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a  b  s  t  r a  c t

We investigated  the  temporal  degradation  of  glass  moulding  dies, made of cemented tungsten  carbide
coated with  PtIr on an adhesive  Cr or  Ni  interlayer,  by  electron  microscopy  and  atom  probe  tomography.
During  the  exposure treatments  at  630 ◦C  under  an oxygen  partial pressure of 1.12  × 10−23 bar,  Cr (Ni)
was found  to diffuse outwards  via  grain  boundaries  in the  PtIr,  altering the  surface  morphology. Upon
dissolution of the  interlayer,  the  WC substrate also  started degrading.  Extensive interdiffusion  processes
eywords:
. Metal coatings
. Sputtered film
. TEM
.  Oxidation

involving PtIr,  Cr (Ni)  and WC took place,  leading  to the  formation  of intermetallic  phases  and voids,
deteriorating  the  adhesion  of the  coating.

© 2017 The Authors.  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/).
. Interfaces

. Introduction

Multilayer coatings or  thin films have various application fields.
hey are frequently utilised in  engineering components, tools and
oulds as well as microelectronic, magnetic and optical devices

1–4].  Compared to single layer coatings, multilayer coatings, com-
ining beneficial properties of different materials, may  fulfil several
ractical requirements at once. They may  also be useful in cases
here only applying a  single layer coating may  not be sufficient.
n important example is the use of an interfacial bonding layer
etween the top coating and the substrate to enhance adhesion
5–8].  However, multi-layered structures are commonly thermody-
amically unstable. There is a strong driving force for interdiffusion
nd reaction, which will be detrimental to thermal stability of
he coating unless kinetics of these processes are slow. Unfortu-
ately, the typical fine-grained microstructure of thin films as well
s large surface and interface areas provide numerous high diffu-

ivity paths. Together with the short diffusion distances naturally
ssociated with thin coatings, tremendous compositional changes
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/).
can arise and new phases as well as voids can form, which will
considerably deteriorate the coating properties [9–12].

Here, we report on the temporal degradation of a  bimetallic
layer coating deposited on cemented tungsten carbide substrate
during isothermal exposures under an oxygen partial pressure of
1.12 ×  10−23 bar at 630 ◦C. The coating consists of an ∼650-nm-
thick PtIr top layer and an ∼20-nm-thick intermediate layer of
metallic Cr or Ni (PtIr/Cr or PtIr/Ni), which is  frequently utilised
in  moulds for precision glass moulding (PGM) [13–15]. It is  a
promising and worldwide employed process for manufacturing
high quality optical products with complex-geometries. During
PGM, glass blanks are placed in  the mould of a  pressing tool and are
heated under vacuum or N2 protective atmosphere up to the glass
forming temperature, which normally ranges from 400 to  700 ◦C.
Subsequently, high press forces (2–20 kN)  are applied for several
minutes until the mould form is homogeneously filled with glass.
After controlled cooling, the final products can be detached from
the mould [16–18]. PtIr, as a  noble metal based coating, is  chem-
ically inactive and does not stick to glass. An intermediate layer,
Cr or  Ni, is used to improve the adhesion strength between base
material and top coating [19,20]. Due to the harsh operating con-

dition during glass pressing where intense thermal, chemical and
mechanical forces are imposed simultaneously, coating degrada-
tion takes place very fast and becomes a  severe problem, strongly
limiting the service lifetime of moulds [21–23].  Since the produc-
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ig. 1. (a) Configuration of the deposition chamber. (b) Sketch showing the arrange
f  the deposition chamber to  illustrate the coating process of the PtIr layer.

ion costs are  directly related to the mould lifetime, designing
igh-performance and high-durability moulds as well as devel-
ping concepts to impede their degradation have become a top
riority for the PGM industry. A  key to  achieve this goal is the under-
tanding of the fundamental degradation mechanisms of mould
aterials such as PtIr/Cr/WC and PtIr/Ni/WC.
In previous studies, the reliability and stability of diverse metal-

ic multilayer thin films have been investigated, e.g. Cu/Sn [24],
u/Ni/Cr [25], Cu/Ta [26], Pt/Ti-W [27], MoRu/Cr/Ti [28], PtIr/Ni

23,29], and PtIr/Cr [15,23],  by  means of a  variety of analytical
echniques such as X-ray diffraction (XRD), Rutherford backscat-
ering spectroscopy (RBS), Auger electron spectroscopy (AES),
nergy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron
pectroscopy (XPS) and secondary ion mass spectroscopy (SIMS)
29–32].  However, the spatial resolution and detection sensitivity
f these techniques was not sufficient to reveal the diffusion and
egregation phenomena at grain boundaries, and limited insights
ere gained on the degradation mechanisms. Atom probe tomog-

aphy (APT) is  a  unique technique, which has the capability to reveal
hree-dimensional (3D) chemical information at (sub-)nanometre
cale with high sensitivity (in the range of tens of part-per-million)
nd which has been successfully applied to  thin film materials
33–38].  Therefore, in this work we applied APT to  study diffu-
ion and degradation phenomena in  PtIr/Cr/WC and PtIr/Ni/WC.
n addition to APT, we also use scanning electron microscopy
SEM) and (scanning) transmission electron microscopy ((S)TEM)
or microstructural analysis and STEM-EDS and AES for chemical
nalysis.

