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Zr and Hf microalloying in an Al-Y-Fe amorphous alloy. Relation between local structure and glass-forming ability

Introduction

Due to the considerable scientific and technological importance of bulk metallic glasses, a significant effort has been devoted to the investigation of the unusual glass-forming ability found in some metallic alloys with microalloying [1][2][3][4][5][6]. This cannot be explained well by often-cited theories and empirical rules for metallic glass formation, but can be attributed to an increase of the short-range ordering in the alloys.

The Al-Rare Earth-Transition Metal (Al-RE-TM) glasses with a high Al content, discovered by He et al. [7] and Tsai et al. [8], are particularly intriguing. Their significant improvement in strength over conventional Al-based crystal alloys and their high ductility suggest potential aerospace and other applications [9]. The reasons for glass formation in these alloys are unclear. They differ from traditional metallic glasses and from most of the recently discovered bulk metallic glasses, not forming near deep eutectics in the phase diagram for example. It is, therefore, of both fundamental and practical interest to understand the formation and mechanism of microalloying in these glasses.

Recently, it was reported that the addition of as little as 0.5 at.% of Ti or V dramatically improves glass formation in Al 88 Y 7 Fe 5 alloys and changes the subsequent crystallization processes [10,11]. Based on EXAFS measurements, we have studied the short-range order in these alloys [12]. These measurements have demonstrated for the first time, to our knowledge, that a well-defined Al nanostructure exists around the V and Ti atoms, the alloying elements, which is different from that around the Al, Y and Fe atoms, the major alloy constituents, even at the lowest concentrations. The local structure around the microadditions is also different from that of the primary crystallizing phase, -Al, demonstrating a structural basis for the improved glass formation with microalloying in the Al-Y-Fe alloys. Moreover, the measurements showed that Ti and V form strong interactions with Al, with a significant The paper is organised as follows. The sample preparation and the EXAFS experiments are described in section 2. The EXAFS analysis is presented in section 3. The local structure around the Zr and Hf atoms is discussed in section 4 for the different samples.

A general discussion of the results appears in section 5 and a summary and conclusion are presented in section 6.

Experimental methods

Samples of Al 88-x Y 7 Fe 5 Zr x (with x = 0.5, 1 and 2) and Al 88-x Y 7 Fe 5 Hf x (with x = 1, 2 and 3) were prepared and characterised at Washington University [10]. Alloy ingots of the desired composition were first produced by arc-melting mixtures of the pure elements on a watercooled copper hearth in a high purity argon atmosphere. A Ti-getter located close to the samples was melted prior to arc melting to further remove oxygen from the chamber. To ensure a homogeneous composition, samples were arc melted three times. Amorphous ribbons were prepared by melting the ingots using rf-induction heating to 1100-1150 °C (well above the liquidus temperature) in a graphite crucible under an Ar atmosphere, and the liquid was rapidly quenched onto a rotating copper wheel. The quenched ribbons were 1-2 mm wide and 20-30 µm thick. Samples were characterized by X-ray diffraction and differential The EXAFS experiments were performed on the ribbons, which were impossible to crush or grind due to their amorphous structures. The studies were carried out at the European Synchrotron Radiation Facility (ESRF, Grenoble). The Zr K absorption edge (17997 eV) and the Hf LIII absorption edge (9561 eV) were probed on the CRG-FAME (BM30B) beam line [13]. The spectra were collected in the fluorescence mode with a Si (220) double-crystal monochromator at room temperature. The intensity of the fluorescence beam (I f ) was measured with a 30-element energy-resolved fluorescence detector. For reference, pure metallic zirconium and hafnium foils were studied in transmission mode at room temperature.

The intensity of the beam before (I o ) and after (I) the sample was measured with Si diode detectors collecting part of the transmitted beams scattered by air.

