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Interaction between plasma sprayed YBaCuO and nimonic substrates
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The interaction of YBaCuO layers. deposited by atmospheric plasma spraying, with nimonic substrates at high temperature has
been studied using X-ray photoelectron spectroscopy and Auger electron spectroscopy (AES). Both the region at the YBaCuO/
nimonic interface and the surface of clean nimonic substrates after annealing in vacuum and oxygen have been studied in terms of
chemical composition and peak shapes. Chromium was detected more than 20 zm deep in the YBaCuO layer. This is explained in
terms of a chemica) reaction of Cr** oxides from the nimonic with the YBaCuQ. Depth profiling of the interface region combined

with AES measurements reveals also an extensive migration of nickel oxides from the substrate into the YBaCuO.

1. Intreduction

One of the factors limiting the exploitation of
bulk high-7, materials is obtaining the applicable
physical shape. Another is the poor mechanical
stability of high-7, materials. If the superconduc-
tor could be combined with a metallic carrier the
composite would significantly improve the me-
chanical properties. In order to get a good adhe-
sion between superconductor and carrier the su-
perconductor has to be deposited in a suitable
way. For this a potentially useful technique is
plasma spraying which allows deposition on virtu-
ally any shape at a high deposition rate [1,2]. In
previous experiments [1] the nickel-rich alioy ni-
monic was found to be the best substrate in terms
of a higher critical temperature 7, and larger
critical current density J.. For improvement of
the J. of YBaCuO the as-deposited coatings must
undergo a thermal treatment in oxygen atmo-
sphere [1-3]. Under these conditions the interac-
tion between substrate and YBaCuO becomes a
problem, especially for longer treatments [1,4,5].
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The purpose of this paper is to obtain more
information concerning the interaction of a ni-
monic substrate with a YBaCuO layer deposited
by atmospheric plasma spraying (APS). In order
to get a better insight into this process we investi-
gated the YBaCuO layer and the pure nimonic
substrate. Both underwent the same thermal
treatments. Auger electron spectroscopy (AES)
and X-ray photoelectron spectroscopy (XPS) has
been applied for the chemical characterization of
these materials, The thickness and chemical com-
position of the interaction layer have been deter-
mined using AES in combination with the Ar*
sputter profiling technique. In addition the sub-
strate has also been annealed in vacuum in order
to study the role of oxygen in the interaction.

2. Experimental

YBaCuOQ was deposited by APS on “nimonic
75" substrates with an area of ~38X20 mm”
The layers were ~ 100 um thick. The powder
used for plasma spraying consists of single-phase
Y¥Ba,Cu;0,. The high temperatures in the
plasma jet melt the grains which leads to a de-
composition of the YBa,Cu,0, phase. The de-
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composed molten grains are deposited on a ““cold”
substrate where they quench. Therefore, the su-
perconducting YBa,Cu;O, phase has to be re-
grown after deposition of the layer. For this pur-
pose the samples received the following heat
treatment: 20 h at 930°C followed by 10 h at
430°C, all in 1 atm of flowing oxygen. All XPS
and AES measurements were performed at room
temperature on samples in the as-received state
or after heat treatment.

AES measurements were performed with a
PHI 600 scanning Auger microscope system. The
Auger spectra and Auger sputter profiles of sub-
strates were recorded using the following experi-
mental conditions: primary beam energy E, = 10
kV, primary beam current I,=05 puA and a
beam diameter @ = 0.7 um. For YBaCuO we
used: E, =3 kV, [,=0.1 pA and & =04 um.
The resolution of the cylindrical mirror analyzer
was set to 0.6%. The argon ion beam with an
energy of 3.5 kV was produced by a differentially
pumped ion gun. The sputter rate was calibrated
using a 100 nm thick Ta,O; layer. All sputter
rates given in this paper are derived from this
sputter rate.

The XPS experiments were carried out with a
KRATOS 800 system, controlled by a PDP-11
computer. For the excitation a MgKe radiation
source was used. The spectrometer was cali-
brated and its linearity checked by measuring the
Ag3d;,, peak and the X-ray induced AgMNN
Auger peak on a clean sputtered silver sample.
The position of the Cls peak, relative to its
normal position at 285.1 eV, was used to correct
the measured binding energies (BE) for electro-
static charging of the YBaCuQ sample. The spec-
tra were taken and analyzed using a DS 800
software package. For the peak synthesis 100%
Gaussians were used. Compositions for the sub-
strates were calculated applying the empirical
sensitivity factors for the pure elements [6]. For
the oxides no compositions were determined as
the correct sensitivity factors were not available.
The absolute values for the composition may not
be entirely correct due to the unknown influence
of the matrix on the sensitivity factors. However,
we are mainly interested in the variations in
composition which can be determined very well.

