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Metallographic and Differential Scanning Calorimetry Analyses

of Precipitation and Recrystallizatiom in an Al-Mn Alloy
J.N. Howe

Materials and Molecular Research Division
Lasrence Berkeley Laboratory
. Department of Materials Science and Mineral Engineering
University of California, Berkeley, CA 94720
ABSTRACT
Complimentary optical and transmission electron micros-

copy and differential scanning calorimetry analyses were used

to study the interaction betwveen precipitation and recrystal-

- lizatiou in aluminam alloy 3003, thermomechanically treated to

produce different initial states of strainm hardening and man-
ganese supersaturation. These studies show that precipitation

of manganese on subgrain boundaries prior to recrystallization

results in a coarse, elongated grain structure, which is often

undesirable in commercial alloys of this type. The results

also demoastrate the effectiveness of differential scanning

~calorimetry for analyiing microstructural problems associated

with transition elements in aluminum alloys.

I. INTRODUCTION
Aluminum alloys are ideally suited for study.by differen-
tial scananing calorimetry (DSC) because their good thermal
conductivities and relativeiy low melting points permit exami-
nation of most so0lid/solid and solid/liquid reactions in a

high-secrsitivity, low-tamperature (< 600°C) cell. While many



microstructural features that are analyzed by DSC can also be
observed by other metallographic methods, DSC has the advan-
tages of: 1) analyzing comparatively large volumes of material,
2) quantitative data output, and 3) minimal time and sample
4Jpceparation-

To date, a number of investigators have examined the
basic precipitation ptocesses in 2000 series Al-Cu,1-“ 5000
series Al-ng,s'& 6000 seties Al-ng-si7-12 and 7000 series Al-Mg-
Zn13-18 alioys by DSC. These age-hardening alloyg involve rela-
tively fast-diffusing atomic species and have large enthalpies
of reaction, making thea vell-suited for analysis by DSC.
. However, there have been few detailed DSC studies concerned
with the precipitation of tramnsition elements in Al alloys.19
These elements generally require much higher temperatures for
diffusion and precipitation, and it is ﬁncertain whether the
low enthalpiés expected for such reactions are suitable for.
analysis by DSC. Since the ptopertiés of many important coamer-
cial Al alloys depend on the precipitation of such elements
and in particular, on the interaction between the precipitation
of transition eiements and concurrent recrys£allization, the
following study was perforaed. The purpose of this study was to
determine whether DSC is a suitable technique for anmalyzing the
etfects of: 1) supersaturation of transitioan elements, and 2)
second-phase dispersition characteristics on the recovery and
recrystalliiation benavior of wrought Al alloys. An Al—nn'alloy
was chosen for this study because of the relative eaée;of:ob—

20
taining rather large supersaturations.
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II. EXPERIMENTAL PROCEDURES
Spectrographi&vanalyses of the 3003 alloy used in this
study are given in Table I, together with the Aluminum Associ-
ation limits for 3003 alloy. The startiag material was 25.4 mnm
thick hot-rolled plate. Three pieces of the plate were solation
annealed at 643°C for 24 hrs. Samples I and III were subsequen-
tly quenched in cold water while sample II was transferred to é
furnace_ét 454°C and held for 24 hrs., followed by am air cool.

Saamples IT and III were then cold-rolled about 80% to 4.9 nnm

~thickness. Each of these thermomechanical treatments is illus-

trated schematically in Figures 1(a-c). These treatments pro-
duced samples with essentially three different microstruc-
tures: 1) sample I was highkly supersaturated with ¥n (~ 0.8%),

2) sanple II was highly precipitated (v 0.2% Mn in solution)

~and strain hardened, and 3) sample III was highly supersatu-

. 20-23
rated strain hardened.

