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a  b  s  t  r  a  c  t

Alloy  690  based  ‘nuclear  waste  vitrification  furnace’  components  degrade  prematurely  due  to  molten
glass–alloy  interactions  at high  temperatures  and  thereby  increase  the  volume  of metallic  nuclear  waste.
In order  to  reduce  the  waste  inventory,  compositionally  graded  Ni–YSZ  (Y2O3 stabilized  ZrO2) composite
coating  has  been  developed  on  Alloy  690  using  Pulsed  Laser  Deposition  technique.  Five different  thin-
films  starting  with  Ni80YSZ20  (Ni 80 wt%  +  YSZ  20 wt%),  through  Ni60YSZ40  (Ni  60  wt%  +  YSZ  40  wt%),
eywords:
azardous metallic nuclear waste
lloy 690
igh-level waste vitrification furnace
i–YSZ composite coating

Ni40YSZ60  (Ni  40 wt%  +  YSZ  60 wt%),  Ni20YSZ80  (Ni 20 wt%  + YSZ 80  wt%)  and  Ni0YSZ100  (Ni  0  wt%  + YSZ
100  wt%),  were  deposited  successively  on  Alloy  690  coupons.  Detailed  analyses  of  the  thin-films  identify
them  as  homogeneous,  uniform,  pore  free  and  crystalline  in  nature.  A comparative  study  of  coated  and
uncoated  Alloy  690  coupons,  exposed  to sodium  borosilicate  melt  at 1000 ◦C for  1–6  h  suggests  that  the
graded  composite  coating  could  substantially  reduced  the  chemical  interactions  between  Alloy  690  and

(

ulsed Laser Deposition technique borosilicate  melt.

. Introduction

Vitrification of high level nuclear waste (HLW) is considered to
e one of the best available immobilization options today [1–5]. The
asic idea behind the process is to produce suitable borosilicate
aste glass matrices capable of hosting hazardous radionuclides

n geological repositories for a minimum period of 104–106 years.
arious types of vitrification processes have been suggested in the

iterature [6,7], but the ones which are most commonly followed
t the Waste Immobilization Plant scale, are (a) induction heated
etallic melter pot and (b) Joule heated ceramic melter pot. The

uccess of a vitrification technique is of course assessed by the
uality of nuclear waste glass produced, but it also depends on the

ength of uninterrupted service it can provide. Faster degradation
r pre-mature failure of melter pot materials, especially compo-
ents made up of nickel (Ni) based austenitic Superalloy 690 (e.g.

hermowells, feeders, electrodes, pour spout assemblies, metallic
rocess pot, etc.), have been identified as one of the main rea-
ons behind the unprecedented shut down of vitrification plant
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operations. To avoid such situations it is absolutely necessary to
understand and prevent such failures as much as possible. Towards
this, Sengupta and his co-workers have carried out a significant
number of experimental studies under partially simulated service
conditions [8–14] and they have reported the following physico-
chemical changes at the Alloy 690/sodium barium borosilicate melt
interfaces (Fig. 1(a) and (b)),

(i) secondary Cr carbide (Cr23C6 type) precipitation along grain
boundaries and at triple point junctions (mostly free from TiN
particles) within the alloy,

(ii) Cr depletion in austenitic matrix,
iii) intergranular attack within the alloy,

(iv) formation of Cr2O3 and glassy layers (containing needle shaped
Ni2CrO4, and cubic NiCr2O4 phases) at the Alloy 690–waste
glass interface,

(v) segregation of heat producing and �–� emitting radionuclides,
e.g. 90Sr and 137Cs within the glassy layer from the waste glass
melt pool, and

(vi) incorporation of waste glass melt pool components including
radionuclides within corroded Alloy 690 through diffusion and

redistribution along intergralunar cracks, etc.

Although this is the general reaction trend at the interface, the
nature and the extent of the reaction(s) may  change at different

dx.doi.org/10.1016/j.jhazmat.2011.05.006
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:praneshsengupta@gmail.com
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ig. 1. BSE images showing the physico-chemical modifications within Alloy 690
oupons upon exposure to sodium barium borosilicate glass melt at 950 ◦C for (a)

 h and (b) 144 h.

ocations within a given type of vitrification furnace or with the
hange in furnace type or process flow sheet, as the adjacent service
onditions (temperature, fugacity of oxygen (fO2), time of inter-
ction, viscosity, chemical composition of adjacent fluid phase(s),
elative dominance of liquid or gaseous phases, stress, etc.) are very
ifferent in each case [15,16].