The substrates were studied under three con-
ditions: ‘“‘as-received”, after vacuum annealing for
20 h at 900°C with a background pressure of less
than 2 X 10~7 Torr and after 20 h at 930°C in 1
atm of flowing oxygen, as used for the YBaCuO
samples. The chemical composition of “nimonic
75" in weight percent is C=0.13, Cr=19.5, Cu
<05 Ti<04 Fe<50,5i<10,Mn<10,8S<
0.02 and Ni=62.5[7].

In a previous study [8] we found that in situ
cleaning by Ar* sputtering changes the chemical
composition and chemical state at the surface.
Because in situ scraping facilities were not avail-
able in the systems used for the present studies
no surface preparation was applied.

For one sample the top 80 pm of the YBaCuO
layer (with a total thickness of ~ 100 um and an
area of ~ 8% 20 mm?) spalled off. A ~20 um
thick layer remained on the substrate. The
spalling occurred after heat treatment and is
probably due to strains caused by the chemical
interaction with the substrate. The YBaCuO layer
separated in the reacted region, which gave us
the opportunity to study the reaction products by
both AES and XPS.

3. Results

3.1. AES / XPS analysis of the YBaCuO / nimonic
interface region

Fig. 1 shows the Auger spectrum of the surface
obtained after the top of the YBaCuQO layer
spalled off. It reveals Cr in addition to Ba, Cu, Y,
O and C. No nickel was detected,

Auger depth profiles of the interacted region
are measured for OKLL, CuLMM, BaMNN,
NiLMM and CrLMM. Yttrium was not mea-
sured because its low sensitivity factor would
have increased the measurement time to much.
The scaled peak-to-peak (PTP) heights have been
plotted as a function of sputter time in fig. 2. The
sputter rate was ~ 43 nm/min. The sputter pro-
filc presented here is the only one where we
succeeded to measure the interface with the sub-
strate. Due to the rough interface between sub-
strate and plasma sprayed layer other attempts
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did not succeed in reaching the interface within
the duration of the experiment. The general be-
havior in the reacted region is similar in all the
measured spots. Also the trend shown in fig. 2 is
supported by SEM/EDX analysis on cross-sec-
tions of similar samples.

Chromium is found through thc whole reacted
YBaCuQ region, wheieas nicke! appears first af-
ter 60 min of sputtering. This shows that the
transport of Cr in YBaCuQ is faster than that of
nickel. The noise in the PTP heights as a function
of sputter time can be caused by a porous struc-
ture of the YBaCuO or is due to a variation in
the stoichiometry of the bulk YBaCuO deposit.
Probably both effects play a role, since the
YBaCuQ decomposes during deposition and SEM
analysis shows the presence of micro-cracks in
this type of samples. In fig. 2 we see that the
concentration of Ba decreases systematically
compared to that of Cu, Ni, O and Cr after
~ 300 min of sputtering.
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Fig. 1. (a) Auger spectrum of YBaCuQ reacted with the
nimonic substrate (see also text). {b) Detail of ().
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Fig. 2. Auger sputter profile of interacted region between

YBaCuO and substrate measured after spalling for the ele-

ments Cu and Ba (2) and Cr and Ni (b). The sputter profile

for oxygen is shown in both (a) and (b). The sputter rate was
43 nm/min.

The presence of Cr on the surface of the
reacted YBaCuQO was confirmed by XPS investi-
gations. In order to discuss the chemical nature
of the Cr compounds present we measured the
Cr2p XPS spectra on the reacted YBaCuO (line
1) and the nimonic substrate for various heat
treatments (lines 2, 3, 4), as shown in fig. 3.

