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Precipitation in 339 and 2124 aluminum: A caveat
for calorimetry

G. W. SMITH, W. J. BAXTER, R. K. MISHRA
General Motors Research and Development Center, Warren, Michigan, USA

The sequence of precipitation in solutionized (SOL) 2124 aluminum and direct-quenched
from the die (DQD) 339 aluminum has been identified by a combination of differential
scanning calorimetry (DSC) and transmission electron microscopy (TEM). Both alloys form
S’ (Al,CuMg) as the first precipitate after GP zone dissolution. In each alloy a second phase
forms at higher temperatures—Si for DQD 339 Al, ¢’ (CuAl,) for SOL 2124 Al. These results
illustrate two difficulties associated with the interpretation of calorimetric observations.

1) The S’ phase precipitates at a much higher temperature in 2124 Al than in 339 Al.
Calorimetric determinations of activation energies for GP zone dissolution and S’
precipitation suggest that the former is the rate-determining step for the latter. Since this or
similar effects can be expected to control precipitation rates in other alloys, a precipitate is
not uniquely identified simply by the DSC peak temperature. Accordingly, the literature
must be viewed with caution unless the precipitate assigned to a DSC peak is identified by
TEM. 2) As Si forms in DQD 339 aluminum, 40% of the S’ precipitate dissolves. In this
circumstance, where two calorimetrically opposed processes occur simultaneously,
activation energies determined by differential isothermal calorimetry are erroneous.

© 2000 Kluwer Academic Publishers

1. Introduction precipitation eventis manifested as an exothermic peak.
The dominant role of precipitate formation in determin- For a given heating rate, the peak temperature depends
ing the strength of aluminum alloys is well known. In- upon the precipitate species and/or the rate-controlling
deed, this factor has dictated the development of mangliffusion process. Precipitation kinetics can be deter-
commercial alloys, encompassing a wide range of alfined by various analyses [33-39] which relate the
loying elements and hence precipitate compositionspeak temperature to the temperature scan rate. Direct
This variety is compounded further by a choice of heatmeasurements of kinetics can also obtained from dif-
treatments, which for many alloys substantially affectsferential isothermal calorimetry (DIC) [31, 32].
the mechanical properties by virtue of changes in the A major difficulty with DSC is the identification
nature and/or distribution of the precipitates. Thus, arof the precipitate responsible for a specific exother-
essential key to understanding lies in characterizingnic peak. In this regard, a survey of the literature in-
precipitate composition, structure, and crystallographydicates that, in general, peaks in the range of 70 to
The latter factor defines the precipitate relationshipl50°C are associated with the formation of various
to the host aluminum lattice and hence its effective-GP zones whereas precipitation peaks lie between 200
ness in strengthening. In essence, the only unequivaand 500C [2-32]. Nevertheless, there have been dis-
cal evidence regarding these parameters is provided ggreements. As Oguocha and Yannacopoulos [28] point
transmission electron microscopy (TEM), in combina-out, the literature is not definitive regarding precipi-
tion with associated microanalytic techniques. How-tation peak temperatures because of such factors as
ever, these sophisticated methods are time consumirgyevious thermal history, material, and DSC heating
and not suitable for routine analysis. Furthermore, sincgate. For example, differences between powder met-
the volume of material which can be examined is ex-allurgy and ingot samples have resulted in shifts of
tremely small, the results may not always be represerpeak temperature in alloys 2219 and 6061 [6]. Chang-
tative of the overall alloy condition. ing the silicon content in AIMgSi alloys also affects

A simpler and more rapid measure of the precip-peak temperatures [29]. Sizable differences in various
itation process is provided by differential scanning-phase (MgSi) precipitation peak temperatures in al-
calorimetry (DSC). This technique uses a larger speciloy 6061 have been measured by numerous workers
men (~100 mg) and so provides a more representativgll, 13-15, 19, 20, 24]. Finally, in solutionized alloy
macroscopic view. Calorimetry has been applied to in-2124 Papazian [6] and Thomas and King [25] detected
vestigations of a range of aluminum alloys [1-32]. In only a single precipitation peak, which they ascribed to
a DSC experiment the rate of heat evolution (or abformation of metastable’ hase (AACuMg), whereas
sorption) is plotted as a function of temperature, and &mith [32] observed a close doublet associated with S
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ande’ (CuAly). Peak temperature inconsistencies could33, 37]. Identical samples were also measured in the
arise in two ways: (i) if nucleation is not homogeneousisothermal mode of the calorimeter (e.g., see Fig. 9) to
but is catalyzed by some extraneous agency, and (ii) ibbtain time constants of the exothermic processes. The
the assignments are not based upon the rigors of TENEmperature dependence of these time constants yields
correlations. Clearly it is dangerous to assign a givera separate measure of the activation energies [31, 32]
precipitate to a particular DSC peak based solely on dor comparison with the DSC results. These two meth-
comparison with the literature. ods of analysis are described in more detail below.
The present paper describes an unambiguous TEM

