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Abstract 
The thesis project investigates the effect of Holmium addition on the microstructure and mechanical properties of cast ZRE1 magnesium 
alloy. In the advancement of automotive and aerospace industries, the next generation of light metal alloy is magnesium due to its 
manufacturing abilities and lightweight material. The main limitation of Mg alloys is the ability to improve its mechanical properties. 
Rare earth elements were used as alloying elements for improving the mechanical properties and producing a new Mg-RE alloy with 
modified structure and strength. In this studies, it demonstrates the addition of RE at specific amount, which could be considered as main 
alloy element that may lead to extend limitation of RE application. The amount of Holmium (Ho) at 0.2, 0.4 and 0.6 wt. % were added 
separately to ZRE1 magnesium alloy. The Optical Microsope, FESEM coupled with EDX, and XRD were used to investigate the 
microstructure and mechanical properties, including tensile and hardness tests. The results showed that the Ho content at 0.2wt. % 
increased the ultimate tensile strength and yield strength compared to others Ho composition. Finally, the hardness value was increased 
and the additive had a significant improvement of mechanical properties, thus the ZRE1 magnesium alloy has been improved with 
Holmium addition.  
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INTRODUCTION  
The characteristics of magnesium alloy are lightweight and it has 
high weight to strength ratio and with low in density. It can be 
seen a lot of usage in structural and non-structural applications. 
Magnesium has relatively good in electrical conductivity and 
thermal conductivity, with high thermal conductivity values, and 
very high damping capacity, which is the ability to absorb 
elasticity vibrations [1]. It mostly used in applications of die 
casting manufacturing, which is applicable automotive, 
industrial, materials handling, and aerospace equipment. The 
applications used in automotive is to build the air intake grills, 
brake pad, support beam, and car body. For automotive industry, 
it is used to operate high speeds parts and it must be lightweight 
to lower the force of inertia and momentum. Next, in the 
materials handling it includes on the grain shovels and dock 
plate. However, the magnesium is most important in aerospace 
development due to its lightweight applications, which is 
applicable in the bullet train, aeroplane’s beam, helicopters and 
gearbox for commercial and military aircraft [2,3]. The 
magnesium is well known for its alloys that is widely used in 
automotive and it can reduce the motor vehicles weight. 
 
Magnesium with rare earth zinc zirconium alloys has a good 
characteristics in casting due to the addition of rare earth 
elements that promotes low micro porosity and improve fluidity. 
The properties of Mg-RE alloys are enhanced by adding 
zirconium to refine grain size and further increase in strength 
occurs if zinc is present as well [5]. In solidification process, 
thermal analysis technique is a very useful tool to investigate the 
characteristics of alloys 
 
MATERIALS AND METHOD 
The casting of specimens used a permanent steel crucible mould 
steel castings. The alloy is prepared by adding Holmium (Ho) 
with different percentage (0.2, 0.4, 0.6 wt. %) separately into cast 
ZRE1 magnesium alloy. Testing and analysis to the specimen 

include microstructure and mechanical properties. The 
microstructure analysis was focusing on the grain size and 
phases formed and for mechanical properties, the focus was to 
obtain tensile and hardness properties. The result obtains from 
microstructure was correlated with mechanical properties result. 
The chemical composition of the commercial ZRE1 magnesium 
alloy was shown in Table 1. 
 

Table 1. The chemical composition of ZRE1 magnesium alloy 

 Element 
Magnesiu

m, Mg  Zinc, Zn 
Rare earth, 

RE 
Zirconium, 

Zr 

 
Percentage (wt. 

%) Remaining  2.0-3.0 2.5-4.0 0.4-1.0 

 
The Magnesium ZRE1 alloy was melt in electrical resistance 
furnace with a steel crucible. The 0.2, 0.4, and 0.6 wt. % Holmium 
addtion were added separately in order to measure the 
microstructure and mechanical properties of each of specimen. 
In order, to mix holmium (Ho) with the melted Magnesium 
ZrRE1 alloy, the rare earth additive must be cut into small pieces 
and was added after the base alloy melt at approximately 730ᶱc.  
 
Then, fiberfrax was used to close the opening of the mould for 
directional radial solidification process and to prevent the heat 
convection to the surrounding air. The specimen from the 
solidification process was cut into a small specimen in size of 
15x15x10mm in diameter and then used for metallographic 
examination. 
 
The specimen is prepare for microstructure analysis by wet 
grinding on a silicon carbide papers 500/800 and a final grinding 
is done by 1200/2400/4000 grit papers, water used as a cooling 
fluid, follow by rough polishing with a diamond paste of 3 & 1 
microns and the fine polishing with 0.3 micron α-alumina. Then, 
it was rinsed with distilled water to wash of any residue on the 
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specimen following by dying with compress air. Finally, the 
specimen etched with 3% nitric acid in ethanol and kept it dry 
without touching the specimen. 
 
