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Abstract

In this paper is discussed the effect of the inoculant mischmetal addition on the microstructure of the magnesium alloy AZ91. The concen-
tration of the inoculant was increased in the samples within the range from 0.1% up to 0.6%. The thermal process was performed with the
use of Derivative and Thermal Analysis (DTA). A particular attention was paid to finding the optimal amount of the inoculant, which
causes fragmentation of the microstructure. The concentration of each element was verified with use of a spark spectrometer. In addition,
the microstructures of every samples were examined with the use of an optical microscope and also was performed an image analysis with
a statistical analysis using the NIS—Elements program. The point of those analyses was to examine the differences in the grain diameters of
phase oy, and eutectic ayty(Mgi7Al},) in the prepared samples as well as the average size of each type of grain by way of measuring
their perimeters. This paper is the second part of the introduction into a bigger research on grain refinement of magnesium alloys, especial-
ly AZ91. Another purpose of this research is to achieve better microstructure fragmentation of magnesium alloys without the relevant
changes of the chemical composition, which should improve the mechanical properties.
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1. Introduction nologies using ceramic moulds, synthetic sandmix moulds, or
dies, but at a smaller scale. Improving the mechanical properties
of casts made of, among others, magnesium alloys is realized by
way of intense cooling of the mould [5]. Another way of improv-
ing the properties of those alloys is changing their microstructure
through the use of alloy additions and inoculants [6—14].

One of the techniques is modifying magnesium alloys with
mischmetal. Mischmetal significantly changes the microstructure
and properties of magnesium alloys. Introducing mischmetal in
the concentration of 2.5% increases the tensile strength by about
10% at ambient temperature [15], whereas an addition of misch-
metal based on cerium in the amount of 1.5% into alloy ZK60
causes a decrease of the Young’s modulus, hardness and tensile
strength as a result of the abundant formation of the intermetallic
compound MgZn,Ce [16]. A lower amount of the added misch-
metal, at the level of 0.4%, causes a decrease of the tensile
strength, proof stress and elongation [17]. A cerium addition,

In the recent years, it has been possible to observe a signifi-
cant increase in the interest in magnesium alloys in applications
for the automotive, aerospace, electronics and aircraft industry [1—
3]. Their low specific gravity as well as quite good mechanical
properties causes magnesium alloys to find new applications, with
a simultaneous optimization of the microstructure and the chemi-
cal composition. Magnesium alloys are currently viewed as the
best construction alloys; in respect of the degree of their use in the
industry, they are placed as third, behind steels and aluminum
alloys.

The technology used to obtain magnesium alloy casts deter-
mines their subsequent properties. At present, the best properties
of magnesium alloys are obtained with the application of pressure
casting [4]. Magnesium alloy casts are also made in casting tech-
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which is the main component of mischmetal, in the amount of
about 4%, increases the tensile strength, yield point and elonga-
tion by a few percent [18]. Industrial applications take advantage
of compounds which modify the alloy and create a protective
atmosphere during the melting process.

The aim of the study was to examine the effect of the misch-
metal concentration on the microstructure of casts made of alloy
AZ91 obtained in ceramic moulds.

2. Experimental

The investigations included the preparation of 7 melts for al-
loy AZ91, which was subjected to modification with mischmetal
(MM). The chemical composition of used MM is ~50% Ce, ~30%
La, ~10% Nd, ~6% Y and ~3% Pr [19]. The melt schedule has
been presented in Table 1. To melts was used exactly the same
mass percentage of inoculant.

Table 1.
Melt schedule
Melt number Melt’s chemical composition
1 AZ91
11 AZ91+0.1% (mass) MM
111 AZ91+0.2% (mass) MM

v AZ91+0.3% (mass) MM
\Y AZ91+0.4% (mass) MM
VI AZ91+0.5% (mass) MM
VII AZ91+0.6% (mass) MM

For the examinations, alloy AZ91 was selected, the composi-
tion of which has been shown in Table 2. The composition of the
examined alloy is in accordance with the standard [20].

Table 2.

Chemical composition of alloy AZ91
Chemical composition, % wt.

