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Intrinsic relaxation in a supercooled ZrTiNiCuBe glass forming liquid

We studied structural relaxation in the bulk metallic glass-forming alloy Zr46.8Ti8.2Cu7.5Ni10-Be27.5 on different time and length scales, with emphasis on the supercooled liquid state. Using X-ray photon correlation spectroscopy, we determined the microscopic structural relaxation time covering timescales of more than two decades in the supercooled liquid region, down to sub-second regime. Upon heating across the glass transition, the intermediate scattering function changes from a compressed to a stretched decay, with a smooth transition in the stretching exponent and characteristic relaxation time. In the supercooled liquid state, the macroscopic and microscopic relaxation time, as well as the melt viscosity all exhibit the same temperature dependence. This points to a relaxation mechanism via intrinsic structural relaxation of the majority component Zr, with its microscopic timescale controlling both the stress relaxation and viscous flow of the melt.

I. INTRODUCTION

Metallic glasses (MGs) exhibit out-of-equilibrium disordered structure. As a consequence, their structural configurations permanently change towards a more stable state, a process called structural relaxation or physical aging [1]. The structural relaxation has been subjected to many experimental and theoretical investigations [2][3][START_REF] Donth | Relaxation and Thermodynamics in Polymers: Glass Transition[END_REF][START_REF] Sillescu | [END_REF][6] due to its abundance of phenomenology, which is tightly connected with the structure and dynamics of glasses [7].

Due to the disordered structure, metallic glasses and bulk metallic glasses (BMGs) exhibit extraordinary physical and chemical properties, e.g.: high strength, high hardness, good corrosion and wear resistance, soft magnetic properties, etc [8][9][10]. This makes them attractive candidates for novel applications in many fields. Since the properties of the glass-forming melt are governed by the relaxational dynamics, knowledge of its timescales is not only essential for understanding fundamental processes like glass transition and transport phenomena, but also relevant for a range of technologically important processes related to MGs. For instance, the long range atomic transport, as well as macroscopic thermophysical properties like density and shear viscosity are key parameters during the fabrication of MGs, including additive manufacturing and thermoplastic molding [11,12]. Also, the relaxation of metallic glasses towards a more stable (or aged) glassy state controls the long time evolution of their properties, which are crucial when used as structural materials [1].

BMGs provide a unique possibility for studying the structural relaxation behavior in both the glass and the supercooled liquid, owing to their good thermal stability against crystallization. In addition, compared to molecular or oxide glass formers, MGs are composed of atoms has become feasible only recently with the instrumental developments of the X-ray photon correlation spectroscopy (XPCS) [16,[START_REF] Ruta | [END_REF][20][21][22][23][24]. XPCS directly probes the evolution of the structural relaxation features via monitoring the fluctuation of the scattered speckle pattern from a coherent X-ray beam. With the advances in the high brilliance third generation synchrotron sources, XPCS has emerged as a very powerful technique for studying microscopic dynamics, revealing unexpected phenomena like the intermittent, heterogeneous nature of the aging dynamics in metallic glasses [16]. With the use of a fast X-ray detector, here we determined intrinsic relaxation times in the range of 10 The XPCS measurement was carried out on the P10 beamline at the synchrotron facility PETRA III, DESY.

The Vit4 ribbon was mounted on the standard P10 sample insert, between two copper plates which served both as mechanical support and thermal contact, and then placed into a DN100 vacuum cube evacuated down to better than 1×10 -5 mbar. A coherent X-ray beam of 8.25 keV was used. Speckles patterns were collected by a EIGER X4M detector with a capability of frame rates up to 750 Hz placed at ∼ 1843 mm downstream of the sample, at a scattering angle of 2θ = 36 • . This corresponds to a momentum transfer q ∼ 2.6 Å-1 , i.e., at the position of the first structure factor maximum. A preannealing treatment before the XPCS experiment was performed to release the residual stress, by heating the ribbon up to 600 K using identical heating and cooling rates of 1 K/min, i.e., just above the calorimetric glass transition temperature T g at this heating rate [25], with the ribbons clamped in straight shape. The sample was then measured in isothermal steps during two heating runs, one from 520 K to just above 600 K, and another from 520 K to 673 K [START_REF]A cooling step from 603 K to 520 K was performed in between[END_REF]. A temperature incremental step G(q, t 1 , t 2 ) = I(q, t 1 ), I(q, t 2 ) p I(q, t 1 ) p I(q, t 2 ) p ,