deniicaton o e precpiales espensbie 1 DSC23. Transmission lectron microscopy
quenched from the die (DQD), and 212;1 Al which hadSpeumgns for TEM were prgpared |n.the calorimeter
been solutionized and water-quenched (SOL). In addipy heating (at 20C/min) to either the first or second

tion, we have applied both DSC and DIC to Oletermineprecipitation peak, after which they were immediately

the kinetics parameters (time constants and a(:tivatioCOOIed and stored in the freezer. Four samples prepared

) ! . T . 1O} this manner (two each for DQD 339 and SOL 2124)
energies) associated with precipitation and dlssolut|or\1N$re thinned by mechanical polishing, followed by ion
il

processes in each alloy. These results demonstrate thr% ling. They were then examined in a Philips EM430
the interpretation of both DSC and DIC data is not aI'scanning transmission electron microscope operating

ways straightforward. at 300 kV and fitted with a Noran X-ray detector. The
precipitates were identified by selected area electron
diffraction (SAD), and X-ray microanalysis (XRM) for
multiple specimen orientations.

2. Experimental

2.1. Sample preparation

DQD 339 Al samples were cut from a casting which
had been quenched in water after removal from the die

and then stored in a freezer af74 °C prior to sam- 3. Results

ple preparation [40]. The 2124 samples were formed: 1. Differential scanning calorimetry

by powder metallurgy (PM) and subsequently solution-Typical DSC thermal spectra for DQD 339 and SOL
ized [32]. During fabrication of samples for the DSC 2124 aluminum ata heating rate of Z/min are shown
experiments’ precautions were taken to minimize expoi.n Flg 1. In each case several exotherms are visible. As
sure to ambient temperatures. The DQD 339 samplediscussed above, we can assign the low temperature
were removed from the freezer for three brief inter-exothermic peak to Guinier-Preston (GP) zone forma-
vals: (i) initial cutting to rods of square cross section;tion and the two peaks at higher temperature to pre-
(i) machining to cylinders with a diameter of 6 mm; Cipitation events. The existence of the GP zone peaks
and (ii) slicing discs 2 mm thick. After each step, the indicates that the samples had not been greatly affected
samples were returned to the freezer. Preparation of tHey their brief exposure to ambient temperatures during
SOL 2124 samples was simpler because all machiningP€cimen preparation. It is noteworthy that all peaks
was carried out prior to solution treatment. The samfor the 2124 alloy are much larger than those for 339
ples were solutionized at 498 for one hour, quenched Al, reflecting the differences in composition and ther-
in water, then immediately placed in the freezer. Bothmal history. The GP zone formation peaks for both al-
sets of samples remained in the freezer until one or twéPys are followed by endotherms which we attribute
minutes before the DSC experiments. The concentra© dissolution of the GP zones prior to the exothermic
tions of the alloying elements, copper, magnesium, an@recipitation processes. Each alloy exhibits two well
silicon, in each alloy are given in Table I.

- 28 -

2.2. Calorimetry
A Perkin-Elmer DSC7 calorimeter was operated in its
temperature-scanned mode to measure the temperatt
dependence of @/dt, the rate of heat absorption or  ,;, |soL2124 \\
emission by the sample [31, 32]. Such a plot has a bas« ‘\\ | j 0
line proportional to the specific heat of the sample withg 4 | \ ‘\l / 3
superimposed endothermic and exothermic peaks dL_‘E’ ‘\\ ! /’ £
to dissolution and precipitation_ respeptively (€.9., SEF 12 4 ap zone \\ / GP Zone ‘.l / -3 B
Fig. 1). The temperature at which a given peak occur™ Formation | ; Dissolufion , N e
. L . . L/ \S‘ formation _ | /
increases with increasing scan rate, from whichtheac g | v T -2
tivation energy was calculated by the Kissinger methoc DQD 339

4 - -1
TABLE | Concentration of primary alloying elements 0 Si formation I 0

— - 1 r r . T T T T T
Total concentration (wt %) 0 100 200 300
Sample Cu Mg Si Temperature (°C)
DQD 339 Al 1.04 0.99 ~12 Figure 1 Comparison of DSC scans (at20/min) for solutionized 2124
~ an Irect-quenched from the die aluminum. e temperature o