. Material and methods

.1. Specimen preparation

The base material was nano-grain sized cemented tungsten
arbide containing around 0.3 wt.% Co binder (CTN01L, Ceratizit
.A). Before coating, bulk substrate samples were grinded and
olished, making their surface roughness Ra smaller than 5 nm.
ubsequently, the samples were cleaned in an ultrasonic bath
SurTec 089/131, SurTec International GmbH). The coating pro-
ess was accomplished in a magnetron sputtering unit (CemeCon
C800/9). The configuration of the deposition chamber is shown in
ig. 1(a). Before coating, a  plasma etching process was  carried out to

lean and activate the substrate surface to  ensure a  good adhesion.
ubsequently, a Cr or Ni layer of about 20 nm in thickness and an
650-nm-thick PtIr top coating were deposited sequentially. The
etailed parameters of the coating process are listed in  Table 1. The
of the pure Ir and Pt pieces within the target. (c) Schematic drawing of the top view

PtIr target used in this study is  home-made, and is  not a  PtIr alloy
but consists of three pieces of pure Pt  stacked with nine pieces of
pure Ir, as shown in Fig. 1(b).

2.2. Exposure treatment

A  novel laboratory set-up was  used to induce degradation of  the
coating, with which the exposure conditions e.g. time, atmosphere
and temperature can be accurately controlled [39].  Mimicking the
real PGM process, the treatment temperature was  set to  be 630 ◦C
and the furnace atmosphere was  selected as 97.5%N2-2.5%H2 with
the dew point (DP) of +20 ◦C. The DP is  manipulated by forcing
the gas mixture through columns which are filled with water. By
adjusting their temperature, desired dew points can be obtained.
Under these conditions, the resulting oxygen partial pressure was
calculated to be approximately 1.12 ×  10−23 bar. Such a low oxygen
partial pressure is desirable for controlling coating degradation.
Thereby, the successive stages of the degradation process can be
accessed simply by adjusting the exposure time. Moreover, the
partial pressure of oxygen is  kept high enough to  oxidise Cr but
not Ni, so the effects of oxidation on degradation can be separated
and studied individually. During the real PGM processes, the oxy-
gen partial pressures in  the PGM machine were estimated to  lie
in  the range of 10−6 bar, much higher than the partial pressure
we applied in  this study. In real processing systems, it is  deter-
mined by the leakage rate of the system and thermodynamically
not well defined. The H2O/H2 equilibrium conditions used in  this
study provide full thermodynamic control. In this work, results will
be shown for the PtIr/Cr/WC system in the as-fabricated state, as
well as after 6 h, 18 h, and 168 h exposure at 630 ◦C under the above-
described condition (PO2 ≈ 1.12 ×  10−23 bar) in  order to illustrate
the evolution of degradation. As for the PtIr/Ni/WC system, only
representative results for the 48h-exposed specimen will be shown,
since the observed degradation mechanism is  very similar to  that
in the PtIr/Cr/WC system. It  is worth to mention that although in
order to be able to resolve the successive stages of the degrada-
tion, especially the early stages, the partial pressure of  oxygen in
the atmosphere used here is  much lower than that in the actual
processing, we  do not expect an effect on the degradation mecha-
nisms. We  also analysed samples obtained from a  technical set-up

and found the same degradation features. Furthermore, the fact
that the degradation mechanisms observed in  the PtIr/Cr/WC and
PtIr/Ni/WC systems are very similar is  also a proof that the degra-
dation mechanism is not strongly affected by the oxygen activity.
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Table  1
Detailed parameters for layer deposition process.

Etching Interlayer deposition PtIr layer deposition
Target – Chromium or nickel (99.9%) Platinum (99.99%) and iridium (99.9%)

Heating power/kW 0 2 2
Argon pressure/mPa 390 200 200
Bias  voltage/V (f  =  240 kHz) 650 60 60
Cathode power/W (f  =  50 kHz) – 125 250
Table  revolution/rpm 2.5 2.5 

Time/min 15 4 

Thickness/nm – ∼20
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AES measurements were conducted with a  JEOL JAMP-9500F sys-
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ig. 2. Sketch to  illustrate the position and orientation of APT and (S)TEM specimens.

.3. Specimen characterisation

Both APT and (S)TEM specimens were fabricated using a  dual
eam focused-ion-beam (FIB) instrument (FEI Helios Nanolab
00/600i) and the in-situ lift-out method [40,41].  As illustrated in

ig. 2,  the APT specimens were prepared with an alignment per-
endicular to the sample surface, so that the analysis direction is
arallel to the coating growth direction. For the (S)TEM measure-
ents, both cross-sectional (perpendicular to the sample surface)

ig. 3. Representative characterisation results obtained from the as-fabricated PtIr/Cr/W
oncentration profile and a corresponding clipped atom map across the Cr layer. For clarit

 iso-concentration surfaces represent the small Cr oxides found inside the Cr layer. (For i
o  the web version of this article.)
2.5
40

 ∼650

and plan-view (parallel to the sample surface) lamellae were pre-
pared. To remove regions severely damaged by  the high-energy
(30 kV) Ga ion beam during APT specimens and (S)TEM lamellae
fabrication, a final cleaning procedure was carried out at 2 kV and
28 pA. APT measurements were conducted using a  LEAPTM 3000X
HR (Cameca Instruments) instrument, equipped with a  reflectron
lens. Laser pulsing mode (532 nm wavelength, ∼10 �m spot size)
was applied at a pulse repetition rate of 250 kHz  and a pulse energy
of 0.8 nJ. The specimen base temperature was  kept at 60 K and
the target detection rate was set to  be 0.2% (2 ions detected every
1000 pulses). These analysis parameters were optimised accord-
ing to a  previous work [42].  (S)TEM images were acquired using
a JEOL JEM-2200FS microscope with 200 kV accelerating voltage
(Figs. 3 (b), 5(b), 6(a), 10(a), 11(b), 12(a), 13(a), 15(a), 17)  STEM-
EDS were performed using a probe-corrected FEI Titan Themis
60–300 S/TEM with 300 kV accelerating voltage using a  Super-X
windowless EDS detector. Correspondingly a  high-angle annular
dark field (HAADF) image was  taken from the measured region
using a  Fischione HAADF detector (Fischione Instruments) (Fig. 8).
tem equipped with a hemispherical analyser. The field emission
electron gun operated at an acceleration voltage of 25  keV and a

