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Abstract: Aluminum-based alloys have been used extensively for the past five dec-
ades primarily due to their good strength vs. specific weight ratio. Numerous methods and
techniques have been devised to further improve mechanical properties of these alloys as
they are often used in the transport applications. Influence of the cooling rate and chemical
composition on the constitution of Al-Mn-based alloy has been investigated. Elements such
as B, Be, C, Ca, Cu, Fe, Mg, Si, Sr and Ti have been introduced to Al-Mn alloys in order to
study their influence. Changes in cooling rates during casting using permanent copper
molds with different sized troughs have also been monitored. Combined influence of
changes in chemical composition and cooling rates was followed using LOM, SEM, EDS,
DAS measurement and mathematic modeling. It has been established that Al-Mn-based al-
loys form a lot of different phases during synthesis and solidification, mostly crystalline in-
termetallics, but also in some cases quasicrystalline (QC) ones, especially when cooling
rates exceed 500 Ks™'. QCs are currently also considered as an alternative for reinforcement
of Al-Mn-based alloys. It was found that in the case of alloy system Al-Mn-Cu-Be and
cooling rates between 500 and 1350 Ks™' the preferred phase formed was an icosahedral QC
phase or iQC. Icosahedral QC phase formed as the primary phase and in some cases also in
the form of the quasicrystalline eutectic (as; + 1QC). Additions of B, C, Ca, Ti and Sr have
not proven to be effective in promoting formation of quasicrystals in cast Al-Mn alloys
whilst Fe, Cu, Mg and Si proved to be highly efficient.
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1. INTRODUCTION

Lightweight and high-strength alloys which
have a high strength and density ratio are desirable
since such properties enable reduction of weight of
constructions made from such materials. Reduction
of weight in transportation for example is one of the
main motives as it allows reduction of energy con-
sumption, of harmful emissions as well as improved
performance. Aluminum alloys have been used in
transportation industry for at least half a century.
Such alloys should, besides desired properties, also
allow for large scale production which ought to be as
simple as possible. The strength of aluminum alloys
can be increased via various mechanisms among
which e.g. strengthening by grain size reduction,
solid-solution strengthening, precipitation and strain
hardening. Quasicrystalline state is the third state of
matter and as such has special physical and metal-
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lurgical properties [1,2]. Quasicrystals (QCs) are
deformable but still relatively hard materials and
could as such serve as a reinforcing phase of in-situ
produced aluminum-based composite materials [3-
6]. Such primary formed QC phases for instance can
deform together with aluminum matrix while they
still harden the alloy due to higher hardness in com-
parison to aluminum matrix.

QCs were found in numerous aluminum-
based alloy systems as equilibrium or metastable
phases [7]. In an Al-Mn system, where they were
first reported, primary icosahedral QCs (iQCs) were
formed only at high cooling rates which are not
achievable by existing conventional large scale cast-
ing technologies [8]. Adding elements like beryllium
enabled the formation of iQCs also at moderate
cooling rates (around 500 Ks') which can be
achieved using conventional casting technologies [9-
20]. Recent results indicate that primary iQCs can
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also form at such cooling rates in Al-Mn system
with an addition of elements such as Cu, Si, and Mg
without a need to add beryllium .

These iQC phases can be used as strengthen-
ing phases in these alloys. Therefore, a series of Al-
Mn alloys were produced by melting and chill cast-
ing into round molds with diameters of 2.5, 4, 5, 6,
10 and 16 mm. This allowed us to establish the in-
fluence of the cooling rate in the first place and after
that we also studied the influence of chemical com-
position on the formation, fraction and morphology
of phases in synthesized alloys. The influence of
alloying elements was studied through additions of
B, Be, C, Ca, Cu, Fe, Mg, Si, Sr and Ti. Elements
were added individually or as a combination of two
or more. For our analyses LOM (light microscopy),
SEM (scanning electron microscopy) and EDS
(energy-dispersive x-ray spectroscopy) were used.
Cooling rates were estimated by heat calculations
and measurement of DAS (dendrite arm spacing).