D3C specinmens were cut from each of the three samples and
ground to 650 mg weight on a SiC water wheel. A similar mass of
anneaied 99.99% Al was used as a reference. The DSC analyses
were performed on a DuPont 900 Thermal Analyzer equipped with

a DSC cell. DSC thermograms were obtained from each of the

‘three samples at heating rates of 2, 5 and 20°C/min. A heating

rate of 2°C/nin is considered to be relatively fast when con-
pared with a commercial coil anneal, which may average only
about 0.6°C/min. In addition, the following experiment was per-

formed in order to characterize each peak in the DSC thermo-



grams. Several 31.8 am squares were cut from samples I-III and
heated in a large furnace at precisely 5°C/min to simulate the
DSC'analyses at‘the same heating rate. These were subsequently
quenched ig cold water at temperatures of interest, as deter-
ained fcom the DSC thermodrams- Rockweillhardnesses and %IACS
conductivities vere determined on the starting samples and on
éach of the quenched samples. These are given in Table II,

Where tﬁe exact quenching temperétures are also iﬁdicated.

The precipitate and grain structures of all the samples
were exarined by bptical metallography and where necessary, by
transmission eiectron microscopy (TEM). The grain structures of
the samples were examined at 100X magnification using a sul-
phuric acid anodize and polarized light. The Mn dispersion was
then revealed by removing the anodized coating in a hof phos-
phoric acid solution and examiaing at 250X magnification. TEY
specinmens were prepared by jet-polishing ia a 25% nitric acid/
75% methanol electrolyte at 10-12 V and -20°. Thin foils were
examined in bright-field at 10-40kX magnification in a JEOL
100CX microscope operating at 100 keV. In addition, precipitate
and grain structures were compared among the DSC samples after
heating to 600°C at the three different rates. A few of these
samples were also exanmined in the scanning electron microscope
(SEM) at 1 and 10kX, for comparison with optical ametallography.
The SEM specimens were relief-etched in a 2.5% solution of
potassium iodide in methanol for 30 sec at 30 V.4 They were
examined in an iSI Super IITA SEM at 30 keV using secondary

electron imaging and a 30° tilt.



III. RESULTS AND DISCUSSION

A. Sanple I.

,The S‘C/min DSC thermogram for sample I is sﬂoun in ?igure
2, together with graphs of the conductivity and hardness versus
quenching temperature. The grain structure and Mn dispersion of
the starting sample (25'C)Aate also shown in Pigures 3(a) and
(b). Notice the large recrystallized grains in Figure 3(a), and
the clear areas in Figure 3(bf in between the coarse interme-
tallic particles remaining from the casting and rolling proce-
clures.zo'z'2 As the sample is heated from 25 to 600°C, one major
reaction is evident, a large exothermic reaction with a maximum
at about 468°C. Figure 3(c) shows that the microstructure is
almést entirely black at this temperature due to a very fine,
dense HMn dispersion. This maximum thus represents the maximum
rate of Mn precipitation. An increase of 2.4 %IACS conductivity
and a negligible decrease in hardness accompany the reaction,
as illustrated in figure 2. After further heating to 600°C, the
precipitates have coarsened and individual particles are evi-
dent, as shown in Figure 3(d). The background has also become
clearer due to dissolution and/or coalescense of the precipi-
tates. A slight drop in conductivity also occurs between 468
and 600°C (Figure 2),'£urther indicating that some dissolution
-of Mn is occurring. A small.decrease in hardness also ocdurs,
lending further evidence that the precipitates are coarseaning,

24,25
and that the interparticle spacing is increasing.



Notice that all of these reactions are apparent in the DSC
thermogram in Figure 2, demoastrating that DSC can be used to
follow the precipitation of Mn in Al. There are also subtle
‘exothermic changes in the DSC thermogram between 100 to 200°C,
and at about 400°C. These exotherms may be due to effects such
as precipitation of metastable phases or phases of different
composition, i.e. ®Al(Fe,Mn) Si and (Fe,Mn)Al are both known to
precipitate in this system.zo However, no atgempt ¥as made to
identify the exact types of precipitates in this study. It
should also be noted that the graim structure of this sample
did not appear to change appreciably after heating to 600°C.

