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Fig. 1. (a) Spring-dashpot fractal model; (b) fractional dashpot(a = 1/2).
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Fig. 2. Schematic diagram of deriving the fractional differential rheological model from the flow unit of

metallic glasses: (a) Scheme for modeling on macroscale; (b) scheme for modeling local region in (a);

(c) scheme for modeling local region in (b).
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Fig. 3. Scheme for nanoindentation loading sequence:

(b)

(a) Single loading route; (b) with different peak load

and loading rate.
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Fig. 4. P-0 curve of fused silica under quasi-static

nanoindentation and Hertzian curve.
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Fig. 5. (color online) P-§ curves under quasi-static nanoindentation and Hertzian curves of (a) Fe-MG; (b) Zr-MG;

(c) Pd-MG. The inset images show the loading part near the first pop-in.
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Fig. 6. (color online) P-§ curves of Fe-MG at various loading rate and Pmax: (a) Pmax = 100 uN; (b) Pnax =~
150 uN; (c) Pmax = 200 pN; (d) P =50 mN-s~ 1.
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Table 1. Fitting parameters by rheological models based on experimental data.

: . I EB I Kelvin 1R Kelvin ##Y
WMEBR Prax/uN
E1/GPa  f'/s® a 71/ms R? FE1/GPa 7/ms n/MPas R?
100 206.69  0.0320 0.485 0.83 0.983 243.32  0.92 0.917
MG [46]
Fe-MG 150 189.43  0.0287 0.494 0.76 0.996 214.50  1.05 0.932
Ty =833 K
v =0.324 200 190.68  0.0233 0.503 0.57 0.988 208.45 1.04 0.929
150* 185.82  0.0312 0.472 0.65 0.969 212.97 151 0.967
FME 193.16 0.0288 0.489 0.70 0.984 219.81  1.13 248.4  0.936
PRz 9.26 0.0039  0.013 0.12 15.88  0.26 4.13
Ze MG [47] 100 85.50  0.00843 0.753 1.76 0.983 89.56  1.97 0.989
Te =699 K 150 81.64  0.00839 0.756 1.79 0.991 86.00  1.89 0.981
v =0.367
100* 86.34  0.00849 0.721 1.34 0.978 92.61 1.71 0.978
FME 84.49 0.0084 0.743 1.63 0.984 89.39 1.86 166.3  0.983
i 2.51 < 0.0001 0.019 0.25 3.31 0.13 0.43
PA.MG [48] 75 95.91 0.0053 0.865 2.33 0.991 98.45  2.40 0.991
Ty =572 K 100 97.62 0.0066 0.795 1.81 0.993 100.87  2.00 0.985
v = 0.399
100* 95.16 0.0076  0.841 3.00 0.988 110.12  3.10 0.986
“FHME 96.23 0.0065 0.834 2.38 0.991 103.15  2.50 257.9  0.987
i 1.26 0.0012  0.036 0.60 6.16 0.56 3.45
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Fig. 12. Relation between constitutive parameters of
fractional-differential rheological model and (a) reduced

glass transition temperature; (b) Poisson’s ratio.
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Abstract

Metallic glasses offer novel physical, chemical and mechanical properties and have promising potential applications.
Recently, exploring the structure and deformation mechanism of metallic glasses according to the rheological mechanical
behavior in the nominal elastic region has been the object of intensive research. Physically the mechanical analogues of
fractional elements can be represented by self-similarity spring-dashpot fractal networks. In light of the fractal distri-
bution features of the structural heterogeneities, a fractional differential rheological model is introduced to explore the
viscoelastic a behavior of metallic glasses in this paper. To investigate the viscoelastic deformation mechanism, carefully
designed nanoindentation tests at ambient temperature are proposed in this study. Three kinds of metallic glasses with
different Poisson’s ratio and glass transition temperature, which have the chemical compositions of Pd4oCusoNiioP20,
ZrsgCuzaPdaAlgAgs, and (Feo.432C00.288B0.192510.048Nbo.04)96Cra are selected as the model materials. Experimental and
theoretical results clearly indicate that in the nominal elastic region, these metallic glasses exhibit linear viscoelasticity,
implying a loading rate-dependent character. Based on the fractional calculus and Riemann-Liouville definition, ex-
perimental results are analyzed by the fractional-differential and integer order rheology models respectively. According
to the stability of the fitting parameters, here we show that the fractional-differential Kelvin model, which consists of
a spring and a fractional dashpot element, can fit the experimental viscoelastic deformation data of the investigated
metallic glasses better than that with integer order rheological model. The extracted elastic modulis F; of the spring
in the fractional-differential Kelvin model are comparable to those of samples measured by traditional methods. Such
a similarity can be well explained by the mechanical analogue of fractal model proposed for describing the distribution
features of the structural heterogeneities in metallic glasses. The rheological parameters obtained here including viscos-
ity index ma and fractional order « are capable of reflecting the rheological features and the flowing tendency of the
above-mentioned metallic glasses. It is found that there exists a clear relationship between the rheological parameters
and the reduced glass transition temperature as well as Poisson’s ratio, which is helpful for understanding the correlation
between plasticity and Poisson’s ratio from the micro-structural point of view. The current work provides a rheological

model-structure-property relation that may be applicable to a wide range of glassy materials.
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