2. MATERIALS AND METHODS

All alloys were synthesized using pure (99,9
%) Al, Be, Cu, Fe, Si in an electric heated furnace.
Cu, Fe, Mg, Mn and Si where added as pure ele-
ments, while B, Be, C, Ca, Ti and Sr were added to
aluminum as master alloys. After synthesis all alloys
were cast into permanent copper molds which had
curved-in troughs of different diameters ranging
from 2.5, 4, 5, 6, 8, 10 to 16 mm. In this way we
could achieve different cooling rates and compare
that to the microstructure evolved when exact cool-
ing rate of 10 K/min typical for DTA or DSC ana-
lyses was employed.

Samples for LOM and SEM were prepared
via routine metallographic method starting with
grinding, polishing and finishing with deep etching
in some cases. The chemical composition of all al-
loys is shown in Table 1.

Table 1. Chemical composition of synthesized alloys in at. %

.El' : Al Mn | Be B C Ca | Cu Fe Mg | Si | Sr Ti
Designation

AM-1 96 4 - - - - - - - - - -
AMC-2 94 4 - - - - 2 - - - - -
AMM-1 94 4 - - - - - - 2 - - -
AMCBF 94 1,6 2 - - - 2 0,4 - - - -
AMCB-TBC 93,9 2 2 | 0,018 | 0,004 | — 2 - - - - | 0,042
AMC-M1 855 | 2,5 - - - - 2 - 10 - - -
AMC-M2 84 4 2 10
AMC-M3 92 4 - - - - 2 - 2 - - -
AMC-M4 88 4 - - - 2 - 6 - - -
AMC-MS1 85 4 - - - - 2 - 6 3 - -
AMC-CP 94 2 - - - 2 2 - - - - -
AMC-S 95,5 1,8 - - - - 1,5 - - 1,2 -

3. RESULTS AND DISCUSSION

By studying the microstructures of alloys in
Al-Mn-Cu-Be system we could establish that the
lowest cooling rate needed for QCs to form is ap-
prox. 500 Ks™ achievable in the case of 5 mm di-
ameter troughs. In the case of cooling rates lower
than needed for the formation of iQC, competitive,
the so-called approximants appeared, such as the H-
phase. Our results also suggest that the cooling rate
necessary for formation of iQC phase depends on
the alloying elements present in the alloy as well as
on their quantity. We therefore decided to cast all
our experimental alloys into 5 mm copper mold
which ensured cooling rates around and above 500
Ks™ . In order to verify the cooling rates in our al-

loys we employed DAS measurements and mathe-
matical model based on lump-sum analysis. Calcula-
tions were carried out using following equations:
Heat balance on the mould/casting interface
is:
a-A-(T"=T*-dt)=p-c-v-(T" —T”)+p-L-V-%
Now, if the amount of the already solidified
alloy is considered to be linear dependent upon tem-
perature, i.e. 95 _ (r" -1 , we get:
dT AT,

a.A-(T" .Tk).dt:_p.c.y,(Tnﬂ _Tn)+p'L-V-(TnA_7TT”H)‘
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The cooling rate is defined as:
e r)(, vy
dt V-p-c c-dT

If the linearity between the amount of solidi-
fied alloy and the temperature is assumed as
ass <;TM) , then the cooling rate within the

dT AT,
solidification interval, becomes:

dr a-A-(1"-T")

dT L-(r"-T1")
“’(lj

while outside the solidification interval the cooling
rate 1s:

ar __a-A-(r"-1*)

dt V-p-c '

—The following assumptions were made for
the calculation purposes:

—Heat transfer coefficient is constant prior to
solidification with o= 2500 Wm'zK'l;

—Heat transfer coefficient within the solidifi-
cation interval is dropping linearly from
2500 Wm™ K" to 1700 Wm K ™;

— Heat transfer coefficient after the solidifica-
tion ended was close to 400 Wm?K™";

—Density of the melt, specific heat and the
crystallization latent heat are constant with:

¢+ p=2750kgm
+ ¢=2875Jkg'K!
+ L =390kJkg"

— Liquidus temperature was assumed to be
654 °C and solidus temperature 543 °C, yielding the
solidification interval of 111 °C.

