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Streszczenie 
 

W pracy tej zbadano wpływ zawartości gadolinu na właściwości cieplne oraz 

mechaniczne masywnych szkieł metalicznych z układu Cu-Zr-Al-Gd.  Stopy pod postacią 

prętów o wzorze Cu40Zr49Al10Gd1 i Cu39.39Zr48.26Al9.85Gd2.5 otrzymano metodą odlewania 

ciekłego stopu do formy miedzianej. W celu zbadania wpływu parametrów procesu odlewania 

dobrano dwa zestawy parametrów dla każdego składu chemicznego. Za pomocą skaningowej 

kalorymetrii różnicowej został obliczony zakres temperaturowy występowania cieczy 

przechłodzonej, który charakteryzuje zdolność do zeszklenia. Zmiana zawartości gadolinu od 

1% do 2,5% powoduje zwężenie tego zakresu, co oznacza obniżenie zdolności do zeszklenia. 

Wzrost zawartości gadolinu powoduje również obniżenie mikrotwardości i wytrzymałości na 

ściskanie, co można interpretować jako obniżenie właściwości mechanicznych. Wpływ 

parametrów procesu odlewania na właściwości próbek o stałym składzie chemicznym był 

znikomy.  
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Abstract 
 

In this work, the influence of gadolinium content on both thermal and mechanical 

properties in the Cu-Zr-Al-Gd bulk metallic glasses was investigated. Bulk metallic glass rods 

with compositions of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 were fabricated by the 

copper mould casting method. Two sets of fabrication parameters were chosen for each 

composition, in order to check the influence of the fabrication parameters. By using of the 

DSC measurement, the supercooled liquid region which stands for the GFA has been 

calculated. This value is reduced with the increasing of Gd content from 1% to 2.5%, which 

proves a decreasing of GFA consequently. The microhardness measurement and compression 

test were used to investigate the mechanical properties. With the increasing of the gadolinium 

content from 1% to 2.5%, the microhardness and compressive strength of the BMGs 

decreased, which shows a decreasing of mechanical properties. The comparison of these 

values of the same chemical composition but different fabrication parameters shows a 

negligible different, which means the fabrication parameters do not have much influence on 

both thermal and mechanical properties. 
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1. Introduction 
 

Since the bulk metallic glasses (BMGs) were studied in the early 90’s, their excellent 

properties drew a big attention in the amorphous field. The high mechanical strength, large 

elastic elongation, good wear and corrosion resistance and fatigue strength lead to a wide 

production and commercial market [1]. However, the critical cooling rates, critical thickness 

and the limited thermal stability highly restrict their application. As a result, increasing the 

glass forming ability (GFA) became an important purpose to achieve. Since glass forming 

ability strongly depends on the chemical composition, the optimization of base and additional 

elements, as well as their proportion, is most indispensable.  

It is well known that the Cu-Zr is one of the best binary systems with high glass forming 

ability, with a wide supercooled liquid region. The proper addition of Al will enhance the 

complexity of structures, and make the GFA even higher. The Cu-Zr-Al system was reported 

to have the supercooled liquid region as wide as 70K, with high fracture strength above 

1880Mpa [2]. With addition of other elements, the quaternary system of Cu-Zr-Al based 

BMGs will get a bigger improvement [3]. 

Addition of rare earth elements such as Gd, La, Nd, Ce has also been reported to increase 

the GFA [4]. Since in the earlier research, a composition of Cu40Zr49Al10.5Gd0.5 has been 

reported to have a good GFA [5], it is worth considering whether the larger Gd addition can 

increase the GFA or influence the mechanical properties. This thinking leads to present work.  
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2. Literature 

2.1. Background 

 

Usually in crystalloid, the atomic structure is periodic, with the atoms show a repeatable 

crystal pattern in the whole range. Amorphous material is the other kind of solid without long 

range ordering. Atoms in the amorphous structure are randomly arranged just like in liquid. 

However, the existence of the short range ordering is possible in the amorphous structure. 

Amorphous materials have many extraordinary properties, since they do not have defects such 

as grain boundaries and dislocations. Metallic glasses are amorphous materials with the 

dominant components of metal element. These kinds of metals can be produced by continuous 

cooling from the liquid stage to avoid crystallization, just like conventional glasses. Bulk 

metallic glasses (BMGs) are the metallic glasses with all dimensions above 1mm.  

In 1960, Duwez [6] and co-workers obtained the first Au-Si metallic glass by using rapid 

quenching method. This began the new world of metallic glasses research. Only a few years 

later, Pond and Maddin [7] invented the technique that could produce ribbons of continuous 

length of metallic glasses, which enable the metallic glasses production a relatively cheaper 

condition. This is when people realized the importance of this material. Not long after that, H. 

S. Chen and his co-workers were able to produce the amorphous spheres of ternary Pd–Cu–Si 

with a diameter of 0.5mm [8]. It is the same time when the existence of glass transition was 

proved. In some of the ternary alloys, the supercooled liquid range reached 40K. In 1974, H. S. 

Chenmade Pd–T–P (T=Ni, Co, Fe) glassy alloys with critical casting thickness of 1mm [9]. 

Later, Turnbull and his group used the way to melt the Pd-Ni-P in the boron oxide flux, 

eventually increase the critical casting thickness to 1cm. These Pd, Pt based glassy alloys 

were regarded as the first generation of bulk metallic glass. 

However, as the high price of Pd, Pt, and even more complicated preparation technology, 

this kind of alloys has been limited in the industrial field. Several years later, the Inoue group 

in Japan changed the way of thinking. They began to focus on the design of constituent 

elements as well as improving the production technology. Finally they found a serial of 

multicomponent alloys which are constituted by the transition element, such as La-Al-Ni-Cu, 

Mg-Y-Ni-Cu, Zr-Al-Ni-Cu [10]. These kinds of glassy alloys were made by the metal mold 

casting method, and have an excellent glass forming ability. Rods or sheets metallic glasses 

with critical casting thickness extended to15mm, supercooled liquid region up to 127K were 

able to be obtained by this method [11]. On that basis, Johnson [12] and his co-workers found 

a system of Zr-Ti-Cu-Ni-Be with an extraordinary glass forming ability. These Zr-based 

glassy alloys were considered as the second generation of metallic glasses, which are 
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constituted by some common elements, with the critical casting thickness extended to 8cm, 

and lowest critical cooling rate of 1K/s. 

The second generation of bulk metallic glasses are easier to produce, and with more 

selections of alloy system. This kind of BMGs has a higher thermal stability, excellent 

mechanical properties, and more potential in application. Johnson and his colleges established 

the “Liquid metal Technologies” to develop BMGs application. Due to the high strength (like 

the high strength steels) and high elasticity (elastic limit up to 2%) of Zr-based BMGs, and 

the density between Ti and steel, it is considered as the perfect material of making golf stick. 