SOL 2124 Al 45 1.6 0.1 Alanddi hed f he die 339 alumi Th f

the S formation peak for 2124 is about 3& higher than that for 339.
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Figure 2 Transmission electron micrographs showing the precipitates in DSC samples of DQD 339 Al: a) after heating to pedk and44 after
heating to peak at 29%.

defined precipitation peaks, but none have a commot&00 nm long with an aspectratio larger than 10 (Fig. 2a).
peak temperature. The precipitates associated with eadihe precipitates are coherent with the Al matrix and

of these peaks are discussed in the next section. have a diffraction pattern characteristic of the ternary

S (Al,CuMg) phase [41]). No other precipitate phase
3.2. Precipitate identification is present so this peak clearly corresponds to the for-
3.2.1. DQD 339 aluminum mation of the Sphase.

The TEM results for DQD 339 Al have been reported The sample heated to the second DSC peak contains

previously [40]. Consequently, we shall briefly summa-two different phases: (i) rod-shapethases, and (ii)

rize those findings. spherical precipitates of Si[40] as seen in Fig. 2b. Thus
The sample heated to the first precipitation peakthe second DSC peak is attributed to formation of the Si

contains primarily thin rod-shaped precipitates abouphase. But note that the concentration ‘gbi®cipitates
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in Fig. 2b is smaller than that in Fig. 2a. In fact, whenthe second specimen (Fig. 2b) is about 60% of that
account is taken of the different thicknesses of thesén the first specimen (Fig. 2a). Thus the exothermic
two TEM specimens as determined by convergent bearprecipitation of the Si precipitate is accompanied by an
electron diffraction analysis, the concentration 6ffS  endothermic dissolution of some of theBecipitates.

Figure 3 Transmission electron micrographs showing the precipitates in DSC samples of SOL 2124 Al: a) after heating to pe&kai@84 after
heating to peak at 30€.
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3.2.2. SOL 2124 aluminum SOL 2124 Al. (As is well known, the peak intensity de-
Although the precipitates associated with the two peaksreases as scan rate is reduced.) The Kissinger equation
have been cited earlier [32], the TEM results on whichas modified by Mittemeijeet al. [37], is given by:
those assignments are based are reported here for the

first time. The identification of precipitates responsi- sz Eact Eact
ble for the first DSC precipitation peak is unambiguous 'n(g) = <(RT)) In(R—I@>’
since the sample heated to this peak contained dnly S P

precipitates, as illustrated by the micrograph in Fig. 3aW ereSis expressed in units of K/s (6€/s). Ecis an
The sample heated to the second DSC peak Coma'neeq!f]ective activation energyR s the gas constant, akg

n:)ttolnlty SNp:eCt'E't?t.est'tht also t';]he weII-krwtovxfi is the pre-exponential factor in the Arrhenius equation
platelets. Note that in this case the concentration of ) 1o rate constarkt:

the S precipitates is unchanged (cf. Fig. 3a and 3b).
-E
k= Koexp< a“). )

1)

3.3. Precipitation kinetics RT

3.3.1. Kissinger analyses of DSC spectra

The Kissinger method [33, 37] for deriving activation The reciprocal of the rate constant given by Equation 2
energies is based on the fact that the temperaiyref  is the Kissinger time constant [32].

a peak increases with increasing scan r&te,dT /dt, Let us now apply the Kissinger analysis to the vari-
as is illustrated in Figs 4 and 5 for DQD 339 Al and ous peaks observed for the two alloys in Figs 4 and 5.
For each peak we shall plot TF&/S) versus ¥ Ty, the
slope of which is proportional to the activation energy

s /;/ 4 (Equation 1). The resulting,; values for the various
1548312 o // /oy peaks are summarized in Table II.
T
PN / / o
18=28 PRV S 3.3.1.1. GP zoneissinger plots for the GP zone for-
— _ PN / % mation peaks are shown in Fig. 6. Although GP zone
|1S=5 — \\/ / =
% 10 4 T K formation occurs at lower temperaturesin SOL 2124 Al
= ls-1w0 - ., E than in DQD 339 Al, the activation energy for the
g :
—
© Precipitati %
5 recipration TABLE Il Activation energies (kJ/mol)
e sl 7 SOL 2124 Al DQD 339 Al
exotherm Dissolution Precipitate
% (T,=2146°C) % DissoFI’utior
i/ T 21030°C . T,=204.8°C DSC/ DSC/
. P Tp=2462°C—xs o Process Kissinger DIC Kissinger  DIC
v T T T T T
0 100 200 300 GP Zone Formation 723 76+1 59+1  —
Temperature (°C) GP Zone Dissolution 156 6 — 123+12 —
S Precipitation 1316 128+15 111+4 91+3
Figure 4 Plots of dQ/dt versus temperature for DQD 339 Al heated 6’ Precipitation 114£5 111+9 — —

at scan ratesS, ranging from 1.2 to 20C/min. The curves are shifted ~Si Precipitation — — 1165 50+3

vertically to avoid overlap.