The DSC thermograms for sample I at all three héating
rates are shown in Figure i4(a), and the start, maximum rate and
finish of precipitatioh are plotted as a function of heating
rate in Figure 4(b). Only two reactions are evident in Figure
4 (a) for the 5 and 20°C/min samples: 1) precipitation of Mn
between about 325 and 550 °C, and 2) slight dissolution of ¥n
above about 550Q°C. This is assuming that dissolution of Mn
above SSO’C is precluding any exothermic reaction accompanying
coarsening of the Mn precipitates. Since tke DSC thermogram of
the 2°C/min sample rises above 550°C, it may indicate that
coarsening of the Mn dispersoids is favored over dissolution
at this heating rate. This was not verified experimentally,
however. Also notice from Figure 4 (b) that the reaction teaper-
atures do uot increase linearly with heating rate but rather,

level off at higher heating rates. This etfect indicates that



the precipitation of.un is limited kinetically at the higher
heating cafes, i.e. that the precipitation of Mn is a relativ-
ely slow process, Hhicg kineticélly lags behind the 20°C/min
heating rate employed.~6—28'

B. Sample II.

The 5°%,/min DSC thermogram for sample II is shoﬁn in
Fi§ure S, again with graphs of the condudtivity and hardness
versus quenching temperature. Optical and TEN micrographs at
each stage in tha DSC thermogram are shown in Pigures 6 through
8. Notice that the grain structure of the starting material in
Figure 6(a) is heavily worked, consisting mainiy of long, rec-
tangular dislocation cells and tangles, as shown in Figure 6(&).
This material also has a relatively clear background when etched
to reveal the Mn dispersoids, because most of the Mn has been
precipitated out of solution in the form of coarse particles
{Figure 6(b)).

As the sample is heated from 25°C, a rather low, broad
peak occurs in the DSC thermograa betwveen about 275 and 310°C.
Figure 6 (d) shows that at 290'C, which 1s near the center of
this peak, the optical grain structure is indistinguishable
from that of the stacting material, although further precipi-
tation of Mn has occurred by this temperature, as evident from
Figure 6 (e). Howgver, TEM reveals that recovery has progressed
to a larje extent in sore areas of the sample at 290°C, as ill-
ustrated Ly the polygonized subgrains in Figurelé(f). Thus, the

low, broad peak between about 275 and 310°¢ is mainly due to



recovery. These precipitation and recovery processes produce a
slight change in conductivity (~ 0.6 %IACS) and a small change
in hardress (v 2.4 R ) in the sample.

As sample 1II isturther heated, a sharp peak occurs at
:333‘C, immediately following the low, broad peak associated
with recovery. The relative shapes and pésitions of these two
peaks are very similar to the power difference which occurs for
recovery and recrystallization in 99.99% Al deformed 75% in
compression,'as shown by Clareburough et al.29 Figure 7(a)
shows the grain structure at 333°. The sample was largely
recrystallized near the surface, but the amount of recrystal-
lization diminished toward the center, which is shown in Pigure
7(a). The recrystallized grains are relatively eguiaxed. The
TEM micrograph in Figure 7(c) shows an interface between two
recrystallized grains and many subgrains, typical qf partially
recrystallized areas. Hany micron-sized Mn precipitates from
the annealing treatment are distributed throughoat a portion of
the micrograph, but also notice the fine precipitates indicated
by arrows in the top-right corner. The arrangement of these
precipitates indicates that they formed on the original dislo-
cation cells and subgrains, and wvere left behind as the recrys-
tallized grains passed through.3o This observation agrees with
the optical micrograph in Figure ob(e), which showed that sonme
precipitation had occurred either before or concurrent with
recovery. The relatively eguiaxed grain structure which devel-
oped in this sample, however, indicates that these precipitates

31-35
did not exert a large grain boundary pinniag effect.