Structure 
Optical micrographs were taken from base alloy and based alloy 
treated with Holmium (Ho) as shown in Figure 1 respectively. 
From the microstructure, it can be seen that the microstructure 
consist of α-Mg matrix and secondary phase crystallised along 
the grain boundaries. It is clears that the addition of RE has 
changed the microstructure of base alloy. The massive 
morphology at the between grain show as the second phase grain 
boundary. 
 

 
Figure 1. Microstructure image of (a) base alloy; (b) 0.2wt.% Ho; 

(c) 0.4wt.% Ho ;(d) 0.6wt.% Ho 
 

For XRD analyser were performed on 4 specimen to identify the 
phases that existing in the ZRE1 base alloy and treated with 
Holmium (Ho) were shown in Figure 2. For the base Zre1 alloy it 
can be clearly show that it consist the α-Mg matrix phase and Mg- 
Zn secondary intermetallic phase. The α-Mg matrix phase was 
found as hexagonal structure and its crystallographic parameter 
are (a 3.20936- b 3.20936- c 5.21120). These crystallographic 
parameter has a similar phases that obtained by others RE in Mg-
Zn-Zr alloy composition [6]. However, XRD analyser detected 
some amount of MgZn and ZnZr phases which has been dissolved 
inside Mg matrix of base alloy [7]. The Zn2Zr has a cubic crystal 
structure with a (a 7.39580- b 7.39580- c 7.39580) of 
crystallographic parameters. 
 
In the addition of Holmium (Ho) onto ZRE1 alloy, the phases that 
has been detected within the sensitivity limit of XRD machine at 
the same peak point of the secondary phase of base alloy may be 
indicate a new secondary phase that has been transformed of 
base alloy. The new MgZn intermetallic phases has a cubic crystal 
structure with a crystallographic parameters of (a 8.53000- b 
8.53000- c 8.53000). A HoZn phase has been found at the same 
peaks of MgZn, which is it shows that both phases were 
combined together and crystallised at grain boundaries. It is 
similar to the previous studies result, where the RE were formed 
as secondary intermetallic phases in MgZnRE phase [12]. The 
solid solution of RE atoms and the second phase of hardening 
due to Mg-Zn-RE intermetallic compound are for strengthening 
the Mg alloys [13]. The addition of RE produce an intermetallic 
phases were formed to improve the strength of alloys and can 
lead to improve in grain boundary. It produced where the 
HoZnphase and MgZn phase were crystallized in grain 
boundaries and the atomic bonding between the intermetallic 
secondary phases and the matrix interface which leads by 

obstructing dislocation slip of Mg-Zn-RE alloys that can improve 
its strength. 
 
In Figure 2 shows the result from FESEM micrographs and EDX 
micro analyser of ZRE1 base alloy (a), treated with content of 
Holmium (Ho) at 0.2 wt. % (b), 0.4 wt.% (c) and 0.6 wt. % (d). 
FESEM shows an observations of the base alloy microstructure 
which is consist of α-Mg grains in the spectrum which is it has 
been surrounded by the crystallisation of second phase along the 
grain boundaries and a massive morphology. 
 

 
Figure 2. FESEM micrographs and EDX microanalysis of (a) base 

alloy, (b) base alloy treated with 0.2 wt. % Ho, (c) base alloy 
treated with 0.4 wt. % Ho, (d) base alloy treated with 0.6 wt. % 

Ho 
 
The EDX spectrum regions showed composition of α-Mg matrix 
and the secondary phase of base alloy, the result showed that the 
second phase was composed of magnesium, zinc and small 
amount of zirconium. For the following ZRE1 treated with 
holmium at 0.2 wt. % in Figure 4.4-b showed two intermetallic 
phases crystallised along the grain boundaries, the EDX results 
showed that the phases consists of Mg-Zn-Zr-Ho phase this 
means that Ho combined with the intermetallic phase and form a 
new phase which is detected in XRD as HoZn phase. Moreover, 
the Mg-Zn-Ho intermetallic second phase is detected in the 
spectrum as the Ho atomic composition at 9.67wt. %. There are 
studies that confirm the formation of Mg-Zn-RE phase which is 
included rare earth element and combined with Mg and Zn will 
form new Mg-ZN-RE phase [8]. 
 
The addition of Ho has significant effect on UTS at 0.2 wt. % then 
decreased at 0.4 and 0.6 wt. %  Holmium addition. The UTS of 
ZRE1 base alloy and ZRE1 treated with Ho at 0.2wt. % were 
obtained 114.69 Mpa and 116.97 Mpa respectively, then at 0.4 
and 0.6 wt. % Ho addition it decreased linearly until 103.89 Mpa. 
 