Table 1 is the sketch list of the BMGs development with the year they were first reported. 

As described above, the list clearly shows the beginning with the development with expensive 

base (Pd-, Pt- and Au-), and then relativity less expensive Ln, Zr, Ti, Ni, followed by much 

cheaper bases (Fe, Cu), which were most commonly used and rapidly developed. Recently, a 

new kind of non-magnetic BMGs based on iron was reported and became the new focus. The 

new iron-based BMGs show non-ferromagnetic property, with minimum or even no content 

of chromium, performs excellent mechanical properties and corrosion resistance. 
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Table 1. Typical bulk glassy alloy systems reported up to date together with the calendar years when the first 

paper or patent of each alloy system was published [13] 

BMGs system  Year 
Pd–Cu–Si 1974 

Pt–Ni–P 1975 

Au–Si–Ge 1975 

Pd–Ni–P 1982 

Mg–Ln–Cu (Ln–lanthanide metal) 1988 

Ln–Al–TM (TM–group transition metal) 1989 

Zr–Ti–Al–TM 1990 

Ti–Zr–TM 1993 

Zr–Ti–Cu–Ni–Be 1993 

Nd(Pr)–Al–Fe–Co 1994 

Zr–(Nb, Pd)–Al–TM 1995 

Cu–Zr–Ni–Ti 1995 

Fe–(Nb, Mo)–(Al, Ga)–(P, C, B, Si, Ge) 1995 

Pd–Cu(Fe)–Ni–P 1996 

Co–(Al, Ga)–(P, B, Si) 1996 

Fe–(Zr, Hf, Nb)–B 1996 

Co–Fe–(Zr, Hf, Nb)–B 1996 

Ni–(Zr, Hf, Nb)–(Cr, Mo)–B 1996 

Ti –Ni–Cu–Sn 1998 

La–Al–Ni–Cu–Co 1998 

Ni–Nb 1999 

Ni–(Nb, Cr, Mo)–(P, B) 1999 

Zr–based glassy composites 1999 

Zr–Nb–Cu–Fe–Be 2000 

Fe–Mn–Mo–Cr–C–B 2002 

Ni–Nb–(Sn, Ti) 2003 

Pr(Nd) –(Cu, Ni)–Al 2003 

Fe–(Cr,Mo)–(C,B)–Ln 2004 

Au-Ag-Pd-Cu-Si 2005 

Ce–Cu–Al–Si–Fe 2005 

Mg–Cu–Ag–Gd 2005 

Ti–Zr–Cu–Ni–Be 2005 

Cu–(Zr,Hf)–Ag 2005 

Co–(Cr,Mo)–(C,B)–Ln 2005 

Cu–Hf–Al 2006 

Ce–Cu–Al–Si–Fe 2006 

Ni–(Nb,Ta)–Ti–Zr–Pd 2006 

Pd–Pt–Cu–P 2007 

Zr–Cu–Al–Ag 2007 

Ti–Zr–Cu–Pd 2007 

Ti–Zr–Cu–Pd–Sn 2007 

Ni–Pd–P–B 2009 

Fe–(Nb,Cr)–(P,B,Si) 2010 
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2.2. Glass forming ability 

 

Glass forming ability (GFA) is an important character of BMGs. It is deeply related with 

the chemical composition, which will be described in section 2.4 - Selection of constituent 

elements. There are several parameters to evaluate the GFA of a BMG. 

The first important parameter is the reduced glass transition temperature (Trg), which is 

defined as the ratio of the glass transition temperature (Tg) to the melting temperature (Tm): 

 

Trg=Tg/Tm 

 

It is because the composition of high GFA BMGs is usually near to the deep eutectic, 

which in a result leads to a relatively lower melting temperature. The bigger the BMGs have 

the reduced glass transition temperature, the higher GFA they possess. Usually the value of 

the BMGs should be more than 0.55 [14]. The homogeneous nucleation rate in the under 

cooled melt is a strong function of Trg [15]. 

For the binary composition system, Cu-Zr, Ni-Nb, Pd-Si, Pd-P and Zr-Be all show a 

deep eutectic. For ternary, systems such as Cu-Zr-Ti show also deep eutectic [16]. For 

quaternary, Cu48Zr11Ti34Ni8 which is close to the eutectic composition could give a Trg of 

around 0.6 [17][18]. This value means it is difficult for nucleation in the alloys, which results 

in a high GFA. 

Another widely used parameter is the supercooled liquid region (ΔTx), which is defined 

as the difference between onset crystallization temperature (Tx) and the glass transition 

temperature (Tg). 

 

ΔTx=Tx-Tg 

 

The value of ΔTx is also the bigger the better for a good GFA. For most glassy alloys, the 

more stable the liquid phase is, the better GFA the glass shows. Usually the width of the 

supercooled liquid region of BMGs is around 20K-120K. 

However, sometimes the evaluations of Trg and ΔTx for some BMGs show a great 

difference in the results. It brings to another parameter γ, which may provide another 

evaluation [19]. The value of this parameter should usually be above 0.3. 

 

γ=Tx/(Tg+Tm) 
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Besides of the thermal parameters, there are two more direct parameters representing the 

GFA of BMGs. One is the critical cooling rate Rc. The smaller Rc the BMGs can achieve, the 

better GFA it possesses. It can be easily found that: with more proper constituent elements, 

the critical cooling rate will be obviously decreased, which shows a better GFA. For example, 

the Zr66Al8Ni26 glassy alloy has the critical cooling rate of 67K/s, while the quaternary alloy 

Zr66Al8Ni14Cu12 could reach 23K/s [20]. Another example which is exactly related to this 

work, is the Cu-Zr-based BMGs. In the earlier literature, the Cu50Zr50 has Rc of 250K/s, while 

Cu46Zr46Al8 can reach 40K/s. However, with the minor addition of Gd, the Rc of 

Cu46Zr46Al7Gd1 could even achieve 10K/s, which is very impressive [21]. 