C specimen: (a)  Surface SEM image, (b) cross-sectional BF STEM image, and (c) 1D
y, only Ir (blue), Cr (cyan), O (magenta) and W  ions (orange) are shown. The 13  at.%
nterpretation of the references to colour in this figure legend, the reader is  referred
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Fig. 4. 3D atom maps obtained from the near Cr layer region of the PtIr/Cr/WC
specimen after 6 h  exposure at  630 ◦C under 1.12 ×  10−23 bar O2 partial pressure: (a)
Side  view, (b) top view of the slice II marked in (a), and (c) top view of the slice  I
marked in (a). For clarity, only Ir (blue), Cr (cyan), O (magenta) and W ions (orange)
 Z. Peng et al. / Corrosi

eam current of 10 nA. AES peaks of Pt  MNN, Ir  MNN  and Cr LMM
ere recorded and used.

. Results

.1. PtIr/Cr/WC specimen

.1.1. As-fabricated state
The surface SEM and cross-sectional bright-field (BF) STEM

icrographs of the as-fabricated PtIr/Cr/WC sample are shown in
ig. 3(a) and (b), respectively. The PtIr and Cr layers as well as the
C substrate can be clearly identified in  the STEM image. They

xhibit distinctly different microstructures. As commonly observed
or sputtered films, the PtIr layer consists of very fine columnar
rains, growing along the deposition direction. Individual grains
an be distinguished by differences in contrast, where the grain
izes range from 50 to 100 nm.  The thickness of the Cr layer is  uni-
orm. Both PtIr/Cr and Cr/WC interfaces appear flat and sharp. No
oids or cracks can be observed. APT analyses of the PtIr layer show
hat the overall atomic ratio between Ir and Pt  is around 2,  matching
he target value. However, periodic Ir-  and Pt-rich sublayers were
bserved (see Figs. 3(c) and 14(b)), which can be attributed to the
ombination of the PtIr target and substrate rotation during the
eposition. As illustrated in  Fig. 1, the non-uniform arrangement
f the Pt and Ir  pieces in  the PtIr target can lead to  an inhomo-
eneous distribution of Pt and Ir  ions in  the plasma flux. When
he substrate is  directly facing the target, the content of Pt  will be
lightly higher, while, when it moves away, Ir content will increase.

ith the rotation of the substrate, this concentration variation
ill appear periodically. Similar phenomena have been reported

n several previous studies [43–45].  The atomic map  and the 1D
oncentration profile across the Cr layer obtained from APT mea-
urement (Fig. 3(c)) demonstrate that Cr diffuses neither into the
tIr layer nor into the WC substrate. Around 10 at.% Ir and 8 at.% Pt
re found to  be segregated at the Cr/WC interface, indicating that
uring deposition, Ir and Pt rapidly diffused through the Cr layer,
ut their penetration into the WC substrate was restricted. There

s also around 10 at.% W segregated at the Cr/WC interface, which
ay  be attributed to the loss of carbon during the plasma activa-

ion prior to  coating. Within the Cr layer, some small, dispersed
r-oxide particles are found. Since Cr is a  fairly active metal, it is
ifficult to  achieve vacuum conditions inside the deposition cham-
er good enough to  avoid its oxidation. Therefore, during sputter
eposition, some Cr atoms will react with oxygen from the resid-
al gas and form Cr  oxides. The APT analyses of the WC substrate

ndicate that C and W atoms distribute homogeneously while Co,
s the binder phase, is mainly segregated at WC grain boundaries
not shown).

.1.2. After 6 h exposure at 630 ◦C under 1.12 ×  10−23 bar O2
artial pressure

Comparing the 6h-exposed state with the as-fabricated state,
o obvious differences can be found between both surface SEM
nd cross-sectional STEM images (not shown here). The side view
tom map  of the Cr layer (Fig. 4(a)) also confirms that no massive
iffusion took place. The PtIr coating, the Cr interlayer and the WC
ubstrate are well separated. Both the PtIr/Cr and Cr/WC interfaces
re still sharp and flat. However, as shown in  Fig. 4(b), at the bot-
om of the PtIr layer, Cr is observed to segregate to several planar

eatures, which are likely to be grain boundaries. However, the seg-
egated amount is relatively limited (∼1.5-3.5 at.% Cr) and around
0 nm away from the original Cr layer, no further segregation can
e detected (Fig. 4(c)).
are shown, if any of them are detected. (For interpretation of the references to  colour
in  this figure legend, the reader is referred to  the web version of this article.)

