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Abstract

The contribution is focussed on the assessment of the influence of heat treatment of magne-
sium aloy AZ61 on its mechanical properties and chemical and microstructural heterogeneity. The
experimental material was manufactured by the squeeze casting method using alternative two-stage
casting. The microstructure of the aloy in as cast state was composed of solid solution &, intermetal-
lic phase Mg;7Al1,, and minor Mn-based phases. The heat treatment applied to the alloy was solution
annealing at atemperature of 380 °C and with graded dwell time from 1 to 16 hours.

Chemical etching was employed in order to estimate the micro-segregation of the elementsin
the matrix qualitatively and to discern the phases in the microstructure. Differences in etching be-
tween the central part and the periphery of crystalline units are apparent in the metallographic images
documented by light microscopy. The quantitative assessment of chemical heterogeneity was done
via mapping and local chemical microanalyses. The intensity of chemical micro-heterogeneity of
each specimen was further expressed using effective distribution coefficients.

The assessment of the influence of heat treatment on mechanical properties of the AZ61 mag-
nesium aloy was performed by means of tensile tests on specimens of rational geometry. The basic
stress and strain characteristics were assessed from the tensile test results. For a complex eva uation
of the properties, the hardening test was performed.

It was found by metallographic analysis of the test specimens that longer dwell times cause
gradual dissolution of the hard and brittle Mg,;Al, intermetallic phase, which dissolves completely
after 6 hours. It was confirmed by local chemical analysis that simultaneously the micro-
heterogeneity of individual elements decreases.

It further follows from the experimental results that tensile strength and deformation character-
istics grow already after a 1-hour dwell at a temperature of 380 °C. The maximum values of tensile
strength and deformation characteristics were achieved after 6 hours' dwell. The decrease in hardness
and increase in tensile strength and deformation characteristics is caused by the dissolution of the
hard and brittle intermetallic phase and by the decrease in heterogeneity of the matrix.

Abstrakt
Prispévek je zaméiten na posouzeni vlivu tepelného zpracovéni hoicikoveé dlitiny AZ61 na
zmeénu chemické a strukturni mikroheterogenity a mechanickych vlastnosti. Hoi¢ikova dlitina AZ61
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byla vyrobena metodou squeeze casting, alternativnim dvoustupiiovym litim. Mikrostruktura dlitiny
v litém stavu byla tvorena tuhym roztokem d, intermetalickou fazi Mg;7Al;, a minoritnimi fdzemi na
bazi Al-Mn . Jako tepelné zpracovani bylo pouzito rozpoustéci zihani pri teploté 380°C a
s odstupiiovanou vydrzi 1 az 16 hodin.

Pro kvalitativni odhad mikrosegregace prvka v matrici hoi¢ikové ditiny a pritomnych fazi ve
strukture bylo vyuzito leptani chemickymi ¢inidly. Na snimcich ze svételné mikroskopie byly zdo-
kumentovany rozdily heterogenity matrice ve sttedu a na krajich krystalickych Utvart v zavidosti na
intenzité naleptani. Kvantitativni hodnoceni chemické mikroheterogenity bylo provadéno svyuzitim
map rozlozeni prvki (mapping) a lokdni chemické mikroanalyzy. Intenzita chemické mikrohetero-
genity jednotlivych vzorki byla vyjadiena pomoci efektivnich rozdélovacich koeficienti.

Posouzeni tepelného zpracovani na mechanické vlastnosti hoi¢ikové slitiny AZ61 bylo prova
déno pomoci zkousky tahem na valcovych pomérnych zkuSebnich télesech. Z vydedkt zkousky ta-
hem byly stanoveny zékladni napétové a deformagni charakteristiky. Pro kompletni posouzeni vlivu
tepelného zpracovani na mechanické vlastnosti bylo provedeno také hodnoceni tvrdosti.

Metalografickym hodnocenim bylo Zzjisténo, Ze sdelSi dobou vydrze na teploté dochézi
k rozpoudténi intermetalické faze Mg;,Al,, ktera se kompletné rozpousti aZ po 6 hodinach. Lokalni
chemickou mikroanalyzou bylo potvrzeno, ze soucasné dochdzi i ke snizovani chemické mikrohete-
rogenity jednotlivych prvka.

