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The sequence of precipitation in 339
aluminum castings

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

The precipitation sequences in direct-quenched from the die (DQD) and solution-treated
(SOL) 339 aluminum have been determined by a combination of differential scanning
calorimetry (DSC) and transmission electron microscopy (TEM). DSC scans for the alloy in
both conditions exhibit two distinct exothermic peaks, each associated with a unique
precipitate. The peak temperatures for precipitation in the DQD and SOL alloys differ by
only a few degrees. TEM of samples heated to the lower temperature peak shows that the
first precipitate to form in the DQD alloy is S’ (Al,CuMg), whereas in the SOL alloy it is g’
(Mg,Si). The principal precipitate associated with the higher temperature peak in both DQD
and SOL alloys is Si. The DSC peak temperature identifies the specific precipitate in 339 Al,
but the peak area is not a reliable measure of precipitate density. Nano-indentation of the
dendrites shows that the strength provided by the precipitates increases in the sequence
Si < §' < p’. However, their thermal stability increases in the reverse order. © 2001 Kluwer
Academic Publishers

1. Introduction For a given heating rate, the peak temperature depends
It is well known that the formation of precipitates in upon the specific precipitate and/or the rate-controlling
the aluminum lattice plays a dominant role in deter-diffusion process. In fact, precipitation kinetics can be
mining the strength of many aluminum alloys. Indeed,determined by an analysis due to Kissinger and oth-
this factor alone has dictated the development of mangrs [33—-39] which relates the peak temperature to the
commercial alloys, which encompass a wide range ofemperature scan rate.
alloying elements—and consequently precipitate com- However, a major difficulty is to identify the precipi-
positions. This variety is compounded further by a setate responsible for a particular exothermic peak. In this
lection of heat treatments, which for many alloys sub-regard, a survey of the literature reveals a consensus
stantially affects the mechanical properties by virtue ofthat, at heating rates near 20/min, peaks in the range
changes in the nature and/or distribution of the precipi-of 70to 150°C are associated with the formation of var-
tates. Thus, an essential key to understanding lies ifous GP zones [4, 6-8, 11-15, 17, 19-29, 32]. But for
characterizing the precipitates—namely their compo-{recipitation peaks in the range 200 to 3&there have
sition, structure, and crystallographic relationship tobeen disagreements: as Oguocha and Yannacopoulos
the host aluminum lattice (i.e., the parameters con{28] point out, the literature is not definitive regarding
trolling their effectiveness in impeding dislocation mo- precipitation peak temperatures because of such factors
tion). In this regard, the only unequivocal evidence isas previous thermal history, material, and DSC heating
provided by transmission electron microscopy (TEM),rate. Examples include differences due to fabrication
in combination with microanalysis by X-ray emission methods in alloys 2219 and 6061 [6], silicon concen-
or electron energy loss spectroscopy. However, thestationin AIMgSi alloys [29], and precipitate identifica-
sophisticated technigues are very time consuming antion in solutionized alloys 6061 [11, 13-15, 19, 20, 24]
not suitable for routine analysis. Furthermore, only anand 2124 [6, 25, 32]. Peak temperature inconsistencies
extremely small volume of material can be examinedcould arise in two ways: (i) if nucleation is not homo-
which may not always be representative of the overalgeneous but is catalyzed by some extraneous agency,
condition of the alloy. and (ii) if the assignments are not based upon the rigors
A much simpler and more rapid measure of the pre-of TEM correlations. Clearly it is dangerous to assign a
cipitation process is provided by differential scanninggiven precipitate to a particular DSC peak based solely
calorimetry (DSC). This technique uses a larger specion a comparison with the literature.
men (~100 mg) and so provides a more representative The present paper describes an unambiguous TEM
macroscopic view. Calorimetry has been applied to inidentification of the precipitates responsible for DSC
vestigations of a range of aluminum alloys [1-32]. In peaks observed in a complex casting alloy: 339 alu-
a DSC experiment the rate of heat evolution (or abminum. Also, this study is unique in that it compares
sorption) is plotted as a function of temperature, and dwo thermal histories of the same alloy: (i) a casting
precipitation eventis manifested as an exothermic peakvhich had been directly-quenched from the die (DQD),
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to study the sequence of precipitation which would oc-
cur during a T5 heat treatment, and (ii) solutionized
and quenched material (SOL), to follow the precipita-
tion sequence during a T6 temper. . . 0o
- b .
0 100 200 300
2. Sample preparation Temperature (°C)