All these microstructural–microchemical changes at the Alloy
90–waste glass melt pool not only deteriorate waste glass prop-
rties but also significantly degrade the metallurgical properties
f the alloy. This becomes evident with the (i) formation of pores
ithin the melter pot wall and pour spout assembly, (ii) cracking

nd/or bending of electrode, melter pot, etc. Usually rise in radioac-
ivity within the hot cell and multiple pouring of waste glass melt
n place of pencil pouring indicates the failure of a vitrification fur-
ace. Failed Alloy 690 components so obtained retain significant
mount of radioactivity with it due to presence of adhering glassy
ayer on its surface and incorporation of waste glass components

ithin it. Earlier attempts to dissolve the glassy layer with concen-
rated mixed acids remained unsuccessful due to the inert nature of
he former. Moreover, reduction of metallic nuclear waste volume
hrough mechanical shearing or otherwise, was also not possible
ue to enhanced toughness of the alloy because of grain growth
pon thermal annealing. Thus, as of today, the required scientific
nowledge base as well as remote-robot based technology is not
vailable for disposal of metallic nuclear waste. Hence the failed

lloy 690 components remain to be a serious threat for human and
ssociated biosphere.

To address this issue there are two options available, (a) identi-
cation of an alternative for Alloy 690 or (b) developing ‘chemical
s Materials 192 (2011) 208– 221 209

diffusion barrier coating’ for it. Among these two, the first option
is preferred, but since it takes time to develop a new Superalloy
so the immediate remedy should be to develop suitable coating
materials. Considering the harsh environment within vitrification
furnaces it is prudent to explore ceramic coatings because this
approach has been routinely successful in chemical industries to
combat material degradations. For selection of the coating material
and optimization of its processing route we have taken a multidisci-
plinary approach where we  used experience gained from previous
experimental studies to meet our objective. Brief notes on each of
these aspects are described below.

2. The qualifying criteria for chemical diffusion barrier
coating

Understanding the service conditions is very crucial for iden-
tifying and developing any chemical diffusion barrier coating
material. Usually the HLWs are 1.5–3.0 M HNO3 solutions contain-
ing radioisotopes of as many as 30–40 different elements belonging
to different categories such as (i) fission products, (ii) activation
products, (iii) chemical additives, (iv) actinides, and (v) minor
actinides. The vitrification process generally takes place at high
temperature, close to 950–1000 ◦C, which leads to evaporation and
concentration of HNO3 and hence of HLW. Therefore the envi-
ronment within vitrification furnaces is usually very aggressive
due to

(i) presence of multiple elements in different ionic states,
ii) different orders of radioactivity and toxicity associated with

these isotopes/ionic species,
iii) high temperature operation,
iv) high acidic environment,
(v) high oxygen fugacity, etc.

Moreover vitrification process involves considerable convective
motion within borosilicate melt which makes the environment
even more complicated.

Considering all these factors, the qualifying criteria any potential
chemical diffusion barrier material has to satisfy, are the following:

(i) the material should be able to arrest elemental exchange
between Alloy 690 and adjacent HLW loaded borosilicate
melt,

(ii) the material should be compatible with Cr and Cr oxides, adja-
cent silicate melts as well as acidic waste solutions containing
radioactive and toxic elements,

iii) the material should be stable under high temperature and high
fO2 environment,

(iv) it should be able to withstand the thermal shocks associated
with batch scale productions,

(v) it should act as element diffusion barrier and not as a thermal
barrier, and

(vi) the required coating technology should be already available.

