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1. Introduction 

In the current program, researches have been focused upon metastable phase formation and the 

controlling phase selection reactions, the evolution of solidification microstructure in the highly 

undercooled melts, heterogeneous nucleation sites, characterization of microstructure development and 

phase stability in metallic glasses, assessment of thermodynamic properties of amorphous alloys, and 

several aspects of the kinetics of the formation of metallic glasses. The experimental approaches that have 

been applied to perform these studies include the droplet emulsification technique, melt-spinning, splat 

quenching. These methods offer opportunities to produce samples over a wide range of cooling rates and 

undercooling which could yield a various distinct microstructures. In addition, to probe into the kinetics 

of amorphization via solid state reaction and provide the understanding of non-equilibrium processing in 

depth, cold-rolling has been applied as a means of investigation. 

At deep undercoolings equilibrium crystallization reactions may be bypassed and metastable solid 

phases including metallic glass can be produced during freezing. With thermal analysis and x-ray 

diffraction experiments it has been possible to examine the undercooling conditions for metastable phase 

formation and to elucidate the kinetic competition during crystallization. Often the microstructural 

morphology and the structure of the product phases that solidify from the melt have features that are 

distinct to high undercooling solidification. For selected reactions it has been possible to identify the 

solidification path for crystallization from the undercooled liquid state. Based on these findings it has 

been possible to develop a framework for describing the reaction paths followed during high undercooling 

solidification in terms of metastable phase diagram constructions. Indeed droplet samples offer a useful 

method of probing and measuring different portions of metastable phase diagrams. 

Several advances in experimental capability have been established during the current work. A 

new type of droplet experiment focused on the repeated undercooling and nucleation behavior of a single 

droplet has been implemented. In this approach statistically significant data is obtained by using multiple 

cycles of melting and nucleation as opposed to the usual approach of using a large number of droplets in a 

single thermal cycle. As a result, a new method of evaluating nucleation rates is available for future 

studies. Also, emulsification procedures have been extended so that now magnesium and copper alloys 

can be produced as droplet emulsion samples using high melting point salts as a carrier medium. Several 

new applications and analysis methods involving droplet samples have also been advanced during a 

current research. A new perspective on rate effects has been established to allow for the measurement of 

nucleation undercooling temperatures at cooling rates approaching 103oC/sec. These results have been 

coupled with a nucleation kinetics model and measured thermodynamic properties to provide the 

quantitative assessment of the measurement requirements for reliable analysis of nucleation rates. This 



approach has been applied to develop new insight into the undercooling behavior of glass forming alloys 

and the active nucleant concentration levels. 

One of the major advances in analytical capability that have been achieved during the current 

work is the new calorimetry method to characterize the glass transition temperature in the amorphous 

alloys that display primary crystallization. The new approach, dynamic differential scanning calorimetry 

(DDSC), applies the temperature modulation during the calorimetry measurement of the amorphous 

alloys and can separate the calorimetric signal of reversible reactions from irreversible ones. This enables 

the direct assessment of the glass transition temperature of the amorphous alloys that exhibit primary 

crystallization over the glass transition range. 

Several advances have been made in the understanding of the crystallization behavior and the 

formation kinetics in amorphous alloys. In the examination of the nucleation mechanism during the 

primary crystallization of amorphous Al-Y-Fe, the results from numerical modeling have suggested that 

heterogeneous nucleation is the controlling nucleation mode. In other alloy systems (AINiY, AINiCe, 

FeZrB, FeNbB) where an amorphous phase has been attained by melt-spinning, the crystallization 

behavior has been characterized by thermal analysis and electron microscopy. A key issue identified in 

the formation of metallic glass is the ability to avoid crystallization during rapid quenching. Based upon 

this, a model describing the kinetics of metallic glass formation by rapid solidification process has been 

proposed to account for the different thermal responses of the amorphous alloys. 

In terms of enhancing materials properties, most Al-base amorphous alloys are effective 

precursors for synthesizing materials with microstructures consisting of finely dispersed nanocrystalline 

Al within an amorphous matrix [96FOLa, 98INO, 99CAN]. In this regard, nanocrystal density in the Al- 

Y-Fe amorphous alloy has effectively increased an order of magnitude with the incorporation of a small 

amount of Pb. In addition, it has been identified that the key issue in the controlled synthesis of 

nanocrystalline Al microstructures is the capability to control the nucleation density which appears to be 

linked to quenched-nuclei. Advances in understanding the origin of the quenched-in nuclei have been 

attained with the cross-examination and analysis on the amorphous samples synthesized by melt-spinning 

and cold-rolling methods. The investigation revealed that the high number density of quenched-in nuclei 

originated from the rapid quenching process and can be avoid by modifying the reaction pathway. In fact, 

with cold-rolling of elemental multilayers direct amorphous phase synthesis has been achieved in some 

systems such as Zr-Al-Cu-Ni and Al-Sm. In other systems, cold-rolling has yielded new insight into the 

onset of crystallization and the capability of intense deformation to alter the crystallization process. 

In the following sections a description is given of the detailed results of the current areas of study. 

When these findings are viewed together, several new features of the solidification of highly undercooled 

alloys can be identified from the structure synthesis. The significance and implications of these 



observations are discussed in terms of the factors determining the rate of solidification, the phase 

selection process for the solidification products and the microstructural evolution and the new insight on 

driven system behavior during cold-rolling. A consideration of the results is of value not only in 

demonstrating the unique potential of the structure synthesis techniques, but also in providing the 

necessary background for the further development and application of the methods. 

2. Melt-spinning ofAl-Base Alloys 

2.1.1 Amorphous Al-Base Alloys- Undercooling Behavior 

The undercooling behavior and response to melt processing that has been established in pure 

metals has also been found to apply to many alloys including Al-base systems and has provided an 

effective basis for the interpretation of solidification microstructure development [87MUE, 92MUE, 

88PER]. For example, solute additions can act in a colligative manner so that the nucleation temperature 

trend with composition often parallels that of the liquidus. In other cases, solute can alter the surface 

catalysis and change the nucleation kinetics. With alloy solidification the available pathways involve a 

variety of options. The microstructural and thermal history analysis that can be developed from the 

controlled solidification of undercooled powders provides valuable guidance for interpreting the results of 

rapid quenching treatments. 

With a number of multicomponent alloys, such as those representing glass forming compositions, 

the undercooling behavior and trends with composition can depart from that observed in simple systems 

and display a strong dependence on processing. Some of the key features of this behavior which has a 

direct bearing on glass formation during melt quenching can be illustrated by examining the undercooling 

characteristics in Al-TM(transition metal)-RE(rare earth metal) alloys. 

Most Al-based alloys in bulk form exhibit undercooling levels of only a few degrees, but glass 

forming Al-Y-Fe alloys such as Al88Y7Fe5 demonstrate an undercooling of 40-50 K below the liquidus as 

shown in Fig. la [97FOLa]. Moreover, when Al88Y7Fe5 was prepared as a fine powder sample, the 

observed undercooling level did not change significantly from that observed in bulk samples. Based upon 

microstructural evidence of primary intermetallic formation in both bulk and droplet samples (Fig. lb) the 

undercooling is controlled by a surface heterogeneous catalysis. However, when the droplet samples were 

subjected to a quenching treatment (500°C/sec), the undercooling increased to 100°C along with the 

development of volume dispersed nucleation (Fig.lc). The development of multiple sites for primary 

intermetallic formation implies a high density of internal nucleation sites and a correspondingly high 

nucleation rate. In order to observe multiple nucleation in an undercooled droplet, the rate must be large 



enough to allow for activation of many sites before the heat due to prior nucleation is distributed in the 

droplet. Alternatively, the development of phases that exhibit faceted growth and/or significant solute 

partitioning can more readily show multiple nucleation events in a droplet. In the Al-Fe-Y system growth 

limitations are likely [97FOLb]. This kinetic control can be demonstrated by increasing the cooling rate to 

105-106 K/s that is typical of melt spinning. In this case a fully amorphous sample is produced as indicated 

in Fig. Id. However, upon reheating the amorphous ribbon a clear Tg signal is not observed in DSC 

examination. Instead, as shown in Fig.le an exothermic crystallization event is detected with an 

asymmetric peak. Microstructural analysis reveals (Fig. If) that the initial exotherm corresponds to the 

formation of a high density of Al nanocrystals. 

