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CHAPTER V  
 
Strain Rate Induced Crystallization in Bulk Metallic Glass Forming Liquid 
 

 

 

Abstract 

 
We report on the solidification of Au49Ag5.5Pd2.3Cu26.9Si16.3 bulk metallic glass 

under various strain rates. Using a copper mold casting technique with a low strain rate 

during solidification, this alloy is capable of forming glassy rods of at least 5 mm in 

diameter. Surprisingly, when the liquid alloy is splat-cooled at much higher cooling rates 

and large strain rates, the solidified alloy is no longer fully amorphous. Our finding 

suggests that the large strain rate during splat-cooling induces crystallization. The 

pronounced difference in crystallization behavior cannot be explained by previously 

observed strain rate effect on viscosity alone. A strain rate induced phase separation 

process is suggested as one of the explanations for this crystallization behavior. Our 

results reveal that in order to completely characterize the intrinsic ability to form a 

metallic glass, a strain-rate-dependent critical cooling rate has to be considered which 

has significant ramifications for the processing and alloy development of bulk metallic 

glasses. 
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1. Introduction 

  

In the 1950s, Turnbull predicted that glass formation in metals is possible if 

heterogeneous nucleation could be suppressed[1, 2]. Shortly after, Duwez and co-workers 

reported the synthesis of the first metallic glass[3] by rapidly cooling an Au-Si alloy at a 

rate of approximately 106 K/s. In the 1970s,  ribbons, splats, powder, droplets, wires, and 

thin films were the typical forms of early metallic glasses obtained by rapid quenching 

[4-6]. Pd-Cu-Si alloy system was the first exception. Chen’s discovery of this alloy 

system provided the first evidence that metallic glass could be cast in bulk form[7]. 

 During the past few decades, bulk metallic glasses have been discovered in a wide 

range of alloys[8, 9][10-13]. In some alloys, a critical cooling rate to avoid crystallization 

as low as 0.005 K/s[14] and critical casting thickness of up to 7 cm were reported[15] 

when heterogeneous nucleation was reduced.  

 With the exception of some exotic BMG synthesis methods[16-19] most 

amorphous alloys have been created by cooling the liquid from above its liquidus 

temperature. In this case, the intrinsic glass forming ability (GFA) and critical casting 

thickness, dmax, were understood to be completely characterized by the critical cooling 

rate, Rc (see e.g. [20]). 

 This chapter of the thesis presents solidification studies on gold bulk metallic 

glass forming alloy Au49Ag5.5Pd2.3Cu26.9Si16.3, which could be cast into fully amorphous 

rods of at least 5 mm in diameter using a conventional copper mold injection method. 

When the liquid alloy was splat-cooled, where it was exposed to both a high cooling rate 

and a high strain rate, it crystallized during solidification. This suggests that the high 
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strain rate induces crystallization. This effect becomes less pronounced with increasing 

processing temperature. 

 

2. Experimental 

 

 Ingots of Au49Ag5.5Pd2.3Cu26.9Si16.3 alloy were prepared by arc-melting the 

elements (Au: 99.95%, Cu: 99.9%, Ag: 99.5%, Pd: 99.95%, Si: 99.95% purity) in a 

titanium-gettered, argon-filled atmosphere. Fully amorphous rectangular strips, 30 mm x 

5 mm x 5 mm, were produced using a copper mold injection casting technique. The bulk 

glassy strips were cut into small cubic pieces of approximately 1 mm3 in volume. Each 

sample was heated in a levitation coil to various temperatures ranging from 1000-1600K 

under 10-6 mbar vacuum, and then splatted into thin foils of various thicknesses using 

splat quencher. 

 The splat quencher apparatus is schematically shown in Figure V-1. First, the 

alloy is levitated and quickly melted inside the induction coil. Once the liquid melt 

reaches certain temperature (900 K and 1500 K in the present experiments), the power 

supply is shut off. The liquid droplet then free-fell through the induction coil due to 

gravity. During free-falling, the droplet passed the laser detector which triggered the 

time-delay unit. After some short delay time, the control unit fired the the copper piston 

splatters which caught the liquid droplet. During splatting, the liquid was solidified and 

splatted simultaneously. The droplet of approximately 1 mm diameter is splatted into foil 

at 20-100 microns thick. The process is completed in about 1 millisecond.    
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Figure V-1: Splat-quencher apparatus is schematically shown. The solid alloy is first 

        levitated and then melted inside the induction coil. The droplet is then  

        dropped, passing through a laser detector. The laser detector sends a time- 

        delayed signal to the copper pistons firing unit. The droplet is then splatted  

        from spherical shape melt into thin foil geometry. 

