

(ii1) Increases in Tp are relatable to significant in-
creases in precipitate size brought about either by
growth (precipitate lengthening) or coarsening (pre-
cipitate thickening). While growth involves increase in
volume fraction; coarsening may accompany in-
crease/decrease/constancy of volume fraction. Al-
though, in general, it is not possible a priori to assign
T solely to either L or ¢ of a precipitate, it is neverthe-
less meaningful to regard Tp as being a measure of
average particle size. In light of this DSC-related ob-
servation, a definitive corroboration must be sought
from the TEM characterization of precipitates.

3.2. TEM

The strengthening precipitates involved in the expo-
sure-related modifications of the alloy microstructure
are Q, S, and 0. Fig. 4 shows DF images of the
precipitates for the T8 and 1000 and 3000 h exposures
at 135°C. Precipitate size, morphology, number den-
sity, and volume fraction can be quantified using
stereological procedures. Only the Q and S’ phases
were subjected to a quantitative analysis.

Fig. 5 is a plot of precipitate-size variation with
exposure time at 135°C for the 0" and S’ phases. The
corresponding aspect ratio (L/t) variations are plotted
in Fig. 6. The following observations may be made
from Figs 5 and 6. (i) L increases in the 0—1000h
duration, for both Q and S’, the increase being steeper
for Q than for S". Beyond 1000 h, L decreases for both
the precipitates. In contrast, ¢ increases monotonically
over the entire 0-3000h duration for both Q and S’,
resulting in similar variations for the L/t ratio with

Figure 4 {112}, DF images: (a) T8, dominantly Q; (b) 135°C/1000h, Q + S’; (c) 135°C/3000h, coarsened Q + S".
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Figure 5 Precipitate size (((J, ¢) L and (M, @) t) as a function of
exposure time at 135°C: ([J, H) Q, (C, ) S'.
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Figure 6 L/t ratio of the precipitates as a function of exposure time
at 135°C: (O) Q, (¢) §S'.

exposure as for L. (ii) Increases in Tp (see Fig. 3)
correlate well with increases in t for the precipitates.

The number density, Nv, of the Q and S’ precipitates
for the 135°C exposures, are shown in Fig. 7. Ny(Q)
decreases monotonically from an initial value of
32x102?mm ®* (in the T8 condition) to
5.8 x 10'>mm ~? by the end of 3000h. Ny(S'), on the
other hand, increases from an initial value of
83x102mm 3 to 16.8x 10*2mm™3 at the end of
1000 h; thereafter, it decreases to 4.3 x 102mm™? at
the end of 3000 h.

Volume fractions, V¢(Q) and V¢(S) are shown in
Fig. 8. V¢(Q) increases from an initial value of 3.8% (in
the T8 condition) to 5.9% by the end of 1000 h; there-
after it decreases steeply to ~1.4% at the end of
3000 h. V¢(S') increases from an initial value of 0.16%
to 1.2% for the 1000 h exposure, and decreases grad-
vally to ~0.7% for the 3000 h exposure.

Based on the TEM results presented above, the
following observations and inferences may be made
with regard to precipitate evolution in the 135°C
exposures.
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Figure 8 () V(Q) and (4) V(S') as a function of exposure time at
135°C.

3.2.1. 1000h

(i) The exposure results in additional precipitation,
implying the T8 condition has significant level of
supersaturation to begin with (see V(Q) and V(S
variations in Fig. 8).

(i) The additional precipitation manifests domi-
nantly in terms of the growth of Q (see #({2) variation
in Fig. 5).

(ii1) Increases in L(S') and Ny (S'), albeit mild (see
Figs 5 and 7), imply that V;(S’) increases through both
precipitate growth, and fresh nucleation.

(iv) The decrease in Ny(Q), despite the increases in
L(Q) and V(Q), suggests that the Q phase also experi-
ences coarsening during the exposure.

3.2.2. 3000h

(1) The large reduction in V(Q), through dissolution
in the matrix, indicates that the Q phase is unstable in
an extended exposure application. Accompanying
this, is also a substantial coarsening of the phase, as
suggested by steep decreases in Ny(Q) and the aspect



ratio. Appreciable increase in T of the Q dissolution
endotherm (see Fig. 3), independently attests to the
precipitate coarsening effect of the exposures.

(i) The S’ phase is subjected primarily to coarse-
ning, although a mild reduction in V(S’) is also ex-
perienced.

