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a b s t r a c t   

A new type of color-changing metallic glasses is discovered: the color can change continuously and 
spontaneously under ambient conditions. The colors are created mostly by the light interference in the 
surface metallic-oxide layer and partially by the optical bandgap energy of the formed yttrium-doped 
cerium oxide. Although metal oxidation is a natural consequence for most metals, this series of yttrium- 
doped and cerium-based metallic glasses are special because i) the oxidation is continuous, allowing color- 
changing; ii) the oxide layer is uniform in thickness avoiding stain and corrosion; and iii) the colors can 
change as fast as in days. The color-changing functionality is greatly connected to the oxygen affinity of the 
cerium constituent, the glassy structure devoid of grain boundaries, and the regulation from the yttrium 
dopant. This work not only demonstrates a new direction for metal oxidation but also points out new 
applications of metallic glass. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Colorful materials are a long-lasting desire throughout history. 
Cloisonné vase [1], the Lycurgus Cup [2] and stained glasses [3] have 
been admired for centuries because of their representative beauty. 
Besides, surface colors of commodities can satisfy customers’ aes-
thetic taste; the latest smartphones and laptops have more than five 
frame colors. Colors in metals are quantum effects. Because the 
bandgap energy between the 5d and 6s electron orbits of gold is 
1.9 eV matching the photon energy of blue light, gold absorbs blue 
lights and appears yellow. Colors on metals, however, are pre-
dominantly created by three mechanisms: i) by tuning the optical 
bandgap energy of co-alloyed metallic oxides with nitrogen or 
oxygen doping [4,5]; ii) by plasmonic interactions between light and 
nanostructures [6,7]; and iii) by light interference generated from an 
oxidized surface layer of metals [5]. Well-known examples are ti-
tanium-based alloys whose surface is colorized by electrochemical 

oxidation forming transparent oxide of thickness matching the in-
terference conditions [8–11]. These coloring methods are appro-
priate for forming stable colors but are unsuitable if color-changing 
is required, i.e., color changes over time due to continuous chemical 
reactions with the environment. Bronze is a typical color-changing 
alloy: starting from golden color, bronze gradually turns to green by 
reacting with oxygen, water and carbon dioxide, and forming basic 
copper carbonate. While bronze is attractive for its aesthetic taste, 
its spontaneous colorization is too slow (in decades) to appreciate. 
Therefore, it is necessary to develop metallic materials that have 
faster color-changing rate. 

To develop such color-changing metals, oxidation at ambient 
conditions is selected as the reaction type. The oxidation of metals 
proceeds in three stages. At the initial stage, owing to tunneling and 
thermal emission, electrons quickly migrate from a metal/oxide in-
terface to an oxide/air surface and form different types of anions 
(O , O , O2

2
2 ) with the oxygen species. An electric potential (Mott 

potential) [12–14], set by positive metal ions at a metal/oxide in-
terface and the negative oxygen ions at an oxide/air surface, quickly 
saturates. Then, the Mott potential and chemical potentials (µ +[M] at 
a metal/oxide interface; µ[O] at an oxide/air surface) both assist the 
migration of metal cations and oxygen anions enhancing the oxide 

https://doi.org/10.1016/j.jallcom.2021.160139 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   
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growth [14,15]. Next, electron tunneling and ionic diffusion are in-
hibited with thickening of a surface oxide layer due to the at-
tenuation of Mott potential [16]. While the overall oxidation is 
slowed down, local Mott and chemical potential may keep pro-
moting the local oxidation. Eventually, oxidation is ceased except for 
thermal-emission-induced slow oxidation. The above-mentioned 
procedures are finished when an oxide layer becomes compact; 
otherwise, the steps will continuously be repeated [17]. 