The other direct parameter is the maximum thickness of the BMG samples. Obviously, 

the bigger critical thickness the BMG can reach, the better GFA it has. The biggest critical 

thickness of BMGs is even up to 80mm. 
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2.3. Selection of constituent elements 

 

The BMGs formation should usually follow these three empirical rules [22]: First, the 

system should be formed by at least three constituent elements. This could enhance the 

complexity of structures, so that the formation of long range order which would result in 

crystallization will be difficult. Second, the difference of the atomic sizes among the three 

main elements should be significant, with the size ratio of above 12%. This could help to 

increase the packing density and decrease the free volume in the liquid region, which blocks 

the demand of the bigger volume for crystallization. And third, the heats of mixing among the 

three main elements should be negative. It enhances the energy barrier on the interface of 

liquid phase and solid phase, reduces the atomic diffusion, and blocks the atomic 

rearrangement and nucleation. Furthermore, the multi-component alloys with high GFA 

should have the composition close to the eutectic point, which reduces the melting point of 

the alloy. As stated in the part 2.2 - History and developments, the common BMGs system 

could be summarized as follows: 

The lanthanides alloys: the composition of Ln–Al–LTM performs excellent glass-

forming ability, which LTM means the late transition metals. With addition of Cu and Co 

glass-forming ability becomes better. For example, the glassy alloys La55–Al25–Cu10–Ni5–

Co5 shows ΔTx of 98K and Trg of 0.7 [23]. 

The zirconium alloys: amongst the most widely used composition. Zirconium (or Ti, Hf) 

is in the periodic table as early transition metals (ETM). Combined with LTM (Ni or Cu), and 

added with Al at the same time, this alloy system (ETM–LTM–Al) [24] shows good GFA. It 

can be even improved with adding Be, which owns very small atom size [25]. Cu-Gd-Al 

system is a widely used base, as this work selected. 

The Magnesium alloys: composed by Mg–Ln–LTM system, such as Mg65–Y10–Cu25 

could obtain high GFA [26]. Furthermore, the addition of Ag and Pd results in an even higher 

increase in Trg [27]. 

Another sort ofclass is the metal–metalloid systems. One of the most important classes is 

the Pd-TM–metalloid, such as Pd40–Ni40–P20 [28]. If replace part of the Ni content with Cu, 

Pd40–Cu30–Ni10–P20 for example, the thickness of the BMGs could reach even 40mm, and 

cooling rate up to 1.57K/m [29]. 

The other important class of this metal–metalloid kind is the Fe-based alloys. One 

possibility is Fe–(Al, Ga)–metalloid; the other is the Fe–ETM–B combination, which the 

ETM here is normally Zr or Hf [30]. The Co-based and Ni-based BMGs have the similar 

formula. These kinds of BMGs are used for their ferromagnetism, or sometimes applied 

without the magnetic properties as well.   
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2.4. Properties 

2.4.1. Thermal properties 

When the BMGs are heated to a certain temperature, the glass stage changes into a 

liquid-like stage with the atomic mobility increases and the viscosity continuously decreases. 

Different from the crystalline alloys, the metallic glasses will not get melted suddenly. Instead, 

they only gradually get softer and softer, due to the disordered structure. This transition state 

takes a range of temperature. The initial temperature is the glass transition temperature (Tg). 

This temperature is so important that it strongly concerns the thermodynamic and kinetic 

character. It is also related to the parameter Trg, ΔTx and γ, which means a lot to the GFA of 

the BMGs (as stated in part 2.3 - Glass forming ability). The free volume change in the BMGs 

is associated with the glass transition temperature too. 

During this viscous supercooled range heated from Tg, shaping procedure can easily be 

achieved under a small pressure by using this Newtonian flow. When the temperature 

continues to go up until another significant temperature Tx, the liquid will eventually come to 

the exothermic reaction of crystallization, which results from the spontaneous arrangement of 

the atoms. 

Since the magnificent importance of the glass transition, many methods have been 

adopted to conduct the determination. For instance, the differential scanning calorimeter 

(DSC), thermo mechanical analysis (TMA), dynamic mechanical analysis (DMA), density 

measurement and viscosity measurement. Among them, DSC measurement is most widely 

used, since the endothermic and exothermic processes are very obvious on the DSC curve. 

The initial temperature of the glass transition which is most commonly used in the research is 

determined by seeking the inflection point within the first endothermic elevation. 

At the same time of the this measurement, the activation energy of crystallization could 

also be obtained by the Kissinger equation [31][32]： 

  (

  

  

   
)   

  
   

       

Where Ea stands for the activation energy of crystallization, dT/dt stands for the heating 

rate, Tp is the peak crystallization temperature, R is the real gas constant with the value of 

8.3145J/mol*k, and the constant depends on the material. In order to calculate the activation 

energy, the Tp at several heating rates are needed. The higher the Ea reaches, the more difficult 

the atoms diffusion is [33]. 
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2.4.2. Mechanical properties 

 

BMGs usually exhibit a unique phenomenon of mechanical properties, including their 

high strength, hardness, wear resistance and fatigue strength. 

 
Fig.1. Relationship between tensile strength (Vickers hardness) and Young’s modulus of some typical BMGs 

(the black spots) compared with crystalline alloys (the white spots) [34]. 

 

In the fig.1 we can clearly see the relationship between tensile strength (Vickers hardness) 

and Young’s modulus of some typical BMGs (the black spots) and crystalline alloys (the 

white spots) [35] [36]. It shows that BMGs exhibit higher tensile strength, higher Vickers 

hardness, with lower Young’s modulus. Many literatures agree with the similar conclusion 

that with the same Young’s modulus, the tensile strength of BMGs might be two or three 

times higher than the value crystalline alloys. It also happens to the Vickers hardness, with the 

similar ratio. This is why from the fig. 1 we can see the slopes of BMGs are much more 

precipitous than that of crystalline ones [37][38]. Furthermore, we can see that the Cu-, Zr-

based BMGs could even reach the tensile strength of 2000MPa, which is difficult for the 

common crystalline alloys to obtain. Recently, it is reported the Fe-based BMGs also exhibit 

even twice higher strength than high strength steels [39][40]. 

The phenomenon results from the special deformation and fracture mechanisms of 

BMGs. When BMGs are undergoing a load with a certain stain rate, the deformation and 

fracture is usually along highly localized shear bands. It is caused by the heterogeneous flow 
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in the shear bands, where the local alloys are undergoing a heating and melt. When observing 

the fracture surface, the evidence of a vein-like structure feature obviously shows molten 

glassy alloys flow. As the BMGs do not have such microstructure which could work as 

working hardening mechanisms in crystalline alloys, and no such microstructure to transfer 

the flow, the viscosity along the shear band decreases quickly and cause catastrophic fracture. 

The compressive stress leads to the similar mechanisms as the tensile loading. 

During this static loading procedure, it can also be found that the elastic strain limit of 

BMGs which is even up to 2% is much higher than common crystalline alloys, which are 

usually only less than 1%. The large elastic deformation and elastic energy storage of BMGs 

lead to a useful application of BMGs in sporting goods and springs, which will be promising 

in the future. 

