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Abstract 
There is a growing commercial need for semi-finished flat bulk metallic glass 
(BMG) product, in sheet or strip form, for further shaping into components or 
containers by forming when in the supercooled liquid state. It has been shown that 
twin roll casting is a viable method to continuously produce flat amorphous alloy 
strip of a few mm in thickness. However the process has to be carefully designed 
and controlled to ensure successful production of a fully amorphous product. To 
assist with the design of experiments, a steady state model of twin roll casting of 
BMGs has been developed and used to simulate the continuous casting of a 
Mg65Cu25Y10 alloy. The alloy’s thermophysical properties were measured to ensure 
reliable modelling. Twin roll casting experiments were carried out to assess the 
validity of the model simulations. The model predicted that it would be possible to 
roll cast the alloy to a thickness of 1.5 mm at speeds of up to 7 cm/s using Cu-Be 
rolls of 190 mm diameter. This was found to be in good agreement with the outcome 
of the twin roll casting trials which successfully produced fully amorphous strip at 
these parameter settings. 
 
 
1. INTRODUCTION  
 
1.1. Twin Roll Casting 
The twin roll casting (TRC) process was initially conceived over 150 years ago by Sir 
Henry Bessemer [1] who built a machine to demonstrate the viability of the process. In the 
process molten metal is fed to a pair of counter-rotating water-cooled, typically steel, rolls 
by means of a refractory tundish and tip. The metal flows into the roll bite and 
immediately starts to cool on contact with the chilled rolls. Solidification begins from the 
surface of the melt in contact with the rolls and proceeds towards the centre of the liquid 
alloy. When the central portion of the alloy has solidified hot rolling begins: the solidified 
metal is plastically deformed and exits the machine as a hot solid strip. Bessemer’s ideas 
were somewhat ahead of his time, however, and it was not until the 1950s that the process 
was developed on a commercial basis by the company of Joseph L. Hunter in the USA. 
Progress on developing a scientific understanding of the process started in the Oxford 
research group of Prof. John Hunt in the 1980s [2,3] and proceeded in the 1990s [4-6] via 
an extensive collaborative research programme between the University and the Davy 
McKee/Kvaerner Metals company based in Poole, Dorset, England. The aims were to 



improve control of TRC via increasing the knowledge base to address fundamentals of 
alloy solidification and plasticity, to enlarge the variety of aluminium alloys that can be 
successfully twin roll cast, to reduce the exit gauge and to improve productivity. By a 
combination of numerical modelling and extensive experimentation on laboratory- and 
full-scale twin roll casters, the Hunt group made significant strides in advancing the state-
of-the-art such that by the turn of the millennium [7] 0.5 mm thick aluminium alloy strip 
could be produced at a speed of 50 m/min.  

For conventional alloys, twin roll casting provides an alternative to DC casting 
followed by multi-stage hot rolling for continuous strip production. TRC advantages 
include lower capital and operating costs, lower scrap rates, improved strip mechanical 
properties and may be more economical and provide more production flexibility where 
demand is low for a particular alloy. 
 
1.2. Bulk Metallic Glasses 
In 1960 Duwez and co-workers at Cal Tech reported [8] that a binary Au-Si alloy, if 
cooled during solidification at a rate of 106 K/s, would develop into an amorphous solid. 
Because of the huge cooling rate required to avoid crystallisation only very thin samples 
of the alloy could be rendered amorphous, and these could be produced by splat casting or 
spin casting of ribbons on a single wheel. Later on, and particularly throughout the 1980s 
and 1990s [9], multi-component alloys were developed that, when cast in a copper mould, 
could develop in completely amorphous form in sections of several mm and beyond 1 cm. 
These alloys, of high glass forming ability, were labelled bulk metallic glasses (BMGs) or 
bulk amorphous alloys, and the critical cooling rates reduced to, in some cases, the order 
of 1 K/s. Now that amorphous alloys could be cast into shapes of reasonable size, 
potential applications appeared. BMGs have some very attractive attributes such as high 
strength and hardness, and corrosion resistance and some recent alloys [10,11] have very 
high toughness.  

In a temperature range above their glass transition temperature (Tg) and below the nose 
(Tnx) of the CCT curve which can indicate their crystallisation behaviour, BMGs are in a 
viscous supercooled liquid regime where they can be formed into various shapes [12].  
Within this supercooled liquid (SCL) window the BMGs can be formed like a 
thermoplastic and, because of their amorphous nature, can replicate sub-micron details in 
a master mould (e.g. of MEMS silicon) which are maintained as the BMG drops below Tg 
to form a strong solid. This behaviour is currently being exploited [13] to create BMG 
dies for micro-nano-moulding of polymer components e.g. for Lab-on-Chip applications. 
 