Further precipitation also occurred between 290 and 333°C, as
is evident by compafing Figure 7 (b) with Figutevﬁ(e), but the
amount is relatively small. Thus, the peak at.333°c represents
recrystallizafion and the start and finish of recrystallization.
can be determined from the temperatures on either side of the
base of this peak.28 Several reccystallized graias were also
observed to be nucleating from the intermetallic particles {arrcow
in Figure 7(d)), indicating that these large particles contribute
: 30,31,35,36

towards nucleation and a fine grain size. . The parti-
cle shown in Figure 7{d) is about 1.5‘Mm wide. A slight incréase,
in conductivity (~ 0.7 %IACS) and a large decrease in hardness
(25.8 R ) accompanied the slight precipitation and partial
recrystgllization at 333°C.

Opticél and TEM structures for this sample after heating to
470 and 600°C are shown in Figure 8. By 470°C recrystallization
is conmplete (Figurena(a)), and although it is not apparent by
comparing the optical microyraphs in Figures 7(b) and 8(b), the
fine subgrain precipitates which were just visible in Figure
7(c) have grown to the extent that they are now clearly visible,
as indicated by the arrows in the TEA miérograph in Figure 8 (c).
These changes prodace a:steady rise in the DSC thermrogram be-
tween abouﬁ 360 and 470°C, ani are accompanied by a slight
increase in conductivity (~ 0.6 iIACS) and a further reduction
in hardness (~ 14.4 R ). By 600°C, slight gtain:growth has
occurred ({compare Figire 8(1) wita 38(a)) and most of the #n
shich precipitated at the lower temperatures has dissolved, as

indicated by the clear background in Figure 8(e). These changes

‘produce a steady decrease in the DSC thermogram and are accom-
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panied by a decrease in conductivity of 1.8 %IACS, and virtual-
ly no change in hardness.

The DSC thermograms for sample II at all three heating
rates are shown in Figure 9(a), and the start of recovery,
maximum rate of recrystallization and maximua rate of high-
temperature precipitation are plotted versus heating rate in
Figjure 9(b). As with sample I, the DSC thermogram at 2°C/min
rises above about 500°C, indicating that coarsening of the #n
dispersoids may be favored over dissolution atbthis heating
rate while at 20°C/min, the thermogram steadily decreases above
about 480°C, indicating that dissolution of Mn is occuring. The
- 5°%/min fhermogtam appears to lie between these téo extrenmes.
This effect causes the maximum rate of precipitation to appear
to decrease with ihcreasing heating rate in Figure 9(b), which
is the reverse of the situation for the highly supersaturated
saaple in Figure 4(b). Alsb notice from Fiéure 9{(b), that the
start of recovery and particularly, the maximum rate of recrys-
tallization, increase almost linearly with heating rate, indi-
cating that they.age not limited kinetically at the faster
heating rates,26'2‘ which is again opposite of the behavior for
the precipitation of #n in saaple I in Figure 4 (b). Also notice
that the low, broad peak associated with recovery decreases in
both height and width as the heating rate is increased. In fact,
it is ba:ély present in the 20°C/min DSC>thermogram, indicating
that recrystallization cccurs almost. spontaneously, without a

recovery period. Also notice that a broad exothermic reaction
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occurs in the 2 and 5°C/min DSC thermograms between about 100
to 250°C. These reactions are probably associated with the

slight precipitation of ¥n on the initial dislocation

structure; however, no TEM samples were examined in this

temperature rangea.

C. Sanple IIl.

The 5°C/min DSC thermogram for sample IIX is shown in
Figure 10, also with graphs of the conductivity and hardness-
ve:sds quencking temperature. The grain structure and Mn
dispersion of the starting sample (25°C) are showan in Figures:
11(a)-{c). The sample is largely void of fine Mn precipitates
and contains l1ong subgrains filled with dislocatiom tangles,
similar to sample II. As this sample is heated to 291°C, a low,
broad peak occurs between about 100 to 200°C. As for the pre-
vious samples, this peak is thought to be due to slight preci-
pitation of Mn on the dislocation structure and possibly, sone
minor rearrangement of dislocations, although no samples were
observed from this ragion. At 291°C, a small but sharp peak
occurs in the DSC thermogram. No changes are apparent in the