3. Selection of the coating material

Given the above mentioned service conditions and require-
ments, ceramic coatings appear to be the most promising diffusion
barrier material in the present case. Available experimental data
together with plant scale experiences acquired over the last few
decades identify Al2O3 and YSZ (ZrO2 with 8 mol% Y2O3) as the two

most promising diffusion barrier coating materials for the present
case [17]. It is noted that both the materials have excellent ther-
mal, mechanical and chemical properties, and could be emplaced
on Ni based alloys following plasma spray coating routes (air
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Fig. 2. Selected phase diagrams

lasma spray, thermal plasma spray, vacuum plasma spray, small
article plasma spray processing, high velocity oxy-fuel process,
tc.), electron beam physical vapor deposition technique, dip
oating, sol–gel, aluminizing process, slurry coating, etc. [17–21].
owever, available X-Cr2O3 (where X: Al2O3, ZrO2) phase dia-
rams (Fig. 2(a) and (b) [22,23]) show Cr2O3 is more compatible
ith Al2O3 (forms solid solution) than YSZ. On the other hand, YSZ

xhibits better high temperature phase stability as Al2O3 under-
oes several phase transformations (�-Al2O3 to �-Al2O3 to �-Al2O3,
ccompanied with significant volume reduction) under similar
onditions. ZrO2, exists in three different allotropic forms; mono-
linic, tetragonal and cubic phases that are stable below ∼1100 ◦C,
2300 ◦C, and the melting point respectively. However, on being
oped with Y2O3 it can occur as tetragonal (partially stabilized

rO2) or cubic phase (fully stabilized ZrO2) at room temperatures.
n terms of reactivity with silicate melts, both Al2O3, and YSZ are
xpected to behave similarly (Fig. 2(c) and (d)) [22,24] but in pres-
nce of transition elements the former (Al2O3) has a tendency to
rtant for present study [22–24].

stabilize spinel whose accumulation on the floor of the furnace can
clog the draining route and make plant scale operation difficult.

In nature, Al2O3 is mostly restricted within silica under-
saturated rocks [25,26] and rarely shows any possibility for
elemental substitution in its hexagonal structure. In contrast to
these, ZrO2 (baddeleyite) is found to occur within rocks having a
wide range of silica saturations [27] and are found to incorporate
significant amount of actinides and lanthanides within their cubic
fluorite lattice structure. Natural analogue studies as well as avail-
able Ellingham diagrams (Fig. 3, [28]) suggest that both Al2O3 and
ZrO2 are found to be stable under high temperature and oxidizing
conditions. Thus considering the (i) better compatibility with sili-
cate melts, (ii) greater structural flexibility to incorporate actinides
and lanthanides, (iii) stability over wide range of temperature-fO2

conditions, (iv) lesser tendency to phase transformation and spinel
stabilization within borosilicate melts, and (v) excellent leach resis-
tance towards crystal fluids, YSZ is chosen as the preferred coating
material over Al2O3.
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. Identification of the suitable YSZ coating route

Available literatures on ‘YSZ coating over metallic substrates’
eveal that significant number of attempts have been made with
ickel based Superalloys such as InconelTM 718, HastelloyTM X,

nconelTM 601, InconelTM 625, and InconelTM 738 LC [29–31].
mong the various techniques tried, plasma spray route [17,18,31]

s found to yield the best results in terms of excellent thermal,
echanical and chemical properties of the coating, suitable for

pecific applications in jet engines, gas turbines, diesel engines,
tc. However, coatings developed through plasma spray route suf-
er from porosity and permeability (interconnected porosity), and

ence cannot be a good choice as far as ‘diffusion barrier appli-
ation’ is concerned. In the present purpose of developing YSZ
oating on Alloy 690 is entirely to reduce or nullify any elemental
xchange between the alloy and adjacent borosilicate melt. Given
inued)

these requirements it is proposed to develop YSZ coating in the
form of continuous layer on Alloy 690. And to achieve this, a novel
synthesis route employing Pulsed Laser Deposition (PLD) technique
has been tried in the present case. Detail on the experimental pro-
cedure is given below.

5. Experimental procedure

The present study had three important experimental compo-
nents, namely (a) preparation of coated samples through laying
compositionally graded thin films in succession, (b) exposure of

coated samples to simulated service conditions and (c) charac-
terizations of blank and exposed samples using microscopic and
spectroscopic techniques. Descriptions on each of these aspects are
as following.
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.1. Preparation of coated samples
The process involved two steps (a) preparation of Alloy 690
oupons and (b) PLD targets. Small coupons (3 mm × 3 mm  × 3 mm)
f Alloy 690 (Table 1) were obtained from as received mill annealed
aterial and were subsequently prepared for coating through (i)

able 1
ompositions of as received Alloy 690 and of phases present in exposed samples.