where . . . p denotes an ensemble averaging over equiv-161 alent pixels corresponding to the same scattering vector 162 q. A representative of TTCF of the ribbon in the SCL 163 164

regime at 628 K is shown in Figure 1. For experiments 165 which start at t 1 = t 2 = 0, its averaged g 2 (q, t) function 166 at a mean time of (t 1 + t 2 )/2 and a lag time

t = |t 1 -t 2 |, 167 corresponds to 168 g 2 (q, t) = 1 + γ(q)|f (q, t)| 2 (2) 
where γ(q) is the q-dependent speckle contrast in the ex- 175

The common heterogeneous feature of structural relax-176 ation is usually described according to the Kohlrausch-177 Williams-Watts (KWW) function, which gives

178 g 2 (q, t) = 1 + a(q)exp[-2(t/τ (T )) β(T ) ] ( 3 
)
where τ is the characteristic relaxation time, β is the 179 shape parameter (β < 1 defines a stretched and β > 1 a 180 compressed exponential decay). a(q) = γ(q)f 2 (q) is the product of the speckle contrast γ(q) and the so-called 182 non-ergodicity parameter f (q) (or Debye-Waller factor) 183 [START_REF] Ruta | [END_REF]. Fig. 2 shows the measured g 2 (t) functions at differ-184 185 ent temperatures. Since all measurements here were done 186 at a single scattering vector q, we dropped the q notation 187 of the correlation function in the following. Without fur-188 ther notice, this refers always to q = 2.6 Å-1 i.e., at the 189 first structural factor maximum. For clarity some tem- in the experiment is capable to be operated at even higher frame rates, we did not explore the g 2 (t) details below 0.1 s.

B. Mechanical relaxation

The stress relaxation is observed by recording the decay of stress change with time. The evolution of the stress, normalized to the initial value, at different temperatures is shown in Fig. 4a. Similar to the XPCS measurement, here the decay of the stress can be described by a stretched exponential

σ(t)/σ 0 = exp[-(t/τ ) β ], ( 4 
)
where τ is the timescale of the stress relaxation, β is the stretching KWW exponent, and σ 0 is the initial applied stress. With this we assume that also in the glassy region the applied stresses can be fully relaxed. A similar fitting procedure for determining the stretching exponent was used: below 620 K β was left as a free fitting parameter, and above 620 K a fixed β = 0.525 was used.

The characteristic relaxation timescale is then derived accordingly.

The obtained relaxation time and shape parameter are shown in Fig. 4b region [START_REF] Ruta | [END_REF]30].
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Moreover, here we are able to show that for Vit4 across the glass transition there is a continuous, monotonic change in both β and f 2 (q): f 2 (q) decreases with increasing temperature until 570 K, and then becomes almost temperature independent within the experimental uncertainty. Also the β value drops continuously from 1.75±0.14 at 523 K to 0.67±0.07 at 618 K. β <1 indicates that the sample has reached the supercooled liquid state [16,[START_REF] Ruta | [END_REF], inline with where the relaxation time τ exhibits a different slope or activation energy (Fig. 3c). The transition occurs during the heating experiment starting around 600 K, at this temperature β falls below 1, and culminates around 618 K, with a relaxation timescale of about 245 s.

On the other hand, below 570 K f 2 (q) decreases continuously upon heating towards an almost constant value in the supercooled liquid region. Such a temperature dependence of f 2 (q) is very similar to the change of the Debye-Waller factor observed in metallic and nonmetallic glasses due to a fast (β) relaxation process, for which the mode coupling theory (MCT) predicts [31] 

f (q) = f c (q) + h c (T c -T )/T c (5) 
where T c is the critical temperature of the MTC, f c (q)

is the Debye-Waller factor at T c , and h q is an amplitude. However, it is obvious that here this plateau value is reached even below the glass transition temperature T g , and T c = 875 K of the Vit4 alloy is considerably higher [13]. Thus, despite the similar temperature dependence, the standard MCT scenario does not apply.

