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ABSTRACT

This work describes the performance of multilayer Ru-Pt coatings with Ti as the interlayer deposited on
graphite substrate for applications in precision glass molding (PGM). Different from the previous evalu-
ations with other kinds of coatings for PGM temperatures below 650 °C, we studied the anti-sticking
behavior of the developed coatings by annealing them at 750 °C with aluminosilicate glass coverage in
a rough vacuum environment. Glass adhesion was not observed even after 40-hour annealing suggesting
the high chemical inertness of the coatings at the high temperature. In addition, the Ru-Pt multilayer
coatings exhibited a better anti-sticking property than monolayer (Ru or Pt) coatings. The microstructure,
surface morphology, and hardness were further characterized. High-resolution transmission electron
microscopy (HRTEM) analysis confirmed the perseverance of layered structure after annealing at
750 °C and the hindrance effect on dislocation motion and diffusion arising from the Ru-Pt interfaces.
After long-term annealing, interdiffusion leads to Pt-Ru solid solutions, which further enhance the
mechanical performance and stability of the noble metal coatings, beneficial for prolonging the lifespan
of PGM molds and the optical quality of molded glass. The high anti-sticking and mechanical perfor-

mances of the developed coatings were finally confirmed in industrial tests.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Precision glass components with complex surface profiles or
features are at the core of advanced optics in numerous applica-
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tions, including consumer electronics, laser technology, and medi-
cal technology [1,2]. To produce such glass parts in high volume,
precision glass molding (PGM) is widely employed [3,4]. In PGM,
the glass-mold adhesion must be inhibited to ensure high quality
and polish-free glass surfaces; it endows PGM exceptionally cost-
effective in mass production compared with the conventional
grinding-polishing process. However, such a requirement is uneasy
to meet. In PGM, mold surfaces experience severe cyclic thermo-
mechanical loadings in contact with a softened glass workpiece
at temperatures above its glass transition temperature (Tg) [5];
the occurrence of adhesion and even chemical reaction between
contact surfaces results in premature mold failure, imperfections
in molded glass surfaces, and the loss of dimensional control. Thus,
the improvement of the inertness of mold surfaces at high temper-
atures draws research attention [6-8].

For PGM, tungsten carbide (WC) is regarded as an appropriate
mold material owing to its high hardness, thermal stability, and
wide availability. However, diamond turning must be employed
for machining such a hard and brittle material, making WC molds
extremely costly and time-consuming to fabricate [9]. In addition,
it possesses a tendency to react with glass because tungsten and
binder materials (e.g., Co) are active at elevated temperatures
[10,11]. Hence, WC molds must be coated with inert materials to
prolong their service life. It is noted that the literature of the coat-
ings on WC substrate for PGM explores the anti-sticking and
mechanical performance under the molding temperatures below
650 °C [10,12] probably because most optical glass, essentially
borosilicate glasses (BSGs), can be molded below it.

However, the challenge encountered is to thermoform alumi-
nosilicate glasses (ASGs) that are ubiquitously used as screen cov-
ers and will find further applications in virtual/augmented reality
(VR/AR) glasses and smart vehicles. The molding temperatures
for ASGs must be in the range of 700 - 800 °C, which is an unat-
tempted temperature range for PGM coatings. WC molds become
even more costly to use in this higher temperature range because
of the significantly reduced tooling life, the consequence of
enhanced diffusivity and reactivity of active elements. Hence, gra-
phite is more used owing to its thermal stability and, more impor-
tantly, excellent machinability [13] because the latter gives rise to
the low manufacturing cost in production trials for compensating
form errors. However, graphite is low-strength and brittle, thermo-
mechanical loading and glass sticking in a molding process quickly
damage the surfaces of graphite molds, leading to the adherence of
graphite powders on molded glass surfaces. These glass surfaces
must be ground and polished, making the graphite-based molding
no longer high-precision and cost-effective; that is, graphite-based
glass molding is no longer a PGM process.

Hence, the technical question in this work is whether graphite-
based glass molding can still reach a high precision if appropriate
protective coatings are used. The essential requirements for such
surface coating are (1) superior thermal stability, (2) high hardness
with sufficient thermal-shock resistance, (3) high chemical inert-
ness with glass elements. With this question, let us briefly review
the recent investigations of PGM coatings.

