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Amorphous layer up to 20 µm thick were obtained from bulk diffusion couples between pure copper and Zircaloy 4 after isothermal treatment at 900 • C and slow cooling to room temperature. It has been shown that the Cu-rich liquid exhibit a low mobility and high viscosity, and that the asymetrical diffusion behavior of Zr and Cu together with the interfacial reaction rate constrain the liquid layer and allows to avoid nucleation of intermetallic compounds up to 45 minutes holding time. The Cu-rich liquid layer forming at the holding temperature is stable and grows until another liquid, richer in Zr, appears.

Introduction

The first metallic glasses were obtained by rapid quenching of the melt with cooling rates of the order of 10 6 K.s -1 [1]. The critical cooling rate leading to an amorphous phase from the melt have been substantially lowered down to 0.1 K.s -1 by stabilising the liquid phase through alloy compositions, forming bulk metallic glasses [2]. A simple binary system leading to the formation of bulk glassy alloy is the Cu-Zr system [3]. The usual glass formation range for these alloys is ranging from ≈35 to 60 at.% Zr for samples obtained from the melt [4]. Interestingly, the Cu-Zr system is also one of the first reported metallic glass forming system that can produce an amorphous phase from solid-state processes when annealing multi-layer thin films [5]. In that case the glass phase obtained is Cu-rich (20 at.% Zr) [6].

In a previous paper the authors studied the joining of stainless steel to Zircaloy 4 with a copper interlayer by diffusion bonding [7]. At 900 • C holding temperature for 45 minutes, the solid layer which formed was expected to be the intermetallic phase Cu 51 Zr 14 from the stoechiometry deduced from chemical analysis. In this paper, supported by new experiments, it is shown that the layer is composed of an amorphous phase that forms during cooling of the samples.

It is demonstrated that the liquid to glass transition at a micron scale is possible in a narrow heat treatment temperature range where the diffusion rate competes with nucleation events at the bcc-Zr interface. To the knowledge of the authors, this is the first liquid to glass transition formed in a bulk diffusion couple.

Materials and methods

Cylindrical bars of Zircaloy 4 (Zr-1.07Sn-0.35Fe, in at.%) with dimensions ∅ 8 × 7 mm were heat treated with a copper interlayer of 500 µm (grain size 10 µm) thick disk in a graphite cell. Such assemblies were treated under high purity argon flux after a primary vacuum of 10 -3 mbar was established, at temperatures of 600 and 900 • C and holding times of 0, 15 and 45 minutes. A dynamic uniaxial load was applied to ensure good contact between the different materials, decreasing linearly from 29 MPa to 0 MPa once the treatment temperature was reached. After holding, the samples were cooled at 20 K.min -1 to room temperature. SEM BSE images and EDS analyses were performed on a FEI Quanta 600 F FEG-SEM equipped with a Brücker Si-drift Quantax EDS detector. Lamella foils for TEM examination were prepared using a focused ion beam (FIB)-SEM dual beam system (FEI Helios NanoLab 600i) using the 'in-situ' lift-out technique. Transmission electron microscopy (TEM) investigations were carried out using a JEOL -ARM 200F Cold FEG TEM/STEM operating at 200 kV and equipped with a spherical aberration (Cs) probe and image correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode).

Gibbs free energy for the different phases and compounds of the Cu-Zr system were calculated using the ThermoCalc software [8] and the thermodynamic description of Abe et al. [9]. This latter description includes a thermodynamic model for the glass transition initially proposed by Shao [10]. In this model, the glass transition is considered as a second order transition, and the molar free energy change associated to the glass transition is described using:

∆G -Am m = -RT g ln(1 + α)f (τ ) (1) 
where T g is the glass transition temperature, α is a factor related to amorphization, τ is the temperature normalised by T g and f (τ ) is a Hillert-Jarl function [11]. The thermodynamic description also describe the short range ordering in the liquid phase using the associated solution model. A single associate in the liquid phase with the stoechiometry Cu 2 Zr is used, corresponding to the minimum of the liquid mixing enthalpy found for this composition [12]. The Gibbs free energies of the solid phases are calculated with the description by Zaitsev and Zaitseva [13].

Results

Figure 1 shows the interfacial region of the diffusion couple held for 45 minutes at 900 • C, going from copper to Zircaloy 4 , bottom to top respectively. Above the copper layer is a solid phase layer of 20 µm later identified as amorphous (see Figure 2). Above is another layer of intermetallic compounds (IMC) that is thought to be liquid at the treatment temperature. Its lenticular shape is typical of surface and grain boundary wetting by a liquid phase. In this sample the IMC layer thickness varies from 2 µm when in the form of a very thin layer to 50 µm when having a lenticular shape. The IMC layer contains 56 at.% Zr and is mainly composed of CuZr 2 with precipitates of CuZr and Cu 10 Zr 7 , identified by TEM. In contact with the IMC layer is the Zircaloy 4 ; a diffusion affected zone of approximately 200 µm is also visible in Figure 1. No reaction occurred at 600 • C regardless of the holding times investigated. At 900 • C, after 0 minutes, an amorphous reaction layer of 1 µm was observed and the amorphous layer was 10.6 µm after 15 minutes of holding. No IMC layer was observed for these two treatments. planes. Figure 2(c) shows the same interface at higher resolution with the corresponding FFTs patterns in small inserts. These figures clearly show the crystalline copper in contact with an amorphous phase, as revealed by the typical "orange-peel" aspect of the microstructure and by the SAED pattern.