Results

Differential Scanning Calorimetry

X-ray diffraction data for all of the rapidly-quenched alloys showed the broad diffraction patterns characteristic of an amorphous phase. The DSC nonisothermal data for the alloys are shown in figure 1. Except for the alloys containing 2 at.% and 3 at.% Hf, a feature typically taken to be the glass transition is observed (figure 1 2). Collectively these x-ray diffraction and calorimetric results demonstrate that the rapidlyquenched alloys are amorphous. The absence of a glass transition in the alloys containing 2 at.% and 3 at.% Hf is unclear. To determine changes in the primary crystallization pathway with microalloying, x-ray diffraction studies were made on as-quenched samples that had been annealed partially through the crystallization peak in the DSC. The Al 88 Y 7 Fe 5 alloys made with no microadditions crystallize to -Al. In contrast, the alloys made with Zr and Hf concurrently form -Al and varying combinations of two metastable phases that were observed in recent devitrification studies of alloys made with 3d transition metal microadditions [14].

EXAFS Results

Standard procedures of normalization and background removal were followed to determine the EXAFS oscillations, , versus the energy, E, of the photoelectron from the absorption coefficient, ln I o /I, in transmission mode or I f /I o in fluorescence mode using a software package [START_REF] Michalowicz | EXAFS pour le MAC[END_REF]. The data were then converted to momentum space (k-space) using h 2 k 2 /2m=E- E o , where E o is the threshold energy origin and k is the photoelectron wave vector. The normalized EXAFS signals, k (k), are compared in figure 3 for the Zr edge of the zirconium foil and Al 88-x Y 7 Fe 5 Zr x samples (x = 0.5, 1 and 2 %) and in figure 4 for the Hf edge of the hafnium foil and Al 88-x Y 7 Fe 5 Hf x (x = 1, 2 and 3 %) samples.

The EXAFS of the zirconium and hafnium foils show structured oscillations characteristic of a crystallised material, while the amplitudes of the signals for the glassy alloys decrease monotonically with increasing k, in the form of a damped sinusoid. The spectra for the Zr and Hf edges are similar in alloys containing different concentrations of these elements, but they are less structured than for the edges of the Ti and V additions studied previously [12]. The intensities of the Zr and Hf spectra are also smaller by a factor of two than for Ti and V.

The Fourier transforms (FTs) of the normalized EXAFS signals, k (k), were computed using a Kaiser window ( =3). The same k window, roughly from 2.8 to 12 Å -1 , was used for the Zr and Hf edges. The moduli of the FTs are compared in figure 5 for the Zr edge and in figure 6 for the Hf edge. Several remarks can be made. First, the FT also are very similar for the different concentrations. Secondly, the first neighbour peak clearly appears at shorter distances in the alloys than in the pure metals, indicating that the first interatomic distance is shorter in the alloys. Peaks of next nearest neighbours appear for the alloys, but they are smaller than in the case of Ti and V additions for which the FTs show second and higher order neighbour peaks, up to about 7 Å (uncorrected for phase shifts), even at small concentrations. The intensities of these higher order peaks are about 10% of the main peak intensities in the Zr and Hf containing ribbons, while they were more than 30% for the Ti and V additions. However, the peaks of even higher order neighbours are also much smaller for the zirconium and hafnium containing foils than for the titanium and vanadium ones.

The modulus of the Fourier transform (FT) is qualitatively similar to the radial distributions of the atoms neighbouring the absorbing atom (Zr or Hf). However, the peaks are shifted to lower R-distances, because of the phase shifts experienced by the photoelectron while scattering from the potentials of the absorbing atom and nearest neighbours. Due to these phase shifts, the shape of the modulus of the FT does not provide a simple explanation of the environments of the atoms or an interpretation of the evolutions of these environments.