Besides of the high static strength, the BMGs also exhibit high fatigue toughness. It is 

reported that the fatigue endurance limit of Zr-, Ti-, Cu-based BMGs after 10e7 cycles is 

around 0.15-0.38 [41][42]. Furthermore, when the temperature is higher, especially in 

supercooled liquid area, the BMGs becomes to own a perfect plasticity or even superplasticity 

[43]. At the same time, wear resistance, toughness of BMGs are also excellent. 

However, the deformation being highly localized in the very narrow region results in the 

low ductility in room temperature. This limits the application of BMGs in room temperature. 

This problem could be remitted by adding certain elements. For example the minor Addition 

of Al in the Cu-based system results in an increase of room temperature ductility with a still 

high strength. The reason is the new addition causes atomic scale heterogeneities which leads 

to an easier nucleation and generation of shear bands.  
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2.4.3. Magnetic properties 

 

The Fe-based and Co-based BMGs with a room temperature ferromagnetism were first 

reported in 1995 [44]. These soft magnetic BMGs were then developed as these systems [45]: 

Fe–(Al, Ga) –(P, C, B, Si, Ge); Fe–TM–B; Fe(Co)–(Al, Ga)–(P, C, Si, B);Fe –Co–Ln–B; Fe–

(Nb, Cr, Mo, Ni) –(P, C, B); Co–Fe –(Zr, Hf, Nb) –B and so on. The addition of some 

elements would affect their magnetic properties. For example, adding the element Si would 

enlarge the saturation magnetization, and reduce the coercive force [46].The electrical 

resistivity, the initial and high-frequency permeability are higher than the glassy ribbons with 

the same base, as well as a lower coercive force. However, a big problem of the Fe and Co 

based BMGs is the lower saturated magnetic flux density results from the plenty adding of 

solute elements, which still needs to be improved [47].  

The other kind of important systems with magnetic properties is the RE-based BMGs 

(RE means rare earth elements, especially Nd and Pr) [48]. These Nd-based systems have a 

high coactivity and the potential to be permanent magnets [49]. The cause of the high 

coercivity is large magnetic anisotropy of the nanophase and domain wall pining effects 

[50][51]. This high coercivity does not exist in glassy ribbons, which makes BMGs more 

qualified. However, the Pd-based BMGs show different magnetic properties with different 

composition. Some compositions show a high coercivity just like Pd-based BMGs (e.g. Pr-Fe-

Co-Al-B) [52], while some show as paramagnetic (e.g. Pr-Cu-Ni-Al). When replace part of 

the Cu content with Fe with the former Pr-Cu-Ni-Al composition, ferromagnetic at room 

temperature and diamagnetic at low temperature would even been found [53]. However, when 

it comes to the heavier RE elements such as Sm, the hard magnetic properties disappears [54]. 
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2.4.4. Chemical properties 

 

Although BMGs are in the high energy state, their property of corrosion resistance is 

really good. It is mainly because of their chemical homogeneity as well as the absence of 

segregation and defects, such as grain boundary, dislocation and so on. These defects are 

impossible to avoid in crystalline alloys, which gives BMGs this special superiority. For 

example, the Fe, Co, Ni based BMGs show a corrosion resistance in the common corrosion 

liquid even up to ten thousand times higher than the stainless steel. However, the corrosion 

resistances of BMGs differ from the particular cases. It depends on the corrosion medium, 

concentration of the corrosion solution, and the composition of the BMGs [55]. For example, 

Mg and La based BMGs exceptionally show a low corrosion resistance. The method of 

solving this problem is to add some specific elements. Usually the most effective additional 

elements are in this order: Nb, Ta, Ti and Cr. They could form an intensive, stable and 

homogeneous film on the surface of BMGs [56][57]. Meanwhile, they for sure have different 

aspects of effects. For example, the addition of Nb and Ta elements increase the corrosion 

resistance in HCl and NaCl solution. However, some elements will enhance the GFA of the 

glassy alloys, while some decrease [58]. It depends on the specific addition elements and the 

base. For instance, the Cr, Mo and P additions in ferrous BMGs give a positive influence on 

the GFA of the alloys [59]. The corrosion resistance properties are more and more important 

in the research because of the potential use of BMGs as the structural materials. 
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2.5. Supercooled liquid 

 

The supercooled liquid region is the stage between the glass transition temperature Tg 

and the crystallization temperature Tx. This region exists before crystallization, during which 

the amorphous phase relaxes and changes into a metastable liquid with high viscosity. The 

viscosity will also vary during the heating process. It can even change from 1012 Pa s at the 

glass transition temperature, to 105 Pa s at the crystallization temperature [60]. Such value of 

viscosity could result in a superplastic property under stress.  

The supercooled liquid region could provide a small flow stress which can be used in 

superplastic forming of BMGs. This superplastic forming is similar to the plastic forming 

with the heating to deforming. The process of superplastic forming is also similar with the 

thermoplastic process, which could use the methods of compression molding, extrusion, blow 

molding, injection molding and so on. The only difference is that the BMG liquid is only 

metastable and will be finally crystallized. It means that during the forming process, the 

crystallization should be avoided, which means that fast cooling rate should be guaranteed. 

However, in order to obtain a high casting quality without porosity, and to ensure the size 

accuracy, the liquid should fill the whole mould. Because of the two simultaneous 

mechanisms, the temperature should be controlled properly during the process. 

Conclusions of the earlier literatures [61] proved that the superplasticity happens in 

BMGs with a wide ΔTx. When deform a BMG at the temperature between Tg and Tx, the 

wider the BMG has ΔTx, the larger elongation it behaves. During the deformation, it was 

reported that a faster heating rate could usually lead to a larger elongation, which shows the 

relationship between amorphous stability and the heating rate (because the slower the heating 

rate, the sooner the BMGs will be crystallized). 

The Newtonian fluid and the strain rate sensitivity have been recognized in the 

supercooled liquid region [62]. The plastic flow strongly depends on the strain rate. It was 

reported that even 15000% elongation can be reached in La55Al25Ni20 BMG at 500K at the 

strain rate of 0.1/s [63]. Thanks to this, a huge deformation can be achieved up to millions of 

times elongation [64]. 

Even more, using pressing treatment while in the supercooled liquid region could help us 

to reach a nano-scale surface pattern. Even a 22nm size surface pattern could be reached by 

using pressing treatment in supercooled liquid region [65]. When the BMGs are being cast, 

the volume of supercooled liquid shrinks continuously following the cooling process. It is 

totally different from the crystalline alloys which behave as obviously discontinuous shrink. 