A key observation related to glass formation in Al-TM-RE alloys is the undercooling achieved 

during solidification. Even in bulk volumes the relatively large undercooling observed compared to most 

Al alloys indicates a modified surface catalysis; most likely due to the RE addition. The absence of an 

undercooling increase with droplet dispersion also implies a high nucleant concentration. In fact the 

transition with increasing cooling rate and undercooling from surface catalysis to volume nucleation with 

an intermetallic spacing of about 3(J,m suggests a site density of about 3xl016 m"3 -at an undercooling of 

lOOK-compared to the typical nucleant level of 1013 m'3. This is based upon a Poisson distribution 

analysis that indicates the nucleant free fraction, x = exp(-mv) so that for x = 0.99 and v represents the 

volume of a 20\im droplet then m = 1013 m"3 Similarly, following primary crystallization Al nanocrystal 

particle densities reach levels of 1021-1022 m"3. This transition in undercooling behavior with increasing 

cooling rate indicates clearly that in Al-TM-RE alloys glass formation is not controlled by nucleation 

restrictions. A further analysis of nanocrystal development supports the importance of growth limitations 

in Al-base amorphous alloys. For example as shown by TEM analysis Al nanocrystals are growing at 

temperatures below the calorimetrically determined crystallization onset but the growth rate is too slow to 

yield a measurable heat evolution rate [96FOLb]. On continued heating to the peak onset Tg is reached 

with an acceleration in kinetics. At the same time with the high particle density the diffusion fields due to 

the solute rejected during nanocrystal growth impinge soon after the crystallization onset. This inhibits 

nanocrystal growth and accounts for the asymmetric crystallization peak [98ALL]. 

2.1.2 Amorphous Alloys 

As part of a continuing study of Al alloy systems that offer the potential for the development of 

large volume fractions of fine dispersoid phases with high temperature stability the current focus has been 

directed towards amorphous Al-rich Al-Rare Earth Metal (RE)-Transition Metal (TM) alloys and Fe- 

based alloys. The amorphous Al-RE-TM amorphous alloys have tensile strengths that are comparable to 

steel and have a lower density than ferrous or titanium alloys. The Fe-based amorphous alloys containing 



high density of Fe nanocrystals also demonstrate exceptional soft magnetic properties over conventional 

crystalline magnetic materials. In order to tailor the microstructure and related properties a clear 

understanding of the fundamental properties of these Al-rich amorphous alloys is necessary. Extensive 

work has been reported regarding the compositions and systems that form Al-rich glasses, but these 

reports provide limited insight into why the Al-RE-TM alloys are relatively easy glass formers, or why 

these alloys have such relatively high glass transitions [88INO, 93NAK]. In addition, it has been reported 

that the presence of the Al-nanocrystals increases the tensile strengths observed, but the main variables 

that affect the formation of the strengthening nanocrystals upon solidification have been limited to wheel 

speed and alloy composition. Since, the amorphous alloys can decompose to form many different 

microstructures, an understanding of the reaction kinetics and pathways for microstructure evolution from 

the initial as-solidified amorphous state is needed. The primary focuses of the current program include the 

characterization of the metallic glasses, the kinetics of the metallic glass formation, the analysis of the 

devitrification mechanism, and the catalytic effect of extraneous particles upon crystallization. 

2.2.1 Characterization of Amorphous Alloys 

The efforts in characterizing metallic glasses have been directed to the microstructure analysis 

and the assessment of the glass transition temperature of the amorphous alloys produced by RSP. The 

alloys systems that have been investigated include AlYFe, AlYNi, AINiCe, AISm, FeZrB, and FeNbB. 

The structure analyses on the melt-spun ribbons have been performed mainly by X-Ray diffraction and 

the microstructures were characterized by electron microscopy. Fig. Id shows the bright-field TEM image 

of an as-spun Al88Y7Fe5 sample, displaying a homogeneous and fully amorphous structure [96FOLa, 

94BAT]. The diffuse ring in the corresponding selected area electron diffraction (SAED) pattern further 

indicates that the ribbon sample is amorphous. The XRD result on the as-spun Al88Y7Fe5 sample in Fig.2a 

also exhibits a diffuse scattering maximum that is typical of an amorphous structure. The XRD results on 

the as-spun Al92Sm8, Al85Y10Ni5, Al85Ni10Ce5, Fe9oZr7B3, and Fe84Nb7B9 are shown in Fig.2b-f. All of the 

XRD patterns are indicative of an amorphous structure. 

Recent calorimetric analysis of nanocrystal development during devitrification has provided new 

insight into the understanding of primary crystallization reactions, including the application of 

devitrification reactions to form nanometer size dispersions of second phase. The investigation utilizing 

DSC, XRD, and TEM has provided a clearer picture of the thermal responses and the phase formations of 

the melt-spun ribbons. A DSC heating trace of melt-spun Al88Y7Fe5 is shown in Fig.le for the entire 

course of crystallization. The first observable crystallization reaction has an onset at about 276°C; the 

peak is distinctly asymmetric with a tail at high temperatures. The separation between the first observable 

peak and the onset of the succeeding crystallization involving intermetallic phases is more than 75°C. The 



DSC heating trace of melt-spun A^Smg shown in Fig.3 contains the same characteristic peaks. To 

identify phases formed during the reaction peaks in the melt-spun Al88Y7Fe5 ribbons, an X-ray diffraction 

analysis was carried out on the samples that were heated to different temperatures and the results are 

shown in Fig.4. The XRD trace of the sample that was previously heated to 270°C shows an amorphous 

scatter and no characteristic peak of crystalline phase is observed. On the other hand, the presence of the 

a-Al characteristic peaks on the samples that were previously heated to 360°C and 410°C suggests that 

the first exothermic peak observed in the DSC corresponds to the formation of the a-Al phase. In addition 

to the a-Al characteristic peaks, the XRD trace on the sample that was previously heated to 410°C 

displays the characteristic peaks of A13Y, indicating that A13Y was formed during the reaction of the 

second exothermic peak in the DSC. 

Table I. 

Sample Txi 1 peakl AHj T*2 lpeak2 AH2 

As-spun 273°C 287°C -1088J/mole 382°C 385°C -2674J/mole 

Preheated to 245°C at 
40°C/min 273°C 287°C -1050J/mole 382°C 384°C -2674J/mole 

Preheated to 270°C at 
40°C/min 279°C 297°C -726J/mole 381°C 384°C -2674J/mole 

Table 1 summarizes the onset temperatures, peak temperatures, and the enthalpy changes for the 

primary crystallization and the reaction that involves the formation of A13Y in the samples that had 

undergone different thermal histories. The decrease in AH! in the samples that were previously heated to 

245°C and 270°C at 40°C/min suggests that the formation of a-Al phase could have occurred during the 

continuous heating in the DSC. For the sample that was previously heated to 270°C, the onset temperature 

of the primary crystallization is increased to a higher temperature. During the continuous heating course, 

the residual amorphous phase is enriched with solute (Y, Fe) and the Al concentration is lowered as the a- 

Al phase forms. Thus, higher temperature must be reached to initiate the primary crystallization reaction. 

It is worthwhile to note that a closer examination with TEM on the sample that was previously heated to 

270°C showed that small amount of a-Al crystallites has already formed in the sample, which supports 

the conclusion derived from the DSC results. The amorphous scattering displayed in the XRD pattern 

results because the volume fraction of these crystallites are lower than the resolution of the XRD. 

Therefore, a structure analysis carried out with XRD cannot be complete without further confirmation by 

TEM, especially for the identification of the amorphous phase. 

In addition to the characterization accomplishments described above, progress has been made in 



the assessment of the glass transition temperature. The measurement of the glass transition temperature 

provides not only evidence for the existence of a glassy phase, but also a fundamental basis for kinetic 

analysis [98ALL]. Calorimetric analysis has been widely applied to measure the glass transition 

temperature of metallic glasses. The presence of an increase in specific heat during heating in calorimetry 

analysis is generally considered as an indication of the existence of an amorphous phase [91CHE, 

90JOH]. However, such change in the specific heat has never been observed in marginal glass-forming 

alloys such as Al-RE(rare earth)-TM(transition metal) (e.g. Al-Y-Fe and Al-Sm) where primary 

crystallization occurs. The calorimetry signal during glass transition is often concealed by the thermal 

response of the primary crystallization reaction [96FOLa, 96FOLb]. Therefore, the absence of an 

observable increase in specific heat does not preclude the possibility of the presence of a glass. Often, the 

onset of the primary crystallization is taken as an estimate for the glass transition temperature [98ALL, 

98KIM]. However, the accuracy of this assumption has not been verified experimentally. 