To obtain this information, simulations must be done. The spectra were reconstructed using the following formula [16], which describes the EXAFS oscillations for a Gaussian distribution of neighbours around a central atom:

Local structure around zirconium and hafnium atoms

(k)= S 0 2 N j k R j 2 j F j (k)exp( 2R j (k) )exp( 2 j 2 k 2 )sin(2 k R j + j (k)). (1)
The sum is taken over the j multiple scattering paths. R j is the half path length, central atomneighbour distance for single scattering. N j is the scattering path degeneracy, number of equivalent neighbours for single scattering. (k) is the electron mean free path. The Debye-Waller factor exp(-2 j 2 k 2 ) is a measure of both static and dynamic disorder of path j. S 0 2 accounts for the central atom inelastic losses. F j (k) is the backscattering amplitude experienced by the photoelectron while scattering from the neighbours, j (k) is the total phase shift due to the contributions from both the absorbing atom and the scattering atoms. The amplitudes and phase shifts were calculated using the FEFF code [17], and the fitting was done with the programs RoundMidnight [START_REF] Michalowicz | EXAFS pour le MAC[END_REF].

Calculations for the zirconium and hafnium foils were made using multiple scattering contributions. The sum in equation ( 1) is taken over the different paths, taking into account their degeneracy. The structure of crystalline Zr (Hf) is hexagonal close packed, hcp, with 6 first neighbours at 3.23115 Å in the hexagonal plane and 6 at 3.17875 Å, out of the plane (Hf:

3.1967 and 3.1307 Å) [START_REF] Wyckoff | Crystal Structures[END_REF]. The R-range that was fit in the FT was about 2 to 5.5 Å. All possible scattering paths in this distance range were considered. The fits, shown in figures 3 to 6, were done with 11 paths for the Zr foil and with 9 paths for the Hf one.

Al-Y-Fe alloys

Before presenting the results for the Al-Y-Fe alloys doped with Zr or Hf, the EXAFS results obtained previously for the pure Al 88 Y 7 Fe 5 alloy [12] 

Al-Y-Fe alloys with addition of Zr or Hf

The large number of free parameters involved in the fitting procedure often makes the EXAFS analysis for ternary or quaternary alloys difficult [21]. To reduce the number of parameters, additional constraints can be applied based on a pre-knowledge of the investigated structure. The constraints in the following analysis use previously obtained information from studies of the Ti and V microadditions [12]. In these two cases, the EXAFS spectra could be simulated assuming only Al neighbours around the Ti and V; the addition of Y and Fe atoms did not improve the fit. Based on this, only Al neighbours were assumed in the following analysis. For the samples with Zr or Hf additions, the main peak in the FTs can be reconstructed with Al neighbours, one shell of neighbours around the Hf atoms (Al at 2.78-2.80 Å) and two shells around the Zr (Al at 2.61-2.63 Å plus Al at 2.95-2.99 Å). To simulate also the secondary peaks in the FTs, calculations were performed with a more extended neighbourhood. Two types of clusters were used, one with the paths and degeneracies of a local face centered cubic (fcc) structure and one with the body centered cubic (bcc) values. Earlier simulations using the fcc cluster fit well with the EXAFS data for the alloys made with 0.5% V or Ti, and simulations using the bcc cluster fit the EXAFS data for alloys containing 2% Ti [12]. For the alloys doped with Zr, the two types of clusters give the same goodness of the fit while, for Hf, the fcc cluster gives better agreement. This is consistent with the two Zr-Al distances that are necessary to reconstruct the main peak in the FTs, while only one Hf-Al distance is needed. The fits for the fcc clusters are shown in figures 3 and 4 for the k (k) spectra and in fig. 5 and 6 for the FTs. In the Zr case, the FTs could be simulated up to 4.5 Å (uncorrected for phase shift), in the Hf case up to 5.5 Å. The structural parameters for the significant single paths in the fcc clusters model are listed in Table 1, along with the reliability factor, RF, which is a measure of the goodness of the fit.

For Zr, they are also given, in Many glasses are believed to contain strong icosahedral short-range order (ISRO), which is incompatible with crystalline periodicity. If microadditions enhance the ISRO, crystal nucleation will become more difficult and glass formation will be enhanced. This speculation is supported by a tendency for some Zr-based glasses (in the example:

Zr 65 Al 7.5 Ni 10 Cu 12.5 M 5 , where M is the microalloying element) to crystallize to the icosahedral phase when small amounts of noble elements such as Ag, Au, Pd and Pt [23] and the transition metals Nb, Ta, V [24] are added. Ag, Au, Pd, and Pt have strong negative heats of mixing with Zr, but interact only weakly with the Ni and Cu in the base alloy, suggesting that strongly bound icosahedral clusters may form around the transition metals, giving rise to strong ISRO in the liquid/glass.

