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Abstract. Structural and devitrification behaviors of selected Mg-based amorphous alloys have 

been investigated for the Mg-Cu-Gd amorphous ribbon fabricated by repeated forced cold 

rolling. When amorphous ribbons were cold- rolled up to a thickness ratio of ~ 50%, the heat of 

crystallization (∆Hx) exhibited a reduction. In order to identify devitrification manner of the 

amorphous alloys, in-situ TEM (Transmission Electron Microscope) observations up to 623 K 

have been carried out for the as-fabricated ribbon and cold-rolled ribbon at 10 K temperature 

interval from 423 K. The nano-crystallization behaviors and mechanism of Mg-Cu-Gd alloy 

ribbon are discussed in terms of TEM observations and kinetic analysis. 

 

1. Introduction 
The large size bulk metallic glasses (BMGs) have received attention due to their unique 
properties and controllable crystallization behaviors [1]. Recent investigations have shown 
that partially devitrified amorphous materials with fine nanocrystals embedded in the 
amorphous matrix often exhibit controllable microstructures and mechanical properties, and 
structural stability of amorphous materials has been investigated via deformation-induced 
process [2-6]. It appears that the devitrification process of amorphous phases via heat 
treatments is relatively well understood. However, the deformation–induced crystallization 
phenomena are not fully understood for some examined systems [4,7,8 ].  
Among the reported systems, deformation induced crystallization of Al-based amorphous 
alloys has been relatively well defined in severe deformation environments such as tensile / 
compressive tests or rolling process [8,9]. For example, the presence of quenched- in-nuclei 
in an amorphous state can play a significant role for crystallization in a severe deformation 
environment [9]. However, other amorphous systems such as Zr-, Cu-, Fe- or Mg-based 
systems often show different responses for applied extents of deformation [3,6,8,10,11]. For 
example, the previously reported amorphous systems did not exhibit a consistant 
devitrification process after cold-rolling [3,8,10,11,12], implying that the applied deformation 
on amorphous alloys does not necessarily exhibit a similar crystallization behaviour at room 
temperature.  Again, when amorphous ribbon specimens were cold-rolled, the trends of the 
DSC peak shift were not consistent upon the composition of amorphous ribbons at the 
similar amount of deformation [8, 12], suggesting that the devitrification behaviour may be 
dependent on the atomic scale homogeneity of BMGs [13,14,15]. In this regard, it is useful to 
scrutinize the devitrification behaviour by cold rolling of a form of amorphous ribbons with 
variable systems, since the amorphous phase can be obtained as the form of ribbon by a 
relatively well established route. At the same time, as aforementioned, even though several 
interesting features of BMG systems have been reported, the underlying mechanism during 
deformation induced crystallization has not been widely investigated for BMG systems. For 
example, the devitrification behaviors of Mg amorphous alloys are not systematically 
investigated, when a severe deformation is applied [12]. Thus, it is worthwhile to scrutinize 
deformation responses for amorphous materials in order to study the structural instability 

6th International Conference on Nanomaterials by Severe Plastic Deformation IOP Publishing
IOP Conf. Series: Materials Science and Engineering 63 (2014) 012165 doi:10.1088/1757-899X/63/1/012165

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



during severe deformation, and it is of fundamental interest to examine if Mg amorphous 
material does follow a regular devitrification behavior after severe deformation.  
In this study, the Mg-Cu-Gd materials systems with reported compositions [16-19] have been 
selected in order to provide a guideline for understanding the crystallization reactions by cold 
rolling and to give a clue for controlling factors during severe deformation. The selected 
amorphous ribbons were cold-rolled, and microstructural evolution of the amorphous 
ribbons was investigated with a TEM (Transmission Electron Microscope, JEOL 300KVJEM-
3011) equipped with heating facilities. 
   