Certainly a fast relaxation processes upon entering the SCL would be an intuitive interpretation. Yet, the characteristic transition temperature and timescale depends both on the wave number and on the experimental observation time window. Thus, they are not directly comparable with those observed by other experimental techniques. For example, in the neutron back-scattering and the Mössbauer absorption experiments the observed f (q) of Vit4 is completely harmonic in this temperature range [25,32]. Moreover, below T g the sample is a stiffer material and the dynamics observed by XPCS could always be a superposition of possible (residual) stress-driven dynamics and the intrinsic relaxation dynamics. Additional studies, particularly focusing on the short timescale dynamics, are needed to clarify their effect, before the drop of f 2 (q) can be unambiguously attributed to the intrinsic β-relaxation.

The presence of compressed microscopic dynamics has been observed in a variety of out-of-equilibrium systems, jammed soft materials [33][34][35]. In the case of soft glasses, the compressed dynamics has been associated to dipole forces due to a stress field occurring in the outof-equilibrium state. This is related to the densification during aging, which creates some micro-collapses leading to a ballistic-like collective particle motion. Here in Vit4, beside the common β ∼1.5 shape exponent, the observation of a continuous, monotonic decrease of beta across the glass transition appears to be very similar to these soft disordered systems, which has not been re- 

E(ω)/E 0 = 1 - 1 [1 + (iωτ ) α ] γ , (6) 
with α = 0.836 ± 0.006 and γ = 0.405 ± 0.006, corre-376 sponding to a stretching exponent β of about 0.5 [29],

377
which is rather universal for the α-relaxation in metallic 378 glasses [37,38].
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Compared to the relaxation of mechanical stress, the of the small Be atoms obtained by previous NMR study 394 [43], and the equilibrium melt viscosity close to T g [44] are instance, such discrepancy is considerably smaller [START_REF] Ruta | [END_REF].

Thus, this is a fundamental point still to be surveyed on 
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 14 10 4 s by XPCS, covering a large fraction of the time scales accessible by mechanical spectroscopy. Utilizing both techniques, we investigate structural relaxation processes on different length scales, and how the microscopic processes controls the macroscopic properties of the metallic glasses and supercooled melts. II. EXPERIMENTAL PROCEDURE XPCS and mechanical spectroscopy experiments were carried out on a well-known Zr-based BMG: Zr 46.8 Ti 8.2 -Cu 7.5 Ni 10 Be 27.5 , commercially known as Vitreloy ® Vit4). Its undercooled melt exhibits a remarkable stability against crystallization, allowing the study of the supercooled liquid (SCL) region over a wide temperature range and long annealing times. Glassy ribbons of Vit4 were prepared from pure elements with a purity of at least 99.99% by arc-melting and subsequent melt spinning procedure under high purity argon atmosphere. During the melt spinning process the copper wheel linear tangential velocity was set to 40 m/s. The manufactured ribbons were 30±5 µm thick.
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 5 was used between the individual measurements for 136 the SCL regime. Between the isothermal steps, 2θ scans 137 were performed to confirm the amorphous nature of the 138 ribbon. A temperature offset between the sample tem-139 perature and the furnace temperature of 27 K was cor-140 rected [27]. 141 The mechanical relaxation behavior was investigated 142 with mechanical spectroscopy and static stress relaxation 143 experiments in a TA instruments Q800 Dynamic Me-144 chanical Analyzer. The mechanical spectroscopy mea-145 surements were performed at a heating rate of 1 K/min 146 with driving frequencies from 0.03 to 30 Hz. The static 147 stress relaxation experiments were performed in isother-148 mal steps applying constant strains of 0.1%. Before the 149 application of the strain a 20 min isothermal equilibration 150 was performed at each temperature. Similar to the XPCS 151 measurements, also in both the stress relaxation and me-152 chanical spectroscopy experiments, the ribbon was pre-153 annealed up to T g before the measurements to reduce the 154 In an XPCS experiment the quantitative information 158 of the sample dynamics can be obtained by calculating 159 the so-called two-time correlation function (TTCF)
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  periment and f (q, t) is the intermediate scattering func-170 tion. The scattering function reflects the time depen-171 dence of the density (electronic) correlation in the sam-172 ple, which is a spatial Fourier transformation of the den-173 sity auto-correlation function, and hence the atomic dy-174 namics [28].

