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Abstract: Thermal protection of the hot-end components of ultra-high-flying vehicles requires the microwave absorption of
thermal  barrier  coating  (TBC).  In  this  work,  the  microwave-absorbing  functionalization  of  LaMgAl11O19 (LMA)  TBC  was
successfully realized by adding FeSiAl (FSA) absorber to the LMA thermal barrier ceramic matrix to adjust electromagnetic
parameters. Due to the formation of the layered lamellae structure during atmospheric plasma spraying (APS), LMA–FSA
composite  TBCs  have  better  electromagnetic  wave  (EMW)  absorbing  properties  than  feed  powder.  EMW  absorption  of
TBCs is mainly controlled by the magnetic loss, and the natural resonance is the main mechanism of magnetic loss. TBCs
exhibit a minimum reflection loss (RL) value of −13.4 dB, and effective absorption bandwidth (EAB) of RL < −10 dB is up to
3.11 GHz at a simulated thickness of 2 mm. Phase and structure stability of the TBCs and microwave absorption property
could  be  relatively  well  preserved  even  after  heat  treatments  at  600–1000  °C  for  3–50  h.  Thermal  conductivity  of  the
LMA–FSA  composite  TBCs  with  FSA  contents  of  30–50  wt%  are  about  2.84–3.05  W·m−1·K−1 at  800  °C.  LMA–FSA
composite  TBCs  with  heat-resistant,  heat-insulation,  and  EMW  absorbing  properties  might  find  attractive  potential
applications in the thermal protection for the light alloy hot-end components in civil and military industry.

Keywords: thermal  barrier  coating  (TBC); atmospheric  plasma  spraying  (APS); microwave  absorption; electromagnetic
wave (EMW); thermal conductivity

 
1    Introduction
Thermal  barrier  coating  (TBC) has  the  function of  heat-resisting
and  heat-insulating  at  high  temperatures  because  of  its  low
thermal conductivity and high melting point [1]. TBC can be used
not  only  for  the  thermal  protection  of  the  Ni-based  superalloy
above  1200  °C  [1,2],  but  also  for  the  thermal  protection  of  light
alloys, including magnesium alloy, aluminum alloy, and titanium
alloy  at  relatively  low  temperatures  [3−5].  As  known,  the
maximum service temperature of the advanced aviation titanium
alloy (e.g.,  TA15) is less than 550 °C, and that of the magnesium
alloy and aluminum alloy is even generally less than 350 °C, so it is
a good way to use TBCs on the light alloys when the temperature
is more than the maximum service temperature [3−5].

Electromagnetic wave (EMW) absorbing material can not only
endow the weapon equipment with radar stealthy performance to
improve  the  penetration  ability  but  also  reduce  EMW  pollution
and  protect  people  from  EMW  harm,  and  therefore  EMW
absorption  materials  have  very  urgent  needs  [6,7].  Currently,
EMW absorbing materials have two types of structural absorbing
materials  and  microwave  absorbing  coatings,  and  the  latter
attracts  more  attention  due  to  the  advantages  of  thin-thickness,
light-weight,  and  a  much  wider  range  of  applications  [8].
Compared  with  the  magnesium  alloy  and  aluminum  alloy,  the

titanium  alloy  is  a  better  structural  material  for  the  hot-end
components  of  high-speed  aircraft  due  to  the  relatively  higher
melting  point,  specific  strength,  and  thermal  stability  [3].  In  the
future,  the  working  temperature  of  the  titanium  alloy  hot-end
components of ultra-high-flying vehicles may reach 550–1000 °C,
and  so  the  requirement  of  high-temperature  resistance,  heat
insulation, and electromagnetic stealth for TBC is put forward in
order  to  avoid  being  detected  by  the  radar  and  improve  the
battlefield survivability of weapons. However, as far as the authors
know, TBC ceramic materials developed at present have no EMW
absorption,  and  TBCs  cannot  perform  radar  stealth  for  the
titanium  alloy  hot-end  components.  It  is  an  urgent  research
direction to  realize  the  microwave  absorbing  functionalization of
TBCs for the light alloys, especially for the titanium alloy.