3.1.3. After 18 h exposure at 630 ◦C under 1.12 × 10−23 bar O2
partial pressure

Fig. 5(a) is an SEM image acquired from the surface of  the 18h-
exposed specimen. Compared to  the as-fabricated state (Fig. 3(a)),
the surface morphology has changed. Fig. 5(b) is  a  BF STEM image
obtained from a  cross-sectional TEM lamella. Even though the
Cr layer can still be distinguished, as indicated by the bright-
ness change, its upper region seems to  be dissolved, resulting in  a
wavy PtIr/Cr interface. However, the Cr/WC interface is still intact
and flat. Fig. 6(a) shows a  representative 3D atom map obtained
from the Cr layer region and a  corresponding magnified cross-
sectional BF STEM image. To better illustrate the distribution of
each species, blue-to-red rainbow colour concentration maps (blue
indicates lowest concentration and red indicates highest concen-
tration) are shown in  Fig. 6(b) and a  1D concentration profile from
the PtIr layer to the WC substrate is plotted in Fig. 6(c).  Both the
APT and STEM results reveal the formation of an ∼50-nm-thick
interdiffusion zone between the PtIr and Cr layer which exhibits
an inhomogeneous chemical composition. The Cr content progres-
sively decreases while the Ir content increases towards the PtIr
layer. The Cr  oxides formed during deposition can still be detected,
which seems stable and remain immobile, thereby providing a
marker of the position of the original Cr layer. As displayed in  Fig. 6
(c), this intermixed region is found to  form on  the basis of the out-
ward diffusion of Cr. There are still some non-uniform, interrupted
fragments of the Cr layer left near the Cr/WC interface. Fig. 7(a)  and
(b) are side and top view 3D atom maps obtained from the PtIr layer,
respectively. Compared to the 6h-exposed state, larger amount
of Cr (∼2.6–5.9 at.% Cr) segregating at these grain-boundary-like-
features. Fig. 8 shows a STEM-EDS map  and a corresponding HAADF
STEM image of a  plan-view TEM lamella, from which the grain size

and grain structure of the PtIr layer can be revealed. Since Cr is
exclusively detected at grain boundaries, it can be confirmed that
the features where Cr  is seen to  segregate in the APT datasets are
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Fig. 5. Surface SEM (a)  and cross-sectional BF STEM image (b) of the PtIr/Cr/WC specimen after 18  h exposure at  630 ◦C under 1.12 ×  10−23 bar O2 partial pressure.

Fig. 6. Representative characterisation results obtained from the near Cr layer region of the PtIr/Cr/WC specimen after 18 h  exposure at  630 ◦C under 1.12 ×  10−23 bar O2

partial pressure: (a)  A 3D atom map  together with a magnified cross-sectional BF STEM image; (b) corresponding blue-to-red rainbow colour concentration maps of Ir,  Cr,
CrO  and W  ions with the colour scale that blue indicates the lowest concentration and red indicates the highest concentration; (c) 1D concentration profile from the PtIr
l e obse
W ost co
i  to  th

a
b
n
t

ayer  to the WC substrate. The interdiffusion region and undissolved Cr layer can b
C  substrate are shown. At  the diffusion front, the ∼20-nm-thick layer with alm

nterpretation of the references to colour in this figure legend, the reader is referred

ctually grain boundaries. In fact, the segregation of Cr  at PtIr grain

oundaries gives evidence of the short circuit diffusion process. No
oticeable amount of oxygen or any oxide particles are detected at
he grain boundaries.
rved. For comparison, the original locations of the PtIr and Cr  layers as well as the
nstant composition is  supposed to be Cr-rich intermetallic compound (IMC). (For
e web version of this article.)

Fig. 9 shows the APT analysis result from the surface region.

Here, discontinuous nanometre-sized Cr oxide islands are found.
Fig. 9(b) illustrates top view blue-to-red rainbow colour concen-
tration maps of Cr from different depth of the dataset shown in
Fig. 9 (a). Blue colour indicates 0 at.% Cr and red indicates 3.5  at.%
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Fig. 7. 3D  atom maps obtained from the PtIr layer of the PtIr/Cr/WC specimen after
18  h exposure at 630 ◦C  under 1.12 × 10−23 bar O2 partial pressure: (a) Side view
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Fig. 9. (a)  3D atom map  of the near surface region of the  PtIr/Cr/WC specimen after
18  h  exposure at 630 ◦C  under 1.12 ×  10−23 bar O2 partial pressure. Tiny Cr oxides
can  be found on the surface. (b) Top view blue-to-red rainbow colour concentration
maps of Cr  from different depth of the dataset shown in (a), where blue indicates
0  at.% Cr and red indicates 3.5 at.% Cr. The  white dashed lines in I and II depict the

F
(

for clarity, Pt  ions are not  shown); (b)  top view of the region marked by  the semi-
ransparent cube in (a). Here Cr ions are denoted with bigger dots to highlight their
egregation at grain boundaries.

r. As marked by the white arrow (Fig. 9(b) III), underneath the
urface, there is  a  grain boundary decorated with Cr atoms. The
r atoms diffuse via PtIr grain boundaries and then get in contact
ith oxygen at the positions where grain boundaries intersect with

he surface. However, as Fig. 9(b) I and II  reveal, the nucleation of Cr
xides is  not restricted to the grain boundary area (indicated by the
hite dashed lines), implying that metallic Cr atoms also diffused

aterally on the surface before reacting with oxygen. Fig. 10(a)  is  a
ross-sectional TEM image of the surface region at higher magni-
cation, in  which the thin brightest layer is  considered to be  the
pproximately 1-nm-thick Cr oxide. At  this stage, the surface is  not
ully covered by  Cr oxides. Fig. 10(b) shows the AES surface maps of
r, Ir and Pt. Consistent with the APT and TEM observations, inho-
ogeneous Cr signals were detected. Since AES is a highly surface

ensitive technique, the extensive Ir and Pt  signals confirm that the
urface Cr oxides are thinner than 2 nm.