FIG. 1 .FIG. 2 .

 12 FIG. 1. Two-time correlation function (TTCF) measured on the Vit4 ribbon by XPCS at 628 K.

190FIG. 3 .

 3 FIG.3. Evolution of (a) the pre-exponential factor a(q) = γ(q)f 2 (q), (b) the stretching exponent β, and (c) the decay time τ of the obtained g 2 (t) function as a function of temperature. Open symbols correspond to data obtained in the 1 st heating, full symbols correspond to that from the 2 nd heating. Horizontal lines in (a) and (b) represents the average value of a(q) and β in the SCL regime, respectively. The dashed vertical line marks the glass transition region. The calorimetric glass transition temperature at this heating rate is around 596 K[25] (dotted line). Same as in Fig2, the blue, magenta, and red colors represent data obtained in the glassy, glass transition, and SCL regimes, respectively.

  213 214In Fig.3we also distinguished data obtained during 215 the first and second heating and shown fit parameters derived from different exposure times. It can be seen that the parameters obtained from the second heating are a continuation of that obtained from the first heating. The results are in agreement within error bars in the overlapping region. The measured g 2 (t)s agree also between different detector exposure times, with the only difference that at short exposure time the signal-to-noise ratio decreases. Hence, although the Eiger detector used

  and Fig.4cas a function of temperature. In contrast to g 2 (t) in the XPCS experiment, in the glassy region the shape of the stress relaxation curve remains stretched, with a stretching exponent β slightly below 0.5. This increases across the glass transition, here observed around 600 K, towards an average, constant value of β ∼ 0.5. The transition temperature can be also consistently identified from where the obtained relaxation time changes its temperature dependence. In addition to the stress relaxation experiments, the α peak of the loss modulus was obtained from mechanical spectroscopy at different frequencies, and fitted to the Havriliak-Negami function in order to obtain the corresponding relaxation time and shape parameters[29].The relaxation times of the α peak, shown in Fig.4c, are in agreement to that obtained from the static stress relaxation above T g , while below the glass transition they diverge due to the different aging state of the samples used in the two types of probes. The mechanical spectroscopy measurements were performed at a constant heating rate of 1 K/min while the stress relaxations were monitored in long isothermal steps, mimicking the thermal protocol in the XPCS experiments.

FIG. 4 .

 4 FIG. 4. (a): Decay of the normalized stress measured at constant strain steps at different temperatures on the Vit4 sample. (b) and (c): Derived stretching exponent and relaxation times according to eq. 4, respectively. In (c) also the relaxation times of the α-peak obtained from the mechanical spectroscopy measurements are shown. Dotted line represents the temperature of the calorimetric glass transition.
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  Fig. 5 shows the g 2 (t) function obtained by XPCS and 355

380 g 2 FIG. 5 . 390 C. Relaxation on different length scale 391 Fig. 6

 253903916 FIG. 5. Time-temperature superposition of the g 2 (t) function (a), normalized stress relaxation (b), and the normalized loss modulus (c) in the supercooled liquid regime of Vit4.

395FIG. 6 .