This special phenomenon makes it possible to produce nano-scale imprinted pattern which 

needs to be very precise.   
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2.6. Applications 

 

BMGs are the materials with a good future prospect. With the unique mechanical 

properties, BMGs possess a potential application in a variety of fields, like the aerospace 

goods, sports equipment, biomedicine materials and machine elements. Due to the huge 

elastic energy they can store, they are perfect material to make the spring. Making use of their 

high strength, wear resistance and corrosion resistance and possibility to sharpen, the surgical 

blades could obtain a high quality. Another field could be in the medical implants. The special 

properties of biocompatibility, perfect wear resistance, the ratio of strength to the weight 

enable them to be the ideal implants. They are also widely used in sports equipment, such as 

the head of a golf stick. The high elastic energy, the ratio of strength to weight, and the low 

vibrational response make BMGs the best material for the golf stick. Compared with the steel 

stick head which could provide a 60% energy transfer to the ball, or Ti stick head with the 

value of 70%, the BMGs show an amazing result of 99%, which would be hardly achieved by 

other materials. With their fracture toughness, they are perfect to make the machine elements. 

Also, with the possibility of more accurately surface treatment, they are ideal to produce 

precision components for machines. With the same reasons, in addition to the possibility of 

precisely shaping, they can be used to make the dental materials. Furthermore, the gloss of 

glassy alloys and the possible contents of precious metals, together with their high hardness, 

wear resistance and corrosion resistance even give the opportunity to make jewelers. 

The other wide application is by using the supercooled liquid region. As we know, the 

BMGs own such a special character that may behave as superplasticity during the supercooled 

liquid region. It makes possible to complete the formation by nano-replicaiton, extrusion, 

forging and blow moulding, just like manufacturing with plastic material. A variety of shapes 

and sizes could be achieved, such as nano-devices, medical implants, optical devices, 

punching and printing tools, small components like mircomachine gears. The size of the 

micro-geared motor could even be with the diameter of 1,5mm, which is difficult for common 

crystalline alloys to achieve. These kinds of micro components are also required in the 

electronic market, such as mobiles phones, mp3 and cameras. 
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3. Experimental purpose 

 

The purpose of this work is to determine the influence of adding different content of 

gadolinium to the Cu-Zr-Al system, and fabricating the BMGs with different casting 

pressures. The influence would be judged in two aspects: glass forming ability and 

mechanical properties, which includes the microhardness and compression test.  

  



21 

 

4. Experimental methods 

4.1. Sample preparation 

 

The first step was to check the theoretical GFA of the Cu-Zr-Al-Gd system. As stated in 

the part 2.4 - Selection of constituent elements, the composition should follow the three 

empirical rules. Obviously, the Cu-Zr-Al-Gd system is formed by four constituent elements, 

which obeys the first rule. Then as the table 2 below shows, the differences of the atomic sizes 

among the four elements are above 12%. Moreover, heats of mixing among the main elements 

are also negative. Thus this system could be used for fabricating BMGs. 

 

Table 2. Heats of mixing and differences of the atomic sizes among elements of the system Cu-Zr-Al-Gd [66] 

elements Cu-Zr Cu-Al Zr-Al Cu-Gd Zr-Gd Al-Gd 

ΔRa [%] 27.3 13.7 15.7 38.2 15.0 28.3 

ΔHm[kJ/mol] -23 -1 -44 -22 0 -38 

 

During this work, altogether four samples were prepared for testing: two samples with 1% 

Gd content, and other two with 2.5% Gd content, in order to check the influence of different 

Gd content on the properties. Then for each chemical composition, two sets of casting 

pressure were chosen, in order to also check the influence of the fabrication parameters. 

Next step was to determine the atomic percent of each constituent element. Since a 

composition of Cu40Zr49Al10.5Gd0.5 has been reported to have a good GFA in the literature 

[67], in this experiment the compositions were decided to be similar but with a little increase 

of Gd content. So the first composition was determined as Cu40Zr49Al10Gd1. In order to 

compare the properties of BMGs with the different Gd content only, the second composition 

was set to be Cu39.39Zr48.26Al9.85Gd2.5. The proportion among the other three elements stays the 

same: 40:49:10, so that the different properties between these two compositions will not result 

from the proportion change among these three base elements. Table 3 shows the two 

compositions in atomic percents.  

 

Table 3.Atomic percentage of constituent elements 

 Element content [% at.] 

Symbol of sample Cu Zr Al Gd 

Gd1 40 49 10 1 

Gd2.5 39.39 48.26 9.85 2.5 
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After knowing the atomic percentage of each element, weight percentage should also be 

calculated. Since for each time of arc melting, 15g ingot could be produced. The next step 

should be calculating the weight of each element for making 15g ingot, as shown in table 4. 

Table 4.Weight of each constituent element for making 15g ingot 

 Element weight for 15g ingot [gram] 

Symbol of sample Cu Zr Al Gd 

Gd1 5.126 9.013 0.544 0.317 

Gd2.5 3.310 5.819 0.351 0.520 

 

Then it comes to the fabrication procedure. After the high purity constituent elements 

with the appropriate proportion were prepared, they were cut into proper sizes and put in the 

arc-melting furnace with Ti-gettered ultrapure argon atmosphere. The ingots were remelted at 

least 3 times to make sure of homogeneous mixing and oxygen free. After the ingots were 

obtained, the surface oxidation film should be removed. Then the ingots were crashed into 

smaller sizes. Since the BMG rods were planned to be with the diameter of 3mm, length of 

40mm, and density of 8g/cm
3
. It means the weight of each rod is around 2.3g. Thus, 

2.6g~2.8g crashed ingot was weighed and put into the quartz nozzle for each time of casting. 

The crashed ingots were then melted in the nozzle by the heating induction coil, and 

pushed into a cooper mould with pressure in the purified argon atmosphere. The injection 

temperature was always 1000
o
C for all the samples, but the injection pressures were set at two 

different values: 400mbar and 1000mbar for each Gd content. Figure 2 is a schematic 

illustration of the casting working chamber. 

 

 

Fig.2. Schematic illustration of the working chamber of copper mould casting. 
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The four BMG samples were thus produced in form of rods, with the diameter of 3mm 

and length of 40mm. Abbreviation for these four samples are: Gd1_1000
o
C_400mbar, 

Gd1_1000
o
C_1000mbar, Gd2.5_1000

o
C_400mbar, and Gd2.5_1000

o
C_1000mbar.  

Figure 3 shows an example of the rod obtained from the copper mould casting method. 

 

 

Fig.3. Example of BMG rod obtained from the copper mould casting method. 
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4.2. Research techniques 

4.2.1. X-Ray diffraction 

 

The primary measurement after obtaining the BMG samples is to verify whether they are 

fully amorphous or partially crystalline. The amorphous structure was identified on the whole 

cross-section of samples by using the X-ray diffraction technique. The device used for this 

work was Rigaku MiniFlex Ⅱ desktop X-ray diffractometer. The detector scanned only from 

30
 o 

to 60
 o
, because the direct identification of phases is not the purpose of this work.  