.1.4. After 168 h exposure at 630 ◦C under 1.12 × 10−23 bar O2
artial pressure

Fig. 11(a)  is an SEM picture taken from the surface of the

68h-exposed PtIr/Cr/WC specimen. Compared to the as-fabricated
Fig. 3(a)) and the 18h-exposed specimens (Fig. 5(a)), the 168h-
xposed specimen exhibits a  different surface morphology. The BF
TEM image of a cross-sectional TEM lamella (Fig. 11(b)) shows

ig. 8. (a) STEM HAADF image of a plan-view TEM lamella fabricated from the PtIr/Cr/WC
b)  The corresponding STEM-EDS map  showing the distribution of Pt and Cr. The map  cle
position of the grain boundary marked with the white arrow in III. (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

that the original Cr layer has been completely dissolved and voids
have formed. The Cr/WC interface also becomes rough. Another
noticeable feature is the surface oxide scale, which can be seen
more clearly in the magnified BF STEM image shown in Fig. 12(a).
After 168 h, larger amounts of Cr atoms have reached the top sur-
face and contributed to  the development of a  thicker oxide scale,
which is identified to be Cr2O3 by AES (Fig. 12(b)). Besides these
surface oxides, no other newly formed oxides nor  any measurable
amount of oxygen are detected inside the structure (Fig. 12(c)). In
addition, unlike the 18h-exposed state, not only Cr atoms, but also
W and Co atoms are found at grain boundaries and triple junc-
tions of the PtIr layer, which is  a  strong indication that WC is, at
this stage, also involved in  the degradation process. Fig. 13  shows
a magnified cross-sectional HAADF STEM image of  the interfacial
region together with representative APT results from this region:
(b) the bottom part of the PtIr layer, (c) the PtIr/Cr interface, and
(d) the Cr/WC interface. As mentioned above, the embedded small

Cr-oxide particles can be used as a tracer of the original position of
the Cr layer. Fig. 13 (d) illustrates that the remaining Cr is present
only in a  very limited amount. Non-uniform damage of  the WC sub-
strate occurs at the Cr/WC interface, where the degradation features

 specimen after 18 h exposure at 630 ◦C under 1.12 ×  10−23 bar O2 partial pressure.
arly reveals the segregation of Cr to  the PtIr grain boundaries.
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Fig. 10. (a) Magnified cross-sectional TEM image of the near surface region of the PtIr/Cr/WC specimen after 18 h  exposure at 630 ◦C under 1.12 × 10−23 bar O2 partial pressure.
A  thin, discontinuous surface oxide scale can  be observed. (b) AES surface elemental maps showing the distribution of Cr, Ir and Pt  respectively. In addition, the SEM image
of  the measured area is also shown.
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Fig. 11. Surface SEM (a)  and cross-sectional BF STEM image (b) of the PtIr/Cr/W

long grain boundaries are severe. The interdiffusion zone formed
etween PtIr and Cr after 18 h exposure evolved further into a mix-
ure of small Cr-rich and W-rich regions (Fig. 13(b)). Additionally, in
he bottom part of the PtIr layer, some Cr-rich particles are  found at
he grain boundaries and W atoms segregate at the particle/matrix
nterfaces.

.2. PtIr/Ni/WC specimen

The surface SEM and cross-sectional STEM images (not shown
ere) of the as-fabricated PtIr/Ni/WC specimen reveal similar

eatures as the microstructure of the as-fabricated PtIr/Cr/WC spec-
men. The three different regions, PtIr layer, Ni  layer and WC
ubstrate can be clearly distinguished and both PtIr/Ni and Ni/WC
nterfaces are flat, sharp and free of voids. However, as illustrated in
ig. 14,  some differences were discovered by APT analysis. Firstly,
here are no embedded Ni oxides within the Ni layer, which can be

ttributed to  the higher oxidation resistance of Ni compared to Cr.
econdly, even in the as-fabricated state, outward diffusion of Ni
long PtIr grain boundaries has already taken place, but the extent
s small and the diffusion length is  below 50 nm.
imen after 168 h  exposure at 630 ◦C under 1.12 × 10−23 bar O2 partial pressure.

Fig. 15 summarises the representative characterisation results
of  the PtIr/Ni/WC specimen after 48 h exposure at 630 ◦C under
1.12 ×  10−23 bar O2 partial pressure. The cross-sectional BF STEM
image (Fig. 15(a)) shows that the PtIr/Ni interface is  blurred and the
original Ni layer seems to already disappear. Fig. 15(b) exhibits the
APT result obtained from the near surface region of  the specimen. Ni
atoms rather than Ni oxides are found to accumulate at the surface.
Within the PtIr layer, the enrichment of Ni  atoms at grain bound-
aries is  obvious (Fig. 15(c)), revealing that the outward diffusion of
Ni is also supported by the short circuit diffusion mechanism. The
1D concentration profile across the grain boundary (Fig. 15(c)) indi-
cates that at this stage, only Ni  atoms are segregated at the grain
boundaries. Fig. 15(d) summarises the results obtained from APT
analysis of the near Ni layer region. Similar to the PtIr/Cr/WC sam-
ple, an interdiffusion region formed, which contains Ni-rich and
W-rich zones. Even though from the cross-sectional STEM image,
no obvious damages are visible at the Ni/WC interface, the APT
results clearly suggest that the degradation of WC already started.

