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BENEFIT EFFECT OF LOW ADDITION YTTRIUM ON THE PHASE αMg AND EUTECTIC αMg + γ(Mg17Al12) 
IN AZ91 ALLOY

This paper presents results of a study of the effect of inoculation of yttrium on the microstructure of AZ91 alloy. The con-
centration of the inoculant was increased in samples in the range from 0.1% up to 0.6%. The influence of Y on the thermal effects 
resulting from the phase transformations occurring during the crystallisation at different inoculant concentrations were examined 
with the use of Derivative and Thermal Analysis (DTA). The microstructures of the samples were examined with the use of an 
optical microscope; and an image analysis with a statistical analysis were also carried out. Those analyses aimed at examining oh 
the effect of inoculation of the Y on the differences between the grain diameters of phase αMg and eutectic αMg + γ (Mg17Al12) in 
the prepared examined material as well as the average size of each type of grain by way of measuring their perimeters.
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1. Introduction

The general trend, since 1920 when concept of strength-
to-weight ratio has been proposed, in all maritime, air and 
ground transportation is the permanent research of new metal 
alloy that has a higher strength-to-weight ratio to reduce the 
cost of carrying [1-2]. Optimizing the chemical composition 
and microstructure of those alloys improves their rheological 
as well as physical and chemical properties and thus provides 
new fields of application potentials. Two aspects has to be taken 
into consideration; facility and cost manufacturing and its usage 
properties. As magnesium alloys known for its castability and 
low density (about 1.74 g/cm3) and are additionally facilities of 
machining, they find numerous applications in various industrial 
branches, e.g. aviation, motorization, etc. [3].

The biggest effect on the properties of a ready cast is ex-
erted by the applied casting technology, the used materials and 
the subsequent thermal treatment [2,4,5]. The best properties of 
the casts are obtained by means of pressure casting [6]. Other 
methods of obtaining magnesium alloy casts include the use of 
ceramic, permanent and sand moulds, which do not provide casts 
with sufficiently good properties, due to too massive precipitation 
of the phases in the microstructure of the obtained casts [1,2,4]. 
One of the methods of improving the mechanical properties of the 
casts is intensive cooling of the moulds, which makes it possible 

to obtain a relative good microstructure, which, in consequence, 
improves the properties [7]. A inoculation of the microstructure 
of a cast obtained in the as-cast state can be achieved also as 
a result of introducing inoculants or alloy additions [8-15].

The process of inoculation can be carried out with the use 
of different elements, including rare earth metals. An element 
belonging to the group of rare earths is yttrium, which is used 
as an alloy addition to magnesium alloys and which also plays 
the role of an inoculant [2]. Yttrium has a significant effect on 
the microstructure and properties of magnesium alloys. Ch. Jun 
et al., in their study [16], demonstrated that the application of 
yttrium in the concentration of 1.2% increases the tensile and 
elongation strength. In turn, the work [9] proves that an yttrium 
(Y) addition in the amount of 5% and 10% improves the com-
pressive strength of magnesium alloys, and e.g. the magnesium 
alloy Mg-2.2Y has a higher tensile strength than the classical 
magnesium alloy AZ31 [16]. Also, an introduction of yttrium 
in the amount of 0.5% makes it possible to obtain the highest 
hardness as well as strength properties of all the examined al-
loys [18]. On the other hand, Zude Zhao et. al. in their research 
[19], disclosed that the 1.76% of yttrium addition improve 
yield strength, ultimate tensile strength and elongation. What is 
more, they demonstrated that alloy can be thixoformed which 
causes higher value of yield strength, ultimate tensile strength 
and elongation in comparison to standard method of melting. 
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Nevertheless, Xianhua Chen et. al. [20] studied impact of yt-
trium on the microstructure, electromagnetic interference (EMI) 
shielding effectiveness (SE) and mechanical properties of Mg-
Zn-Y-Zr alloys. They came up with conclusions that higher 
addition of yttrium gave decreased of grain size, but 1.90% of 
yttrium addition was optimal to achieve the higher EMI shield-
ing capacity.

Recent literature focuses primarily on Y as alloying ele-
ment. It influence on formation of new phases which improve 
the properties of the examined alloys. Therefor is no unequivocal 
information on the effect of yttrium small amounts on micro-
structure and mechanical properties of magnesium alloys, which 
influence is such as an inoculant (or modifying agent), not as 
alloying element. 

The aim of the research was to examine the effect of the 
yttrium inoculation process the thermal effects resulting from the 
phase transformations occurring during the crystallization and 
on the grain fragmentation of the microstructure of examined 
AZ91 alloys obtained in ceramic moulds.