50 Peak Temperature in °C

1 e 100 80 70 60 50 40
45 "'5'5-1'2_,«-- e - 6 1 | [ l

$=25 = ~ 7~ "L 330 GP zone formation
40 TN LT T s E,.=58.6 1.3kJ/mol
= \\, — / act
~_S;5\ P \\ y, e (140£ 03 kcaI/moI)\ ~ 5e+6
_ — -
35 \ J/ ~~ V Lg
TNy @ 15
< S$=10 — =
gt - Vo T =
£ v 2 P L 2016 ®
S\ / e £ x v
] \/ 5 £ £
% 20 Precipitation a N@a_ L 1e6 Q
15 GP Zone Precipitate |~ 4 T |- “a
B Dissolution Dissolution = =
(T,=238.4°C) = N
- ~ 5e+5
10 “exotherm T =2835°C o 13 - 2124 GP zone formation
5 i/ ’ \ E,.= 7332 25 ki/mole
] . (17.5 + 0.6 keal/mole)
. =T, =788°C 300.4°C
0 T T T T T T T 0 I 2e+5
o] 100 200 300 400 12 T T T T T T
2.6 27 2.8 29 3.0 3.1 3.2

Temperature (°C) 000/T. i K
51N

Figure 5 Plots of dQ/dt versus temperature for SOL 2124 Al heated
at scan rates$, ranging from 1.2 to 20C/min. The curves are shifted Figure 6 Kissinger plots for the exothermic peak due to GP zone forma-
vertically to avoid overlap. tionin DQD 339 Aland in SOL 2124 Al. The lines are fits of Equation 1.
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Peak Temperature (°C) 0.0 | Calotimster basetns 0.0
240 220 200 180
17 I ! I |
- 2e+7
2124 GP zone dissolution - -0.2
E,.= 149.5 = 6.3 kJ/mo
(35.7 = 1.5 keal/mol) b 1e+7 — H @
16 Z 154 =
H L . [o
c ; 0.4 o
—_ ~ 20 & exotherm £
— I~ 5e+6 ‘o S . ~
2 X 3 <
o ~— ey
o 15 - oS 25 F-06 O
<2}
LE’ e Spap a9 ©
- - 2046 -3.0 5
- -0.8
14 -3.5
- 1e+6
339 GP zone dissolution -4.0
E,.=123.1 + 11.7 kJ/mol T T T T T T T T T -1.0
(29.4 + 2.8 keal/mol) L 5045 0 20 40 60 80 100 120 140 160 180 200
13 T T T T T T . .
19 20 2.1 22 time (min)
-1
1000/TP(K ) Figure 9 Isothermal calorimetry curves of@)/dt versus time for pre-
9 y p

cipitation in DQD 339 Al and SOL 2124 Al at 23CC. As discussed in
Figure 7 Kissinger plots for the endothermic peak due to GP zone dis-the text, the decaying portion of each curve is fit well by the sum of two
solution in DQD 339 Al and in SOL 2124 Al. The lines are fits of exponentials with time constants andrs.
Equation 1.

Peak Temperature in °C a_ctlv.?tlontlenerg%Ifortﬁpre_mplsteg:i)nz ir; 4DQD 339 |sh t
80 260 240 220 200 significantly smaller than in , & somewha

17 [ L l ! surprising result.
- 2e+7

2124 §’ precipitation
E,= 131.1 £ 5.9 ki/mol

{31.3 £ 1.4 keal/mol)

3.3.1.3. Si and’ precipitation. For the sake of com-

- Te+7 pleteness we include in Table Il kinetics results for the
high temperature peaks in the two alloys (Si in DQD
339 Al and®’ in SOL 2124). Kissinger plots yield
Eact= 116+ 5 kJ/mol for the Si peak in DQD 339 Al,
and 113+ 6 kJ/mol for thed’ peak in SOL 2124 Al.

