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Pyrolysis behaviors dominated by the
reaction–diffusion mechanism in the fluorine-free
metal–organic decomposition process

Jiangtao Shi, a Yue Zhao,*ab Yue Wu,a Jingyuan Chu, a Xiao Tang, c

Xiaohang Li,c Xin Yu,b Wei Wu,a Guangyu Jiang,b Hongli Suod and Zhijian Jina

Owing to the advantages of its environmentally friendly process and superior high growth rate, the

fluorine-free metal–organic decomposition (FF-MOD) is a promising route for the growth of

REBa2Cu3O7�d (REBCO, where RE is Y or other rare-earth elements) superconducting films. In this work,

the pyrolysis behaviors dominated by the reaction–diffusion mechanism were investigated. Combining

the atomic force microscopy and the nanoindentation analysis, we concluded that the strain generated

by decomposition reactions plays a crucial role in defect formation. Due to the smooth release of the

strain and enhancement of the mechanical properties, the defect-free film could be obtained under a

fast process. However, an inhomogeneous microstructure along the film thickness was always found by

cross-section observation, i.e., a dense layer at the top, while a porous layer was found at the bottom,

being separated by a clear boundary. Accordingly, the one-dimensional reaction–diffusion model is

proposed. In addition, the formation of such laminar structure is associated with different reaction

mechanisms, depending on the diffusion of oxygen and evolved gases. Moreover, severe

copper segregation was discerned in the dense layer, which would heavily affect the superconducting

phase transformation. Remarkably, a high critical current density value exceeding 2 MA cm�2 (77 K, self-

field) was achieved in the GdBa2Cu3O7 films grown on the CeO2 buffered technical substrates. This

work provides deep insight into the pyrolysis behaviors of the FF-MOD route in view of the fabrication

of REBCO superconducting films with high throughput.

1. Introduction

The second-generation of high-temperature superconducting
tape (2G-HTS) is one of the most promising practical super-
conducting materials, represented by REBa2Cu3O7�d films
(REBCO, where RE is Y or other rare-earth elements). 2G-HTS
has been widely used in magnetic resonance imaging,1 trans-
mission cables,2 wind power generators,3 and superconducting
fault current limiters.4 Recently, there has been a more urgent
demand for a larger capacity of production and for a higher
performance of 2G-HTS in the compact fusion magnet applications.
Deposition of the superconducting layer is a key process of the mass

production of 2G-HTS tapes. Generally, there are two main
routes for REBCO deposition, i.e., in situ and ex situ. In the
former case, the film deposition proceeds together with the
superconducting phase formation, such as pulse laser deposi-
tion and metal–organic chemical vapor deposition. In the
latter case, the deposition and phase formation are performed
separately, such as reactive evaporation and chemical solution
deposition (CSD). Due to the completely different growth
mechanism, the in situ deposition methods enable the precise
modulation of the desirable microstructure, while the ex situ
ones offer the possibility of a much higher growth rate (one or
two orders higher than that in the in situ processes5), which
have great potentials for the throughput increase.

Among all the film deposition techniques, the CSD method
is considered to be a commonly used top-down approach
for oxide film growth. It has exhibited great advantages, such
as non-vacuum, precise composition control, low capital
investment, and is especially scalability for large-area film
deposition.6–12 A variety of functional materials have achieved
epitaxial growth on single crystals or single-crystal-like
substrates.13–16 Control of the microstructure at the atomic
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level could be realized through simple coating and heat treat-
ment processes.

As a branch of CSD, the metal–organic decomposition
(MOD) method is widely used in the preparation of REBCO
superconducting films. It can be generally divided into two
main categories: trifluoroacetate-metal–organic decomposition
(TFA-MOD) and the fluorine-free routes (FF-MOD). In the typical
TFA-MOD method process, the high Jc values of exceeding
2 MA cm�2 (at 77 K, self-field) have been successfully demon-
strated either on single crystal substrates or on technical
substrates. However, the very long and complex pyrolysis history
(i.e., longer than 10 hours for one deposition, more than four
steps), as well as the low growth rate at the calcination process
(less than 2 nm s�1) are two key issues.17–19 In the industry, these
drawbacks are somehow overcome. In addition, this technique
has been successfully adopted by several vendors worldwide,
such as the American Superconductor Corporation,20 BASF
Corporation,21 and Shanghai Creative Superconductor.22 More-
over, the strategy of how to introduce APCs to improve the
in-filed performance is becoming a hot topic.23–31 Compared
with the traditional TFA-MOD method, one of the main features
in the FF-MOD processes is the appearance of a large amount
of liquid phase,28,29,32,33 which would greatly accelerate the
growth rate at the high-temperature crystallization process
(up to 100 nm s�1).34 The Ba–Cu–O liquid phases also assist
in the consumption of BaCO3. Jc values exceeding 3 MA cm�2