Applications of color-changing metals having spontaneous sur-
face colorization under ambient conditions require the oxide layer 
growth to be i) continuous and ii) uniform in thickness to avoid 
stained surfaces. Continuous oxidation depends on temperature. For 
example, the chromium oxide layer in stainless steels is compact at 
room temperature but not at temperatures above 1000 K [18]. 
Cerium has an incompact surface layer at room temperature making 
its room-temperature oxidation continuous [19]. The compactness of 
the oxide layer predominantly depends on a Pilling-Bedworth ratio 
(PBR – defined as a ratio of a consumed oxide to metal to the specific 
volume). When PBR is low, the density of an oxide matches that of 
base metal and then the oxide-layer growth stops after the initial 
stage of oxidation. For example, aluminum oxide is stable because of 
its low PBR of 1.28 (Ref. [19,20]). When PBR is high, a density mis-
match exists, microcracks are formed in the oxide layer generating 
local fast-diffusion pathways for cations and anions [21]. A uniform 
growth of the oxide layer requires no grain boundaries. For poly-
crystalline metals, the oxidation rate at the grain boundary is several 
orders of magnitude higher than that on the lattice [15,22]. Lacking 
grain boundaries, metallic glasses (MGs) have more homogeneous 
surface structure without preferential templating sites for oxidation, 
and hence an oxide layer of naturally-defined uniform thickness can 
be grown. 

Although the oxidation and optical properties of MGs have been 
studied in many cases [23–27], their potential as color-changing 
metals has never been explored. Besides, rare-earth elements like 
cerium are frequently used in pigments [28] and optical materials  
[29,30]. Therefore, a combination of the optically-active rare-earth 
oxides and the mechanical performance of MGs [31,32] is expected 
to bring color-changing metals. 

2. Methods 

(Ce0.69Al0.10Cu0.20Co0.01)100−xYx (x = 0, 1, 3, 5, 10, 15, 20 at.%) MGs 
were selected in the present work. For simplicity, S0, S1, 
S3, S5, S10, S15, and S20 are used to represent the 
(Ce0.69Al0.10Cu0.20Co0.01)100−xYx MGs where S denotes sample, and 
the number after S denotes x. The alloys were prepared by arc- 
melting the high purity Ce (99.5%), Al (99.9%), Cu (99.9%), Co (99.9%) 
and Y (99.5%) elements into ingots, and then re-melted for five times 
to ensure compositional homogeneity under Ti-gettered argon at-
mosphere. The glassy ribbons, about 50 µm thick and 2 mm wide, 
were obtained by melt-spinning the molten master ingot onto a 
copper wheel under argon atmosphere. The amorphicity was con-
firmed by X-ray diffraction (Bruker D8) and by selected area electron 
diffraction (SAED, JEOL 2100 Plus). Thermal properties were mea-
sured by a differential scanning calorimeter (DSC, Perkin Elmer DSC 
8000) at a heating rate of 20 K min−1. The glass-transition tem-
perature (Tg) ranges from 350 K to 360 K for all MG ribbons. Ribbons’ 
surface was imaged under an optical microscope (Leica DM 2700 M), 
and the ribbons’ cross-section was examined in a high-resolution 
transmission electron microscopy (HRTEM, JEOL 2100 Plus). 
Reflectance spectra were measured by a fiber-optic spectrometer 
(Light Source: EQ99, Energetiq; spectrometer: HR 2000, Ocean 
Optics) in the spectral range of 350–800 nm. Diffuse reflectance 
spectra were measured by a universal measurement spectro-
photometer (Cary 7000, Agilent). The oxide layer thickness was 
measured by a dual-beam electron microscope (Thermo Fisher 

Helios G4 CX) or by transmission electron microscope (TEM, JEOL 
2100 Plus). The mechanical properties of the oxide layer were 
measured by a nano-indentation system (Bruker Hysitron TI 950). 
Oxidation kinetics were measured by a thermal gravimetric analyzer 
(TGA, Mettler Toledo TGA2). Sample displays were obtained by pi-
cosecond-pulsed laser cutting at a laser wavelength of 355 nm and 
an output power of 20 W (Photonics Industries International Inc.). 
The colors were quantitatively evaluated by calculating the chro-
maticity x and y using the CIE color space standardized by the in-
ternational commission on illumination (x = X ÷ (X + Y + Z), 
y = Y ÷ (X + Y + Z), and z = 1 − x − y). The X, Y and Z were measured 
using a colorimeter (NR110, 3nh with D65 illuminant and using at an 
aperture size of 4 mm). Fluorescent microscope images were taken 
under fluorescence microscope (BX51, Olympus). The photo-
luminescence spectrum of the samples was quantified by a confocal 
micro-photoluminescence system (IK5551R-F, Kimmon Koha Co. 
Ltd.) at an emission wavelength of 325 nm. 