In a nutshell, PGM coatings can be classified into three types,
namely, diamond-like carbon (DLC) coatings [14], ceramic coatings
(e.g., TaN, TiAIN, CrWN) [6,15,16], and noble metal coatings [17-
19]. Although DLC coatings have excellent anti-wear and self-
lubrication performances at low temperatures, their poor thermal
stability (transform to graphite at temperatures over 600 °C) and
high fabrication cost (requiring special facility) restrict the applica-
tion for PGM in the glass industry [20,21]. Ceramic coatings
demonstrated better thermal stability than DLC coatings. However,
at temperatures higher than 500 °C [22], oxidation of metallic ele-
ments occurs easily, resulting in glass adhesion and coating deteri-
oration. Noble metal coatings are considered to be the most
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reliable for PGM and have been widely utilized industrially due
to their superior resistance to corrosion and oxidation and high
operating temperatures (typically 600 — 700 °C) [11]. Noble metals
such as platinum (Pt), iridium (Ir), and rhenium (Re) were widely
studied in the past years for PGM application. Among them, the
Pt-Ir coating system is the most employed because of its high oxi-
dation and corrosion resistance and excellent anti-sticking
performance.

However, for high-T, glasses (e.g., ASGs), noble metal coatings
may still suffer from oxidation and sticking problems when
T greater than 700 °C. Furthermore, Ir is three to four times more
expansive than Pt, making the glass industry daunting to employ.
Thus, new coating systems must be explored to address these chal-
lenges. In the noble metal group, ruthenium (Ru) is a low-cost
(around 1/3 cheaper than Pt) and highly inert element. The oxida-
tion resistance of Ru is even higher than that of other noble metals,
such as Pt and Ir [23]. Chen et al. [24] developed MoRu coatings on
WC substrates; after annealing at 600 °C, they observed that coat-
ings with the higher Ru content (at least higher than Mo content)
exhibited superior oxidation resistance and higher hardness. These
results indicate that Ru can be a coating material for PGM when an
increase in chemical inertness is required, especially when high-T,
glasses are subjected to molding. Nonetheless, pure Ru is brittle
owing to the HCP structure; hence a ductile noble metal, such as
Pt, may be involved in the coatings. It is noted that the Ru-Pt sys-
tem has been employed for electrocatalysis [25] and for making
contact electrodes [26], owing to its superior oxidation and corro-
sion resistance. Following these practices, a multilayer Ru-Pt coat-
ing with titanium (Ti) interlayer was developed on graphite
substrates by the magnetron sputtering technique. The anti-
sticking performance of the coating was evaluated by annealing
coated samples with ASG coverage. In addition, phase stability,
microstructural evolution, and mechanical properties of the Ru-
Pt multilayer coatings were examined. Based on these characteri-
zations, enhancement in mechanical and anti-sticking perfor-
mances, in comparison with monolayer (Ru or Pt) coatings, were
explained.

2. Materials and methods

A magnetron sputtering system (Denton Explorer 14 Sputtering
System) was employed for the deposition of thin films. Pure Ru, P,
and Ti disks with diameters of 50.8 mm, 50.8 mm, and 76.2 mm,
respectively, were utilized as the sputtering targets with constant
substrate-to-target distance in the vacuum chamber. The sub-
strates were graphite cubes with a side length of 5 mm, which
were initially ground and polished by applying diamond paste to
achieve ultrasmooth surfaces (roughness Ra < 10 nm). Before the
deposition process, the vacuum chamber was pumped down to
8 x 1077 torr followed by argon (Ar) gas inlet as plasma source.
Ar flow rate was maintained at 30 sccm, and all the targets were
pre-sputtered to obtain clean target surfaces. Ti interlayer of
50 nm thickness was deposited on the graphite substrates to
improve adhesion between protective coating and substrate. Mul-
tilayer Ru-Pt coatings were accomplished by alternative deposi-
tion of Ru and Pt layers, each with a thickness of 40 nm. The
total number of deposited layers were 21, starting and ending with
Ru (Ru-Pt-Ru-Pt-Ru...Pt-Ru); thus, the total thickness of the
multilayer coating was 840 nm. The monolayer Ru or Pt coatings
with a thickness of 840 nm were deposited on substrates with
80 W input power as the control samples.

To investigate the chemical inertness of the developed coatings,
an ASG piece (Corning Gorilla glass 5, T, ~ 630 °C) was positioned
on the coated samples and heated in a quartz tube furnace under a
rough vacuum (~1 mbar) condition. Annealing involved the rise in
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temperature with a heating rate of 5 °C/min from room tempera-
ture to 750 °C and soaking for 2, 20, and 40 h, respectively. After-
wards, annealed samples were cooled down in the tube furnace to
room temperature. The as-deposited and annealed samples at
750 °C for 2, 20, and 40 h are designated as AD, 750-2 h, 750-
20 h, and 750-40 h, respectively.

