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Abstract 

   Nanocomposites can be produced by partial crystallization of bulk metallic glasses (BMG). The introduction of 

such nanocrystals in an amorphous matrix can sharply change the mechanical behavior of the glass at both room 

and high temperatures. In the present study, the effect of nanocrystallization in Mg-based BMG is studied in the 

system (Mg0.65Cu0.25Gd0.10)100-xFex for 0 ≤ x ≤ 6 and the effects of partial crystallization of the Mg65Cu25Gd10 

BMG at various percentages of transformation. Various techniques (DSC, DRX, TEM) are used to get data about 

the nature, the volume fraction or the average size of the crystals. Mechanical properties at room temperature and 

nearby the glass transition are investigated in compression. The fracture stress is enhanced by iron addition, but 

no favourable effect of partial crystallization is observed for the Mg65Cu25Gd10 BMG.  © 2001 Elsevier Science. 
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Introduction 

Bulk metallic glasses (BMG) exhibit particularly attractive mechanical properties like high stresses to 

fracture and large elastic strains (up to 2 %). It is one of the reasons why they have been widely studied in 

the recent past. Among amorphous alloys, Mg-based BMG are of special interest since they can provide 

the possibility to obtain new light alloys for structural applications. Important efforts have been devoted 

to develop such Mg-bulk metallic glasses. Most alloys were focused on Mg-Cu-Y composition with 

various complementary element additions like Al, Pd, Ag, Ni or Zn [1-8]. More recently, glasses based on 

Mg-Cu-Gd compositions have been elaborated and tested [9-11] and present higher glass forming ability 

(GFA). Another interesting feature of BMG is the ability to nucleate by heat treatments, nanocrystals 

inside the structure, and thus to produce nanocomposites corresponding to nanocrystals embedded in an 

amorphous matrix. Despite some recent works on the Zr-based BMG, the mechanical properties of such 

nanocomposites remain quite poorly documented. It seems that partial crystallization may increase or 

decrease the mechanical properties of the BMG, depending on the volume fraction of the crystals, their 

composition, their size, their nature or their spatial distribution through the matrix [12-16]. No work was 

presented on the Mg-based alloys. Composite materials between MgCuNiZnAgY and Fe have been 

proposed by [17] leading in an increase in mechanical properties.In the present investigation, a 

Mg65Cu25Gd10 alloy was elaborated. The effects of partial crystallization on the mechanical properties of 

the composite glass / crystal were investigated. The effects of a composite material between 

Mg65Cu25Gd10 and Fe (x=3 and 6%) were also investigated. 

 

Experimental 

 

Elements with purity better than 99.9 % were used as starting materials. Cu-Gd or Cu-Gd-Fe as 

intermediate alloys were melted prior to be remelted with Mg to obtain the master alloy. The glasses of 

composition Mg65Cu25Gd10 and (Mg0.65Cu0.25Gd0.10)97Fex (x=3 and 6) were prepared by copper mould 

casting as cylinders of 4 or 6 mm.  

The degree of amorphicity was characterized by X-ray diffraction (XRD) analyses. The thermal glass 

stability was determined by differential scanning calorimetry (Perkin Elmer DSC 7 and Netzsch DSC 

404S). Various heating rates were used. Except when it is mentioned in the text, most of the analyses 

were carried out with an heating rate of 10 K/min. After each run, a second run was performed in order to 

estimate the baseline. From DSC analyses, the characteristic temperatures Tg (glass transition 

temperature) and Tx (onset of crystallization) were measured. Isothermal treatments between Tg and Tx 

were carried out for various times (heating rates of about 200 K/min). In partially crystallized BMG, the 

volume fraction of transformed matter FT associated to a peak in DSC analysis is frequently deduced from 
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the ratio H(t)/Htotal where H(t) is the released heat flux at time t and Htotal for the complete transformation. 

This procedure has been also applied in the case of Mg-based BMG [8]. The microstructures of the alloy 

were characterized by SEM-FEG and TEM observations.  

The mechanical properties were investigated at room temperature by compressive tests. Compression rods 

were 4 mm in diameter and 6 mm in length, and great care was taken in surface parallelism and aspect. 

Compression was carried out with an initial strain rate equal to 5x10-4 s-1 with WC platens and samples 

were conducted to failure. For crystallization experiments before compression tests, the samples were 

annealed at 438 K in oil bath, and the duration of heat treatment was deduced from isothermal DSC 

curves at the same temperature. 