3. Results and discussion 

3.1. The colors of metallic glasses and photoluminescence 

Natural colors appear on the surface of the Y-doped and Ce-based 
MG ribbons after aging at ambient conditions. The decorations and 
ribbons of a series of Y-doped Ce-based MGs are attached to a cy-
lindrical black support, and the overall is imaged with a camera.  
Fig. 1a shows the general look of a series of the 400-day aged S1, S5, 
S10, S15, S20 ribbons, and the laser-cut apple-, dolphin- and star- 
shaped decorations of the 43-day or 13-day aged S5 ribbons. Clearly, 
blue color is shown on the surface of the 43-day aged S5 decorations, 
and in contrast, yellowish color is shown on the surface of the 
13-day aged S5 decorations. On the other hand, even after 400-day 
aging in air and at room temperature, all Y-doped Ce-based MG 
ribbons show bright but different colors with high quality, e.g., 
magenta color on the surface of S1 ribbon and green color on the 
surface of S15 ribbon. In more details, the colors on the two ends of 
MG ribbon are slightly different, indicating that the colors may 
change with the relative angles of the incident light at the surface 
(these ribbons are attached to the cylindrical support). Strong re-
flection is clearly shown in the middle of the ribbon, e.g., S10 ribbon. 

Apart from the natural colors, photoluminescence is found on 
these MG ribbons, too. Fig. 1b exhibits the fluorescent microscope 
images of the 410-day aged S5 ribbon, where the colors on the MG 
ribbons are different without and with a violet light source. Photo-
luminescence spectra are provided in the Fig. S1 under a ultraviolet 

Fig. 1. (a) General look of a series of the 400-day aged Y-doped and Ce-based MG 
ribbons (S1, S5, S10, S15 and S20). The laser-cut decorations (in dolphin, apple or star 
shapes) are the 43-day and the 13-day aged S5s. (b) Fluorescent microscope images of 
the 410-day aged S5 MG ribbon with and without violet source excitation. 
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source of λ = 325 nm. Peaks representing the orange color 
(λ = 610 nm) and green color (λ = 535 nm) have the largest intensities 
correlating well to the fluorescent microscope images of the 410-day 
aged S5. Similar peak positions are found in the photoluminescence 
spectra of another 46-day aged S1. 

3.2. The color-changing functionality of the Y-doped and Ce-based MGs 

The studied MG ribbons contain active elements, e.g., Ce and Y, 
and inevitably oxidize in air and at room temperature. With surface 
oxide layer thicken, colors will be created when the layer thickness 
matches the interference conditions in the visible light frequency 
range. Then, the Ce-based MGs are spontaneously colorized at am-
bient conditions during aging. Color appearance with high-quality is 
attributed to the unique disordered microstructure of Ce-based MGs, 
lacking grain-boundary. Different colors are shown on the surface of 
a series of the 400-day aged MG ribbons (Fig. 1a), which implys the 
significant effect of yttrium doping on the surface colors regulation. 
Moreover, the bright color is attributed to the “glaze” surface of the 
as-spun ribbon acting as a mirror: the surface roughness of the high- 
quality as-spun Ce-based MGs can be as low as ± 1 nm [33], and 
hence no polishing is required to ensure low roughness. The optical 
reflectance in the range of the visible light is 70%. In other words, the 
Y-doped Ce-based MGs has the functionality of color-changing. 
Therefore, the Ce-based MGs gain an immediate aesthetic value 
through spontaneous colorization. 