(at 77 K, self-field) have been achieved on YBCO films by the
FF-MOD method.35,36 Additionally, FF-MOD has exhibited the
feasibility of making superconducting joints, being a milestone
for 2G-HTS applications under the persistent current mode.37

In FF-MOD processes, the growth mechanism during
REBCO crystallization becomes clear. For the pyrolysis, only a
few studies address the morphologic features under various
conditions.38 In order to ensure a smooth stress release, a
conservative pyrolysis rate (slower than 1 1C min�1) was
selected in the previous studies, and the overall decomposition
was rather long (4300 min).35 It is known that the pyrolysis
process involves complex physical and chemical reactions, such
as volume shrinkage, strain release, gas diffusion, as well as
elemental segregation. In the practical case, moreover, the
rapid pyrolysis process is required for high throughput, leading
to non-equilibrium chemical reactions. A serious overlap of
reactions would make the process even more complicated.
So far, there is no reaction–diffusion model available to under-
stand these phenomena. Therefore, it is worthwhile to pay
more attention to the pyrolysis processes in order to push this
approach to the next step.

In our previous works, we proposed a simple FF-MOD
precursor solution, and the high-quality YBCO films were
successfully deposited on both LaAlO3 single crystals and
CeO2 buffered technical substrates.35,39 In this paper, the
GdBa2Cu3O7�d (GdBCO) constitution is selected due to the
higher critical temperature (Tc = 96 K) and a higher critical
current density Jc under high magnetic fields.40,41 We focused
on the pyrolysis process, and especially investigated the effect
of the strain release mechanism and the microstructure

inhomogeneity on the superconducting performance. The thermal
decomposition behavior of the xerogel was analyzed by thermo-
gravimetric analysis and differential scanning calorimetry
(TG-DSC). The microstructure was characterized in the pyrolyzed
films by means of atomic force microscope (AFM), scanning
electron microscope (SEM), transmission electron microscope
(TEM) and selected area electron diffraction (SAED). The composi-
tion distribution along the film thickness was analyzed by energy
dispersive spectrometer (EDS) and secondary ion mass spectro-
metry (SIMS). Consequently, the reaction–diffusion model of
pyrolysis was proposed. A correlation between the structure in
the pyrolyzed films and the superconductivity in fully sintered
films was also established.

2. Experimental
2.1. Specimen preparation

The detailed synthesis process of the propionate-based precursor
solutions was previously reported elsewhere.36 Briefly, the pre-
cursor solution was synthesized by simply mixing stoichio-
metric amounts (1 : 2 : 3) of Gd-, Ba-, and Cu-acetates into
propionic acid in a flask. The flask of the reaction mixture
was placed on a magnetic stir plate until all of the reagents
completely dissolved. The total cation concentration was set to
1.5 M in the precursor solution. Textured metallic tapes with
a configuration of CeO2/LaMnO3/IBAD–MgO/Y2O3/Al2O3/C276
(supplied by the Shanghai Superconductor Technology42) were
used as the buffer layers. The precursor solution was coated on
the substrate by using the dip-coating technique (the dip-coater
was from Shanghai SAN-YAN Instrument Co., Ltd, SYDC-100)
under a withdrawal speed of 1000 mm s�1. In addition, the
sintered superconducting films with a thickness of about
250 nm were obtained under this condition. After drying, the
coated films were directly inserted into the furnace preheated
at about 100 1C. In addition, the pyrolysis process was done by
using different heating rates and temperatures in a humid oxygen
flow. The typical conditions studied in this paper are listed in
Table 1. The sintering and oxygenation were previously described
in ref. 35. For thermal analysis, the GdBCO xerogel powder was
prepared by drying the solution at 80 1C for 24 hours.

2.2. Characterizations

The TG and DSC measurements (simultaneous TG-DSC device,
in a model STA 6000 from PerkinElmer) were carried out up to
500 1C with a heating rate of 5 1C min�1 in a flowing O2

atmosphere. The mass of the xerogel powder was B8 mg.
The surface morphology of the pyrolyzed film was investi-

gated by AFM (Bruker Multimode 8) on a 20 � 20 mm2 area.
AFM images were analyzed by using a NanoScope Analysis
apparatus from Bruker. A Nano Indenter system with a diamond
Berkovich triangular pyramidal tip indenter (Agilent Nano
Indenter G200) was used to carry out studies, following a
continuous stiffness measurement technique. Poisson’s ratio
(n) was set to 0.18. The contact stiffness S (N m�1), elastic
modulus (Young’s modulus, E (GPa)) and hardness H (GPa)
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were determined as a function of the nanoindentation contact
depth from these measurements.43 At least eight load-penetration
curves were recorded for each specimen to ensure the measure-
ment reliability.