In reacted YBaCu®) the major Cr2p peak is
found at 579.8 eV. This is typical for Cr®*, sug-
gesting the presence of BaCrQ, [10]. The “as-re-
ceived” and in oxygen annealed substrates (lines
2 and 3 respectively) are characterized by a main
Cr2p peak at 576.5 eV, which is typical for Cr®*
and Cr** and can be attributed to the presence
of Cr,Q, [11,12] and CrQ, {13]. The broadening
on the low energy side of the Cr2p peak of the
“as-received” substrate indicates the presence of
metallic Cr. The Cr2p peak of the vacuum an-
nealed substrate (line 4) is positioned at 574.1
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Fig. 3. Cr2p XPS spectra taken from reacted YBaCuO (line

1) and the nimonic substrate: “as-received” {line 2), after

annealing at 930°C in oxygen atmosphere (line 3) and after
annealing at 900°C in high vacuum (lire 4).

eV, typical for the presence of metallic chromium
[14]). A detailed peak-synthesis analysis of the
Cr2p spectra is not possible because of the over-
lap with induced BaMNN and NiLMM Auger
peaks.

The above interpretation is supported by anal-
ysis of the Ols spectra of the “reacted” and
“unreacted” YBaCuQ. Reacted YBaCuO is, as

efore, material that has reacted with the sub-
strate during heat treatment. Unreacted YBaCuQ
is material that has not reacted with the substrate
during the heat treatment. The O1s spectra of
reacted (line 1) and unreacted (line 2) YBaCuO
are shown in fig. 4. The two peaks at ~ 531.5 and
~ 5289 eV are found in both spectra and are
usually attributed to oxygen on the surface and in
the bulk of the YBaCuO, respectively [15,16].
Apart from the previous two peaks the spectrum
of reacted YBaCuO shows a peak at 530.3 eV.
This additional state can be attributed to oxygen
in oxides like BaCrQ, or CrO, [17].

3.2. AES / XPS investigations of nimonic

The influence of different heat treatments on
the Ni2p XPS spectrum of the nimonic substrates
is shown in fig. 5. After annealing at 900°C for
20 h in high vacuum, only the characteristic spec-
trum of pure Ni [14] with the main peak at 852.8
eV is found (line 3). This agrees well with the
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Fig. 4. (a) Ols XPS spectra of the reacted (line 1) and
unreacted (line 2) YBaCuO. For explanation see text. (b,c)
Deconvolution of the spectra in (a).
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Fig. 5. Ni2p XPS spectra of nimonic “as-received” (line 1),
after annealing in oxygen atmosphere at 930°C (line 2) and
after annealing in high vacuum at 900°C (line 3).
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spectra reported for Ni—Cr alloys [18]. Annealing
in oxygen at high temperature results in an in-
creased intensity of the doublet as compared to
the main peak (line 2). In this case the main peak
lies at 855.9 eV, which corresponds to Ni®*,
possibly present in the form of Ni,O, [19]. Both
the oxidized and pure nickel states are found for
substrates in ihe ‘“‘as-reccived” state (line 1).
However, in this case the Ni2p peak at 856.5 eV
can also be interpreted in terms of the presence
of hydroxy! groups [19] as a result of adsorption
of H,0 on the surface.

Apart from Ni and Cr other elements are also
detected. The results of a quantitative evaluation
of their concentrations, performed by XPS and
AES, are presented in table 1.

XPS analysis of the substrate after annealing
in high vacuum showed the presence of a signifi-
cant amount of Ti, S and C, but no oxygen. In the
AES measurement oxygen was found on the same
sample. This is because the sample was annealed
in situ in the XPS vacuum system and was then
transported through air to the AES vacuum sys-
tem. The XPS spectrum of Ti2p shows a doublet
with the major peak at 454.8 eV, which can be
attributed to TiC [14]. This is confirmed by the
analysis of the C1s spectrum. The analysis allows
us to distinguish at lcast 3 peaks at 282.0, 282.8
and 284.0 eV, which can be identified as the

carbides of Ti [20], Cr [21] and Ni [22}, respec-
tively. A relatively high concentration of sulphur
was found (see table 1). The S2p spectrum has a
peak at 161.7 eV, which suggest a sulphide char-
acter of the S state [14,23]. This tendency of Ti, C
and S to segregate and the formation of TiC at
the surface is also found in FeAlTi alloys [24].
The enrichment of C and S is restricted to the
surface region (< 10 nm thick), as was shown by
Auger depth profile measurements (see also table
1). Both the “as-received” and vacuum annealed
samples show a homogeneous bulk depth distri-
bution of elements after 2-3 min of sputtering
(corresponding to a depth of ~ 10 nm).
Annealing of the nimonic substrates for 20 h at
930°C in oxygen atmosphere changes significantly
the surface composition (table 1). XPS and AES
spectra have been recorded at rcom temperature
in the as-received state or after heat treatment.
Apart from the oxidized states of Ni (fig. 5) and
Cr (fig. 3), we observe a relative abundance of Ti
and Mn oxides. The main peaks of Ti2p (458.5
eV) and Mn2p (641.5 eV) agree well with those
reported for TiO, and MnO [14]). This is con-
firmed by an analysis of the corresponding O 1s
spectra shown in fig. 6. Deconvolution of the O 1s
spectra shows the presence of three peaks. The
main peak at 530.0 eV can be attributed to the
following oxides: Cr,0,, TiO,, MnO {25] and

