Surface diffusion on a palladium-based metallic glass
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Abstract

The surface diffusion kinetics on a Pd77.5CusSiie.s metallic glass is measured using a scratch
smoothing method in the range of 107 K to 57 K below the glass transition temperature. Within
this temperature range the surface diffusion coefficients are determined to vary between (8.66 +
0.80) x 107 m? s ' and (5.90 £ 0.60) x 107'¥ m? s”!. The corresponding activation energy is 0.93
+ 0.18 eV, which is about half the value for bulk diffusion. These measurements also corroborate

the correlation between enhanced surface diffusion and liquid fragility in glasses.

A glass is typically formed by cooling a liquid fast enough to avoid crystallization.!? The glass
inherits the disordered atomic structure of its parent liquid while maintaining a density comparable
to its crystalline counterpart.!> Glasses play a pivotal role in diverse applications ranging from
aerospace to electronics.’> These applications often involve important physical, chemical, or
biological processes occurring at the surfaces, such as friction, catalysis, crystallization, and thin
film formation.%® Therefore, the surface mobility on glasses, which is critical for understanding
and controlling these processes, has captured growing attention over the past few decades.”!°
Although it has been determined that the surface of a glass exhibits enhanced dynamics compared

to the bulk, most of the research focuses on organic glasses.!!"!>

First discovered in 1960,'® metallic glasses (MGs) are among the most actively studied glass
materials.!”?* The unique combination of nondirectional metallic bonding and noncrystalline
atomic arrangement in MGs endows them with many remarkable properties, such as high strength
and elasticity, outstanding corrosion and wear resistance, and distinctive thermoplastic

formability.!”?° However, the multicomponent, highly active chemical nature of MGs poses a great
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challenge for reliable surface dynamics measurements.?!*? Despite this challenge, there have been
notable advancements in this field. For example, studies employing electron correlation
microscopy uncovered a surface layer with faster dynamics on a Pt-based MG nanowire.?>?* The
rapid coalescence of MG nanoparticles, observed by transmission electron microscopy, also
revealed the enhanced surface mobility of MGs.?>?¢ Additionally, molecular dynamics simulation
was applied to understand the mechanism of enhanced surface diffusion and its connections with
different properties in model MGs.?"-® The first long-term surface dynamics measurement on MGs
was presented in 2015, which quantified the enhanced surface dynamics on PdsoNiioCuzoP20 MG
using a grating decay method.?” Subsequently, the surface diffusion of an Au-based MG was
studied using the same method.?! It is worth noting that the challenge of surface contamination
was addressed by in situ argon plasma cleaning within a high-vacuum furnace.?! However, in order
to understand the enhanced surface mobility in MGs and to further make use of the insights to
develop new materials through new routes and with new properties, additional MGs remain to be

explored using reliable experimental techniques.

In this study, the surface diffusion coefficients of a Pd775CusSiies MG are measured at
temperatures well below the glass transition temperature 7 using a scratch smoothing method.
More specifically, by monitoring the changes in scratch width during annealing, the surface
diffusivity at each temperature is deduced, which enables the evaluation of the activation energy
for surface diffusion. Furthermore, the correlation between enhanced surface diffusion and liquid

fragility is corroborated.

As one of the earliest bulk MG formers,*° it has been reported that the Pd775CusSiie s alloy can be
cast into a monolithic MG ingot with a diameter of up to 11 mm under moderate cooling rates.>!
Owing to the excellent glass-forming ability, the Pd775CusSiie.s alloy ribbon, prepared by melt

spinning with high cooling rates of about 10° K s

in this study, was confirmed to be fully
amorphous by the X-ray diffraction (XRD). The MG ribbon measured about 20 pm thick and 1
mm wide. The chemical composition of the MG ribbon was confirmed by energy-dispersive X-
ray spectroscopy in a scanning electron microscope. The differential scanning calorimetry trace of
the MG ribbon shows a T, of 630 K and an onset crystallization temperature 7x of 671 K (Fig. S1

in the supplementary material), which are consistent with the values reported in literature.>*3* The



