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The 2014 aluminum alloy reinforced with 0.1 and 0.15 volume fraction of alumina particles
(VFAP) have been solutionized for a range of time from 1.5 to 20 h at 813 K. The effect of
solutionizing time (ST) on the age hardening response of the composites has been studied
and compared with the characteristics exhibited by the monolith. The results indicate that
increasing the ST decreases the time required to get the peak hardness (TPH) values in the
monolith but the composites do not show a systematic monotonic behavior. The TPH
values first decrease and then increase with an increase in ST at an aging temperature of
473 K for the composite. It has been speculated that he ST influences the concentration of
quenched-in vacancies and continued heating may affect the bonding between particles
and matrix which can generate additional dislocations throughout the solutionizing process
due to curvature effects. © 1999 Kluwer Academic Publishers

1. Introduction grain growth is to emit vacancies as a result of decrease
The effect of solutionizing time (ST) at 813 K on the in grain boundary surface area [2-4].

aging behavior of 6061 aluminum alloy and its com- The TEM of the solutionized samples indicate an in-
posites reinforced with 0.10, 0.15 and 0.20 volumecrease in dislocation density at both the particle matrix
fractions (VFAP) of alumina particles has been stud-interface (will now be referred to as interface) and the
ied recently [1-4]. The time required to get the peakareas away from the interface (will now be referred to
hardness (TPH) values was observed to be such thas matrix) as a function of ST. The differences in the
it decreases with an increase in ST in the monolith avalues of the coefficient of thermal expansion (CTE)
433, 453, 473 and 493 K. The TPH values, howeverpetween the matrix and particles alone can not account
first decrease and then increase with an increase in Sr the CTE dislocation generation during the entire
at similar aging temperatures but it was confirmed thatange of solutionizing time, up to nearly 20 h. The im-
there is an accelerated aging in the composites undgrovement in bonding between the particles and the

identical heat treatment conditions as reported in thénatrix as a result of continued heating for long periods
literature by many authors [5-12]. of time during solutionizing can give rise to interface

The solutionizing of alloys result in the grain growth curvature effect and can be responsible for a monotonic
process which follows the parabolic dependence ofncrease in dislocation density [1].
time in both 2014 monolith and its composites con- The monolith of 2014 aluminum alloys show differ-
taining 0.10 and 0.15 VFAP [3]. A graph between theenttypes of phases that are formed during the aging pro-
square of the solutionized grain size as a function ofess. It must be noted that the alloy undergoes the usual
time at the solutionizing temperature indicates almossequence of GP zones [13-15] besides the formation
similar slopes for 0.10 and 0.15 VFAP but the compos-0f few specific phases. A quaternarys@l,MggSis
ite containing 0.20 VFAP shows two different slopeswith a hexagonal crystal structura £ 10. 30A and
for the range of ST from 1.5 to 20 h. The decohesionc =4. 04A) has been assigned the symboénd also
of the particles in the initial stages of the solutionizing has its counterpart as metastable phd$g3]. S-phase
process has been confirmed in all the three compositds yet another important phase with a stoichiometry of
but the coalescence of the particle could only be obAl,CuMg has an orthorhombic crystal structure. The
served in 0.20 VFAP composite at longer times and inpresence of phase with chemical formula of Cufis
dicated an increase in grain growth rate accompanyinguite well recognized in the literature and has a tetrago-
this stage of solutionizing. Another significant effect of nal crystal structure with its metastable forffisando’.
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Dutta and his coworkers [13—15] have concluded thaStruer’s Tenupol-3 electropolisher was used with a so-
there are two important nucleation sites for precipita-ution consisting of 30% nitric acid and 70% methanol
tion to occur during aging of the composite materi-at 253 K. The final rinse was done in water and then
als: quenched-in vacancies and the CTE dislocationmethanol was used for quick drying.
especially for 2014 alloys and composites containing
alumina partlcl_es. The effect of ST on thege twWo pa-3 Results and discussion
rameters, as discussed above, would then indicate thgt4 Solutionizing

