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High bonding strength metal film on ceramic fabricated by the
catalysis of exsolved nanoparticles combining DLP-based ceramic 3D
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Abstract: Here, we report that metal films with high bonding strength are deposited on alumina ceramic substrates
by  virtue  of  alumina  light  curing  technology,  the  interface  of  which  can  withstand  repeated  thermal  shocks  from
1073  K  to  77  K.  Unlike  conventional  nickel  particles  deposited  on  alumina,  exsolved  Ni  particles  are  epitaxially
bonded to the substrate and catalyze the formation of metal films via chemical deposition, generating the "nanopin-
ning  effect".  Furthermore,  we  reveal  the  exsolution  mechanism  of  particle  and  weakened  Ostwald  ripening  effect
critical for future design of exsolution-based reducible ceramic materials for chemical catalysis and other functionali-
ties. In addition, the metallized ceramic heater and circuit board are fabricated, which show excellent thermal resis-
tance  and  conductivity  respectively.  The  proposed  technique  free  from  traditional  sensitization  and  activation
processes  opens  up  a  promising  strategy  of  implementing  complicated  three-dimension  constructions  with  high
bonding strength metal films.
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 1    Introduction
Metallized  ceramics  have  been  extensively  utilized  in  elec-
tronics  due  to  their  excellent  physical,  chemical  and
mechanical  properties1–2.  Electroless  plating (EP) is  a  prior-
ity  technique  achieving  metal  films  for  dielectric  substrates
whose surfaces are unable to activate autocatalytic reactions,
and  the  vast  majority  of  catalytic  particles  are  prepared  by
deposition  methods  before  plating,  which  are  although
widely applicable, provide cumbersome and susceptible pre-
treatment  process3−5.  This  generally  leads  to  limited  role  of
metal  particles  except  for  catalyzing.  Besides,  coarsening,
intermediates  or  post  heat  treatment  are  typical  processes
for chemical deposition to enhance the bonding strength of
metal  films  by  forming  the  mechanical  interlocking  or
primary  bonds.  While  these  solutions  suffice  for  most
scenarios,  their  complexity  can render them ineffective  and
even detrimental to substrates or films3,6−8.

As  a  vital  technique,  ceramic  light  curing  provides  the
possibilities  for  the  direct  and  fast  production  of  ceramic
parts  with  extremely  specific  microstructure  and  complex
geometries.  Thereinto,  it  allows  for  a  convenient  metal  ion
doping  in  superficial  layer  before  the  sintering  process.
Actually, approach of the exsolution from solid oxide lattices
to form well-dispersed metal particles with superior stability
and  longevity  has  become  attractive,  the  process  of  which
involves  the  migration  of  metal  ions  from  substrate  to  the
surface under reducing conditions9−11.  Studies have demon-
strated  that  catalytically  active  transition  metals  can  be
substituted on the B-site of perovskite or react with alumina
to  generate  spinel,  and  exsolved  on  the  surface  as  metal
particles  following  reduction,  with  applications  in  catalysis
ranging  from methane  reforming to  solid  oxide  electrolysis
cells,  etc12−15.  Nevertheless,  metal-support  interaction  (MSI)
may  occur  in  the  process  of  high-temperature  exsolution,
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which will affect the particle morphology, chemical compo-
sition  and  suboxide  encapsulation  behavior,  thus  having
considerable impacts on the activity, selectivity and stability
of supported metal catalysts16−18. But the effects on the appli-
cation of EP are unclear.

Here we reveal that nickel particles exsolved from the co-
sintered  alumina  ceramic  under  reduction  atmosphere  are
epitaxially  bonded  to  the  surface  parent  nickel  aluminate
spinel phase, maintaining their stability and catalytic charac-
teristic  for  EP.  We  also  provide  critical  insights  into  the
exsolution and stability of particle, and the effect of MSI on
EP. Furthermore, the particles distributing on the surface of
alumina  ceramic  uniformly  are  found  to  have  a  new  func-
tionality  namely  "nanopinning",  thereby  generating  a
stronger  metal-oxide  interface  between  metal  film  and
substrate.  Then,  alumina ceramic-based copper  wire  circuit
board  and  nickel-phosphorus  alloy  wire  heater  circuit  are
fabricated  respectively,  showing  excellent  conductivity  and
thermal  resistance.  The  proposed  technique  offers  an  inte-

grated  strategy  of  implementing  complicated  metallized
three-dimension  constructions,  and  thus  achieves  high
bonding  strength  of  metal  films  efficiently  compared  to
traditional sensitization and activation processes.