Zn Mn

0.424 0.248

Al
8.69

Ca Si
0.0011 0.0225

Mg
90.6

Each time, the alloy was melted in a crucible, which was
heated in a resistance furnace SNOL 8,2/1100 UMEGA AB to the
temperature of 740 °C +5 °C. In order to prevent oxidation of the
magnesium alloys, sulphur powder was applied. After the exam-
ined alloys were cast, they were cooled down at room tempera-
ture.

The casts were made in ceramic DTA samplers preheated to
180 °C. An image of an exemplary DTA sampler has been shown
in Figure 1. Inside the samplers, a quartz pipe, sealed on one side,
served as a shield for a measuring thermocouple type S (Pt-
PtRh10). The samplers were made according to the technology
described in [21]. The investigations of the solidification and
crystallization of the examined alloys were performed by means
of the DTA method, according to the methodology described in
[5,22], and on the test bench presented in [21].

An evaluation of the cooling (#=f{z)), kinetics (dt/dt=f"(z))
and crystallization process was made by the DTA method. On the
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derivation curve (dt/di=f"(z)), the following thermal effects for
the examined magnesium alloys were marked with points:

Py — A — D — crystallization of primary phase oy,

D - E - F — H — crystallization of eutectic oy +y(Mg;7Al).

The chemical composition of the samples was tested with the
use of a spark spectrometer SPECTROMAXx — Spectro. In order
to reveal the microstructure of the ground and polished samples,
the latter was subjected to etching. For the etching, a formulation
containing 1 ml acetic acid, 50 ml distilled water and 150 ml ethyl
alcohol was used. The microstructure test was performed with the
use of an optical microscope Nikon Eclipse Ma 200, and the
image analysis combined with a statistical analysis was carried
out by means of a program working with a NIS-Elements micro-
scope. The results of the DTA analysis and the statistical analysis
for the modified samples were presented in reference to the initial
alloy AZ91, not modified with mischmetal.

3. Results and discussion

3.1. DTA test

Figure 1 shows exemplary DTA characteristics for alloy
AZ91, whereas Table 3 compiles the coordinates of the character-
istic points and their values for alloy AZ91.
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Fig. 1. DTA characteristics of non-modified alloy AZ91 solidify-
ing in a ceramic sampler ATD10C-PL

Table 3.
Characteristics DTA points of non-modified alloy AZ91
Poit ts  t°C  dvdgecs  Cvstllizing
phase
Py 9.6 616.6 -4.8154
A 19.2 596.7 -0.2637 OMg
D 154.2 504.6 -0.7915
E 247.0  436.0 -0.7060 ot
F 257.9  432.1 0.2051 Mg
H 2970  414.1 07493 YMenAl)
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For the examined alloys, the DTA characteristics were rec-
orded and the values for the particular characteristic points of the
microstructure crystallization were determined. Based on the
DTA data, the solidification times for primary phase oy, and
eutectic oy Ty(Mg7Al;,) were calculated. The calculations were
made from the relation:

. Solidification time of phase oy, AT, =Tp-Ty,
. Solidification ~ time of  eutectic  ongty(Mg7Aly,):
Al'y=rH—rD.

In order to present the effect of modification on the DTA
characteristics in reference to the non-modified alloy AZ91, the
differences in the crystallization times of primary phase oy, and
eutectic oy ty(Mg;7Aly,) were calculated from the relation:

. Difference in the solidification time of phase oy
ATpe™ ATauz01 ~ATauzo1inxs

. Difference in the solidification time of eutectic
o TY(Mg17ALR): AT, = ATya70; — ATyaz01inx-

Where: inX denotes the amount of the introduced inoculant.