X-ray diffractometer (Rigaku SmartLab) with Cu-Ko radiation
was employed to investigate the crystallinity of the developed
coatings before and after annealing. The Cu-Ko radiation was pro-
duced from copper anode operated at 45 kV and 200 mA. The sur-
face morphologies and surface roughness were evaluated by
scanning electron microscopy (SEM-TESCAN VEGA3) and scanning
probe microscopy (SPM-Bruker Nasoscope 8), respectively.
Nanoindentation tests were performed on all the Ru-Pt coated
samples to determine the mechanical properties, such as hardness
(H) and Young's modulus (E) using Berkovich indenter (Hysitron
Nanoindentation system). A load of 250 uN was used for all the
samples, and thus, the penetration depth was not exceeded above
10% of the overall coating thickness in order to avoid the substrate
effect. The chemical binding of multilayer coatings was examined
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
Nexsa). The nanostructure of the multilayered coatings was exam-
ined by scanning/transmission electron microscope (S/TEM, FEI
Talos 200X) operated under a 200-kV accelerating voltage. A
dual-beam focused ion beam (FIB) equipped with ultrahigh elec-
tron beams and ion beams were employed to prepare cross-
sectional TEM specimens. Before ion-beam cutting, the Pt protec-
tion layer was deposited to the specific surface area of the sample
by using electron-beam (e-beam) deposition at 2 kV and then ion-
beam deposition at 30 kV. Then the sample is deeply trenched in
the Pt-coated area by the gallium ion beams. Following that, the
TEM micro-sample was extracted from the bulk sample, lifted
out using a micromanipulator, and then transferred and welded
to a TEM sample mount. Further thinning of the lamella was con-
ducted with FIB milling to achieve electron transparency
(<100 nm). Ru-Pt multilayer coatings were also deposited on larger
graphite (~40 x 40 mm) plates, which were subsequently used to
press ASG using an industrial glass molding system with an N,-
flowing environment to investigate the performance of the devel-
oped coatings in the harsher environment.

3. Results and discussion
3.1. Phase identification

Fig. 1(a) shows the photographs of the coatings in the as-
deposited and annealed states. Visually, the annealed coatings
(750-20 h and 750-40 h) remained almost identical to the as-
deposited one (i.e., no delamination, color change, or surface con-
tamination), and the glass pieces used as the coverage in annealing
remained fully transparent. Fig. 1(b) shows the XRD patterns of the
substrate and the Ru-Pt coated samples before and after annealing.
These patterns exhibit a similar set of peaks before and after
annealing, signified by the reflections of Ru (HCP), Pt (FCC), Ti
(HCP), and graphite substrates. In the as-deposited coatings, pri-
mary diffraction peaks of Pt and Ru located at 39.7° and 42.2° cor-
respond to the preferred orientation of (111) and (002) planes,
respectively. After two hours of annealing at 750 °C, annealed coat-
ings maintained the stable structure of Pt and Ru phases except
that the diffraction peak of Pt (111) slightly shifted towards the
higher angles corresponding to a lattice expansion. Such a result
is similar to those reported in ref. [27,28], which is likely due to
a decrease in compressive residual stress. With continuous anneal-
ing for 20 h and 40 h, the Pt (111) diffraction peak became nar-
rower and more intensified but no longer shifted, whereas the Ru
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(002) weak peak shifted slightly towards lower angles. The Pt
(111) and Ru (002) peaks can be utilized to estimate the average
crystallite sizes. The crystallite sizes of the Pt and Ru in the as-
deposited and annealed state were calculated by using Scherrer’s
equation [29].

k.
- pCos6 (1)

where D is the average crystallite size, k is a constant (0.94), Z the X-
ray wavelength (1.54 A for CuKa), 0 the Bragg angle pertaining to a
peak, and B the full width at half maxima (FWHM). Thus, the crys-
tallite size was calculated to be 9.7 and 16.9 nm for Pt and Ru in the
as-deposited state, respectively, and 17.2 and 8.2 nm for Pt and Ru
in the 40-hour annealed state, respectively. It is noted that the Pt
crystallite size increased after annealing, whereas, for Ru, annealing
led to a decrease in crystallite size, indicating grain refinement. This
grain refinement can be ascribed to the twinning induced grain sub-
division, which will be exhibited by TEM results.