Table 1

Ni, Cr, O, ¢, Ti, Mn, Fe and S concentration at the surface of nimonic substrates after different heat treatments

Heat Analysis Atomic concentration (%)

treatment method Ni Cr o) C Ti Mn Fe 3

*as-received” XPS 10.6 10.3 38.6 394 04 - 0.8 -
AES 30.7 85 2715 331 <10 - <10 -
* 20 15.9 2.2 83 < 1.0 - <1.0 -

Heating in XPS 419 253 - 14.5 27 - 14 82

vacuum AES 316 139 7.8 326 49 - <10 9.0

(900°C) * 69.0 16.5 - 8.5 5.0 - <10 -

Heating in XPS 35 10.2 53.8 23.1 25 6.8 - -

oxygen AES 5.5 4.6 44,7 27.0 10.9 72 - -

(930°C) * 9.8 89 56.3 7.1 93 8.6 - -

The second entries for the AES results, denoted with an asterisk ( » ), have been measured after removing a layer of ~ 10 nm by
argon ion sputtering, The first entries for the AES results are the values found before sputtering. The composition for the
“as-received"" substrate after sputtering and the vacuum annealed substrate show nickel and chromium compositions comparable to

literature data {7).
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NiO [19]. The peak at 531.6 eV fits well with the
Ni,O, state [14], whereas the peak at ~ 533.0 eV
can be attributed to adsorption of molecular oxy-
gen [26]. The ratio of the oxygen peak areas at
530.0 and 531.6 eV is much larger for the oxi-
dized than for the “as-received” sample, indicat-
ing an increased concentration of the oxides of Cr
(and also Ti and Mn) at the surface due to the
high temperature oxidation.

The depth distribution of elements after heat
treatment in oxygen has been determined at room
temperature by measuring the Auger sputter pro-
files. The results are presented in fig. 7. The
peak-to-peak heights of the OKLL, CrLMM,
NiLMM, MnLMM and TiLMM Auger peaks
have been plotted as a function of sputter time.
Some characteristic points can be distinguished in
the profile. After sputtering for ~ 10 min a small
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Fig. 6. (a) O 1s XPS spectra of nimonic: “as-received” {line 1)

and after annealing in oxygen at 930°C (line 2). (b,c) Deconvo-
lution of the spectra in (a).
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Fig. 7. Auger sputter profiles of nimonic after annealing in
oxygen at 930°C. The sputter rate was 4.3 nm/min for the
first 10 min and 43 nm /min for the rest of the time,

maximum is found in the concentration of Mn, Ti
and Ni, accompanied by a minimum in the con-
centration of O. Further sputtering results in an
increase of the Cr and O and a decrease of the
Mn, Ti and Ni concentrations. After the maxi-
mum in O and Cr concentrations at ~ 30 min we
observe a continuous decrease of the O and Cr
and increase of Ni concentration, whereas the
amount of Ti and Mn remains constant.

Using the sputter rate indicated in the caption
of fig. 7 the thickness of the layer enriched in Mn
and Ti oxides is estimated to be ~04 um. A
significant abundance of Cr is found at a depth of
more than 0.1 um with a maximum at ~ 0.9 um.

4. Discussion

The presented results show an extensive inter-
action between the nimonic and YBaCuO. Both
the duration and temperature seem to be impor-
tant in the process. Tachikawa et al. [1] did not
observe a considerable diffusion of Ni into plasma
sprayed YBaCuO after annealing for 1 h at 900°C.
In our case the samples were annealed in oxygen
for 20 b at 930°C. In this period of time and at
this temperature both the diffusion of oxygen
through the polycrystalline YBaCuC layer and
the interaction of the YBaCuQO with the substrate
will be more extensive.
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A significant segregation of sulphur, carbon
and titanium was observed for nimonic annealed
under high vacuum conditions. The first two cle-
ments are known to segregate to alloy grain
boundaries during heat treatment [29,30], Segre-
gation of Ti can be explained in terms of the
Miedema theory [31], as Ti has a lower surface
enthalpy compared to Ni and Cr. The tendency
of segregation of Ti, C and S to the surface is also
found in FeAlTi alloys [24], although here the
details of the mechanisms involved might be dif-
ferent,

