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Pulse electrodeposition is utilized to prepare Co-Fe-P metallic nano-glasses (NGs) containing glassy

grains with an average size D < 100 nm. The effects of glass—glass interfaces (GGls) on thermodynamic
and mechanical properties of NGs are systematically studied. The glass transitions in NGs as
characterized by differential scanning calorimetry and dynamic mechanical analysis show that they are

strongly affected by D or the volume fraction of GGls. In comparison with those for conventional metallic

glasses, a predominant internal-friction peak corresponding to the glass transition is observed for NGs
with reduced D, suggesting that the GGls are in a glassy state much different with that of glassy grains in
NGs. Nanoindentation measurements on the hardness and volume of shear transformation zones reveal

that the GGIs could accommodate plastic strains in NGs, where homogeneous plastic deformation occurs.

Metallic glasses (MGs) are classified as one of the disordered
alloys and have attracted much attention over decades. Due
to the disordered atomic structure, their mechanical proper-
ties, such as high yield strength [1, 2] and large elastic limit [3],
can be easily reproduced. Up to now, numerous kinds of MGs
are available and most of them are synthesized through rapid
quenching from their molten state. However, due to the lack of
microstructural defects, such as grain boundaries, their prop-
erties are mainly tuned by varying the chemical compositions.
Thus, in comparison with the wide-spread structural applica-
tions of crystalline alloys, the practical application of MGs is
extremely limited.

Recently, two-dimensional defects, specifically defined as
glass—glass interfaces (GGIs) that separate glassy nano-sized
grains or MG blocks, have been introduced into MGs [4-7],
resulting in a different kind of nanomaterials called metallic
nano-glasses (NGs) [8], and a new approach in modifying the
properties of MGs. The GGIs can enable NGs with electronic
[9], mechanical [10-13], and magnetic [14-18] properties much
different with those of conventional MGs. Based on Mossbauer

spectroscopy measurements, Ghafari et al. [9] found that the
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contribution of itinerant electrons at GGIs to magnetic moments
is higher than those in conventional MGs. Wang et al. [19] sug-
gested that the shear transformation zones prefer to initiate and
propagate inside the soft GGIs with excess free volumes, avoid-
ing the localized plastic deformation and thus enhancing the
plasticity of Sc,;Fe,; NGs. Witte et al. [20] reported that Feq(Scy,
NGs are ferromagnetic at room temperature although Fe,,Sc,,
MGs are paramagnetic because of the unique electronic struc-
ture at GGIs. In other words, a glassy region [21] different with
the interiors of glassy grains, which could be in an energetically
stable state, exists in NGs [22-24]. Nevertheless, the complete
knowledge of the glassy phases of GGIs is still lacking, and needs
further investigation.

Since the GGISs can provide NGs with extraordinary proper-
ties that generally do not exist in MGs, it would be meaningful
to investigate the effects of GGIs on thermodynamic properties
of NGs comprehensively. To date, there are only a few studies
that reveal the thermodynamic properties of NGs. For examples,
Mohri et al. [25] reported that the glass transition temperature
(Ty) in TizyZr;,Cuy,Pd;; NGs is lower than those of its bulk
MG counterparts; Nandam et al. [26] found that with the exist-
ence of GGIs the T, is increased in Zr;Cusy NGs, while it is
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decreased in PdgSi,y NGs [27], as compared to those of con-
ventional MGs. It is worth noting that the sample size effects on
T, in glassy polymers are well established [28-31]. In contrast, a
comprehensive study on the effects of sizes of glassy grains (and
correspondingly the volume fractions of GGIs) on T, of NGs, is
currently unavailable.