1.3. Twin Roll Casting of BMGs 
There are many potential applications of large flat areas of thin BMG sheet or strip. In 
recent years TRC has been investigated as a method of producing such BMG sheet 
straight from the melt [14,15]. High cooling rates are guaranteed by the intimate contact 
between alloy and rolls in TRC of thin strip – a prerequisite for avoiding crystallisation in 
many of the alloys of interest. Also, provided the alloy temperature does not drop below 
Tg before the strip exits the roll bite it should remain sufficiently formable for the process 
and the rolls will not be damaged. A further requirement [14] is that the centre of the strip 
should not be above a crystallisation temperature Tx or else above Tnx at the exit so that 



crystallisation is avoided downstream where cooling rates will be much lower. This 
provides an operating window for successful TRC of BMGs.  
 
2. MODELLING OF TWIN ROLL CASTING 

 
A number of computational models of the TRC process were developed in the Hunt group 
as part of the systematic investigations of the process at Oxford. These included models 
by Bagshaw [16], Browne [3] and Bradbury [6]. Each model was set up to compute the 
heat transfer and solidification phenomena in TRC of conventional alloys. The models 
used a finite difference/control volume formulation to solve the steady state heat equation, 
and Bradbury’s model used non-orthogonal curvilinear coordinates. Browne [3] also 
developed a transient model to simulate process start-up conditions, and an inverse model 
to take experimentally determined roll sub-surface temperatures and compute the 
alloy/roll heat transfer coefficient (htc). The current steady state model is based on that of 
Browne and Hunt [3]. 

The calculation domain for the model, which includes the alloy being cast and an 
internally water-cooled roll shell, is assumed to be flat and rectangular in shape: quite 
reasonable as the roll shell thickness is small in comparison to the diameter of the roll and 
the contact length is relatively short. Using the fact that there is central symmetry about 
the centre of the strip being cast, only one half the strip and one roll need be simulated. 
The alloy/roll contact length is split into a series of control volumes, as specified by the 
user; see Figure 1. The remainder of the roll is represented on a coarser mesh, as 
illustrated in Figure 2, in order to save computing time - justified by the much lower 
thermal gradients and heat transfer rates there. Strip edge effects are neglected so the 
process may be assumed to be two dimensional. The alloy thermophysical properties were 
initially assumed to be independent of temperature. The explicit scheme is employed, with 
enthalpy as the dependent variable. For modelling of conventional alloy solidification, the 
Scheil equation was used to simulate latent heat evolution. The roll/alloy htcs can be 
varied depending on the process conditions, and heat transfer from the roll to cooling 
water, and at the outer roll surface (e.g. via spray cooling) and outer strip surface 
downstream of the roll bite can be modelled. 

 

 

Figure 1. Contact zone control volume network 



 

Figure 2. Roll control volume network (circumferential spacing only shown) 

The model was later adapted to simulate TRC of BMG alloys [17]. Vitrification of the 
alloy is regarded as a continuous transformation i.e. there is a continuous increase in 
viscosity as temperature decreases from the liquid phase. No latent heat term is necessary 
in the heat equation if the conditions for avoiding crystallisation are met. The value of 
viscosity h as a function of temperature T was taken to vary according to the Vogel-
Fulcher-Tammann (VFT) equation [18,19] 
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,       (1) 
where: 

𝑇# = VFT temperature; 390 K for Vit 1 alloy 
𝜂#= high temperature limit of viscosity; 0.001 mPa s for Vit 1 
𝐷 = fragility parameter; 23.8 for Vit 1 

 
This equation is only valid above the glass transition temperature (Tg). As the 

temperature of the melt approaches Tg the viscosity rises sharply. The viscosity is 
employed as a means to choose a value for the htc. Thus, once the temperature of the melt 
decreases to within a set distance of Tg the model simply selects the highest heat transfer 
coefficient. Three assumed values, increasing for three distinct stages of the process, 
where chosen based on typical values in the literature. The model was applied to the 
experimental set-up of Lee et al. [14,15] whereby TRC of the commercial Vit1 Zr-Ti-Cu-
Ni-Be BMG alloy was used to successfully cast 2mm strip continuously. With roll 
diameter of 200mm and alloy/roll htc of about 3500 W/m2K, the model [17] predicted that 



the cast strip would be amorphous and remain amorphous if the exit speed were between 
2.5 and 3.5 cm/s, in agreement with the experimental findings [14].     

 
3. MODEL DEVELOPMENT for TRC of MgCuY BMGs 
 
Following initial successful trials on a Mg-Cu-Gd alloy [20] the Mg65Cu25Y10 alloy was 
chosen by the authors as a candidate for TRC due to its relatively high glass formability 
and reported [21] high strength to weight ratio. In the experimental TRC of a 
Mg60Cu29Gd11 alloy [20] it was found that controlling the exit temperature of the strip to 
be within the alloy’s SCL region is a key criterion for the production of fully amorphous 
strip. This was similar to the earlier findings [14,15] on TRC of Vit1.     