MG ribbon was pre-annealed at 573 K (73 — 57 K or 0.917%) for 2 hours to minimize the effects of

structural relaxation.>’

The Pd77.5CusSii6.5s MG ribbon exhibited an atomically smooth surface. As shown by the atomic
force microscopy (AFM) image (Fig. S2 in the supplementary material), the root-mean-square
roughness in a 2 pum x 2 um region can even reach 0.1 nm. This indicates that the surface is ready
for nanostructure fabrication without the need for conventional time-consuming polishing
steps.?!?? It has been demonstrated that AFM lithography is an effective technique in producing
nanoscale gratings or scratches on a variety of materials due to its simplicity, low cost, and high
resolution.*®*’ This technique was employed to make scratches on the Pd77.5CusSiis.s MG ribbon
where an AFM tip coated with diamond-like carbon was moved across the surface under an applied
normal force of about 4.5 uN. Further details of the scratch preparation are given in the

supplementary material.

Figure la shows the cross-sectional profile of a typical surface scratch made on the MG ribbon
and its corresponding AFM image. The scratch is asymmetric due to the uneven heights of the
ridges on either side of the groove. The asymmetry is characterized by the ratio Ah/d, where Ah is
the height difference and d is the depth of the scratch relative to the unscratched surface.*® Based
on the earlier work of King and Mullins,* Gruber and Mullins proposed that the smoothing of an
asymmetric scratch during annealing can be considered in terms of an equivalent symmetric
scratch.*® When surface diffusion is the governing mechanism, the smoothing behavior can be
described by the following equation:*%3°

w=Cw’ =6.907[B(t + t0)]"* Eq. (1)
where w is the width of the equivalent symmetric scratch, w’ is the experimentally measured width
of the asymmetric scratch, C (= w/w’) is the correction factor dictated by the ratio Ah/d (Fig. 1b),
t 1s the annealing time, # is a period that describes the initial state of the scratch, and B is the
damping factor. This factor is defined by

B = DgyQ*vIkT Eq. (2)
where D is the surface self-diffusion coefficient, y is the surface tension, v is the surface density

of atoms, Q) is the atomic volume, k is the Boltzmann constant, and 7 is the annealing temperature.

The temperature-dependent y of a compositionally close Pd7sCuesSiis alloy was used in the



calculation of Ds.*° It should also be pointed out that the largest A/d value in this study is about
0.46, which corresponds to a C value of about 0.98 (Fig. 1b).

It is important to remove all contaminants and oxides on the surface so as to probe into the intrinsic
surface dynamics of the MG ribbon.?!*? To this end, before proceeding with annealing in a high-
vacuum furnace at elevated temperatures, the MG ribbon was subjected to in situ argon plasma
cleaning in a system modified from the one used in our previous study of the Au-based MG.2! The
cleaning condition was examined in an X-ray photoelectron spectrometer to determine the
chemical effects of this surface treatment. The X-ray photoelectron spectrometry (XPS) depth
profile shows that the ribbon can restore its nominal composition after etching out the top 1-nm-
thick surface layer that is enriched in Si but poor in Pd (Fig. S3 in the supplementary material).
Therefore, a duration of 100 s for plasma cleaning, which can achieve an etching depth of
approximately 5 nm, is sufficient to eliminate potential contamination and expose an intrinsic
surface where all the Pd, Cu and Si species are in their pure elemental state, as confirmed by the

high-resolution Pd 3d, Cu 2p and Si 2p XPS spectra (Fig. S4 in the supplementary material).