In addressing the issue of assessing the glass transition temperature in marginal glass-forming 

systems, progress has been achieved with the application of the modulated-temperature differential 

scanning calorimetry (MT-DSC, also called DDSC in Perkin-Elmer series). The new technique in DDSC 

has the capability to separate the thermal signal of reversible reactions from that of irreversible reactions. 

In the dynamic mode of the calorimetry, the response of the sample to a time-dependent signal (sinusoidal 

temperature change) is measured. That is, a periodically varying temperature oscillation is superimposed 

on a constant heating or cooling rate. The response signal consists of the superposition of two 

independent signals: the underlying heat flow that corresponds to the conventional DSC signal [93REA] 

and an oscillating heat flow. Contributions to the calorimetric signal of a sample due to a change in 

specific heat such as the glass transition are observed on the dynamic response signal. In contrast, slow 

transformations or reactions such as the primary crystallization, which proceed independently from the 

temperature modulation, contribute to the underlying static heat flow which is the data obtained from a 

conventional DSC measurement. In an equilibrium system subjected to a constant heating rate, the 

relationship between the time-dependent enthalpy and temperature can be given by the convolution 

product 

BH(t) = f c(t-t)dT{t')dt' (8) 

withC(r) = Ml (9) 
dt 

After Fourier transformation, equation (8) reads as a normal algebraic product 

H((o)=C((o)r((D) (10) 



In the framework of the linear response theory, the response function to an oscillatory attenuation consists 

of two contributions that are in and out of phase with respect to the input signal. Using complex notation 

for the vector sum of the contributions to the dynamic specific heat signal: 

C((0) = C'(co) -ZC"(co) (11) 

Where C(co) is the frequency-dependent complex specific heat; C'(a>) is the real part or storage specific 

heat; and C"(co) is the imaginary part or loss specific heat [95SCH]. While dissipative processes such as a 

relaxation of the glassy state contribute to C", the molecular motions i..e. the molecular rearrangement 

that occurs during a glass transition contribute to C. Therefore, both C and C" display changes during 

the occurrence of a glass transition in the sample. With the application of DDSC, the glass transition 

temperature of Al88Y7Fe5 and Al92Sm8 have been observed at about 258°C and 172°C, as shown in Fig.5a 

and 5b, respectively [OOWua, OOWIL]. The DDSC results confirm that a glass state has actually been 

achieved during the melt-spinning process on the alloys. 

2.2.2. Kinetics of Metallic Glass Formation 

It has been reported that upon heating the Al-Y-Fe as-spun ribbons with similar compositions 

prepared at a high melt-spinning rate (i.e. wheel speed>50m/s), a clear glass transition was observed and 

is well separated from the crystallization temperature in DSC [92LIa, 92LIb]. Primary crystallization did 

not occur in these amorphous alloys. The distinction in the thermal response of the as-spun amorphous 

ribbons that were prepared at different wheel speed during melt-spinning makes it necessary to identify 

the mechanism of the metallic glass formation. The key issue in the formation of metallic glasses is the 

ability to avoid crystallization during rapid quenching. A model describing the kinetics of metallic glass 

formation has been proposed to account for the change in the controlling mechanism from nucleation 

control to growth control by varying the cooling rate during rapid quenching. Fig.6 shows a schematic 

illustration to elucidate the proposed model. Under nucleation control, the high cooling rate allows the 

cooling path to bypass the nucleation reaction and the cluster distribution that may be retained during the 

quenching process does not overlap with the critical nucleus size at the crystallization temperature (Tx). 

As a result, a clear separation in temperature between the glass transition temperature and the 

crystallization temperature can be observed during reheating. This is often observed in easy glass-forming 

systems such as Zr-based [91ZHA, 93PEK] and Pd-based [84KUI, 97INO] amorphous alloys. With 

growth control, some small fraction of crystallites may form initially during rapid quenching, but the 

viscosity that increases rapidly with decreasing temperature near the glass transition temperature prevents 

their growth. Most importantly, under growth control, the cluster distribution that is retained overlaps 

with the critical nucleus size at the glass transition temperature. In either case, upon reheating rapid 

crystallization occurs at the glass transition temperature which will essentially coincide with the 



crystallization temperature. This is commonly seen in marginal glass-forming systems such as Al-based 

[88HEb, 98ALL] and Fe-based [95MAK, 98AYE] amorphous alloys. As the model suggests, the 

observation of a clear glass transition in the Al-Y-Fe as-spun ribbons prepared at a high wheel speed 

during melt-spinning is the result of the alternation in the controlling mechanism during glass formation 

from growth control to nucleation control. 

2.2.3. Analysis of Devitrification Mechanism 

In the analysis of the crystallization behavior in the Al-RE-TM amorphous alloys the nucleation 

mechanism has been studied through numerical modeling. Often, in alloy systems with more than two 

components the morphology of the phases as well as the solute redistribution are affected by the 

nucleation process. Therefore, it is important to develop quantitative methods for the modeling of 

nucleation kinetics. Nucleation processes are often investigated indirectly by analyzing the microstructure 

after some amount of crystallization extrapolating growth reactions to shorter times [83BLA, 83KEL]. 

Studies on polymorphous crystallization and eutectic crystallization in metallic glasses have been 

reported. However, relatively little was known about the nucleation kinetics of primary crystallization. 

The research efforts in this area were intended to develop quantitative modeling for nucleation 

analysis. Investigations toward this aim have been centered on Al-Y-Fe amorphous alloys for which a 

detailed growth kinetics analysis is available [98ALL]. Isothermal annealing treatments on Al88Y7Fe5 

samples at different temperatures and for various lengths of time have been performed to produce samples 

that are partially crystallized to different levels. Transmission electron microscopy (TEM) was applied to 

observe the microstructure of partially crystallized samples. 

Though the continuous heating DSC indicates that the primary crystallization commences at 

273°C, isothermal annealing studies at 245°C reveal that the a-Al nanocrystals actually developed at 

temperatures lower than the onset of the primary crystallization [96FOLa]. The development of the a-Al 

nanocrystals was identified by XRD and TEM [OOWUa]. Fig.7 shows the XRD results of the melt-spun 

ribbon samples that were isothermally annealed at 245°C for various periods of time. Only the sample that 

was isothermally annealed for 100 minutes displayed the characteristic peaks that correspond to a-Al 

phase. However, more careful examinations by TEM on the samples that were isothermally annealed for 

10 and 30 minutes reveal that a-Al nanocrystals actually have formed in these samples. The TEM bright- 

field image in Fig.8a shows that a high number density of (3xl021m"3) Al nanocrystals of nearly spherical 

shape with an average diameter of 14nm has developed in an Al88Y7Fe5 melt-spun sample after annealing 

at 245°C for 10 minutes. The contrast variations displayed by the nanocrystals are due to their different 

crystallographic orientations. As the isothermal annealing time is extended, the Al nanocrystals grow into 

a dendritic shape and the average diameter increases to 28nm after annealing at 245°C for 30 minutes. As 

10 



shown in Fig.8b, the particle density also increases to 5x10 m. As further growth of nanocrystals 

proceeds, the interparticle spacing decreases and the development of a solute buildup around the 

nanocrystals eventually leads to the overlap of the diffusion fields, and consequently retards the further 

advancement of the growth front significantly [96FOLa, 97CSOa]. Moreover, the interface between the 

Al nanocrystals and the remaining amorphous matrix becomes irregular or dendritic as perturbations 

develop into the amorphous matrix which is effectively a highly undercooled liquid. The development of 

a dendritic morphology for the Al nanocrystals after longer annealing time (100min) is shown in Fig.8c. 

However, the particle density is unchanged from the value for the 30 minutes annealing. Moreover, the 

solute enriched remaining amorphous matrix may decrease the diffusivity of the solute and can lead to a 

higher crystallization temperature range for the residual amorphous phase that offers enhanced thermal 

stability. The kinetics that yields the development of the dendritic morphology in the highly undercooled 

liquid state where the viscosity increases rapidly at the glass transition temperature is interesting and 

needs to be studied in more detail. Similar results have been found in the samples that were isothermally 

annealed at 235°C. 