Atmospheric  plasma  spraying  (APS)  is  one  of  the  important
preparation  methods  for  TBCs  [3−5].  Coincidentally,  APS  was
also  widely  used  to  prepare  EMW  absorbing  coatings,  which
exhibited  merits  of  simple  process,  high  efficiency,  cost-
effectiveness,  and  excellent  adhesive  strength  and  significantly
promoted the development of EMW absorbing materials  [9−15].
It is agreed that the ceramic composites composed of microwave
absorbing  agent  and  ceramic  matrix  could  better  satisfy  the
absorption  characteristics  of “light,  thin,  wide,  and  strong”,  in
which the  function of  the  absorbent  is  to  attenuate  and dissipate
EMW  and  that  of  the  ceramic  matrix  is  to  realize  impedance
matching [16−18]. Over the past decade, studies have shown that APS
radar absorbing coatings containing alumina ceramic matrix and
absorbents  such  as  LaSrMnO3 [19],  Ti4O7/carbon  nanotubes  [8],
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B4C [9],  FeCrAl [20,21], NiCrAlY [22], and FeSiAl/flake graphite
[23]  significantly  gave  rise  to  the  desired  EMW  absorption
property  to  reduce  electromagnetic  radiation.  Inspired  by  this,
APS of thermal barrier ceramic composites containing absorbent
is  an  effective  method  to  realize  the  microwave-absorbing
functionalization  of  TBC.  Considering  that  TBC  materials  are
restricted  by  some  basic  requirements  such  as  low  thermal
conductivity,  high-temperature  resistance,  and  phase  stability
during  APS  [24],  the  choice  of  absorbent  for  TBC  must  have
relatively  low  thermal  conductivity  and  good  high-temperature
stability.

At  present,  the  absorbing agents  mainly  include  Fe-,  Co-,  and
Ni-based  alloys,  ferrites,  conductive  polymers,  carbon  materials,
and dielectric ceramics [7]. According to the loss mechanism, the
absorbing agents can be divided into the electrical loss type, such
as  graphite,  carbon  fiber,  and  carbon  nano-materials  absorbents;
magnetic  loss  type,  such  as  ferrite,  iron-based  alloys,  and  MoS2
absorbents;  and  dielectric  loss  type,  such  as  BaTiO3,  transition
metal  carbides/borides,  and SiC ceramics  absorbents  [6,7,25−30].
Among these absorbing agents, one of the most likely absorbents
to  meet  the  basic  requirements  of  TBC  materials  is  iron-based
alloys. Bobzin et al. [31] reported that the iron-based coatings with
amorphous  structure  deposited  by  APS  might  be  the  next
generation  of  TBCs  for  the  low-temperature  systems.  Moreover,
microwave  coatings  with  wider  absorption  bandwidth  and  less
thicknesses  are  required  [17,21,23,26,29].  Compared  with  the
dielectric  materials,  the  magnetic  absorbents  have  higher  loss
efficiency  per  unit  thickness,  so  introducing  the  magnetic
absorbent into coating can effectively reduce the coating thickness
[17,30]. Up to now, the magnetic absorbent of the iron-based alloy
i.e.,  FeSiAl  (FSA),  has  significantly  attracted  much  interest  in
microwave  absorbing  materials  due  to  its  high  permeability,
matched  permittivity,  and  good  thermal  stability  [23,32−36].  In
addition,  FSA  magnetic  absorbing  agent  is  also  one  of  the  best
potential absorbing coating materials for the thermal protection of
light  alloys.  Therefore,  FSA alloy  was  chosen as  the  absorbent  of
TBCs in this study.

Compared  with  the  other  ceramic  TBCs  such  as  yttria-
stabilized  zirconia  (YSZ)  and  rare  earth  zirconate  and  cerate,
LaMgAl11O19 (LMA)  ceramic  TBC  by  APS  not  only  has  the
unique  amorphous  phase  and  plate-like  grains,  but  also  has  the
relatively low thermal conductivity and anti-oxygen permeability,
and therefore LMA ceramics are one of the most promising TBC
materials  and  heat-insulation,  heat-resistance,  and  thermal  shock
resistance  of  LMA  TBC  are  better  [24,37−42].  In  this  work,  in
order  to  examine  the  possibility  of  microwave-absorbing
functionalization  of  TBCs,  LMA composite  TBCs  were  prepared
by  APS  via  adding  FSA  absorbent  to  LMA  ceramic  matrix.
Microstructure, EMW absorption, and thermodynamic properties
of  LMA ceramic  composite  powder  and  TBCs  were  investigated
in  detail.  It  is  expected  that  this  study  could  promote  the
development  of  heat-resistant,  heat-insulation,  and  radar  stealth
TBCs,  which  may  find  potential  applications  in  the  thermal
protection of light alloys, especially for the titanium alloy hot-end
components of ultra-high-flying vehicles in the future.