It is evident from the Table 2 that the calcu-
lated and measured cooling rates correlate better in
some cases than in others.

Table 2. Comparison of average calculated and measured cooling rates for synthesized alloys

Diameter Solidifica- Solidification | Solidification Max. Average DAS [Ks']
[mm] tion start [s] end [s] duration [s] dT/dt [Ks'] | dT/dt[Ks"] edge central
2,5 0,16 0,76 0,6 1296 1036 1350 1000
4 0,202 1,349 1,147 648 516 750 600
6 0,303 2,023 1,72 432 343 - -
10 0,505 3,370 2,680 259 205 280 180
16* - - - 90 70 - -

Nevertheless, it is obvious that the cooling
rates needed for QCs to form were readily achieved
with 6 mm diameter being a border line.

The presence of the primary iQC was in alloy
systems other than Al-Mn-Cu-Be confirmed through
their typical morphology using LOM. As iQCs have
characteristic high symmetry structure, the morphol-
ogy which develops in the process of growth usually
adopts characteristic pentagonal- or trigonal-like
shape.

Microstructures of all alloys listed in Table 1,
show that iQC appeared in cases where Cu, Fe, Mg,
Si were added and no QCs could be identified when
B, C, Ca, Sr and Ti were added as presented in Fig-
ures 1 and 2.

We have also established that the morphology
of 1QC phase itself depends on the cooling rate as
well as on the kind of alloying elements. Morpholo-
gy tends to change from polygonal to heavily
branched dendritic form. With the growing distance

from the edge of the samples and with a cooling rate
decreasing in such a way the dendrites grow in size.
The primary branches can get thicker and in some
cases the secondary branches appeared as well, Fig-
ure 2.

LOM of synthesized alloys in the following
set of micrographs in Figures 1 and 2 shows the
influence of alloying elements on the constitution of
Al-Mn-based alloy when the cooling rate was con-
stant opposed to pure binary Al-Mn alloy.

Addition of B, C and Ti obviously did not
promote the formation of typical QCs at approx-
imately 500 Ks™as it was the case with the additions
of Be, Cu and Fe presented in Fig. 1c. Addition of
only Cu to Al-Mn system seems to enable the forma-
tion of QCs at these cooling rates as it can be seen
from comparison of Fig. la and 1b. Similarly as Cu,
Mg also seems to promote the formation of primary
1QCs but less effectively than Cu as it is presented in
Figures 1a and le.
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.

microstructure (LOM) of Al-Mn-based alloys: AM-1 (a), AMC-2 (b), AMCBF (c),
AMCB-TBC (d) and AMM-1 (e)

Figure 1. As-cast

Adding different concentrations of only Mg
along with Cu and Mg and Si along with Cu sparked
the formation of QCs throughout the volume of in-
vestigated alloys presented in Figure 2. Simultane-
ous presence of more elements, which promotes the
formation of primary iQCs, seems much more effec-
tive. Presence of both Mg and Si in these alloys
represents additional opportunity for possible preci-
pitation hardening of these alloys.

Microchemical analysis using EDS on AMC-
M4 alloy in as-cast condition offered evidence sug-
gesting that besides Cu, Mg also incorporates into
iQCs which obviously means that Mg promotes

formation of iQCs in Al-Mn-based alloys, Figure 3
and Table 3.

Table 3. Microchemical composition determined at point
2 in Figure 3 by EDS at 15 KV

Al Mn Cu Mg
at.% 76.57 18.17 3.31 1.95
wt.% 62.19 30.06 6.33 1.43

Furthermore, the amount of iQC phase in
AMC-M4 alloy increased compared to AMC-2 alloy
and seems more evenly distributed over the whole
volume of the casting.
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Figure 2. As-cast microstructure (LOM) of Al-Mn-based alloys: AMC-M1 (a), AMC-M?2 (b), AMC-M3 (c),
AMC-M4 (d) and AMC-MS1 (e) and (f)

4K - .-

Figure 3. Backscattered electron image_ofAMC—M4 alloy with indicated spots for microchemical EDS analysis

4. CONCLUSIONS — Addition of B, C, Ca, Ti, and Sr was not
effective in promoting the formation of the iQCs at

Based on the microstructural analysis of Al-  cooling rates of approximately 500 Ks™'.
Mn-based alloys in as-cast condition with the addi- — On the other hand, the addition of Be, Cu,
tion of several elements we can conclude that: Fe, Mg and Si has a positive effect on the ability of
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iQCs formation at cooling rates of approximately
500 Ks™. Simultaneous presence of more elements
seems to be even more effective.