The DSC results shown in Fig.9 represent the thermal response of the melt-spun ribbon samples 

that were isothermally annealed at 245°C for 10, 30, and 100 minutes. The onset temperature and the peak 

temperature as well as the enthalpy change (AH) of the reaction peaks are summarized in Table II. The 

decrease in AH] suggests that crystallization of a-Al occurred during the isothermal annealing, which is 

consistent with the results from TEM. Moreover, the larger decrease in AHi with longer annealing time 

indicates that the amount transformed from amorphous to crystalline phase increases with the annealing 

time. The DSC trace of the sample that was isothermally annealed for 100 minutes at 245°C does not 

display a primary crystallization peak. The absence of this reaction peak indicates the crystallization of a- 

Al from the amorphous phase has been completed before the end of the annealing. The increase in the 

onset temperature of the primary crystallization on the samples that were isothermally annealed follows 

the same argument that has been described in the earlier section on the thermal responses of the 

previously heated samples. 

Table II. 

Sample Txi *■ peakl AHi Tx2 Ipeak2 AH2 

As-spun 273°C 287°C -1088 J/mole 382°C 385°C -2674 J/mole 

Isothermally annealed at 
245°C for 10 minutes 

276°C 292°C -902 J/mole 381°C 384°C -2526 J/mole 
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Isothermally annealed at 
245°C for 30 minutes 

283°C 300°C -591 J/mole 379°C 382°C -2349 J/mole 

Isothermally annealed at 
245°C for 100 minutes 

NA NA NA 378°C 381°C -1949 J/mole 

With the understanding of the microstructure evolution of the melt-spun amorphous ribbons given 

above, quantitative modeling of nucleation analysis was carried out based on the particle density 

measured from the isothermally annealed samples. The particle density of nanocrystalline a-Al was 

carefully measured from the TEM metallography both manually and with the computer-aided image 

analysis software (ImagePro). The particle size distributions were plotted from the tabulated date and 

converted to a time-scale according to the parabolic growth model. The analytical expression of 

heterogeneous transient nucleation developed by Kashchiev was applied to fit the experimental results 

[69KAS]: 

-rr2 «    (     iV 

Ny(t) = J, v  / exp 
f     2^ n — 

«=i v j 

(12) 

where Nv(t) is the number of Al nanocrystals per unit volume of the sample, Jst is the steady state 

heterogeneous nucleation rate, and T is the time lag. Comparing the fitted results with a homogeneous 

nucleation model as shown in Fig. 10 for an Alg8Y7Fe5 melt-spun sample that was isothermally annealed at 

245°C for 10 minutes, it appears that the heterogeneous transient nucleation model would best describe 

the nucleation process during the primary crystallization of this metallic glass. This agrees with the high 

density of heterogeneous nucleation sites observed in the droplet experiments of the alloy. The estimated 

steady state heterogeneous nucleation rate following a transient period is about 5xl019 rnV1 [OOWua]. 

2.2.4. Catalytic Effect of Second Phase Particles upon Crystallization 

In terms of enhancing material properties, most Al-base amorphous alloys are effective 

precursors for synthesizing materials with microstructures containing finely dispersed nanocrystalline Al 

embedded within an amorphous matrix [96FOLa, 98INO, 99CAN], The materials with nanoscale Al 

dispersions display superior mechanical properties compared to single-phase amorphous alloys [94INO, 

95GRE]. The enhanced material properties are closely related to the size and the volume fraction of the 

nanocrystalline Al dispersions [93INOb]. Based upon the kinetic analysis that has been established, the 

capability to control the nucleation density is the key issue in the controlled synthesis of nanocrystalline 

Al microstructures [00DAS]. The common practice of inoculation in Al-alloys [83MON] stimulates an 

approach for increasing the number density of the Al-nanocrystals by adding insoluble elements that form 

ultra-fine second phase dispersions in the amorphous matrix and can act as the nucleation catalyst for Al 
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nanocrystals during the devitrification process. The efforts in developing a strategy to enhance the Al 

nanocrystal density and to promote the kinetic stability of the nanophase microstructure have been based 

upon the evaluation of insoluble Pb additions to an Al-Y-Fe amorphous alloy [OOWUb, OOWUc]. The 

underlying strategy is to facilitate the formation of Al nanocrystals with the aid of incorporated Pb 

particles that may catalyze the nucleation of the nanocrystals during devitrification upon heating. It was 

discovered that with a small amount of Pb addition, the onset temperatures of crystallization reactions 

have been changed. TEM analysis on the as-spun ribbon of Alg^FesPb! indicated that Pb was finely 

dispersed in the amorphous matrix with an average particle size of 25nm (Fig. 11a). The SAED and XRD 

(Fig. 12) results confirmed that Pb is the only crystalline phase existing in the as-spun sample Moreover, 

comparing the phases identified in Fig.5 and Fig. 12, the crystalline phases formed upon devitrification 

during heating are not altered. Results from the DSC in Fig. 13 showed that the primary crystallization of 

the amorphous alloy with Pb addition is 40°C lower that that without Pb addition. Moreover, the shape of 

the peak corresponds to the primary crystallization reaction displayed a less steep onset ledge and a wider 

temperature range. This change indicates that the incorporation of Pb particles into the metallic glass has 

altered the nucleation and growth conditions of Al nanocrystals during devitrification upon heating. In 

addition, the density of Al nanocrystals after isothermal annealing treatment has increased an order of 

magnitude to the enhanced level of 3.1xl022m"3 (Fig.lib). Table III illustrates the comparison of particle 

density between the melt-spun ribbons with and without the addition of Pb. The increase in the particle 

density with the incorporation of Pb provides new opportunities in enhancing material properties, but the 

mechanism of this increase is yet to be understood for appropriate application. 

Table III. 

Sample Average Radius (nm) Particle Density (m'3) 

Al88Y7Fe5, 245°C, lOmin 14 2.7xl021 

Al88Y7Fe5, 275°C, lOmin 12 1.4xl022 

Al87Y7Fe5Pbi, as-spun 25 1.6xl021 

Alg7Y7Fe5Pbi, 200°C, lOmin 20 2.6xl021 

AlgTYvFesPb!, 235°C, lOmin 10 1.7xl022 

Al87Y7Fe5Pbi, 245°C, lOmin 8 3.1xl022 
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3. Cold-rolling 

3.1 Cold-rolling of Elemental Multilayers 

Recent studies of Al-based metallic glasses have clearly demonstrated the outstanding properties 

of this new material class. Current investigations focus on dispersion hardened glasses that allow for 

enhanced mechanical properties while retaining the low weight advantage. Despite of the very promising 

properties of these materials, restrictions imposed by the current processing techniques could limit 

potential applications. Further efforts have been directed to develop techniques that could yield bulk 

samples. During the current program, research has been conducted to identify and analyze the underlying 

principles of cold-rolling as a potential means to obtain bulk-metallic Al-based glasses. The examination 

has been split into two complimentary parts: the study of a crystalline to amorphous transition, induced by 

cold-rolling, and the study of the mechanically induced crystallization behavior of amorphous alloys. The 

latter issue deserves attention because a mechanically-induced crystallization could obviate any efforts to 

obtain a fully amorphous structure by cold-rolling. 

In contrast to the wealth of results obtained using ball-milling, only a few results exist for 

successful amorphization attempts based on cold-rolling [85ATZ, 88BOR, 90BORa, 99BAT]. The 

presence of an amorphous phase in these findings is inferred from XRD and TEM investigations. No clear 

evidence of a glass transition has been presented so far. To ensure that cold-rolling has the potential to 

yield not only an amorphous phase but also a glassy phase similar to the melt-spun alloy with the same 

composition, Zr68Al6Ni9Cu18 has been chosen as a first model-system [98SAGb]. This alloy is well known 

for its outstanding glass-forming ability that allows for casting as a bulk-glass. Cold-rolling of a 

multilayer sample with the desired nominal composition, consisting of elemental high purity foils, has 

resulted in a decrease of layer-thickness and grain-size. A lower limit for the grain-size of 30nm has been 

detected. The layer-thickness is below lOOnm after 60 folding and rolling passes. XRD measurements 

have shown that after 80 passes an amorphous phase forms in addition to the presence of crystalline 

regions. No crystalline peaks were visible after 120 passes (Fig. 14). Instead, the continuous DSC heating 

curve reveals the presence of a glass transition at 647K (Fig. 15). This glass transition temperature is close 

to the temperature measured for the cast bulk-metallic glass with the same composition. TEM 

observations have in addition supported the XRD result of a fully amorphous phase after 120 passes. The 

relatively sharp and well-defined Tg demonstrates the homogeneous and structurally relaxed state of the 

cold-rolled glass. One of the attempts to explain the mechanism behind the cold-roll amorphization 

reaction fosters the ideas developed for solid-state amorphization reactions. In order to test, if such a 

process could yield amorphization of the Zr-based sample, annealing experiments for samples after 40 

folding and rolling passes have been conducted. No amorphization was observed although the layer 
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thickness was below 500nm. Annealing of vapor deposited, Zr-based multilayer samples, though, yielded 

amorphization reactions [90WON, 95BUS]. 