2. Experimental procedure 
The Mg alloy ingot was fabricated under an Ar atmosphere in a high frequency furnace. The 
fabrication process for magnesium ingots is well described in previous reports [16]. The 
amorphous ribbon was produced by melt spinning process with a surface wheel speed of 40 
m/sec. In order to examine the structural and devitrification effect of severe deformation, the 
amorphous ribbons were cold-rolled by a twin roll. The rolling process was performed by 
electric motor-controlled twin roll with a diameter of 20 cm at a constant speed of 2.0 
radians/sec. Since the cross section of the amorphous ribbon does not critically show the 
difference except thickness variations, the surface outlook of the cold rolled ribbon (before 
and after rolling) was observed after cold rolling (Fig. 1). A single amorphous ribbon 
sandwiched by two clean stainless steel plates was repeatedly cold rolled. The thicknesses of 
the amorphous ribbons were measured by every single path. After rolling, the specimen was 
elongated towards the rolling directions. The cold rolled specimen was carefully collected, 
and thermal analyses have been carried out. The microstructures of the amorphous alloys 
were examined by TEM  (Transmission Electron Microscope, JEOL 300KVJEM-3011) with 
increasing temperature up to ~623 K with a 10 K interval. The thermal history of the cold-
rolled specimens was investigated by DSC (Differential Scanning Calorimetry (Perkin Elmers 
DSC-7)) with a varous heating rate.  

 

 

 

Fig. 1 specimen outlook before and after cold rolling indicating that the ribbon is elongated 
after the rolling [12] 
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3. Results and Discussion 
Fig. 2 shows DSC curves of the Mg85Cu5Gd10 amorphous ribbon which exhibit a glass forming 
ability (GFA) of less than 1 mm [16]. In order to identify the devitrification behaviours after 
different amounts of cold rolling, the piece of specimen was collected after 35% of thickness 
reduction. When the Mg85Cu5Gd10 alloy was cold rolled, the DSC curves  show a difference 
between as-spun ribbon and cold rolled ribbon. Fig. 3 is the enlargement of the marked area 
in Fig. 2. It shows that when the ribbon was cold rolled, there is a difference in 

∆H(relaxation) compared with as-spun ribbon, suggesting that the forced deformation of the 
amorphous alloy exhibits nanoscale aggregation. In order to clarify the difference between 
as-spun ribbon and cold-rolled ribbon, the glass transition temperature (Tg), crystallization 
temperature (Tx) and peak temperature with respect to the heating rate (Tp) were enlisted in 
Table 1 and Table 2.  

 
Fig. 2 Continuous heating DSC curves of the Mg85Cu5Cd10 amorphous alloy with a heating 

rate of 20 K/min (a) as-spun ribbon with a thickness of 45 µm (b) cold-rolled ribbon with a 

thickness reduced from 45 to 27 µm 
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Fig. 3 Continuous heating DSC curves of the Mg85Cu5Cd10 amorphous alloy with a heating 
rate of 20 K/min (The enlargement of the marked area in Fig. 2). 

Table 1 and Table 2 show that ∆H is reduced with increasing heating rate, as expected. At the 

same time, ∆H is reduced for the cold rolled ribbon compared with as-spun ribbon, 
indicating that the specimen undergoes nanoscale agglomeration or atomic scale bias.  In 
order to identify the structural evolution with heating, TEM observations have been carried 
out with an interval of 10 K up to 623 K. 
 

Table 1 Tg, Tx and Tp of as-spun ribbon with respect to the heating rate 
 

Heating rate Tg (K) Tx (K) Tp (K) ∆H (J/g) 
5 K/min 416.25 447.46 449.46 -48.5335 
10 K/min 420.59 451.51 453.8 -50.4691 
20 K/min 429.38 455.37 458.17 -49.0793 
40 K/min 438.92 459.89 463.45 -51.5000 
80 K/min 446.75 466.14 471.05 -52.2751 

 
 

Table 2 Tg, Tx and Tp of cold rolled ribbon with respect to the heating rate 
 

Heating rate Tg (K) Tx (K) Tp (K) ∆H (J/g) 