their concentrations may change and there may be afing effect of solutionizing at 813 K on the development
influence on the kinetics of the precipitation processyt microstructures in 2014 aluminum containing 0.10
during aging. Itis the purpose ofthisr_esearchto present,q 0.15 VFAP can be seen in Figs 1 and 2, respec-
the results on 2014 aluminum alloy in the monolithiC ey It can be seen that the grain sizes are, in general,
form and the composite containing 0.10 and 0.15 VFAR 5 4o with lower VFAP and the distribution of particles
showing the effect of these two parameters affecting thgyecomes more uniform with increase in solutionizing
aging curves at 433, 453, and 473 K. time. The decrease in particle size as a function of solu-
tionizing time due to decohesion process reported ear-
lier by the authors of this group [1] for 6061 aluminum

2. Experimental details - :
The composites of 2014 aluminum alloy reinforced?"oys containing various VFAP has not been observed

with 0.10 and 0.15 VFAP, with particle sizes of 10 and in this material under almostidentical conditions. How-
15 /m% respecti.vely were purchased from Duralcan &Veh coalescence of the particles in the composite with

Inc. in the form of an extruded rod of 12.5 mm diam- 0-1° VFAP is quite apparent from the optical micro-

eter. The alloy in the monolithic form was obtained 9r@Phs shown in Fig. 2. A decrease in hardness values

from a local source. The nominal composition of 288 a function of time of solutionizing has been observed

typical commercial 2014 aluminum alloy consists of In 2014 a}luminum com'pos'ites [2,3]. It must be noted
4.0% Cu, 0.5% Mg, 0.8% Si, while 6061 aluminum al- that relatively large grain sizes can be obtained by the

loy has 1.0% Mg, 0.6% Si, 0.2% Cr and 0.3% Cu andsolutionizing process whichis contrary to the belief that
the balance beiné aluminum. ' grain size control in composites is rather unusual.

The heat treatment of the alloys and composites was
carried out in air using a box furnace with a thermo-3.2. Aging
couple attached to the specimen. The solutionizing wakig. 3 shows aging curves at 433, 453 and 473 K
done at 813 K and the samples were quenched in roori®or 2014 aluminum alloy in the monolith form as
temperature water. The storing of the samples, whewell as when reinforced with 0.10 VFAP. The higher
not in use, was always done in a freezer. The same fuhardness values for the composites, in general (except
nace was also used for aging the solutionized sampleat 473 K for a solutionizing time of 20 h), is quite
for various lengths of time ranging from few minutes noticeable. There are two important features of the
to 5000 min. The samples were quenched in room temaging curves that must be noted from Fig. 3. First, the
perature water even after aging treatment. time required to get the peak hardness (TPH) values
Shimadzu microhardness testing machine was usedecrease with increase in aging temperatures which
for the measurement of hardness values. Six or seves to be expected since higher temperature promotes
readings were taken for each hardness value and the athe aging process. The authors believe that the TPH
erage has been used to plot the aging curves throughoat 433 K has not been achieved in this study even
this paper. It must be noted that the hardness readingafter aging for about 5000 min. Second, Table | shows
were taken in such a way so as to include particles ithat the TPH values for the monolith is such that it
the location of the indentation and a load of 500 g wasalso decreases with increase in solutionizing time at
used. This would correctly represent the overall harda given aging temperature e.g., decreases from 380
ness reading for the composite. to 50 min at 473 K, while the composite does not
The TEM sample preparation technique involved cut-show such a consistent behavior. It must be noted that
ting a sample of 0.5 mm from the rods of the composite6061 aluminum alloy composites show a decrease
and then hand grinding them down to 0.3 mm. A discand then increase in TPH values with an increase in
of 3 mm diameter was punched out from the wafer ussolutionizing time as shown in Fig. 4 [2—4] while the
ing a hand punch and hand ground to a thickness ofonolith behaves in a manner identical to the results of
0.15 mm. A GATAN dimpler was used to dimple the 2014 aluminum alloy of this study (see Table I1).The
0.15 mm thick hand ground samples on both sides giveomparison of aging curves for the composites
ing a final thickness of about 50m in the middle. The
ion milling of the sample was then carried out Using arABLE | TPH (in minutes) values for 2014 aluminum and 0.10 VFAP
GATAN ion mill at 4 kV, current of 1 mA and a beam composite
inclination of 12 deg to the specimen. Once the hole has
been detected in the sample it was placed in a Hitachi
H-8000 Scanning Transmission Electron Microscope
(STEM) for microstructural examination using an ac- 15h 5h 20h 15h 5h 20h
celerating voltage of 200 kV. . 453K 2000 2000 1500 250 170 850
The TEM samples_from the mqnqllth Were_made473K 380 250 50 100 100 170
by the standard dual jet electropolishing technique. A