The DQD samples were cut from a casting which had
been quenched in water after removal from the die andfigure 1 DSC plots of @/dt versus temperature for DQD and SOL 339

then stored in a freezer af74°C pl’iOI’ to sample prepa- aluminum at a temperature scan rate of@0min. The labels indicate the
recipitation peaks to which the DSC was scanned to prepare samples

ratlo_n' The SOL samples Were_ Cu_t from an. alr'coo_le(for TEM and hardness studies (see text). The two curves are shifted
casting and subsequently solutionized. During fabricayertically to avoid overlapping.
tion of samples for the DSC experiments, precautions
were taken to minimize exposure to ambient temper-
atures. DQD samples were removed from the freezein the two thermograms differ somewhat in appear-
for three brief intervals: (i) initial cutting to rods of ance, presumably reflecting the different thermal histo-
square cross section; (i) machining to cylinders with afies (SOL vs. DQD). These peaks are followed by an
diameter of 6 mm; and (i) slicing discs 2 mm thick. €ndotherm which we attribute to dissolution of the GP
After each step, the samples were returned to the freez&enes prior to the exothermic precipitation processes.
where they remained until just prior to the DSC exper-It is the latter which are examined in detail in the next
iments. Preparation of the SOL samples was simplepection.
because all machining was carried out prior to solution
treatment. The samples were solutionized at 5C0 3. Transmission electron microscopy
for 3 1/4 hours, quenched in water, then immediatelySpecimens for TEM were prepared in the calorime-
placed in the freezer where they remained until minuteser by heating (at 20C/min) to either the first or sec-
before the DSC experiments. ond precipitation peak, after which they were imme-
The two castings had the same nominal compositioniiately cooled and stored in the freezer. (Ztedral.
(12Si/1Mg/1Cu weight percent), but the total Mg con-[29] have used a similar technique.) Four specimens
tent of the SOL sample was about 20% lower than thatvere prepared in this manner: two each for the DQD
of the DQD casting (Table I). However, more signifi- and SOL castings. The two peaks for the DQD alloy
cant, from the viewpoint of this precipitation study, are are labeled in Fig. 1 as DQD-I and DQD-II; those for
the concentrations of solutes retained in the dendriteshe SOL alloy as SOL-I and SOL-II. These specimens
These were measured with an electron microprobe angere thinned by mechanical polishing, followed by ion
are also listed in Table I. milling. They were then examined in a Philips EM430
scanning transmission electron microscope operating
3. Calorimetry at 300 kV and fitted with a Noran X-ray detector. The

A Perkin-Elmer DSC7 calorimeter was operated in itsPrécipitates were identified by selected area electron

temperature-scanned mode to measure the temperatififraction, and X-ray microanalysis for multiple spec-

dependence of @/dt, the rate of heat absorption or 'Men orientations.

emission by the sample. Such a plot has a baseline pro-

portional to the specific heat of the sample with su-3.1. Precipitates in DQD 339 aluminum

perimposed endothermic and exothermic peaks due t8.7.1. Peak DQD-/

dissolution and precipitation respectively [31, 32]. This sample contains primarily thin rod-shaped precip-
Typical DSC thermograms for DQD and SOL 339 itates about 100 nm long with an aspect ratio larger than

aluminum at a heating rate of 2G/min are shown 10, oriented along or close to th&00 axes of the Al

in Fig. 1. In each case several exotherms are visiblefcc lattice. When viewed along one of th#00) axes