Fig. 2a and b show the surface colors of the S0 and S5 ribbons 
after aging at ambient conditions for 1–117 days. Colors on the 
surface of S0 ribbons (Fig. 2a) change from yellow to violet. In con-
trast, colors on the surface of S5 MG ribbons change from yellowish 
to violet to green and to violet again (Fig. 2b). In more details, with 
the addition of 5 at% of Y into Ce69Al10Cu20Co1 MG ribbons, more 
colors appear, and the changes of color are faster. Furthermore, the 
color gets deeper with time. The corresponding wavelengths of the 
colors are evaluated by a three-primary colors (RGB) standard 
(Fig. 2c) [34]. For S0, only one cycle of color toning is detected in 100 
days; for S5, 2.5 cycles of color toning are obtained in 100 days. 

The spontaneous colorization is a dynamic process (Fig. 2c). The 
color exhibits a repeating sequence in tone and changes from warm 
to cold tones first and then repeats. The continuous changing of the 
surface color overtime is attributed to the continuous surface oxide 
growth. The surface oxide layer thicken with time is carefully 
verified by SEM in S0 and S5 ribbons after aging for various days 
(Fig. S2). At the same aging time, the oxidation layer of S5 ribbon is 
always thicker than that of the S0 ribbon indicating that the 
additional Y of 5 at.% speeds up the oxidation. Even though the color- 

changing of the surface of Ce-based MGs is as fast as in days, the 
ability of continuous color-changing of the surface with high quality 
can be maintained. With the knowledge of colors and color-changing 
rates at the corresponding Y addition, the Ce-based MG colorization 
is thus regulated. 

3.3. Effects of the cooling rate on spontaneous colorization 

Colors appearing on the free surface and wheel side of the MG 
ribbons are different after 6-day aging in air and at room tempera-
ture (Fig. 3a and b). Besides, the color-changing rate of the 1 mm- 
thick bulk MG plates is much slower than that of the MG thin 
ribbons of the same composition. Melt-spun ribbons are made by 
injecting the molten liquid onto a spinning copper wheel, and hence 

Fig. 2. Surface colors of (a) S0 and (b) S5 ribbons after aging at ambient conditions for 1–117 days. (c) The chromaticity diagram of the colorized S5 ribbons. The colors were 
measured either by a colorimeter (stars) or read from a picture in Adobe Photoshop software (circles). Inset is an enlarged view of the colorized region where the curved arrow 
represents increasing time. 

Fig. 3. Image captured from (a) the free surface and (b) the wheel side of the 6-day 
aged S5 ribbon. (c) A schematic energy-landscape diagram of MG oxidation. Cooling 
rate (ϕc) controls the energy state of the MGs and hence affects the activation energy 
of oxidation (ΔE). 
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the side of the ribbon which comes into the contact with the copper 
wheel (wheel side) has a higher cooling rate (ϕc) and exhibits more 
of Plateau–Rayleigh instability-like features (Fig. 3b) than the 
side exposed to argon atmosphere (free surface) [35]. These 
Plateau–Rayleigh instability-like features are common in other MG 
melt-spun ribbons, and their widths and spacings are beyond the 
light-interference conditions, not corresponding to the colorization. 
The bulk MG plates are suction-casted into a copper mold, by which 
the method is expected to have a ϕc order-magnitude lower than 
melt-spinning. It is then wondered that ϕc may play an important 
role on the spontaneous colorization. As a typical metastable ma-
terial, MGs obtained with high ϕc have high stored energy that helps 
MGs to overcome the energy barrier of oxidation. As schematically 
explained in Fig. 3c, MG of high stored energy has shallow energy 
basin and small energy barrier of oxidation (ΔE), whereas MG of low 
stored energy has deep energy basin and big ΔE. The decrease of ΔE 
indicates that more MG surface atoms could be oxidized explaining 
why a high-ϕc MG has a faster oxidation rate than the low-ϕc MG. It 
needs to be pointed out that due to the low Tg of these Ce-based 
MGs, room temperature is high enough to promote fast relaxation, 
thereby the energy difference caused by ϕc will be eliminated in 10 
days [36]. Furthermore, the surface color on the free surface appears 
deeper (or more saturated) than that on the wheel side, implying 
that the oxide layer grows more compact on the free surface than on 
the wheel side due to slower oxidation. Therefore, ϕc has a strong 
effect on the oxidation rate, and on the spontaneous colorization of 
the MGs. 