Z experimentanich vysledki déle vyplyva, Ze jiz po jedné hodiné vydrZe na teploté 380°C
dochazi k nariistu meze pevnosti a deformagnich charakteristik. Maximalnich hodnot meze pevnosti a
deformagnich charakteristik bylo dosazeno u vzorki svydrzi 6 hodin na teploté. Pri delSi vydrzi na
teploté byl jiz dde prokézan postupny pokles téchto charakteristik. Pokles tvrdosti, zvy3eni meze
pevnosti a deformacnich charakteristik je zpiisobeno pravé rozpousténim kiehké intermetalické faze a
snizenim heterogenity matrice.

1 INTRODUCTION —USED DRECE TECHNOLOGY

Magnesium aloys enable reducing the weight of machine parts while maintaining good me-
chanical properties and are therefore used in automotive and aircraft industries. However, the me-
chanical properties of magnesium alloys do not equal the values of aloys of higher-density metals
and therefore it is necessary to focus on enhancing their mechanical properties. This can be achieved
by subjecting them to heat treatment, reducing the occurrence of casting defects, and developing new
manufacturing technologies. A serious problem of magnesium alloys can be seen in their poor corro-
sion resistance, which is influenced not only by the chemica composition of the alloy but mainly by
the distribution of elements and the morphology of individual phases[1, 2, 3, 4].

In type AZ magnesium aloys, aluminium is partly in solid solution and partly precipitated in
the form of y phase (Mg;7Aly,) along grain boundaries as a part of lamellar eutectic or as a coarse
particles. In the process of corrosion the y phase functions as a barrier and reduces the corrosion rate
but, at the same time, it can form with the solid solution a corrosion cell and accelerate the corrosion
process. Thus, the corrosion of AZ alloys is greatly influenced by the aluminium distribution and
morphology of the y phase.

In castings, a big problem consists in the chemica heterogeneity, which affects not only the
corrosion resistance of the material but also its mechanical properties. Solution annealing is used to
reduce the irregular distribution of alloying elements in the alloy. For AZ magnesium alloys the solu-
tion annealing conditions are chosen such that the y phase is dissolved in all forms and that, after
cooling, the structure is formed by solid solution 6 with a minimum difference in the concentrations
of additive elements[5].

2 EXPERIMENTAL
As experimental material used was the AZ61 magnesium alloy fabricated by the squeeze cast-
ing method in ZWF GmbH in Clausthal. A filling pressure of 97 MPa was applied, with subsequent
squeeze and solidification at a pressure of 150 MPa. Table 1 gives the chemical composition of the
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aloy, measured by a Spectrumat GDS 750 optical emission spectrometer with glow discharge, while
Table 2 gives the mechanical properties of the as-cast alloy.

Table 1 Chemical composition of AZ61 magnesium aloy (wt%)

Element Al Zn Mn S Fe Ni Zr Be *
M easured 5.22 099 | 042 0.013 0.003 0.01 |0.01 | 0.000 <0.00
*-Sn, Cu, Pb
Table 2 Tensile properties of AZ61 Mg alloy fabricated by squeeze casting
E [GPa] Rpo2 [MPe] Rm [MPa] A [%] Z[%]
AZ61 41.1 74 175 5.0 5.3

Specimens for metallographic assessment were prepared in the usual way and etched with a
mixture of picric acid (5 ml acetic acid, 6 g picric acid, 10 ml water, and 100 ml ethanol). The micro-
structure was evaluated on an Olympus GX71 light microscope equipped with an Olympus DP11
camera. A more detailed evaluation, local analysis of chemical composition and analysis of element
distribution were performed on a PHILIPS XL30 scanning electron microscope with EDAX analyzer.

According to the results of the local analysis of chemical composition and literary data[1, 6],
the structure of AZ61 aloy (Fig. 1) is formed by the solid solution 3, intermetallic y phase
(Mgi7AlL), eutectic (8 + v), and AIMn-based particles with different stoichiometric ratios. The ma-
terial is heterogeneous; it is evident from the analysis of element distribution (Fig. 3) that thereis Al-
rich & phase at the grain boundaries and around y phases. On the basis of the results of local analyses
of chemical composition, differences were established in the concentration of aluminium and zinc
(Tables 3 and 4) and subsequently expressed in terms of effective distribution coefficients

