Materials Research. 2015; 18(6): 1384-1391
DOI: http://dx.doi.org/10.1590/1516-1439.036415

Effect of Calcium on Structure, Phase Composition and
Hardening of Al-Zn-Mg Alloys Containing up to 12wt.%Zn

Nikolay Aleksandrovich Belov', Evgenia Alexandrovna Naumova®, Torgom Karoevich Akopyan"*

“National University of Science and Technology — MISIS, 4, Leninskiy Prospect, Moscow, 119049, Russia
*Bauman Moscow State Technical University, 5, ul. Baumanskaya 2-ya, Moscow, 105005, Russia

Received: September 11, 2015; Revised: October 7, 2015

The influence of calcium on structure and phase composition of the aluminum alloys, containing
additions of zinc up to 12 wt.% and magnesium (3.5 wt.%) was studied. The increase of Zn content
leads to formation of Al ,Ca primary crystals at lower concentrations of calcium. Zinc is distributed
between aluminum solid solution and intermetalic phases (Ca-containing and T- ALMg,Zn.) in
the alloys of the Al-Zn-Mg-Ca system. The eutectic (Al)+Al,Ca has fine structure and particles of
Al Ca are capable to spheroidization during heat treatment at 500 °C. The maximal level of hardness
observed on calcium containing alloys was higher than 200 HB, what gives a reason to expect good
strength properties. Due to summarized results it is seen that the Al-Zn-Mg-Ca system is promising
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for development of new eutectic type high-strength aluminum alloys.
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1. Introduction

AA7005 type aluminum alloys based on the Al-Zn-Mg
system with sum content of zinc and magnesium in between
4-7 wt. % are widely used due to good combination of their
technological and service properties'?. These alloys are
characterized by intermediate strength, high ductility, good
level of welding properties and good resistance to corrosion.
However, the increase of the content of alloying elements
leads to corrosion cracking. Thus high strength aluminum
alloys were developed on the base of the Al-Zn-Mg-Cu
system (AA7075, 7055, 7085 etc.), where the summed
content of zinc, magnesium and copper achieves 12-13 wt.%
(Zn+Mg up to 10 wt.%)"!°. Due to the high strength of the
alloys (UTS up to 700-750 MPa) these alloys are of especial
interest and are used in different fields'. However, because
of the small amounts of the eutectic, alloys of the 7xxx type
has very low casting properties (in particular hot tearing).
For this reason the usage of these alloys for production of
complicated castings is difficult, although several attempts
were made''.

An addition of eutectic forming elements (in particular
Ni) could be used to improve casting properties of 7xxx
type alloys as it was reported in works' "%, Aluminum alloys
containing (Al) + ALNi eutectic and aluminum matrix
with Mg + Zn up to 10% allows to achieve the unique
combination of mechanical and technological properties,
what was observed on experimental alloys. The alloy
Al-7%Zn-3%Mg-4%Ni'*""¥ should be marked out from this
group of alloys. This material has strength of the same level
as AA7075 but its casting properties are much better, what
allows the production of shaped castings.

*e-mail: nemiroffandtor@yandex.ru

However, high price of nickel, its relatively small world
resources' and high demand for this element for production
of super alloys prevents wide use of this component for
aluminum alloys. Thus examination of other eutectic forming
elements, which give similar effect to structure as nickel,
but do not have above mentioned minuses, is reasonable.

We believe that one of the most promising elements among
them is calcium that, similar to nickel, forms with aluminum a
diagram of eutectic type. According to the data?, in the Al-Ca
system the L—(Al) + Al,Ca eutectic reaction takes place at
7.6%Ca and 617 °C, which is rather close to the calculated
values obtained in the Thermo-Calc software application
(Figure 1). In terms of abundance in nature, calcium holds
the 3place among all the metals (about 3.4 wt%), behind
aluminium and iron', and its density is lower than that of
silicon (1.542 versus 2.328 g/sm?). In recent years, many
publications considering calcium-containing magnesium
alloys have appeared'-!. At the same time, the use of calcium
for alloying of aluminium alloys is very limited®?. As a
rule, this element is considered to be a harmful impurity.
Several attempts to develop alloys based on Al-Ca system
(in particular those with increased zinc content), which were
characterized with tendency to superplasticity were carried
during 70™-80™ of the previous century'*?. Despite positive
results these works were not continued. There is no literature
data covering possibility of using Ca as alloying element
for casting aluminum alloys, although structure of the Al-Ca
phase diagram (Figure 1) gives promising predictions.