The calculation results have been given in Figure 2.
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Fig. 2. Difference in the solidification time of phase oy, and
eutectic oy, Ty(Mg;7Al},) of modified alloys MM in reference to
the initial alloy AZ91

It can be inferred from Figure 2 that introducing mischmetal
into alloy AZ91changes the crystallization time of both the prima-
ry phase oy, and the eutectic phase ay+y(Mg7Al »). The crystal-
lization time of phase ay, , depending on the amount of the intro-
duced inoculant, increases. It was noticed that, together with the
increase of the amount of the introduced mischmetal, the crystal-
lization time of the eutectic decreases. An exception is the crystal-
lization time of phase ay,+y(Mg;7Aly,) for the alloy containing
0.1% of inoculant, for which the crystallization time of the eutec-
tic phase was increased by 5.8 s. The biggest increase of the
crystallization time of phase ay;, equaled Az, = 62.1 s for the
inoculant concentration 0.6%. The highest reduction of the crys-
tallization time of the eutectic equaled A4z,.,= 25.0 s and it was
reached for the mischmetal concentration of 0.6%. The inoculant
concentration of 0.2% had the least effect on the crystallization
time of the eutectic, causing a reduction of the solidification time
of phase opg+y(Mg;7Aly») by At,., = 3.2 s. The total crystalliza-
tion time becomes longer in most of the examined samples, ex-
cept for the alloy with the mischmetal concentration of 0.3%, for
which the total crystallization time shortened by 1.9 s.

3.2. Microstructure analysis

Metallographic examinations were performed for the analyzed
alloys. For the obtained microstructures, photographs were taken,
which then underwent the image analysis described in section 3.3.
Figure 3 shows the microstructure of the non-modified alloy
AZ91, whereas Figure 4 presents an exemplary microstructure of
the modified alloy AZ91+0.3%MM and AZ91+0.5%MM. It can
be inferred from the performed tests that, with the increase of the
mischmetal concentration, the precipitations of primary phase oy,
became bigger, whereas the size of the precipitations of eutectic
g TY(Mgy7Al),) became reduced.

onvgTyY(Mgi17ALR)

=
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3.3. Image analysis

Figure 5 shows exemplary microstructure images subjected to
a statistical image analysis. The aim of the analysis was to com-
pare the mean change in the grain size of primary phase ay;, and
eutectic ay+y(Mg;Al)») in reference to the non-modified alloy
AZ91. In order to present the effect of the inoculant addition on
the mean sizes of the precipitations of phase ay, and eutectic
Qg TY(Mgy7Al) ), measurements of the mean perimeter and diam-
eter values for the particular phases were made. The percentage
difference of the perimeters P, of the analyzed phases oy, and
eutectic og+y(Mg7Al},) for the inoculated alloys in reference to
the non-inoculated alloy AZ91 was calculated from the relation:

Py = % 100% (1)

where:
Pp — calculated difference of perimeters, %
B, — average perimeter of phases oy, and
o TY(Mg 7Aly,) of inoculated alloys, pm
Py — average perimeter of phases oy, and
(lMng"Y(Mg”Allz) of AZ91 , pm

Additionally, the percentage change in the diameter Dp, for the
particular phases was calculated from the relation:

Fig. 4. Microstructure of 'al—loy: a an b AZ91+0.3%MM, c and d — AZ91+0.5%MM

Dp =22=2.100% @)

Dp

where:
Dp — calculated difference of diameters, %
D,,, — average diameter of phases oy, and
apgTY(Mgy7Al) ) of inoculated alloys, pm
Dg — average diameter of phases g and

oy TY(Mgy7Al ) of AZ91, pm

» 55 4 -
2, fool S B S e S
Fig. 5. Microstructure of alloy AZ91 subjected to a statistical

image analysis: a — primary phase oy, magnification x50,
b — eutectic oy ty(Mg;7Al;,) magnification x200

i

Figure 6 shows the value of the index Pp calculated from rela-
tion 1. It can be inferred from the diagram that, for the inoculant
concentration of 0.1%, the mean perimeters of the primary phase
precipitations increase by nearly 3% with a simultaneous increase
of the eutectic perimeters by almost 6%. In the inoculant concen-
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tration range of 0.2-0.6%, together with the increase of the
amount of the inoculant introduced into alloy AZ91, the mean
perimeters of the primary precipitations of phase oy, increase. In
the same mischmetal concentration range, it was observed that,
with the increase of the amount of the introduced inoculant, the
mean perimeters of the precipitations of phase oy +y(Mg7Al),)
become decreased. The highest increase of the mean perimeters
for the primary phase was observed for the alloy inoculated with
mischmetal in the conetrtation of 0.6%, for which the mean pe-
rimeters increased by nearly 36% compared to alloy AZ91. For
the same inoculant concentration, the highest reduction of the
mean perimeters of the eutectic was observed, equaling 16.30%,
compared to the non-inoculated alloy.
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Fig. 6. Change of the grain perimeters of phase oy, and
g V(Mg 7Al) ) in samples inoculated in reference to AZ91

