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We show that single component metallic glasses can be synthesized by thermal spray coating of

nanodroplets onto an amorphous substrate. We demonstrate this using molecular dynamics

simulations of nanodroplets up to 30 nm that the spreading of the nanodroplets during impact on a

substrate leads to sufficiently rapid cooling (1012–1013 K/s) sustained by the large temperature

gradients between the thinned nanodroplets and the bulk substrate. However, even under these

conditions, in order to ensure that the glass transition outruns crystal nucleation, it is essential that

the substrate be amorphous (eliminating sites for heterogeneous nucleation of crystallization).
VC 2012 American Institute of Physics. [doi:10.1063/1.3675909]

Bulk metallic glasses (BMGs) provide a number of

unique properties (ductility, high strength, high corrosion re-

sistance, and soft magnetism), but most metallic glasses have

required very high quenching rates,1–8 leading only to thin

films of amorphous material. A great deal of progress has

been made toward synthesizing bulk amorphous metallic

glasses since the original successes in 1960 using cooling

rates of 106 K/s.1–5 Indeed with multicomponent metals

having dramatically different character and radii, it is possi-

ble to obtain amorphous sheets of cm size for numerous

applications.1–5 Here, we take up the challenge of forming

single-component metallic glasses (SCMGs), which might

have unique surface and bulk properties. Because of the low

glass-forming ability of pure metals, it has not been possible

previously to make SCMG without extremely high quench-

ing rates.

We propose here that SCMGs can be achieved by thermal

spray coating of nanodroplets onto an amorphous substrate

(ND-AS). We show that nanodrops of diameter �30 nm lead

to sufficiently high cooling rates due to the rapid spreading of

the nanodroplet during impact on the substrate, which leads to

rapid cooling sustained by the large temperature gradients

between the thinned nanodroplets and the bulk substrate.

However, even under these conditions, we show that for glass

formation to outrun crystal nucleation it is required that the

substrate be amorphous (avoiding the heterogeneous nuclea-

tion sites that could lead to crystallization).

To demonstrate thermal spray ND-AS formation of

SCMG, we performed molecular dynamics (MD) simula-

tions of nanodrops of Cu up to 30 nm (1 million atoms)

sprayed onto a Cu-Zr amorphous substrate (Cu46Zr54) system

using force fields (potentials) validated to provide an accu-

rate description of these metals. Our MD simulations show

that these Cu SCMGs are thermodynamically stable for the

simulation time scales (up to 3 ns). In contrast, spraying the

same Cu nanodroplets onto Cu crystal substrates leads to

crystallization within 100 ps.

Our MD simulations used the embedded-atom-method

potential for the Cu-Zr system9 and the LAMMPS MD pack-

age (large-scale atomic/molecular massively parallel simula-

tor).10 We constructed liquid Cu droplets with diameters of

10 nm (39 081 atoms), which we equilibrated at 1300 K

using constant-volume-temperature MD (no periodic bound-

ary conditions). These nanodroplets were impacted on two

different substrates at 300 K and 1 atm: (a) Cu46Zr54 glass;

(b) Cu (100) single crystal.

For the prototypical amorphous alloy substrate, we

started with randomly positioned Cu and Zr atoms for the

Cu46Zr54 composition, melted at 2000 K for 0.5 ns, and then

cooled continuously to 300 K within 2 ns to form the bulk

glass. Then, to form the Cu46Zr54 glass substrate, we con-

structed from the bulk system a slab containing 320 000

atoms (4.85 nm� 34.21 nm� 35.91 nm along the x-, y- and

z-axes, respectively, with the yz plane as the surface), which

we annealed at 1000 K for 4 ns and then cooled to 300 K

using constant-pressure-temperature (NPT) MD to form the

amorphous substrate.

As a prototypical crystalline substrate, we used Cu (100)

containing 432 000 atoms (10.96 nm� 21.93 nm� 21.93 nm).

Here, we started with the bulk FCC structure, formed the

10.96 nm thick (x direction) slab, and equilibrated at 300 K

and 1 atm using NPT MD.

The Cu nanodroplet was assigned an initial impact ve-

locity along the x-axis (the substrate normal) and impacted

the substrate. The impact velocity was varied from 0.01 km/s

to 0.5 km/s. We used the microcanonical ensemble for

impact simulations. The time step in MD simulation was

1 fs, and the total simulation time was up to �3 ns.