- 5e+6

15

T.2/S in K-s

- 2e+6

In(T,%/S in K-s)

3.3.2. Analysis of DIC curves
- 1e+d The DIC technique is illustrated in Fig. 9 wher@ddt,
the rate of heat evolution, during precipitation at 280
L 5645 is plotted versus time for both alloys. It is apparent that
precipitation occurs in DQD 339 Al much more rapidly
than in SOL 2124 Al. Also, two processes are occur-
ring in each case, one fast and one slow, presumably
Figure 8 Kissinger plots for the ‘Sprecipitation peak in DQD 339 Al corresponding to the two precipitation events described
and in SOL 2124 Al. The lines are fits of Equation 1. above. We have applied the 2-exponential analysis tech-
nique [31, 32], wherein the decaying portion of the

former is slightly larger than for the latter. Similar plots curves are represented by

for the GP zone dissolution endotherms are shown in 49

Fig. 7. Again we see thd, for 339 Al is lower than _ —t —t

the value for 2124 Al and that the dissolution process o eXp(f_1> — o2 eXp<f_2>' @)

is faster for 339 Al. These differences in kinetics for

both formation and dissolution show that the GP zone®\rrhenius plots of the time constantsandz, for pre-

in the two alloys are distinctly different. cipitation in each alloy are shown in Figs 10 and 11. In
each case the fast process) (s taken to correspond to

3.3.1.2. Sprecipitation peaksThe application of the the lowtemperature DSC peak, i.ép®ecipitation, and

Kissinger analysis requires that,, the fraction of the activation energies are compared with the Kissinger

species transformed at the peak temperature, should besults in Table Il. While the results for SOL 2124 are

independent of scan rate [27]. Thus the method must b good agreement (as previously reported in reference

applied cautiously to doublet peaks, like those of Figs 432], the DIC value for DQD 339 Al is almost 20%

and 5, since this constrain ofy, may be only partially  lower than that derived from DSC.

satisfied. However, as indicated in reference 32, the de- In SOL 2124 Al the slower process,] is taken to

rived values ofE; can still be regarded as fairly good correspond t@’ precipitation, and in fact the value of

approximations. Applying the analysis to thepgaks Eactfrom DIC (Fig. 11) is in excellent agreement with

of Figs 4 and 5, we obtain the precipitation time con-that from DSC (Table Il). However, in the case of DQD

stants shown in Fig. 8 for the two alloys. Clearly the Al 339, the activation energy calculated fragis only

14

339 S” precipitation
E,= 111.0 + 3.8 kl/mol

(26.5 = 0.9 keal/mol)

13 T T T T
1.8 1.9 2.0 241

1000/T, in K

3876



Temperature (°C) per or magnesium atoms. An obvious candidate is the
240 220 200 180 dissolution of the previously formed GP zones. These
not only formed at different temperatures in the two
alloys, but more importantly, dissolved at substantially
different temperatures as evidenced by the endotherms
in Fig. 1. Thus it appears that the formation of tHe S
phase awaits GP zone dissolution, and it is the latter
process which is the rate-limiting step controlling the
kinetics of S formation.

Further support for the above conclusion is provided
by the activation energies calculated from the Kissinger
- 10 analysis (Table II). In the case of DQD 339 Al, the
activation energy for Sormation agrees with that for
o GP zone dissolution. In SOL 2124 Al the activation
energy for GP zone dissolution is 14% larger than that
for S formation. However, it should be noted that in

19 20 21 20 23 this case the close proximity of the GP zone dissolution
1000/T (K™) endotherm to the’Precipitation peak may conflict with
the constraint onX,, required for the validity of the
Figure 10 Arrhenius plotof precipitation time constants for DQD AI339  Kissinger analysis, thus producing a systematic error in
derived from isothermal curves like that of Fig. 9. The fast precipitation the calculated values &, Nevertheless, itis evident
process (%) is 'assogia}teql with the formation of thé thase, the slow that the activation energy for :Brecipitation in SOL
one f2) with Si precipitation. 2124 Al is~16% larger than that in DQD 339 Al just
as the activation energy for GP zone dissolutionin SOL
ZBOTemPeratUzZ% 0 2124 Al is~20% larger than in DQD 339 Al.

10 ! ! ! Atthis pointitis appropriate to compare the values of
activation energy derived from the DSC/Kissinger anal-
ysis with those calculated from the DIC time constants
- 5000 (Table II). As noted previously [32], in the case of SOL
2124 Al, the values obtained by the two techniques are
in excellent agreement for GP zoné, &d6’ forma-

