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EFFECT OF LOW ADDITIONS OF Y, Sm, Gd, Hf AND Er

ON THE STRUCTURE AND HARDNESS OF ALLOY Al – 0.2% Zr – 0.1% Sc
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The structure and phase composition of addition alloys based on aluminum with Hf, Er, Gd, Y and Sm and the

effect of low additions of these transition metals on the structure and properties of alloy Al – 0.2% Zr – 0.1% Sc

are studied. It is shown that individual introduction of Y, Sm, Er, and Gd in an amount of 0.1% each causes

formation of eutectic phases Al
3
Y, Al

3
Sm, Al

3
Er and Al

3
Gd, respectively. An indirect inference is that the ad-

ditions of Y, Sm, Hf, Er and Gd raise the thermal stability of the Al
3
(Sc, Zr) dispersoids after annealing at

250°C with a hold of up to 100 h; softening at 370°C starts after holding for 54 h. Maximum hardening is de-

tected in the case of 0.1% Er and attains 50 HV after a 54-h hold at 370°C.

Key words: aluminum alloys, microstructure, x-ray phase analysis, heat treatment, hardness.

INTRODUCTION

Scandium and zirconium raise considerably the strength

properties of aluminum and its alloys due to formation of

nanosize particles of phase Al
3
(Sc, Zr) and preservation of

nonrecrystallized structure [1 – 9]. However, scandium is the

costliest addition in aluminum alloys. Therefore, it is impor-

tant to search for an alternate for it. The recent years, re-

search of the effect of low additions of Er, Gd, Y, and Hf on

the properties and structure of aluminum and its alloys has

been intense [10 – 22]. It has been shown in [10] that the ad-

dition of 0.01 and 0.02 at.% Er into alloys Al – 0.06 at.% Sc

– 0.05 at.% Zr and Al – 0.06 at.% Sc – 0.04 at.% Zr, respec-

tively, results in substantial growth in microhardness of an

ingot preliminarily homogenized at 640°C after 2-h anneal-

ing at 400°C. The authors of [11] have shown that introduc-

tion of 0.04% Er into alloys of the Al – Zr system almost

doubles their microhardness due to heating of the specimens

to 400°C after a preliminary homogenizing annealing at

640°C. The homogenizing at 640°C was conducted with the

aim to dissolve the Al
3
Er phase of crystallization origin.

Scandium is often introduced into aluminum alloys based on

the Al – Mg and Al – Zn – Mg – Cu systems [5 – 7], which

can hardly be homogenized at this high temperature in the

case of alloying with Er. It has been shown in [12, 13] that

additions of Zr and Er into alloys based on the Al – Mg sys-

tem raises the properties of welded joints chiefly due to re-

finement of their grain structure. Addition of 0.08% Y into

alloy Al – 0.3% Zr lowers the rate of its softening and raises

the recrystallization temperature by 50°C due to formation of

Al
3
(Zr, Y) dispersoids [14]. Investigation [15] of the joint ac-

tion of Y and Gd on the structure and properties of an alloy

of the Al – Zn – Mg – Cu – Zr system has shown growth of

the temperature of the start of crystallization and of the aging

effect due to precipitation of dispersoids of phase Al
3
CuGd.

The aim of the present work was to study the structure

and phase composition of alloying compositions with Hf, Er,

Gd, Y, and Sm and to analyze the effect of low additions of

these transition metals on the structure and properties of al-

loy Al – 0.2% Zr – 0.1% Sc.3

METHODS OF STUDY

We melted the alloying combinations in an IST-0.16 in-

duction furnace in an air atmosphere at 800 – 900°C. The

melts were poured into a waffle steel mold. We used Al –

1.3% Y, Al – 2.2% Sm, Al – 1.9% Gd, Al – 1.7% Er, Al –

1.6% Hf, Al – 3.5% Zr, and Al – 2.5% Sc alloying composi-

tions and aluminum of grade A85 to melt alloys in a “Naber-

therm” electric induction furnace. The melting and the cast-
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ing were conducted at 800°C. The melts were poured into a

water-cooled copper mold 20 � 40 � 100 mm in size. The

cooling rate in crystallization was about 15 K�sec.
The laps for studying the microstructure were prepared

using Struers Labpol-5 and Metkon grinding and polishing

devices. The study of the microstructure and the identifica-

tion of the phases were performed under a TESCAN VEGA

3LMH scanning electron microscope (SEM) and an X-Max

80 energy dispersive detector. The x-ray phase analysis was

performed with the help of a Bruker D8 Advance diffracto-

meter with monochromatic copper K
�
radiation.