Molecular dynamics simulations have played an important
role in investigating the mechanical properties of NGs. In com-
parison, experimental approach is mostly achieved through
compression tests on a few NGs. For instance, Franke et al. [32]
found that the propagation of shear bands could be inhibited
in Sc,sFe,; NGs, which may offer extra plasticity. Wang et al.
[19] suggested that formation of multiple shear bands could be
the dominant deformation mechanisms in Sc,;Fe,; NGs under
compression, rather than localized shear banding. Guo et al. [12]
reported that the creep plasticity in Ni,¢P,, NGs is more pro-
nounced through nanoindentation measurements. Although the
obtained experimental results are consistent with those simu-
lated by molecular dynamics [33-39], unlike the sample size
effects on the plasticity of MGs [1, 2, 40, 41], the experimental
results that reveal the effects of sizes of glassy grains on mechan-
ical behaviors of NGs, are yet incomplete.

Most of NGs are successfully fabricated through inert gas
condensation [42, 43], magnetron sputtering [44, 45] and severe
plastic deformation [46, 47]. However, the main technological
barrier to the practical application of NGs still exists due to the
fact that the above-mentioned method cannot economically
produce NGs with dimensions larger than centimeters. Recently,
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electrodeposition as a facile manufacturing route has been uti-
lized to prepare large-size NGs [48], which is well known as an
alternative method that economically produces metallic materi-
als with various sizes and shapes for different applications. So
far, only very few studies have been reported in the preparation
of NGs by the electrodeposition method, and the development
of other NG systems through this technique becomes critical for
their technological application.

In this work, a new Co-Fe-P NG system with the sizes of
glassy grains smaller than 100 nm, prepared through pulse elec-
trodeposition, is reported. The nanostructure of NGs is subse-
quently adjusted by heat treatment, and the effects of sizes of
glassy grains on thermodynamic and mechanical properties are
studied by differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA) and nanoindentation. The results
suggest that GGISs are in a glassy state different with that of the
interiors of glassy grains. Compared with Co-Fe-P MGs, the
nanostructured Co-Fe-P sample is found to exhibit different
thermodynamic and mechanical behaviors due to the existences
of GGIs.

The schematic of fabrication of Co-Fe-P thick-film sample
is illustrated in Fig. la. A specific Teflon mold is designed for
depositing specimens with a rectangular shape over a titanium
substrate. For the micro-structured specimens, they are synthe-
sized by direct-current (DC) electrodeposition with a working
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Figure 1: (a) Schematics of preparation of Co-Fe—P samples. (b) XRD patterns and FWHM (degree) of XRD peak for Co-Fe-P samples with different

averaged sizes of glassy grains D.
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potential of 0.95 V, whereas the nano-structured specimens
are synthesized by pulse electrodeposition with various pulse
parameters. The nano- and micro-structured specimens are
denoted as x-NG and x-MG, respectively, where x refers to the
averaged size D of glassy grains as estimated by calculating the
mean size of at least 20 grains. The calculation of D is based on
the scanning electron microscopy (SEM) images on the cross-
sections or surface morphology of x-NG or x-MG, respectively
[25]. The huge difference in D of x-NG and x-MG is attributed
to different deposition mechanisms in the electroplating pro-
cess. During the electrodeposition of Co-Fe-P films, Fe**, Co**
and H,PO," ions initially gather on the titanium substrate. The
redox reactions of H,PO,” with lower energy barrier first occur
and P clusters are thereafter formed, in which the Co and Fe
atoms are most likely to deposit; then, Co** and Fe** cations
agglomerate at different sites of P clusters, forming the primi-
tive nano-sized Co-Fe-P glassy clusters [3]. Compared with DC
electrodeposition, the pulse electrodeposition can efficiently
suppress the growth of nano-sized glassy clusters. By lower-
ing the duty cycle, the ion source from the electrolyte for the
growth of Co-Fe-P glassy clusters is reduced. Meanwhile, the

increase in pulse frequency can help in replenishing ions near
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the substrate more often, which is beneficial to the nucleation
of glassy clusters under large current density or high working
potential. Therefore, D of x-NG prepared by pulse electrodeposi-
tion is generally much smaller than that of x-MG prepared by
DC electrodeposition.