Limited amount of experimental data could be found
in the literature for the Al-Ca-Zn ternary system (phase
diagram of quaternary Al-Ca-Mg-Zn system is unknown).
Kono et al.?? studied the system using micrography, inverse
rate thermal analysis, X-ray diffraction and EPMA analysis.
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Later, Prince® assessed the system based on the work of
Kono et al. According to?* aluminum solid solution may be
in equilibrium with Al CaZn, and Al ,Ca.

The main target of the present work was to study the
influence of Ca on structure, phase composition and as a
result, mechanical properties of the Al-Zn-Mg alloys. Selected
compositions of the alloys were providing essential effect
of age hardening.

2. Experimental Procedure

Aluminum-based alloys of the Al-Zn-Mg-Ca system with
constant content of Mg (3.5 wt%) were the objects of the
study (Table 1). Most of the alloys had content of zinc varying
from 6 to 12 wt.%, what corresponds to the concentration
field where the effect of age hardening is maximal®. Ternary
alloy Al-3.5%Mg-12%Zn has its position close to maximal
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Figure 1. Binary Al-Ca eutectic.
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solid solubility of magnesium and zinc in aluminum solid
solution in accordance with Al-Mg-Zn phase diagram?.
Experimental alloys were prepared in an electric furnace in
graphite-chamotte crucibles using 99.99% pure Al, 99.9%
pure Mg, 99.9% pure Zn and 99.8% metallic calcium. Pieces
of calcium were inputted into capsules made of aluminum
foil and dipped under surface of the melt and kept there
until complete dissolution in the melt in order to prevent
the burning of calcium. Melting and casting temperatures
were in the range of 720-740 °C. Alloys were cast in graphite
molds with internal dimensions of 15 x 30 x 180 mm; the
cooling rate (V ) was about 10 K s™'. Chemical analysis of
selected samples showed the deviation from the nominal
concentrations of Zn and Mg to be less than 5%. Binary alloys
with compositions close to eutectic point (Al) +Al,Ca were
prepared for additional control of deviation from nominal
concentration of Ca. Microstructures of the following alloys
were analyzed: Al-7.2%Ca, Al-7.6%Ca and Al-8.0%Ca.
Alloys had hypoeutectic, eutectic and hypereutectic structure
correspondingly, what is in accordance with a phase diagram
reported in the reference®. These alloys were taken as
standards for chemical analysis of Ca. An annealing of the
samples was carried in the electrical furnace “Nabetherm”
in the air atmosphere. The temperature gradient inside the
furnace was 2K. Ageing of samples was carried in drying
oven with forced air movement.

The structure was examined in optical (OM, Neophot-30)
and scanning electron (SEM, TESCAN VEGA 3) microscopes
and by electron microprobe analysis (EMPA, OXFORD
AZtec). Polished samples cut from the central part of the
ingots were objects of studying. Mechanical polishing (Struers
Labopol-5) was used as well as electrolytic polishing, as these
methods complement one another and enable the complete
observation of the microstructure. Electrolytic polishing
was made using 12 VDC in electrolyte containing 6 parts
of ethyl alcohol, 1 part of HC1O4 and 1 part of glycerin.

For the thermal analysis a differential scanning calorimeter
Seteram Labsys DSC-16 was used; heating and cooling
curves were recorded at a rate of ~0.08 K s'. Archimedes

Table 1. Chemical compositions of aluminum-based alloys of the Al-Zn-Mg-Ca system.