2. Experimental

The investigations included the preparation of 7 melts for 
alloy AZ91, which was subjected to inoculation with yttrium (Y). 
The melt schedule has been presented in Table 1. Exactly the 
same mass percentage of the inoculant was used in all the melts. 
Yttrium was introduced to melts in MgY master alloy which 
composition has been shown in Table 2.

TABLE 1

Melt schedule

Melt number Melt’s chemical composition
I AZ91
II AZ91 + 0.1% (mass) Y
III AZ91 + 0.2% (mass) Y
IV AZ91 + 0.3% (mass) Y
V AZ91 + 0.4% (mass) Y
VI AZ91 + 0.5% (mass) Y
VII AZ91 + 0.6% (mass) Y

TABLE 2

Chemical composition of MgY master alloy

Chemical composition, % wt.
Mg Y Fe Ni Al Si

69.55 29,97 0.41 0.01 0.03 0.02

For the examinations, alloy AZ91 was selected, the com-
position of which has been shown in Table 3. The composition 
of the examined alloy is in accordance with the international 
standard PN-EN 1753:2001 [21].

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 examined alloys were cast, they were cooled down at room 
temperature. 

The casts were made in ceramic mould – TDA samplers 
preheated to 180°C. 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 technol-
ogy described in [22]. The investigations of the solidification 
and crystallization of the examined alloys were performed by 
means of the TDA method [23], according to the methodology 
developed by authors of this publication and described in [7] on 
the test bench presented in [22].

An evaluation of the cooling (t = f(τ)), kinetics (dt/dτ = f’(τ)) 
and crystallization process was made by the TDA method. On 
the derivation curve (dt/dτ = f’(τ)), the following thermal effects 
for the examined magnesium alloys were marked with points:

Pk – A – D – crystallization of primary phase αMg,
D – E – F – H – crystallization of eutectic αMg + γ(Mg17Al12).
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 were carried out by means of a computer program 
working with a NIS-Elements microscope. The results of the 
TDA analysis and the statistical analysis for the inoculated 
samples were presented in reference to the initial alloy AZ91, 
not inoculated with yttrium.

3. Results and discussion

TDA test

Figure 1 shows exemplary TDA characteristics for alloy 
AZ91 + 0.1% (mass) Y, whereas Table 4 compiles the coordi-
nates of the characteristic points and their values for alloy AZ91.

For the examined alloys, the TDA characteristics were 
recorded and the values for the particular characteristic points 
of the microstructure crystallization were determined. Based on 
the TDA data, the solidification times for primary phase αMg and 
eutectic αMg + γ(Mg17Al12) were calculated. The calculations 
were made from the formula:
• Solidification time of phase αMg:
  Δτα = τD – τpk,

TABLE 3

Chemical composition of alloy AZ91

Chemical composition, % wt.
Mg Al Zn Mn Ca Si
91.2 7.90 0.634 0.160 0.0013 0.0147
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• Solidification time of eutectic αMg + γ(Mg17Al12):
  Δτγ = τH – τD.

In order to present the effect of the inoculation on the TDA 
characteristics in reference to the non-inoculated alloy AZ91, the 
differences in the crystallization times of primary phase αMg and 
eutectic αMg + γ(Mg17Al12) were calculated from th e formula:
• Difference in the solidification time of phase αMg:
  ΔτDα = ΔταAZ91 – ΔταAZ91inX,
• Difference in the solidification time of eutectic αMg + 

γ(Mg17Al12):
  ΔτDγ = ΔτγAZ91 – τγAZ91inX. 
where: inX denotes the amount of the introduced inoculant. 

The calculation results have been given in Figure 2.

It can be inferred from the diagram shown in Figure 2 that 
introducing yttrium into alloy AZ91 changes the crystalliza-
tion time of both the primary phase αMg and the eutectic phase 
αMg + γ(Mg17Al12). The crystallization time of phase αMg, de-
pending on the amount of the introduced inoculant, is reduced. 
The shortest crystallization time of the primary phase αMg was 
observed for the yttrium concentration of 0.2%, which equalled 
about 25 s. For the yttrium content of 0.6%, the crystallization 
time of the primary phase was shorter only by 1.3 s compared 
to the non-inoculated alloy AZ91. The crystallization time of 
the eutectic phase αMg + γ(Mg17Al12) increased in the yttrium 
concentration range from 0.1% to 0.3%, reaching the highest 
increase equalling 35.8 s for 0.2% of the inoculant concentra-
tion. Applying the yttrium concentration in the range from 
0.3% to 0.5% shortened the crystallization time of the eutectic 
phase. The biggest reduction of the crystallization time of phase 
αMg + γ(Mg17Al12) equalling 14.1 s was observed for the inocu-
lant concentration of 0.4% and 0.5%. In turn, the total crystalliza-
tion time increases in the case of the inoculant concentrations of 
0.2% and 0.6%. For the remaining inoculant concentrations, the 
crystallization time becomes shorter. The biggest reduction of the 
total crystallization time, which equalled 23.7 s, was observed 
for the concentration of 0.5%.