In addition, increasing the amount of Ho content to 0.2 wt. % will 
lead to increase the volume fraction of the secondary 
intermetallic phase and ultimate strength will improved as well 
as yield strength. The strengthening of alloy will not affect until 
there are some changes in size, shape, property, and amount of 
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rare earth addition element onto the base alloy. The yield 
strength slightly increased at the same addition of Ho content at 
0.2 wt. % which it has obtain 69.985 Mpa compared to 64.349 
Mpa for ZRE1 base alloy. As the Ho content increased the yield 
strength has slightly decreased at 0.4 wt. % then increase back at 
0.6 wt. %, the yield strength improve by 65.691 Mpa due to the 
decreasing of grain boundary and volume fraction. The yield 
strength is represent as the ductility of the alloy [18]. Ho content 
has led the reduction on the alloy elongation (mm) showed the 
results in Figure 4.11, the base alloy has obtain the highest 
elongation at 3.88 mm due to its grain boundary. For the 
holmium addition on the ZRE1 magnesium alloy with content at 
0.2, 0.4 and 0.6 wt. % it has linearly decreased due to its closely 
packed grain boundary and high in volume fraction of 
intermetallic phase. These addition has been obtained an 
elongation starting 3.25, 2.61 and 2.17 mm for the treated ZRE1 
base alloy with holmium respectively. Alloying element on the 
Mg alloys can effects its mechanical properties, furthermore, by 
improving on grain refinement, age hardening, dispersion 
hardening and solid solution it can obtained the new strength of 
cast magnesium [9]. 
 

Table 2. The Summary of the microstructure and mechanical 
properties of base alloy and base alloy treated with Holmium 

addition 

Alloy 
Grain size/ 

µm 

Volume UTS/ 
Mpa 

YS/ 
Mpa 

El/m 
Hardne

ss/ 

fraction/ 
% m HV     

ZRE1 40.3 29.1 114.69 64.389 3.88 59.6 
       

ZRE1-
0.2wt. % 

48.5 37.4 116.97 69.985 3.25 62.4 
Ho       

ZRE1-
0.4wt. % 

53.6 42.2 110.87 64.062 2.61 63.8 
Ho       

ZRE1-
0.6wt. % 

55.4 49.6 103.89 65.691 2.17 65.3 
Ho       

 
From Table 2, the level content of Ho to 0.6 wt. %, the hardness 
showed the maximum deflection at 65.3 HV it may from the 
change of size in volume fraction intermetallic secondary phase. 
In hardness, the increase of volume fraction of secondary phase 
can lead to improvement in hardness. The increase of grain size, 
Volume fraction and the distribution of intermetallic phase are 
strongly will improve the mechanical properties of Mg alloys 
[12]. 
 
CONCLUSIONS 
The addition of holmium has affect on microstructure and 
mechanical properties on ZRE1 magnesium alloy have been 
investigated. The rare earth holmium at low concentration which 
is at 0.2 wt. % has the most effective on the solidification 
parameter and grain refinement compared to 0.4 and 0.6 wt. %. 
The addition of Ho alloying element result to an increase in the 
volume fraction of intermetallic compounds, and its α-Mg is the 
primary grains which became more surrounded by the network 
of Ho element that can lead to more strong grain refinement. The 
addition of Ho led to form an effect to the MgZnRE phase which 
the Zr almost dissolve in the α-Mg matrix. An intermetallic phase 
plays an important role in improving the mechanical properties 
and for phase identification in order to understand its 

strengthening mechanism of the modified alloy. Holmium 
addition has became more effective on the ultimate tensile 
strength and yield strength which it has improved the treated 
ZRE1 magnesium base alloy. But for the elongation of the alloys 
the holmium addition has been reduce its capability compared to 
base alloy. The hardness value of the alloys increased as the 
addition of holmium content increases. The maximum hardness 
value is achieve at 0.6 wt. % Ho compared to the others holmium 
contents. These addition has showed improvement in hardness 
value and tensile strength. The mechanical properties of 
magnesium alloys are strongly affected by the addition of rare 
earth element in term of microstructure which is grain size, 
volume fraction and distribution of intermetallic phase. 
 
ACKNOWLEDGEMENTS 
The research is funded by TIER 1 grant, vot number H179, 
Universiti Tun Hussein Onn Malaysia 
 
REFERENCES 
1. Properties, A.H. Selection Nonferrous alloys and special-

purpose materials, vol.2.ASM International, Materials, Park, 
OH. 1990. 

2. Davis, J.R. Alloying: Understanding the basics. ASM 
International, 2001. 

3. Čížek, L., Kořený, R. Juřička, I. Maisner, J. Greger, M. Lasek, S. 
Beťáková, P. & Hernas. A. Structutre and properties of the 
selected magnesium alloys. Proceeding AMME.2001: pp.75-
78. 