3.4. Color reemergence and color contrast of a grinded MG 

After 42-day aging, yellow color appears on the surface of 
S5 ribbon (Fig. 4a). Mechanical grinding is then applied to remove 
the surface oxide, and the ribbon loses its color. However, the S5 
ribbon re-gains its yellow color on further aging in 33 days after 
grinding demonstrating that the oxidized layer is self-healable 
(Fig. 4b). Since the yellow color is reemerged in 33 days instead of 42 
days, it suggests that the oxidation rate is increased after grinding. 
This may be attributed to the rougher surface left after grinding, 
which acts as the heterogeneous site for nucleating oxide and 
promoting faster oxidation. 

After grinding, some scratches and dots are left on the surface 
generating a color contrast between them and the overall surface 
(Fig. 4b). Color contrasts can also be found on other S5 ribbons with 
surface flaws induced either at the manufacturing or processing 
stages. Surface flaws give heterogeneous sites that assist in 

enhancing the local color-changing rate. Unlike the uniform colors 
on the smooth surfaces, the color contrasts created by these surface 
flaws have their own aesthetic values. Fig. 4c presents a yellow 
surface embellished with some blue cavities appearing similar aes-
thetic features of corals, and Fig. 4d exhibits a golden scratch on a 
purple surface mimicking a flash of lightning during the night. The 
variable oxidation rates between the surface and the flaws open up 
the possibilities for designing the aesthetic appearance of MGs via 
manmade surface flaws. Therefore, from an aesthetic point of view, 
the surface of the color-changing metals could be “painted” through 
manmade flaws. 

3.5. The angular reflectance spectra 

Fig. 5a shows the reflectance spectra of the 111-day aged S5 
ribbon where the spectra of light source (dashed line) is also shown 
for a comparison. Here, the incident angle (θ) is defined as the angle 
from the surface, not from the normal. The position of the re-
flectance maximum (λ1) measured at θ of 70° is 604 nm, consistent 
with the color captured under an optical microscope at θ = 90°. As 
shown in Fig. 5a, when θ shifts to smaller angles (50°, 30°, 10°), 
λ1 decreases (596 nm, 558 nm, 551 nm). Meanwhile, when testing 
another 76-day aged S5 at θ = 60° (Fig. 5b), the position of λ1 is 
510 nm. In comparison with λ1 of the 111-day aged, there is an ob-
vious increase of λ1 with the increasing t. 

Both the increase of λ1 with increasing θ and the red shift of λ1 with 
increasing t indicate the continuous thickening of the surface oxide 
layer (Fig. 5). For the 111-day aged S5, the thickness of the oxide layer 
(d) is estimated to be 221  ±  29 nm (d = λ1/(2n2sinθ); n2 – the refractive 
index of the oxide of 1.57  ±  0.02 as measured) and d is about 187 nm 
for the 76-day aged S5, consistent with the thickness measured by SEM 
(Fig. S2). In other words, the continuous surface oxide growth is the 
reason why the surface color continues to change. On the other hand, 
valleys shown in Fig. 5a demonstrate the existence of intrinsic colors. 
Measured by the diffuse reflectance spectra, the electron bandgap 
energies of the surface oxides detected on the 155-day aged S0 and S5 
ribbons are 2.42 eV and 2.99 eV, respectively, corresponding to the 
absorption of green and purple colors (Fig. S3) [5,37,38]. We attribute 
the origin of this intrinsic color to the electron bandgap energy of the 
Y-doped CeO2 because cerium oxides are attractive as pigments due to 
their yellow coloration [28], and their colors can be easily changed by 
dopants [39]. 