Microstructure analysis

In order to evaluate the degree of microstructure refine-
ment, metallographic analyses were performed for the obtained 
alloys. Images of the microstructures were taken, which were 
then subjected to an image analysis, described in the further sec-
tion of this study. Figure 3 shows an exemplary microstructure 
of a inoculated alloy AZ91 + 0.5%Y. It can be inferred from 
the performed metallographic tests that, in the AZ91 alloy in-

Fig. 1. TDA characteristics of alloy AZ91 + 0.1% (mass) Y solidifying 
in a ceramic sampler ATD10C-PŁ

Fig. 2. Difference in the solidification time of phase αMg and eutectic αMg + γ(Mg17Al12) of inoculated alloys Y in reference to the initial alloy AZ91
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oculated with yttrium in the concentration of 0.5%, the biggest 
microstructure refinement of both phase αMg and eutectic phase 
αMg + γ(Mg17Al12) was observed. In the images of the micro-
structures of examined samples, no new phases were observed 
that could originate from the added yttrium to AZ91 alloy. This 
is due to the small amount of yttrium, which most probably dis-
solved in the primary phase αMg. 

According to the Mg-Y equilibrium phase diagram [24], 
phases Mg24Y5 can be found if the mass concentration of yttrium 
is above 2%. In this case, yttrium is most likely dissolved in the 
αMg phase. In the examined microstructures were not identified 
phases: αAl3Y, Al2Y, probably by too low content of yttrium and 
aluminum, which also explains the phase equilibrium system 
Al-Y [25].

However, J. Su et al. in their study [26] demonstrated that, 
the formation of Al2Y consumes a part of Al, and the increase in 
Y content increases the solid solubility of Al, thus reducing the 
Al of participating eutectic reaction, which leads to a reduction 
in γ(Mg17Al12) amount in eutectic phase. The similar conclusion 
was formulated by L. Liu et. al. in study [27]. Therefore in this 
study was add only small amount of yttrium, because effect of 
inoculation is the main part of a wider research program, which 
will continue by authors.

Image analysis

Fig. 4 shows exemplary microstructure images subjected 
to a statistical image analysis. The aim of the analysis was to 
compare the mean change in the grain size of primary phase αMg 
and eutectic αMg + γ(Mg17Al12) in reference to the non-inoculated 
alloy AZ91. In order to present the effect of the inoculant addition 
on the mean sizes of the precipitation of phase αMg and eutectic 
αMg + γ(Mg17Al12), measurements of the mean perimeter and 
diameter values for the particular phases were made. The per-
centage difference of the perimeters PD of the analyzed phases 
αMg and eutectic αMg + γ(Mg17Al12) for the inoculated alloys 

in reference to the non-inoculated alloy AZ91 was calculated 
from the formula:
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where:
 PD – the calculated difference of perimeters, %
 P—in – the average perimeter of phases αMg and 

αMg + γ(Mg17Al12) of the inoculated alloys, μm
 P—B – the average perimeter of phases αMg and 

αMg + γ(Mg17Al12) of AZ91, μm

Additionally, the percentage change in the diameter DD for 
the particular phases was calculated from the formula:
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where:
 DD – the calculated difference of diameters, %
 D—in – the average diameter of phases αMg and 

αMg + γ(Mg17Al12) of the inoculated alloys, μm
 D—B – the average diameter of phases αMg and 

αMg + γ(Mg17Al12) of AZ91, μm

It can be inferred from the diagram that, in the case of the 
precipitation of primary phase αMg, for all the examined inoculant 
concentrations, a lower value of the mean grain perimeter in the 
alloy in reference to the non-inoculated alloy was obtained. The 
biggest change was observed for the inoculant concentration of 
0.2%, which equalled 12.1%. However, only a slightly smaller 
change equalling 10.1% was revealed for the yttrium concentra-
tion of 0.5%. The smallest change was recorded in the case of 
the inoculant amount of 0.6% and it equalled about 1%.

In the case of the precipitation of the eutectic phase, it 
was observed that, with the application of the inoculant in the 

Fig. 3. Microstructure of alloy: a and b – AZ91 + 0.5%Y
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concentration of 0.1%, 0.3% and 0.6%, the mean perimeters 
of the precipitation of phase αMg + γ(Mg17Al12) underwent 
a slight increase in the range from 1.6% to 2.5%. Introducing 
yttrium in the amount of 0.2% caused an increase of the change 
in the mean perimeters of the eutectic phase by 18.9%. In turn, 
within the concentration range from 0.4% to 0.5%, an increase 
of the value of the mean perimeters of the secondary phase 
αMg + γ(Mg17Al12) was observed, reaching the lowest value for 
the concentration of 0.5%, which reduced the mean perimeters 
of the eutectic phase by 5.7%. 