Fig. 1 shows the radial distribution functions (RDF) of

Cu nanodroplets after impacting on crystalline and amor-

phous substrates. The resulting structures of the solidified
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nanoparticles in the crystal substrate cases show the long-

range order characteristic of crystals. On the other hand, the

loss of the long-range order in the glass substrate cases indi-

cates that the “solidified” nanoparticles are still amorphous.

The RDF only reveals the average structure information.

To characterize the local structure of the amorphous Cu

nanoparticle formed on the Cu46Zr54 glass substrate, we per-

formed the Honeycutt-Anderson (HA) analysis11–14 on vari-

ous nanoparticles at equilibrium after impact. Fig. 2 shows

the equilibrium configurations and the HA structure analysis

of the Cu nanoparticles after impact. On the crystalline sub-

strate, a Cu nanocrystal grows epitaxially with growth twins

and stacking faults (Figs. 2(a) and 2(b)). The characteristic

HA indices of this nanocrystal are mainly 1421, correspond-

ing to the FCC structure (Fig. 2(e)).

In sharp contrast, the impact with the Cu46Zr54 glass sub-

strate leads to an amorphous Cu nanoparticle (Figs. 2(c) and

2(d)). HA indices 1551 and 2331 are the main characteristics

of icosahedral packing, and are similar for Cu46Zr54 glass, Cu

glass and Cu liquid; this indicates that the amorphous Cu

nanoparticle is similar in short-to-medium-range atomic pack-

ing to the Cu46Zr54 glass and to Cu liquid (Fig. 2(e)).

To verify that the amorphous nanoparticle is indeed

“solidified” as a glass (rather than remaining a liquid), we cal-

culated the mean square displacement (MSD) of the Cu nano-

droplet after the system reaches equilibrium, from which we

extracted the diffusion coefficient (D) using the Einstein rela-

tion (MSD¼ 6D� time). At 300 K, D¼ 3.6� 10�5 cm2/s for

the liquid nanodroplet, which is 50 times higher than

D¼ 8.0� 10�7 cm2/s for the amorphous nanoparticle. Thus,

the amorphous nanoparticle is a solid-like SCMG.

To identify the point at which a phase transition occurs,

it is valuable to determine the change in entropy with time

and temperature. To extract the entropy evolution of the nano-

droplets during the dynamic impact process, we used the Lin-

Blanco-Goddard two phase thermodynamic (2PT) model15 to

obtain the entropy of the nanodroplets impacting on the sub-

strates. 2PT has been applied to various systems15–18 to obtain

accurate entropies.

We examined nanodroplets of 4 nm in diameter with

impact velocity of 0.5 km/s and applied the 2PT model along

the impact trajectory (up to 90 ps). The average temperature

and entropy were extracted every 2 ps from 2PT model as

shown in Fig. 3. The temperature increases initially for a few

ps due to the dynamic impact, which converts kinetic energy

to thermal energy, but then drops rapidly via substrate cool-

ing. Due to its higher thermal conductivity, the cooling rate

in the Cu substrate case is about twice of the case of

Cu46Zr54 glass substrate. The Cu nanocrystal formed on the

Cu substrate has entropy lower than the SCGM by �1.5 J/

mol/K at 500 K.

We also examined nanodroplets of various sizes (4 to

30 nm in diameter; 2580 to 1 083 171 atoms) and larger sub-

strates (up to 7 680 000 atoms), with a range of impact veloc-

ities (0.01–0.5 km/s), and various orientations for the Cu

substrates [(100), (110), and (111)] and always obtain similar

results. Our simulations show that nanodroplets �30 nm in
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FIG. 1. (Color online) Radial distribution functions of various nanodroplets

after impacting on various substrates at various impact velocities. The Cu

nanodroplets form nanocrystals on the Cu crystal subsrate but become amor-

phous glasses on the Cu46Zr54 glass substrate.

FIG. 2. (Color online) Snapshots of Cu nanodroplet (10 nm in diameter)

impacting at 0.1 km/s on (a, b) a Cu single crystal substrate and (c, d) on a

Cu46Zr54 glass substrate. (e) analyzes the structure of crystalline, liquid, and

glassy Cu and Cu46Zr54 glass using the Honeycutt-Andersen (HA) metric.