4. Ferro, R., Saccone, A. & Delfino. S. Magnesium alloys of rare-
earth metals: systematics and properties. Metallurgical 
Science and Technology. 2013. pp.16 (1). 

5. Liu, L., Chen, X. Pan, F. Wang, Z. Liu, W. Cao, P. Yan, T.&Xu. X. 
Effect of Y and Ce additions on microstructure and 
mechanical properties of Mg-Zn-Zr alloys. Materials Science 
and Engineering. 2015. 644: pp. 247-253. 

6. Fariñas, J.C., Rucandio, I. Pomares-Alfonso, M.S. Villanueva-
Tagle, M.E. & Larrea. MT. Determination of rare earth and 
concomitant elements in magnesium alloys by inductively 
coupled plasma optical emission spectrometry. 
Talanta.2016. 

7. Srinivasan, A., Blawert, C. Huang, Y. Mendis, C. Kainer, K & 
Hort. N. Corrosion behavior of magnesium Mg-Gd-Zn based 
alloys in aqueous NaCl solution. Journal of Magnesium and 
Alloys. 2014. 

8. Huang, Z., Liang, S. Chen, R & Han. E. Solidification pathways 
and constituent phases of Mg-Zn-Y-Zr alloys. Journal of 
Alloys and Compounds. 2009.468(1):pp.170-178. 

9. Ross, N., Microstructural development and mechanical 
properties in wrought mg-zn-re alloys. Doctoral Philosophy, 
Deakin University. 2012.\ 

10. T. Ozaki, Y. Kuroki, K Yamada, H. Hoshikawa, S. Kamado, and 
Y. Kojima, “Mechanical Properties of Newly Developed Age 
Hardenable Mg-3.2 mol% GD-0.5 mol % Zn casting Alloy”, 
Mater. Trans. 

11. Q. Wang, W. Du, K. Liu, Z. Wang, and S. Li, “Effect of Zn 
addition on microstructure and mechanical properties of 
as-cast Mg-2Er alloy,” Trans. Nonferrous Met. 

12. R. Ahmad “Effect of Gadolinium on microstructure and 
hardness test of Mg-Zn-Ce-Zr cast alloy,” J. Eng. Appl.Sci. 

13. R. Ahmad, “Effect of praseodymium addition on 
microstructure and hardness of cast ZRE1 magnesium 
alloy,” ARPN J. Eng. Appl. Sci. 

14. Srinivasan, A., Blawert, C. Huang, Y. Mendis, C. Kainer, K & 
Hort. N. Corrosion behavior of magnesium Mg-Gd-Zn based 
alloys in aqueous NaCl solution. Journal of Magnesium and 
Alloys. 2014. 

15. Yang, Z., J. Zhang, Li, J. Lorimer, G. & Robson. J. Review on 
research and development of magnesium alloys. Acta 
Metallurgica Sinica. 2008. 21(5): pp,313-328. 

16. Fariñas, J.C., Rucandio, I. Pomares-Alfonso, M.S. Villanueva-
Tagle, M.E. & Larrea. MT. Determination of rare earth and 



THE EFFECT OF HOLMIUM ON MICROSTRUCTURE AND MECHANICAL PROPERTIES OF LIGHT METAL ALLOY 

 

            Journal of critical reviews                                                                                                                                                                  1263 

 

concomitant elements in magnesium alloys by inductively 
coupled plasma optical emission spectrometry. 
Talanta.2016. 

17. Barber, L.P. Characterization of the solidification behaviour 
and resultant microstructures of magnesium-aluminium 
alloys. Doctoral dissertation Worcester Polytechnic 
Institute. 2004. 

18. StJohn, M. Qian, D.H.,Easton, M.A. Cao, P & Hildebrand. Z. 
Grain refinement of magnesium alloys. Metallurgical and 
Materials Transactions A. 2005. 

19. Hussain, A., Mkpojiogu, E.O.C., Jamaludin, N.H., Moh, S.T.L. 
(2017). A Usability Evaluation OfLazada Mobile Application. 
AIP Conference Proceedings, 1891, art. no. 020059. 

20. Friedrich, H.E.  & Mordike. B.L.Technology of Magnesium 
and magnesium alloys. Springer, 2006. 

21. Hussain, A., Mkpojiogu, E.O.C., Abubakar, H., Hassan, H.M. 
(2017). The Usability Evaluation Of Mudah. My On Mobile 
Device. AIP Conference Proceedings, 1891, art. no. 020058. 

22. Liu, L., Chen, X. Pan, F. Wang, Z. Liu, W. Cao, P. Yan, T. & Xu. 
X. Effect of Y and Ce additions on microstructure and 
mechanical properties of Mg-Zn-Zr alloys. Materials Science 
and Engineering. 2015. 644: pp. 247-253. 