_ L.
ef [%l‘]p (1)

where [%i]c and [%i]p are the contents of elements -i- in the centre or on the periphery of
crystalline configurations.
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Fig. 1 Structure of as-cast alloy AZ61 (LM) Fig. 2 Structure of as-cast alloy AZ61 (SEM)
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Fig. 3 Analysisof element distribution in AZ61 as-cast (SEM/EDS 500x)

Table 3 Effective distribution coefficients of Al in AZ61 as-cast

Al [wt%] Al [wit%] Alg-Al Ket
X S X S [wit%)
2.943 0.092 9.037 0.301 6.094 0.326
Table4 Effective distribution coefficients of Znin AZ61 as-cast
Zng [wit%] Zn, [wit%] ZnyZn; Kes
X S X S [wt%]
0.763 0.211 1.503 0.146 0.740 0.508

Cylindrical specimens of 6 mm in diameter and 20 mm in length were subjected to solution
annealing at a temperature of 380 °C for periods of 1, 2, 4, 6, 8, 12, and 16 hours and water quenched.
The specimens were used for metallographic assessment and determination of the optimum dwell
time from the viewpoint of structural and chemical homogeneity.

For the assessment of an optimum procedure of the solution annealing of AZ61 magnesium al-
loy from the viewpoint of mechanical properties the tensile test and hardness evaluation were pro-
posed. Test specimens for the tensile test were heat treated via solution annealing at a temperature of
380 °C with dwell times of 1 to 16 hours, with subsequent water quenching. The assessment of the
basic stress and strength characteristics of the heat treated material was prepared from the results of
tensile tests conducted on a TIRA Test 2300 instrument, on cylindrical proportional test pieces of
diameter of 6 mm and length 30 mm. Specimen hardness was measured by the Brinell HBW 5/250
method on an HBE300 hardness testing machine.

3 REASULTSAND DISCUSSION
For the qualitative estimation of the microsegregation of elementsit is usua to use etching by
chemical agents; light microscope images are used as the output. In AZ magnesium alloys, areas rich
in auminium are, after etching, of a markedly darker colour than the surrounding matrix. In Fig. 4,
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the drop in heterogeneity with increasing dwell time at the temperature of solution annealing is evi-
dent. In comparison with the as-cast alloy (Fig. 1) a pronounced drop in heterogeneity is evident only
after two hours of solution annealing. The structure is formed by the solid solution §, residues of non-
dissolved eutectic (Figs 4aand 4b), and AIMn-based inclusions. The inclusions can be spherical of up
to 5 um or elongated acicular shape or they can be of irregular shapes with rugged borders. Accord-
ing to literary sources [1] thisis due to the growth of inclusionsin the initial stage of alloy solidifica-

tion.
. -
. .

Fig. 4 Structure of AZ61 aloy after solution annealing at 380 °C for periods of (a) 2 h, (b) 4 h,
(c) 6 h, (d) 8 h (SM 500x)

The qualitative assessment of the structure and chemical microheterogeneity was done on the
basis of the results of mapping. Figs 5 — 7 give the maps of element distribution for magnesium, alu-
minium and manganese. The amount of zinc in the AZ61 dloy fluctuates around 1 per cent, and in
the heat treated aloy the changes in concentration are so low that they are within the measuring error
range.

With increasing dwell time at the temperature the intermetallic phase starts to gradually dis-
solve and the microheterogeneity decreases. After two hours of solution annealing, the y phase is still

present in the structure, and the results of mapping (Fig. 5) still exhibit a difference in aluminium
concentration in the matrix.
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Fig. 5 Surface analysis of element distributionin alloy AZ61 T4 380°C 2h
After four hours of solution annealing, most of they phase is dissolved, and sites with higher
aluminium concentration only occur in the surroundings of non-dissolved residues of this phase

(Fig. 6).

v

Fig. 6 Surface analysis of element distributionin aloy AZ61 T4 380°C 4h
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In the aloy with six hours of solution annealing (Fig. 7) the y phase was completely dissolved,
and chemical microheterogeneity changed only a little in comparison with the aloy after four hours

of solution annealing.

v

Fig. 7 Surface analysis of element distribution in alloy AZ61 T4 380°C 6 h

Changes in chemical microheterogenity are expressed quantitatively in Tables5 and 6 in terms
of differences in the concentration of Al and Zn and in Table 7 in terms of effective distribution coef-
ficients. As expected, the values of effective distribution coefficients increase with the length dwell
time, excepting the specimen with 6 hours of solution annealing, in which the deviation is due to the

large scatter of the results measured.