The phase and crystallographic texture of the GdBCO films
were characterized by using a four-circle XRD equipped with
a two-dimensional detector (Bruker D8 Advance, Cu-Ka
radiation, l = 1.54 Å). The microstructure of the pyrolyzed
and sintered GdBCO films were analyzed by SEM (Zeiss Auriga).
In addition, the tilt correction of the cross-sectional image was
done by using the buffer layer thickness.

Jc values at 77 K self-field were measured by PPMS (Quantum
Design), and calculated based on the Bean model44 using the
opening of the hysteresis loops obtained under a magnetic field
applied perpendicular to the plane of the films.

The TEM cross-sectional sample was prepared by conventional
mechanical polishing and grinding, followed by ion milling. The
TEM imaging, together with SAED and EDX, were performed using
an aberration-corrected scanning transmission electron micro-
scope (STEM, FEI Talos F200 X) with a double-tilt holder and a
cold field emission source operated at 200 kV.

The elemental distribution along the film thickness was
collected by a dynamic SIMS instrument from Hiden Analytical
Company (Warrington, UK) operated at 10�9 Torr. A continuous
Ar+ beam of 3 keV energy was applied to sputter the surface,
while the selected ions were sequentially collected by using a
MAXIM spectrometer equipped with a quadrupole analyzer.

3. Results and discussion
3.1. Thermal decomposition of the xerogel powder

To establish the pyrolysis schedule, the decomposition beha-
viors of the GdBCO xerogel powder were studied. The TG-DSC
analysis (Fig. 1) indicates that the weight loss takes place
together with the endothermic reactions when elevating the
temperature. In addition, the decomposition is almost com-
plete at around 400 1C. The most intense endothermic peak
occurs at 400 1C, while a broad bump is overlapped with several
small peaks from 80 1C to 400 1C. According to the DTG curve,
the total weight loss (about 49.7% up to 500 1C) is divided into
four stages. In the first stage (below 180 1C), the weight loss is
small (only 6.9%) and there are no significant endothermic
peaks, followed by a plateau from 150 1C to 180 1C. This process
is mainly related to the removal of the humid vapor and the
residual solvents (i.e., propionic acid and acetic acid) that were

not evaporated completely during the drying process. The
second stage occurs at 180–260 1C together with a weak endo-
thermic peak, and the weight loss reaches about 17.8%. According
to the previous study on the propionate precursor,36,45,46 it is
deduced that the composition in the GdBCO xerogel powder
mainly includes GdProp3, BaProp2 and CuProp2. Decomposition
of the individual chemicals have been extensively investigated,46–49

which could provide informative clues to understand the decom-
position of the GdBCO xerogel powder. For Cuprop2, the most
intense decomposition occurs below 250 1C, which is the lowest
among all three propionates.47 Therefore, we speculate that this
stage is mainly associated with the CuProp2 decomposition. The
third and fourth stages occur at 260–310 1C and 310–390 1C, with
corresponding weight losses of about 5% and 17%, respectively.
Since all three propionates already start to decompose within this
temperature window, it would be impossible to distinguish each
reaction clearly. However, we notice an obvious endothermic peak
at 400 1C, which is designated to the BaProp2 decomposition.
One should bear in mind that all three individual propionates
decompose in the temperature range between 200 1C and 500 1C.
Therefore, the reactions are seriously overlapped with each other,

Fig. 1 Thermal decomposition of the GdBCO xerogel powder with a
pyrolysis rate of 5 1C min�1 in a flowing O2 gas: TG (upper panel) and
corresponding DSC trace (lower panel).

Table 1 Summary of the mechanical properties in the pyrolyzed films and Jc values on the sintered films. For comparison, the reference data on the film
deposited by the TFA-MOD route is also included

ID
Pyrolysis process (temperature,
pyrolysis rate)

RMS
(nm)

Strain
(U, N m�1)

Hardness
(H, GPa)

Elastic modulus
(E, GPa)

Jc

(MA cm�2)

A 350 1C, 10 1C min�1 29.2 4 � 10�3 2.4 118.3 0.4
B 450 1C, 10 1C min�1 7.6 2 � 10�3 3.3 133.5 2.2
C 450 1C, 1 1C min�1 5.3 2.4 � 10�6 5.9 157.8 1.2
D 450 1C, 5 1C min�1 6.9 1.1 � 10�5 — — 1.8
E 400 1C, 10 1C min�1 25.1 5.5 � 10�3 — — 1.5
Ref. 55 310 1C, 5 1C min�1 — — 0.5 40 3–4
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which could be the explanation of the broad bump in the
DSC trace.