3.2. Surface morphology and roughness studies

Surface morphologies of Ru-Pt multilayer coatings evaluated by
SEM are exhibited in Fig. 2. It is observed that the DC sputtering
resulted in the continuous, dense, and coarse surface morphology
(Fig. 2(a)). The associated energy-dispersive X-ray spectroscopy
(EDS) analyses showed reflections of Ru and Pt. As the sampling
depth of EDS is in the micrometres range [30], larger than the over-
all coating thickness, reflections of carbon from the substrate were
also recorded, as depicted in Fig. 2(b). It is observed that the Pt and
Ru grains become slightly more spherical after prolonged anneal-
ing (Fig. 2(e, g)). No surface cracks were observed on the
multilayer-coated samples. The surface morphologies of 840 nm
monolayer Ru and Pt coated samples before and after 2 h annealing
at 750 °C are exhibited in Fig. 3. A few micro-cracks on the Pt sur-
face without annealing were observed (Fig. 3(a)). After 2 h anneal-
ing with glass coverage, cracks become much more significant in
the Pt coated surface (Fig. 3b). This could possibly be owing to
the lattice mismatch between Ti/Pt and graphite substrate, which
resulted in the coating deterioration and, therefore, slight glass
adhesion or chemical reaction between glass/coating. The inset in
Fig. 3(a) shows the schematic of the heteroepitaxial interface: Ti
{101} || Pt {111}, which are determined based on the correspond-
ing XRD pattern. Note that when Ti is deposited on graphite, it has
FCC structure owing to the formation of TiC [31]. The crystal lattice
mismatch leads to the changes in lattice constants, which can be
manifested by the XRD peak shift (0.53° for Pt {111} and -0.41°
for Ti {101}). The mismatch results in the accumulation of strain
energy, causing irreversible deformation and defects, such as pores
and cracks, in the monolayer coating. During deposition, cracks
have already propagated to the Pt surface as shown in Fig. 3(a).
After the short-term annealing, cracks become more significant
as shown in Fig. 3(b).For the Ru monolayer coating, no glass adhe-
sion was observed, and a fairly smooth surface is exhibited after
2 h annealing (Fig. 3(d)). Owing to the inherent brittleness of Ru,
a few micro-cracks appeared after 2 h annealing.

In contrast to Ru and Pt monolayers, better surface quality and
anti-sticking properties were exhibited by the Ru-Pt multilayer
structure, which could be ascribed to the interfaces that inhibit
the atomic diffusion on both sides (glass and substrate) [12]. In
addition, the thin and ductile Pt layers kept Ru from cracking dur-
ing annealing. Fig. 4(a-d) displays the SEM images of top surfaces
of Ru-Pt multilayer coatings before and after annealing. These
coated samples exhibited very smooth and uniform surfaces even
after 40 h annealing. The average particle size of the coatings
was calculated from the SEM images by selecting isolated particles
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Fig. 1. Coated and annealed samples: (a) photographs of AD, 750-20 h and 750-40 h coated samples with their covering glass pieces in annealing and (b) XRD patterns of the

substrate and of Ru-Pt multilayer coatings (AD, 750-2 h,750-20 h,750-40 h).

using the Image ] software. In Fig. 4(e-h), the histogram reveals the
particle size distribution of the as-deposited and heat-treated mul-
tilayer coatings. The average particle sizes of AD, 750-2 h, 750-
20 h, and 750-40 h samples were 0.35, 0.36, 0.36, and 0.39 um,
respectively. The statistical results of Ru-Pt multilayer coatings
are summarized in Fig. 4(e-h) and Table 1. It is observed that the
particles become slightly coarsened after annealing for a long time,
but the increase in surface particle size is insignificant. It is noted
that the average surface particle size is larger than the average
grain size determined from XRD patterns. The reason is that the
surface particles may be agglomerations of grains with different
orientations, which form spherical shapes to minimize surface/in-
terface energy.

The morphologies of coating surfaces were further character-
ized by AFM, as shown in Fig. 5. The scanning area of each image
was set to 1 x 1 um?. All of the AFM images exhibited dense and
granular structure morphology with visible agglomerated grains.
The AFM 3D images confirmed the crack-free surfaces. The average
surface roughness (R,) and root mean square roughness (R,) of the
as-deposited coatings were 16.37 nm and 21.33 nm, respectively.
For 2 h, 20 h, and 40 h annealed samples, R,/R; values were
18.86/19.11, 19.39/22.07, and 24.57/25.03 nm, respectively.
Apparently, the longer annealing facilitated the coalescence of
adjacent particles, as shown in Fig. 5, resulting in an increase in
roughness [32]. It is worth noting that the annealed coatings per-
sisted with a smooth surface with a litter change of roughness after
heating with glass coverage. Thereby, the observation of the sur-
face morphology evolution leads to the assertion that the Ru-Pt
multilayer coatings demonstrated significant thermal stability in
terms of surface characteristics at 750 °C.