The X-ray diffraction (XRD) patterns of exfoliated Co—Fe-P
thick films are shown in Fig. 1b. In the XRD patterns, a typical
broad peak can be observed at 26 ~ 45° without any sharp crys-
talline peak, which demonstrates the fully glassy structure of the
Co-Fe-P samples. Furthermore, it can be found that the peak at
45° is gradually flattened when the average size of glassy grains is
reduced to below 1.0 micron. After subtracting the background,
the full width at half maximum (FWHM) of the corresponding
peak increases from 5° to 7°. Therefore, it is evident that the
Co-Fe-P samples could be in different structures characterized
by the averaged size of glassy grains D, as shown in Fig. 2a and
b. Unlike nano-structured samples, the micro-structured sam-
ples do not exhibit any sub-structures inside the micron-sized
grains. The uneven and rough surfaces of glassy grains shown
in Fig. 2b could be caused by the low overpotential applied in
DC electrodeposition. During the fabrication processes, elec-
tric fields around the surfaces of grains may be heterogeneous,
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Figure2: SEM images of as-prepared Co—Fe-P samples (a) 75 nm-NGs in the cross sections, and (b) 50 wm-MGs at the surfaces, prepared by pulse and

DC electrodepositions, respectively.
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where some deposited in contact with the electrolyte may be
reversely dissolved into the electrolyte. Based on the energy dis-
persive spectroscopy (EDS) analysis, the chemical compositions
of Co—Fe-P samples are determined to be CogsFe,,P,,. The EDS
elemental mapping shows that all three elements are homogene-
ously distributed in the films, suggesting that the CogFe,,P,,
film is dense and has fully disordered atomic structure. In addi-
tion, transmission electron microscopy (TEM) images of 75 nm-
NGs are illustrated in Fig. 3. It could be seen that glassy grains
with sizes less than 10 nm are formed. The selected area electron
diffraction (SAED) patterns with halo rings further confirm the
amorphous state of nano-structured samples.

In addition, the effects of heat treatment and working poten-
tial of electrodeposition on the microstructure of Co-Fe-P sam-
ples are studied. Different annealing time (at ~473 K) and work-
ing potentials are chosen in this work. As shown in Fig. 4a-c,
D of NG samples gradually increases with increasing annealing
time. The mechanisms of growth of glassy grains may be similar
with those of polycrystalline materials. It could be caused by the
increased kinetic energy of GGI atoms at elevated temperatures
that leads to their diffusions into adjacent glassy grains. As a
result, the excess free volumes at GGIs will be reduced. During
the heat treatment, glassy grains with small sizes may be joined
together and new glassy grains with larger sizes will eventually
reduce the total areas of GGI and the free energy of the sample.

Similarly, by altering the working potential which consists
of a constant voltage (between 1.0 and 3.8 V) and zero volt-
age in a cycle (a period of 0.0001 s), D can be also varied, as
shown in Fig. 4d-f. To be specific, glassy grains with lower D

are more likely to be formed under high working potentials. If

————————1 50 nm

the working potential is fixed at above 1.9 V, glassy grains with
D <100 nm would be formed in Co-Fe-P samples. During the
pulse electrodeposition, an increase in working potential can
induce a larger current density, which provides more embryonic
sites for the formation of glassy clusters in a short time. Mean-
while, the growth of each site would be greatly constrained if
a large quantity of glassy clusters exist. Therefore, the working
potentials is maintained between 1.9 to 3.8 V for the fabrication
of Co-Fe-P NGs during pulse electrodeposition.

The relation between D and annealing time is presented in
Fig. 5a, and the volume fraction of GGIs is also shown, assuming
that the Co-Fe-P samples contain spherical glassy grains and
GGIs with a width as high as 1.0 nm [6-8]. It can be seen that D
will increase rapidly from 75 to 125 nm if the films are annealed
for 1 h. When D reaches 300 nm, additional annealing time
becomes no longer effective in increasing D. The average size
of glassy grains does not change much upon further heat treat-
ment. The relation between D and working potential is depicted
in Fig. 5b. At a working potential of 1.0 V, D is as large as 50
pwm and the volume fraction of GGIs is about 0.03%, suggesting
that the microstructure of Co-Fe-P samples prepared by pulse
electrodeposition is similar with those fabricated through DC
electrodeposition. In contrast, 75 nm-, 250 nm-, 400 nm- and
500 nm-NGs with estimated GGI volume fractions of 13.8%,
4.58%, 2.91% and 2.34% can be obtained at working potentials
0f3.8V,3.0V,2.6 Vand 1.9 V, respectively. Thus, with a combi-
nation of different annealing time and working potentials, it is
evident that Co-Fe-P samples with designated D can be fabri-
cated for the investigation on the effects of sizes of glassy grains