 2    Results
 2.1  Fabrication strategy, structure and morphological

characterization

In this work, we employ exsolved metal particles to achieve
high  bonding  strength  between  metal  film  and  substrate,
which can be  ascribed to  the  nanopinning effect,  similar  to
the  phenomenon  of  shell’s  byssus  attaching  to  stone
(Fig. 1(a)).  Metallized  alumina  structures  were  fabricated
integrating  unconfined  3D  printing  process  with  versatile
chemical  deposition,  simplifying  the  pre-treatment  proce-
dures  of  degreasing,  etching,  sensitizing  and  activating
before  plating  (Fig.  S1 in  the  Supplementary  Information).
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Fig. S1 | Fabrication of metallized alumina ceramic. (a) A schematic diagram of metal film on alumina ceramic. NiO4 and NiO6 represent Ni2+ in tetrahedral
and octahedral sites respectively, the same as AlO4 and AlO6. (b) Primary chemical reactions in each process of the fabrication of metal films on alumina.
(c) Morphology and cross-sectional EDS elemental mapping of samples after co-sintering (i), reducing (ii) and Ni-P alloy EP (iii). (d) Top surface morphology
and interface between metal films and substrate after different thermal shock tests.
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The  main  reactions  in  each  process  are  shown  in Fig. 1(b).
Thereinto, NiAl2O4, also denoted as (Ni1−iAli)T(NiiAl2−i)OO4,
is largely a inverse spinel with the reported inversion param-
eter i over 0.8 at room temperature19.

Coarse surface and dense structure (Fig. 1(c-i), Fig.  S2(a)
and S2(b) in  the  Supplementary  Information)  were  gener-
ated after co-sintering at the temperature of 1600 °C. During
the  process,  nickel  oxide  (NiO)  nanoparticles  reacted  with
alumina substrate completely to form the new nickel alumi-
nate  phase,  as  confirmed  by  the  energy-dispersive  spec-
troscopy (EDS) elemental mapping (Fig. 1(c-i), Fig. S2(d) in
the  Supplementary  Information)  and  X-ray  diffraction
results (Fig. S2(f) in the Supplementary Information). Nickel
aluminate spinel can be reduced in a reducing atmosphere20,
which  is  also  thermodynamically  favourable  at  1273  K  due
to  the  negative  value  of  ΔrG  for  the  NiAl2O4 reduction
(Eq. (1), Supplementary Text). 

NiAl2O4(s)
1273K,H2←−−−→Ni(s) + Al2O3(s) +H2O(g),

ΔGr ≈ −616 kJ/mol, (1)
As shown in Fig. 1(c-ii), small spherical nanoparticles are

observed  on  the  surface  after  reducing  treatment,  most  of
which  are  less  than  300  nm  (Statistics  in Fig.  S2(c) in  the
Supplementary  Information).  EDS  and  X-ray  diffraction
patterns depicted in Fig. S2(e) and S2(g) in the Supplemen-
tary  Information  certified  the  metallic  nickel  nanoparticles,
as well as the reserved spinel phase which is associated with
the  insufficient  reduction  or  incomplete  phase  transforma-
tion21.  In addition,  the exsolution of Ni results  in cracks on
surface,  which can be ascribed to the diffusion of  vacancies
toward  the  surface19.  The  reconstructed  surface,  with
enhanced  surface  area  and  rough  surface  structuring  at
length  scales  from  nanometers  to  microns,  is  expected  to
have  a  positive  influence  on  the  bonding  strength  between
plated  metal  films  and  substrate.  The  exsolved  Ni  particles
catalyze  the  deposition  of  Ni  ions  to  form  Ni-P  alloy  film
during EP, depicted in Fig. 1(c-iii). In particular, it should be
noted  that  samples  to  be  co-sintered  made  by  dipping
method  are  not  able  to  exsolve  Ni  particles  from  surface
when the sintering temperature exceeds 1550 °C, indicating
a requirement on the concentration of NiO suspension due
to  the  migration  of  Ni  ions  in  alumina. Figure  S3 in  the
Supplementary  Information  showed  the  similar  results
compared to screen-printing method using lower concentra-
tion  of  NiO  dispersion  except  for  the  different  distribution
of particle sizes.