— Microchemical EDS analysis suggests that
both Cu and Mg incorporates in primary iQCs phase
in AI-Mn-Mg-Cu alloys.
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FOR

YTULIAJ BP3VHE XJIABEBA 11 CAIPXKAJA JIETUPAJYRAUX EJIEMEHATA HA
MUKPOCTYKTVYPY Al-Mn JIETYPA

Cakerak: AnymMuHHjyMCKe Jerype ce Beh mer JeneHHja MHTEH3MBHO KOPHCTE,
npuje cBera 3axBajbyjyhl CBOM MOBOJBHOM OJTHOCY 4BpcTohe M crenuduyHe TexuHe. 360r
IIXOBE MAaCOBHE YNOTpeOe y WHIYCTPHUjH TPAHCIIOPTA, OCMHILBEHE Cy OpOjHE METoJe U
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TEXHHKE 1000JbIIahba MEXaHNUKNX 0COOMHA OBUX JIerypa. Y pajy je IpelCTaB/beH YTHLA)
Op3uHe xJaljera M XeMHjCKOT cacraBa Jierypa Ha 0a3u Al-Mn cucrema. Enementu kao
mro ¢y B, Be, C, Ca, Cu, Fe, Mg, Si, Sr u Ti nogasanu cy y ocHoBHY Al—Mn nerypy u
WCTIIMTHBAH je BUXOB YTHUIAj. YTHUIA] IpoMjeHe Op3uHe Xialema mpaheH je xopumhememM
JMBeHa y OakapHy KOKWIY ca LWIMHIPMYHUM KaHAIAMa pa3MYUTHUX JUMCEH3Hja.
KoMOuHOBaHM yTHIlaj TIpOMjeHa XEMHjCKOT cacTaBa W Op3mHa xiahema mpahen je y3
kopumheme LOM, SEM, EDS, DTA ekcrnepuMeHTaTHUX TEXHHUKA, KA0 ¥ MaTEMaTHYKOT
Mojienupama. YTBpheHo je ma ce y noOujeHuMm Jerypama Ha 0asu cucrema Al-Mn
(dopmupa Behu 6poj paznuuuTix (aza TokoM mporeca popMuparma 1 ouBpirhapama Jerypa
1 TO, YIJIaBHOM, KPUCTAJIHU UHTCPMECTAJIUAHN, AJIM Y HCKUM cnyqajeBMMa " KBAa3UKPUCTATIHE
dase (QC), napounto kana Gp3une xmahema npemase 500 Ks'. Kasukpucranue dase ce
TPEHYTHO CMaTpajy aJITepHAaTHBOM 3a ojauaBame Al—Mn jerypa. YTBpheHo je na ce kox
nerypa cuctema Al-Mn—Cu—Be, npu Gpsumama xnahema msmelly 500 u 1350 Ks ',
¢dopmupa ukocaxenpanHa QC daza (iIQC). Mkocaxenpanmna QC ¢asza ce dopmupa kao
npuMapHa (asza, a y HEKHM CIy4ajeBUMa U Yy OOJHMKY KBa3HUKPHCTAJHOI €YTEKTHKyMa
(aAl + iQC). Homatak B, C, Ca, Ti u Sr ocHOBHO] Al-Mn nerypu HKHje H3a3MBa0
(dopmupame KBazukpucranma y nmuBeHOj Al-Mn nerypu, mok cy ce Fe, Cu, Mg u Si
THIOKa3aJH BPJIO e(UKACHHM Y OBOM CMHCITY.

Kbyune pujeun: Al-Mn nerype, Op3uHa xiahjema, XEeMHjCKM cacTasB,
KBa3HKPHCTAIN.