3.6. The SEM and HRTEM analyses 

Fig. 6a shows the SEM examination on the wheel-side surface of 
the 79-day aged S5, and striped texture is present on the surface. A 
cross section of the surface oxide layer is exposed by ion etching, and 
from SEM, distinguishing contrast presents the uniform surface 
oxide layer with the thickness about 269 nm for the 114-day aged S5 
(Fig. 6b). For more detailed information, the surface oxide layer of 
the 46-day aged S5 is further investigated by HRTEM (Fig. 6c). Three 
distinct regions are identified: oxide, affected region and the MG 
substrate, where the thickness of the oxide layer about 160 nm for 
the 46-day aged MG. Here, distinct dark-and-bright contrast appears 
in the oxide layer correlating with some intrinsic body structures. 
The formed oxide is amorphous, as confirmed by SAED (insets of  
Fig. 6d and e). 

Undifferentiated contrast on the surface suggests that the 
oxidation rate on every surface location is nearly the same (Fig. 6a). 
As a result, the thickness of the surface oxide layer appears uniform. 
However, distinct dark-and-bright contrast appears in the oxide 
layer (Fig. 6c), suggesting a heterogeneous structure of the thin layer. 
According to the Lambert-Beer law, the intensity is attenuated by 
both oxide thickness and density. Since the oxide thickness is 
uniform, the contrast is attributed to the varying oxide density. 

Fig. 4. (a) Yellow appears on the 42-day aged S5 ribbon. (b) Yellow reemerges in 
33-day after mechanical polishing the sample of part (a). (c) Casted cavities are found 
on the surface of the 81-day aged S5 ribbon, and (d) as-spun scratches are left on 
another 57-day aged S5 ribbon. 
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Fig. 5. Reflectance spectra of the 111-day and 76-day aged S5 ribbons. (a) Angular (θ) dependence of the reflectance for the 111-day aged S5. (b) Time (t) dependence of the 76-day 
and 111-day aged S5 measured at θ = 60°. 

Fig. 6. (a) SEM examination of the wheel-side surface of the 79-day aged S5. (b) SEM image of the cross-section of the 114-day aged S5 ribbon reveals an oxide layer thickness of 
269  ±  8 nm. A Pt layer is deposited onto the sample before ion etching to protect the oxide layer and to reduce charging. (c) HRTEM image of the 46-day aged S5 where porous 
regions are circled in yellow for guidance. A close-up view (d) reveals a 10 nm affected region between the glass and the oxide; and (e) shows a porous oxide layer. SAED patterns 
(insets) confirm the amorphicity at (d) and (e) locations. 
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Porous regions are then identified. Such structure is pronounced for 
short-term aging, suggesting a fast dynamics of the oxide growth at 
the beginning of spontaneous colorization. Yet, the contrast dis-
appears for samples after long-time aging, implying that a compact 
surface layer has formed. This explains why light color is observed at 
the beginning whereas deep color is detected after aging. Therefore, 
the surface-color appearance is not only controlled by the oxide 
thickness but also by its compactness. 

3.7. Thermal gravity analysis 

The oxidation kinetics of high-purity Ce, crystalline 
Ce69Al10Cu20Co1 and S0 are compared (Fig. 7a). A critical tempera-
ture Tc, defined by the intersections of the extensions of slow and 
fast weight gains as shown in Fig. 7a, marks the transition point from 
low-T (slow) to high-T (fast) oxidation. Below Tc, the oxidation rate 
of both high Ce and the crystalline counterpart is comparable, and is 
four times faster than S0 ribbon (Fig. 7a). Above Tc, the oxidation rate 
of both MG and the crystalline counterpart is comparable, and is 
lower than high-purity Ce. Compared with the high-purity Ce and 
the crystalline counterparts, MG has the highest Tc and the lowest 
weight-gain at Tc. Uniform yellow color is shown on the surface of 
the S0 ribbon after 14-day aging at ambient conditions (Fig. 7b). In 
sharp contrast, the surface of the crystalline Ce69Al10Cu20Co1 metal 
tarnishes after 5-day aging at ambient conditions (Fig. 7c). 