The heat treatment was performed in “Nabertherm” and

“SNOL” drying ovens, where the temperature was kept with

accuracy � 1°C. The Vickers hardness was measured by the

standard method with determination error not exceeding

� 2 HV.

RESULTS AND DISCUSSION

By the data of the analysis of equilibrium phase dia-

grams [23] of binary systems, the microstructure of the Al –

1.3% Y, Al – 2.2% Sm, Al – 1.9% Gd and Al – 1.7% Er al-

loying combinations should contain primary crystals of an

aluminum solid solution (Al) and an [(Al) + Al
3
X] eutectic

where X is used for Y, Sm, Gd, of Er. The alloying combina-

tion Al – 1.6% Hf in equilibrium condition should contain

primary crystals of Al
3
Hf, and (Al) should form by a peri-

tectic reaction [23]. Analysis of the microstructures of the al-

loying combinations under a scanning electron microscope

(Fig. 1) confirms the data of the phase diagrams. It can be

seen from Fig. 1 that the structure the of Al – 1.3% Y, Al –

2.2% Sm, Al – 1.9% Gd and Al – 1.7% Er combinations con-

tains primary crystals of (Al) and a dispersed eutectic mix-

ture. The size of the dendritic cells of (Al) in the Al – 1.3% Y
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Fig. 1. Microstructure of the Al – 1.3% Y (a),

Al – 2.2% Sm (b ), Al – 1.6% Hf (c), Al – 1.9%

Gd (d ) and Al – 1.7% Er (e) alloying combina-

tions (SEM).



combination is 23 � 6 �m, and the thickness of the eutectic

layers does not exceed 20 �m. In the Al – 2.2% Sm, Al –

1.9% Gd and Al – 1.7% Er combinations the structure is

coarser, the size of the dendritic cells of (Al) is 60 � 8 �m,

48 � 7 �m and 55 � 8 �m, and the thickness of the eutectic

layers is 15 � 3 �m, 30 � 5 �m and 30 � 4 �m, respectively.

In the Al – 1.6% Hf alloying combination the size of the pri-

mary crystals of Al
3
Hf does not exceed 20 �m. On the

whole, the structure of the alloying combinations is fine

enough for effective and fast dissolution in the aluminum

melt.

The x-ray phase analysis of the alloying combinations

has shown the presence of intermetallics (Fig. 2), which

could be expected in accordance with the phase diagrams. In

the Al – 2.2% Sm, Al – 1.9% Gd and Al – 1.7% Er combina-

tions we detected oxides of the main alloying elements

(Fig. 2b, d, and e) and more complex oxides with aluminum.

The oxides of the main alloying elements of type Sm
2
O

3

have a greater mean atomic number than the intermetallics

and are observable in the microstructure in the form of bright

(white) inclusions (Fig. 1b, d, and e). It is known that such

elements as Sm, Gd and Er are susceptible to active oxida-
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Fig. 2. X-ray patterns of the Al – 1.3% Y (a),

Al – 2.2% Sm (b ), Al – 1.6% Hf (c), Al – 1.9%

Gd (d ) and Al – 1.7% Er (e) alloying combina-

tions (I is the intensity of the radiation).



tion upon growth in the temperature. Therefore, we could not

avoid oxidation since we melted the alloying combinations

in an air atmosphere at a temperature exceeding 800°C.

Figure 3 presents the microstructure of the studied alumi-

num alloys Al – 0.2% Zr – 0.1% Sc with additions (individu-

ally) of 0.1% Y, Sm, Er, Gd and the energy spectra of the

phases. The structure of alloy Al – 0.2% Zr – 0.1% Sc con-

tains dispersed spheroidal inclusions of an iron-silicon phase

and a low content of Sc(Al, Fe, Si, Sc) located on the bound-

aries of dendrite cells of the aluminum solid solution and

stretched over the boundaries of grains of an inclusion of

phase (Al, Fe, Sc) (Fig. 3a ).