Element (at%) Alloy 690 as
received

Exposed Alloy 690 

Austenitic matrix at
glass/alloy interface

Layer (Cr2O3) 

Cr 31.75 27.11 39.07 

Fe  9.34 7.82 0.80 

Ni  58.91 50.63 0.35 

Al  – – – 

Si  – 12.61 – 

Zr  – – – 

O  – – 59.78 

Others C: 0.05 max,
Mn:  0.05 max,
S: 0.015 max,
Si: 0.50 max,
Cu: 0.50 max

– – 
ons of selected reactions (modified after Gaskell [28]).

metallographic polishing of the surfaces using different grades of
emery papers and fine (1 �m)  diamond paste and (ii) at least three

times cleaning in ultrasonic bath of ethanol.

The PLD coating source materials, i.e. the targets were prepared
by thorough mixing of appropriate amounts of pure (better than
99%) Ni and 9.5 mol% Y2O3 stabilized ZrO2 powders and sintering

Austenitic matrix at
glass/coated alloy interface

Needle (Ni2CrO4) Cubic (NiCr2O4)

14.22 23.56 31.92
0.85 1.30 9.07

27.71 11.25 55.59
0.45 1.10 –
2.07 4.46 –
– – 0.42

54.70 58.33 2.99
– – –
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Table 2
Composition of coating targets used.

Composition (at%) Ni80YSZ20 Ni60YSZ40 Ni40YSZ60 Ni20YSZ80 Ni0YSZ100

Ni 40.85 31.30 21.33 10.91 –
Y  1.08 2.21 3.39 4.62 5.91
Zr 5.20 10.62 16.29 22.21 28.41

t
g
t
g
a
p
o
i
o
w
s

F
l

O  52.87 55.86 

Density (gm/cm3) 8.34 7.78 

hem at 1400 ◦C for 8 h in air. To ensure compositional homo-
eneity, the target materials were crushed and pelletized three
imes and finally sintered at 1400 ◦C for 18 h. Five different tar-
et materials (e.g. Ni80YSZ20, Ni60YSZ40, Ni40YSZ60, Ni20YSZ80
nd Ni0YSZ100; Table 2) were prepared through varying the com-
osition linearly from Ni80YSZ20 to Ni0YSZ100 wt% following the
bservation of Song et al. [17] who noted that linear feeding of the

ngredients produce better coating materials as compared to those
btained from convex or concave feedings. Before use, all targets
ere metallographically polished, examined with optical micro-

cope and chemically analyzed using Rutherford Backscattering

ig. 4. Representative RBS spectra (indicated by dots) showing the major constituents o
ine  represents the fitting curve obtained through simulation of original experimental pro
58.99 62.26 65.68

7.22 6.66 6.10

Spectroscopic technique (RBS, described later). In accordance with
Ellingham diagram (Fig. 3, [28]) the YSZ component of the targets
remained unreduced (metallic Ni can not reduce YSZ as the later is
more stable under 1 atmosphere and oxidizing environment) and
Ni gained oxygen from the surrounding.

To prevent material degradation in plant scale the required coat-
ing thickness will depend on the behavior of the alloy under the

service condition, however in the present case, Ni–YSZ composite
coatings on the coupons were given in the form of 100–200 nm thin
films (in case of thicker coatings, as required for interaction stud-
ies, thin films of the same target material were deposited more than

f (a) calcium borosilicate glass and (b) as received Alloy 690. The grey continuous
file.
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Fig. 5. BSE images showing the representative microstructures of (a) as received Alloy 690 austenitic matrix (inset showing occurrence of Cr-carbide (Cr23C6 type) precipitates
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urrounding TiN particles within austenitic matrix) and (b) badly coated coupon sur
c)  as received Alloy 690 (Ni, Cr and Fe) and (d) isolated white patches (Zr, O with s