However at such relatively short exposure time, elements from the
WC substrate have not yet penetrated into the PtIr layer.
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Fig. 12. Representative characterisation results obtained from the near surface region of the PtIr/Cr/WC specimen after 168 h exposure at 630 ◦C under 1.12 ×  10−23 bar O2
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artial pressure: (a)  cross-sectional BF STEM image; (b) AES point analysis result (d
ide  view; right: top  view of the bottom 30 nm slice of the dataset shown on the lef
tIr  grain boundaries are detected.

. Discussion

The degradation evolution in the PtIr/Cr/WC specimen deduced
rom the experimental observations is sketched in Fig. 16.  Similar
henomena were observed in the case of the PtIr/Ni/WC specimen.
he only major difference is  that when Ni  atoms diffuse through the
tIr layer and reach the surface, they are not oxidised. According to
hermodynamics, see e.g. the Ellingham diagram [46], at 630 ◦C, the
ritical oxygen partial pressure to  oxidise Ni is ∼10−17 bar, which
s substantially higher than the one applied in our  experiments
∼1.12 × 10−23 bar).

.1. Outward diffusion of the interlayer

The outward transport and segregation of Cr or Ni atoms along
he grain boundaries of the PtIr layer seems to indicate the onset
f the degradation process. For the PtIr/Cr/WC specimen, these
rocesses take place slowly at the beginning. After 6 h exposure,
nly a small amount of Cr is detected at the PtIr grain boundaries,

ithin a  diffusion distance of approximately 30 nm. Compared to
r, Ni follows the same transport mechanism but at a higher dif-
usion rate. Already during coating deposition, Ni atoms penetrate
nto the PtIr layer. From a  thermodynamic point of view, the gra-
ntial spectrum) showing that the surface oxides are Cr2O3; (c) 3D atom maps. Left:
arked by  the semi-transparent cube. The segregation of Cr, W and Co atoms at  the

dient in chemical potentials or activities of individual elements
across the interface drives their diffusion. This gradient in  chemical
potential, together with the elemental diffusivity, determines their
diffusion behaviour. Typically, diffusion along grain boundaries is
4–8 orders of magnitude faster than transport within grain inte-
riors [47], therefore, at relatively short time and low temperature
(type B-diffusion regime [48,49]), grain boundaries are  the main
pathways for the outward diffusion of atoms from the interlayer.
Grain boundary diffusion data for Cr and Ni in PtIr are not avail-
able in literature. According to our results of the as-fabricated and
early degradation states, it is likely that Ni  diffuses faster than Cr.
However, after 48 h,  as shown in Fig. 17,  the whole surface of the
PtIr/Cr/WC sample is  covered by an oxide scale with a  thickness
in the range of 15–120 nm.  While for the PtIr/Ni/WC sample, even
after 48 h, the quantity of Ni  atoms accumulating on the surface is
still small (Fig. 15(a)), which seems to contradict our previous infer-
ence that Ni diffuses more rapidly than Cr. It  has been reported in
previous studies that surface oxidation can strongly affect internal
material transport. The first diffusion step of solutes decorating the

PtIr grain boundaries is driven by the Gibbs adsorption isotherm, i.e.
the interface energy gets reduced by solute decoration. This creates
a  diffusion flux along the grain boundaries towards the surface. As
the diffusing species reach the film surface, the oxidation process
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Fig. 13. Representative characterisation results obtained from the near inter-
face region of the PtIr/Cr/WC specimen after 168 h  exposure at  630 ◦C under
1.12  × 10−23 bar O2 partial pressure: (a) cross-sectional HAADF STEM image. (b) On
the  left: 3D atom map  of the bottom part  of the PtIr layer with iso-concentration sur-
face of 1.2 at.% W (orange); on  the right: corresponding blue-to-red rainbow colour
concentration maps of Cr and W. (c) On the left: 3D atom map  of the PtIr/Cr interfa-
cial  region; on the right: corresponding blue-to-red rainbow colour concentration
maps of Ir, Cr, W and CrO. (d) On the left: 3D atom map  of the Cr/WC interfacial
region; on the right: corresponding blue-to-red rainbow colour concentration map
of  Ir, Cr, CrO  and W.  In all concentration maps, blue indicates the lowest concentra-
tion and red indicates the highest concentration. For clarity, in all  atom maps, only Ir
(blue), Cr  (cyan), W (orange) ions and Cr oxide particles (magenta) are shown, if any
of  them are detected. (For interpretation of the references to  colour in this figure
legend, the reader is  referred to the web version of this article.)

Fig. 14. (a) 3D atom map  of the near Ni layer region of the as-fabricated PtIr/Ni/WC
specimen. For clarity, only Ir (blue), Ni  (green) and W (orange) ions are  shown. (b)
1D  concentration profile across the Ni layer. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web  version of this article.)
nce 120 (2017) 1–13 9

starts removing solutes from the material, particularly from the
decorated grain boundaries because they get trapped in  the oxides.
This effect reduces their solute chemical potential on the grain
boundaries, hence creating a  chemical potential gradient towards
the surface, promoting further outbound diffusion [31,50–54].  Then
the outward transportation of the diffusing element becomes the
slower, rate-controlling step [55]. As for the PtIr/Ni/WC sample,
the exposure atmosphere is non-oxidising. There is  no substan-
tial attractive force to further promote the spreading and lateral
diffusion of Ni  atoms onto the PtIr surface, especially once a  first
surface coverage is reached. Under such conditions, Ni atoms will
be mostly trapped along the grain boundaries of the PtIr layer.
Therefore, as illustrated in  Fig. 15 (c), significant enrichments of  Ni
(∼30 at.%) with broad segregation zones (>10 nm) are frequently
found at numerous PtIr grain boundaries. When they are  saturated,
there will be no further thermodynamic driving force for further
segregation.