3.3. Mechanical properties and XPS analysis

Fig. 6 exhibits the typical curves of load versus penetration
depth obtained by nanoindentation tests for the as-deposited and
annealed Ru-Pt multilayer coatings. It can be observed that the
maximum penetration depth was reduced for annealed coatings

compared to as-deposited ones under the same load. The hardness
and Young's modulus (H) and (E) were determined from the
nanoindentation curves and are reported in Table 2, which illus-
trates significant increases in H and E with annealing time. The
improvement in mechanical performance is primarily owing to
the multilayer enhancement mechanism resulting from the dislo-
cation blockage by the multilayer interfaces [12]. In heterostruc-
ture materials, crystallographic structures, slip plane orientations,
and slip directions vary significantly across the interfaces. With lat-
tice misfit strains, the stressed interfaces can further prohibit dis-
locations from crossing them. This is the case in our multilayer
system, wherein the Pt-Ru interfaces act as stronger barriers to dis-
location motion. The interfaces were originally wavy, which allows
more directions for dislocations to glide. After the brief (two hours)
annealing, interfaces became flattened (see the following TEM
results), which confines dislocations to move mainly in the in-
plane directions. Hence, a significant increase in hardness was
observed. After the long (20 and 40 h) annealing time, it is
observed that the hardness further increases, which could be
attributed to the effect of solid-solution hardening caused by the
interdiffusion of Pt and Ru to form their alloys. In addition, we
did not observe a significant increase in grain size after the long-
term annealing, probably caused by the constraint of layered struc-
ture; hence the softening caused by grain growth is insignificant.

The investigation of the surface chemical states was carried out
by XPS. Fig. 7 (a, b, ¢) shows the XPS spectra of Ru 3d in the
annealed states. After 2 h annealing, the Ru 3d spectra exhibited
doublet of Ru 3ds, and Ru 3dsz;, with binding energies of 280.3
and 284.3 eV, which are in line with the reported values of pure
metallic Ru [33]. After longer annealing, no noticeable change in
the binding energies was observed for the Ru 3d doublet, indicat-
ing that the Ru sustained its metallic state. However, for the
750-40 h sample, Ru 3d spectra recorded only one peak of Ru
(Ru3ds;, = 285.1 eV), which overlapped with the same energy
region of C (Cls = 285.1 eV) [33]. Therefore, this peak could corre-
spond to elemental carbon (C-C) bonds [34,35]. Fig. 7(d) demon-
strates the two characteristic peaks of metallic Pt (Pt 4f
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Fig. 2. SEM surface morphology and corresponding EDS spectrum of marked areas in SEM images of samples (a, b) AD, (c, d) 750-2 h, (e, f) 750-20 h and (g, h) 750-40 h.

52 = 71.8 eV) and (Pt 4f 7/, = 75.2), which are in good agreement 0.4 eV, revealing that the occurrence of charge transfer from Ru to
with the reported values [36,37]. Furthermore, after 40 h annealing Pt (owing to the higher electronegativity of Pt), indicating the
(Fig. 7(f)), the binding energy of Pt 4f shifted negatively by ca. 0.3- interaction of Pt and Ru [38].
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Fig. 4. SEM images and particle size distribution of as-deposited and annealed coated samples: (a, e) AD, (b, f) 750-2 h, (c, g) 750-20 h and (d, h) 750-40 h.

3.4. Microstructural evolution

Fig. 8 shows the typical TEM image of the cross-section of the
as-deposited multilayer coatings. A homogeneous and dense

cross-sectional morphology with a uniform nano-laminated struc-
ture can be observed. In Fig. 8, the alternating Ru and Pt layers, the
Ti interlayer, and the graphite substrate can be clearly discerned.
The sputtering process leads to the pseudo columnar structure per-
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Table 1
Particle size distribution and average particle size of the Ru-Pt multilayer coatings.

Sample ID Particle Size distribution (pum) Average size (m)
AD 0.22 - 0.52 0.35
750-2 h 0.23 - 0.51 0.36
750-20 h 0.20 - 0.55 0.36
750-40 h 0.27 - 0.59 0.39

pendicular to the substrate surface [39]. The dome-shaped col-
umns resulted in the wavy structure of the nano-crystalline coat-
ing layers. Additionally, internal stresses (due to lattice mismatch
or thermal effect) developed during the deposition could also
induce waviness [40].