Table5 Differencesin Al concentrations for AZ61 alloy after various periods of solution annealing

Al [wt%] Al, [wt%] Alp-Al
X S X S [wit%)
AZ61 T4 380°C 2hod 2.323 0.414 6.067 0.289 3.744
AZ61 T4 380°C 4hod 4.193 0.112 5.920 0.593 1.727
AZ61 T4 380°C 6hod 3.603 0.436 5.303 0.640 1.700
Table 6 Differencesin Zn concentrations for AZ61 aloy after various periods of solution annealing
Zn [wt%] Zn, [wit%] Zny-Zn,
X S X S [wt%0]
AZ61 T4 380°C 2hod 0.683 0.172 1.337 0.431 0.654
AZ61 T4 380°C 4hod 1.033 0.195 1.350 0.040 0.317
AZ61 T4 380°C 6hod 1.327 0.006 1.627 0.091 0.300
Table 7 Effective distribution coefficients of AZ61 alloy after various periods of solution annealing
I(Alerf aner
AZ61 as cast 0.326 0.508
AZ61 T4 380°C 2hod 0.383 0.512
AZ61 T4 380°C 4hod 0.708 0.763
AZ61 T4 380°C 6hod 0.679 0.816
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Results of the tensile test after heat treatment with graded dwell time are presented graphically
in Figs 8 and 9. It is evident from the results that following a 1-hour dwell at the temperature there is
a marked increase in the stress characteristics (tensile strength, yield strength) and an increase in the
deformation characteristics (elongation and contraction). Longer dwell times subsequently showed in
a dight increase in stress and strain characteristics, with local strength, elongation and contraction
maxima being reached after 6 hours of solution annealing. From the resultsit is also evident that with
increasing dwell time the values of yield point practically do not change.
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Fig. 8 Effect of dwell time on stress characteristics of alloy AZ61
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Fig. 9 Effect of dwell time on strength characteristics of alloy AZ61

For a full assessment of the influence of the heat treatment of AZ61 magnesium alloy on its
mechanical properties, the hardness assessment was performed. The results for the hardness of spe-
cimens heat treated at a temperature of 380 °C with various dwell times at the temperature are pre-
sented graphically in Fig. 10. With increasing dwell time at the temperature there is a low decrease
in hardness and after 10 hours the values are stabilized. The drop in hardness is the result of gradual
dissolution of the y phase and decreasing heterogeneity of the solid solution.
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Fig. 10 Effect of dwell time on hardness of alloy AZ61

Optimum mechanical properties for the AZ61 alloy were established after the 6-hour dwell
time at the solution annealing temperature. Metallographic assessment revealed that after the 6-hour
dwell time at a temperature of 380 °C the y phase is completely dissolved and thus the maximum
achievable values of strength and strain characteristics are obtained. The chosen temperature of solu-
tion hardening can be seen as optimal because there is no drop in the yield point due to grain
coarsening.

4 CONCLUSIONS

The AZ61 aloy fabricated by the sgueeze casting method consists of & solid solution, coarse
particles of y phase and eutectic (y+3). The structure also contains Al-Mn-based inclusions with dif-
ferent stoichiometric ratios. The material is heterogeneous but solution annealing at a temperature of
380 °reduces the heterogeneity. It was established that changes in the chemical heterogeneity occur
already after atwo-hour dwell time at the temperature. The peak change in the difference in the con-
centrations of additive elements comes after four hours, after that the concentration differences
change only dlightly.

The structure of AZ61 aloy after solution annealing is formed by & solid solution, Al-Mn-
based inclusions; depending on the dwell time at the temperature, the structure can also exhibit resi-
dues of they intermetallic phase, which is completely dissolved after six hours at 380 °C.To establish
the optimum solution annealing conditions from the viewpoint of mechanical properties, tensile tests
were performed on specimens after heat treatment with various dwell times at a temperature of 380
°C. From the stress and strength characteristics measured the maximum values for the alloy were es-
tablished after six hours of solution annealing. Simultaneously with the dwell at the temperature there
is adecrease in the hardness.

Experiments were conducted in order to establish the optimum conditions of solution anneal-
ing. A temperature of 380 °C and a dwell time of 6 hours at the temperature were found to be optimal.
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