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Visualisation of environmental degradation in ceramic superconductors
using digital speckle photography
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bstract

ifferences in the environmental stability of Bi-2212 textured materials before and after annealing have been evaluated using digital speckle
hotography. This technique is able to provide information about the 2D evolution of the degradation processes by means of correlation coefficient
eductions. The results indicate a faster degradation for as-grown samples. DSP detects this difference in very short times and allows determining
he evolution of the process at any instant. The optical results were confirmed by analysing the differences in the samples microstructure and phase

ompositions by SEM-EDX, XRD and DRIFT techniques. All these techniques show that, in this material, environmental degradation process is
ssociated with the chemical decomposition of the (Sr,Ca)CuO2 phase.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Superconducting materials could be an adequate selec-
ion in several technological applications. In the case of the
eramic high temperature superconductors, one of the main
roblems to analyse is their long-term stability because this
s a factor that can limit their technological future. It is well
nown that YBa2Cu3O7−δ (YBCO) compounds are more sen-
ible to deterioration in diverse environmental conditions than
i2Sr2CaCu2O8+δ (Bi-2212) ones.1 In the Bi-2212 materials the
eneral degradation mechanism is2,3:

i2Sr2CaCu2O8 + 3H2O

→ 2Sr(OH)2 + Ca(OH)2 + CuO + CuBi2O4
r(OH)2 + CO2 → SrCO3 + H2O

a(OH)2 + CO2 → CaCO3 + H2O

∗ Corresponding author.
E-mail address: angurel@unizar.es (L.A. Angurel).
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Initially, calcium carbonate becomes the predominant com-
ound formed during degradation process. In a second stage, the
trontium carbonate forms faster in a larger amount.3

High critical current densities have been obtained in textured
i-2212 bulk materials using melting techniques; in particu-

ar, local melting induced with laser.4,5 Due to the potential
echnological interest of these materials, it is important to char-
cterize their humidity resistance. Like in other partial-melting
rocesses used to fabricate Bi-2212 based tapes,6 this laser pro-
ess produces an incongruent melt and during solidification
everal phases appear.7 In particular, Bi2Sr2CuO6+δ (Bi-2201)
nd (Sr,Ca)CuO2 are the main phases in the as-grown sample.
fter an adequate annealing, the Bi-2212 phase is recovered.7,8

s a consequence of the phase segregation induced by the melt-
ng texturing technique the annealed samples shows a layer close
o the surface where the amount of (Sr,Ca)CuO2 is important.7

The stability in water environment of multi-phase Bi-2212
aterials was previously studied.9 After having exposed the
amples to an aerated and deionised water solution for sev-
ral days, it was observed that degradation problem was not
ssociated with the Bi-2212 phase, which remained stable after
days in a water solution. Degradations reactions start in the

mailto:angurel@unizar.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.024
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Sr,Ca)CuO2 phase that reacts with water molecules and com-
letely decompose in CuSr2(OH)4, CuO, SrCO3 and Ca(OH)2.

In this work, the environmental stability of as-grown and
nnealed textured Bi-2212 samples in high humidity atmo-
pheres have been studied using digital speckle photography.
his technique has been used to study random processes at

ough surfaces in different materials.4,10 Conclusions about dif-
erences in local degradation rates can be obtained in very short
imes.

. Experimental

.1. Sample preparation

Precursor monoliths have been prepared by isostatic pressure
f commercial Bi-2212 powders provided by Nexans Supercon-
uctors. The surface of the precursors was textured using a high
ower diode laser adapted to obtain textured samples in planar
eometries.4,5 The total laser power used during the melting pro-
ess was 12 W and the texturing speed was 25 mm/h. Samples
ave been annealed in air at 845 ◦C for 60 h and at 800 ◦C for
2 h. After this thermal treatment, samples were cooled inside
he furnace until 600 ◦C and then quenched.

.2. Microstructure characterization

As-grown and annealed superconductor samples of
.8 cm × 1 cm were prepared for their microstructure charac-

erization. It involved diffuse reflectance infrared spectroscopy
DRIFT), X-ray diffractometry (XRD) and scanning electron
icroscopy (SEM). The samples were analysed prior the

reatment and subsequently introduced in a climate chamber

d
b
2
T

ig. 1. Photograph of the samples illuminated with a coherent light: as-grown (left) a
esolution is presented in order to show the speckle.
eramic Society 28 (2008) 2239–2246

or different time intervals at a controlled atmosphere of 25 ◦C
nd 90% relative humidity. The periods of moisture treatment
tudied were 1, 5, 15, 30 min, 2.5 h, 10.5, 26.5 and 90.5 h. A
ried-chamber with silica gel at the bottom was used to protect
he material from ulterior environmental degradation. The
amples were analysed after each time interval.