To get the structural insight, high-resolution transmission elec-
tron microscopy (HRTEM) was conducted at the interfacial area of
Ru-Pt. Fig. 9(a) depicts the HRTEM image of the as-deposited mul-
tilayer coatings with an inset showing a corresponding selected
area electron diffraction (SAED) pattern. The cross-sectional
HRTEM image exhibited dense microstructure with no porosity,
and a multi-ring pattern was observed in the SAED, confirming
the nano-crystalline phases. The Inverse Fast Fourier Transform
(IFFT) image of the as-deposited coatings is shown in Fig. 9(b). It
is evident that the lattice distortion occurred at the interface owing
to the dissimilar crystal lattice of Ru (HCP) and Pt (FCC). The misfit
dislocations were recognized clearly and marked by the symbol “T”
in the IFFT image. The wavy structure in the as-deposited state
indicates the existence of compressive residual stresses. In the
IFFT-TEM image, we observed dislocations formed at the interface.
Furthermore, owing to the lattice mismatch between two layers,
coherency strains and lattice distortion are also generated, and
the blockage of dislocation at the interfaces eventually results in
mechanical strengthening and impediment of atomic diffusion
[12,41].

Fig. 10 shows the cross-sectional HRTEM images of 2 h annealed
coatings. It is noted that the coated layers maintained laminated
structure after the annealing, and the waviness of interfaces
slightly mitigated during the annealing process (Fig. 10(a)). No
amorphous phase was observed at the interface. Annealing at high
temperatures induces hardening effects ascribed to the coherency
strains. Dislocation movement is impeded by the coherency [42],
as it is relatively more difficult for dislocation to pass through a
strained lattice than an unstrained one. In the multilayer structure,
interfaces already restrict the movement of dislocations; coher-
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ency strains further contribute to the hardness enhancement by
making dislocations difficult to glide. Hence, we observed an
increase in the nano-hardness in the nanoindentation experiments.
Fig. 10(d) shows the SAED pattern taken from an area enclosing the
Pt-Ru interface as indicated in Fig. 10(a). The spots in the SAED pat-
tern confirm the nanocrystalline nature of the multilayered coat-
ings. In addition, it is observed that after the short-term
annealing, the multi-ring pattern (inset of Fig. 9(a)) is transformed
into the pattern with many spots, which can be ascribed to the
change in the grain sizes [43] and grain orientations. The latter
could be associated with the flattened interfaces after the brief
annealing.

Fig. 11 shows the high angle annular dark-field (HAADF) image
and the EDS mapping acquired in the STEM mode. In HAADF-STEM,
the dark gray and bright gray areas correspond to Ru and Pt (oppo-
site those in HRTEM image) as confirmed by EDS mapping. In
Fig. 11(b), the elemental mapping image, a layered structure can
be clearly observed. Fig. 11(d) confirms that the annealed coatings
(sample 750-2 h) sustained the multilayer structure, which indi-
cates the thermal stability of the multilayer noble metal coatings
after annealing at 750 °C for 2 h.

Figs. 9-11 illustrates the wavy interfaces in the as-deposited
coatings and the reduction in waviness after a brief annealing. It
is conceived that the wavy interface is caused by residual stresses
in the as-deposited thin films. However, the residual stresses were
not measured because of the difficulty to determine them in the
nanolayers. Hence, let us explain the possible causes of them here.
The primary contributions of residual stress in the thin films are
intrinsic and thermal stresses, arising from the mismatches in
the crystal structures and coefficients of thermal expansion
(CTE), respectively. The intrinsic stresses, i.e., those arise from lat-
tice misfit, is straightforward as the crystal structures across inter-
faces are disparate. The thermal stresses could be caused by the
high kinetic energy of sputtered particles. They induced local heat-
ing and hence thermal effect. In addition, during deposition, resid-
ual stresses may also be caused by the effect of implantation (e.g.,
Ru atoms are squeezed into the Pt lattice). All these effects can be
mitigated through dislocation motion and diffusion, which
occurred during annealing. In particular, dislocation motion within
nanolayers can be explained based on the confined layer slip (CLS)
mechanism [44-47].

Based on the CLS mechanism, in a submicron or nanolayer lack
of space for dislocation pile-up, dislocations are difficult to cross an
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Fig. 5. AFM surface morphology (2D, 3D) of samples AD, 750-2 h, 750-20 and 750-40 h.
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Fig. 6. Nanoindentation (load-depth) curves of the Ru-Pt multilayer coatings.