optical grain structure at this temperature (compare Figures

11(d) aand 11(a)); however, Figure 11{e) shows that a significant

quantity of Mn has precipitated from solution. In particular,

‘notice how the Mn precipitates cutliane the shear bands (arrows

in Figure 11(e)) indicating that they have precipitated on the
pre-existing dislocation structure. The TEM microqraph in, Fig-

ure 11(f) shows that the lony, rectanqgular dislocation substruc-
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ture still remains at 291°c, although some recovery has occur-
red. in this micrograph, the #4m precipitates are very fine aand
difficult to distinguish from the dislocations in the subgrain
boundaries. Thus, it is possible to conciude from this informa-
tion that the small peak at 291° in Figure 10 is due to the
rapid precipitation ofvnn on the initial dislocation structure.
This precipitation causes a 0.9 %IACS decrease in conductivity
and essehtially oo change in hardness. |

As the sample is furiher heated, a broad exothermic reac-
tion starts at about 310°C, causing the DSC thermogram to rise
rapidly until about 340°C, and then level off until about 380
°C. Although the optical grain structure appeared unchanged at
360 °C {near the center of the broad peak), TEM images at this
temperature (Figure 12(b)) show that the long, rectangular
subgfains are starting to polygonize and that recovery is occur-
ring, similar to the processes observed for sample IT at 290°C.
In addition, a denseidispersion of Mn has precipitated through-
out the matrix (Figure 12(a)) and the_un precipitates on the
subgrain boundaries have cparsened to the extent that they are
clearly visible, as indicated by the arrows in Pigure 12(b).
Although it is difficult to see in Fig. 12(b), the fine matrix
precipitates were visible at higher magnificafions. Thus, as
for samgle II, the broad éharacter of the peak betueeh 310 and
330° is due to recovery processes, although the exothernmic
effects associated with these processes are superimposed on a

zuch larger exotheramic reaction which is due to the precipita-
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tion of a large amount of Mn. A 2.2 %IACS increase in conduc-
tivity occurs from 291 to 360°C due to the abundant. precipita-

tion of Mn and the hardmess decreases by about 3.5 B , mostly

due to recoverye ;
Further heating of this sample produces a sharp peak at
398°, immediately following the broad exothermic reaction due
‘to recovery ahd precipitation of Man. The shape and magnitude of
this peak are similar to the peak associated with,recryStalli-
zation in sample II. The optical grain structure in Figure
13 (a) skows that recrystallization has started and unlike the
previous sample II, the recrystallized gFains in this saample
have large aspect ratios, rather than being nearly equiaxed.
In addition, this sample was about 50% recrystallized evenly
across its thickness. Although the Mn precipitates in the opti-
cal micrograph in Figore 13(b) do not look very different fron
360°C, they are now visible throughout the matrix and at the
subgrain boundaries, as shown by the TEN micrographs in Figures
13 (¢) and {d)- Figure 13(c) shows a boundary between a recrys-
tallized grain and a number of subgrains. The arrangement of
the dn precipitates withir the recrystallized grain is clearly
an effect of prior precipitation on the initial dislocation
structure.Bo Figure 13{(d) shows the precipitates along several
subgréin boundarieé and in the matrix. As demonstrated by this
figure, the precipitates are effectively pinning the subgrain
boundaries with the result that the tecrystallized grains are

highly elongated, because grain growth is easier than the
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pucleation of pew grains. . 'The reactions at 398°C were

accompanied by a further increase in coaductivity {(~ 2.6 %IACS)
and a decrease in hardness of 14.9 R .