Figure 3(a) shows the evolution of the Zr content from pure copper to Zircaloy 4 in a couple held 45 min. at 900 • C in a region where the IMC layer is only a few microns thick. The amorphous layer has a limited composition range around 21 at.% Zr, with a minimum at the copper interface of 18.8 at.% and a maximum value of 22.4 at.% at the IMC/Zircaloy 4 interface. For the different holding times investigated, these values evolve poorly and remain in the uncertainty associated with the measurement, i.e. ± 0.5at.%. Within this composition range and in between room temperature and 900 • C, four IMCs can possibly form i.e. Cu 9 Zr 2 , Cu 51 Zr 14 , Cu 8 Zr 3 and Cu 10 Zr 7 . Figure 3(b) show the amorphous layer thickness evolution with time compared with the calculated thickness for the stable IMC phases having a stoichiometry close to the liquid composition and the liquid phase with diffusion and growth data found in the literature. The data for the liquid was taken from [14]. The growth rate of the IMC was taken from ref. [15]. The experimental data was fitted assuming a parabolic growth, such that the thickness of the layer d = k.t 1/2 where k is a rate constant dependent on the diffusion coefficient and t the time. The good agreement between the exp. data and the fitting curves shows that the growth is limited by volume diffusion. At this temperature and composition, the layer is expected to be liquid but as can be seen from Fig. 3(b), the layer grows much slowlier than expected for the liquid phase.

Using the concentration profiles as in Figure 3(a) the interdiffusion coefficient of Zr can be estimated using the Heumann's method [16] by making the assumptions that the composition evolves linearly within the layer and that the inter-diffusion coefficient is not dependent of the Zr content. This leads to an average value of DZr = 2.21 ± 0.25 × 10 -11 m 2 /s which is a surprisingly low value for a liquid phase. The dynamic viscosity can be deduced from the Stokes-Einstein relationship:

η = k B T 6πD Zr r Zr (2)
where k B is the Boltzmann constant, and r Zr is the ionic radius of zirconium. This equation leads to the viscosity value of 540 mPa.s -1 which is a relatively high value even compared to results given for a Cu-60Zr liquid alloy of 92 mPa.s -1 at the same temperature of 900 • C [9]. It has to be mentioned that the IMC layer that is expected to be liquid at 900 • C has a composition ranging from 45 to 50 at.% Zr. For the average composition of 21 at.% Zr of the amorphous layer at 900 • C, it can be seen from the equilibrium phase diagram in Figure 4(a) that the liquid is substantially undercooled since for this composition the Cu 51 Zr 14 compound melt congruently at 1160 • C. This high viscosity can also explain the very faceted copper / amorphous interface shown in Fig. 2(a) while a rough solid/liquid interface is usually expected at solid/liquid interfaces in metallic alloys.

After 45 min at 900 • C, two liquids having different compositions are in contact and only the copper-rich liquid will be- Amorphous layer exp.

C u 9 Zr 2 [15] C u 51 Zr 14 [15] C u 8 Zr 3 [15] Liquid [14] Layer thickness (m) [14] for the liquid phase and from [15] for the intermetallics compounds. because of the minimum of the liquid mixing enthalpy found at 33 at.% Zr [12] and implemented in the Gibbs free energy description of the liquid phase.

Discussion

The formation of up to 20 µm thick amorphous layer from a Cu-20%Zr liquid at low cooling rate was observed. This region of the system is, for liquid to amorphous transition, much less characterised than compositions richer in Zr [17]. Cu-20%Zr quenched from the liquid usually leads to the formation of intermetallic glasses [18]. In the present work, the amorphous transition is possible if no IMC nucleate during the diffusion process, despite long isothermal holding. It can be explained by the dynamic stability of the liquid film during the holding, constrained to each of its interfaces. At the interface with copper, the chemical gradient is very sharp because Zr is a slow diffuser in Cu [19], such that the liquid / Cu interface velocity remains faster than the diffusion velocity of Zr in Cu. Moreover, sharp chemical gradients at the interface increase the work for cluster formation, thus inhibiting nucleation [20,21]. At the interface with Zr, since diffusion of Cu is very slow in the liquid layer and very fast in the Zr, the layer probably grows faster at this interface. The interfacial reaction is then faster than the enrichment of Cu in Zr. The amorphous layer stops to grow when the Zrrich liquid appears, probably when the diffusion profile of Cu in Zr flattens leading to the IMC region in Figure 1. These features are illustrated schematically in Figure 5. Finally, IMC could homogeneously nucleate directly from the liquid layer but is has not been observed either. Considering the classical nucleation theory from the liquid phase, the nucleation rate I of a phase is given by I = I 0 .exp(-W * /kT ). The pre-exponential term I 0 is proportional to the diffusion coefficient in the liquid; the low value of this coefficient determined in this work . Moreover the critical work for cluster formation, W * , increases with the cubic power of the interfacial energy, γ s/ . As shown by Hoyt et al. in the Cu-rich side of the Cu-Zr system, the interfacial energy increases strongly when the liquid is highly undercooled [22], close to the 260 K reached in this study. With the influence on I 0 and W * (through γ s/ ), the nucleation rate should be drastically decreased in the liquid layer. A final remark concerns the role of oxygen, since Zr is a reactive element in particular with oxygen, and that this element has a strong effect on the glass forming ability in Zr containing metallic glasses [23]. EDS in TEM showed an oxygen content less than 0.4 at.% in the amorphous layer, while a larger amount was found in the liquid phase which is richer in Zr in which intermetallic compounds forms upon cooling (oxygen contents ranging between 0.7 to 4 at.%). Further experiments will be carried out in order to limit the oxygen pick-up during thermal processing and to investigate its influence on the results presented here.