To check this hypothesis, the EXAFS data was also fit with a local icosahedral cluster (a simple -tungsten structure [START_REF] Nevitt | Intermetallic Compounds[END_REF], cluster diameter about 1.1 nm). For the Hf, Ti, and V microadditions, the quality of the fits using this icosahedral cluster is equivalent to that of the fcc cluster; for Zr, the icosahedral fit is not as good (RF between 0.5 10 -4 and 1.1 10 -4 ). Since very similar first neighbour distances were obtained for the fcc cluster and the icosahedral cluster, the conclusions obtained above are applicable for either structure.

The fact that several cluster models can fit the data is rather puzzling. Of course, the first shell with a small disorder parameter, , could dominate the spectra so that the different clusters would be nearly identical. This is the case for Hf. However, in the Zr case, the second shell has also similar disorder value as the first one. For Hf, the fourth shell has the same disorder value as the first one. Therefore, the local order is not restricted to the first shell, as generally in metallic glasses, but extends farther. The distances obtained when using bcc or fcc clusters for Zr are the same within R = 0.05Å, which give us confidence in the distances. The major discrepancy between the models lays in the coordination numbers and in the disorder parameters, which are by no means independent parameters. The fit depends also on multiple scattering which is important here. In fact, the disorder parameter values of the multiple paths are of the same order as those of the simple paths. Without multiple scattering, the fit is less good. For example, using only the three simple paths in the Zr fcc cluster, the RF factor increases from 0.3 10 -4 to 0.8 10 -4 and 3 10 -4 for respectively 0.5% and 1%. For Hf, the multiple scattering is useful to reproduce the FT between 3.7 and 5 Å. The fact that multiple scattering is not negligible in the cluster around minor additions means that the cluster is well structured. Several types of clusters, fcc and bcc ones around Zr, fcc and icosahedral ones around Hf, coexist probably in the alloy, as in the liquid melt.

Although the cluster size remains small, the model suggests that about 54 Al atoms are encaged in such a fcc cluster around a hafnium atom, 42 around a zirconium one. Taking into account the composition of the Al 87 Y 7 Fe 5 (Zr,Hf) 1 alloy, this means that about 50 to 60 % of the Al are encaged in the fcc clusters and bound to Zr or Hf. Consequently, there are few "free" Al atoms that with annealing can form -Al, the primary crystallizing phase. The clustering, therefore, removes regions in the melt in which -Al can easily occur. This could also explain the shift to higher temperature for the formation of -Al in the DSC experiments 14 [8,10]. Further, in the case of Hf, the fits suggest that the local structure of the glass and liquid may contain some icosahedral short-range order, which is incompatible with crystalline periodicity, making crystal nucleation difficult and enhancing glass formation.

Discussion

The glass forming ability (GFA) of an alloy, upon cooling from its molten state, is strongly influenced by the effect on crystal nucleation of minor additions in the alloy melt [4][5][6]10,11].

To favour glass formation, the nucleation and growth of crystal phases should be suppressed during solidification. The presence of ordered nanoregions in an undercooled liquid state may give either a positive or negative effect on the GFA, depending on the similarities in structure and chemistry of the local order and of the nucleating crystal phases. If the local order in an undercooled liquid is similar to that of competing crystal phases, it will promote crystal nucleation and hence degrade the GFA. If it is dissimilar, however, it will raise the nucleation barrier and enhance the GFA. The latter is the case for the rapidly quenched Al-Y-Fe alloys that were doped with Ti or V [10][11][12], where the microadditions gave rise to a local structure of the liquid that was different from that of the primary crystallizing phase, -Al, significantly enhancing glass formation. The emergence of new phases upon devitrification of alloys prepared with different microadditions that were studied here (figure 2) further supports the change in local structure that we observed in the EXAFS studies.