Subseguent heatihg above 398° groduces changes similar to
those in sémple II. AtIRSO'C recrystallization is complete, and
the elongated shape of the fecrystallized grains is now clearly
appareat (Figure 14(a)). Although further precipitation of #n
and precipitaté coarsening are revealed by the TEM micrograph
in Fiqure 14 (c), only a slight change in the Mn dispersion is
apparent optically (compare Figures 14 (b) aad 13(b)). These
changes caused a 1.7 %IACS increase in conductivity and a

decrease in hardness of 17.1 R . Heating to 600°C results in

'slight grain growth (Figure 1u?d)) and possibly, some precipi-
tate coalescense (compare Figures 14 (b) and 14(e)), but these
effects are predominated by the dissolution of Mn between ahout
450 and 600°C. A substantial amount of Mn has dissolved by 600
°c, és evidenced by a decrease in the conductivity of 5.5 %fACS.v
Grain growth also produces a furthef drop in hardness of 4.2 R .
The DSC thermograms for sample III at heating rates of Z,H
5 and 20°C/min are shown in Figure 15(a), and the start of
precipitation, the start of recovery, the maximum rate of
recrystallization and the end of precipitation are plotted as
a function of the heating rate in Figure 15(b). Notice that
unlike the previous sahples, the DSC thermograms for saiple
ITII in Figure 1>{a) all display endothermic reactions above

about %80°C, indicating that dissolution of Mn is favored over

coacsening in this sample. This 1s probably because the nmajor-
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ity of Mn precipitates are finer in sample IITI ard thus,
dissolve rather than coarsen at the higher temperatures, even
when the heating rate is only 2°C/nin. The fineness of these
precipitates is most likely due to the.fact that the rapid

precipitation of Mn omn the initial dislocatioa structure estab-

‘lishes a very dense distribution of fine precipitates. Also

notice that in Figure 15(b) the low, broad peak associated with
recovery decreases in width as the heating rate .is increased,

displaying thé same behavior as the recovery peak in sample II.
However, this peak is still significant af the 20°C/min heating

rate; In addition, the maximum rate of recrystallization increa-

ses nearly linearly with the heating rate, again indicating that

this process is not as kinetically limited as the precipitaton

of Mne.

D. Comparison of Samples I-III at the 5°C/min Heating BRate.
Several interesting features are apparent when the 5°C/min
DSC thermograms, conductivities and hardanesses for sanmples I,
IT and II1I are compared side-by-side, as shown in Figures 16 (a)
and (b)e. First, notice from Figure 16(a), that the maximud rate
of high-temperature Mn precipitation occurs at about 470°C for
both sample I, which is annealed and has a higﬁ supersaturation
of Mn, and sample:II, which is strain hardened but has a low ¥n
supersaturation. However, in sample III, which possesses both a
hWigh Mn supetsaturation and an initial strain hardened cbndi-

tion, the maximum rate of precipitation occurs at a much lower
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temperature of about 360°C, because the Mn solid solution is
highly unstable in the presence of the initial dislocation
structure.33'3u This effect is also reflected in the graphs of
the conductivities for these three samples, shown in Figure

16 (b). Notice that the maximum conductivity attained in sample
III is much greater thaan in sample II, due the to presence of
the dislocation structure, and even slightly greater thaﬁ the
highest conductivity attained by sample II, which received an
initial annealing treatment. The effect of this annealing treat-
ment is clearly appareat by comparing the conductivities among
sauples I-III at 25°C in Figure 6(b). Also notice that the max-
inum conductivity of all of the samples occurs at about 470°C,
before dissolution of M4n starts at higher temperatureé.

Another feature apparent from Figures 16(a) and (b) is
that both recovery and recrystallization start at much lower
fempératures in sample II, where there is only a small aamount
of Mn in solution than in saample III, which is highly super-
saturated with Mn. This observation agrees with the results of
preiious investigators31‘33 and can also be seean by conmparing
the temperatures associated with these processeé in Figures |
9(b) and 15(b) . Also notice that the hardnessés of samples II
and III in Figure 16 (b) are nearly the same at 25°C due to
their ianitial strain hardened conditions, but that the hardness
of sample 11 decreases more readily than that of saaple III at

temperatures greater than about 300°C. This is clearly due to

the high supersaturation of Mn, which pins the dislocation
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structure and retards reérystallization in sample III, and'also'
to the fewer number of larger (> I/um) particles which act as

nuclei for recrystallization (Figure 7(d)).