D on thermodynamic and mechanical properties of NGs.
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Figure 3: TEM images and SAED patterns of 75 nm-NGs.
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Figure4: SEM images of cross sections (a)-(e) or surface morphology (f) of Co—Fe—-P samples under different heat treatment conditions and pulse
electrodeposition parameters. (@) The 75 nm-NGs prepared with a working potential of 3.8 V; (b) The 75 nm-NGs annealed for 5 h; (c) the 75 nm-NGs
annealed for 8 h. The Co-Fe-P films prepared by pulse electrodeposition with a working potential of 3.8V (d), 1.9V (e), and 1.0V (f).
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Fig.5: GGls volume fraction and D of Co-Fe-P samples obtained under (a) different annealing time, and (b) working potentials.

Thermodynamic properties of Co—Fe-P samples are firstly
investigated by DSC. Typical heat-flow curves at a heating rate of
5 K/min for 75 nm-NGs and 50 um-MGs are shown in Fig. 6a. T,
is defined as the onset temperature of endothermic heat flow, and
the crystallization temperature (T,) is located with the sharp exo-
thermic peak in the curve. The apparent activation energies (E,) for
the grain growth (above the temperature T,,,,;,) and crystallization
processes are determined using the Kissinger equation written as:

In (B/T*) = —E,/RT + C, 1)

© The Author(s), under exclusive licence to The Materials Research Society 2021

where 8 is the heating rate, T'is T,

growth OF T R is the universal

gas constant and C is a constant.

Figure 6b presents the illustration plots of Eq. (1) for the
calculation on E, for the crystallization transitions in 75 nm-
NGs and 50 pm-MGs. The enthalpy change in glass transition
(AHg=H - Hg) and that in crystallization transition (AH,=
H,.— H_) for Co-Fe-P films are determined by taking the inte-
grations of heat flow throughout the endothermic process, and
the exothermic peak for crystallization, respectively, where H,,
H,.and H_ are the enthalpies of glass, supercooling liquid and
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Figure 6: (a) DSC heat-flow curves for Co-Fe-P samples; those close to T, are magnified in the inset. (b) Plots of Kissinger equation for the

crystallizations in 75 nm-NGs and 50 um-MGs at a heating rate of 5 K/min. (
enthalpy change in glass transition of Co—Fe—P samples with different D at
fitting straight line).

crystalline states, respectively. Table 1 lists the results of ther-
modynamic properties for 75 nm-NGs and 50 pm-MGs under
different heating rates.

As it can be seen in Fig. 6¢, T, of Co-Fe-P NGs generally
decreases with decreasing D. To be specific, T, are 646 K, 656 K,
658 K and 660 K for Co-Fe-P samples with D=75+9 nm,

¢) The effects of D on Ty and T of Co-Fe-P samples at 5 K/min. (d) The

10 K/min. The inset is the plots for Eq. (2) that determines AH (the slope of

300+ 32 nm, 400+ 32 nm and 50+ 7 um, respectively. As listed
in Table 1, although the 75 nm-NG sample has an activation
energy of crystallization (E,) very close to that of 50 um-MGs, it
has a much smaller AH, than the 50 um-MG sample. The lower
T, and smaller AH, of Co-Fe-P sample with reduced D could
be attributed to its increased volume fraction of GGIs (Fig. 5a).