2014 Aluminum 0.10 VFAP
alloy monolith composite
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Figure 1 The microstructures observed, by optical microscopy, after solutionizing 2014 aluminum alloy composite reinforced with 0.10 VFAP at
813 K for (a) as received condition, (b) 5, (c) 10, (d) 15, and (e) 20 h.

TABLE Il TPH (in minutes) values for 6061 aluminum and 0.10 containing 0.10 and 0.15 VFAP with the monolith at

VFAP composite 473 K is shown in Fig. 5. The decrease in TPH value
with increase in VFAP in the composites can be seen
2014 Aluminum 0.10 VFAP for samples solutionized only for 1.5 h as shown in
alloy monolith composite Table llI. In fact, it increases with particles size for
15h 5h 20h 15h 5h 20n Samples solutionized for 5 and 20 h. The effect of

particle size on the TPH values (at an aging temperature
ﬁgi gggo éggo 588 38580 1188 f(?(())o of 473 K) as observed by the authors of this paper and
493K 250 170 50 50 %0 250 the data_obtalned from Du_t'sst_a_l. [l:_%] at 458 K can

be seenin Table IV for solutionizing times of 1.5and 1 h
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Figure 2 The microstructures observed, by optical microscopy, after solutionizing 2014 aluminum alloy composite reinforced with 0.15 VFAP at
813 K for (a) as received condition, (b) 5, (c) 10, (d) 15, and (e) 20 h.

TABLE IV TPH value comparison with published [13] results

TABLE Il Comparison of TPH values (in minutes) for monolith and . .
composites at 473 K Aging temperature Aging temperature
Material (200°C) (185°C)?
15h 5h 20h . .
2014 500 min 380 min
0.15 VFAP 100 850 850

aResults from this research for a solutionizing time of 1.5 h.
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Figure 3 Aging curves of 2014 aluminum alloy in the monolith form and reinforced with 0.10 VFAP for solutionizing time of 1.5, 5 and 20 h
(columns) at 433, 453 and 473 K (rows).

respectively. This table shows that the TPH value dehigher amount of’ forms in the composites compared
creases or stabilizes with an increase in solutionizingo the monolith due to the generation of CTE dislo-
time and the results appear to be quite reproducible. cations during solutionizing [13]. A similar increase
in CTE dislocation density in the composites of 2014
aluminum alloy reinforced with alumina particles may
3.3. Microstructures during aging at 473 K also be assumed which can provide for the explanation
The microstructural development taking place duringof accelerated aging response of this study when solu-
aging treatment at 473 K for samples solutionized fortionized for longer time. A decrease in hardness value
1.5 and 20 h has been shown in Fig. 6 in the peak hardvithincrease in solutionizing time may still be possible,
ened (PH) condition for the composite. The existenceeven with the assumption of increase in CTE disloca-
of needles of\’ and GP 2 zones in extremely small tion density, if the softening produced by the grain size
sizes are the main microstructural features in the PHoarsening is larger than the hardening produced by an
condition for 1.5 h of solutionizing time while rather increase in dislocation density.
well developed\.’ andé’ for the 20 h of solutionizing The competing mechanisms for nucleation of precip-
treatment have been observed. The accelerated agitigtes in the solutionized samples can give rise to the
response of the composites with longer solutionizingnconsistent behavior of TPH variation with solution-
time at a given temperature of solutionizing may be atizing time. It may be due to the fact that the kinetics
tributed to the increased number of nucleation sites fopf quenched-in vacancies and CTE dislocation genera-
the precipitation to occuf’ has been shown to be nu- tion may not be identical and, in fact, the formation of
cleated at the dislocations and it has been observed thatecipitates involves the competition between the CTE
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Figure 4 Aging curves of 6061 aluminum alloy in the monolith form and reinforced with 0.10 VFAP for solutionizing time of 1.5, 5 and 20 h