As a result, to identify an optimum range of casting conditions two criteria are 
specified [17] in the model: 
(a) The strip surface temperature must be above Tg at the roll bite 
(b) The strip mid temperature must be below CCT nose (Tnx) at the roll bite. 

These criteria highlight (a) the lowest allowable casting speed as a strip which has 
transformed to an amorphous state before the roll bite will fail in brittle fracture, and 
possibly damage the rolls, and (b) the highest allowable casting speed that will ensure no 
crystallisation occurs after the roll casting. 
 
4. MEASUREMENT OF THERMOPHYSICAL DATA 
 
In order to inform the experimental programme and to provide reliable input data to the 
model, the alloy’s key thermophysical properties were measured. Whereas the target alloy 
composition was Mg65Cu25Y10, measurement of the actual composition via ICP analysis 
was Mg66Cu25Y9. Differential thermal analysis (DTA) was conducted using a Setaram 
Setsys Evolution Thermal Analyser. Measurements were carried out with Type B 
thermocouple and in 100μl volume alumina crucibles using α-alumina as reference, 
analysing ~30 mg of sample. The sample was heated from room temperature to 700°C at a 
heating rate of 5°C/min under a N2 atmosphere. This gave; Tg ≈ 150°C, Tx ≈ 200°C and 
TL ≈ 470°C, where TL is the liquidus temperature, as shown in Figure 3. 

Thermal diffusivity (α) was measured using the laser flash technique, according to 
ASTM E1461. Bulk density (r) values were calculated from the sample's geometry and 
mass. Specific heat (Cp) was measured using a standard Perkin-Elmer Model DSC-2 
Differential Scanning Calorimeter with sapphire as the reference material (ASTM E1269). 
The sample was heated at a rate of 20 °C/min. Thermal conductivity (λ) values were 
calculated as a product of these quantities, i.e. λ = αCp r. 

The specific heat of the alloy varied only slightly with temperature and so an average 
value of 2.16 J/cm3K was used in the model. Thermal conductivity was found to have a 
stronger dependence on temperature, as shown in Figure 4. As a result, the model was 
adapted to enable the alloy thermal conductivity to vary with temperature as per the 
experimental data. In previous work [17] only constant thermophysical properties were 
used. 
 
 



 

 

 

 

 

 

 

 

 

 
Figure 3. DTA scan of twin-roll cast Mg66Cu25Y9 alloy, indicating Tg and Tx 

 

 

 

 

Figure 4. Variation of thermal conductivity of Mg65Cu25Y10 with temperature 
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The Cu-Be rolls have a diameter of 190mm, and the specific heat and thermal 
conductivity are assumed to remain constant and equal to 3.7 J/cm3K and 0.44 W/cmK, 
respectively.  

In order to set the roll gap and the contact length, the critical thickness for glass 
formation in the alloy needs also to be known. A wedge casting, using a copper mould, 
was taken from the melt cast via gravity casting in air. The critical thickness for 
Mg66Cu25Y9 alloys was found to be 3 mm under these casting conditions. Based on this, 
the roll gap was chosen as 1.5 mm. 
 
5. SIMULATIONS  
 
The initial melt temperature was set as 550oC, and the contact length was 10 mm. As it is 
expected that the alloy/roll htc is affected by contact conditions and alloy viscosity, the 
htc was set to increase, in two steps, during the process. The initial value was set to 0.15 
W/cm2K to represent relatively poor contact conditions. After a fixed length of 1.1 mm 
this was increased to 0.6875 W/cm2K, and using the VFT data for alloy viscosity 
dependence on temperature [21], finally to an even higher value of 1.1 W/cm2K when the 
alloy temperature drops to 287oC. These values are consistent with htcs recently 
calculated for squeeze casting of Mg alloys [22] using inverse methods applied to 
experimental thermal data. The model was run for a variety of strip exit speeds, from 1 to 
7 cm/s. Figure 5 shows the variation in strip surface temperature with time for range of 
casting speeds. 

 

Figure 5. Variation of predicted strip surface temperature at roll bite, for various casting speeds. 



It can be seen that if the casting speed is below 2.5 cm/s then the temperature of the 
strip surface drops below Tg, which is not permissible as per criterion (a). Figure 6 shows 
the variation of the temperature at the centre of the strip with time, for different casting 
speeds, and the position of the CCT curve for the alloy. 