.2.1. DRIFT
DRIFT spectra were recorded on a Bruker-Tensor 27 FTIR

pectrometer equipped with a Globar source, potassium bromide
eamsplitter and a La-DTGS detector. Two purge connectors
rovided separately the interferometer and sample compartment
ith CO2-free dry air.
A diffuse reflectance sample cup (13 mm diameter) was used

or the acquisition of the spectra. Once placed the sample into the
ompartment, the space around the sample was filled with potas-
ium bromide. Then, it was placed into the diffuse reflectance
ccessory to acquire the spectrum using the same halide (KBr)
s reference material. Spectra obtained were the result of co-
dding 64 scans over the range 400–4000 cm−1 performed at
cm−1 of digital resolution. All the spectra were acquired in
bsorbance mode, viz. log(1/reflectance).

.2.2. XRD
Phase composition close to the surface of the sample was

etermined by X-ray diffraction analysis using a Bruker D8-
dvance devise with a θ–θ configuration, Cu K� radiation,
raphite as a secondary monochromator and a scintillation

etector. The XRD patterns were made from the surface of
ulk sample, at room temperature and the range covered from
θ = 3–50 with a Bragg angle step of 0.05◦ and 1 s time/step.
he identification analysis of the different crystalline species

nd annealed (right) samples. In the inset, a part of the photograph with a higher
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ound in the studied samples was performed using DIFFRAC-
lus EVAv8.0 software.

.2.3. SEM
The surface microstructure has been studied by means of

canning electron microscopy in a Hitachi S-3400 N micro-
cope equipped with a Si/Li detector for energy dispersive
-ray (EDX) analysis Röntec XFlash. Both phase composition

backscattered electrons) and morphology (secondary electrons)
ere used for the study.

.3. Digital speckle photography

The samples are fixed to an aluminium plate with GE var-
ish. After having confirmed that the samples do not move, the
ystem is placed inside a small chamber with a relative humid-
ty value of a 93%. They are illuminated with a collimated laser
eam under an angle θ = 15◦ and imaged onto a CCD camera.
he reflected light from the rough surface under coherent illu-
ination generates speckle fields (Fig. 1) that contain all the

nformation about the surface microstructure. The images are
aken at different times while changes in the surface take place.

ach image can be compared with the image in the reference
tate.

In the case of surface analysis, a quantitative measure of the
imilarity of the speckle patterns in two situations is introduced

c
p
o
i

ig. 2. 2D correlation maps of the as-grown and annealed samples after different t
= 160 s, (e) t = 260 s and (f) t = 660 s.
eramic Society 28 (2008) 2239–2246 2241

y the definition of the correlation coefficient:

1i = 〈I1Ii〉 − 〈I1〉〈Ii〉
[
(〈I2

1 〉 − 〈I1〉2)(〈I2
i 〉 − 〈Ii〉2)

]1/2 (1)

here I1 and Ii are the intensities at each recorded image at
he reference and at the instant i, respectively, and the angle
rackets denote the spatial average in the image. A 2D detailed
nformation about surface modifications can be obtained by cal-
ulating the correlation coefficient in several sub-regions of the
mage. In this work, square regions of 16 × 16 pixels have been
onsidered.

. Surface modifications associated with environmental
egradation

In order to facilitate the comparison between as-grown and
nnealed samples, two samples have been glued together as it
s shown in Fig. 1. Sample photographs were taken every 10 s
sing an exposition time of 15 ms and an aperture of 16. The
nset of Fig. 1 shows the speckle of the photograph that contains
ll the information of the surface microstructure.