An experimental total mass loss of 49.7% was found up to
500 1C. This agrees well with the theoretical value of 46.5%
calculated from the following combustion reactions. As given
below, the respective metal-salts transform into the simple
oxides, i.e., Gd2O3, BaCO3, and CuO.

GdProp3 + 6O2(g) - 1/2Gd2O3(s) + 6CO2(g) + 4.5H2O(g) (1)

BaProp2 + 4O2(g) - BaCO3(s) + 3CO2(g) + 3H2O(g) (2)

CuProp2 + 4O2(g) - CuO(s) + 4CO2(g) + 3H2O(g) (3)

It is worth noting that because of the significant small
surface-to-volume ratio in powders compared to thin films,
the xerogel powder decomposition is dramatically suppressed
by the more difficult transport of the reactive gas from the
surrounding atmosphere and out-diffusion of volatile products.
It is reasonable to expect lower decomposition temperatures in
the form of thin films. Anyway, the TG-DSC analysis could serve
as a preliminary guideline. Thus, the maximum decomposition
temperature was set to the range between 350 1C to 450 1C in
the following study.

3.2. Strain and mechanical properties in the pyrolyzed film

During pyrolysis, a large mass loss leads to a dramatic physical
change, e.g., volume shrinkage, by more than 50% in most
cases. Together with chemical reactions, as well as physical
restriction of the substrate, it is inevitable to introduce inho-
mogeneous strain, either within the film plane or along the
film thickness. In order to study the effect of the strain, AFM
images were collected on the films prepared under different
pyrolysis conditions, as shown in Fig. 2. The typical wrinkles
and large height fluctuation were observed on the films
prepared by conditions A, B and E (as shown in Table 1). Under
the same pyrolysis rate of 10 1C min�1, the RMS value decreases
from 29.2 nm to 7.6 nm with an increase of the pyrolysis
temperature. At the same pyrolysis temperature of 450 1C, the
RMS values increase from 5.3 nm to 7.6 nm with an increase of
the pyrolysis rate.

The main reason for the morphology difference in the film is
the inhomogeneous strain release during pyrolysis. By carefully
examining the microstructure (mainly the wrinkles, as well as
the frequency and amplitude), the strain could be quantita-
tively estimated by eqn (4):

U ¼ L� l
l

(4)

where L is the length of the fold in a period and l is the
wavelength. When the amplitude A is far less than l, the above
formula is transferred to eqn (5).50,51

U ¼ L� l
l
¼ A2p2

l2
(5)

By applying the fast Fourier transformation, l and A can
be obtained. In addition, the strain of the film under the
compressive strain can be calculated. For example, in the film

prepared by condition A (denoted as A film), A is about 20 nm,
and l is about 1 mm. The results are shown in Table 1. The
strain of the film gradually decreases with the increase of
temperature (the strain (U) is 4 � 10�3 in the A film. Similarly,
U is 5.5 � 10�3 and 2 � 10�3 in the E and B films), and
increases with the increase of the pyrolysis rate (the strain (U) is
2.4 � 10�6 in the C film. U is 1.1 � 10�5 and 2 � 10�3 in the D
and B films). It is seen that there is little change of the strain
among the films prepared at various temperatures, while the
pyrolysis rate plays a more important role (three orders of
magnitude smaller at slow rate). However, one should bear in
mind that the obvious wrinkles correspond to a large strain, but
the effect on the superconducting phase transformation is still
an open question. For the FF-MOD routes, a large amount of
the liquid phase appears at the sintering process. A long
diffusion distance of materials and the capillarity effect could
make some defects self-healing, which will be discussed in
Section 3.3.