Table 2

Mechanical properties (H) and (E) of Ru-Pt multilayer coatings.
Sample ID H (GPa) E (GPa)
AD 1.14 18.99
750-2 h 2.06 28.52
750-20 h 3.15 59.48
750-40 h 3.61 59.50

interface and can only glide within a thin layer by bowing between
the interfaces, which leaves misfit dislocations behind. The interac-
tion of misfit dislocations with passing dislocations induces an
increase in flow stress and strain hardening. When the thickness
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Fig. 8. Typical cross-sectional TEM image of the as-deposited multilayer coatings.

of the layers is in nanometers, such a confinement effect becomes
very significant, i.e., dislocations are unable to bow. In this case,
dislocation glide across the interface becomes the key mechanism
in determining the strength. The more disparity in crystallographic
structure across an interface leads to a higher barrier to dislocation
transmission. With high interfacial barriers, gliding dislocations
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Fig. 10. HRTEM images and SAED patterns of annealed (750-2 h) coatings (a) cross-section, (b) Ru-Pt interfacial area marked in (a), (c) IFFT image of (b), (d) SAED pattern of

marked area in (a).

are absorbed in interfaces by forming dislocated structures (i.e.,
dislocation cores) spreading along the interface plane. With this
spreading process, resistance to dislocation gliding becomes stron-
ger and the hardness increased after brief annealing.

Among different crystalline structures, HCP metals are very
likely to have deformation twins upon straining owing to the lack
of enough slip systems required for change in shape arbitrarily

[48]. Twinning results in the shearing of specific crystallographic
planes, forcing the atoms to relocate into an arrangement with a
different orientation from the parent crystal. In the as-deposited
coatings, twinning is not observed in the HRTEM results (i.e., no
growth twins); however, annealing twins were observed, as exhib-
ited in Fig. 12, in the annealed sample 750-40 h. This can explain
the grain refinement in Ru layers as revealed by XRD analysis. In
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Fig. 11. HAADF-STEM images and EDS mappings. (a, b) cross-section of sample AD and (c, d) cross-section of sample 750-2 h.

addition, annealing twins contribute to the increase in hardness
with annealing time because twin boundaries (TBs) efficaciously
impede mobile dislocations [48].

Fig. 12. HRTEM image of annealed coated sample 750-40 h.

The HAADF-STEM image and EDS mappings (Pt, Ru, Ti, C) of a
FIB lamella as cut for the sample 750-40 h are exhibited in
Fig. 13. At the top of the FIB sample, Pt protection layers were
deposited to protect the free surface. As the damage caused by
directly ion-beam Pt deposition could make the analysis of micro-
scopic features difficult, a two-step Pt deposition approach [49],
i.e., electron-beam deposition followed by ion-beam deposition,
was adopted to avoid the damage. It can be observed that at some
areas in the Ru-Pt multilayer coatings, the elemental Pt layers
overlapped with Ru layers indicating the occurrence of diffusion
owing to the thermally activated motion of Pt atoms, forming
Ru-Pt solid solution. The Ru layers (Fig. 13(c)) demonstrated ther-
mal stability even after 40 h annealing. It is worth noting that tita-
nium did not diffuse out, which was restricted by the multilayer
coating structure. It suggests the improved adherence of Ti with
both multilayer coatings and the substrate. However, it is evident
that after long-term annealing at 750 °C, carbon atoms from the
substrate diffuse into the coating structure, which may lead to sev-
ere lattice distortion and embrittlement. This is evidenced by the
crack extending from the top surface to the substrate, as shown
in Fig. 13(a). The EDS mapping of C indicates that carbon atoms dif-
fused out and likely formed a thin layer on the coating surface. In
Fig. 13(b), the concentration of Pt in the electron-beam layer
appeared to be lower than that in the top ion-beam deposited
layer, which is caused by the interaction of carbon (layer) with
the electron-beam deposited Pt.
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Fig. 13. Annealed coated sample (750-40 h); (a) HAADF-STEM image and EDS mappings of (b) Pt, (c) Ru, (d) Ti and (e) C.

Fig. 14 shows the HRTEM image and SAED pattern of the
annealed 750-40 h coatings. In Fig. 14 (a), both layered and
inter-diffused regions can be observed, which indicates the vanish
of multilayer structure after the long annealing. The HRTEM image
shown in Fig. 14(b) shows a magnified inter-diffused region,
wherein the SAED pattern of the marked area is further exhibited
in Fig. 14(c). The SAED pattern contains many bright and weak
spots, indicating multiple sets of crystal lattices. It is noted that
the pattern is similar to those taken from FCC/HCP interfaces
(see, e.g., [50]). Because the layered structure has vanished in
Fig. 14(b), the SAED pattern shown in Fig. 14(c) indicates the mix-

ture of Pt-rich (FCC) and Ru-rich (HCP) alloys due to their
interdiffusion.