The finding that cold-rolling can provide for a complete glassy foil of a Zr-based alloy stimulated 

an extension towards Al-based alloy systems. The search for a suitable system was triggered by two 

requirements. First, it should be possible to obtain the system with an amorphous structure after rapid 

solidification in order to be able to compare it with a possible amorphous phase in the cold-rolled sample. 

The system should furthermore be simple enough for the phase diagram and thermodynamic data to be 

available. With the selection of AL^Smg, both aspects have been covered. Two major accomplishments 

have emerged from the rolling experiments with Al-Sm: First, an amorphous phase has formed and for 

the first time, a glass transition has been measured for this alloy. Moreover, it has been demonstrated for 

the first time, that the glass obtained from cold-rolling has a microstructure that is different from the glass 

obtained from melt-spinning an alloy with the same composition. No differences between the amorphous 

phases could be found in the TEM images (Fig. 16). DSC measurements, however, have then revealed the 

differences between both amorphous phases. The melt-spun material is a marginal glass former, with an 

exothermic reaction upon heating in the DSC due to the primary crystallization of fcc-Al and a second 

exothermic reaction caused by the crystallization of an intermetallic phase. No glass transition can be 

observed in continuous heating DSC (Fig. 17). For the cold-rolled sample on the other hand, a clear glass 

transition has been observed at 172°C. Differences have also been observed for annealed samples. The 

nanocrystal density in the melt-spun material after annealing for 10min at 150°C has been determined as 

3.5*1022m"3. No nanocrystals at all could be observed in the amorphous phase of the cold-rolled sample 

after annealing at 150°C for 30min. Based on this observation, it can be concluded that the crystallization 

in the melt-spun material is not a nucleation and growth but instead is mainly a growth process. 

Otherwise, the cold-rolled sample would have shown some nanocrystal formation, too. This result 

supports the idea that marginal glass formers contain quenched in nuclei in the as-spun condition that can 

not be detected by TEM. The presence of these quenched in nuclei can also help explaining why a glass 

transition in the melt-spun material is concealed by primary crystallization but not obscured for the cold- 

rolled sample. Assuming an initial radius of the quenched in nuclei in the melt-spun material of 0.7 nm 

[98ALL], about 6xl04 m2/m3 interface area is present in the melt-spun ribbon. The interface area for the 

cold-rolled material can be estimated as 2 m2/m\ if a volume fraction of 20% and an average size of 2|am 

for the amorphous phase is assumed. The difference in the interfacial area between the melt-spun and the 

cold-rolled samples results in a significant difference in the transformed volume and thus in the heat 

released during transformation. About 35vol% are transformed in the melt-spun material, only 1% for the 

cold-rolled sample. 
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In addition to the experimental studies, the investigation has also included an assessment of the 

To-curve [99WILb]. This curve provides the temperature for a given composition, at which the Gibbs free 

energy of the liquid and solid are equal and indicates the limit of partitionless crystallization. The 

calculations have proven that for temperatures at or above room-temperature, the given composition 

(Al92Sm8) is outside the range for partitionless crystallization. Thus, thermodynamics does not account for 

the different stability of the cold-rolled and melt-spun amorphous phases against crystallization. The 

differences that have been observed between the glass phases in the cold-rolled and in the melt-spun 

material are based on the different processing pathways. The liquid phase prior to melt-spinning most 

probably contains clusters that result in the formation of quenched in nuclei after solidification. No liquid 

phase is included in cold-rolling. This technique therefore offers the potential for the production of glassy 

foils with unique microstructures that can not be produced by rapid solidification techniques. 

These findings allow for the important conclusion that for outstanding glass-forming alloys (i.e. 

Zr68Al6Ni9Cui8), the cold-roll technique can result not only in an amorphous structure but in a glassy foil 

that is even without any annealing structurally very similar to the rapidly solidified glass. Cold-rolling of 

a marginal glass-former (Al92Sm8) also yielded an amorphous phase that revealed a different DSC- 

behavior than the melt-spun material with the same composition. Both systems, Zr68Al6Ni9Cui8 and 

Al92Sm8, have been chosen due to their ability to form an amorphous phase upon melt-spinning. The 

literature does not give a clear indication of the applicability of glass-forming criteria to open processing, 

though. The research has therefore focussed on the relevance of different glass-forming criteria for cold- 

roll amorphization as a first step towards an understanding of a deformation-induced crystalline-to 

amorphous transition. 

The key-parameter for the processing of glasses from the melt is the ratio of liquidus- to glass- 

transition temperature. To form a glass, the melt has to reach the glass transition temperature range 

without crystallizing. Following a semi-empirical approach, glasses can be obtained if the ratio Tg/Ti is 

2/3 or higher [69TUR], [76MAR] and if the composition of the alloy is in a range where a partitionless 

transformation to a supersaturated solid solution is not possible [81MAS], [83PER]. While the 

applicability of these two criteria for melt-quenching is excellent, their use for solid-state amorphization 

techniques seems to be more limited. Schwarz and Johnson conclude that the deep-eutectic criterion does 

not agree with their calculated and observed results for annealing of thin Au-La multilayers. 

Amorphization of this system upon annealing can be obtained over a substantial composition range that is 

approximately between 20at% and 60at% La [83SCH]. Similarly, the compositions of systems that are 

amenable to amorphization by cold-rolling appear to be not directly related to deep-eutectic compositions. 

In fact, multilayers with the nominal composition Al66Pt34 can be completely transformed to an 

amorphous phase by cold-rolling according to Bordeaux and Yavari [89BOR] although the phase diagram 
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indicates an intermetallic phase with a high melting point at this composition. This result suggests that 

similar to solid-state amorphization reactions by annealing of thin multilayers, the deep-eutectic criterion 

might not be fully applicable to cold-rolling. However, if the equilibrium intermetallic phase at the 

specific composition does not form, Al66Pt34 could be within the range of a metastable eutectic reaction. 

Cold-rolling of Al-Dy-Ni highlights the limits of the deep-eutectic criterion. Al6oDy2oNi2o is a 

composition close to the intermetallic T3 phase. Al9oDy5Ni5 in contrast is close to the two binary Al-Ni 

and Al-Dy systems that reveal a eutectic reaction at 640°C/5.7at% Ni and 636°C/3at%Dy respectively. 

This suggests that for Al6oDy2oNi2o amorphization would be rather difficult to accomplish compared to 

Al9oDy5Ni5. Fig. 18 displays the results of cold-rolling of samples with the two compositions. The results 

of the X-ray measurements reveal differences between the two compositions in their response to cold- 

rolling. For the Al6oDy2oNi2o composition, cold-rolling induces an amorphous phase in addition to the 

crystalline, elemental phases. The same system under the same rolling conditions with a composition of 

Al90Dy5Ni5 did not result in an amorphous phase detectable by standard X-ray diffraction examination. 

A characteristic of the deformation processing is the absence of a liquid phase during the 

transformation. This suggests that criteria developed for ball-milling or solid-state amorphization 

reactions (annealing of thin multilayers) might be relevant. The important criteria for solid-state 

amorphization reactions by annealing of multilayers can already be found in the early work by Schwarz 

and Johnson [83SCH]. A large negative heat of mixing between the components in the liquid state, 

asymmetric diffusion and moderate annealing temperatures that prevent the formation of the equilibrium 

intermetallic phases at the interfaces favor the formation of the amorphous phase. With the successful 

amorphization of Al66Pt34 the heat of mixing seem to represent the key criterion for solid-state 

amorphization reactions, BM and CR. While several investigations confirm this assumption for SSAR 

and BM, the evidence for CR is based only on Al-Pt so far. Different Al-based systems have therefore 

been selected according to their heat of mixing and subsequently been rolled. Particularly interesting is 

the combination Al-Ni, Al-Pd and Al-Pt. The heat of mixing of these 3 systems is shown in Fig. 19. Both, 

the experimental and calculated results indicate the largest heat of mixing for Al-Pt, followed by Al-Pd 

and Al-Ni [86COL]. The composition Al66Tm34 (Tm = transition metal) has been chosen for all three 

systems. All foils had an initial foil thickness of 25u.m and the multilayers were rolled as spirals prior to 

the cold-rolling to maximize the number of interfaces. The response of the three systems to rolling is 

displayed in Fig. 20a-c. 