To understand the defect formation, strain in the precursor
film is also taken into consideration. It is known that in some
cases, the strain would exceed 100 MPa, being associated with
the volume shrinkage, mismatch of the substrate and gas
release.52 When exceeding the critical value, the strain is
released as defects form, such as wrinkles and cracks. Neglecting
the internal energy, the total energy associated with the crack is
described in eqn (6):53

Ut = U0
se � [s2/(2E)]Zct2 + Gcct (6)

where U0
se is the initial strain energy within the crack-free film

and Zct2 is the volume of material around the crack, where
strain energy is relieved. The energy needed to form the crack’s
surface is ctGc, where Gc is the energy needed to form two crack
surfaces in an area, and ct is the area of the crack. E is Young’s
modulus, n is Poisson’s ratio, Z is a dimensionless geometrical
parameter, and s is the biaxial tensile strain of the film.
According to the reported concept,54 a crack only extends if it
reduces the free energy of the system, that is:

qUt/qc = Gct � Z[s2/(2E)]t2 r 0 (7)

It is deduced that, an increase of the elastic modulus E and
decrease of the tensile strain s would be favorable to obtain a
defect-free film. Besides the precursor chemistry, the pyrolysis
kinetics and mechanical properties of the film also play an
important role in defect formation.

To further study the differences in the mechanical proper-
ties of the pyrolysis film, nano-indentation technology was used
to obtain the constant stiffness, Young’s modulus and the
hardness. Fig. 3a shows the typical initial load-displacement
curves recorded for three films under different pyrolysis pro-
cesses (A, B and C films). Fig. 3b–d show that with the increase
of the contact depth h, the stiffness (S), hardness (H) and elastic
modulus (E) all gradually increase, and are indicative of the
differences between the surface and the body in the films.
This behavior is also observed in other CSD derived films,55

probably due to the different kinetics related to the gas and
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elemental diffusion. In the aspect of hardness (Fig. 3c), the
pyrolysis temperature has little effect. However, the hardness
significantly increases when the pyrolysis rate reduces from
10 1C min�1 to 1 1C min�1. Moreover, the hardness in the C
film is about twice that in the B film (at a depth of 170 nm).
In the aspect of the elastic modulus, it rises rapidly from the
surface to the body with an increase of h, and reaches a plateau
at a depth of 250 nm in the C film, while the elastic modulus
does not appear to be saturated in either the A or B films.
Actually, there is a minor difference in the three films at a
depth of 350 nm. In summary, the pyrolysis rate has a more
pronounced effect on the hardness and elastic modulus in
the films.

Such mechanical properties are most likely related to the
transfer of the soft gel to the hard oxide/amorphous state after
decomposition. It is known that a gel film is within a porous
network structure prior to pyrolysis, while the decomposition
products are mixtures of oxides and amorphous, the mechan-
ical properties of which are significantly enhanced. It is worth
noting that during pyrolysis, the porous network structure
provides a diffusion channel for the evolved gas, and the high
viscosity also helps to densify, which also benefits the accom-
modation of the large strain. On the one hand, a fast pyrolysis
rate of 10 1C min�1 is more intensive and the internal strain is
larger. Therefore, the release of an uneven distribution of
compressive strain results in a wrinkle. On the other hand, at

Fig. 2 AFM images and height profiles on the films prepared under different pyrolysis conditions: (a) and (f) by condition A. (b) and (g) by condition B,
(c) and (h) by condition C, (d) and (i) by condition D, and (e) and (j) by condition E. Note that the RMS value is about 6 nm on the CeO2 buffered technical
substrates, serving as the baseline of the RMS value.
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a high pyrolysis temperature, the strength of the film increases
(e.g., higher Young’s modulus, higher hardness). This leads to
the fact that the film could tolerate a rather large strain,
consequently, no defect formation is found.

In addition, we found that the hardness values are 2–6 GPa
in the pyrolyzed FF-MOD films, which is several times higher
than those in the TFA-MOD films (as cited in Table 1). This
might be caused by different pyrolysis processes and composi-
tions. Due to the high strength of the pyrolyzed FF-MOD film,
it is supposed that the defect formation could be avoided under
a high pyrolysis rate, which is beneficial to increasing the
throughput.

3.3. Effect of pyrolysis on the phase evolution

In this section, we further studied the phase and texture
evolution of films under different pyrolysis conditions. The
sintering process plays an important role in the nucleation and
growth of REBCO. Interface reactions with the CeO2 buffered
technical substrates were also taken into consideration. GdBCO
films were sintered with different dwell times under the iden-
tical temperature and pO2 (at 780 1C with 50 ppm). Fig. 4a and b
show the intensity of the GdBCO (005) and (103) reflections, by
which the evolution of the c-oriented and polycrystalline texture
component can be analyzed.

For the C film, the GdBCO phase and texture transition
almost completes at 780 1C without any dwell time, which is
evidenced by the strong GdBCO (005) and the negligible (103)
peak. It takes at least 30 min to achieve the comparable
intensity in the A and B films. Although it seems that all of
the pyrolyzed film can form desirable structures under the
optimal sintering conditions, the growth kinetics seemingly
varies. The SEM observation reveals more microstructure
details. As shown in Fig. 5, the fully sintered B and C
films exhibit smooth and dense surfaces with few defects.