Three different temperature intervals of repeated thermal
shocks were taken to examine the plated Ni-P alloy film and
results  demonstrated  that  the  strong  interface  bonding  can
bear the shock of approximately 1000 K (Interfaces shown in
Fig. 1(d)),  although  a  slight  oxidization  on  surface  was
observed at the elevated temperatures of 873 K and 1073 K.

 2.2  Interface of particle–substrate

As  shown  in Fig. 2(a),  the  STEM-EDS  micrograph  and

(111)

(111) (111)

[112]

elemental mapping also confirmed that Ni nanoparticle was
exsolved  from  substrate.  High-resolution  TEM  (HRTEM)
imaging (Fig. 2(b))  of  the  particles  exsolved on  termi-
nations  of  nickel  aluminate  spinel  revealed  their  epitaxic
relationship,  which  was  highlighted  by  the  depiction  of
nickel  aluminate  spinel  planes  aligned  to  the 
planes of the Ni lattice. Figure 2(e) depicted the selected area
electron diffraction (SAED) patterns containing diffractions
from  the  matrix  and  a  nickel  particle.  The  patterns  corre-
spond to the [011],  and [114] zone axes of surface layer
NiAl2O4,  while  nickel  diffractions  corresponding  to  the
same zone axis are also visible respectively in each case, indi-
cating that particles are metallic single crystal in nature and
epitaxial  with  respect  to  the  parent  spinel.  A  more  detailed
analyses  of  the  proposed  orientation  relationship  are  given
in Fig. 3(c) and Fig. S4 in the Supplementary Information. It
should  be  noted  that  dislocations  are  likely  to  occur  in  the
metal lattice to accommodate the lattice mismatch.

From  the  concentration  profile  obtained  using  atomic-
resolution TEM-EDS line scanning, it is observed that there
is  a  gradual  change  from  the  Ni  particle  to  the  matrix.
Notably,  substrate  near  the  boundary  remains  spinel  struc-
ture  consistent  with  the  XRD  results  (Supplementary
Fig.  2(g))  though  the  concentration  of  Ni  approaches  zero.
This observation can be explained by the fact that the trans-
formation  of  spinel  lattice  does  not  yet  finish  under  the
reducing  condition,  thus  generating  metastable  structure21.
Moreover,  the  deficiency  of  oxygens  (or  oxygen  vacancies)
are also confirmed in the structure.

In addition, the phenomenon of Ni particles socketed into
the  matrix  is  also  observed  (Fig.  S5 in  the  Supplementary
Information),  which  is  similar  to  the  situation  of  Ni  parti-
cles  exsolved  from  perovskite22.  Overall,  the  fact  the  metal
lattice  is  growing  from  the  oxide  lattice  might  significantly
increase  adhesion  between  metal  and  oxide  phases,  thus
facilitating  the  formation  of  "nanopinning"  when  plating
metal films.

 2.3  Atomic scale insights into the behaviors of particle
exsolving and metal film bonding

It  is  important  to  address  the  question  how  the  exsolution
phenomenon  occurs  in  NiAl2O4 phase.  A  reasonable
assumption is proposed that spontaneous exsolution behav-
ior takes place in NiAl2O4 when amounts of  oxygen vacan-
cies  and  Ni  vacancies  could  be  introduced  instantaneously
by reducing, and the NiO can be converted to the Ni exsolu-
tion  subsequently  (Fig. 3(a) and 3(b)).  The  mechanism  of
exsolution  can  be  qualitatively  expressed  as  point  defect
(Schottky-type  defect)  reactions  by  using  the  Kröger-Vink
notation as follows: 

Ni×M +O×O ↔ NiO+ V··O + V′′

Ni, (2)
 

NiO ↔ Niexsolution +
1
2
O2, (3)
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Ni×M
O×O