The measurements demonstrate that for Al-Pt and Al-Pd an amorphous phase forms but not for Al-Ni. 

The measurements also show the tendency of the Al-Bragg peaks to decrease in intensity and to disappear 

(Fig. 20a, 20b) for Al-Pt and Al-Pd. Continued rolling of Al-Pt caused an explosive transformation, 
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presumably to a crystalline intermetallic phase for strain rates of approximately 0.5s"1. At lower strain 

rates (approximately 0.02s"1) the sample does not react explosively, but follows a gradual transformation 

to an amorphous phase. The explosive transformation of Al-Pt has also been observed in [89BOR]. 

Bordeaux and Yavari avoided the explosion by pouring liquid nitrogen on the sample during rolling. 

In contrast to Al-Ni, Al-Pd and Al-Pt, Al-Cu has a heat of mixing that is close to zero (-lkJ/mol 

according to [00TAK]). The X-ray pattern of this system at a strain of e = -38.4 is shown in Fig. 21. The 

sample preparation and rolling procedure has been exactly the same as for Al-Ni, Al-Pd and Al-Pt. The 

Bragg-peaks correspond to the pure elements, no amorphous phase can be detected. Together, these 

measurements seem to demonstrate the validity of the negative heat of mixing as criterion for the 

prediction of a cold-rolling induced crystalline-to-amorphous transition. For large negative heats of 

mixing the amorphization reaction occurs readily, but at a risk of an explosive transformation to a low 

energy phase. For systems with a less negative heat of mixing, for example Al-Ni, the transition to an 

amorphous phase can not be induced at strain levels of e = -30 to -40. 

In Fig. 22 and 23 the results of cold-rolled Al66Hf34 and Ca7oMg3o are displayed. According to the data 

presented in [00TAK], Al-Hf has a heat of mixing comparable to Al-Pd (Al-Pd: -46kJ/mol. Al-Hf: - 

39kJ/mol). One would therefore also expect an amorphous phase after continued rolling. Fig. 22, 

however, demonstrates that no amorphous phase formed even at a strain of £ = -51. Ca-Mg on the other 

hand has a heat of mixing (-6kJ/mol according to [00TAK]) similar to Al-Cu. In contrast to Al-Cu, this 

system forms an amorphous phase with continued rolling. 

In addition to the amorphous phase, a new phase forms during the rolling of Ca7oMg3o as can be seen 

from Fig. 23. At approximately 30° 20 a peak emerges that can not be attributed to any fcc-Ca, bcc-Ca or 

Mg Bragg peak. It is evident from the figure that the intensity of this peak increases with continued 

rolling. In this case the initial multilayer transforms to an amorphous phase plus new crystalline phase. 

Rolling beyond 75 passes is difficult since the sample gradually oxidizes. In fact, Ca02 reveals a Bragg 

peak at 30.275 ° 20 and Mg(02)2 at 30.808° 29 . Since Mg04 is only stable at temperatures below -30°C 

and is not stable at atmospheric pressure, the observed peak at approximately 30° 26 is likely to be an 

indication of the formation of Ca02. As a consequence of the strong oxidation of Ca, the binary Ca-Mg 

system changes to a ternary system Ca-Mg-O. Along with this change the thermodynamics will change 

and the heat of mixing of the ternary system could be negative. 

The differences observed for the response of Al-Hf and Al-Pt to cold-rolling indicate that aside from 

the heat of mixing, additional aspects must be considered. Additional information can be gained from the 

structural evolution during rolling. The microstructure of cold-rolled samples has been investigated in 

earlier work [90BORb], [90BORc]. An important finding is that the thickness of the layers although being 
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uniform initially, becomes non-uniform with continued rolling. A Gaussian distribution is reported with 

an exponential decay in the layer thickness. It is also established that some multilayers result in 

fracture/rupture of the harder layers while multiple necking represents the alternative deformation mode. 

Examples for these two modes are shown in Fig. 24 and 25. Fig. 24 depicts the secondary electron image 

of cold-rolled Al66Hf34 in cross section at a strain of e = -8.4, Fig. 25 the cross section of Al66Pd34 at a 

strain of E = -8.9. The initial foil thickness of both, Pd and Hf has been 25|^m. The bright pieces in Fig. 24 

are the Hf foil. Most of the pieces appear to be fractured/ruptured. However, some evidence of a necking- 

type deformation behavior can also be observed in the upper part of the figure. 

The difference between the Hf and Pd layer thickness is striking. The thickness of the Hf layers is 

only slightly reduced, with most layers between 15 and 20(xm in thickness. The Pd layers are much 

thinner with the majority below lOixm. The thickness distribution of the Hf layers is furthermore narrower 

than the Pd layer thickness distribution. Several Hf pieces reveal a rough interface to the softer Al matrix 

in addition to a wavy overall morphology. The origin of the interface roughness is likely to be related to 

the stresses that act on the multilayers during rolling. Junqua and Grilhe developed a linear stability 

analysis for a thin layer surrounded by two semi-infinite materials [95JUN]. Their analysis is based on 

stress discontinuities that are present at the two interfaces. For the rolling of multilayers, stress 

discontinuities occur as a result of differences in the yield stresses of the individual layers. This issue has 

been studied within the context of roll-cladding. For plain strain compression of an ABA multilayer, 

horizontal compressive stresses exist in the weaker layers and tensile stresses in the harder layers 

[70ATK]. This stress distribution generates shear stresses at the interfaces. The stresses at the interfaces 

in turn cause elastic interactions between the interfaces. Junqua and Grilhe predict two different interface 

configurations assuming epitaxial interface stresses: a pinched shape that eventually decomposes into 

precipitates in case of a hard layer embedded in a softer matrix and a serpentine morphology for soft 

layers in a hard matrix. The morphology of the rolled Al-Hf layers agrees with these predictions; the Hf 

layer is harder than the Al and unfolds decomposition and pinching. Similar interface instability has been 

observed for drawing of Cu-Ag microcomposites [98HON] and Cu-Ta conductors [99THI]. It is also 

observed in geology where the compressions of multilayered rocks can lead to the fracture of brittle 

layers. The term "boudinage" is used in geology for the way layered rocks break up under stress 

[00MAN].The cross-sectional images of Al-Pd reveal different features. Aside from the small layer 

thickness compared with Al-Hf, the Pd layers show extended necking. An example of the necking of Pd- 

layers is shown in Fig. 26. The SEM image in Fig. 27—assembled from a collection of 5 individual 

images—demonstrates furthermore that some regions of the top surface are rough. This observation is 

related to adhesion of materials to the rollers and subsequent ductile fracture. Since no lubricant is used 
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for the rolling, material sticks occasionally to the rollers. Fig. 28 shows an SEI image of a cross-section of 

a part of the surface that adhered to the surface of the rollers and subsequently fractured. 

The cross-sectional image of Al-Pd displayed in Fig. 27 reflects the "history" of the rolling process. 

Two bands with thin layers in the upper and lower half of the sample can be identified while the center 

portion of the sample contains no thin layers, but a distinct pattern that can only be identified in the 

"panorama" image that contains several individual images. The center portion represents two previous 

surfaces that comprise a newly formed interface after the folding process. The characteristic of the folding 

process is that new interfaces are created continuously. Hence, not all interfaces have been rolled the 

same number of passes. The thin layers in the two bands in the upper and lower portion of the sample, for 

example have been rolled more often than the interfaces of some of the thicker layers in the center. 

Taking into account that the interfaces are the sites of the amorphization reaction, amorphization thus 

occurs not homogeneously but preferentially within certain regions of the sample. This effect is even 

enhanced by the fact that there is no perfect overlap of the individual layers upon folding. This might be a 

reason why some of the pieces in the lower portion of Fig. 27 are still approximately 18|am thick in their 

thickest regions. As a result of the continued folding of the sample, the surface portions that are rough 

yield interfaces after their folding that reveal roughness beyond the level that is generated by the stresses 

alone. For Al-Pd, 3 sources of interface roughness can thus be identified: (I) interface instability caused 

by stresses acting on the multilayer, (ii) multiple necking and (iii) adhesion of material to the surface of 

the rollers with subsequent fracture. STEM images highlight and uncover the relevance that the interface 

roughness has for the amorphization reaction. 