Concentrations', wt%

Concentrations’', wt%

No No

Zn Ca Mg Al Zn Ca Mg Al
1 - - 342 Balance 12 8.87 0.53 3.28 Balance
2 - 3.85 341 Balance 13 9.13 1.04 3.36 Balance
3 - 5.44 3.33 Balance 14 9.21 1.99 3.52 Balance
4 - 6.54 3.35 Balance 15 9.12 2.87 3.63 Balance
5 - 7.25 3.44 Balance 16 8.84 3.85 3.55 Balance
6 5.88 - 3.54 Balance 17 8.95 4.55 347 Balance
7 6.25 1.04 3.46 Balance 18 11.07 2.94 3.51 Balance
8 6.14 1.87 3.32 Balance 19 11.74 - 345 Balance
9 5.89 2.97 3.46 Balance 20 12.45 1.85 3.47 Balance
10 5.93 - 3.64 Balance 21 11.73 2.28 3.34 Balance
11 5.98 0.25 3.39 Balance 22 12.34 4.05 3.64 Balance

Reference alloy 7055

Zn Mg Cu Zr Fe Si Al

7.95 2.08 2.44 0.12 0.08 0.05 Balance

Iconcentrations of impurities (particularly Fe and Si) are below 0.01 wt%.
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method was applied for the determination of density of
the samples. The commercial alloy AA7055 was used as
a standard material for comparison. Brinell hardness test
(HB) was used to evaluate hardening of the alloys after
heat treatment (load 2500 MPa, indenter diameter 5 mm
and load time 30 s).

Calculations of phase equilibria were carried out with
the use of Thermo-Calc software (database TTALS5)*%.

3. Results and Discussion

Experimental alloys were selected based on the carried
out calculations of the phase composition using Thermo-Calc
(Figures 2a, b). An increase of the zinc concentration leads to
formation of the primary Al Ca crystals at lower concentrations
of Ca (monovariant curve a-b of L—(Al) + Al Ca reaction).
Position of this line is in accordance with experimental data
(Figure 2¢). In particular faced primary crystals could be easily
observed in the structure of the alloy Al-12%Zn-4%Ca-3.5%Mg
(Figure 3a). The as-casts structure of hypoeutectic alloys
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consists of primary crystals of the aluminum solid solution,
which have morphology of dendrite cells, eutectic colonies
(Al) + Al,Ca and veins of non-equilibrium eutectic, which
mostly consist of Al Mg, Zn, phase, and rarely of MgZn,
(Figure 3b). The structure of the Al-9%Zn-4%Ca-3.5%Mg alloy
was mostly eutectic with fine morphology of Ca-containing
phase (Figure 3c).

The eutectic alloys, where the morphology of intermetallic
phases is globular have the best combination of mechanical
properties'"'”. For this reason one of the main targets of
studying of the Ca containing alloys is to determine the
tendency of the Al,Ca phase to spheriodization as well as
peculiarities of this process during heat treatments. Two-step
heating was used for the annealing: 450 °C,3 h+500 °C, 3 h.
After the annealing the alloys were quenched (in the cold
water). Dissolution of the non-equilibrium eutectic was the
main process running during the first stage of the annealing
while globular particles of Al,Ca were formed during the
second stage. Thus, the favorable microstructure which
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Figure 2. Liquidus (a) and solidus (b) projections and compositions of experimental alloys (c) of the Al-3.5%Mg-Zn-Ca section.
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Figure 3. Microstructures of the alloys Al-3.5%Mg-Zn-Ca in as-cast state: (a) 12%Zn and 4%Ca; (b) 11%Zn and 3%Ca; (c) 9%Zn and
4%Ca. (a, b) SEM; (c) OM.

Figure 4. Microstructure of the alloy Al-11%Zn-3%Ca-3.5%Mg
in as-quenched state (500 °C), SEM.

forms during the annealing in the alloys with large fraction
of eutectic is a result of the sperodization process, that was
observed during the experiment (Figure 4).

Zinc enters in relatively large amounts in the Ca-containing
phases (particularly in ternary compound: Al,ZnCa according
to” or Al CaZn, according to*). For this reason it’s essential
to determine distribution of zinc between intermetallic
phase and aluminum solid solution (Al). EMPA analysis
was applied in order to experimental obtain composition
of primary crystals and eutectic intermetallic phases of the
alloys. EMPA results for the Al-9%Zn-3%Ca-3.5%Mg alloy
in as-quenched state (see in Figure 5b and Table 2) showed
that only ~4% of Zn remains in aluminum solid solution,
what is two times less in comparison to the alloy without
Ca (the solid solution composition for the alloys without Ca
(6, 10 and 19 in Table 1) is equal to the alloy composition
(after quenching)).