 

Thermal analysis was performed in a Netzsch DSC 404c differential scanning 

calorimeter (DSC) and Perkin Elmer DSC7. X-ray diffraction analysis (XRD) was carried 

out on an Inel XRG 3000 using Cu Kα radiation. 

 

3. Experimental Results 

 

 Figure V-2 compares the XRD spectrum of (a) a 50 micron splat-cooled sample 

processed at ~900K, (b) a 300 micron splat-cooled sample processed at ~900K, and (c) a 

Induction / Levitation Coil 

Laser detector

Cu splatters 
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5 mm copper mold cast alloy. The spectrum of the 50 micron splat-cooled sample 

consists mainly of narrow peaks, indicating a substantial amount of crystallinity. The 

spectrum of the 300 micron splat-cooled spectrum indicates detectible amounts of 

crystallinity embedded in the amorphous matrix. The spectrum of the 5 mm cast sample 

was taken from the cross section and exhibited two broad diffraction peaks, a typical 

signature of a fully amorphous sample. 
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Figure V-2: X-ray diffraction spectrum for (A) 50 microns splat-cooled sample process at  

~900K, (B) 300 microns splat-cooled sample process at ~900K, and (C) 5 

mm cast rod processed at ~900K 
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Figure V-3: Differential scanning calorimetry thermograms determined at 0.33 K/s  

heating rate for (A) 50 microns splat-cooled sample process at ~900K, (B) 

300 microns splat-cooled sample process at ~900K, and (C) 5 mm cast rod 

processed at ~900K 

 

 The DSC thermograms measured while continuously heating at 0.33 K/s are 

shown in Figure V-3. The copper mold cast sample thermogram (c) shows a glass 

transition temperature, Tg, of 403 K and a crystallization temperature, Tx, of 461 K. The 

ratio of the heat of crystallization to the heat of fusion is 0.75, confirming that the 

material was entirely amorphous[21]. The thermogram (a) of the 50 micron splat-cooled 
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sample does not show an obvious heat release during heating, indicating the crystalline 

nature of the splat. Thermogram (b) reveals the heat of crystallization to heat of fusion 

ratio of ~0.4, confirming that the 300 micron splat is partially crystalline. The 

solidification temperatures, Tm, for all three samples are in agreement with one another, 

implying that the nominal composition of the splat has not been altered. 

 To further investigate our findings the same alloy was subjected to different strain 

rates and processing temperatures. The results are summarized in Table V-1, V-2, and V-

3. The splat foils were obtained from using the aforementioned splat quencher. The 

pistons’ speed was varied to obtain different foil thicknesses. The cast foil of 30 microns 

was obtained by water quenching in thin-walled silicon molds. The millimeter-level cast 

strips were obtained using the injection copper mold casting technique. It was found that 

the crystallization was bypassed if the samples were subjected to low strain rates. The 

processing temperature does not have an effect on the suppression of crystallization if the 

strain rates are low. However, when the alloy is exposed to high strain rate (4000-10000 

s-1)A crystallization occurs even though the cooling rates are in the order of 105-106 K/sB. 

This crystallization effect was found to be influenced by the processing temperature. 

With increasing processing temperature, the crystalline volume fraction decreases and, at 

about 1500 K, the sample becomes mainly amorphous. 

                                                 
A Calculated from the time required to deform a liquid drop of 1 mm diameter sphere to a splat 50 micron 

thick. The time is of the order of millisecond. 

B The cooling rate is estimated from solution to the heat flow equation for a plate of liquid alloy cooled by 

heat conduction to a thick mold which yields Rc
plate = 0.4KtTl / cpL2 with Kt as the thermal conductivity, cp 

the specific heat of the alloy, and L the plate’s thickness. More information can be found in the appendix. 
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Sample Cooling rate 

(K/s) 
Processing 

Temperature (K) 
Strain rate 

(s-1) 
structure 

50 μm splat foil 106 ~900 104 crystalline 
300 μm splat foil 3x104 ~900 4x103 partially crystalline 
50 μm splat foil 106 ~1500 104 fully amorphous 
30 μm cast foil 106 ~900 negligible fully amorphous 
5 mm cast strip 102 ~900 negligible fully amorphous 
5 mm cast strip 102 ~1500 negligible fully amorphous 

Table V-1: Summary of processing parameters for Au49Ag5.5Pd2.3Cu26.9Si16.3 alloy and the  

      resulting structures 

 

 