The evolution of the surface can be monitored through the

hanges in the 2D correlation maps. Fig. 2 shows some exam-
les of these 2D correlation maps at different times. It is clearly
bserved that the correlation is lost faster in the as-grown sample
ndicating a faster surface degradation. In order to quantify this

imes in a high humidity atmosphere: (a) t = 30 s, (b) t = 60 s, (c) t = 100 s, (d)
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ifference the correlation coefficient of the image has been quan-
ified and the results during 1 h in high humidity atmosphere are
resented in Fig. 3. The correlation coefficient of the as-grown
ample reduces until a value of 0.37. In the annealed sample
his reduction finishes at a value of 0.66. If the reduction rate
f the correlation coefficient is calculated in the region between
and 0.75 it is possible to conclude that the as-grown sample

eteriorates near four times faster than the annealed one.
These differences between as-grown and annealed samples

re confirmed by SEM, XRD and DRIFT analytical techniques.
ttending to scanning electron microscopy, the surface mor-
hology evolution of the two samples along moisture treatment
s shown in Fig. 4. As it can be observed, the advancing surface

odification is faster in the as-grown sample than in the annealed
ne, leading to a final swollen striated material spread all over the
ample. Besides the speed of the surface modification, a higher

xtension is affected in as-grown samples.

One of the main differences between as-grown and annealed
amples is that in the first one the amount of (Sr,Ca)CuO2 phase

F

Fig. 4. Morphology of the surface of the as-grown (a–c) and annealed (d
ig. 3. Evolution of the correlation coefficient with time in the two samples.

–f) samples after different times in the high humidity atmosphere.
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Fig. 5. SEM micrograph of the transversal section of the as-grown sample after
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0.5 h in the high humidity atmosphere. The decomposition of the (Sr,Ca)CuO2

hase is observed.

s higher5 and it is expected that this is the phase responsible
f the environmental degradation.9 This has been confirmed
tudying the cross-section of both materials. As an example,
ig. 5 shows this cross-section in the as-grown sample. The
Sr,Ca)CuO2 grains that are close to the surface start to decom-
ose to an amorphous phase that is responsible of the swollen
egions that are observed in Fig. 4. The analysis of this phase
hows that its cationic stoichiometry is very similar to the
riginal one. The reactivity of this phase is corroborated by
RD analysis where peak intensities associated to mixed oxides

educe drastically during the first 30 min moisture treatment
oth in as-grown and annealed samples, without the appear-
nce of new crystalline species (Fig. 6). The complete depletion
f the (Sr,Ca)CuO2 phase does not occur even though moisture
reatment took 90.5 h. On the other hand, Bi-2201 and Bi-2212
hases remain inalterable all along the treatment. In order to
nderstand the XRD patterns it is important to have in mind
hat scale of the peaks in both samples is different. The base
ine is similar in both samples and it has not changed during the
xperiments.

The characterization of the chemical reactions that take place
uring the decomposition in humid atmosphere is completed
y the evolution of the DRIFT spectra (Fig. 7). This analytical
echnique is able to detect the appearance of new species into the
urface of the material. These changes, as it is observed in other
echniques, occur faster for as-grown than annealed samples.
he existence of new compounds could confirm their amorphous
ature and consequently their lack in XRD patterns. Moreover,
hese results are in agreement with the fact that the process is
aster at the initial stages to reduce gradually at longer times. As
t is showed in SEM photographs, the surface is partially covered
ith a new material that would make difficult the diffusion of
2O and CO2 into the bulk.
When the new absorption bands are studied along the pro-

ess, it can be observed the presence of hydroxyl functional

roups during the initial stage of (Sr,Ca)CuO2 degradation. They
an be due to the formation of M(OH)2 (M = Ca, Sr). Although
revious studies describe the synthesis of each compound, in

h
fi
t

ig. 6. Evolution of X-ray spectra of the as-grown (a) and annealed (b) samples.

his case the great overlaps and the very low signal-to-noise
S/N) ratio present in the spectra difficult the band assigna-
ions. Even so, it is possible to distinguish between stretching
ibrational modes of free and hydrogen-bonded OH ion groups
t 3610 and 3510 cm−1, respectively, present in M(OH)2 com-
ounds, and an absorption band at 3400 cm−1 assigned to the

ydrogen-bonded OH ion groups of M(OH)2·H2O. This band
nally overlaps with the one associated to OH stretching vibra-

ions of adsorbed or crystallized water molecules at 3300 cm−1.
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ig. 7. Evolution of DRIFT spectra of the as-grown (a) and annealed (b) samples.