TABLE1: Thermodynamic

. Heating rate T, T T, AHy E, atT, E,atT,
5;‘1’;‘;2?;°;1§;’g§ ﬁ; 2nd 0 Materials type i) W ® W AHWe W omeh (oD
75 nm -NGs 3 414 492 638 328 2.59 68.1 238
5 417 505 646 331 6.47
10 441 519 658 34.0 76.5
20 456 540 665 34.8 133
40 464 549 676 36.1 151
50 um-MGs 3 419 500 650 16.2 3.76 58.3 232
5 425 512 660 17.4 7.53
10 451 531 666 20.4 133
20 470 554 681 24.6 315
40 480 564 690 26.5 380
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In the GGIs of 75 nm-NG sample, there are more excess free
volumes which may become nucleation sites at elevated tem-
peratures, hence, the crystallization is more likely to occur in
the supercooling-liquid region of GGIs at a lower T, and the
supercooling-liquid state with a lower enthalpy H,. leads to a
smaller AH,, for the crystallization.

Similarly, T, of Co-Fe-P NGs decreases with decreasing D,
which is 505 K, 508 K, 510 K and 512 K for Co-Fe-P sample
with D=75+9 nm, 300+ 32 nm, 400+ 32 nm and 50 + 7jum,
respectively. In previous work on glassy polymers [28-31], T} is
found to decrease with decreasing sample size, resulting from
the sample surfaces with additional free volumes favorable for a
lower T,,. In the Co-Fe-P NGs, excess free volumes provided by
GGls can also reduce T, as compared with conventional MGs.
Figure 6d shows the strong size effect on AH, of Co-Fe-P sam-
ples with the reduced D <1 pm, attributing to the increased
volume fraction of GGIs that have a lower enthalpy H, than
conventional MGs. Assume the GGI is in a glass state that has
an enthalpy change in glass transition of A Hy, which is different
with that (AHp) of adjacent nano-sized glassy grains, AH, of
Co-Fe-P samples can be expressed as

AHg = (1—-x)AHy + xAHj, (2)

where x is the volume fraction of GGIs. Since x=0.03% for the
Co-Fe-P sample with D=50 um is close to zero, AHy could
be approximated as AHg=20.4 J/g of the sample. The inset in
Fig. 5d shows the plots of AH; — (1 — x) AHy versus x, dem-
onstrating that AHy could be determined by using Eq. (2) and
the value is 120.8 J/g. Since AHj of glass state in the GGI region
is much higher than AHy, it is concluded that the glass phase of
GGI is more thermodynamically stable as compared with that
of glassy grains.

The glass transition in Co-Fe-P NGs is furthered studied by
DMA. The internal friction (IF) or mechanical loss (Q7!) and
storage modulus (E’) of Co-Fe-P samples are shown in Fig. 7.
The results well characterize the evolution of microstructures
and structural transitions in the samples at elevated tempera-
tures, i.e., the growth of glassy grains, glass transition and crys-
“growths | g and T’, marked as the peak

temperatures of typical IF peaks, respectively. The values of

tallization that occur at T

those peak temperatures for 75 nm-NGs and 50 mp.-MGs are
listed in Table 2, in consistent with those determined by DSC.
Remarkably, although T’,=524 K for 75 nm-NGs is close to
that of 521 K for 50 um-MGs, their internal friction and storage
modulus during the glass transition are much different. The stor-
age modulus of 50 um-MG is significantly reduced or softened
from 50 to 20 GPa when its glass state transforms into a super-
cooling liquid state, while that of 75 nm-NG is reduced from 22
to 18 GPa. The results reveal two important features of GGIs,
as follows: First, the GGIs as glassy structures could have much

lower shear modulus as compared with that of conventional

©The Author(s), under exclusive licence to The Materials Research Society 2021
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Figure 7: The mechanical loss (Q”") and storage modulus (E’) of Co-Fe—P
samples (top: 50 um-MGs; bottom: 75 nm-NGs) at elevated temperatures
under 0.8 Hz testing frequency.