The CCT curve, determined for Mg65Cu25Y10 by Bae et al. [23] is an indicator of the 
cooling rate required to avoid crystallisation, which for Mg65Cu25Y10 has been reported as 
a rate of 56K/s [23]. The CCT nose temperature, Tnx, is taken as the temperature 
corresponding to the minimum time for onset of crystallisation: here the value is 655K. 
Once the nose of the CCT has been avoided then, as T drops further, the kinetics of 
crystallisation becomes increasingly sluggish and the time delay before onset of 
crystallisation increases. In the DTA experiment, in which the as-cast amorphous sample 
is heated slowly, crystallisation starts at a much lower temperature (Tx). However in 
BMGs there is a large asymmetry in phase transformation between rapid cooling from the 
liquid and slow heating from the amorphous solid. In the latter case there will probably 
be, in the starting material, some quenched-in nuclei from the glass formation process. In 
addition, as the start condition is one of high undercooling, just above Tg rapid nucleation 
can occur followed by rapid growth at higher temperatures as atomic mobility increases 
[24]. In the case of TRC, however, the starting point is the liquid without quenched-in 
nuclei, and the process does not go to the high undercooling necessary for nucleation 
before reaching the temperatures at which crystal growth will be favoured. For these 
reasons, Tnx is a better target for the mid-strip temperature on exit in order to avoid 
downstream crystallisation. A casting speed of up to 7 cm s-1 results in the temperature 
being just below the nose of the CCT curve. This relates to criterion (b) – giving the upper 
limit on casting speed. 

 

Figure 6.  Variation of predicted mid-strip temperature at roll bite, for various casting speeds, and 
the Mg65Cu25Y10 CCT curve [23]. 



 

Figure 7.  Variation of predicted mid-strip cooling rate of Mg65Cu25Y10 with time for various 
casting speeds. 

Figure 7 shows the predicted cooling rates (negative) at the mid-strip location, for a 
number of casting speeds. It can be seen that the critical rate of 56K/s is comfortably 
exceeded in all cases. The decrease in cooling rate to a near-zero value occurs when the 
strip exits the roll bite. 

So, in summary the simulations suggest that the range of allowable casting speeds is 
between (a) about 2.2 cm/s and (b) nearly 7 cm/s, as illustrated in Figure 8. 

 

Figure 8. Variation of exit temperature of strip at both central and surface locations, as a function of 
casting speed, indicating (shaded) the allowable window of operation.  



6. EXPERIMENTAL FINDINGS/MODEL VALIDATION 

A series of casting trials were carried out and the outcomes compared to the model 
predictions. First of all the roll gap was set at 3mm, but all strip produced – at various 
casting speeds – resulted in a product with a crystalline structure. It should be noted that if 
the exit thickness is 3 mm then even if the centre of the strip has a temperature less than 
Tnx – as per criterion (b) – the Tnx isotherm is upstream of the roll bite at a position where 
the alloy thickness is greater than the critical thickness as determined in the wedge-casting 
experiment. Casting trials were then conducted with a roll gap of 2 mm and although 
casting conditions of a melt temperature of 650oC and strip speed of 2.66 cm/s produced 
sheet that when broken and showed a fracture surface typical of glass fracture, some 
crystalline peaks were evident in the XRD trace. The identification of the peaks was 
inconclusive and possible candidate phases are yittrium oxide or MgCu2. Microstructural 
observations revealed that the presence of yittrium oxide had induced some heterogeneous 
nucleation of MgCu2. With a melt temperature of 550oC and a roll gap of 1.5 mm, fully 
amorphous strip – as confirmed by XRD – was continuously cast into long lengths (see 
Figure 9) at a speed of 7 cm/s. It was also noted that the thickness of the strip when its 
centre is at or below a temperature of Tnx is less than the critical thickness. Although the 
speed of 7 cm/s would seem to be slightly above the upper limit predicted as in Figure 8, 
there are some uncertainties about the htc values and the kinetics of crystallisation as the 
strip cools more slowly in air downstream of the roll bite (see Figure 6).  
 

 

  Figure 9.  Portions of as-cast strip of Mg66Cu25Y9. 



7. CONCLUSIONS 
 
A steady state model of twin roll casting has been adapted to simulate the continuous 
casting of amorphous alloy strip. In order to simulate the processing of Mg65Cu25Y10 alloy, 
its thermophysical properties were measured. The model predicted that 1.5 mm strip of 
Mg65Cu25Y10 could be cast in fully amorphous form at a rate of between 3 and 7 cm/s, in 
agreement with experimental findings. The model could be improved to simulate full or 
partial crystallisation (to form amorphous matrix composite strip) using considerations of 
nucleation and growth as identified by Browne et al. [24]. This is relevant as some of the 
experiments showed partial crystallisation in the strip and it may be useful to form 
amorphous matrix composites or bulk nanocrystalline strip. 
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