nce) so as to carry out all necessary experimental studies within
easonable time frame. The idea was to reduce the experimental
ime scale through observing the reaction phenomena at a nano-
cale level using RBS technique. Before deposition of thin films, the
olished substrates were placed on a SiC heater kept inside the
LD chamber maintaining a distance of 40–50 mm from the target.
he coupons were initially heated for decontamination and then
oated with thin films of desired composition through ablation of
otating targets under vacuum (better than 10−6 mbar using a turbo
ump) by an excimer Laser (Model LPX 305i from Lambda Physik)
f 193 nm wavelength, using ArF gas mixtures [29]. Pulsed laser
eams with energies upto 1400 mJ  (the actual energy flux at the
arget surface can be controlled by an aperture or focusing lenses)
t a maximum frequency of 50 Hz (pulse duration = 30 ns) were
llowed to hit the targets at an angle of 25◦ and the substrates
ere placed directly in the path of plasma coming out of the target

t right angles to the surface. For rough estimation of the coating
hickness, thin film of a given target composition was allowed to
eposit on single crystal Si wafer. Mostly, this resulted in generation

f concentric color bands with the one having highest interference
olor at the centre and the lowest one at the periphery. Birefrin-
ence of the color bands were obtained by comparing the order
f interference color (as seen from Si wafer) with Michael-Levy
magnified image is shown in Inset). EDX spectra showing the major constituents of
i, Cr) of badly coated sample.

chart and then dividing it by four times the refractive index of the
thin film to obtain a rough thickness of the coating. More accurate
coating thickness was  obtained from RBS spectrum. For final opti-
mization of the coating thicknesses, the ablation time was  varied as
it is linearly dependent on the later. For composite coating, the five
different targets were ablated in sequence starting with Ni80YSZ20,
followed by Ni60YSZ40, Ni40YSZ60, Ni20YSZ80 and Ni0YSZ100. To
ensure that coating composition was identical to the target mate-
rial, thin films were deposited on Si wafer initially and analyzed by
RBS technique. In case composition of the coating on Si wafer was
different from the target, the same was adjusted by changing the
distance between the rotating target and substrate to ensure that
the different elemental components of the target did not get sepa-
rated during its flight in the plasma stream [32]. The coated coupons
so obtained were then annealed at 800 ◦C over 1/2 h within Ni–NiO
buffered environment (maintained by a flowing gas mix  of CO–CO2)
for (i) stress relaxation and (ii) to ensure good adhesion among the
compositionally graded layers and with the substrate.
5.2. Exposure of coated samples to simulated service conditions

To assess the performance of coated Alloy 690 coupons with
respect to the uncoated ones, two sets of experiments were
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ig. 6. BSE images showing the compositionally homogeneous and uniformly coated (with
hows  the major constituents of the coating. (d) RBS spectrum (indicated by dots) of All
ine  represents the fitting curve obtained through simulation of original experimental pro

ig. 7. Overlaid RBS spectra (indicated by dots) showing the stepwise build up of Ni–Y
ontinuous line) is shown for only one sample (coupon coated with Ni80YSZ20 thin film)
out any ZrO2 white patches) Alloy 690 (a) surface and (b) coupon. (c) EDS spectrum
oy 690 coupon coated with uniform ∼150 nm thick YSZ film. The grey continuous
file.

SZ composite coating on Alloy 690 substrate. For better clarity fitting curve (grey
.
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ig. 8. RBS spectra (indicated by dots) obtained from thermally annealed Alloy 69
i–YSZ  composite coatings (cartoons showing succession of thin films on Alloy 690

arried out where coupons were (i) annealed at 1000 ◦C (temper-
ture maintained within ±1 ◦C) for 1–6 h within air atmosphere
nd (ii) exposed to sodium barium borosilicate melt at 1000 ◦C
or 1–6 h. The selection of the experimental conditions was made
ased on actual plant scale operation procedure where the soak-

ng period and pouring temperature of sodium barium borosilicate
elt loaded with HLW are 6 h and 1000 ◦C respectively [2].  The

ir-annealing experiments were carried out to simulate the behav-
or of those Alloy 690 components which do not come in contact

ith borosilicate melt, e.g. top dish (of metallic melter), upper

art of thermowell, feeding channels, etc. On the other hand, the

nteraction studies between coated/uncoated Alloy 690 coupons
ith sodium barium borosilicate melt were carried out to under-

tand how coated bottom dish (only in case of metallic melter),
ons coated with (a) Ni80YSZ20, (b) Ni80–40YSZ20–60 and (c) Ni80–0YSZ20–100
on). The fitting curves are marked by grey continuous line.