The method of X-ray diffraction is based on the Bragg's Law: sinΘ=λ/2d. Where Θ is 

the half scattering angle, λ is the X-ray wavelength. 

When this function is satisfied, the big intensity will be recorded in the diffraction 

pattern. So if it is a crystalline material, because of the highly ordered structure of crystal, 

there will be a few sharp peaks standing for the crystalline phases. However, when it comes to 

the amorphous structures, due to the disordered structure, the pattern will show a broad halo 

instead. 

 

4.2.2. Differential scanning calorimetry 

 

The thermal properties of the samples were evaluated by using the differential scanning 

calorimeter. The heating process is conducted in the protective atmosphere in order to avoid 

the oxidation of samples. The samples were crashed into tiny pieces with the final weight 

around 10mg, and then put into the sample holders. The reference was an empty holder in the 

same heating condition. The holders were covered to improve the heating flow and isolate 

from the air. 

The heating range was from 50
o
C to 720

o
C. The constant heating rate was first chosen as 

40K/min according to most of the literatures. Another two heating rates of 20K/min and 

80K/min have also been used to measure each of the samples in order to calculate the 

activation energy of crystallization. 

During the testing, the glass transition temperature (Tg), and the onset crystallization 

temperature (Tx) could be measured on the DSC curve. At the same time, the peak 

crystallization temperature (Tp) could be also gained as the first huge peak after Tx. With these 

values, the parameters of GFA - supercooled liquid region (ΔTx) would be easily calculated, 

as well as the activation energy of crystallization. 
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4.2.3. Microhardness 

 

Before conducting the microhardness tests, a section of rod sample should be cold-

mounted in epoxy resin, with the transverse surface out and carefully polished. 

The microhardness test was conducted by using the Vicker’s hardness tester. The load 

was chosen as 50g according to the other literatures. The indenter was pressed into the place 

which near the axis of the cross-section, and hold for 15 seconds. After removing the indenter, 

the size of indentation was measured. The same procedure should be conducted for at least 3 

times for each sample. If the three results are close, an average value is taken and then 

calculated into microhardness. 

 

4.2.4. Static compression test 

 

All the samples had to be cut for testing. The length of each sample should be between 3-

6mm. During this cutting procedure, the saw should run at a proper speed to avoid the sparkle 

which is connected with significant temperature increase and might lead to partially 

crystallization. And then both sides of the cross-section should be grinded and polished, until 

they get smooth and totally parallel to each other. The reason is the unparalleled cross-section 

surfaces will suffer the heterogeneous load, which will finally cause stress concentration. 

Before the testing, length and diameter of each sample should be measured and recorded for 

the further use. 

The compression tests were conducted on a computer-controlled test machine 

Zwick/Roell Z250 in the room temperature, with the strain rate of 0.0001/s. 

 

4.2.5. Scanning electron microscope 

 

After the compression test, the fracture surfaces were observed by using scanning 

electron microscope (SEM). Owing to this, the fracture mechanism could be determined. 

Different magnifications were used to perform this fractography, such as 500x, 1000x and 

3000x.  
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5. Results and discussion 

5.1. Structure 

 

The figures 4-7 show the XRD patterns of all four samples. 

 

 

Fig.4. XRD pattern of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 400mbar. 

 

 

 

Fig.5. XRD pattern of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar. 
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Fig.6. XRD pattern of the Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 400mbar. 

 

 

 

Fig.7. XRD pattern of the Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 1000mbar. 

 

The XRD pattern results clearly show the amorphous degree of the four samples. The 

samples of both Gd contents which fabricated at 1000
o
C and 400mbar show only a wide halo 

peak. Not a single obvious sharp peak which stands for the crystalline phase could be seen in 

these two patterns. It means that this two samples were totally amorphous. 

In the other two patterns, only one tiny peak appears. However, the intensity of the 

diffraction is very low for these two patterns. It means only a tiny area of the test sample is 

crystalized. This may result from the cutting procedure. The too fast running saw could result 

in a partial crystallization on the surface. Nevertheless, in general all of the four samples were 

successfully transformed into metallic glasses with at least mostly amorphous structures.  
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5.2. Thermal analysis 

 

The figures 8-11 show the DSC curves of the four samples at the heating rate of 40K/min. 

As mentioned before, the characteristic temperatures could be clearly seen on the DSC curve, 

such as glass transition temperature (Tg), onset crystallization temperature (Tx) and the peak 

crystallization temperature (Tp). These temperatures are marked in figure 8. The Tg could be 

determined as the inflection point within the first endothermic elevation. After Tg, there will 

be a region with the gentle elevation of the heat flow in the direction of endothermic. This 

region is the supercooled liquid region. The disorder degree of the structure will be higher and 

higher during this range, which shows the decreasing viscosity of the supercooled liquid in 

macroscopic view. The end of this period is Tx, which begins the tendency to an exothermic 

direction. This is exactly how we could find this point on the curve. The crystallization begins 

from this point, with the spontaneous arrangement of the atoms into order. No longer after 

that, the first maximum rate of crystallization comes, which provides another characteristic 

temperature - Tp. Shown on the curve, it is the first strong peak we could see. 

 

 

Fig.8. DSC curve of Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 400mbar, heating rate of 40 K/min. 
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Fig.9. DSC curve of Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar, heating rate of 40 K/min. 

 

 

 

Fig.10. DSC curve of Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 400mbar, heating rate of 40 K/min. 
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Fig.11. DSC curve of Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 1000mbar, heating rate 40 K/min. 

 

With these characteristic temperatures we got, the parameters of GFA - supercooled 

liquid region (ΔTx) would also be easily calculated, which was mentioned before in section 

2.3 - Glass forming ability. In order to calculate the activation energy of crystallization, the 

same measurements with the heating rates of 20K/min and 80K/min are also conducted. The 

tables 5 to 10 below show the three characteristic temperatures and ΔTx of all the samples at 

all the three heating rates. 