2    Experimental
Commercial  FSA  powder  with  a  particle  size  of  500-mesh  was
purchased from Hebei Huazuan Alloy Welding Material Co., Ltd.,
China, with a nominal composition of 9.2–9.7 wt% Si, 5.2–5.6 wt%
Al, ≤ 0.3 wt% O, and Bal. Fe. LMA was synthesized by solid-state
reaction at  1600 °C for 12 h using the powder mixture of La2O3,
MgO,  and  Al2O3 (all  purities  >  99.9  wt%)  with  a  mole  ratio  of

1:2:11. LMA powder with particle size less than 5 m was obtained
by  wet-milling  of  the  produced  LMA  product  for  72  h  using
zirconia balls (5–20 mm in diameter; Guangdong Drient Zirconic
Industry  Sci  &  Tech  Co.,  Ltd.,  China).  LMA–FSA  powder
mixtures with FSA contents of 30, 40, and 50 wt% were subjected
to  ball  milling  for  2  h  with  proper  additions  of  deionized  water,
gum  arabica,  tri-ammonium  citrate,  and  zirconia  balls,
respectively,  followed  by  spray  granulation  of  the  obtained
suspensions  using  the  spray  granulator  (SFOC-16,  Shanghai
Ohkawara Dryers Co., Ltd., China). The ball milling speed used in
this  study  was  150  r·min−1,  and  LMA–FSA  powder  can  be  well
mixed by ball milling for 2 h. It should be pointed out that effect
of  ball  milling  time  on  the  microwave  absorbing  properties  of
TBCs  is  not  obvious  (Fig.  S1  in  the  Electronic  Supplementary
Material (ESM)). The obtained agglomerate powder was sieved by
the  vibrating  screens  to  collect  those  with  particle  sizes  of  20–
100 µm, which had good flowability and were used as feed powder
for  APS.  LMA  ceramic  composite  feed  powder  was  plasma
sprayed  on  the  graphite  substrates  by  APS  using  a  Sulzer  Metco
plasma  spraying  unit  with  an  F4-MB  gun.  Substrates  were
properly  grit  blasted  with  alumina  sand  prior  to  APS.  Main
plasma  spraying  parameters  are  presented  in  Ref.  [17].  The
thickness  of  coatings  was  about  2  mm,  and  the  coatings  were
easily  removed  from  the  substrates  using  the  wallpaper  knife  to
obtain  separate  coating  samples  for  the  subsequent  experimental
tests.

εr μr

Phase  composition  of  the  feed  powder  and  coatings  was
identified  by  an  X-ray  diffractometer  (XRD;  D8  Advance  diffra-
ctometer,  Bruker,  Germany;  Cu  Kα  radiation, λ =  0.15406  nm)
at 6 (°)·min−1 from 20° to 80°. Microstructures of the feed powder
and  coatings  were  observed  by  a  scanning  electron  microscope
(SEM;  JSM-5310,  HITACHI  Company,  Japan,  or  XL-30  ESEM
FEG, Micro FEI Philips, USA) equipped with an energy-dispersive
X-ray spectrometer (EDS; Link-ISIS, Oxford, UK). All coatings for
cross-section analysis were firstly embedded in transparent epoxy
resin and then cut by low-speed saw and polished with diamond
pastes.  Thermal  expansion  behavior  of  coatings  was  investigated
by  using  a  dilatometer  (DIL  402  C,  Netzsch,  Germany)  at  a
heating rate of 3 K·min−1 in air. Thermal diffusivity measurements
were investigated using a  laser  flash apparatus  (Port  Washington
THETA,  NETZSCH  Company,  Germany)  at  a  heating  rate  of
10  K·min−1 in  argon.  A  vibrating  sample  magnetometer  (VSM;
Lakeshore  7410,  Quantum  Design  Company,  USA)  was  used  to
study  the  magnetic  properties  of  the  feed  powder  and  coatings.
The  coatings  were  ground  into  granular  powder  (Fig.  S2  in  the
ESM) and mixed with paraffin to prepare samples for microwave
absorption  tests.  The  powder  samples  of  the  feed  powder  and
coatings  were  all  mixed  with  paraffin  wax  at  a  mass  ratio  of  4:1
and  compacted  into  the  toroidal  shape  (ϕout =  7.00  mm, ϕin =
3.04  mm),  and  then  electromagnetic  parameters  were  measured
by  a  vector  network  analyzer  (VNA;  Agilent  N5234A,  Keysight
technology Co.,  Ltd.,  China) using the coaxial line method at the
frequency range of 2–18 GHz. It is worth noting that the paraffin
wax content has a significant effect on the dielectric constant (Fig.
S3 in the ESM), and the content of paraffin wax used in this study
was  reasonably  determined  as  20  wt%  in  order  to  facilitate  the
comparative  study  of  microwave  absorbing  properties.  The
relative  complex  permittivity  ( )  and  permeability  ( )  were
determined by using the electromagnetic parameters according to
Eqs. (1) and (2) [7,17]:

εr = ε′ − jε′′ (1)
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μr = μ′
− jμ′′ (2)

′ ′′

′ ′′

tanδε
tanδμ

where j means that the permittivity and permeability are complex;
ε  and ε  are  the  real  and  imaginary  parts  of  permittivity,
respectively; µ  and µ  are  the  real  and  imaginary  parts  of
permeability,  respectively.  Dielectric  loss  tangent  ( )  and
magnetic  loss  tangent  ( )  were  calculated  according  to
Eqs. (3) and (4) [7,17]:

tanδε = ε′′/ε′ (3)

tanδμ = μ′′
/μ′ (4)

α

For a given frequency and sample thickness, reflection loss (RL)
was  determined  according  to  Eqs.  (5)  and  (6)  based  on  the
transmission-line  theory  and  meatal  back-panel  model,  and
attenuation constant ( ) was calculated according to Eq. (7) [30,43]:

RL = 20log
∣∣(Zin − Z0)/(Zin + Z0)

∣∣ (5)

Zin = Z0

√
μr/εr × tanh

(
j2πfd

√
μrεr/c

)
(6)

α =
√
2πf/c

×
√

(μ′′ε′′ − μ′ε′) +
√

(μ′′ε′′ − μ′ε′)2 + (μ′′ε′ − μ′ε′′)2

(7)

where Zin is  the  input  characteristic  impedance  at  the  interface
between  atmosphere  and  absorber; Z0 is  the  impedance  of  free
space; f is  the  frequency; d is  the  thickness  of  sample; c is  the
velocity  of  light  (3×108 m·s−1).  Effective  absorption  bandwidths
(EABs) are defined by the frequency range with RL value smaller
than −10 dB (comparable  to  90% microwave  energy  absorption)
or  smaller  than −5  dB  (comparable  to  70%  microwave  energy
absorption) [28].

3    Results and discussion

3.1    Microstructure of powder and coatings
Morphologies  of  the  produced  LMA  powder  and  FSA  raw
powder  are  shown  in Figs.  1(a)  and 1(b),  respectively.  It  can  be
seen that LMA powder is typically plate-like with a particle size of
less  than  5  µm  [40,41],  and  FSA  raw  powder  is  spherical  with  a
particle  size  of  less  than  25  µm.  TEM  and  HRTEM  images  for
FSA  raw  powder  (Figs.  1(c)  and 1(d))  indicate  that  no  obvious
alumina  film  is  found  on  the  surface  of  FSA  particles.  However,
alumina film with a thickness of approximately 8 nm is observed
on the  surface  of  FSA powder  preheated  at  700  °C for  6  h  from
the  HRTEM image  (Fig.  1(e)).  Moreover,  the  elements  of  Fe,  Si,
Al,  and  O  are  uniformly  distributed  on  the  surface  of  FSA
particles from the SEM image and element mappings (Fig. 1(f)). It
is  obvious  that  alumina  film  is  formed  on  the  surface  of  the
pretreated  FSA  particles.  In  this  study,  FSA  powder  was  directly
used to spray granulation and APS without pretreatment. Figure 1(g)
shows XRD patterns of  FSA raw powder,  FSA feed powder,  and
FSA  coating.  Only  the  diffraction  peaks  of  Al0.3Fe3Si0.7 phase
(PDF#45-1206) appear, and no other oxidation products, such as
Al2O3, are  detected,  implying  that  FSA  powder  was  not  oxidized
obviously  during the processes  of  spraying granulation and APS.
Figures 1(h) and 1(i) show SEM images of LMA–FSA composite
feed  powder  with  FSA  contents  of  30  and  50  wt%,  respectively.

When the content of FSA is low, such as 30 wt%, FSA particles are
almost  wrapped  by  LMA  particles  after  spray  granulation,  and
only the spherical agglomerated composite particles marked with
blue arrows are observed (Fig. 1(h)). With FSA content increasing
to 50 wt%, a number of single FSA particles marked with yellow
arrows  and  agglomerated  FSA  particles  marked  with  red  arrows
are also observed in the feed powder (Fig. 1(i)).  The typical SEM
image of the crushed LMA–FSA feed powder (Fig. S4 in the ESM)
shows that the sizes of the plate-like LMA particles and spherical
FSA particles still remain less than 5 and 25 µm, respectively.