V··O
V′′

Ni

where  denotes  Ni  ion  in  the  tetrahedral  or  octahedral
sites  with  the  net  charge  zero,  denotes  oxygen  in  the
oxygen site with the net charge zero,  denotes the oxygen
ion vacancy with the net charge +2,  denotes the Ni ion

vacancy with the net charge −2.
Calculations indicate that metal ion segregates more easily

at  the  presence  of  oxygen  vacancy  in  CeO2 and
perovskite9,23–24. Hence, it is rational to speculate that the Ni
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co-segregates  with  the  nearby  oxygen  vacancy  towards  the
surface.  Notably,  particles  tended  to  exsolve  continuously
instead  of  aggregating  under  longer  reduction  time
(Fig.  S6(a) and S6(b))  in  the  Supplementary  Information,
which could  be  ascribed to  the  weakened Ostwald  ripening
effect resulted from the high adhesion energy between metal
and substrate25−27.  Nonetheless, the migration of Ni towards
the inside were limited even under relatively long reduction
time at high temperature (Fig.  S6(c), S6(d) and S6(e) in the
Supplementary Information).

In consideration of the high reduction temperature, MSIs
such  as  suboxide  encapsulation  may  simultaneously  occur
during the exsolution process, though Al2O3 ( or metastable
NiAl2O4 here)  is  often  considered  as  weak  MSI  support15.
However,  the quick starting of  the subsequent EP appeared
to show that little impact was made on the chemical cataly-
sis  effect  of  the  potentially  enclosured  Ni  particles.  Specifi-
cally,  pull-off  tests  to  estimate  the  metal  film  adhesion
(Fig. S7 in the Supplementary Information) indicated that a
strong  interface  was  generated  for  all  reduction  conditions.
Figure 3(c) showed  the  situation  that  metal  film  connects
with  alumina  substrate.  The  behavior  that  Ni  nanoparticles
are  epitaxially  bonded  to  the  substrate  is  equivalent  to  the
formation  of  micro-area  interdiffusion  between  metal  film
and  substrate,  which  is  called  "nanopinning  effect"  here.
Additionally,  Ni  particles  embedding  in  substrate  provides
additional  mechanical  anchoring  effect.  Hence,  the  mecha-
nism  of  strong  adhesion  of  metal  film  can  be  attributed  to
the  integration  of  interdiffusion  theory  and  mechanical
interlocking  (aroused  by  rough  surface  and  embedded  Ni
particles).

 2.4  Fabrication of metallized ceramic structures

In  order  to  demonstrate  a  typical  application  utilizing  the
high  thermal  stability  of  the  metallized  Al2O3 ceramic,  the
Ni-P alloy plated grid conductors with different line widths
were applied to a ceramic heater. A DC voltage was supplied
to  the  thin-film  heater  through  silver  contacts  at  the  two
ends  (Fig. 4(a-i))  and  the  temperature  distribution  of  the
heater was recorded using an infrared (IR) thermal imager .
A uniform temperature distribution was observed due to the
excellent thermal and electrical conductivity of the plated Ni
conductors,  as  well  as  relatively  high  surface  quality  of  the
Ni heater (Fig. 4(a-ii), Fig. S8(a) in the Supplementary Infor-
mation).  Furthermore,  the  high-temperature  oxidation
resistance of the Ni-P alloy film was evaluated by heating the
sample in air.  For temperature rise tests,  samples are main-
tained  for  1  h  at  each  elevated  temperatures  and  cooling
down  to  room  temperature  for  measuring.  The  recorded
electrical  resistance  of  the  Ni-P  alloy  film  on  ceramic
substrate indicated that the produced metallized ceramic can
endure  up  to  at  least  400  °C  for  long-term  operation
(Fig. 4(b-i) and 4(b-ii)).  The  post-experimental  surface
morphologies  and  element  analysis,  cross-sectional  inter-

face,  and  phase  transformation  reconfirmed  its  high-
temperature resistance property  (Fig.  S9 in the Supplemen-
tary  Information).  In  addition,  the  variation  of  electrical
resistance  after  thermal  shock  tests  further  specified  the
applicable  condition  that  the  nearly  open-circuit  state
resulted  from  film  cracking  should  be  avoided,  though  the
interface bonding was strong enough to withstand the ther-
mal shocks (Fig. 4(b-iii)).