Conclusions

The formation of micro-metric layer of amorphous Cu-20%Zr from bulk diffusion couples has been reported. The amorphous layer forms at slow cooling rate, which is unusual even for the Cu-Zr system. We have shown that it is due to a liquid with low mobility, constrained at Cu and Zr interfaces by the competition between asymmetrical diffusion rate and interface mobility. The layer stop growing when a Zr-rich liquid starts to grow at the Zr interface.
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 2 Figure1shows the interfacial region of the diffusion couple held for 45 minutes at 900 • C, going from copper to Zircaloy 4 , bottom to top respectively. Above the copper layer is a solid phase layer of 20 µm later identified as amorphous (see Figure2). Above is another layer of intermetallic compounds (IMC) that is thought to be liquid at the treatment temperature. Its lenticular shape is typical of surface and grain boundary wetting by a liquid phase. In this sample the IMC layer thickness varies from 2 µm when in the form of a very thin layer to 50 µm when having a lenticular shape. The IMC layer contains 56 at.% Zr and is mainly composed of CuZr 2 with precipitates of CuZr and Cu 10 Zr 7 , identified by TEM. In contact with the IMC layer is the Zircaloy 4 ; a diffusion affected zone of approximately 200 µm is also visible in Figure1. No reaction occurred at 600 • C regardless of the holding times investigated. At 900 • C, after 0 minutes, an amorphous reaction layer of 1 µm was observed and the amorphous layer was 10.6 µm after 15 minutes of holding. No IMC layer was observed for these two treatments. Figure 2(a) shows a bright-field low magnification TEM image of the copper / reaction layer interface, and the insert shows the selected area electron diffraction (SAED) pattern corresponding to the red dot circle in the Figure, indicating the amorphous nature of the reaction layer. Figure 2(b) shows a bright-field TEM image of the copper (top left) / reaction layer (bottom right) interface. The interface is faceted with visible steps, and facets are mainly following the 111 closed-pack
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 2 Figure 2: (a) Bright-field low magnification TEM image of the copper / reaction layer interface, the insert shows the SAED pattern taken from the red dot circle, (b) bright-field TEM micrograph of crystalline copper (top left) / amorphous layer (bottom right) interface. (b) HRTEM micrograph in area indicated by a red square, inserts in (c) are the fast Fourier transforms calculated in the crystallized zone and in the amorphous zone.
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 3 Figure 3: (a) Composition profile in zirconium from copper to Zircaloy measured by EDS (SEM). The greyed area corresponds to the solid layer composition range. The holding temperature is 900 • C. (b) Layer thickness evolution with time for the phases likely to form in the composition range investigated at 900 • C. Data is taken from[14] for the liquid phase and from[15] for the intermetallics compounds.

  come amorphous. Thermodynamic calculations were made to determine the metastable Cu-Zr phase diagram that is presented in Figure 4(b) with solid solutions and liquid phase only. In this Figure, the red rectangle shows the usual range of amorphous alloys which are produced by melt quenching and the grey rectangle indicates the composition range found in this paper. The red dashed line indicates the glass transition temperatures. Due to the amorphous layer thickness it was not possible to determine the glass transition temperature, but amorphous Cu-Zr alloy produced by low temperature solid-state reaction and having similar composition has a T g = 703 K (430 • C) [6]. The unknown univariant type reaction Cu + Liq. 1 → Liq. 2 occurs

Figure 4 :

 4 Figure 4: (a) Equilibrium Cu-Zr phase diagram. (b) Calculated metastable binary phase diagram with solid solutions and liquid only. The greyed area corresponds to the amorphous layer composition. The red rectangle indicates the usual binary amorphous alloys composition range and the red dashed line the corresponding glass transition. Note the two peculiar univariant reactions: (i) metatectic β-Zr → Liq. + α-Zr and (ii) unknown univariant type Cu + Liq. 1 → Liq. 2.
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 5 Figure 5: Schematics of the Cu-rich liquid formation leading to amorphous after cooling from 900 • C. Zr rich liquid was observed after 45 minutes holding time. Qualitative evolution of the atomic mobility and chemical gradients along the layers is also represented.
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