electrodes, pour spout assembly, etc. may  respond to it. In these
experiments coupons were put inside Pt crucibles containing
sodium barium borosilicate glass powders (prepared through con-
ventional melt-quench route [2]) and annealed for the above
mentioned pre-determined time–temperature schedule within air
atmosphere furnace. The glass composition was chosen to be
sodium barium borosilicate because this is being produced at Waste
Immobilization Plant, Trombay (India) for immobilization of its sul-
fate rich HLW [2].
5.3. Sample characterization

A three stage characterization strategy, involving (a) opti-
cal microscopy, (b) Rutherford Backscattering Spectroscopy (RBS)
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with marginal amount of Ni and Cr within it (Fig. 5(d)) and subse-
ig. 9. BSE images showing the growth of YSZ coating upon thermal annealing.

nd (c) Scanning Electron Microscopy (SEM; Cambridge Stere-
scan) along with micro-chemical analysis using Energy Dispersive
pectrometers (EDS; Oxford EDS) were adopted in the present
nvestigation.

All samples including blanks were studied under reflected light
n an optical microscope for preliminary microstructural charac-
erizations.

For RBS analyses, the Dynamitron Tandem Accelerator Facility
f the Ruhr University Bochum was used to analyze the thermally
nnealed samples and blanks. The technique, which is essentially
 depth resolved mass spectrometry of near surface layers (depth
0.5 �m),  is based on the measurement of the energies of light ions
ccelerated by high voltage that have been scattered back elasti-
s Materials 192 (2011) 208– 221 217

cally from the constituent atoms of a given sample. Monoenergetic
(2 MeV) beams of alpha particles (4He), produced in the linear accel-
erator, collimated to a diameter of 0.5 mm,  were allowed to impinge
on the sample and those scattered back from it were detected on
a Si particle detector at a backscattering angle of 170◦. For each
sample, spectra of particle yields as a function of energy were doc-
umented by a multichannel analyzer (MCA). It may  be mentioned
here that the energy of the detected ions depends upon the mass
of the target atoms and the depth within the material at which
they are located. For a thick (few hundreds of nanometers or above)
multi-component sample, the energy spectrum is the sum of contri-
butions from each constituent atom. Hence a typical RBS spectrum
is usually constituted of a series of steps whose edges correspond
to scattering events at the sample surface and the corresponding
energy bears the identity of the atoms present. As an example, RBS
spectrum obtained from calcium aluminosilicate glass is shown in
Fig. 4(a). Note that depending on energy distributions elements
may  have separated (e.g. O, Ca) or overlapping (Al, Si) peak posi-
tions. The latter is specifically important for the materials used
in the present study, i.e. Alloy 690 (very close peak positions for
Ni, Fe and Cr; Fig. 4(b)) and YSZ (very close peak positions for Zr
and Y). It may  be added here that particles with lower energies
(when considering only scattering events due to a particular atom
in the sample) result from scattering at depth in the material, as the
ingoing (before scattering) and outgoing (after scattering) ions lose
energy as they travel through it. The number of detected ions at a
given energy is directly related to the concentration of the atomic
species and the probability of a scattering event occurring. The lat-
ter factor is proportional to the square of the atomic number (Z) of
the target atom, resulting in greater detection sensitivity for high-Z
atoms. The RBS spectra so obtained were fitted and analyzed by RBX
software [33], feeding the required input parameters such as com-
positions (coatings and substrate), coating thickness, and coating
density (Table 2). The particle yields were converted to concentra-
tions by taking into account the probabilities of scattering events
for a given atomic species at various depths in the sample.

Samples exposed to borosilicate melts were analyzed using
SEM-EDX. One side of the samples was metallographically polished
to remove adhering borosilicate glass so as to examine the Alloy
690-coated-borosilicate glass cross-sections. The polished cross-
sections were subsequently coated with thin conducting carbon
film for microstructural characterization with a steady electron
beam of 4 nA, accelerated under 20 keV voltage. For energy based
element identification, liquid N2 cooled Si–Li detector was used and
for concentration estimations raw data were corrected for atomic
number (Z), absorption (A) and fluorescence (F) following PAP pro-
cedure [34]. Detailed investigations on the samples were carried
out under scanning and static beam modes and the results are
described below.