- 1000 tion. But for DQD 339 Al the DIC values of activation
energy are smaller than those obtained from the DSC
analysis, particularly for Si precipitation where the DIC
L 200 activation energy is 60% smaller than the DSC value.
| 100 We attribute this large discrepancy to the fact that the
E 212771154 Klimole measured evolution of heat is actually the sum of two
' 05+ 36kealinoe) | simultaneous processes, namely the exothermic precip-
3 : , ] ] itation of Si and the endothermic dissolution df &s
1.85 1.90 1.95 2.00 2.05 evidenced by the TEM micrographs in Fig. 2. Such a
1000/T (K™ conflict does not occur in SOL 2124 Al where the S
precipitates remain unchanged during the formation of
Figure 1; Arrheniu_s plot of precipitat?on time co_nstants for SOL A.I ¢’ (Fig. 3), and the activation energies obtained from the
_212_4 derived from'|sotherr_nal curves like that of Fig. 9. The fast preC|p-DSC and DIC techniques are in excellent agreement.
itation process1}) is associated with the formation of théhase, the AL 7
slow one ¢2) with 6 phase formation. Thus, for the precipitation of Si in DQD 339 Al the
correct value of activation energy is in question. A de-

about half that obtained from the Kissinger analysis ofi@iled analysis of the effect of two simultaneous calori-
the Si precipitation peak. metrically opposed processes on the derived values of

Finally we include in Table Il the DIC result for GP Eact i obviously beyond the scope of this paper. But

zone formation [32], which is in good agreement with e note the following:
the DSC/Kissinger analysis.

E,=49.8 + 2.5 kJ/mol
(11.9 £ 0.6 keal/mol)

50

T(s)

E,o= 91.3 £ 2.5 kJ/mol
(21.8 + 0.6 kecal/mol)

E,

o= 111.3 + 8.8 kJimole T,

(26.6 = 2.1 kcal/mole)

In(t)
T(8)

i) The DIC value of activation energy is unusually

4. Discussion small, whereas the DSC value is comparable to those
The combined DSC/TEM studies have clearly shownof all the other processes listed in Table II.
that the temperature of thé Seak in SOL 2124 Al is i) The superposition of an exothermic and an

much higher than that in DQD 339 Al. Furthermore, endothermic process will result in a DIC time constant
the activation energ\E,c, for S precipitation in SOL  which is some combination of that associated with each
2124 Al (~130 kJ/mol) is correspondingly higher than process, i.e. the measured time constant and the calcu-
in DQD 339 Al (about 91 to 113 kJ/mol). This dispar- lated activation energy will be substantially different
ity indicates that the kinetics are not controlled by anfrom that for Si precipitation.

intrinsic process unique to rmation, but rather by iii) During a DSC experiment, the major effect of a
another process controlling the source of either the copsimultaneous endotherm will be to reduce the observed
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magnitude of the precipitation exotherm, with only a stability at 320°C as#’ forms in SOL 2124 Al. Inter-
minor shift in peak temperature and thereby the calcudependencies between various processes of dissolution
lated activation energy. and precipitation severely complicate the interpretation
of calorimetric data. In fact, this study demonstrates that
For these reasons we believe that for Si precipitatiorthe correct interpretation can only be achieved on the
in DQD 339 Al the DSC value of activation energy is basis of direct observations with TEM.
reasonably valid, whereas the DIC value is incorrect. It is to be expected that similar complications will
On this basis, the precipitation of Si andi8 DQD  occur for other precipitate species, depending upon the
339 Al andd’ in 2124 Al are all controlled by the same alloy composition and its thermal history. For example,
activation energy, namely 111 to 116 KJ/mole. This cor-we have shown [40] that in SOL 339 A’ (Mg.Si)
responds to the almost identical value of the activatiorprecipitates form at-240°C (for S=20°C/min), i.e.,
energies for the diffusion of Cu, Siand the self-diffusion almost the same temperature as thgesk in DQD 339
of Aluminum [42, 43]. Al (247°C). Butin 6061 Al thes’ DSC peak is delayed
The behavior of the’$recipitate in these two alloys until ~300°C [19, 20]. Again we see the danger of as-
provides an interesting contrast with important impli- signing precipitates to DSC peaks solely on the basis
cations for the interpretation of calorimetry in general.of literature comparisons without TEM corroboration.
In SOL 2124 Al S precipitates at a much higher tem- We have reviewed the literature in this regard and sum-
perature than in DQD 339 Al which we attribute to the marized our findings in Table 11l. One obvious discrep-
differentdissolution kinetics of the preceding GP zonesancy concerns the DSC peak-a290°C in SOL 339
Similarly, the partial dissolution of’&t 290°C as Si  Al, which was recently attributed {& by Baret al.[44]
forms in DQD 339 Al (Fig. 2) contrasts with its total on the basis of TEM examination of samples stored at

TABLE Il DSC peak temperatures and precipitate assignments for aluminum alloys caveat: For reasons discussed in the text many of the
assignments may be incorrect