As discussed above, we can assign the lowest tenof the matrix, three variants of the precipitates are vis-

perature peak(s) to Guinier-Preston (GP) zone formaible in the micrograph of Fig. 2. The precipitates are

tion and the two at higher temperature to precipitationcoherent with the matrix and have a diffraction pattern

events. The existence of the GP zone peaks indicatg&ig. 2b) characteristic of the terna§ (Al,CuMg)

that the samples had not been greatly affected by thephase [40]. Since no other precipitate phase is present

brief exposure to ambient temperatures during speciin this sample, it is clear that peak DQD-I corresponds

men preparation. It is noteworthy that the GP peakgo the formation of theS' phase.
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Figure 2 (a) Bright field transmission electron micrograph and (b) corresponding selected area diffraction pattern ([100] zone axis) showing rod
shapedS precipitates in the DQD sample heated to peak DQD-I in Fig. 1 above. The rods parallel to the [100] zone axis appear as dots in the end-on
view while the other variants are parallel to the [001] and [010] directions of the Al matrix.

3.1.2. Peak DQD-II fcc Al matrix. These precipitates aré0 nm long, have

The microstructure of this sample (Fig. 3) contains twoan aspect ratio-10, and lie along the [100] axes. The

different phases: (i) rod-shap&iphases as discussed dimensions of the precipitates and their diffraction pat-

above, and (ii) numerous spherical precipitates of Sitern confirm that the needles gg(Mg,Si) precipitates

as confirmed by selected area diffraction (SAD) and42] and notg” or g precipitates. Since no other phase

x-ray microanalysis. Thus the second DSC peak is atis present in this sample, the SOL-I peak is attributed

tributed to the precipitation of the Si particles. (Detailedto the precipitation of thg’ phase.

analysis of Si precipitates in 339 Al can be found in ref-

erence 41.) The density of tt& precipitates in Fig. 3 3 2 2 Peak SOL-II

is aboutone'thlrd of that fou.nc.i in Fig. 2, |nd|c§1t|ng that This sample contains only Si precipitates dispersed in

alarge fractlon_ of th& precipitates have re-dissolved e Al matrix [41] (Fig. 5). There is now no evidence of

as the sample is heated from the DQD-I temperature F%ny MgSi phase, indicating that all the M8i precipi-

the DQD-II temperature. Thus the second DSC peak iggtes, which had formed during the temperature scan

attributed to formation of the Si phase. through Peak SOL-I, have re-dissolved. The size of the
Si precipitates ranges from 50 to 60 nm.

3.2. Precipitates in solutionized

339 aluminum 4. Dendrite hardness
3.2.1. Peak SOL-I Some specimens were polished and the hardnesses
The microstructure of this sample (Fig. 4) consists ofof the dendrites were measured with a Nanoindenter.
numerous needle-shaped precipitates dispersed in thfe three-sided pyramidal (Berkovitz) diamond was
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Figure 3 Bright field image for the DQD sample heated to peak DQD-II in Fig. 1. BesideS'theecipitates as in Fig. 2, there are small round Si
precipitates dispersed in the sample. The corresponding SAD and dark field images of Si are shown in (b).

applied with a load of 7.5 mN (0.75 g) to ten differ- formation, but was unlikely to have produced signifi-
ent dendrites in each specimen. The indentations wereant precipitation.) Four specimens (two each of SOL
typically ~0.5 um deep and-4 um wide, positioned and DQD) were heated in the calorimeter to either the
in the central region of each dendrite without interfer-first or second precipitation peak, and thus had the same
ence from silicon particles or intermetallics. The ther-thermal histories as the TEM specimens. In addition,
mal histories of these specimens (prior to polishing) arelendrite hardnesses were measured for SOL and DQD
listed in Table Il together with their measured dendritespecimens scanned in the DSC to 360(as in Fig. 1).
hardnesses. The as-quenched SOL and DQD specimendnitially the SOL and DQD specimens have the same
were measured after 10 hours exposure to room termhardness, but after precipitation has occurred, the SOL
perature. (This exposure may have resulted in GP-zongample is harder than the DQD. This difference is main-
tained even after exposure to 380. For both starting