Such morphology is featured by the plated-like grains with
meandering grain bounders, which are typical characteristics
of the c-axis well-oriented REBCO prepared by FF-MOD routes.
Moreover, the wrinkled feature observed in the pyrolyzed B film
disappeared completely after sintering. In the sintered A film,
however, besides plated-like grains, defective regions in the size
of several micrometers were also observed, as indicated by
white arrows in Fig. 5b. The zoomed-in image shows more of
the defect features, i.e., mainly inclined plated-like grains
with smaller grain size, which corresponds to the randomly
oriented GdBCO grains and intermediate phases. A longer
dwell sintering time might be helpful to further push the
reaction, while the interface reactions are also triggered,
leading to a narrow processing window. In the sintered C film
(Fig. 5d), there are some irregular-shaped holes, together with
needle-like grains. Similar features are also found in the YBCO
grown by FF-MOD routes.35 Some small particles were also
found on the surface of the sintered C film. These small
particles are copper-rich, as confirmed by EDS, indicating that
a slow pyrolysis rate leads to serious copper segregation.

In Table 1, we summarized the RMS values and mechanical
properties in the pyrolyzed films, as well as their Jc values (at
77 K, self-field) after sintering. Reference data from a TFA-MOD

Fig. 4 Crystallographic structure evolution of sintered films prepared
under different pyrolysis conditions. Intensity of the GBCO (005) peak
(a), and intensity of the GBCO (103) peak (b) with different dwell times.

Fig. 5 SEM images of the fully sintered GdBCO films: (a) and (b) on the A
film, (c) on the B film, and (d) on the C film. The white, green, blue and red
arrows point to the inclined plate-like structures, pores, irregular-shaped
holes and copper-rich particles, respectively.

Fig. 3 Mechanical properties recorded on the films prepared under
pyrolysis condition A, B and C. (a) The load-displacement trace, (b) the
constant stiffness S, (c) the hardness H, and (d) the elastic modulus E as a
function of the contact depth of the films are shown. Note that h is the
penetration depth of the nanoindentation. Some fluctuations at a depth of
50 nm may be due to the uneven film surface.
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process is also included for comparison. A Jc value exceeding
2 MA cm�2 is achieved in the GBCO film prepared at 450 1C
with a fast pyrolysis rate of 10 1C min�1. Under the optimal
conditions, for the films with Jc values exceeding 1 MA cm�2

(at 77 K, self-field), the Tc values are around 92.5 K.

3.4. Cross-sectional microstructure in the pyrolyzed films

According to the aforementioned results, it is known that the
internal strain in the film increases with the increase of the
pyrolysis rate. Generally, the smooth strain relief corresponds
to a flat surface after pyrolysis, which would contribute to a
high-quality REBCO film in most cases. Surprisingly, the Jc

value in the film with high strain (2 � 10�3 in the B film) is
almost double that with the small strain (2.4 � 10�6 in the C
film), which is hardly explained by the strain relief mechanism.

To shed light on this behavior, we first investigated the
cross-sectional microstructure in the films. From the SEM
images (Fig. 6a–c), we found significant differences, i.e., when
the pyrolysis rate increases from 1 1C min�1 to 10 1C min�1, the
thickness of the pyrolyzed film is almost doubled (from 400 nm
to 700 nm). Since the coating and the precursor solution are
identical, the mass thicknesses of all three films are supposed
to be comparable. Obviously, the significant difference in the
geometric thickness is due to the porosity. Interestingly, it is
noticed that there are two distinguished microstructural
features along the thickness direction in all three films. A
common feature of such laminar structure is a relatively dense
layer at the top, and a porous one at the bottom (close to the
substrate), which are separated by a clear boundary. By care-
fully checking the layer structure, it is seen that as the pyrolysis
rate increases, the thickness proportion of the porous layer
increases, while the porosity in the porous layer increases and
the dimension of the pore increases (as summarized in Fig. 6d).

In order to further study the structural inhomogeneity and
the composition distribution along the thickness direction,

we studied the cross-sectional microstructure on the B film
by TEM. As shown in the HAADF image (Fig. 7a), the structural
details in the dense layer and the porous layer are discerned,
being in line with the cross-sectional SEM observation. The
high-resolution image (Fig. 7b) reveals that the intermediate
phases are mainly Gd2O3, BaCO3 and CuO (confirmed by
SAED). These phases are nanoparticles wrapped with an amor-
phous layer. Carefully comparing the diffraction patterns, we
found that there are two broad rings in the SAED collected on
the surface region, possibly corresponding to Gd2CuO4 and
CuO reflections. A small amount of the Gd2CuO4 phase could
be associated with the Gd2O3 and CuO reactions. In addition,
it was noticed that the diffraction peaks close to the interface
(Fig. 7e) are much sharper than those near the surface. This
implies that the crystallinity is weaker in the surface layer,
probably due to the reaction driving by enhanced diffusion
machinimas in the surface layer.