Results  
 
Thermal stability 

Fig. 1 displays XRD patterns taken from the cross-section of the rod confirming the amorphous structure 

of the as-cast alloys whereas Fig. 2 shows the corresponding DSC curves in continuous heating 

conditions. A glass transition temperature Tg = 417 K (144°C) is measured followed by a single 

crystallization peak with an onset crystallization temperature Tx equal to 472 K (199°C). These values are 

in relatively good agreement with those reported recently for a similar composition [11]. It confirms also 

that Gd containing Mg BMG exhibit larger ΔT than Mg60Cu30Y10 [8]. Trg = Tg/TL = 0.596 and γ = 

Tx/(Tg+TL) = 0.422. 
 

The effect of substitution of yttrium by gadolinium in Mg65Cu25X10 has been investigated in [10], 

confirming that rods with larger diameters could be produced when gadolinium is used. The same value 

of Trg was reported for both alloys (≈ 0.54) suggesting that Trg is probably not a pertinent parameter for 

comparing the glass forming abilities of the two compositions. Since the two alloys are very similar in 

terms of chemistry (negative heat of mixing in the liquid, atom size, etc), the authors suggested that the 

difference in GFA may be related to differences in electronic configuration between Y (4d15s2) and Gd 

(4f75d16s2) resulting in some changes in the short range order in the under cooled liquid. 

 

The effect of the alloying of Mg65Cu25Gd10 with iron does not change the amorphous nature of the matrix 

as DSC events appear in the composite compound at exactly the same temperatures. In the diffraction 

pattern, iron peaks appear above the weavy diffraction characteristic of the BMG. 

Crystallization kinetics were investigated at different temperatures in the glass regime. Fig. 3 shows an 

isothermal DSC curve registered at 423K with the calculated volume fraction of transformed matter FT. 

The vertical marks are the points where the samples have been prepared to do the mechanical 

compression tests. 

 

Mechanical properties 

 

Fig. 4 shows the results of compression tests performed on amorphous and partially crystallized samples 
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annealed at 438 K for different values of crystallization. No signs of macroscopic plastic strain before 

failure are noticed. The dispersion of the results supports the idea of very brittle failure on these glasses. 

In the amorphous state, the fracture stress is about 650 MPa with an elastic strain of 0.014. Upon 

crystallization, the fracture stress decreases continuously and falls to 335 MPa for the fully transformed 

state. The Young’s modulus stays close to the initial value of 45 Gpa. No increase of fracture stress is 

observed as pointed out in Zr-Based BMG [14] where the fracture stress increases up to a maximum then 

decreases. 

 

Fig. 5 shows the results of compression tests performed on amorphous and (Mg0.65Cu0.25Gd0.10)97Fex BMG 

samples. In the amorphous state, the fracture stress is about 650 MPa with an elastic strain (ε) of 0.014, 

whereas it is 820 Mpa with an elastic strain of 0.02. These results are comparable with those obtained by 

H. Ma[17], where the addition of 9% of iron leads to an increase of the fracture stress up to 990 Mpa and 

(ε) ∼ 0.10 in Mg65Cu25Y10 BMG. 

 

Discussion 
 

Amorphous state 
 

It was possible to elaborate Mg-based BMG with a 6 mm diameter. Glass forming ability is known to be 

favored by multi component systems with compositions close to deep eutectic ones (to maintain the liquid 

state at temperatures as low as possible), large differences in atomic sizes (to increase the atomic packing 

density in the liquid and consequently to hinder diffusion processes) and negative heats of mixing 

between the solutes (to favor solute mixing in the liquid). These criteria are well satisfied in the case of 

the Mg65Cu25Gd10 alloy since the atomic radii are respectively 0.160, 0.128 and 0.178 nm for Mg, Cu and 

Gd and the heat of mixing are - 3 kJ/mol, - 6 kJ/mol and - 22 kJ/mol for Mg-Cu, Mg-Gd and Cu-Gd [20]. 

However these BMG display no plasticity, it’s why we have tried two methods to enhance plasticity, to 

produce a composite with iron, to nucleate nanocrystals in the amorphous matrix. 