(iii) The TEM results show that the sum of V(Q)
and V(S is ~2.5% for the 3000 h exposure, as op-
posed to ~7% for the 1000 h exposure. In contrast to
this, Fig. 3 shows that Apgc (3000 h) > Apge (1000 h),
for the ostensible Q dissolution endotherm. Corres-
pondingly, the 6" + S” exotherm (see Fig. 2) has appar-
ently disappeared for the 3000 h exposure, while it is
still prominent for the 1000 h exposure. As has been
explained in the DSC section above, loss of the
(0" + S’) exotherm implies the presence of copious
amounts of 0 in the 3000 h exposure microstructure.
The reduction in V(Q) through dissolution, then,
must account for the increased presence of 6. The
{001)4, DF image in Fig. 9, indicating a strong
presence of 6, shows this to be indeed true.

3.3. Overall view of the Q and 6" evolution

The Al-5.1Cu-0.8Mg—-0.5Ag—0.7Mn—-0.13Zr (wt %)
was designed, with the aim of producing Q as the
dominant strengthening precipitate after ageing at
163 °C for 16 h during a commercial T8 treatment. The
TEM data in the present study support this premise.
Once the alloy in the T8 condition is exposed to
135°C for durations as long as 3000 h, however, ther-
mal stability of the Q phase is called into question.
Both DSC and TEM results indicate that the 135°C
exposures cause copious precipitation of ', at the
expense of Q. For the 107 °C exposures, in contrast,
the DSC thermograms (see Fig. 2) indicate that 6’
precipitation does not occur appreciably even at the
end of the 3000 h. These ideas may be incorporated
into a schematic time-temperature—transformation
(TTT) diagram shown in Fig. 10. The temperatures of
phase stability for Q and 6’ shown therein are from the
room temperature—550°C DSC thermogram for the
alloy [11]. The T8 ageing temperature of 163 °C, and
the exposure temperatures of 107 and 135 °C, are also
indicated. In such a plot, the relative positions of the
Q and the 6’ formation curves are expected to change
significantly as a function the Cu/Mg ratio in the alloy
[6, 7]. This means that when the Cu/Mg ratio is high
( >10), formation of 0" is favoured rather than Q. The
above TTT diagram also helps make a qualitative
selection of exposure temperatures and times, in ob-
taining a Q microstructure without 8’. From an ap-
plications point of view, the lack of thermal stability
for Q during an extended exposure at the intended
service temperature would be undesirable. Ringer
et al’s [10] work suggests that the stability of Q might
be easy to ensure at ageing temperatures below 200 °C.
The present study, however, indicates that for the
composition considered, significant modifications to
Q are wrought by a 3000 h exposure even at 135°C.
One factor possibly contributing to the relative insta-
bility of Q in the present alloy, is the 6% deformation
to which the alloy was subjected during a commercial

Figure 9 (1004, DF image for the 135 °C/3000 h exposure, show-
ing ' precipitates.
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Figure 10 Schematic TTT diagram of Q and 0’ formation in the
Al-Cu-Mg-Ag alloy.

T8 treatment. That 0" precipitation occurs at the ex-
pense of Q in AI-Cu—Mg—Ag alloys when these alloys
are cold worked prior to ageing, was reported recently
[9]. In the light of this observation, it may be appro-
priate to assess long-term stability of , in alloys that
have not been cold worked subsequent to quenching
from the solution heat-treatment temperature.

4. Conclusions

DSC and TEM characterizations of the Al-5.1Cu-—
0.8Mg-0.5Ag-0.7Mn-0.13Zr (wt %) alloy, subjected
to long-term exposures indicate the following points.

1. The initial microstructure in the unexposed T8
condition is dominantly Q. The T8 condition has
substantial supersaturation, however. During the
1000 h exposures at 107 and 135 °C, this supersatura-
tion is relieved through precipitation of additional
Q (major phase) and S’ (minor phase).

2. The thermal stability of Q is undermined by
a 135°C/3000h exposure, which results in a drastic
reduction in volume fraction of Q through dissolution
and appreciable precipitation of 8 in the microstruc-
ture. In the process, the volume fraction of S" which is
relatively low, remains substantially unaltered. In con-
trast, the 107 °C/3000 h exposure yields a microstructure
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without loss of Q (as indicated by near constancy of
the Apgc for the S” + 0" exotherm).

3. Inrelation to morphological changesin Q and S,
it is the growth process that distinguishes the early
part of the exposures (the initial 1000 h). During the
latter part of the exposures (~1000-3000 h), however,
it is the particle coarsening that predominates.
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