Ceramic  circuit  boards  have  been  extensively  utilized  in
aerospace, power generation and 5G communications due to
their  high  thermal  conductivity  and  heat  resistance,  excel-
lent  dielectric  properties,  and  mechanical  strength28–29.  In
this work, the combination of digital light processing (DLP)
3D  printing  technique  and  copper  film  EP  enables  the
creation  of  circuits  without  the  need  for  etching.  The
designed  and  manufactured  copper-plated  circuit  board
soldered  with  corresponding  components  has  been  verified
to  achieve  the  expected  function  totally  (Fig. 4(c) and
supplementary movie). To confirm the mechanical property
of printed substrate and surface condition after EP, bending
strength sintered at 1550 °C and 1600 °C and surface rough-
ness  under  different  plating  time  were  measured.  Results
indicate  that  the  bending  strength  all  exceed  300  MPa  and
the surface roughness can be decreased to 8 μm by increas-
ing plating time to 9h (Fig. S8(b) to S8(e) in the Supplemen-
tary Information). As a demonstration of the freeforming of
high adhesive metal  films on ceramic,  the selectively metal-
lized industrial applied power battery connector, mountains
in Mars and dragon were fabricated using the method in this
work (Fig. 4(d-f)).

 3    Discussion
In  this  work,  we  reveal  the  unique  interface  developing
between the  exsolved Ni  particles  and parent  substrate  that
leads  to  a  emergent  nanopinning  effect  of  great  utility  for
EP. Thus, it provides an attractive route for the freeforming
of  high  adhesive  metal  films  on  ceramic  in  combination  of
3d  printing  technique,  beyond  the  capabilities  of  conven-
tional  deposition  methods.  In  particular,  the  integrated  co-
sintering  for  catalytic  element  and  the  exsolution  process
may enable the production of epitaxial bonded or even sock-
eted  metal  particles  through  a  single-step  reduction  treat-
ment.  In  addition,  the  epitaxial  orientation  relationship
between  particle  and  substrate  decrease  the  overall  stress.
We also provide the critical  insights into the mechanism of
particle  exsolution,  which  is  crucial  for  reducible  ceramic
materials  such  as  some spinels  or  olivines.  For  the  applica-
tions, the proposed method of preparing nickel-phosphorus
alloy  wire  heater  circuit  that  exhibits  excellent  conductivity
and  thermal  shock  resistance  has  great  potential  in  the
industry of ceramic heaters with three-dimension structures.
Furthermore,  Compared  with  monolayer  Direct  Plating
Copper  (DPC),  Direct  Bonded  Copper  (DBC)  and  Active
Metal  Brazing  (AMB),  the  approach  to  fabricating  alumina
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ceramic-based copper wire circuit board in this work has the
advantages  of  dispensing  with  sputtering  process  (versus
DPC), simple process control (versus DBC) and comparable
bonding strength (versus AMB). Especially, there is no need
to  etch  the  circuit  here.  Hence,  it  is  a  good  addition  to  the
manufacturing methods of ceramic circuit board.

 4    Methods
 4.1  Materials

Alumina printing slurry containing micron and purity level
of  99%  alumina  particles  was  purchased  from  Adventure
technology,  China.  NiO  nanoparticles  (ϕ~100  nm,  NiO,  ≥
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99.5%  purity),  Polyvinyl  pyrrolidone  (PVP,  K30),  α-
terpilenol  (C10H18O,  ≥98%  purity)  were  purchased  from
Aladdin, China. Copper electroless plating solution (mainly
contains  CuSO4,  ethylene  diamine  tetraacetate  acid  and
formaldehyde)  were  purchased  from  Gaofan  Electronic
Technology Co., Ltd., China. Nickel electroless plating solu-
tion  were  purchased  from  Fakeda  Surface  Treatment  Co.,
Ltd.,  China,  which  is  mainly  composed  of  NiSO4,  NiCl2,
malic acid, lactic acid, NaH2PO2 and amino acids, etc. High
intensity  Acrylate  AB  adhesive  was  purchased  from  Tegu
New  Material  Co.,  Ltd.,  China.  High-temperature  resistant
graphite  conductive  adhesive  was  purchased  from  Diantuo
Polymer Materials Co., Ltd., China.