Composition (wt. %) Scan Ppt.
SOLT Peak T  Rate Assignment
Precipitate Alloy {C) Cu Mg Si Minor Species °C) (°C/min) Method Reference
CuAly (9”,6") Al/Cu 520 3.98 0.08 0.07 185,250 5 TEM Kim [22]
CuAly (9") 2219 PM 535 (6.3) (Mn) 300 10 [lit] Papazian [5]
2219 ingot 535 (6.3) (Mn) 279 10 [lit] Papazian [5]
2014 490 457 042 0.66 Fe,Mn,Zn 285 10 TEM Dutta [23]
2024 490 425 1.3 Fe, Mn 286 20 SEM Badini [27]
2124 490 4.5 1.6 0.1 309 20 DSC/TEM Present work
CuAl; (0', 6) Al/Cu/Mg/Si 495 3.47 096 20.2 ~300 10 XRD Starink [17]
Al/Cu 520 1.66 0.01 365 20 XRD Starink [21]
Al,CuMg (S) 5182+ Cu 540 1.08 436 0.15 ~300 5 TEM Ratchev [26]
Al/Cu/Mg 505 153 0.79 ~325 10 [lit] Jena[7]
2124 505 4.4) (1.5) (Mn) 265 10 [lit] Thomas [25]
2124 PM 520 4.4 (@15) (Mn) 263 10 [lit] Papazian [5]
2124 ingot 520 4.4 (@@5) (Mn) 268 10 [lit] Papazian [5]
2124 495 45 1.6 0.1 284 20 DSC/ITEM Present work
2024 490 425 1.3 Fe, Mn 306 20 SEM Badini [27]
2618 500 21 1.3 0.03 ~300 20 [lit] Zahra [12]
339 DQD — 1.04 099 ~12 Ni, Fe,Mn,Zn 246 20 DSCI/TEM Present work
Mg2Si (8”) 357 540 0.57 6.97 Sr,Ti ~250 20 [lif] Garcia [24]
6061 540 029 105 0.62 Fe,Cr,Mn,Ti 264 20 [lit] Garcia [24]
6061 PM 530 (.28) (1) (0.6) (Cr) 230 10 [lif] (tentative) Papazian [5]
6061 ingot 530 (.28) (1) (0.6) (Cr) 239 10 [lif] (tentative) Papazian [5]
6061 540 (.28) (1) (0.6) (Cr) 242 10 DSC/ITEM Dutta [20]
Mg2Si (8) Al/Mg/Si 550 0.95 0.85 Zr,Mn ~255 10 DSCI/TEM Zhen [29]
357 540 0.57 6.97 Sr,Ti ~307 20 [lif] Garcia [24]
6061 529 0.18 084 0.65 Zn 256 20 [lit] Badini [11, 13-15]
6061 540 029 105 062 Fe Cr,Mn T 315 20 [lit] Garcia [24]
6061 PM 530 (.28) (1) (0.6) (Cr) 285 10 [lit] (tentative) Papazian [5]
6061 ingot 530 (.28) (1) (0.6) (Cr) 289 10 [lif] (tentative) Papazian [5]
6061 540 024 085 0.63 Fe,Cr,Mn 299 10 TEM Dutta [19]
6061 540 (.28) (1) (0.6) (Cr) 292 10 DSC/ITEM Dutta [20]
339 510 1.01 0.78~12 Ni,Fe,Mn,Zn 240 20 DSC/TEM Mishra [40]
Al/Mg/Cu/Si 480 1) 1) (12)  Ni¢1%) 290 40 DSC Bar[44]
Mg.Si (8) 6061 529 0.18 084 0.65 Zn 305 20 [lit] Badini [11, 13-15]
6061 540 029 105 0.62 Fe,Cr, Mn, Ti~452 20 ] Garcia [24]
6061 540 024 085 0.63 Fe,Cr,Mn 497 10 DSC/TEM Dutta [19, 20]
Al/Mg/Si 550 0.95 0.85 Zr,Mn ~450 10 DSCI/TEM Zhen [29]
AlsCuMgsSis (Q) Al/Cu/Mg/Si 495 347 096 20.2 238 20 XRD Starink [17]
Si 339 DQD — 1.04 099 ~12 Ni, Fe, Mn,Zn 295 20 DSCI/ITEM Mishra [40]

Notes: Increasing scan rate (e.g. from 10 to'@0min) increases peak temperatureby5°C (see, for example, Figs 4 and 5). SOL T: solutionizing
temperature. DQD: direct-quenched from the die. PM: powder metallurgy. (): nominal compositions. DSC/TEM: DSC scan to peak, followed by
TEM analysis; TEM: transmission electron microscopy; SEM: scanning electron microscopy; XRD: X-ray diffraction; [lit]: based on prior literature
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room temperature prior to a DSC experiment. We have2.
3. M. VAN ROOYAN,J. A. SINTE MAARTENSDIJK and

shown [40] that this peak is actually due to the precipita-
tion of Si particles. This was unequivocally established
by TEM examination of a DSC specimen heated to pre-

cisely the peak temperature, arigorous procedure whichs,
we recommend, but which, to our knowledge, has beens.
applied only rarely (Table IIl). It is also evident from 7.