Table V-2: Summary of processing parameters for Au49Ag5.5Pd2.3Cu26.9Si16.3 alloy 

                  showing the effect of critical cooling rate (Rc) and strain rate 

 

 

Table V-3: Summary of processing parameters for Au49Ag5.5Pd2.3Cu26.9Si16.3 alloy 

                  showing the effect of processing temperatures and strain rates 
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4. Discussions 

 

To date no strain rate effects on the crystallization in metallic liquid have been 

reported. However, for several metallic glasses, it has been found that the strain rate has 

an effect on the viscosity[22-25]. These non-Newtonian effects result in a decrease of the 

viscosity with increasing strain rate. The viscosity has a strong influence on the 

crystallization kinetics. According to classical nucleation theory, the time for 

crystallization, tx, is proportional to[26, 27]:  
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where Iss is the steady state nucleation rate and u the growth rate. Both Iss and u are 

inversely proportional to the viscosity, implying tx ∝ η, which was experimentally 

verified by Mukherjee et al.[28]. The critical cooling rate is inversely proportional to tx, 

indicating Rc ∝ 1/η[28]. This implies that in order to explain the crystallization in the 

splat-cooled sample by the strain rate effect on viscosity, the viscosity during splat-

cooling must be at least four orders of magnitude lower than the viscosity during 5 mm  

copper mold casting. Strain rate effects on viscosity were quantified for a Zr-based BMG 

by Lu et al.[29]. It was found that the strain rate effects on viscosity are most pronounced 

at low temperatures around Tg and become less significant as the temperature approaches 

Tx. For the highest temperature region studied in this work, which itself is still much 

lower than the expected crystallization temperature region for Au49Ag5.5Pd2.3Cu26.9Si16.3
C, 

                                                 
C During cooling, BMGs crystallize at or above the nose in the time temperature transformation diagram, 
e.g., [30] J. Schroers, A. Masuhr, W. L. Johnson, R. Busch, Physical Review B 60 (1999) 11855-11858. 
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the viscosity dependence on strain rate is 
4
1
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d  is 

required to account for the experimental finding. This suggests that the observed large 

difference in crystallization kinetics of the differently processed samples cannot be 

explained by a crystallization rate enhancement due to the previously reported strain rate 

effect on the viscosity alone. To investigate the origin of strain-rate induced 

crystallization in metallic glasses, one must explore other possible influences on 

crystallization kinetics. 

Phase separation and crystallization driven by large strain rates and related non-

Newtonian liquid behavior are common in many complex fluids (see, e.g., [31-33]). The 

origin for strain rate effects on phase separation and crystallization in such liquids stems 

from the bonding nature and the size (or length) of the molecules, which is not applicable 

to metallic liquids. Even though many bulk metallic glass systems are known to phase 

separate[34-38], the relationship between strain rate effects and phase separation in 

metallic glass liquids has never been established. 

The effect of strain rate on metallic liquid includes the effect of elastic energy 

storage under flow. This is considered in the Gibbs free energy, G, as an elastic energy 

term, Eel. The maximum value of this contribution can be estimated, in our case, to 

elyelE εσ ⋅=
2
1max , where σy is the room temperature yield strength and εel is the elastic 

strain limit. A liquid subjected to a strain rate can release Eel and thereby lower its free 

energy by lowering its overall viscosity. Bulk metallic glass forming alloys are known to 

have high viscosities[39, 40], much higher than the viscosity of each of the individual 

elemental constituents. Therefore, it is reasonable to assume that a homogeneous BMG 
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forming liquid could lower its overall viscosity by phase-separating into two or more 

chemically distinct liquids. Such a phase separation process would then release elastic 

energy, and this elastic energy reduction would act as a driving force for the phase 

separation process. This approach to explain the influence of strain rate on the 

crystallization is sketched in Figure V-4.  

For simplicity the composition dependence of the viscosity is assumed to be 

linear. Furthermore, the viscosity of the phase-separated regions are assumed to be 

identical. The applied strain rate during solidification phase separates the material of 

composition cn into c1 and c2, which is driven by lowering the viscosity from ηn to ηdec.  