Annealing of the MG ribbon was carried out at 573 K, which is 57 K below 7 or 0.917. As shown
by the XRD patterns (Fig. S5 in the supplementary material), the ribbon maintained an amorphous
structure during annealing before slight crystallization was detected after 220200 s. This low
annealing temperature inhibited surface crystallization from interfering too early, thereby enabling
adequate observation of scratch smoothing on the MG surface. The AFM images of the scratch
annealed for different times and the corresponding profiles are shown in Fig. 2a and 2b,
respectively. As expected, the width of the scratch increased with the annealing time. By contrast,
the depth showed intriguing changes during annealing; it increased in the first 46800 s and
decreased afterwards. In fact, a complex mechanical interaction can occur between the AFM tip
and the MG ribbon while making a scratch.’*7#! As a result, every position in the surface layer
around the scratch may have a slightly different stress state. Along with the widening of the scratch,
this potential difference could drive the surface layer to be more structurally homogenous. In
addition, Gruber and Mullins pointed out that the use of widths rather than depths is favored in the

analysis of asymmetric scratch smoothing as the former is much simpler and the latter can have



larger errors.>® Therefore, the analysis of scratch smoothing focused on variations in the width of

a scratch.

Previous studies imply that surface diffusion is the dominant mechanism for surface smoothing of
MGs when annealed at temperatures below 0.957,.21**272% For example, it was identified that
surface diffusion governs surface smoothing on the Pd4oNiioCuzoP20 MG at 519 K, which is 47 K
below its T or 0.927,.% Similarly, surface diffusion was also determined to be responsible for the
grating decay on the Au-based MG at 338 K, which is 20 K below its T, or 0.947,.>! On the other
hand, if volume diffusion is assigned to interpret the scratch widening at 573 K (0.917%), not only
is the fitting quality suboptimal, but also the calculated volume diffusion coefficient Dy deviates

).*2 Therefore, it

from the experimental value significantly (Fig. S6 in the supplementary material
is reasonable to apply Eq. (1) to fit the data in Fig. 2c where w* is plotted against . Linear fitting
of the data yields a high coefficient of determination (R? = 0.9699) and a slope of 2100 = 200 nm*

s '. Based on Eq. (2), the D at this temperature was calculated to be (5.90 + 0.60) x 10" ¥ m? 57",

The MG ribbon was also annealed at two lower temperatures, namely, 553 K (73 — 77 K or 0.887%)
and 523 K (7y — 107 K or 0.837g). The XRD patterns indicate that the MG ribbons maintained
their fully amorphous structure at these two temperatures over the investigated timescales (Fig. S7
in the supplementary material). The AFM images captured at different annealing times and the
corresponding profiles are shown in Fig. S8 and S9 in the supplementary material, respectively.
As discussed above, Eq. (1) was used to analyze the widening of the scratches. The high
coefficients of determination (R*> = 0.9997 for 553 K and R* = 0.9749 for 523 K) shown in Fig. 3a
and 3b indicate that the linear fits are of excellent quality. Accordingly, the D values at 553 K and
523 K were calculated to be (2.36 + 0.02) x 107'® m? s™! and (8.66 + 0.80) x 107" m? s/,

respectively.

Based on the Arrhenius temperature dependence of diffusivity Ds = Doexp(—Es/kT),* the activation
energy for surface diffusion (Es) can be evaluated from the linear relationship between In Dy and
1000/T shown in Fig. 3c. The average Es in this temperature range was determined to be 0.93 +
0.18 eV. It is close to the E (0.97 eV) of the supercooled PdgiSii9 liquid that was derived from the

rapid coalescence of amorphous nanoparticles.® In comparison, the activation energies were



evaluated to be approximately 1.67 eV and 2.10 eV for Au tracer diffusion in the same MG and in
the Pd7sCusSite MG with an almost identical composition, respectively.*>** This comparison
supports the finding that the activation energy for diffusion near a free surface is about half that
for bulk diffusion.* Figure 3c shows that by extrapolating this linear fit to higher temperatures,
the Ds of the Pd77.5CueSiies MG at Ty is about 2.60 x 10717 m? 7",