Microalloying-induced ordering has been confirmed recently from high-energy synchrotron

x-ray studies. Results from that study of microalloying with 3d transition metals in Al 88 Y 7 Fe 5 suggest that the ordering also decreases the atomic mobility in the glass, making nucleation more difficult [14]. These and our earlier EXAFS studies [12] show that although Ti, Zr and Hf are chemically similar group IV elements, microalloying with them yields glasses with different structures. The differences between Zr and Hf are particularly surprising because their atomic and ionic radii as well as their effective electronic structures are nearly identical, yet some alloys and compounds with Hf and Zf exhibit disparate properties. For example, Zheng, et al. have demonstrated that differences in the electronic structure of the respective oxides (TM-O 2 ) may be attributed to the greater electron affinity in the Hf compound over that in the Zr one [START_REF] Zheng | [END_REF]. Further, the heat of mixing of the Al-TM intermetallic phases is more negative in the Zr microalloys over those in the Ti and Hf containing glasses [22].

Similar effects could explain the increased shortening of Zr-Al bonds observed here.

Conclusion

The (Zr, Hf) x alloys compared to those around Ti and V [12]. RF is the goodness of the fit. N is the number of Al neighbours, R(Å) their distance from the central atom and 2 (Å 2 ) the mean relative displacement. The error bars are of the order of R = 0.05Å and 2 = 0.005 Å 2 . 

  bond length. This could raise the barrier for nucleation of -Al and decrease the atomic mobility of Al, explaining the greater stability of the glasses containing Ti or V.Here we continue the exploration of the structural role of microadditions on glass formation in Al-Y-Fe alloys. Using EXAFS measurements at the Zr K and Hf LIII absorption edges, we have investigated the local atomic structures in alloys prepared with small additions of Zr (0.5, 1 and 2 %) or Hf (1, 2 and 3 %). The results are compared to previous ones obtained in Al 88 Y 7 Fe 5 with and without Ti or V.

  .b), which is absent in the rapidly quenched Al 88 Y 7 Fe 5 alloy made without microadditions. Finally, instead of the peak expected for glass devitrification, isothermal DSC measurements of the Al 88 Y 7 Fe 5 alloy made without microadditions show a monotonically decreasing signal with time, possibly indicating the coarsening of a nanocrystal/amorphous composite [10]. In contrast, all alloys prepared with Zr or Hf microadditions show the expected nucleation and growth crystallization peak (figure