E. Effect of Heating Rate on Grain Structure and Precipitate
Dispersion. |

Figures 17 (a)-(c) show the grain structures which resulted
in sanmples I-III after,heating.to 600°C at 2, 5 and 20°C/min in
the DSC cell. Except for slight fariations, the recrystallized
grain structures were essentially the sane, ;égardless of the
heating rate employed. Thus, thevheatinq rate did not affect
tﬁe final grain structure over the range examined. The differ-
ence between the fine, equiaxed grains in sample II the larger,
elongated grains in sample III and are clear in these micro-
graphse

Figures 18(a)- (c) show a similar series of micrographs
revealing the précipitate distributions in each of the samples
aftef heating to 600°C at the three different heating rates. In
.this case, the different heating rates do appear to have produ—
ced slightly different precipitate dispersions in samples I and
Iil. Notice the precipitate-free zones aloag the grain bouadac-
ies in these samples at the 2 and 5°C/min heating rates which
are not présent at 20°C/uwin. In addition, the severity of the
precipitate—free zones appears to steadily decrease with
increasing heating rate; as scen by comparing the three micro-

structures ian Figure 18(a). Also notice the difference betdeen
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the final distribution of the ¥n precipitates in saaple II,
which received an annealing treatment, and sampies I and IIT,
which had a high initial Man supersaturation.

Lastly, Figures 19(a}-(c) show relief-etched SEM micro-
graphs of the large Mn particles and fine dispersoids in each
of the samples after heating to 600°C at 5°C/min. ?hen compared
with the 5°C/min sanples in Figures i8(a)-(¢), this series of
micrograpkhks demonstrates that iﬁ general, dense distriﬁutious
of fine M4n precipitates produce darker backgrounds in the opti-
cal micrographs-. This can be seen by noting that sample I in
Figure 138(a) displays the darkest contrast, followed by samples
III and 1I in Figures 18(c) and 18(b),_respectively. In the SEHA
micrographs in Figure 19, sample I coantains the finest precipi-
tates, followed by sampies III and II, in thatvorder, as e&ident
by comparing the small Mn dispersoids indicated by arrows in the
series of higher-magnification micrographs. This saame feature
vas also indicated by several of the pevious optical and TEHN
micrographs. Hovever, also note that the total volume fraction
of fine M¥n dispersoids in sample I (Pigure 19(a)) is slightly
less than that of samples II and III in Figures 19(b) and‘19(c),
as seen by conparing the éonductivities of these samples at

600°C in Figure 16(b).
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IV. COKRCLUSICNS
This study was performed in order to determine whether
DSC can be used to analyze the effects of: 1) supersaturation

of transition elemeants, and 2) second-phase dispersion charac-

- teristics on the recovery and recrystallization behavior of

wrought Al alloyse. An Al-Mn alloy was investigated because it
is possible to obtain significant Mn supersaturations and also,
because this is a commercially important system which is rela-
tively well-understood. The results of this study demonstrate

that:

1« DSC is sensitive to both the precipitation and dissolution
of Mn in 3003 alloy, thus demonstrating that it is a suitable
~technique for studing the behavior of traansition elements iﬁ
Al alloysa
2. DSC can be.used to follow recovery and recrystallization
in tilis aliloy, and to determine the effects of concurrent
precipitation of Mn on these processes.
3. Precipitation of Mn on subgrain boundaries prior to recrys-
tallization results in the coarse, elongated grain structure

which is undesirable in coamercial alloys of this type.
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TABLES

Table I. Chemical Compositions of 3003 Alloy Investigated

Composition (Wt Pct)

Si =~ Fe Cu Mo Mg cr . Zn o Ti

This Study 0.24 0.63 0.15 1.07 0.004 0.001 0.030 0.020
1.5

Table II. Properties of 3003 Samples at Indicated Quenching

Temperatures
Quenching Hardness Conductivity
Sample Temp- (°C) (R ) (% IACS)