Individual introduction of 0.1% Y, 0.1% Sm, 0.1% Er,

and 0.1% Gd into alloy Al – 0.2% Zr – 0.1% Sc results in

formation of phases Al
3
Y (Fig. 3b ), Al

3
Sm (Fig. 3c ), Al

3
Er

(Fig. 3d ) and Al
3
Gd (Fig. 3e ), respectively. Light inclusions

are present over grain boundaries and dendrite cells, which is

confirmed by the results of microscopic x-ray spectrum ana-

lysis (Fig. 3b – d, and f ). The alloys also contain phases

formed by the admixtures of iron and silicon with 0.5% Y,

Sm, and Er dissolved in them (Fig. 3b – d ).

Figure 3e presents the microstructure of alloy Al –

0.2% Zr – 0.1% Sc – 0.1% Hf in cast condition and the ener-

gy spectra of the phases formed by the admixtures. Hafnium

fully enters the aluminum-base solid solution without form-

ing inclusions of phase Al
3
Hf.

The alloys obtained were annealed at 250 and 370°C

with different holds for up to 100 h. Figure 4 presents the

dependences of the hardness of the alloys on the time of an-

nealing. Annealing of cast alloy Al – 0.2% Zr – 0.1% Sc at

250°C causes maximum growth in the hardness after 30 h

and then softening virtually to the initial condition. Upon the

introduction of 0.1% Y, Sm, Hf and Gd the hardness attains a

maximum value after a hold for 54 h without further soften-

ing for up to 100 h. Addition of 0.1% Er causes permanent

growth in the hardness in 100 h to 40 HV. It can be inferred

from the obtained kinetic curves of annealing at 250°C that

the additions of Y, Sm, Hf, Er and Gd promote elevation of

the thermal stability of the Al
3
(Sc, Zr) dispersoids. After an-

nealing at 370°C the hardness increases substantially (by

10 – 20 HV ) upon the introduction of Y, Sm, Er, and Gd ad-

ditions into alloy Al – 0.2% Zr – 0.1% Sc. Maximum harden-

ing is detected in the presence of 0.1% Er and attains 50 HV.
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Fig. 3. Microstructure of the alloys in cast condition and energy spectra of the phases (SEM): a) Al – 0.2% Zr – 0.1% Sc (matrix); b ) Al –

0.2% Zr – 0.1% Sc – 0.1% Y; c) Al – 0.2% Zr – 0.1% Sc – 0.1% Sm; d ) Al – 0.2% Zr – 0.1% Sc – 0.1% Er; e) Al – 0.2% Zr – 0.1% Sc – 0.1%

Hf; f ) Al – 0.2% Zr – 0.1% Sc – 0.1% Gd.



After annealing at 370°C the alloys with the additions start to

be softened only after a hold for 54 h, whereas in the Al –

0.2% Zr – 0.1% Sc alloy softening starts after 30 h. Heat

treatment of alloy Al – 0.2% Zr – 0.1% Sc – 0.1% Hf at

370°C does not cause growth in the hardness as compared to

the alloy without Hf.

CONCLUSIONS

1. The microstructure of the Al – 1.3% Y, Al – 2.2% Sm,

Al – 1.9% Gd and Al – 1.7% Er alloying combinations con-

tains layers of dispersed eutectic mixture with a thickness of

at most 30 �m in addition to the aluminum solid solution,

whereas primary crystals of an intermetallic with a size of at

most 20 �m form in the Al – 1.6% Hf alloying combination.

2. Introduction of 0.1% Y, Sm, Er and Gd (individually)

into alloy Al – 0.2% Zr – 0.1% Sc results in formation of

phases Al
3
Y, Al

3
Sm, Al

3
Er and Al

3
Gd, respectively. Y, Sm

and Er also enter the phases formed by the Fe and Si ad-

mixtures.

3. Addition of Y, Sm, Hf, Er and Gd elevates the thermal

stability of the Al
3
(Sc, Zr) dispersoids after annealing at

250°C with a hold of up to 100 h; softening starts in the pro-

cess of annealing at 370°C after a hold for 54 h.

4. Maximum hardening of alloy Al – 0.2% Zr – 0.1% Sc

is detected upon the introduction of 0.1% Er into its compo-

sition and amounts to 50 HV after a 54-h hold at 370°C.
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