We further analyzed the elemental distribution along the
thickness direction by EDS, as shown in Fig. 8. Combining the
ESD line-scan and microstructure characteristics analysis, it
was found that serious copper segregation occurs in the surface
layer (i.e., in the dense layer). All of the other elements are
rather homogenously distributed through the whole thickness.
Surprisingly, the copper distribution is more uniform in the
porous layer. A clear interface between the substrate and the
film is an indication of no interface reactions.

In order to further confirm the element distribution, SIMS
depth analysis was carried out on the B film. Compared with
the EDS analysis in TEM, SIMS provides more statistical
information due to a larger detective area (1 by 1 mm2).
Fig. 9a shows the distribution of C, Cu, Ba, Gd and Ce along
the thickness. We noticed that the intensities of C, Gd and Ba
exhibit similar trajectory, i.e., a peak appears at a depth of
about 230 nm. In particular, a strong dependence between C
and Ba confirms the existence of BaCO3 in the film. However,

Fig. 6 Cross-sectional SEM images of the fully sintered GdBCO films. (a) On the C film, (b) on the D film, and (c) on the B film, where the yellow arrow
shows the boundary. (d) Dependence of the film thickness, proportion of the dense layer, and the porosity with the pyrolysis rate.
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Cu exhibits a trace that is different from the others, i.e., a valley
appears at a depth of about 230 nm. To deeply understand this
behavior, the ratio of Cu/Ba as a function of the depth is plotted
in Fig. 9b, which avoids errors caused by the uneven surface.

Since the absolute count of ions depends on the yield of
bombardment, a large Cu/Ba ratio (exceeding 300) does not
indicate a serious off-stoichiometry. It can be further confirmed
that the copper diffusion is rather complex along the thickness
direction.

3.5. Reaction–diffusion model

To understand the laminar structure and elemental distribu-
tion, we established a one-dimensional reaction–diffusion
model along the thickness. This model is strongly related to
the chemical reactions dominated by diffusion of oxygen
(pyrolysis atmosphere, also acting as a reactant gas) and the
evolved gas. Fig. 10 shows the fundamental schematic of the
reaction–diffusion model. In this model, the film is covered by
a gas boundary layer, and the oxygen diffuses into the film
through the boundary layer. The evolved gases diffuse out
through the precursor boundary layer. The activity of O2 (aO2

)
and the evolved gases (agas) in the diffusion boundary layer and
the precursor are also given.

During pyrolysis, O2 diffuses into the film as the process
proceeds. Assuming that the O2 diffusion source (XO2,g)
is constant, the aO2,g decreases gradually with the reaction
consumption and with the increase of the diffusion distance,
i.e., aO2

is higher in the surface than in the body. The evolved
gases also easily diffuse out, so the exothermic reactions
proceed with a large driving force in the surface layer. It is
worth noting that relatively fast pyrolysis rates are applied in
our study, which results in non-equilibrium conditions. This
leads to the existence of a ‘‘neutral layer’’ (dn), where aO2

gradually decreases to zero (aO2,n = 0). The dn position depends

Fig. 7 (a) Cross-section HAADF image of the pyrolyzed film. The white
arrows point to the pin-holes in the film body, while the green arrow
points to a defect caused by the TEM sample preparation. (b) High
resolution TEM image, where the BaCO3, Gd2O3, and CuO nanoparticles
are marked by blue, yellow, and red, respectively. Selected area electron
diffraction pattern in the surface layer (c) and in the bottom (d), respec-
tively. (e) Integration intensity as a function of the d-spankings in the
diffraction patterns, where the asterisks represent the diffraction rings
shown in (c).

Fig. 8 EDS line scans along the thickness for Cu, Ba, Gd and Ce. (b) EDS
mapping images for Ba and Cu.

Fig. 9 SIMS spectral depth analysis on the pyrolyzed film: (a) elemental
distribution of C, Cu, Ba, Gd, Ce, and (b) distribution of Cu/Ba ratio.