 
Table 5. Thermal parameters of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

fabricated at 1000
o
C, 400mbar. Heating rate: 20K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 444 510 511 66 

2.5 425 486 490 61 
 

 

Table 6. Thermal parameters ofCu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

fabricated at 1000
o
C, 1000mbar. Heating rate: 20K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 438 510 511 72 

2.5 416 482 485 66 
 

 

Table 7. Thermal parameters of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

Fabricated at 1000
o
C, 400mbar. Heating rate: 40K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 445 520 523 75 

2.5 426 492 494 66 
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Table 8. Thermal parameters of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

Fabricated at 1000
o
C, 1000mbar. Heating rate: 40K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 443 520 523 77 

2.5 421 490 492 69 

 

 
Table 9. Thermal parameters of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

fabricated at 1000
o
C, 400mbar. Heating rate:80K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 457 535 541 78 

2.5 449 509 513 60 

 

 
Table 10. Thermal parameters of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs 

fabricated at 1000
o
C, 1000mbar. Heating rate:80K/min 

Gd [at. %] Tg [
o
C] Tx [

o
C] Tp [

o
C] ΔTx [

o
C] 

1 454 535 540 81 

2.5 433 504 509 71 

 

The conclusions could be obtained from these results:  

(1) The more content of Gd, the lower values of Tg, Tx and Tp, as well as the supercooled 

liquid region ΔTx. It means that when the content of Gd changes from 1% to 2.5%, the 

GFA reduces. 

(2) The samples fabricated in different pressure show no big different in these values, which 

means the thermal properties are not affected by the fabrication pressure. 

(3) With the heating rate increase, all these three characteristic temperatures (Tg, Tx and Tp) 

increase too. 

 

The values of activation energy of crystallization (Ea) are calculated by the Kissinger 

equation which was explained before in section 2.6.1-Thermal properties. The Tp values of 

the three heating rates for each sample were used in order to calculate this activation energy. 

 

Table 11. Activation energies of crystallization for Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs with 

different fabrication parameters. 

Gd [at. %] 1000oC_400mbar 1000oC_1000mbar 

1 229[kJ/mol] 238[kJ/mol] 

2,5 251[kJ/mol] 257[kJ/mol] 
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From the table 11 above, we can draw the conclusion that, with the increasing of the Gd 

content, the activation energy of crystallization increases. In other word, the increasing of Gd 

content makes the crystallization harder to proceed. However, it has to be mentioned that the 

difficulty of crystallization is not always equal to the thermal stability. Since with the 

increasing of Ea, Tx is on the contrary decreasing, which means that the thermal stability is 

reduced.  

At the same time, it shows that the difference of the Ea value between the two fabrication 

pressures is very small, which proves the fabrication pressure has little influence on the 

activation energy. 

Furthermore, compared to the other literatures of Cu-Zr-Al BMGs without Gd but with 

the similar atomic proportions of the base elements [68][69][70], the value of Ea in this work 

is dozens of units lower. It can be caused by the addition of Gd, but also might result from the 

difference in chemical composition. However, since no Ea data from the same chemical 

composition could be found in the other literatures, this comparison is without too much 

meaning. 
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5.3. Microhardness 

 

The microhardness test was proceeded on the cross-section surface of samples, and near 

the middle axis. Every sample was measured three times to get the average value. The table 

12 below shows the final results of microhardness of all the samples. 

 

Table 12. The results of microhardness for Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs with different 

fabrication parameters. 

Gd [at. %] 1000oC_400mbar 1000oC_1000mbar 

1 626[HV0.05] 635[HV0.05] 

2.5 596[HV0.05] 596[HV0.05] 

 

From these results above, these conclusions could be obtained: With the increasing of the 

Gd content from 1% to 2.5%, the microhardness decreases. At the same time, the 

microhardness of this BMG does not depend on the fabrication pressure. 

Microhardness is one of the mechanical properties. Compared with the uniaxial test such 

as compressive or tensile test, the advantage of microhardness method is that it will not result 

in a catastrophic fracture of the sample. The tiny indentations of the test allow some further 

repeatable measurements. Furthermore, if the sample is partially crystalized or damaged, the 

rest part which is still amorphous or undamaged can still be measured. 

However, the disadvantage of this method is also obvious. The result of the test could 

only provide the microhardness value, without any other mechanical parameters such as 

strength, Young’s modulus or elastic limit. Moreover, the value is not widely comparable, 

since the results depend on the load of the applied indenter. 
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5.4. Compressive strength 

 

The deformation situation of samples in compression test could be shown in the strain – 

stress curves. The compressive strength (σc), yield strength (σy), elastic deformation and 

plastic deformation could usually be obtained from the curves. At the same time, the Young's 

modulus (E) could also be calculated by the ratio of elastic stress and strain. 

All of the four samples were measured at the strain rate of 0.0001/s. However, the 

sample Gd1_1000
o
C_400mbar was crashed into pieces in the very beginning of the 

compression test. This brittle phenomenon may result from the partial crystallization of this 

examined sample. Since the samples used for compression test are only a small section of the 

originally fabricated BMGs, meanwhile other small sections from this very original BMG 

show a good amorphous in other measurements (XRD, DSC and microhardness), the partial 

crystallization of this sample might be happened during the cutting procedure or only limited 

in a small area during the fabrication. 

The compressive strain – stress curves of the other three samples are as figures 12-14 

show below: 

 

 

Fig. 12. Compressive strain-stress curve of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar. 
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Fig. 13. Compressive strain-stress curve of the Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 400mbar. 

 

 

 

Fig. 14. Compressive strain-stress curve of the Cu39.39Zr48.26Al9.85Gd2.5 BMG fabricated at 1000
o
C, 1000mbar. 

 

The stain – stress curves show, however, only an elastic deformation of the samples. The 

samples fracture directly before performing any plastic deformation. This result is very 

different from most of the literatures, according to which there usually exist more or less 

plastic deformations. Some literatures give a possible explanation [71][72][73]:  

The plastic deformation of BMG samples depends on the sample size and the stiffness of 

compression device. Compared to the BMGs with a larger size, the small ones with the same 

chemical composition show a better plasticity. The reason for this phenomenon is the small 

samples experience a relatively faster cooling rate when get solidified. The relaxation and 
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crystallization heat for them are consequently more, which leads to more nucleation of shear 

bands and thus a higher plasticity. 

However, since the size of the sample here is difficult to define as big or small, it comes 

to the second explanation - stiffness of compression device. Since in this work, the Young's 

modulus which could be calculated from the curve, are around 30-40GPa. It is much less than 

the common E value of Cu-Zr-Al based BMGs, which is usually around 90GPa [74]. It 

exactly proves this explanation that the stiffness of the compression device was too low. This 

is also the reason why the values of Young's modulus are not published in this work. They are 

meaningless. 

The results of the compressive strength obtained from the measurement are shown in the 

table 13 below: 

Table 13. The results of compressive strength (σc) for Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 BMGs with 

different fabrication parameters. 

Gd [at. %] 1000oC_400mbar 1000oC_1000mbar 

1 - 1419[Mpa] 

2,5 1131[Mpa] 896[Mpa] 

 

From these values, the conclusions could be drawn that: with the increasing of the Gd 

content from 1% to 2.5%, the compressive strength decreases. The conclusion is corresponded 

with the microhardness test. 