The STEM investigation has been conducted on an Al60Dy2oNi2o sample prepared in cross-section. The 

sample has been cold-rolled to a strain of e = -7.5. It is, therefore, comparable to the Al-Pd and Al-Hf 

samples. Fig. 29 shows a dark-field image. Fig. 30 represents the center portion of Fig. 29 at a higher 

magnification. The EDS composition analysis revealed that the dark thin band is Dy and the bright matrix 

is Al. The STEM allows for an elemental profile analysis. Examples of such an analysis are depicted in 

Fig. 31. The Al-profile along the red line in Fig. 30 and the Dy profile demonstrate how thin the Dy layer 

is with an extension of approximately 130nm. An additional, thinner layer can be identified with a 

thickness of only about 40-50nm. 

The initial thickness of the Dy foil has been lOO^m. Within 3 rolling cycles, the thickness of some of 

the Dy-layers has therefore been reduced 3 orders of magnitude. The majority of the Dy layers, however, 

had a thickness of the order of 10p,m at this strain level. A similar observation can be made for regions of 

the sample that contain Ni-layers in the Al-matrix. The thickness of the Ni-layers is approximately 60- 

20 



90nm. The elemental profiles indicate that unlike the Dy layers in the Al-matrix the Ni layers seem to be 

enriched in Al. 

The results of the SEM and TEM analysis suggest that extensive necking can be one factor 

contributing to the large layer-thickness distribution. A similar mechanism could be related to the 

interface roughness and the theory of delamination wear [86SUH], [73SUH], [74SUH], [87ZUM]. 

As a first attempt to rationalize these observations, the ideas developed for driven alloys should be 

taken into account [95MAR]. Monte-Carlo simulations have disclosed that at moderate shearing rates, 

systems that are submitted to sustained shearing react with a roughening of the interfaces[95BEL]. Even 

for alloys with a positive heat of mixing, the interface steady-state width can increase with shearing and 

mixing can occur on an atomic scale. Such a mixing would be displayed in the XRD pattern of the 

sheared material. The examination of the Zr-Cu-Ni-Al alloy has indeed revealed that the hep Zr-peak has 

shifted towards lower angles, indicating that other alloy elements have dissolved in the Zr-lattice. Despite 

the fact, that Ni, Cu and Al have a negative heat of mixing in Zr, the very low diffusivity of the elements 

at room-temperature seem to preclude any significant atom movement. A high defect density, however, 

could increase the diffusivity considerably. In addition to the thermally activated atomic scale mixing, the 

shearing is likely to cause additional atomic jumps that can alter the system configuration. Following this 

idea, the concept of a ballistic diffusion coefficient has been developed that can be used to introduce an 

effective temperature. This effective temperature includes the thermal motion of the atoms as well as the 

"ballistic motion" and can therefore be higher than the physical temperature during the processing. An 

(effective) temperature range might thus be obtained during rolling, where atoms can move over distances 

large enough to cause intermixing. 

3.2 Cold-rolling of amorphous ribbons 

During the current program the investigations not only focussed on cold-rolling of elemental 

multilayers, but also on rolling of melt-spun Al-based ribbons. Since the literature only provides very 

limited information about rolling induced crystallization, it has been necessary to approach this field with 

a systematic investigation. An important aspect for rolling of amorphous structures is that different 

microstructures exist that can all be viewed as amorphous structure but yet each might cause a different 

response to rolling. The first step in the investigation of the influence of rolling on the microstructural 

evolution has therefore been to select Al-based amorphous systems that are fully amorphous, marginal 

glass forming and partially crystalline. Marginal glass formers are amorphous systems with an exothermic 

reaction upon continuous heating at temperatures similar to or below the glass transition temperature. 

This exothermic reaction is due to primary crystallization. It has been shown for Al88Y7Fe5 that this 
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crystallization is related to the presence of quenched in nuclei [98A11]. The quenched in nuclei are clusters 

that evolve during the melt-spinning process, but their structure and origin still remains unclear. Whereas 

the quenched in nuclei might be smaller than the critical nucleus size, partially crystalline samples contain 

nanocrystallites that are embedded in the amorphous matrix. X-ray diffraction patterns of partially 

crystalline samples reveal a broad amorphous peak and additional small crystalline peaks. Each structural 

amorphous type can be selected by manipulating the compositional range and the wheel-speed during the 

quenching process. Inoue reported that a 2% change in the Y content of an Al-Ni-Y alloy could alter the 

structure from fully amorphous to partially crystalline [91 KM]. The same observation has been made 

during the current research program for Al-Ni-Ce. Al85NiioCe5, melt-spun at 50m/s yielded a fully 

amorphous structure whereas Alg7NiioCe3, melt-spun with the same wheel-speed under the same 

condition yielded a partially crystalline structure. The wheel-speed determines the cooling-rate and has 

therefore a direct influence on the nucleation. The results of the rolling experiments with the three 

different structural types are summarized in Fig. 32. Rolling of the fully amorphous system did not 

change the X-ray diffraction pattern initially. Yet after very extended rolling and folding of Al85NiioCe5, 

the onset of the formation of a crystalline peak has been observed. The only change in the continuous 

heating DSC trace was an increase in the onset temperature of the first exothermic peak of about 9°C. 

Two systems have been chosen as model systems for marginal glass formers: Al88Y7Fe5 and A^Snig. The 

Al-Y-Fe system has been melt-spun at two different wheel-speeds, at 33m/s and 50m/s. All three systems 

are fully amorphous according to XRD and reveal primary crystallization of fcc-Al in the as-spun state. 

The response to rolling, however, has turned out to be vastly different. The Al (111) and (200) peak could 

be observed superposed on the broad amorphous peak after initial rolling for the Al-Y-Fe system melt- 

spun at the low wheel speed as well as for Al-Sm. Further rolling then induced additional peaks. Whereas 

the corresponding phase has not been identified yet for Al-Y-Fe, the phase that emerges upon rolling of 

the Al-Sm system is the tetragonal Al4Sm phase. No peaks could be observed for the Al-Y-Fe system 

melt-spun at 50m/s after rolling. Similar to the X-ray results, the continuous heating DSC experiments 

unfolded differences between the systems after rolling. The primary crystallization peak of the Al-Sm 

system vanishes after very extensive rolling. For the Al-Y-Fe system melt-spun at low wheel speed the 

onset temperature of the primary crystallization peak shifts towards lower temperatures. Changes in the 

peak appearance towards a more symmetric shape indicate a change in the diffusional behavior of the 

rolled system. For Al-Y-Fe melt-spun at 50m/s the primary crystallization onset temperature remains 

stable, but the released heat diminishes and the peak shape shows that two different processes are active. 

Very extensive rolling of the Al-Sm system has furthermore demonstrated that a full crystallization is 

possible (based on the X-ray result) and that the resulting phases are the same as for the annealed as-spun 

ribbon (at 257°C): fcc-Al, Al4Sm and a metastable phase that dissolves upon annealing. The third 
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structural type, the partially crystalline amorphous phase, is characterized by a pre-existing small peak 

superposed on the broad amorphous peak in the X-ray pattern of the as-spun sample. The intensity of this 

peak increases with rolling. No fcc-Al peaks could be observed. The origin of this peak, however, has not 

been identified so far. No primary crystallization has been observed for this system and no important 

changes in the continuous heating DSC curve after rolling at temperatures below the first exothermic 

reaction have been observed. 

The systematic investigation of the influence of rolling on the microstructural development of Al- 

based amorphous material that has been conducted during the current program allows for several 

important conclusions. The comparison between the two Al85NiioCe5 samples clearly shows, that pre- 

existing crystallites in the amorphous matrix act as catalysts for rolling-induced crystallization. The 

results suggest, however, that the existence of nuclei in the as-spun material does not seem to be a 

necessary condition for the formation and growth of crystallites upon rolling but accelerates the 

crystallization upon rolling dramatically. The results of cold-rolled Al92Sm8 ribbons show that rolling 

induced crystallization can be obtained for binary systems as well. Moreover, the very intense rolling 

demonstrated that the fraction of crystallized phase can approach one. Indeed, the amazing result was 

obtained that intense rolling yields an intermetallic equilibrium phase that is the same as obtained from a 

thermal treatment. These findings help to develop an understanding of the atomistic process involved in 

the rolling-induced crystallization. It seems plausible now that rolling can cause pre-existing crystallites 

to grow. The amount of the transformed fraction depends on the rolling intensity (strain). However, fully 

amorphous ribbons (without quenched in nuclei) are remarkably stable against deformation-induced 

crystallization and retain their amorphous structure even after continued rolling. The SEM images of the 

rolled Al85NiioCe5 sample revealed a homogeneous cross-section with a thickness of approximately 

50|J,m. These results therefore devise a strategy for the selection and processing of amorphous, Al-based 

foils. 