H

I 25 59.9 35.0

468 59.4 37.4

600 56.4 36.9

I 25 95.8 39.5

290 93.6 40a 1

333 67.8 40.8

470 53.2 41. 4

600 53.7 39.2

IIT 25  99.3 34.8

291 98.8 35.7

360 95.6 38.9

348 80.7 41.5

480 63.6 43.2
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FIGURE CAPTIONS

- Schematic illastrations of thermomechanical treat-
ments applied to 3003 alloy samples: (a) sample I -
supersaturated and recrystallized, {b) sample II -
precipitateﬂ and strain hardened, ard {c) sample III
- supersaturated and strain hardened.

- The DSC thermogram, conductivities and hardanesses of
sample I after heating to 600°C at 5°C/min. The open
circles on the DSC thermogram indicate‘uhere samples
‘Wwere quehched for the property measurements and

metallographic examination.

- The grain structure and Mn dispersion in sample I:

(a,b) the starting material, (c) after heating to
468°C, and (1) after heating to 600°C at 5°C/min.
- {a) The DSC thermograms for sample I at heating rates
of 2,5 and 20°C/min, and (b) graphs of the correspon-

ding temperatures for the start, maximum rate and

finish of precipitation as a function of heating rate.

- The DSC thermogram, conductivities and hardnesses of
sample II after heating to 600°Cv§t 5°C/min. The open
circles on the DSC thermogram indicate where samples
were quenched for the property measurements and

metallographic examination.

- The grain structures and Mn dispersion in sample II:

(a-c) the starting material, and (d-f) after heating

to 29C°C at 5°C/min.
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7 - The grain structure and Mn precipitates in sample II

9

10

11

13

14

after heating to 333°C at 5°C/min.

The grain structures and Mn precipitates in sample II:
(a—c)vafter heating to 470°C, and (d,e) after heating
to 600°C at 5°C/min. |

{(a) The DSC.thermograms for sample II at heating rates
of 2, 5 and 20°C/min, and (b) graphs of the correspon-
ding témperatures for the start of recovery,‘maiimum
rate of recrystallization and the maximum rate of
precipitation as a function of heating rate.

The DSC thermogram, conductivities and hardnesses of
sample IIT after heating to 600°C at 5°C/min. The open

circles on the DSC thermogram indicate where samples

'uere-quenched for the property measurements and

metallographic examination.

The grain structures and Mn dispersoids in sample III:
(a-c) the starting material, and (d-f) after heating
to 291°C at 5°C/min. | |
(a,b) The grain structure and 4n dispersoids in sample
III after heating to 360°C at 5°C/min.

(a-d) The grain structure and Mn precipitates in
sample III after heating to 398°C at S’C/min-

(a-c) The graim structures and Mn dispersoids in
sample III after heating to 480°C, and (d,e) after

heating to 600°C at 5°C/min.
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(2) The DSC thermograms for sample III after heating
to 600°C at 2, S and 20°/min, and {b) graphs of the
corresponding temperatures for the start of precipi-
tation and recovery, the maximum rate of tecrystalli-
zation and the end of precipitation as a function of

heating ratea

(a) The DSC thermograms for samples I-III at 5°C/min,
and (b) graphs of the conductivities and hardnesses

of these samples from 25 to 600°C.

The grain structures in samples I-III after heating to
GOO‘C at 2, 5 and 20°C/min: (a) sanmple I, (5) sample

II, and {c) sample III.

-The Mn precipitates in samples I-III after heating to

600° at 2, 5 and 20°/min: (a) sample I, (b) sample .
II, and {c) sample III.

Relief-etched SEM micrographs showirg the large inter-
metallic particles (left column) and fine Mn disper-—
soids (right column) in samples I?III after heating to
600°C at 5°/min: (a) sample I, (b) sample II, and (c)

sanmnple III.
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