Figure 5 shows the value of the index PD calculated from 
formula 1.

Figure 6 shows the value of the index DD calculated from 
formula 2.

It can be inferred from the presented diagram that an yt-
trium addition in the amount of 0.2% causes the most intensive 
changes in the perimeter value in the examined alloys. The grain 

perimeters of primary phase  αMg decreased by over 16%, and 
the grain perimeters of the eutectic increased by nearly 22%. 
Within the inoculant concentration range from 0.1% to 0.5%, 
the mean value of the perimeters of primary phase αMg were 
reduced. For the inoculant concentration of 0.6%, the value of 
the mean precipitation perimeter in the alloy stayed practically 
the same in reference to the non-inoculated alloy.

An yttrium introduction in the amount of 0.1-0.2% as well 
as 0.6% increases the value of the mean precipitation perimeter 
of αMg + γ(Mg17Al12). For the inoculant concentration equalling 
0.3% and 0.4%, the mean perimeters became slightly changed. 
For the amount of 0.5% of the introduced inoculant, the grain 
perimeters of the eutectic decreased by 7.1%.

A. Boby et. al. in their research [28] indicate that more than 
0.6% of yttrium addition causes decreased of mechanical proper-
ties, therefore there was no need to use higher concentration of 
yttrium in this research. 

Fig. 4. Microstructure of alloy AZ91 subjected to a statistical image analysis: a – primary phase αMg and b – eutectic αMg + γ(Mg17Al12)

Fig. 5. Change of the grain perimeters of phase αMg and αMg + γ(Mg17Al12) in samples inoculated in reference to AZ91
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Chemical composition analysis

Using yttrium in that small range has not relevant impact 
of chemical composition changes. Table 5 compiles the results 
of the chemical composition analysis for the examined samples, 
which every alloy is in accordance with the standard PN-EN 
1753:2001 [21].

TABLE 5

Chemical composition of analyzed alloys

Chemical composition, % mass
Melt no. Mg Al Zn Mn Si

II 91.8 7.46 0.415 0.255 0.0204
III 91.4 7.94 0.414 0.217 0.0198
IV 91.7 7.65 0.421 0.189 0.0208
V 91.4 7.89 0.430 0.230 0.0197
VI 91.3 7.75 0.648 0.238 0.0215
VII 91.5 7.87 0.429 0.177 0.0147

4. Conclusions

The performed research is an introduction to broader stud-
ies aiming to obtain a refinement of the microstructure of casts 
made of the magnesium alloy AZ91, which, in consequence, 
should improve the mechanical properties and strength-to-weight 
ratio of the casts without a significant effect on the chemical 
composition of the alloy [29]. The analysis of the obtained test 
results has made it possible to draw the following conclusions:
1. The use of an inoculant in all the examined concentration 

scopes shortened the crystallization time of phase αMg, 
reaching the highest time reduction for the inoculant con-
centration of 0.2%, whereas for the concentration of 0.6%, 

the reduction of the crystallization time of the primary phase 
was negligibly small. In the case of the eutectic, the shortest 
solidification time was observed for the alloy in which the 
inoculant concentration equalled 0.5%.

2. The use of yttrium in the amount of 0.1% and in the scope 
of 0.3% to 0.5% shortens the total crystallization time of 
the inoculated alloy AZ91 solidifying in a ceramic TDA-
sampler. The biggest reduction of the total crystallization 
time was observed for the concentration of 0.5% and it 
equalled 23.7 s.

3. Introducing yttrium in the concentration of 0.2% causes 
the most significant changes in the examined alloys, by 
increasing the perimeters and diameters of the eutectic’s 
grains, at the same time reducing the diameters and the 
grains of the primary phase.

4. The biggest reduction of the perimeters and diameters of the 
grains of primary phase αMg and eutectic αMg + γ(Mg17Al12) 
was obtained for the inoculant concentration equalling 
0.5%.

5. The use of an inoculant in the concentration of 0.6% has 
practically no effect on the perimeters and diameters of the 
grain of the primary phase and only slightly changes the 
perimeters and diameters of the eutectic’s grains. 

6. On the basis of the obtained results, it was assumed that 
the optimal changes in the microstructure were recorded in 
the alloy enriched with an inoculant in the concentration of 
0.5%.
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Fig. 6. Change in the mean diameters of phase αMg and αMg + γ(Mg17Al12) in inoculated samples in reference to AZ91
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