Table Ill that a majority of the peak assignments rely
on comparisons with previous studies. This procedure
intrinsically tends to avoid disparities between differ-
ent alloys, so that consistencies in peak temperatures in
Table Il may be more apparent than real.
In conclusion, we offer several caveats regarding the
interpretation of both DSC and DIC measurements o

precipitation, particularly when more than one specie;s.

of precipitate can form. In general it appears that more

attention should be paid to the endothermic dissolutiori3:

peaks that precede and can control the kinetics of the

precipitation event, but the kinetics may be controlled

by the preceding dissolution process.) In this case thes.

DSC and DIC data will yield the same activation en-
ergy, but it may depend upon the alloy composition.

8. M. C. CHATURVEDI,A. K. GUPTA andA. K.

10.

17. M. J. STARINK, V.

J. M. PAPAZIAN, Metall. Trans.A12 (1981) 269.

E. J. MITTEMEIJER, ibid. A19 (1988) 2433.

4. C. ANTONIONE,F. MARINO andG. RIONTIONO, Mater.

Chem. Phys20(1988) 13.

S. ABIS andG. DONZELLI, J. Mater. Sci. Letterg (1988) 51.
J. M. PAPAZIAN, Metall. Trans.A19 (1988) 2945.

A. K. JENA,A. K. GUPTAandM. C. CHATURVEDI,
Acta. Metall 37 (1989) 885.

JENA,
Mater. Sci. EngA110 (1989) 187.

9. M. VAN ROOYAN andE. J. MITTEMEIJER, Metall. Trans.

A20(1989) 1207.
I. DUTTA andD. L. BOURELL, Mater. Sci. EngA112(1989)
67.

1. C. BADINI,F. MARINO andA. TOMASI,Mater. Chem. Phys.

25(1990) 57.

A.-M. ZAHRA andC. Y. ZAHRA,J. Thermal Anal36(1990)
1465.

C. BADINI,F. MARINO andA. TOMASI, Mater. Sci. Eng.
A136(1991) 99.

14. Idem, J. Mater. Sci26(1991) 6279.

exothermic precipitation. (The heatevolvedisduetoth€ . o, o c\DING.C. BADINI F. MARING andA . TOMAS|

Mater. Sci. EngA135(1991) 275.

M. J. STARINK andP. VAN MOURINK , Metall. TransA20
(1991) 665.

JOORISandP. VAN MOURINK, in

“Metal Matrix Composites—Processing, Microstructure and Prop-
erties,” edited by N. Hansen, D. Juul Jensen, T. Leffers, H. Lilholt,
T. Lorentzen, A. Schrader Pedersen, O. B. Pedersen and B. Ralph,

If the endothermic process coincides with exothermic
precipitation, DSC and DIC will yield totally different

values of activation energy. In this case the DSC value
is preferred.

19.

5. Conclusions

Based on the results presented here, the following cort™
21.

clusions may be drawn:

1. The sequence of precipitation in DQD 339 Al and 22.

SOL 2124 Al has been identified. The first precipitate
to form in both alloys is the 'SAI,CuMg) phase, fol-

lowed at higher temperatures by different precipitates,

in the two alloys: Siin DQD 339 AR’ (CuAly) in SOL
2124 Al.

ature in DQD alloy 339 than in SOL alloy 2124. Both
DSC Kissinger analysis and DIC determinations show

that the apparent activation energy in 339 aluminum igs.

about 15% smaller than in 2124 aluminum.

3. The dissolution of GP zones occurs at a lower?®-

temperature in DQD 339 than in SOL 2124, and the
activation energy is 18% smaller. It appears that this

dissolution process controls the subsequent formatiosa.
32.
33.
34.T. 0ZAWA, J. Thermal Anal2 (1970) 3013 (1973) 5017 (1975)

of S.
4. As Siforms at 290C in DQD 339 Al, about 40%
of the S precipitates dissolve. But & forms at 320

°Cin SOL 2124 Al, the Sprecipitates are unaffected. 35

5. When precipitation coincides with a dissolution
process, DIC values of activation energy are invalid.

6. Direct observations by TEM are essential for un-36-

equivocal interpretation of DSC precipitation peaks.
This is often lacking in the literature, which appears
to contain numerous discrepancies.
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