4.2. Formation of intermetallic phase and evolution of the
interfacial region

Since there is no substantial difference in the internal degra-
dation processes between the PtIr/Cr/WC and the PtIr/Ni/WC
specimen, in  this and the following subsections, the PtIr/Cr/WC
system will be taken as representative. After 168 h exposure at
630 ◦C under 1.12 × 10−23 bar O2 partial pressure, Cr-rich parti-
cles appear at PtIr grain boundaries (Fig. 13(b)) as well as inside
the interdiffusion region (Fig. 13(c)). APT analysis reveals that the
chemical compositions of all these Cr-rich particles are similar,
namely approximately 56 at.% Ir, 17 at.% Pt and 27 at.% Cr. Stud-
ies about the Pt-Ir-Cr ternary system are rare in  the literature
and knowing the chemical composition of the precipitates alone is
insufficient to draw an unequivocal conclusion about the associated
reaction and phase transformation pathways. The compositional
similarity observed is nonetheless a strong indication that all these
particles belong to the same type of intermetallic phase. Moreover,
after 168 h exposure, local equilibria between PtIr and the newly
formed intermetallic compound particles are  most likely estab-
lished, which means that this intermetallic phase, denoted here
as (Pt,Ir)3Cr, is the first stable intermetallic phase from the PtIr-
rich side to the Cr-rich side, yet, with comparably high PtIr content
and low Cr content. After 18 h, volume diffusion induced changes
become substantial. A well-defined interdiffusion zone between
the PtIr and Cr  layer appears (Fig. 6)  and Cr is proven to  be the
dominant diffusing species. However, surprisingly, the Cr content
within the whole region is  much higher than 27  at.%. Additionally,
as noted from the concentration profile, in the diffusion front, there
is an ∼20-nm-thick thin layer with almost constant composition
(marked in  Fig. 6(c)), namely approximately 43  at.% Ir, 17  at.% Pt
and 40 at.% Cr. It is thus very likely that another type of  intermetal-
lic phase has formed, denoted here as (Pt,Ir)3Cr2,  which should be
closer to  the Cr-rich side  in the phase diagram.

The evolution from the Cr-rich to  the PtIr-rich intermetallic
compound can be explained by the following mechanism. Firstly,
the intermetallic phase with the lowest effective interfacial reac-
tion barrier, e.g. (Pt,Ir)3Cr2, nucleates at the PtIr/Cr interface. With
ongoing exposure, the Cr interlayer is continuously consumed by
the growth of these intermetallic compound nuclei as well as the
formation of surface oxide scale. When the original Cr layer has
been fully consumed, the Cr activity will drop and the formation
of (Pt,Ir)3Cr2 will stop. Subsequently, the chemical potential gradi-
ent across the PtIr/(Pt,Ir)3Cr2 interface will drive PtIr to diffuse into

(Pt,Ir)3Cr2 and Cr may  diffuse out. After a short transition period,
the second intermetallic phase, i.e. (Pt,Ir)3Cr, with higher PtIr con-
tent will form and grow. Correspondingly, (Pt,Ir)3Cr2 will shrink
and even disappear. This phenomenon, termed as supply limita-
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Fig. 15. Representative analysis results obtained from the PtIr/Ni/WC specimen after 48  h  exposure at 630 ◦C under 1.12 ×  10−23 bar O2 partial pressure: (a) cross-sectional
BF  STEM image. (b) 3D atom map of the surface region. (c) On the left: 3D atom map  of the PtIr layer with iso-concentration surface of 15  at.% Ni  (green); on the right: 1D
concentration profile within the cylinder highlighted in the atom map along the direction marked with the red  arrow. (d) on  the left: 3D atom map of the near Ni layer
region;  on the right: corresponding blue-to-red rainbow colour concentration maps of Ir,  Ni,  and W with the colour scale that blue indicates the lowest concentration and
red  indicates the highest concentration. For clarity, in all atom maps, only Ir (blue), Ni (green) and W (orange) ions are shown, if any of them are detected. (For interpretation
of  the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

Fig. 16. Schematic illustration of the evolution of degradation of the PtIr/Cr/WC system during isothermal exposure at 630 ◦C under a well-controlled atmosphere (N2-2.5%H2

with +20 ◦C dew point, PO2 ≈ 1.12 ×  10−23 bar).

Fig. 17. Cross-sectional BF STEM image of the near surface region of the PtIr/Cr/WC specimen after 48  h exposure at 630 ◦C  under 1.12 × 10−23 bar O2 partial pressure. The
edge  of the surface oxide scale is  highlighted using red dotted line. (For interpretation of the references to colour in this figure legend, the reader is  referred to the web
version  of this article.)
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Fig. 18. APT resulted 1D concentration profile and a  corresponding atom map  across
the interface between a  Cr-rich and a W-rich intermetallic compound (IMC). For
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larity, only Cr  (cyan) and W ions (orange) are shown. (For interpretation of the
eferences to colour in this figure legend, the  reader is  referred to the web  version
f  this article.)

ion induced second phase formation, has been reported in  various
revious studies [11,56–63].