 

Crystallization mechanisms in Mg65Cu25Gd10 

 

In the case of Mg-Cu-Y BMG, it is generally assumed that only one kind of crystal (Mg2Cu) nucleates 

and grows during primary crystallization [8,18]. In Mg65Cu25Y10, the primary crystallization starts at 468 

K (0.33 K/s) showing a mixture of Mg2Cu and super cooled liquid matrix [18]. In the case of 

Mg60Cu30Y10 [5] two distinct peaks were identified after the glass transition, the first peak arising mainly 

from the formation of Mg2Cu whereas during the second peak, other phases (MgY and Cu2Y) form. From 

the DSC curves, a single exothermic peak is reported for Mg65Cu25Gd10 (20 K/min). 

In fact, on our TEM observations (Fig. 6.), there are already two populations observed on the annealed 

sample at 438 K with a crystallized fraction of 20%. In the studied Mg-Cu-Gd, the presence of Mg2Cu is 

confirmed, thanks to XRD and TEM observations. These crystals admit a quite rounded shape and their 
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size reach quickly about 100 nm with relatively low growth kinetics during further annealing at 438 K. 

However, another type of crystals can be also detected by these two techniques: Cu2Gd. They are rod 

shaped. Similarly to what is observed in the case of Mg2Cu crystals, they grow quickly to a length of 

about 200 nm and diameter of about 50 nm in the first steps of crystallization and then keep a size 

relatively constant. In the present glass, DSC detects a single exothermic peak. 

 

Mechanical properties. Effect of partial crystallization on mechanical behavior 

 

We don’t observe any increase of the fracture stress with the crystalline fraction as observed in Zr-based 

[14], or La-based [20] BMG. In Mg65Cu25Gd10, we observe only a decreasing value of the fracture stress 

with increasing crystallization fraction.  The specificity of the Mg-based BMG could be related to the 

crystallization mechanism, since we observe two different populations of crystals with rather big sizes 

(200nm) compared to the nanocrystals (10nm) observed in the above mentioned glasses. 

The question of crystal nucleation is not clear since some authors claim that some local ordering is 

present in the as-cast alloy or after relaxation at room temperature [11]. 

 

Composite state 

 

The composite state is well represented in fig. 7. Iron forms dendrites of some micrometers in the 

amorphous matrix. XRD and DSC show clearly that the amorphous matrix in the composite and in the 

glass have the same properties. Fracture stress is really enhanced and slight plasticity appears. The 6% 

iron composite does not present better properties than the 3% at the contrary of the study on Mg-Cu-Y 

where the plasticity increases with the iron addition of 9 or 13%. 

More investigations will be done on these alloys, particularly the fracture mechanisms will be studied in 

details. 
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Figure captions 
 

Fig. 1. XRD patterns of Mg65Cu25Gd10 and (Mg0.65Cu0.25Gd0.10)97Fex BMG as-cast 6 mm cylinders. 

Fig. 2. DSC curves of Mg65Cu25Gd10 and (Mg0.65Cu0.25Gd0.10)97Fex BMG as-cast 6 mm cylinders. 
 
Fig. 3. Isothermal DSC curves of the Mg65Cu25Gd10 BMG at 438K. 
 
Fig. 4. Compression tests performed on Mg65Cu25Gd10 BMG. 
 
Fig. 5. Compression tests performed on (Mg0.65Cu0.25Gd0.10)97Fex  BMG. 
 
Fig 6. TEM images of the Mg65Cu25Gd10  BMG annealed at 438K with 20% of crystallization. a)TEM image,b) 
and c) are respectively electron diffraction patterns of the different circled areas. 
 
Fig 7. SEM image of the (Mg0.65Cu0.25Gd0.10)97Fex  BMG. 
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Fig. 1. XRD patterns of Mg65Cu25Gd10 and (Mg0.65Cu0.25Gd0.10)97Fex BMG casted as 6 mm cylinders. 

Fig. 2. DSC curves of Mg65Cu25Gd10 and (Mg0.65Cu0.25Gd0.10)97Fex BMG casted as 6 mm cylinders. 
 
Fig. 3. Isothermal DSC curves of the Mg65Cu25Gd10 BMG at 438K. 
 
Fig. 4. Compression tests performed on Mg65Cu25Gd10 BMG. 
 
Fig. 5. Compression tests performed on (Mg0.65Cu0.25Gd0.10)97Fex  BMG. 
 
Fig 6. SEM images of the Mg65Cu25Gd10  BMG annealed at 438K with 20% of crystallization. 
 
Fig 7. SEM image of the (Mg0.65Cu0.25Gd0.10)97Fex  BMG. 
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