TABLE Il Effect of precipitation on dendrite hardness Condi_tionS, the first precipitation Peak corresponds to
: the highest hardness. Thus, heating to the second peak

Thermal History Hardness (GPa) gypstantially decreases hardness, which is further re-

As DQD 0.914 005 duced after the brief{1 min) excursion to 350C.

DQD and Heated to Peak DQD-I 1.130.09

DQD and Heated to Peak DQD-II 0.950.10

DQD and Heated to 350C 0.81+0.05 5. Discussion

As SOL 0.90+0.05 5.1. The precipitates

ggt ang :ea:eg :O l‘zeat ggt':l i-ﬁ-gg The combined DSC/TEM studies have clearly identi-
an eated to Peal - . . . .. . . .

SOL and Heated to 3505 0,88 0.02 fied the precipitation sequence in 339 aluminum for

both the DQD and SOL conditions. In each case
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Figure 4 Bright field image of a SOL sample heated to the first DSC peak (SOL-I in Fig. 1) showingghpadicipitates, The dots in the image are
B’ precipitates viewed end on. The sample has been oriented to weaken the diffraction contrast and dislocations.

there are two pronounced precipitation peaks in thelloy the peak at 240C corresponds to the formation
DSC curves; the peak temperatures (at a scan rawf the binarys’ precipitate. Apparently the first precip-
of 20°C/min) and the precipitates are summarized initate to form is controlled by Mg-Cu clusters [43, 44]
Table Ill. In the DQD alloy the lower temperature DSC in the DQD alloy, but by Mg-Si clusters in the SOL
peak at 247C corresponds to the formation of the alloy. Heating to the second peak dissolves some of the

ternary S (Al,CuMg) precipitate. In the solutionized

TABLE |Ill Precipitation parameters for DQD and SOL 339
aluminum

Peak Peal (°C) Precipitate —AQ (Jg)
DQD-I 247+1.0 S (Al2CuMg) 3.67

DQD-II 295+1.3 Si 3.55

SOL-| 240+ 2.5 B’ (Mg2Si) 3.52

SOL-II 289+ 1.0 Si 2.04

Peak temperatured;, measured at a scan rate of 20/min, are the
averages for several samplesi Q values were derived from 2-gaussian
approximations to DSC precipitation peaks (see Figs 4 and 5).

S phase in the DQD alloy but all of the& phase in the
SOL alloy. At this temperature (29C) Si is precipi-
tated in both the SOL and DQD alloys.

In both the DQD and SOL alloys, the higher hard-
ness is provided by the precipitate formed at the lower
temperature peak, name$ and 8’ respectively. For
the solutionized alloy the reason is very clear from the
TEM micrographs: the8’ precipitates in Fig. 4 are co-
herent and more closely spaced than the incoherent Si
particles in Fig. 5. Similarly in the case of the DQD
alloy, the coheren8 precipitates in Fig. 2 are more ef-
fective in blocking dislocation motion than the mixture
of S and incoherent Si precipitates in Fig. 3.
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Figure 5 Bright field micrograph and selected area diffraction showing the dispersion of Si particles in the SOL sample heated to the second DSC

peak (SOL-Il in Fig. 1). There are no other phases present in this sample.