So, the elements distribution (the proposed variant see
in Table 3) should be taken into account for selection of
optimal composition.

Essential information about influence of Ca and temperature
on phase composition of the alloys could be obtained from
analysis of vertical sections. Calculated vertical section
plotted for the constant content of 9%Zn is presented on
Figure 6. Calculated results (Figure 6) are in accordance
with thermal (Figure 7) and structure (OM, SEM, EMPA)
analysis (Figures 2-5). Using the Sheil model**?¢ of the non-

equilibrium solidus temperature was calculated and presented
in Figure 6. Additions of Ca lead to decrease of liquidus
temperature (maximal decrease is for 26 °C), while non-
equilibrium solidus temperature is changing insignificantly.
Thus the solidification interval is decreasing what supposes
improvement of casting properties'!. The DSC results for
the Al-9%Zn-3.5%Mg-1%Ca alloy showed the increase of
equilibrium and non-equilibrium solidus (Tns in Figure 6) in
comparison with the calculated data, what could be explained
by decrease of Zn concentration in aluminum solid solution.
It should be noted that TTALS database®” describes Al,Ca
phase as a binary compaund and solubility of Zn in this phase
is not taken into account. Ternary compounds (AlCaZn)
are absent in this database. Thus, a possibility to optimize
composition of the alloy using calculations is limited and so
requires additional experimental investigations.

In accordance with above mentioned analysis alloys
with concentrations of Ca close to the monovariant line a-b
(Figure 2¢) have most favorable microstructures, which consist
of matrix based on aluminum solid solution of the Al-Zn-Mg
system and globular particles of the Al Ca phase. Hardness
tests were carried on quenched alloys after ageing at room
temperature for 7 days (T4) and after ageing at 130 °C,20 h
(T6). Conditions of the ageing were chosen in accordance
with data obtained for the Al-Zn-Mg-Ni system!>!¢,

The level of maximal obtained hardness for experimental
alloys was higher than 200HB (Table 4), what is similar for
the data obtained for the alloys of the AA7075/7055 type
(The hardness of wrought alloy 7055 in casting after T6
treatment is 195 HB). The influence of calcium on hardness
depends from concentration of Zn: when concentration of
zinc is 6%, the addition of Ca leads to decrease of hardness,
however, the hardness is not changing when concentration
of Zn is 9-12% (Table 4). This effect could be observed on
Figure 8, where the influence of addition of 4%Ca on the
results of hardness tests is shown. The high level of hardness
was observed in a wide range of concentrations of Zn and Ca
(Table 4), what gives enough wide field for the optimization
of the composition of the alloys.

Between other positive effects it must be noted that
addition of calcium prevents the formation of T-phase
(Al Mg.Zn,) at grain boundaries and leads to the decrease
of density of the alloy. The first effect is especially important
for homogenized ingots. To achieve most unfavorable
conditions, the selected alloys were annealed at 500 °C
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and then cooled in the furnace. The alloys which were not  rolling, forging, etc.), as such chains lead to the formation of
alloyed with calcium had long chains of T(Al Mg,Zn,) phase  microcracks which leads to formation of brittle intergranual
along the grain borders (Figure 9a). Evidently such type of  fracture. These chains appear in alloys with small addition of
structure is not satisfactory for work treatment (extruding,  Ca (Figure 9b). However, no chains were observed in alloys

[T
50 um

(@) (b)

Figure 5. Results of energy-dispersive X-ray spectroscopy (a) Al-12%Zn-4%Ca-3.5%Mg alloy in as-cast state; (b) Al-9%Zn-3%Ca-3.5%Mg
alloy in as-quenched state (500 °C), SEM/EMPA.

Table 2. The results of EMPA (see Figure 5).