 4.2  Metallized ceramic structures forming

For  stereolithography,  the  slurry  was  processed  in  a
commercial  stereolithography  printer  of  type  ADT  Ceram-
D-F144  (Adventure  technology,  China,  λ  =  405  nm)  under
proper  parameters  (IUV =  24  mW∕cm2, tcuring =  2.5  s,  layer
thickness τ = 50 μm). Thermal debinding was performed in
a  box  furnace  (KSL-1100X,  HFKejing,  China).  The  printed
parts  were  heated  to  600  °C  gradually  at  the  rate  of  0.1–
3  °C/min  and  held  for  1–2  h  at  around  250  °C,  300  °C,
600  °C.  Debond  structures  of  grid  heater,  circuit  board
and power battery connector were implanted NiO nanopar-
ticles  on  surface  by  means  of  screen-printing  method,
while simple dipping was performed on mountains in Mars
and dragon. Co-sintering was performed in a high-tempera-
ture controlled atmosphere box furnaces of  type GF17Q-11
(TianJin  Muffle  Technology  Co.,  Ltd.,  China).  The
processed parts were densified at 1550 °C or 1600 °C for 2 h
in  pressureless  atmosphere  and  the  heating  rate  is
2–5  °C/min.  After  co-sintering,  the  radial  and  axial
shrinkages are about 11% and 17% respectively. In addition,
the  density  of  co-sintered  samples  is  nearly  95%  of  the
theoretical density. Hydrogen reduction was performed in a
pusher reduction furnace. The reduction gas is composed of
5  wt%  H2 and  95  wt%  N2,  and  the  hybrid  gas  flow  rate  is
30 m3/h. Parts were held in this reductive atmosphere for 1 h
at 1000 °C.

For EP, the pH of the Ni-P bath is 4–5 and the tempera-
ture is heated to 90 °C during plating. The thickness of Ni-P
alloy is nearly 2 μm after plating for 2 h. As for Cu film, the
plating  temperature  is  40  °C  and  the  thickness  is  about
3 μm when plating for 3 h.

 4.3  Preparation of NiO nanoparticles dispersion
solution

To  prepare  NiO  nanoparticles  ethanol  dispersion  solution
for  dipping  process,  the  widely  used  polymer  of  PVP  was
added.  That  PVP  was  adsorbed  on  the  particle  surfaces
would  prevent  particles  from  sedimentation  and  clustering
again according to the steric stabilization effect. The ratio of

NiO  nanoparticles,  PVP  and  ethanol  is  100  mg  :  600  mg  :
10 mL in the dispersion solution. Taking 10 g/L concentra-
tion of NiO nanoparticles dispersion solution as an example,
600  mg  PVP  and  10  mL  ethanol  were  mixed  firstly  before
the  dispersion  process  and  then  100  mg  NiO nanoparticles
were added to the mixture. For further improving the qual-
ity  of  dispersion,  the  slurry  was  treated  using  an  ultrasonic
bath  for  3  min.  Experiment  showed  the  solution  had  good
stability that  the apparent sedimentation did not happen in
10  min.  NiO  nanoparticles  α-terpilenol  dispersion  solution
with  higher  concentration  was  made  to  meet  the  require-
ment for screen printing. The ratio of NiO nanoparticles and
α-terpilenol is 1000 mg : 10 mL in the dispersion solution.

 4.4  Characterization

The X-ray diffraction measurements for the structure deter-
mination were carried out with Bruker DE/D8 Advance and
Rigaku SmartLab SE and D/MAX-2600 using Cu Kα radia-
tion.  The  sample  was  thinned  using  the  FEI  Scios  2  HiVac
that integrates a field emission SEM with a focused ion beam
(FIB).  The  STEM  and  HRTEM  images  to  investigate  the
interfacial property were recorded by the FEI FEI Tecnai F20
instrument.  The  elementary  composition  (EDS  mapping
and  line  scanning)  was  analyzed  by  an  energy-dispersive
spectrometer  (INCA  Energy  Coater,  Oxford  Instruments)
coupled  to  the  TEM.  The  scanning  electron  microscopy
(ZEISS  Gemini  SEM  300,  ZEISS,  Germany;  FEI-Apreo  2S
HiVac,  Thermo Fisher Scientific,  USA) with energy-disper-
sive spectroscopy (Oxford Instruments) was used to investi-
gate the morphologies, confirm distributions of Ni particles
on  surface  as  well  as  the  situation  of  elements.  The  surface
three-dimensional  profile  of  metallized  alumina  samples
were  characterized  using  an  Super  Depth  of  Field  Micro-
scope  (SDM,  MOTIC  Easyzoom,  MOTIC,  China).  The
bending strength of  sintered Al2O3 substrates  was  obtained
by  three  point  bending  tests  (Testing  standard:  ASTM
C1161-18 (2023)).
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