Annealing in oxygen atmosphere induces seg-
regation of Ti, Ni and Cr at the surface of the
substrate. The segregation is much stronger than
for the vacuum annealed sample because oxida-
tion of the elements at the oxide / metal interface
leads to the formation of phases which are ther-
modynamically more stable. The mechanism of
that process has been studied earlier for Ni-Cr
alloys [32,33]. Because of the larger oxygen affin-
ity, chromium in the alloy is preferentially oxi-
dized according to the reaction [32]

3 NiO +2 Cr - Cr,0, + 3 Ni, 1)

promoting the formation of a Cr,0O; phase in the
surface region and a thin NiO layer concentrated
at the outermost surface. The results shown in
figs. 2 and 7 fit well with this mechanism. In both
figures the Cr,O, enrichment at the surface of
the substrate is present. This shows that the seg-
regation in the substrate covered with YBaCuO is
also influenced by oxygen.

At temperatures above 800°C, nickel oxide can
form coexisting phases with barium oxide [34]
The specific composition formed depends on the
extent of nickel oxide migration. In the range
over which a decrease in Ba concentration is
observed (from ~ 300 min of sputtering up to the
interface) nickel is found. Also in the region
where the Ba concentration becomes constant the
nickel concentration goes to zero. Since in the
as-deposited layer the barium concentration is
expected to be more or less homogeneous, this
suggests Ba transport has taken place as a result
of the in-diffusion of nickel oxide. This is sup-
ported by the constant concentration profile
found for Cu (see fig. 2a).

The nature of chromium interaction with
YBaCuQ is more complex. The chromium con-
tents appears to be more or less constant in the
reacted layer, which is not expected for a diffu-
sion type of transport. ldentification of Cr®*
state in reacted YBaCuO (fig. 3) suggests a chem-
ical reaction of chromium oxide with the deposit.
The Cr and Ni oxide phases can form nickel and
barium chromites (NiO - Cr,Q,;, BaO-4Cr,0;).
Further oxidation then results in a rearrangement
of the three-valent chromite state into six-valent
chromate compounds by one of the following
reactions:

4 NiO-Cr,0;+8Ba0+ 70,
-2 Ni,0, + 8 BaCrO,,
3 NiO + 2 BaO + Cr,0, - 2 BaCrO, + 3 Ni,

2)
2 Cr,0,+4 BaO + O, — 4 BaCrO,.

Each of the above reactions requires an equiv-
alent amount of chromium and barium oxide.
Only the necessary amounts of nickel oxide and
free oxygen arc different. This means that the
formation of BaCrO;, can also take place in the
absence of free oxygen. The above might have
explained the constant chromium concentration if
also the barium contents had been constant in
the reacted layer. Since the barium concentration
decreases towards the interface, the formation of
BaCrQO, can only be part of the whole process. As
barium can form compounds with most of the
other metal-oxides present in the substrate and
YBaCuQ, the situation is very complex. The in-
formation available at this moment is insufficient
to discriminate between the different reaction
mechanisms.

The elements C, S, Ti and Mn, present at the
surface of annealed nimonic, were not detected
in the reacted YBaCuOQ. This is not surprising as,
in this case, these elements are not pinned at the
surface of the substrate but can diffuse into the
YBaCuQ. As a result the concentration of these
elements decreases below the detection limit,

§. Conclusions

Prolonged high temperature annealing of
plasma sprayed YBaCuO deposited on nimonic
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substrates results in an extensive interaction with
the substrate. Nickel oxide compounds migrate
into the YBaCuQ layer. Also migration of Ba
seems to take place. Cr** compounds from the
substrate react with YBaCuO and free oxygen to
form six-valent chromate compounds. The pres-
ence of oxygen plays an important role in the
surface segregation of Cr and the trace elements
Ti and Mn from the nimonic substrate. The oxy-
gen needed for this process appears to be both
available from free oxvgen diffusing along the
grain boundaries and reactions with the YBaCuO
(as shown in eq. (2)). This suggests that a change
in annealing atmosphere will not stop the interac-
tion between nimonic and YBaCuO. In order to
check the role of the annealing atmosphere it
would be necessary to study the interaction be-
tween substrate and YBaCuO in gases like Ar,
He, N, and NO.
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