6. Results and discussion

Microstructural characterization of ‘as received’ Alloy 690 mate-
rial shows the presence of tiny TiN inclusions and primary Cr
carbide precipitates within the �-austenitic matrix [14] with an
average grain size of ∼80 �m (Fig. 5(a)). On such Alloy 690 coupons
five layer composite thin films of Ni–YSZ were deposited using
PLD technique. During initial trial stage with Ni0YSZ100 target,
presence of (i) white patches, (ii) wrinkles and (iii) cracks were
found within the thin-films (Fig. 5(b)). Microchemical analyses of
the coupon indicate Ni, Cr and Fe as the major constituents of Alloy
690 (Fig. 5(c)) and those of white patches identify them as ZrO2
quently the experimental parameters (energy and frequency of the
laser, time of coating, etc.) were optimized to obtain composition-
ally homogeneous (without any white patches), pore free, uniform
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Fig. 10. EDX spectra showing the

omposite coating on the Alloy 690 substrate (Fig. 6(a) and (b)). To
heck compositional homogeneity, X-ray energy and Rutherford
ackscattered particle spectra were taken from multiple places on
he coating and the representative data are shown in Fig. 6(c) and
d). Analysis of the RBS spectrum (Fig. 6(d)) using fitting parame-
ers such as possible composition, thickness, and density indicate
hat the overall coating thickness for the sample under description
as ∼150 nm and the top layer was essentially YSZ. EDS spectrum
Fig. 6(c)) however indicated that besides Zr and O; Ni, Cr and Fe are
lso present within the coating. The difference in the compositions
or the same coating material is essentially linked to the variations
n the X-ray/back scattered particle–interaction volumes. While for
 constituents of various samples.

RBS technique the signal is collected from top few tens of nanome-
ter, but for EDS it is usually few hundreds of nanometer (considering
the beam conditions used in the present study). Hence it is believed
that the presence of Ni, Cr and Fe peak within the EDS spectrum
(Fig. 6(c)) are essentially due to Alloy 690 substrate. Preliminary
‘Electron Back Scatter Diffraction (EBSD)’ study identifies that all
the five layers of the composite coatings are crystalline in nature.

As mentioned earlier, on the Alloy 690 coupon, five layers of

Ni–YSZ composite coating was built up in a stepwise manner as
shown in Figs. 7 and 8. Note that in Fig. 7 the variation in yields
(Y-axis) is due to variation in overall coating thickness. For equally
thick coating the yields were found to be comparable. The excel-
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ig. 11. BSE images showing (a) good contact relationship (no pore, gap or crack 

ormation of no reaction product at the coating/melt interface even after an expo
onstituents of the (c) Alloy 690 close and (d) the glass matrix close to interface aft

ent fitting of the raw data, for this as well as for other spectra,
uggest that compositions of target pellets were maintained in
orresponding thin films in each case. Fig. 8(a)–(c) show the RBS
pectra obtained from the same set of samples mentioned in Fig. 7
fter annealing in air at 1000 ◦C for 6 h. Compositional analyses
f the Alloy 690–Ni80YSZ20 interfaces (using the RBS spectrum)
how (a) absence of any Cr-oxides (Cr2O3, NiCr2O4 and Ni2CrO4)
nd (b) increase in Cr content (from 0 to 12 at%) within the compos-
te coat. These are very important observations as they indicate that
he Ni80YSZ20 composite layer was impermeable enough to pre-
ent or significantly reduce oxygen ingress from the air atmosphere
owards the alloy substrate. Given the high oxygen self diffusion
oefficient (of the order of ∼10−10 m2/s) [35,36] of YSZ under the
xperimental conditions, the possible reason behind such inert-
ess could be diffusion of Ni within YSZ. The moderate diffusivity
f Ni within YSZ (∼10−20 m2/s) [37] under the experimental condi-
ions, and the experimentally proven fact that oxygen conductivity
nd diffusivity within ZrO2 reduce significantly as the Y2O3 con-
ent goes down below 8 mol% [38] substantiate our reasoning.
nhancement of Cr within Ni–YSZ composite coating was  due to

iffusion out of the former in minor quantity from alloy substrate.
etailed spectra analyses of all other annealed samples highlight

he same observations. The peaks occurring in between the alloy
ubstrates and coatings (Fig. 8(a)–(c)) are nothing but the Cr rich
 interface) between compositionally graded layer and Alloy 690 substrate and (b)
o sodium borosilicate melt at 1000 ◦C for 2 h. (c) EDX spectra showing the major
raction study.