TABLE 2: Peak temperatures of IF peaks corresponding to the growth of
glassy grains (T'qm) glass transition (') and crystallization (T',) for
75 nm-NGs and 50 . m-MGs, in comparison with those in the parenthe-
ses determined from DSC measurements. The heating rate is 1 K/min.

Materials T grouth (K) Ty (K) T, (K)
75 nm-NGs 372 (414) 524(492)  632(638)
50 1L m-MGs 407 (398) 521(500)  628(650)

MGs. That is the reason why 75 nm-NG with a large volume
fraction of GGIs would have a much smaller storage modulus
than 50 wm-MGs whose volume fraction (x=0.03%) of GGIs
can be neglected. Second, the glass state of GGIs is more dis-
ordered in atomic structures than that of conventional MGs,
reflecting by the much less significantly elastic softening during
the glass transition in 75 nm-NG. This structural characteristic
of GGIs was also proved by previously reported work of Moss-
bauer spectroscopy [9] and positron annihilation [49] analyses.

By subtracting the background of internal friction, the inten-
sity of IF peak for glass transition (Q ' =0.032) of 75 nm-NGs can
be found to be much larger than that (Q ' =0.025) of 50 um-MGs,
suggesting that the transition from the glass state to supercool-
ing liquid state in the GGI region contributes significantly to the
internal frictions of NGs during the glass transition processes.
The predominant IF peak of glass transition in 75 nm-NGs can
be explained by the large AHj of glass state in the GGI region as
determined from the aforementioned DSC results, as well as the
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large volume fraction of GGIs in 75 nm-NGs. Such strong IF peak
of glass transition in NGs could clearly indicate that GGIs could
be in a glass state much different with that of glassy grains in NGs.

In the measurement on elastic modulus and hardness of
NGs at room temperature, different peak loads from 5 to 10
mN are applied to avoid experimental errors. The bottom sur-
faces of samples are used for nanoindentation tests, as exfoli-
ated from the Ti substrate which had been well polished by
0.25 pm-diamond polishing paste to have a mirror surface
before electrodeposition. The thickness of specimens is larger
than 50 pm and the contact areas of each individual indent
are~4.23 ym?, ~2.69 um?, ~2.51 um?* and ~2.22 um? for sam-
ples with D=75 nm, 300 nm, 400 nm and 50 pm, respectively.
As it can be seen in the inset of Fig. 8a, the obtained reduced
modulus (E,) and hardness (H) of sample with D=75 nm are
found to be dependent on the peak load once it is lower than
7000 uN. Similarly, E, and H of samples with different D are
found to be dependent on the peak load lower than about 7000
uN. It is suggested the microstructures of as-deposited samples
might not be in their equilibrium states after heat treated at
473 K for 2 h. Therefore, to avoid the effects of thermally driven
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relaxation of microstructures on the measurements on E.and H,
a peak load of 10,000 uN is applied, and the relations between
E, and H and D of Co-Fe-P samples are shown in Fig. 8a. As
expected, both E, and H are significantly reduced in Co-Fe-P
samples with D <500 nm, mainly resulting from the increased
volume fraction of GGIs where there are excess free volumes.
It is noted that the relation between H and D does not follow
the Hall-Petch relation that well describes the grain-size effects
on mechanical strength in polycrystalline materials. It could be
also caused by the increased volume fraction of GGIs in NGs
with reduced D, and GGIs have much less mechanical strength
than conventional MGs. The results are consistent with those
reported from molecular dynamics simulation [37, 39, 50-55].