At a  later stage, the WC substrate also gets involved in  the reac-
ive interdiffusion process, giving rise to the formation of a  W-rich
ntermetallic compound (Fig. 13). Fig. 18 shows a 1D concentration
rofile from a Cr-rich to  a W-rich particle. The solubility of Cr in the
-rich particles is found to be very limited, implying that Cr atoms

ave been substituted by  W atoms to  form a  W-rich phase. Actu-
lly, the Cr-rich intermetallic phase is  the product of the reaction
etween PtIr and Cr layer. After the full consumption of the Cr  layer,
C becomes the new endmember. For this system, i.e. PtIr-WC,

he Cr-rich intermetallics should be unstable phases, which will
e gradually replaced by  thermodynamically more stable phases,
uch as the observed W-rich phase. In addition to the intermetallic
ompounds, a chain of nanometre-sized voids are  also formed in
he interfacial region (Fig. 13). This phenomenon is attributed to
he Kirkendall effect, where an imbalance in mass transport due to
ifferent diffusion rates creates free volume and hence voids are
ormed. More specific, in the present case where Cr is the dominat-
ng diffusing species, during its outward diffusion, vacancies move
n the opposite direction. These extra vacancies may  condensate
urther into voids [9,64–66], which may  play  an important role in
he onset of degradation of the WC substrate.

.3. Dissolution of the tungsten carbide

The dissolution of WC occurring during the later stages of degra-
ation first requires the decomposition of the compound, especially
onsidering that only W atoms, rather than WC entities, were
nvolved in the reactive interdiffusion process. Since no C atoms

ere found within the surface coating, a  possibility is  that WC  first
eacted with oxygen, resulting in elemental tungsten as well as
aseous species such as CO and CO2,  which formed at the expense
f the free carbon atoms, and finally leaked into the atmosphere
67,68].  As for the material we  studied here, WC has no direct con-

act with air, the pre-requisite is that oxygen penetrate through
he coating. However according to the APT results, no substantial
mounts of oxygen were detected (Fig. 7 (b), Fig. 12 (c)). A possible
eason could be that after exposure, specimens are cooled down to
nce 120 (2017) 1–13 11

room temperature slowly (cooling rate ∼5 ◦C/min). During such a
slow cooling procedure, gases including O2,  CO and CO2 may  escape
for instance via diffusing along the grain boundaries. Another pos-
sibility is  that these gaseous phases may  be trapped in the observed
voids at the interfacial region and promote further void nucleation
and growth [69,70].

APT relies on the detection of individual ions which are suc-
cessively field evaporated from a sharp, needle-shaped specimen
and identification of them using time-of-flight (TOF) mass spec-
trometry. Quantitative chemical information is normally obtained
through counting the ions within the peaks of  the resulting mass
spectrum, which is  a  histogram showing the number of  the detected
ions as a  function of mass-to-charge ratio, i.e. TOF  value [71–73].
Therefore, the accuracy of the results will be influenced by errors
for example in  peak recognition, peak deconvolution, mass rang-
ing and background subtraction [74,75]. In some cases, minor peaks
may  be buried under background due to their low intensity. In  this
study, the possible important simple or molecular ion species that
contain oxygen are  O+,  O2

+,  CrO2+, CrO+,  CrO2
2+, CrO2

+ and CrO3
+.

The overall noise level at these positions is  evaluated to fall into
the range of 0.18–0.84 at.%, depending on the data set. Therefore,
if the oxygen content is below ∼1 at.%, it would not necessarily be
properly quantified. Indeed, since Cr is  not found to  be oxidised
internally at least up  to  this stage, the activity of oxygen within
the material interior should be below the critical partial pressure
of  Cr oxidation. According to the Ellingham diagram, at 630 ◦C,
the critical oxygen partial pressure for Cr oxidation is  ∼10−34 bar
(Cr → Cr2O3), and for W oxidation is ∼2.2 × 10−25 bar (W → WO2)
[46]. If Cr  has not  been oxidised internally, it is not  possible for W to
get oxidised. However, if coating spallation takes place, and the WC
substrate is in direct contact with air, or in  case that the metallic
tungsten atoms diffuse to the surface, where higher oxygen partial
pressure prevails, oxidation of tungsten will take place.

5. Conclusion

We  investigated the stability and degradation evolution of  a
bimetallic layer coating (PtIr/Cr and PtIr/Ni) on cemented tungsten
carbide substrate during isothermal exposure treatment at 630 ◦C
under a well-controlled atmosphere (N2-2.5%H2 with +20 ◦C dew
point, PO2 ≈  1.12 ×  10−23 bar). From our experimental results, the
following conclusions can be drawn:

(1)  The transport and migration of different atomic species can
be traced by APT. Combining the APT results with detailed
microstructure analysis using advanced electron microscopy
such as STEM provides additionally new insights into the degra-
dation process in  multilayer thin films or  coatings.

(2) Both systems studied, i.e. PtIr/Cr/WC and PtIr/Ni/WC, are unsta-
ble under the exposure conditions. Cr  or  Ni  were observed to
diffuse through PtIr grain boundaries to the surface, where Cr
got oxidised selectively, while Ni remained metallic. Internally,
all three regions, i.e. PtIr, Cr (Ni) and WC,  were involved in
complex reactive interdiffusion processes, giving rise to  inter-
metallic particles and voids at the interfacial region.

(3) The nanocrystalline columnar grain structure of the PtIr coating
is a  key factor limiting the stability of the system, as it provides
numerous fast and short diffusion pathways.

(4) By comparing the PtIr/Cr/WC to the PtIr/Ni/WC samples, it is
possible to  infer that surface oxidation promotes the replenish-

ing diffusion of solute Cr towards surface at the later exposure
stages. Initially, for both systems, segregation to the grain
boundaries is the dominating driving force for the outward
diffusion, which occurs faster for Ni  than for Cr.
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