(columns) at 433, 453, 473, and 493 K (rows) [2—-4].

dislocations and vacancies as nucleation sites. It maglusters (SRC) and then Mg atoms may be transported
be assumed that the CTE dislocation nucleation sitesither through lattice or pipe diffusion to such SRCs.
will be consumed first and then the vacancies may bét is possible that the dislocations as well as vacancies
absorbed to initiate the nucleation process. However, itnay be used as a nucleation site at the same time.
must be noted that such a model does not prevent the Fig. 7 shows the morphology and density of precip-
formation of GP zone sequence which uses the vacaritates formed for the samples of 2014 aluminum alloy
cies cluster to attract the Si atoms to form silicon richreinforced with 0.15 VFAP solutionized for 20 h in the
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TABLE V DSCresults on 2014 alloy and 0.15 VFAP compositedbformation

Solutionizing time (5 h) Solutionizing time (10 h) Solutionizing time (20 h)
Materials Temp{C) AH (J/g) Temp {C) AH (J/g) Temp {C) AH (J/g)
2014 XX XX 268.7 16.56 264.8 27.46
0.15 VFAP 268.8 6.84 265.8 8.51 264.6 9.31
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Figure 5 A comparison of the aging curves of the 2014 aluminum alloy in the monolithic form, and composites containing 0.10 and 0.15 VFAP at
473 K for solutionizing times of 1.5, 5 and 20 h.

PH and OA conditions. The coalescence of precipitatesan be considered to be due to the increase in concen-
from the PH to OA state can be easily recognized. Thigration of vacancies and CTE dislocation density, both
may suggest that’' precipitates simply coalesce along of which may act as the nucleation site for the precip-
their longer interfaces. The figure shows some of thatates to form during aging treatment. Table V shows
precipitates that have sizes similar to those observed ithe differential scanning calorimetry (DSC) (scanned
the PH condition indicating that these precipitates havet 10 K/min) results for 2014 aluminum alloy and a
not yet taken part in the growth of the precipitates bycomposite containing 0.15 VFAP for samples solution-
coalescence. The short ends of the precipitates do nated for 5, 10 and 20 h. The results are indicated for
appear to contribute to the coarsening process durinthe 8’ formation only. It can be clearly seen that the
aging and the duplex orientation shown in Fig. 6b maytemperature of formation decreases with an increase
be only due to the multiple orientations available forin solutionizing time for both monolith and composite
the habit planes. even though the magnitude of decrease in the tempera-
ture is rather small. It must be noted that the data for5h
of solutionizing of the monolith could not be obtained
3.4. DSC results due to some instrumentation problems. The enthalpy
Thus the accelerating aging response with respect tpAH), refers to the heat of formation, values show a
the increase in solutionizing time shown in this studymore dramatic effect. ThaH values increase from
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) . . . Figure 7 TEM of the microstructures evolved in 2014 aluminum alloy
Figure 6 TEM of the microstructures evolved in 2014 aluminum alloy  ointorced with 0.15 VFAP during aging at 473 K for a solutionizing time

rginforced with 0.15 VFAP .during aging at 473 K for a solutionizing ¢4 p i the (a) peak hardened and (b) overaged condition showing the
time of (a) 1.5 and (b) 20 h in the peak hardened condition. coalescence of precipitates.

6.84 to 9.31 J/g as the solutionizing time changes from 5. However, the aging response of composites may
5t0 20 h. The decrease in tempera‘[uregf(ﬂnd anin- be attributed to the avallablllty of the additional nucle-
crease i H value as a function of solutionizing time ation sites in comparison with those available for the
both support our TEM observations and the conceptnonolith.

of competing nucleation mechanisms for CTE dislo-

cations and quenched-in vacancies in the form of TP
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