The curves of indentation force versus depth (k) are pre-
sented for Co-Fe-P samples, as shown in Fig. 8b. The first
pop-in can be found at a contact depth h, close to 200 nm at
the curve for 50 wm-MGs, indicating the formation of shear
bands. By reducing D to 400 nm, the first pop-in shifts to
around =350 nm for 400 nm-NGs. Furthermore, no pop-
in can be found in the curve for 75 nm-NGs with & <500 nm.
In general, the appearance of pop-ins can be attributed to the
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Figure8: (a) Size effect on elastic modulus E, and hardness H. The inset shows data under different peak loads (P,,,,) for 75 nm-NGs. (b) Load vs depth
curves for Co-Fe-P samples with different D. The inset shows the magnified pop-in curve. (c) Typical plots of creep curves and fits; the inset shows the
calculation of strain rate sensitive (SRS) factor m. (d) The effects of D on STZ volumes and SRS factors.
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formation and propagation of a localized shear band in MGs.
The increase in h, with decreasing D indicates the mechanical
strength is decreased in NGs with reduced D, in consistent
with the results on hardness as described above. Thus, it is
indicative that shear banding might be restricted to occur in
softer NGs with D< 100 nm [27, 37].

The effects of D on the deformation behaviors of Co-Fe-P
samples are further investigated by creep behavior as meas-
ured by the time dependent indentation depth h(t). Typical
results and fitting curve for 75 nm-NGs are shown in Fig. 8c.
For a Berkovich tip, h(t) can be fitted using the following

empirical equation:

h() = ho + a(t — t)° + kt, (3)
where h is the initial contact depth, ¢, is initial time and a, b or
k are the fitting constants. The relation between hardness H and
strain rate € can be determined when the parameters in Eq. (3)
are obtained from the fittings. Subsequently, the strain rate sen-

sitivity (SRS) factor m is expressed as:

dln(H)
m= .
3ln(é)

(4)

Moreover, the volume (£2) of shear transformation zone
(STZ) can be estimated according to Johnson’s [56] and Pan’s

[57] models, as follows:

Q = kgT/C'mH, (5)
where kg is Boltzmann constant, T is temperature, C = 2GgR¢
Y2/T=tor/te /31 R~ 0.25,0 &~ 3,y = 0.027, Go/1c ~ 27.78,
ter/te=1-— (%)(T/Tg)zﬁ. Figure 8d shows the SRS fac-
tors and 2 for Co-Fe-P samples with different D. As it can be
seen, larger STZ volume can be initiated in Co-Fe-P samples
with smaller D. For 75 nm-NGs, the STZ volume can be as high
as 7.81 nm>, as compared to 4.40 nm? and 3.64 nm? for 300 nm-
and 400 nm-NGs. At the same time, the STZ volume for 50 um
-MGs is as low as 2.86 nm”’. By assuming a spherical STZ, its
radius would be around 1.23 nm in 75 nm-NGs, which is close
to the width of GGI regions. An increase of STZ volume can be
well explained by the previous molecular dynamics studies on
NGs [37]. It has been demonstrated that a much higher amount
of STZ embryos can be initiated with a lower energy barrier in
NGs, due to the softness of GGIs. Those embryos are also found
to be uniformly distributed throughout the specimen without
localization in a specific zone which occurs in MGs. Due to the
large quantity and uniform distribution of STZ embryos without
the formation of a localized shear band after passing the yield
point, STZ volumes in NGs are thus much higher than those in
MGs, which would eventually cause an ultra-high STZ volume
of 7.81nm" and the absence of pop-ins in 75 nm-NGs. Therefore,
compared with 50 pm-MGs, it is evidential that the GGIs with

high volume fractions in Co-Fe-P NGs may act as nucleation

©The Author(s), under exclusive licence to The Materials Research Society 2021

sites for the formation of STZs and accommodate plastic strains
across the nanostructures, resulting in homogenous deforma-
tion in Co-Fe-P NGs.

In summary, Co-Fe-P NGs with different averaged sizes D of
glassy grains have been successfully prepared by pulse electrodep-
osition. The effects of GGIs on the thermodynamic and mechani-
cal properties of NGs are investigated by DSC, DMA and nanoin-
dentation. It is found that the GGIs have a larger enthalpy change
in glass transition and more predominant internal-friction peak
for glass transition, while they have lower elastic modulus and
hardness, than MGs containing microstructures with D> 50 pum.
The results indicate that GGIs could be in a glass state much dif-
ferent with that of glassy grains or conventional MGs. Based on
the STZ volume as estimated from nanoindentation measure-
ments, it is suggested that the GGIs with high volume fractions
in Co-Fe-P NGs may act as nucleation sites for the formation of
STZs and accommodate plastic strains across the nanostructures,

resulting in homogenous deformation in the Co-Fe-P samples.