3.5. Cyclic glass molding experiments

The performance of Ru-Pt coated graphite samples was further
evaluated using an industrial glass molding system. Unlike labora-
tory experiments, the production experiments were not performed
with precisely controlled process parameters. For example, N, flow
was maintained to ensure roughly an inert atmosphere; however,
the flow rate was not measured. The temperature measurement

Fig. 14. Cross-sectional of 750-40 h sample; (a) TEM image, (b) HRTEM image and (c) SAED pattern of marked area in (b).
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As-deposited

After 40 molding cycles

Glass piece in 40t cycle

Fig. 16. Ru-Pt multilayer-coated graphite molds in the (a) as-deposited state, (b) after 40 molding cycles (c) ASG glass in 40th molding cycle.

was based on thermocouples in the heating plates contacting
molding tools; the measured temperature may be different from
that of glass. Fig. 15 illustrates the schematic of the industrial test-
ing setup and the complete cycle of the molding process. A mold-
ing cycle consists of three stages: heating, pressing (molding), and
cooling. In the machine, these stages were further divided into sev-
eral substages. For the ASG (Corning Gorilla Glass 5) used in the
test, the tool temperature in the pressing stage was 780 °C for
700 s and 700 °C for 350 s. The pressing force was ramped up to
approximately 150 N for 350 s, then 600 N for 100 s, and 1850 N
for 250 s at 780 °C, and maintained at 1850 N for 350 s at
700 °C. The whole molding process for one cycle took 70 min. Upon
completion of one cycle, the glass piece is removed manually, and a
new glass blank is inserted for the next molding round. Fig. 16 (a,
b) depicts the Ru-Pt coated industrial samples (graphite substrate)
before and after the molding experiments. The surface of the
coated sample in the as-deposited state was rough
(Ra ~ 100 nm) with a few scratches because the graphite substrate
was only manually ground using sandpapers (the finest one used
was 6000 grit). The coated sample was subjected to tens of mold-
ing cycles in the actual production environment. After 40 molding
cycles, the coated sample was examined, and it was revealed that
Ru-Pt coatings withstood pressing without any coating degrada-
tion. Even though the surfaces of the coated industrial samples
were rougher than those of the laboratory ones, no macroscopic
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surface defect was identified after continued molding cycles. This
means that the coated graphite molds for ASG glass can have a long
service life in a harsh working environment. The glass piece after
the 40th molding cycle was shown in Fig. 16(c), demonstrating
the high anti-sticking behavior of the Ru-Pt coatings with the glass.
Slight particle adherence can be detected on the surface of the
glass piece, which is attributed to the environmental contamina-
tion (because graphite powders were everywhere in the machine)
of the testing facility. The industrial results are consistent with the
in-house performance of the multilayer coatings, suggesting that
Ru-Pt multilayer coatings are a strong candidate for glass molding
dies, particularly for glasses with high T,. It should be noted that
we did not suggest longer usage of the coatings because of the
crack found in the 750-40 h sample (Fig. 13(a)). In the industrial
test, after performing the molding for more than 40 cycles, delam-
ination started.

4. Conclusion

In this study, Ru-Pt multilayer coatings (40 nm x 21 layers)
were prepared on the graphite substrate with a 50 nm Ti interlayer
by DC magnetron sputtering technique. The coatings were
annealed in a rough vacuum environment with glass coverage to
study its anti-stick performance for glass molding. SEM and AFM
analyses demonstrated the smooth and dense surface morphology
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of the as-deposited coatings, which remained almost unchanged
after annealing with different time duration, indicating adequate
thermal stability at the molding temperature in terms of surface
characteristics. Glass sticking was not detected in SEM and XPS
analyses, indicating the inertness of the coatings. Nanoindentation
revealed an increase in mechanical performance with annealing
time, caused by the improved coherency of Ru/Pt interfaces after
short-term annealing and solid solution hardening after long-
term annealing. HRTEM results are well correlated with the above
observations. Most importantly, it is shown that the layered struc-
ture was preserved even after 40 h of heating at 750 °C. These
results indicate that the Ru-Pt multilayer structure is a preferable
candidate for the glass molding dies, especially for thermoforming
high-T, glass in the temperature range of 700-800 °C. This has
been confirmed in the industry with a glass molding system.
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