A possible mechanism for rolling-induced crystallization has to take the generation of shear- 

bands into account. If the cluster or nanocrystals are located in the shear-bands, the enhanced free volume 

and diffusivity in the shear-bands could yield atomic movements in the shear-bands at room temperature. 

This mechanism will be considered further in future work. 
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4. Summary 

Two key thrust areas in the research on metallic glasses are the details of the crystallization 

behavior and their mechanical properties. The crystallization behavior in marginal glass-formers such as 

amorphous Al-alloys is determined mainly by the occurrence of quenched-in nuclei. While under certain 

annealing conditions melt-spun ribbons with quenched-in nuclei respond with the formation of a high 

crystal density, resulting in exceptionally high strength, quenched-in nuclei obscure the analysis of the 

glass transition. The new approach based on dynamic differential calorimetry has helped to resolve this 

problem. For example, the glass-transition temperature of melt-spun Al92Sm8 and Al87Y7Fe5 could be 

measured in the dynamic mode although the glass-transition occurs in the same temperature range as the 

primary crystallization of a-Al. In addition to the progress in the experimental analysis technique, new 

insight into the nucleation behavior of marginal glass-formers has been gained. Numerical modeling of 

the primary crystallization of Al88Y7Fe5 proved that the a-Al phase nucleates in a heterogeneous 

nucleation process. Further details of the nucleation process could be resolved with the incorporation of a 

small amount of Pb to Al-Y-Fe. The particle density increased an order of magnitude to 3.1xl022 m'3 in 

melt-spun Al87Y7Fe5Pb1. The relationship of the high density of heterogeneous nucleation sites to the 

quenched-in nuclei or other structural heterogeneities is an important issue to resolve in further 

investigation. 

The systematic research that has been conducted during the current program on cold-rolling of 

elemental multilayer samples has enhanced the existing knowledge about cold-rolling and demonstrated 

the versatility of this technique in important new areas. It has been shown that rolling can induce an 

amorphization reaction in crystalline multilayers of strong glass formers as well as Al-based marginal 

glass formers without any annealing. An essential outcome of the several rolling experiments is that the 

common glass-forming ability criteria used for liquid quenching can not rigorously be applied to cold- 

rolling. Instead, strong evidence has been found that criteria for rolling induced amorphization have to be 

related to a large negative heat of mixing and a rapid layer refinement. The versatility of cold-rolling as a 

processing tool has been proven by generating mm-sized crystalline samples, amorphous phase and even 

by the formation of an intermetallic equilibrium phase for Al-based samples. The investigation of Al-Sm 

has lead to the very important result that the rolling-induced amorphous phase is structurally different 

from the melt-spun amorphous phase with the same composition. In contrast to melt-spun samples, 

amorphous Al92Sm8 made by cold-rolling exhibits a clear glass transition and does not develop primary 

crystallization of a-Al.Quenched in nuclei have been identified as the reason for this difference. Rolling 

of melt-spun ribbons provided for new insight into the influence of rolling on the crystallization behavior 

of melt-spun ribbons. The highlights of this part of the investigations are that rolling of amorphous Al- 
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based ribbons can fully crystallize the ribbons and generate intermetallic phases without annealing. This 

result is surprising and of high importance. A technologically interesting consequence could be to 

combine rapid solidification and rolling to produce nanocrystalline bulk-intermetallics that are otherwise 

very difficult to produce with small grain-sizes. The current understanding rather points towards a 

mechanical process inducing crystallites. Future work has to focus on the role of small crystalline clusters 

in the amorphous matrix as being the key-structural features and starting point for a description of the 

crystallization process on a microscopic level. 
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5. Figures 
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Figure 1. (a) DTA of an as-cast Al88Y7Fe5 ingot demonstrating an undercooling of only 40 ~ 50°C; (b) 
microstructure of a fine powder Al88Y7Fe5 sample after slow cooling in DTA showing two intermetallic 
particles surrounded by a eutectic matrix; (c) microstructure of a fine powder sample subjected to water 
quench displaying numerous intermetallic grains; (d) TEM and SAED of an as-spun Al88Y7Fe3 sample 
showing amorphous structure; (e) DSC of an as-spun Al88Y7Fe5 sample showing a primary crystallization 
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peak; (f) TEM and SAED of a melt-spun Al88Y7Fe5 sample after isothermal annealing at 275°C for 10min 
yields high density of Al nanocrystals. 
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Figure 2. XRD results on as-spun samples of (a) Al88Y7Fe5 (33m/s); (b) A^Smg (33m/s); (c) Al85Y10Ni5 
(33m/s); (d) Al85Ni10Ce5 (33m/s); (e) Fe9oZr7B3 (42m/s); and (f) Fe84Nb7B9 (42m/s); all showing a diffuse 
scattering maximum which is typical of an amorphous structure. 
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Figure 3. DSC continuous heating trace at 40°C/min of an as-spun Al92Sm8 sample showing a asymmetric 

reaction peak at 176°C which corresponds to the primary crystallization of Al nanocrystals. 
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Figure 4. X-ray diffraction (XRD) traces of (a) an as-spun Al88Y7Fe5; and ribbon samples that were 

previously heated to (b) 270°C; (c) 360°C; and (d) 410°C. 
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Figure 7. X-ray diffraction (XRD) traces of the as-spun Al88Y7Fe5; and ribbon samples that were 

previously isothermally annealed at 245°C for 10; 30 and lOOminutes. 
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Figure 8. TEM bright-field images on Al88Y7Fe5 as-spun ribbon samples that were isothermally annealed 

at 245°C for 10min (a); 30min (b); and lOOmin (c). The Al nanocrystals developed a dendritic 

morphology after extended annealing. 
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Figure 10. The size distribution of Al nanocrystals for the Al88Y7Fe5 melt-spun sample isothermally 

annealed at 245°C for 10 minutes plotted with the simulated distribution for homogeneous and 
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Figure 12. X-ray diffraction (XRD) traces of (a) the as-spun Al87Y7Fe5Pbi; and ribbon samples 

that were previously heated to (b) 300°C; (c) 350°C; and (d) 420°C. 
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Figure 13. DSC continuous heating trace of an AlgyYvFesPbi as-spun sample, with comparison of an 
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bulk metallic glass with the same composition. 
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Figure 16. (a) TEM bright field image and selected area diffraction pattern (SAED) of an Al92Sm8 melt- 

spun ribbon; (b) TEM bright field image of amorphous and crystalline regions in a cold-rolled sample. In 

(b) upper and lower insets give SAED patterns at amorphous and residual crystalline regions respectively. 
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growth of Al-nanocrystals. The calorimetric signal of the glass transition in (b) occurs ar Tg = 172°C 
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Figure 20a: XRD pattern of cold-rolled Al66Pt34 at a true strain of e = -38.3 
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Figure 22: XRD pattern of cold-rolled Al66Hf34 at a true strain of e = -51.4 

40 



2200 

2000 

1800 

1600 

„ 1400H 

Ä 1200- 

«   1000 

E     800- 

m*wwr 

600- 

400 

200 

Ca(lll) 
■Ca70Mg30CR50 

CR65 
CR75 

Ca(200)/ 
Mg(100) 

Mg(002) 

Mg(lOl) 

*VWt, **W*W^ 

20 
~1— 
30 40 

2G 

50 
l 

60 

Figure 23: XRD patterns of cold-rolled Ca70Mg3o after different folding and rolling passes 

Figure 24: SEM-secondary electron image of cold-rolled Al66Hf34 at a strain of 

e = -8.4 
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Figure 25: SEM-secondary electron image of cold-rolled Al66Pd34 at a strain 

of e = -8.9 

Figure 26: SEM-secondary electron image of cold-rolled Al66Pd34 at a strain 

of 8 = -8.9 
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Figure 27: SEM-secondary electron images of cold-rolled Al66Pd34 at a strain of e = -8.9 

Figure 28: SEM-secondary electron image of cold-rolled Al66Pd34 

at a strain of e = -8.9 
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Figure 29: STEM dark-field image of cold-rolled Al6oDy2oNi2o 

Figure 30: Elemental profile of Al (a) and Dy (b) along the red line in figure 31 
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