The Co-Fe-P samples were prepared by electrodeposition on the
working electrode, i.e., titanium, via a conventional three-electrode
cell system. Graphite rod was used as the counter electrode. Satu-
rated calomel electrode was utilized to measure and adjusted the
working potential during electrodeposition. Analytical grade chem-
ical reagents were used for the preparation of electrolytic solution
and was kept at 333 K during the electroplating process. The com-
position of the electrolyte was summarized as follows: FeSO,-7H,O
0.06 mol/L, CoSO,-7H,0 0.04 mol/L, C;H;Na;0,-2H,0 0.2 mol/L,
H;BO; 0.5 mol/L and NaH,PO,-H,0 0.2 mol/L. Boric acid was
used as PH buffer and concentrated sulfuric acid was added to
adjust the solution PH down to 3-4. For the fabrication of Co-Fe-P
films containing microstructures, direct current electrodeposition
was used. The working potential was kept at 0.95 V and the depo-
sition time was varied from 3 to 7 h. Pulse electrodeposition was
employed to prepare Co-Fe-P NGs. The duty cycle of the pulse
was kept at 15% and the pulse frequency of 100 kHz was applied.
The working potential could be changed from 1.9 to 3.8 V and
the fabrication process could take as long as 48 h. Teflon mold
was designed to deposit Co—Fe-P films with a rectangular shape
(35 mmx 3.5 mmx0.1 mm). The as-prepared Co-Fe-P films
were peeled off mechanically. Heat treatments of the as-prepared
Co-Fe-P samples were performed in a tube furnace at 473 K in
vacuum for 2 h to avoid possible oxidation.

The crystal structure of Co-Fe-P samples were characterized
by X-ray diffraction (XRD, Rigaku Smartlab) using a 9 kW X-ray
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source (A=0.154 nm). Scanning electron microscopy (SEM,
TESCAN VEGA3) equipped with energy dispersive spectros-
copy (EDS) was used to identify the microstructure and compo-
sition of the films. High resolution images of glassy grains with
sizes less than 50 nm were obtained by transmission electron
microscopy (TEM, JOEL JEM-2011). Their thermodynamic
properties were measured by differential scanning calorimetry
(DSC, TA Instruments Q200) at heating rates of 3, 5, 10, 20, 40 K/
min. Nanoindentation (Hysitron TI 900 TriboIndenter) with a
typical Berkovich indenter was used to study their mechanical
properties. Before measurements, tip-area function calibration
with a load profile consisting of the processes of loading (for
5s), holding (for 2 s) and unloading (for 5 s) was done on the
standard sample (quartz) where 100 indents could be gener-
ated with forces varying from 100 uN (with A.=11 nm) to 10
mN (with h,=338 nm). The force was varied by approximately
4.762% (decreasing from maximum to minimum) when a sub-
sequent indentation was carried out, and the resulting indent
was 20-um away from its nearest neighbors. It should be noted
that the tip-area function calibration was performed after the
indentation axis calibration and optic-probe tip offset calibration
had been completed. The elastic modulus and hardness of the
films were obtained by performing at least 100 indentation events
for each film with applied loads changing from 0 to 10 mN at a
constant loading rate of 0.2 mN/s. For the creep experiment, the
peak load was held for 200 s and at least 10 indentation events
were performed for each specimen. The thermodynamic behav-
ior was further investigated by dynamic mechanical analysis
(DMA, TA Instruments Q800). Rectangular Co-Fe-P samples
were mounted on a 20-mm dual cantilever clamp. During the
dynamic experiment, a constant oscillating amplitude of 20 um,
at a single frequency of 0.8 Hz, was applied on the specimen from
303 to 673 K under a heating rate of 1 K/min. A 5-min soak time

was applied at 303 K before the measurement.
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