The σc value of these samples are still a little less than the common Cu-Zr-Al based 

BMGs, which is usually more than 1500Mpa [75]. It may result from the unparalleled cross-

section surfaces during the preparing procedure, which leads to the stress concentration.  
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5.5. Fractography 

 

After the static compression test, it is easy to observe with naked eyes that the angle 

between fracture surface and the applied load is around 45
o
. Fractography was then conducted 

by using scanning electron microscope (SEM). The following figures from 15-21 were 

obtained from the SEM examination. Different magnifications were used to perform this 

fractography, such as 500x, 900x, 1000x and 3000x.  

 

 

Fig. 15. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar, with magnification of 

1000x. 
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Fig. 16. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 400mbar, with magnification of 

900x. 

 

Figure 15 and 16 show a typical morphology of the fracture surface. A clear vein-like 

pattern spread over the surface. The surface is the main shear plane, which is declined by 

around 45
o
 to the applied load. The vein-like pattern follows the direction of shearing. This is 

exactly the evidence of the glass structure. When BMGs are undergoing a load, the 

heterogeneous flow will spread along the shear bands with a reduced viscosity. This is caused 

by the growing temperature in the shear bands due to the deformation energy. When the 

deformation continues, the areas in the shear bands get lower and lower viscosity, while the 

other place around the shear bands keep a relatively higher viscosity. The low viscosity fluid 

moves between the two planes with higher viscosity around it. When the deformation is near 

the point of fracture, the temperature reaches the highest, and leaves behind the vein-like 

pattern. 

Compared the figure 16 (Gd1_1000
o
C_400mbar) to figure 15 (Gd1_1000

o
C_1000mbar), 

it is obvious that the sample Gd1_1000
o
C_400mbar has much less vein-like pattern. It has 

been mentioned in the last section that sample Gd1_1000
o
C_400mbar was partial crystallized. 

That means the amorphous structure of it is much less than the fully amorphous one. It 

exactly proves that the vein-like pattern is the characteristic of amorphous structure. 
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Fig. 17. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000

o
C, 400mbar, with magnification of 

1000x. 

 
Fig. 18. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000

o
C, 1000mbar, with magnification of 

3000x. 



40 

 

The figure 17 and 18 also show the main shear plane. The evident of this is still the vein-

pattern, proving the localized viscous flow during the fracture process. However, there is 

something else we can see on this plane. Some molten droplets clearly show the local melting 

which results from the huge energy released during the fracture. 

 

 

Fig. 19. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar, with magnification of 

500x. 
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Fig. 20. Fracture surface of the Cu40Zr49Al10Gd1 BMG fabricated at 1000
o
C, 1000mbar, with magnification of 

500x. 

 

Figure 19 and 20 show another different situation. Due to absence of vein-pattern, these 

surfaces are not the main shear planes, and no plastic deformation occurred here. The 

existence of these planes proves that, the BMGs are not always broken on the main shear 

planes. When the samples are crushed into several pieces, the main shear plane may be hard 

to recognize by naked eyes. When we use also SEM to observe these planes such as figure 20, 

we can see many parallel and coaxial round lines. These wave-like lines may result from the 

expanding elastic energy released during the fracture of the BMG sample [76]. 
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6. Summary 

 

The purpose of this work was to determine the influence of the gadolinium content in the 

Cu-Zr-Al system on their glass forming ability and mechanical properties. The influence of 

the fabrication pressures was also studied.  

The content of Gd was determined to be of two values: 1 at.% and 2.5 at.%, which leads 

to the two compositions of Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5. The fabrication 

method in this work was pressure casting into copper mould. The injection temperature was 

always 1000
o
C for all the samples, but the injection pressure was set at two different values: 

400mbar and 1000mbar for each Gd content. Altogether four samples were prepared for 

testing. 

XRD results show that the four samples are almost fully amorphous. A wide halo peak in 

the XRD pattern proves this conclusion. However, a tiny little peak appears in two of the 

samples, indicating that a little partial crystallization was brought into the cross section 

surface. This might result from the cutting procedure during sample preparation.  

DSC measurement provided the characteristic temperatures of glass transition 

temperature (Tg), onset crystallization temperature (Tx) and the peak crystallization 

temperature (Tp), from which the supercooled liquid region could be calculated to evaluate the 

GFA. The result shows that when the content of Gd changes from 1% to 2.5%, the onset 

crystallization temperature and the supercooled liquid region are reduced. However, the 

activation energy of crystallization calculated by the Kissinger equation increased with the 

increasing of the Gd content, which shows that the difficulty of crystallization is not always 

equal to the thermal stability. Furthermore, with the growing of the heating rate, all these 

three characteristic temperatures (Tg, Tx and Tp) increase too. In addition, thermal properties 

are not affected by the fabrication pressure. 

The results of the microhardness and compression test show the accordant conclusion 

that: with the increase of the Gd content from 1% to 2.5%, the microhardness and 

compressive strength decreased. At the same time, the mechanic properties of this BMG do 

not depend on the fabrication pressure. The reason of the absence from plastic deformation, 

and low Young's modulus value, were suspected to be the effect of low stiffness of the 

compression device. 

From the fractography of the sample wreck after compression test by using scanning 

electron microscope (SEM), a clear vein-like pattern could be found spreading over the main 

shear plane. This is the evidence of the glass structure. This phenomenon results from the 

quickly reduced viscosity along the shear band, which eventually causes the catastrophic 
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fracture and leaves behind this vein-like pattern. Sometimes on the main shear plane, some 

molten droplets could be observed which resulted from the huge energy released during the 

fracture. On the other planes which are not the main shear planes, the vein-like pattern could 

not be observed. However, some parallel and coaxial round lines show a wave-like 

morphology which may result from the expanding elastic energy released during the fracture 

of the BMG samples. 
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7. Conclusions 

 

(1) Bulk metallic glass rods with the diameter of 3mm of the composition formula 

Cu40Zr49Al10Gd1 and Cu39.39Zr48.26Al9.85Gd2.5 are possible to be fabricated under different 

producing conditions. 

(2) Increase of the gadolinium content from 1% to 2.5% reduces the onset crystallization 

temperature and the supercooled liquid region, while increases the activation energy of 

crystallization. 

(3) With the increasing of the gadolinium content from 1% to 2.5%, the microhardness and 

compressive strength of the BMGs decrease. 

(4) A vein-like pattern could be found spreading over the main shear plane of the fracture 

sample, proving the existence of glassy structure. 

(5) The injection pressure of the fabrication process does not affect either the GFA or 

mechanical properties of these bulk metallic glasses. 

(6) The composition of Cu40Zr49Al10Gd1 exhibit better GFA and mechanical properties than 

the composition of Cu39.39Zr48.26Al9.85Gd2.5. 
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