5 K/min 424.13  447.70  449.69  -46.3941  
10 K/min 427.12  451.63  454.05  -47.5700  
20 K/min 432.96  455.84  458.42  -47.0728  
40 K/min 439.30  460.69  463.75  -47.9769  
80 K/min 447.60  466.05  470.51  -50.4435  
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Fig. 4 shows TEM of the as-spun ribbon (a) at room temperature and (b) heated up to 433 K. 
TEM shows that the as-spun ribbon does not crystallize at room temperature as shown in Fig. 
4 (a). However, when the specimen was heated up to 433K, the specimen started to 
crystallize as shown in Fig. 4 (b). While crystallization part was not clearly identified, some 
part was noted as crystallization evidence as shown in Fig. 4(b). Fig. 5 shows the as-cold 
rolled ribbon at room temperature (Fig. 5(a)) and the cold rolled ribbon heated up to 483 K 
(Fig. 5 (b)). When the ribbon was cold rolled, a partial crystalization has been estimated as 
shown in Table 1. However, the clear crystallization figures were not clearly observed. A 
detailed discussions will be reported elsewhere. In the other hands, when the cold-rolled 
specimen was heated, a crystallization was clearly observed. It is noteworthy that the 
crystallization temperature of the cold rolled specimen was different from that of the as-spun 
ribbon. When the as-spun ribbon was heated, the crystallization temperature was observed as 
~433K . However, for the cold rolled specimen, the crystallization temperature was observed 
as ~ 483K. Thus, it appears that the resistance for crystallizatoin for cold rolled specimen was 
increased, compared with as-spun ribbon. 
 

 
 

 
Fig. 4 TEM of (a) as-spun ribbon at room temperature and (b) heated ribbon up to 433 K 
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Fig. 5 TEM of (a) as- cold rolled ribbon at room temperature and (b) heated cold rolled 
ribbon up to 483 K 

 
Regarding the deformaton induced devitrification, when Cu46Zr47Al7 amorphous alloy was 

severely cold rolled, the ∆Hx was not clearly affected, even though the thickness was 
significantly reduced. The deformation-induced nano-crystalline phase formation has been 
previously reported in Al-based amorphous alloys, and was attributed to the adiabatic 
heating near shear bands during applied loading. The shear band formation induces a 
dilatation of free volume inside the shear bands, leading to nanocrystallization by the thermal 
diffusion resulting from temperature rise [17,18]. In contrast, it has also been suggested that 
since the atomic density of the shear band area is lower than that of the surrounding matrix, 
the applied stress can lead to the enhancement of atomic diffusional mobility within the 
shear bands, and that the high atomic mobility during deformation results in local reordering 
during the shear band formation [4].  
At the present observations, the partial devitrification of the Mg85Cu5Gd10 alloy with GFA of 
less than 1 mm was observed after cold rolling. It is interesting that the severe deformation of 
the amorphous alloys with low GFA can enhance the atomic mobility. On the other hand, the 
current observations clearly show that the initial devitrification induced by severe 
deformation does not critically affect the extents of resistance for crystallization. When the 
temperature of specimens was increased, the severely cold rolled amorphous Mg ribbon 
retards crystallization temperature (~ 483K), compared with as-received ribbon (~433K). 
This indicates that the amorphous matrix does undergo relaxation which may stabilize the 
matrix. Thus, the cold rolled specimen increases the resistance for crystallization as shown in 
Fig. 4 and Fig. 5, which is against the previous observations that the atomic-scaled 
homogeneity is generally modified by cold rolling and crystallization reactions are enhanced 
due to the possible atomic scale intermixing [4,7].  
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While further investigations are needed for identification of crystallization behaviors of other 
Mg amorphous alloys, the current observations suggest that the severe deformation of Mg 
amorphous alloys increases the resistance for crystallization during heating, which indicates 
that the crystallization pathway of Mg amorphous alloys can be biased depending on the 
applied deformation resulting from atomic movements.  
 
4. Summary 
Structural and devitrification behaviors of selected Mg85Cu5Gd10 amorphous alloys have been 
investigated in order to identify the effect of forced cold rolling on the amorphous ribbon. 

When the amorphous ribbons were cold rolled, ∆Hx (recorvery) exhibited a modification after 
the rolling. In order to identify devitrification manner of the amorphous alloys, in-situ TEM 
(Transmission Electron Microscopy) observations up to 623 K have been carried out for the 
as-fabricated ribbon and cold-rolled ribbon at 10 K temperature interval from 423 K. When 
the cold rolled and as-spun ribbon specimen was observed with in-situ TEM, the severely 
cold rolled amorphous Mg ribbon showes crystallization temperature of ~ 483K, but the as-
spun ribbon does that of ~433 K. The TEM observations show that the relaxation of the Mg 
matrix is affected by cold rolling stabilizes the matrix. Thus, it appears that the resistance for 
crystallization is increased for the cold rolled specimen during heating stage.  
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