Figure 6 shows the value of index Dy, calculated from relation

2.
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Fig. 7. Change in the mean perimeters of phase oy, and
g TY(Mgy7Al),) in inoculated samples in reference to AZ91

It can be inferred from the presented diagram that the misch-
metal addition in the concentration of 0.1% causes a simultaneous
increase of the mean perimeter value for the precipitations of
phase oy and oy +y(Mgy7Al ). Together with the increase of the
inoculant concentration in the scope of 0.3-0.6%, we observe
a decrease of the diameter of the eutectic precipitations. Introduc-
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ing the inoculant in the amount of 0.2% has practically no effect
on the diameter of the eutectic precipitations. The highest de-
crease of the eutectic precipitations’ diameters equals about 22%
and it was reached for the inoculant concentration of 0.6%.

Introducing mischmetal in the amount of 0.1-0.2% causes an
increase of the mean value of the oy, precipitations diameter by
the approximate value of: 10.69% and 10.65%, respectively. The
inoculant addition in the scope of 0.4-0.6% increases the mean
diameter value of the primary precipitations by over 20%, reach-
ing the highest value 35.97% for the inoculant concentration
equaling 0.6%.

3.4. Chemical composition analysis

Table 4 compiles the results of the chemical composition
analysis for the examined samples.

Table 4.
Chemical composition of analyzed alloys
Chemical composition, % mas

Melt no. Mg Al Zn Mn Si
11 91.2 8.07 0485 0.174 0.0129
111 914 7,86 0.446  0.181 0.0136
v 91.7 7.55 0421 0.208 0.0164
\Y 91.2 790 0478 0.199 0.0131
VI 91.7 7.58 0.423  0.203 0.0162
VI 90.7 8.07 0481 0.241 0.0191

4. Conclusions

The performed investigations are an introduction into

a broader research aiming at microstructure refinement of casts
made of magnesium alloy AZ91, which, in consequence, will
improve the mechanical properties of the casts without a signifi-
cant effect on the alloy's chemical composition. The analysis of
the obtained investigation results made it possible to draw the
following conclusions:

1. The application of the inoculant in the concentration of
0.1% prolongs the crystallization time of phase oy, and
g TY(Mgy7Al ), whereas in the concentration range of
0.2-0.6%, the crystallization time of the eutectic becomes
shorter, with a simultaneous prolongation of the primary
phase crystallization time.

2. The application of mischmetal in the amount of 0.3% short-
ens the total crystallization time of the alloy in a ceramic
ATD sampler. For the remaining inoculant concentrations,
the total crystallization time increases.

3. Introducing mischmetal in the concentration of 0.1% causes
an increase of the mean perimeters and mean diameters of
the grains of primary phase oy, and eutectic
omg Y (Mgi7AL).

4. An inoculant addition in the amount of 0.2—0.6% increases
the mean perimeters and mean diameters of phase o, pre-
cipitations compared to the non-inoculated alloy.

5. The use of the inoculant in the concentration of 0.2% has
practically no effect on the mean diameters of the eutectic
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precipitations, with a simultaneous decrease of the mean pe-
rimeters of the discussed phase.

6.  The application of mischmetal in the scope of 0.3-0.6%
causes a simultaneous decrease of the mean perimeters and
mean diameters of phase oy, +y(Mg;7Al,,) precipitations.

7. It was observed that introducing mischmetal in the amount
of over 0.3% into the alloy causes microstructure refinement
inside the massive precipitations of  eutectic
o TY(Mgi7AL ).
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