Concentrations, wt%

Number of spector Phase identification
Mg Al Ca Zn

1 0.38 4291 20.74 35.97 Primary Al,Ca

2 0.57 42.74 20.91 35.78 Primary Al ,Ca

3 0.94 43.58 19.69 35.79 Primary Al,Ca

4 0.25 43.8 17.8 37.29 Primary Al,Ca

5 11.91 26.58 0.03 61.48 AlLMg.Zn,
eutectic

6 8.96 29.83 1.11 59.96 AlMg.Zn,
eutectic

7 6.99 34.43 1.02 56.9 AlLMg.Zn,
eutectic

8 6.76 43.37 1.73 48.08 AlLMg.Zn,
eutectic

9 0.68 78.13 3.49 17.54 Eutectic

10 1.08 75.86 3.39 19.64 Eutectic

11 0.8 75.33 3.98 19.73 Eutectic

12 4.74 90.34 0.09 4.66 (Al)

13 1.86 94 0.23 3.73 (Al

14 2.09 93.98 0 3.91 (AD

15 1.35 94.89 0.08 3.54 (AD

16 2.15 80.58 6.61 10.51 Eutectic

17 2.29 78.47 7.17 11.94 Eutectic

18 2.13 79.14 6.99 11.61 Eutectic

19 4.7 76.76 5.73 12.72 Eutectic
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700 1 l l I ! I with concentration of Ca higher than 2%. Microstructures

S) of these alloys were similar to those in as-quenched state
[ ; L (Figure 4). Due to the fact that calcium has lower density
650 - - than aluminum it was evident that its effect on density of

1620 L+(Al) L+Al,Ca the alloy will be positive. Density of experimental alloy
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Table 3. Possible distribution of elements between the phases in
alloys of the Al-Ca-Zn-Mg system in Al-corner*!'>?2%,
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Figure 6. Calculated vertical section Al-3.5%Mg-9%Zn-Ca and
experimental data from DSC analysis (1 - calculated non-equilibrium

lidus).
solidus) Table 4. Influence of zinc and calcium on hardness (HB) of the

alloys Al-3.5%Mg-Zn-Ca in different states'.

I el 'FITOWI/;\S’_ N Content, we.% HB
150 | Zn Ca Q T4 T6
1254 1 0 0 57+2 58=+1 57+2
100 2 0 4 822  84+3 842
751 3 6 0 8743 119+2  179+1
50 4 6 1 98+3  119+2  167+4
25 5 6 2 95+4  114+4 17243
00 6 6 4 98+3  103+£3 1045
251 7 12 0 1242 1575  201+4
501 8 12 2 1384 1655 211+4
751 9 12 3 13945 164+4 219+5
| 4(|)0 4%0 5(?0 55‘0 6(?0 6?0 790 Tempelraéll't(:)/.‘?c— 10 12 4 1385 1594 215%5

'Q: quenched; T4: aged at ambient temperature (7 days); T6: aged at
Figure 7. DSC-curves of the alloy Al-9%Zn-3.5%Mg-1%Ca. 130 °C, 20h.
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Figure 8. Influence of Ca on hardness for the alloys with different zinc content: (a) 6%Zn; (b) 12%Zn.
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(a)

Figure 9. Annealed microstructures of Al-9%Zn-3.5%Mg (a) and Al-9%Zn-3.5%Mg-0.5%Ca; (b) alloys after slow cooling (Vc~0, 1 Ks™).

Al-9%Zn-4%Ca-3.5%Mg appeared to be essentially lower
(2.676 g/cm?) than that of the commercial alloys AA7075
(~2.8 g/cm?®). Tt was also noted that during heat treatment the
surface of the alloys containing calcium was not darkening.
Thus, the properties of oxide surface of aluminum alloys
are improved.

Due to above mentioned results it is seen that Al-Zn-Mg-Ca
system is promising for development of new eutectic type
high-strength aluminum alloys.

4. Conclusions

The influence of calcium on structure and phase composition
of the aluminum alloys, containing additions of zinc up
to 12 wt% and magnesium (3.5 wt%) was studied. It was
found that the increase of Zn content leads to formation of
Al,Ca primary crystals at lower concentrations of calcium.
When zinc content is 12%, the phase boundary corresponds
to 3.5% Ca. Zinc is distributed between aluminum solid
solution and intermetalic phases (Ca-containing and
T-Al,Mg,Zn,) in the alloys of the Al-Zn-Mg-Ca system. So,
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