Here, 1421 is characteristic of FCC (face-centered cubic) structure while

equal amounts of 1421 and 1422 are characteristic of HCP (hexagonal close-

packed) structure. On the other hand, 2331 and 1551 indicate icosahedral

packing characteristic of liquid or glassy metals; also 1431 and 1541 indices

show the structure of liquid state.11–14 (b) and (d) are cross-sectional views;

here, (b) shows some growth twins and FCC stacking faults. The HA indices

for Cu46Zr54 glass, Cu glasses, and Cu liquids all contain the icosahedral HA

indices (2331 and 1551) of a liquid or glass but drastically different from

those for crystalline Cu (e.g., 1421).
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diameter form SCMGs via ND-AS. We also performed the

same simulations with another Cu-Zr potential,19 leading to

nearly identical results.

For an impact velocity of 0.01 km/s, a nanodroplet at

1300 K and diameter of 30 nm achieves a cooling rate of

�2� 1012 K/s, which we find is sufficient for SCMG forma-

tion on a glass surface. For an impact velocity of 0.5 km/s, a

nanodroplet at 1300 K and diameter of 4 nm, achieves a

cooling rate of �1� 1013 K/s, which we find is also

sufficient for SCMG formation. However, for a crystalline

substrate, we find that these same conditions lead to crystalli-

zation. Our interpretation is that the glass substrates lack the

heterogeneous crystallization nucleation sites. That is, the

high energy-barrier for homogeneous crystal nucleation

leads to kinetics too slow to compete with glass transition,

and thus to SCMG formation. The high temperature gradient

near the substrate surface initiates the growth of the SCMG.

It has also been suggested that free-standing submicron

droplets of high purity metals may become amorphous solid-

like phases in vacuum via thermal radiation cooling.20

We claim that two conditions, rapid quenching due to the

size of the nanodrop hitting the cool substrate and the amor-

phous nature of the substrate, are both essential to obtain a sin-

gle component amorphous metal. Evidence in favor of this is

presented in Fig. 3(a), where the cooling for the Cu substrate

is even more rapid than that for the amorphous substrate, but

we find rapid crystallization of the droplet on the crystal sub-

strate but not on the amorphous substrate. In addition, we did

a simulation of annealing the amorphous droplet (4 nm in di-

ameter) without substrates from 600 K to 300 K over 100 ps

and found that the droplet retains the amorphous structure.

Of course, numerous droplets must be deposited to pro-

duce a macroscopic amorphous film. Thus, one must wonder

whether the growth of the pure Cu amorphous film might

eventually lead to nucleation of the crystal phase. To demon-

strate that this does not occur we continued to impact nano-

droplets (4 nm in diameter) of Cu at 1300 K onto the

growing film until 180 nanodroplets had been added. We

modeled this by constructing a 20� 3� 3 array along the

x,y,z directions, respectively (x is the impact direction), of

nanodroplets (each 4 nm in diameter) spaced by 12 nm� 5

nm� 5 nm using an impact velocity of 0.2 km/s (so that the

time between successive nanodrops hitting the amorphous

surface is larger than 40 ps during which the previous liquid

droplets became solid amorphous). We find that the bulk

film (now 18.5 nm thick) remains amorphous until the sys-

tem reaches equilibrium. The combination of rapid cooling

rate and amorphous substrates still avoids heterogamous

nucleation of crystals. The high viscosities (low diffusion

coefficient) of the SCMGs make the phase transition from

amorphous to crystal phase kinetically unfavorable.

We have demonstrated that the synthesis of SCMGs via

thermal spray of nanodroplets on amorphous substrates is

viable for pure Cu, and we expect it to apply equally to other

elemental metals. The thermal spray conditions required to

form SCMGs are technically viable, and hence, we expect

that ND-AS may provide opportunities for broad applica-

tions that fully exploit the uniqueness of metallic glasses.
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FIG. 3. (Color online) Temperature and entropy evolution of the 4-nm
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tial impact and then decreases, with an exponential cooling rate (exponential

fitting parameter) of 9.7� 1010 s�1 for Cu substrate and 4.5� 1010 s�1 for

the glass substrate. (b) The entropy as a function of the temperature (below

700 K). The big difference between the crystal and amorphous substrates

shows up below 700 K where the entropy of SCMG formed on amorphous

substrate is about 0.2R higher than that of the nanocrystal formed on the

Cu substrate at 500 K. Here, R is the gas constant. Inset shows the whole

temperature range. The numbers shown are the ratio of HA index 2331 to

the sum over all the cases for the first nearest neighbors.
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