  effects of the addition of a small amount of Zr and Hf on the atomic structure of Al-Y-Fe metallic glasses were examined using extended x-ray absorption fine structure (EXAFS) measurements of the Zr K and Hf LIII absorption edges. The local structure was determined around the Zr and Hf atoms. The same Al environment was found for the different concentrations of these microadditions, which could be modelled as a small cluster extending up to 4.5 Å around Zr atoms and up to 6 Å around Hf. Although the ordering effect is smaller in the Zr neighbourhood, a drastic shortening of the nearest Zr-Al distance is shown providing evidence for some covalent character, in line with the increase glass-forming ability found with Zr microaddition. This balance of ordering and shortening of the microaddition-Al bonds leads to varying degrees of increased glass forming ability and stability of the amorphous phase.
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 2 Figure 2. Isothermal DSC scans for the rapidly-quenched alloys containing the Zr and Hf
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 3 Figure 3. The k (k) EXAFS spectra for the Zr K absorption edge of a zirconium foil and of
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 4 Figure 4. The k (k) EXAFS spectra for the Hf LIII absorption edge of a hafnium foil and of
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 5 Figure 5. Moduli of the Fourier transforms of the EXAFS spectra as a function of distance (Å)
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 6 Figure 6. Moduli of the Fourier transforms of the EXAFS spectra as a function of distance (Å)
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  are briefly sketched here. The first the Al and Fe atoms consists of one shell of Al atoms, respectively 12 Al at a distance of 2.77 Å and 9 Al at 2.46 Å. The Y first-neighbourhood is composed of 16 Al atoms in two shells, with 14.6 Al atoms at 3.11 Å and 1.4 Al atoms at 3.65 Å. These results are in good agreement with those obtained previously around the Y and Fe atoms by Saksl et al. [19]. Comparing the bond lengths to the sum of the atomic radii (R Al = 1.43 Å, R Y = 1.80 Å, R Fe = 1.26 Å), the Al-Al, Y-Al and Fe-Al first distances are noticeably shorter than the sums of the atomic radii, respectively 2.86 Å, 3.23 Å, and 2.69 Å. The relative shortening is only 3% for Al and 3.7% for Y, but is as great as 8.5% for Fe. Using the model of Miracle et al. [20], the maximum geometrically allowed coordination, N T , is about 13 around Al, 17 around Y and 11 around Fe for respectively atomic radius ratios r i /r Al about 1, 1.26 and 0.88. The experimental coordination numbers are slightly below the maximum
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coordination number except for the Fe atoms for which it is clearly smaller. Since the Al-Al bond length was determined, an effective atom radius can be obtained for Al and consequently for Y and Fe using the first Y-Al and Fe-Al distances (r eff is 1.385 Å for Al, 1.725 Å for Y and 1.075 Å for Fe). Using these values, the effective radius ratios are 1.245 for Y and 0.78 for Fe; with this the maximum coordination number is unchanged for Y but decreases to 9.5 around Fe, in accordance to the experimental coordination. Therefore, the Al atoms appear efficiently packed around Al, Y and Fe in the Al-Y-Fe alloys.

Table 2

 2 , for the bcc cluster model. Zr-Al distance compares better to the sum (2.66 Å) of the covalent radii of Zr and Al atoms (1.48 Å; 1.18 Å). Therefore, some covalent effect is evidenced in the Zr doped alloys. The first Hf-Al distance (2.80 Å) is shorter than the sum (3.01 Å) of the atomic radii of Hf and Al atoms (R Hf = 1.58 Å; R Al = 1.43 Å). The relative shortening (7.6 %) is less significant than in the case of the Zr dopant. It has the same value as for the Ti-Al one in the alloy containing 0.5% Ti. The covalent bonding character for Zr and the possible bcc clustering around Zr atoms set Zr apart from the other Hf, Ti or V microadditions. This could reflect different electronic charge transfer from the Al-Al bond to the Al-TM bond associated

	The first interatomic distances are approximately 2.61 Å around a Zr atom; around Al
	they are 2.76 Å in the pure Al 88 Y 7 Fe 5 glass [12] and 2.8634 Å in -Al. This nearest Zr-Al
	distance (2.61 Å) is noticeably shorter than the sum (3.03 Å) of the atomic radii of Zr and Al
	atoms (R

Zr = 1.60 Å; R Al = 1.43 Å). The shortening is more drastic than in the cases of Ti and V; the relative shortening is 14% here while it was only 7% for Ti and 4 % for V. The nearest with alloying, and to differences in the hybridization between the Al p and TM d electrons

[22]

.

Table 1 :

 1 Fcc cluster: first environments around Hf and Zr atoms in Al 88-x Y 7 Fe 5

Table 2 :

 2 bcc cluster: first environments around Zr atoms in Al 88-x Y 7 Fe 5 Zr x alloys. RF is the goodness of the fit. N is the number of Al neighbours, R(Å) their distance from the central atom and 2 (Å 2 ) the mean relative displacement. The error bars are of the order of R = 0.05Å and 2 = 0.005 Å 2 .

		Zr 0.5 %	Zr 1 %	Zr 2 %
	N	R(Å)	2 (Å 2 )	R(Å)	2 (Å 2 )	R(Å)	2 (Å 2 )
	8	2.61	0.013	2.58	0.015	2.59	0.011
	6	3.04	0.036	3.04	0.019	3.00	0.028
	12	4.42	0.052	4.40	0.043	4.48	0.036
	RF	0.3 10 -4	0.3 10 -4	0.3 10 -4
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