hereas the as-grown sample shows the maximum overlap after
treatment of 26.5, 90.5 h are required for the annealed one as

t can be observed in Fig. 7. Simultaneously to hydroxyl com-
ounds synthesis, some variations are observed in the region
round 620 cm−1 assigned to in-plane stretching Cu–O bond in
uO2 layers. Its intensity upon aging reduces at the same time
s new bands at 1300–1700 cm−1 region appears assigned to

uO compound. The logical evolution of M(OH)2 compounds

n presence of H2O and CO2 is the synthesis of carbonate species.
hus, as moisture treatment progresses, absorption bands related

o those compounds appear at 1600 and 1750 cm−1. Despite

t
t
r
w

ig. 8. Evolution of DRIFT spectra of the as-grown sample during the initial
tages of the environmental degradation.

ts low intensity, the isolation of the last one assigned to car-
onate combination modes, facilitates the characterization of
his compound. It is also observed how absorption band inten-
ity associated to hydrogen-bonded OH ion group present in

(OH)2 at 3510 cm−1 decrease in as-grown sample as carbonate
ompounds are formed.

All these experiments are complementary. The advantage of
SP is that it allows obtaining conclusions about degradation

volution faster than the other techniques. Most of the differ-
nces between both samples can be inferred in the initial 30 min.
or this reason, a new set of samples was prepared to study mor-
hological changes during that period of time. Samples with
xposition to a high humidity atmosphere for 1, 5 and 15 min
ave been analysed. Although DSP analysis shows that degra-
ation has started in the annealed sample the other techniques
ave not detected any modification. In the case of the as-grown
ample the DRIFT spectra detects the initial stage for water
dsorption and the subsequent synthesis of M(OH)2 in the sam-
le with a 5 min treatment (Fig. 8). Surface changes have been
lso detected in SEM micrographs.

. Additional information obtained from DSP
xperiments

One of the main advantages of digital speckle photogra-
hy is that it is possible to obtain information of the local
ehaviour of the degradation process. This information can be
btained with more detail if a higher magnification is used. As

he degradation process is associated with the decomposition of
he (Sr,Ca)CuO2 phase, the mapping of the degradation should
eflect the surface grain alignment. This is reflected in Fig. 9
here the 2D correlation coefficient map in the as-grown sam-
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Fig. 9. (a) Speckle photograph of the as-grown sample with a higher magnification. (b) 2D map of the correlation coefficient after 30 s.
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ig. 10. 2D correlation coefficient maps of the as-grown sample after 40 s takin
d) the image at 1500 s.

le after 30 s in a high humidity atmosphere is presented with
he speckle photograph. In this magnification conditions each
ixel corresponds to 2.7 �m in the sample. The 2D map clearly
hows the same trends presented by the sample microstruc-
ure.

Another important fact is that DSP allows to analysing how
he degradation process evolves at any instant by changing
he reference. Taking the reference at an instant t the correla-
ion maps will show how the surface has modified from this
nstant. Fig. 10 shows the 2D maps of the as-grown sample
fter 40 s taking the reference at different instants: 1, 200,

00 and 1500 s. The first conclusion that can be derived from
hese images is that the surface degradation rate is higher at
00 s becoming smaller at higher times. A second conclusion
s that in the initial image the degradation process follows the

c
s

eference: (a) the image at 1 s, (b) the image at 200 s, (c) the image at 800 s and

urface microstructure, while in the other images the process
s more uniform. These images also show where the degra-
ation process is taking place at any instant. For instance,
n the bottom left corner it is possible to observe that the
egradation is faster after 200 s (region in the image that cor-
esponds to the lower correlation coefficient values) and that
his process has completely stopped after 1500 s, because in
his image, this region maintains a correlation coefficient value
lose to 1.

. Conclusions
Digital speckle photography is an adequate technique to
haracterize environmental degradation in high temperature
uperconducting materials. In the case of as-grown and annealed
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extured Bi-2212 monoliths, DSP shows that degradation rate is
early four times faster in the as-grown sample. This difference
an be deduced in very short times.

XRD, SEM and DRIFT have been used for analysing the
ature of the chemical reactions that are responsible of the
urface modifications. These techniques have confirmed that
egradation with water is associated to chemical decomposi-
ion of the (Sr,Ca)CuO2 phase, present in multi-phase Bi-2212

aterials. A swollen striated surface appears all over the sur-
ace wherein mixed oxide phase degrades to SrCO3, CaCO3
nd CuO.

Another advantage of DSP experiments is that it allows
nalysing how the degradation process evolves. This infor-
ation can be derived locally, determining in which part of

he sample the surface modifications are taking place at any
nstant.
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