The varying chemical composition of the separated regions directly influences 

crystallization. In particular, Au49Ag5.5Pd2.3Cu26.9Si16.3 is known to have a strong 

dependence of the glass forming ability on the composition[21]. Our results imply that a 

phase separation process in this alloy drives the local compositions in the separated 

region far enough out of the glass forming composition that even a cooling rate of 106 K/s 

is insufficient to avoid crystallization. 
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Figure V-4: Sketch of the approach to explain the influence of strain rate on the  

crystallization. The applied strain rate during solidification causes the 

material of composition cn to phase separate into c1 and c2 by lowering the 

viscosity from ηn to ηdec. If the applied cooling rate is below dec
cR , the 

material separates and crystallizes during solidification. If the applied rate 

is above dec
cR , crystallization could be avoided during solidification, and the 

material only phase separates. 
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This scenario is sketched in the bottom part of Figure V-4. The strain rate during 

splat-cooling of 104 s-1 is capable of phase separating the initial composition cn into c1 

and c2, both with larger critical cooling rates. If now the cooling rate is below dec
cR  the 

material phase separates and crystallizes during solidification. It has been predicted[23] 

and observed in several systems that crystallization takes place in shear bands where 

plastic shear is localized[41, 42] resulting in a very high strain rate. Recent study by 

Lewandowski and Greer [43] suggests that the cooling rate inside the shear bands is of 

the order of 105-109 K/sec. Such high cooling rate could easily suppress crystallization in 

regular condition, i.e. strain rate is zero. Therefore the heat evolution inside the shear 

band could not be responsible for crystallization in solid BMGs at temperature far below 

Tg. The strain rate induced crystallization could very well be the explanation of such 

findings.   

If the applied cooling rate remains larger than effective dec
cR , crystallization 

during solidification can be avoided and the material will only phase separate during 

solidification. The finding by Cao et al.[44] that phase separation takes place in shear 

bands with no evidence of crystallization might be an example of this scenario. 

The extent to which the strain rate applied during solidification of the BMG 

influences crystallization depends on the relative influence of the elastic energy term in 

comparison to the enthalpic and entropic terms in G. Additionally, the extent to which the 

composition change during phase separation affects the glass forming ability depends on 

the composition dependence of the glass forming ability. For example, the well-studied 

Zr-based and Pd-based BMGs can be expected to show a less pronounced strain rate 

effect on the crystallization since they possess a wide glass forming region on the 
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compositional space[45, 46]. In addition, the directions in the compositional space for 

both (i) phase separation process driven by the lowering of elastic energy and (ii) the 

composition sensitivity of the GFA must coincide in order to result in a strong influence 

of the strain rate on the crystallization kinetics. The directional concurrent between (i) 

and (ii) controls the degree of the strain rate effect on crystallization.    

It should be mentioned that the phase separation process described in the present 

approach is different from the previously reported decomposition processes in metallic 

glasses[34-38]. In those processes, the driving force for chemical decomposition comes 

from a lowering of the enthalpic contribution of G. The maximum driving force for a 

strain rate driven decomposition process can be estimated for as ≈max
elE 90 J/mol, using 

σy = 1200 MPa and εel = 0.015[47]. This number is comparable to the driving force for 

the previously reported chemically driven decomposition process of approximately 100 

J/mol[48]. 

Transmission electron microscope (TEM) work was completed on two splatted 

samples of different compositions: the best glass forming composition consisting of five 

elements and nominal glass forming composition consisting of four elements. For the 

best glass forming composition, the fully crystalline splat sample was obtained using high 

strain rate of 1000 /sec and 900 ºC processing temperature. TEM micrographs reveal 

many nano-crystals and larger particles. Crystallites of different sizes and different 

compositions were located at different distances from the center of the splat. For the 

nominal glass former, the splat is partially amorphous and the TEM micrograph of one 

specific area is shown in Figure V-5. Features that run across the micrograph from left to 

right are the remnant of microtoming which was chosen as a sample preparation method 
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over electro-chemical. Nanocrystals can be found along the vertical lines which may be 

shear bands or the strain waves that propagate through the liquid during solidification. 

The liquid along these lines are unstable and nanocrystals are formed.  

 

 

Figure V-5: Transmission electron micrograph image of partially crystalline splatted 

       sample. The horizontal line features are the remnant of microtoming, a  

      TEM sample preparation step. The vertical line features are decorated 

      with nanocrystals.    

 



 V-16

5. Conclusion 

 

 The experimental evidence of a strain rate induced crystallization in a metallic 

system during cooling from the melt is reported. Previously reported strain rate effects on 

viscosity alone are not sufficient to explain this finding. A qualitative approach is 

suggested where the strain rate induces phase separation in the homogeneous liquid. If 

phase separated chemical compositions are driven out of the glass forming region for the 

applied cooling rate, the material crystallizes during cooling. In the present case, a 

cooling rate as high as 106 K/s is not sufficient to suppress crystallization. This work 

suggests the critical cooling rate must be considered in conjunction with the strain rate 

dependent effect in order to fully assess the intrinsic glass forming ability of metallic 

glass forming liquids. 
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