 6 FIG.6. Comparison of the microscopic and macroscopic relaxation time measured by XPCS, stress relaxation, and the peak of the loss modulus (DMA HN) of the Vit4 glass as a function of temperature. The viscosity of the supercooled melt[44] and Be atom relaxation time[43] are also shown. The solid and dashed lines represent VFT-fit of the XPCS relaxation time and the melt viscosity in the SCL, respectively. Star and cross symbols show the relaxation time obtained from heating rate dependent calorimetric Tg and from viscosity relaxation, respectively.

  the decoupled small atom dynamics, 422 the α-relaxation time τ α obtained by mechanical spec-423 troscopy and by XPCS exhibit very similar tempera-424 ture dependence. The fragility parameters obtained from 425 XPCS and stress relaxation times are 21.8±5.7 (solid 426 line in Fig. 6) and 19.8±3.6, respectively. This agrees 427 with that of the melt viscosity within the experimental 428 uncertainty. This confirms that the relaxation time of429 the g 2 (t) function corresponds to the timescale of the α-430 relaxation. It is also known from previous measurements 431 by Busch et al.[44] that the time required for the appar-432 ent viscosity to relax towards its equilibrium value during 433 isothermal three point beam bending viscosity measure-434 ments, and the timescale derived from the heating rate 435 dependent glass transition temperature are proportional 436 to the melt viscosity, as shown in Fig. 6. Thus, in the supercooled liquid regime investigated here, the structural relaxation is governed by a dominant microscopic relaxation timescale, which controls the macroscopic flow, the calorimetric glass transition, and the mechanical behavior. This is further supported by the similar stretching exponents. Beside the similar stretching exponent and temperature dependence, however, the absolute timescale differs by of about a factor of 10 between the microscopic structural relaxation and the decay of the macroscopic stress. The temperature uncertainty in the different experimental techniques has been checked by various methods and cannot explain the difference in timescales. This should be also distinguished from the situation around 600 K observed previously for Zr 44 Ti 11 Ni 10 Cu 10 Be 25 [21], where similar relaxation times were found but, in the case of XPCS, the temperature dependence and the stretching exponent clearly corresponded to that in the glass transition region and hence different from that observed here in the SCL. Such kind of discrepancies of relaxation times in the SCL are known for different physical quantities [18, 47, 48], also here shown for the heating rate dependent glass transition and the equilibrating time of the apparent viscosity in Fig. 6. Concerning the difference between the microscopic structural relaxation and macroscopic stress relaxation times, for Vit4, a slower microscopic relaxation time indicates that the stress can be already relaxed without a complete decay of the atomic correlation at next-nearest neighbor distances. Considering the highly collective nature of the atomic motion in the supercooled liquid, such scenario is not unphysical. The exact ratio between the timescales observed in XPCS and in stress relaxation, however, should reflect how the relaxation of stress is achieved by the mass transport, and depends on the detailed structural dynamics of the melt/glass, e.g.: the dynamics modes involved, and the number of atoms which are participating. In the Mg-Cu-Y glass, for
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 48610 larger range of alloy systems and wave vectors q[23]. 478 V. CONCLUSION 479 To summarize, in this study we emphasize the ability 480 of measuring microscopic, intrinsic relaxation time with 481 XPCS down to sub-second scale, covering a significant 482 portion of the experimental accessible timescale of me-483 chanical spectroscopy. With this, we compared the mi-484 croscopic and macroscopic structural relaxation behavior 485 of a bulk metallic glass forming alloy Zr 46.8 Ti 8.2 Cu 7.5 -Be 27.5 in the supercooled liquid regime. We show 487 that upon heating the onset of the supercooled liquid ex-488 hibits a continuous decease of the non-ergodicity param-489 eter f 2 (q) and stretching exponent β of the intermediate 490 scattering function. In the supercooled liquid, both the 491 microscopic and macroscopic relaxations exhibit a time 492 temperature superposition, with rather similar stretch-493 ing exponents. In addition, a very similar temperature 494 dependence of the two relaxation times are found, which 495 agree with that of the melt viscosity in the investigated 496 temperature range. This shows that the macroscopic flow 497 and mechanical properties are controlled by the micro-498 scopic structural relaxation, with a dominant intrinsic 499 timescale of the majority component, in our case Zr, com-500 mon for these densely packed systems.
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