5.2. DSC peaks

The above detailed knowledge of the precipitation pro-
cesses can only be acquired by the time consuming pro
cedures of TEM, which are not appropriate for routine
evaluation of castings. Thus an important question is
whether the relatively simple and rapid measurementg
of the DSC peak structure can provide a unigue sig-&

nature to identify each precipitate and determine its?_g 4

amount. In this regard, the appropriate parameters ary
the peak temperature and the area of each peak (i.e®
the amount of heat release@dQ). To estimate the lat-

ter quantity, the DSC peaks are represented as the sui
of two gaussians, as indicated by the dotted curves ir
Figs 6 and 7. This approximation matches the peaks fol
the SOL sample (Fig. 7), but it appears that the higher
temperature peak of the DQD sample (Fig. 6) over-
laps a third smaller peak at340°C. The AQ values
derived from the gaussian fits are listed in Table IlI.

6 -

Peak areas from 2-gaussian fit
Peak DQD-I: AQ =-3.67 J/ig (-0.88 cal/g)

Peak DQD-II: AQ =-3.55 J/g {-0.85 calig)

Peak DQD-1
Precipitation of

$(ALCuMg)

Peak DQD-II
Precipitation of Si |

—— Expetiment

2-Gaussian Fit

50

T T T T T T T T T
100 150 200 250 300 350

Temperature (°C)

1.5

1.0

0.5

0.0

dQ/dt (mcal/s)

Figure 6 DSC plot of dQ/dt versus temperature for DQD 339 aluminum

A crucial test is to compare the SOL samplé’@; at a temperature scan rate of20min. The dotted curve is the sum of

peak at 240C with that forS' in the DQD sample at o gaussian curves fitted to the data in order to estimate the amount of

247 °C. Although the peak temperature difference isheat release associated with each peak (see text).

466



1.5
1.
] 2.
3.
F1.0 —
s g
g 3
~ £ 5
) = 6
-~ et
O
(@] =
© e} 7
o _l| Peak areas from 2-gaussian fit 05 ©
Peak SOL-I. AQ =-3.52 J/g (-0.84 cal/g} 8
Peak SOL-II: AQ=-2.04 Jig {-0.48 calg)
Peak SOL-I 9
Precipitatiop \-_ i Pedk SOL-IT
of f* (Mg,Si) \j  Precipitation of Si
R 10.
0 T T T T T T . T T T 0.0
50 100 150 200 250 300 350 11
Temperature (°C)
12.

Figure 7 DSC plot of dQ/dt versus temperature for SOL 339 aluminum

at a temperature scan rate of"ZL/min. The dotted curve is a 2-gaussian 13,

fit to the data.

14.
only 7°C, itis still somewhat larger than the specimen-15.

to-specimen variability (Table Ill). Therefore, we con-
clude that the formation of th&, S, and Si precipitates
in 339 aluminum alloy can be identified on the basis of
the peak temperature.

In principle the value ofA Q for each peak will de-
pend upon the specific precipitate and its concentra-

tion, which in turn would be determined by the amount!®
of solute available in the aluminum dendrites and thelgl

specific precipitate phase. However, this is not always

borne outin practice. For example, the higher temperazo.

ture Sipeak in the SOL specimens substantially smaller

than that in the DQD sample despite the fact that the’

Si particle concentrations are essentially the same (s
Figs 3 and 5). This is thought to be due to the fact that

in the SOL alloy thes’ dissolves completely as Si pre- 23.

cipitates, resulting in an endotherm superimposed on

the Si precipitation exotherm. The discrepancy is nof*

as sever for the DQD sample, where Biés more sta-

Thus we conclude that in this case the value\@ is
not an appropriate measure of precipitate density.

28.

6. Conclusions

Based on the results presented here, the following cores.

clusions may be drawn:

30.

1. The sequence of precipitation in 339 aluminum
depends upon the thermal history of the alloy.

2. In the solutionized alloys’ forms first, then dis-
solves and is replaced by Si. "

16.

.M.
“Metal Matrix Composites - Processing, Microstructure and Prop-

%.T. S. KIM,T. H. KIM,K. H. OHandH. 1.

27.

31.
32.
33.
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