domains of the Ni80YSZ20 composite coatings mentioned earlier.
It may  be mentioned here that in all annealed samples no trace of
any discontinuity (pore, crack, and scale formation) was observed
at the alloy–coat interfaces. The YSZ coating, however, found to
grow upon thermal annealing, and this was maximum at the grain
boundaries probably due to easier mass transfer (Fig. 9(a)–(c)). Fur-
ther, composition of the austenitic matrix (adjacent to the coating)
within annealed coated samples was found to be very similar to the
‘as received material’ (Table 1).

Similar encouraging results were obtained from coupon-
borosilicate melt interaction studies also. It was noted that
uncoated Alloy 690 coupons on being exposed to sodium bar-
ium borosilicate melt at 1000 ◦C for 2 h: (i) gave rise to
Cr2O3 layer, (ii) crystallized and grew needle and cubic shaped
phases and (iii) significant Cr depletion took place from the
austenitic matrix (Figs. 1(b), 10(c) and (d);  Table 1). (iv) An
increase in Cr content (as high as 7.64 at%) within the glass
matrix close to the coupon melt interface was also noted
(Fig. 10(a) and (b)). Interestingly, in contrary to these, no com-
positional modifications could be witnessed in case of coated

Alloy 690 coupons exposed to sodium barium borosilicate melt
at 1000 ◦C for 2 h (Fig. 11(a)–(d)). Microchemical analyses of
Alloy 690 or glass matrix close to interfaces showed more or
less same compositions as those measured far away from the
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nterface. Hence this suggests that the proposed Ni–YSZ com-
ositionally graded coating can protect corrosion of Alloy 690
omponents from borosilicate melt.

The success of ‘compositionally graded coating’ as ‘diffusion bar-
ier’ in the present context is essentially keyed to restricted mass
ransfer mechanisms. Coating of as received Alloy 690 coupons
ith Ni80YSZ20 thin films and subsequent annealing under low fO2

Ni–NiO buffer) conditions arrested Cr out-flux from Alloy substrate
o coating as Ni and Cr have no mutual solubility. Subsequently,
radual variations in thin film compositions eliminated the possi-
ility of any reaction product formation through out the coating.
inally, the inert nature of YSZ thin film protected the underly-
ng coating and Alloy 690 coupon from sodium barium borosilicate

elt corrosion.
In fine, it can be argued that the proposed five layered Ni–YSZ

ompositionally graded composite coating stands a good chance to
ualify as a ‘chemical diffusion barrier’ coating material for Alloy
90 components used in HLW vitrification furnaces. However the
oating thickness used in the present investigation is much smaller
han what is actually required in practice. So there is a need to
cale up the coating thickness and repeat the experiments once
gain. Moreover there are considerable chances to improve upon
he composite coating material through incorporation of YSZ con-
aining more than 10 mol% Y2O3 as in such case the inherent oxygen
iffusivity of the material is expected to be less [38]. Once this is
one there is a need to assess the composite coating materials in
erms of its thermal conductivity, high temperature fatigue, bond
trength, response to thermal cycling, etc. Efforts in these direc-
ions have already been initiated and the experimental results will
e published elsewhere.

. Summary

(i) Homogeneous, uniform, pore free, five layered compositionally
graded Ni–YSZ composite coating can be developed over Alloy
690 substrate using PLD technique.

(ii) The graded composite coating can arrest development of
mixed oxide layer (Cr2O3, NiCr2O4 and Ni2CrO4) on Alloy 690
surface due to its exposure to high temperature-oxidation con-
ditions.

iii) The graded composite coating can control Cr depletion from
Alloy 690 matrix and formation of crystalline aggregates within
waste glass due to borosilicate melt-Alloy 690 interactions.

iv) Hence, the compositionally graded five layered Ni–YSZ com-
posite coating, developed via PLD route, stands a good chance
to qualify as a diffusion barrier coating material for Alloy 690
components used in HLW vitrification furnaces.
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