It has been discovered that surface diffusion and its enhancement relative to bulk diffusion can be
well correlated with liquid fragility for all types of glasses.*® Liquid fragility describes the
deviation of the temperature dependence of viscosity # from Arrhenius behavior; a stronger
deviation corresponds to a more fragile system.? The higher resistance of a stronger system against
thermal excitation around T stems from its more robust atomic structure.*® This characteristic can
also make the system more resistant to the loss of nearest neighbors from bulk to surface, thereby
leading to less enhanced surface mobility.*® However, the correlation between surface diffusion
enhancement (Ds/Dy at T) and the most widely used fragility parameter m, defined as the slope of
log 5 dependence on T,/T near Tg,*” has not been presented yet. Here in Fig. 3d, Ds/Dy at Ty is
plotted against m for the Pd775CusSiie.s MG,*>*® and a few other representative glasses, including
Si0,,%-3! ortho-terphenyl (OTP),>** tris-naphtyl benzene (TNB),>7 indomethacin (IMC),>%
and two Cu-Zr MGs.?®%! The data shows a good correlation between Dy/Dy at Ty and m; stronger
glasses with lower values of m exhibit less pronounced enhanced surface diffusion. This
correlation not only corroborates the previous findings but also holds significant promise for
broader applications. Given the availability of m for many systems and the existing correlations
between m and some other properties such as glass-forming ability and Poisson’s ratio,’>% the
correlation between Ds/Dy at Ty and m could be instrumental in understanding and even predicting
surface mobility and related processes, such as surface crystallization and formation of highly

stable glasses with desirable properties.

In summary, the method of surface scratch smoothing was used to measure the surface diffusion
coefficients of a Pd77.5CusSiie.s MG well below T at 573 K, 553 K and 523 K. Specifically, the
surface diffusivities at these temperatures, which vary from (8.66 £ 0.80) x 10" m? s™! to (5.90 =
0.60) x 1078 m? 57!, were obtained by following the widening of the scratches made by AFM
lithography during annealing, using the model developed by Gruber and Mullins. The activation



energy for surface diffusion on this MG was then evaluated to be 0.93 £+ 0.18 eV, about half that
of the bulk diffusion. The findings not only support the correlation between enhanced surface
mobility and liquid fragility, but they may also help pave the way for studying surface dynamics

of a wide range of metallic glasses.

Supplementary Material
See the supplementary material for a complete description of the details on the sample preparation,

characterization, and measurements.
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Figure captions
Fig. 1 (a) Profile of a typical asymmetric scratch on the Pd77.5CusSii6.s MG. Inset: AFM image of
the scratch. Scale bars: 80 nm. (b) Asymmetry correction factor C (= w/w’) as a function of Ah/d

for surface diffusion. This figure is adapted from Ref. 3%.

Fig. 2 (a) AFM images and (b) the corresponding profiles of the scratch on the Pd77.5CusSiiss MG
during annealing at 573 K. Scale bars in (a): 80 nm. (c¢) Scratch widening on the Pd775CusSiis s
MG during annealing at 573 K. The error bars are the standard deviation of the average width at

different positions. The solid line represents the best fit to the equation w = 6.907[B(t + t0)]"'*.

Fig. 3 Widening of the scratches on the Pd775CusSii6.s MG during annealing at (a) 553 K and (b)
523 K. The error bars are the standard deviation of the average width at different positions. The
solid lines are the best fits to the equation w = 6.907[B(¢ + 10)]""*. (c) Arrhenius plot of the measured
Ds values of the Pd775CueSiies MG at 573 K, 553 K and 523 K. The solid line represents the best
fit to the equation Ds = Doexp(—Es/kT). The dashed line is extrapolation of the fitted line to estimate
the Ds at T, (marked by the arrow). (d) Correlation between enhanced surface diffusion (Dy/Dy at
T,) and liquid fragility m for the Pd77.5CueSiies MG,*** Si0,,*->! OTP,>*>* TNB,>-" IMC,>%°
and Cu-Zr MGs.?®%! The dashed line is a guide.
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