Fig. 10 Fundamental schematic of the one-dimensional reaction–diffu-
sion model in the film. Here dg, dn and dp refer to the thickness of the
diffusion boundary layer, dense layer and film, respectively. XO2,0 and XO2,g
refer to the humid O2 flow away from the surface and on the film surface,
respectively. Xgas,0 and Xgas,g refer to the flow of the evolved gases away
from the surface and on the film surface, respectively. aO2

and agas refer to
the activity of O2 and the evolved gases released during pyrolysis. The red
dash line in the precursor layer represents a change of a0O2

under a slow
pyrolysis rate.
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on the pyrolysis rate. The neutral layer increasingly approaches
the surface as the rate increases. Furthermore, the reaction
condition switches to inert below dn, i.e., the endothermic
reactions are dominated. Rasia et al. studied the pyrolysis
of propionate under different atmospheric conditions.46,47

The results suggest that the decomposition of propionate is
delayed under an inert atmosphere (e.g., N2), and the reaction
takes place more smoothly than that in an oxygen atmosphere.
Under an inert atmosphere, the propionates mainly occur
along the radical decomposition reaction path, resulting in
the release of symmetrical ketones. This results in completely
different reactions occurring above and below dn. It is also the
main reason why a clear boundary always appears in all of
our cases.

Due to the different reaction mechanism along the thick-
ness, the evolved gases and diffusion behaviors vary. Close to
the substrate, there is no sufficient O2, and the radical decom-
position reactions dominate. The evolved gases therefore are
easily trapped in the matrix. One should also keep in mind that
the precursor film still has high elasticity due to the polymer-
like 3D network structure. A large amount of trapped gases does
not make the film collapse (no defects discerned), but only
increases the film thickness. In the surface layer, the short gas
diffusion path allows for easier densification.

With respect to the elemental distribution, it is reasonable
that copper segregation is associated with its sublimation,
which commonly occurs in the other processes.56,57 Humid
O2 gas, of course, is favorable to suppress the segregation.
In the surface layer (dense layer), the short diffusion path
leads to serious copper segregation, which is not evident
in the porous layer thanks to the long diffusion distance and
the delayed reactions. It is known that the formation of
REBCO is a process where RE dissolves into the Ba–Cu–O
transient liquid in the FF-MOD route. The appearance of such
liquid with complex compositions depends on the deposition
temperature and the Ba/Cu stoichiometry. For example, in the
O2 atmosphere, the eutectic temperature of Ba–Cu is 920 1C at
Ba/Cu = 3 : 7, while it can be as high as 1010 1C at Ba/Cu =
2 : 3.58,59 Obviously, the copper segregation causes the liquid
phase to appear at low temperature in the surface layer, which
leads to poor epitaxy and the inhomogeneity of phase for-
mation. As a result, this seriously affects the GdBCO film
quality.

When going back to the question raised at the end of
Section 3.4, the answer is given as follows. In our case, the
thickness is always about 250 nm in sintered films regardless of
the pyrolysis processes, and there is no significant difference in
crystallinity. This indicates that the porous structure does not
obviously affect the formation of the superconducting phase.
In the FF-MOD process, the precursor film would form a large
amount of enhanced Ba–Cu–O transient liquid during sintering,
which is helpful for the structural reorganization, i.e., densifica-
tion. Improvement of the superconductivity in the film prepared
under a higher pyrolysis rate is most likely attributed to the
uniform distribution of the composition along the thickness
direction.

4. Conclusions

In this work, we investigated the pyrolysis behavior in the
FF-MOD method. First, the effects of pyrolysis processes on
the morphology and mechanical properties in the films were
studied. In view of increasing the throughput, a rapid pyrolysis
procedure that is less than 40 min is demonstrated based on
the smooth strain release mechanism and enhancement of the
mechanical properties. As a result, the defect-free film is
obtained under a high pyrolysis rate of 10 1C min�1. Secondly,
the cross-sectional morphology in the pyrolyzed film was
observed and characterized comprehensively. The laminar
structure with a dense layer in the surface and a porous layer
in the bottom are always discerned. Moreover, elemental ana-
lysis along the thickness shows that copper segregation in the
dense layer is more serious in the porous layer. Such features
probably have a strong influence on the Ba–Cu–O liquid phase
formation. Therefore, the quality of the superconducting film
varies. Accordingly, a reaction–diffusion model is proposed.
It is found that the diffusion behaviors of oxygen and the
evolved gases play an important role. In addition, a neutral
layer between the dense and porous layer exists. The decom-
position reactions differ above and below this neutral layer.
Remarkably, a high Jc value exceeding 2 MA cm�2 (77 K, self-
field) was achieved in the GdBCO film grown on the technical
substrates.
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