Below Tc, the oxidation rate of crystalline counterparts is four 
times faster than the Ce-based MG ribbon (Fig. 7a) due to the grain 
boundaries, thus the surface of the crystalline metal tarnishes due to 
the fast oxidation rate (Fig. 7b and c). Moreover, above Tc, the oxi-
dation rate of Ce-based MG and crystalline counterpart is compar-
able because Tc is high enough to make Ce-based MG completely 
crystallized. The highest Tc and the lowest weight-gain at Tc de-
monstrate good stability of slow oxidation. 

4. Discussions 

The spontaneous colorization of the Y-doped and Ce-based MGs 
gains an immediate esthetic taste for color applications. The smooth 
surface of the melt-spun ribbon provides uniform colors, while de-
signed surface patterns may provide color contrasts. For single-color 
applications, air isolation, e.g., pasting a plastic tape on the ribbon, 

can slow down the color-changing rate and maintains the surface 
colors present at certain days of aging. However, the color-changing 
functionality itself may create a new phase of applications. How 
interesting if the frame color of our laptop or cellphone could be 
spontaneously changed everyday? How surprising if a portrait con-
tinuously changes its color contrast? Bronze statue is appealing not 
only by its golden color when firstly made but also by its green 
appearance after continuous color changing in ages. For the Y-doped 
and Ce-based MGs, the waiting time of color changing is greatly 
reduced. 

Finally, we emphasize the benefits of using glassy alloys instead 
of crystalline alloys for spontaneous surface colorization. The 
homogeneous structure of MGs, lacking the grain-boundary features, 
allows for the same oxidation rate on every surface location and for 
delivering uniform thickness of oxide layers; those are the necessary 
prerequisites for high-quality color appearance. The melt-spun MG 
ribbons can have a very smooth surface with a nanometer-scale 
roughness and hence deliver a glazed surface. With a PBR of 1.50 for 
the Ce-based MG [19,40], the residual stress is compressive for the 
oxide and tensile for the MG. Because MGs have an elastic strain- 
limit as large as 2% (Ref. [41]), nearly 10 times of the crystalline 
metals, cracking of the surface oxide is less severe for MGs than for 
their crystalline counterpart. The oxide layer of MG is also more 
stable against fast oxidation than the crystalline counterpart and the 
high-purity Ce. In addition, MGs have excellent mechanical perfor-
mance, including large elastic-strain limit, high strength and for 
some compositions, a combination of high toughness [31,42,43]. The 
apparent nano-hardness of the 88-day aged S5 with a 200 nm-thick 
oxide layer is 2.47  ±  0.06 GPa (the value also accounts for the re-
sidual stress in the oxide layer), higher than that of the pristine MG, 
2.03  ±  0.02 GPa; the melt-spun ribbons are ductile, for example, the 
Ce-based MG ribbon can be scissored at room temperature or 
thermo-plastically moulded in hot water [44,45]. All these char-
acteristics summarized above demonstrate that the Y-doped 
Ce-based MG ribbons rather than crystalline alloys are good 
color-changing metals. 

5. Conclusions 

In summary, a new type of color-changing metals, namely a 
yttrium-doped cerium-based metallic glass, is developed to be 
capable of spontaneous colorization at ambient conditions. The 
achieved colors are regulated, and the formed oxide is self-healable. 
Colorization appears due to the interfering color from a growing 
oxide layer on the metallic glass surface and due to the intrinsic 
color from the optical bandgap energy of the yttrium-doped cerium 
oxide. The continuous growth of a uniform oxide layer of the 
cerium-based metallic glass stems from the glass’s low Tg, from a 
low Pilling-Bedworth ratio and the glassy structure itself lacking 
grain boundaries typical in polycrystalline metals. The spontaneous 
colorization and the unique aesthetic value of the cerium-based 
color-changing metals open up new directions for both fundamental 
science and practical applications. 
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sponding temperatures mark the glass-transition temperature (Tg), the end of primary 
crystallization (Tx) of the glass, and the transition point from slow to fast oxidation 
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Ce69Al10Cu20Co1 ribbon after 5-day aging; both aged at ambient conditions. 
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