Figures  2(a)  and 2(b)  show  XRD  patterns  of  LMA–FSA  feed
powder and coatings with different FSA contents, respectively. As
indicated, in addition to the main phases of LMA (PDF#26-0873)
and  FSA  (PDF#45-1206),  a  small  amount  of  impurity  LaAlO3
(PDF#31-0022)  appeared,  which  is  a  metastable  phase  during
synthesis  of  LMA  [40].  Phase  compositions  of  coatings  are  the
same as those of the corresponding feed powder, implying that the
feed  powder  has  good  phase  stability  during  APS  process.  The
diffraction peaks of coatings become relatively weak and broad as
compared to those of feed powder, which should result from the
formation  of  amorphous  phase  in  the  coatings  [37−39].  The
molten  droplets  solidify  too  quickly  to  crystallize  during  APS
process, so the amorphous phase is formed [38].

Figure  3(a)  shows  the  typical  morphology  of  plasma-sprayed
deposits for the individual particles of LMA–FSA composite feed
powder. During APS process, the feed powder particle first melts
and impacts the substrate and then spreads and forms a flat sheet
deposit  (Fig.  3(a)).  With  the  continuous  accumulation of  the  flat
sheet  deposits,  the  coating  with  the  layered  lamellae  structure  is
fabricated. Figures 3(b) and 3(c) show the typical microstructures
on  the  surface  and  cross-section  of  LMA–FSA  composite  TBC
with 30 wt% FSA, respectively. As indicated, the coating surface is
composed of  molten deposits  formed by fully  spreading droplets
of  fully  melted  particles  and  partially  melted  deposits  formed  by
partially  melted  particles.  The  fully  and  partially  molten  deposits
pile  up  layer  by  layer,  so  the  cross-section  of  TBC  shows  the
typical  layered  lamellae  structure  together  with  some  pores.
Figure  3(d)  shows  the  microstructure  on  the  cross-sectional  of
LMA–FSA  composite  TBC  with  50  wt%  FSA.  The  single  and
agglomerated  FSA  particles  in  the  feed  powder  with  high  FSA
content (Fig.  1(i)) are easier to flatten during APS because of the
lower  melting  point  of  FSA,  and  thus  form  the  layered  lamellas
with a relatively large spread area (Fig. 3(d)), which is beneficial to
improve  the  EMW  absorbing  properties  of  TBC,  as  will  be
mentioned below.

Figure  4(a)  shows  SEM  images  and  the  corresponding  EDS
mapping  analysis  of  elements  on  the  cross  section  of  LMA–FSA
composite  coating  with  40  wt%  FSA.  It  can  be  seen  that  the
elements of Fe and Si are distributed in the gray–white area, while
the  elements  of  La,  Mg,  and  O are  distributed  in  the  gray–black
area,  indicating  that  the  gray–white  area  is  FSA  phase,  and  the
gray–black  area  is  LMA  phase.  The  gray–white  FSA  phase  is
distributed  relatively  evenly  in  the  gray–black  LMA  ceramic
matrix,  with  clear  phase  boundaries.  It  is  worth  mentioning  that
the  mapping  distribution  of  oxygen element  was  not  detected  in
the gray–white FSA region,  indicating that  FSA did not undergo
obvious  oxidation  during  APS  process.  LMA–FSA  composite
coating  was  ground  into  powder  and  observed  by  TEM  and
HRTEM. As shown in Fig. 4(b), LMA and FSA phases are indeed
distributed in the coating, and the phase boundaries are clear. By
the  lattice  spacing  analysis  in Fig.  4(c),  the  corresponding  lattice
stripes  of  (101)  and  (114)  for  LMA  phase,  (220)  for  FSA  phase,
and  (110)  for  LaAlO3 are  found,  which  is  consistent  with  the
phase analysis of XRD in Fig. 2.
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3.2    EMW absorption of FSA powder and LMA thermal
barrier ceramic powder

RL

α

Good  absorbing  materials  should  satisfy  two  characteristics:
(1)  electromagnetic  matching  characteristics  ( ),  namely
reducing reflection of incident EMW and maximum access to the
interior  of  materials;  (2)  attenuation  characteristics  ( ),  namely
effective absorption of EMW incident in space [7,30,44].

′

′′ ′ ′′ ′ ′′
Figure 5(a) shows the curves of electromagnetic parameters ε ,

ε , µ , and µ  for the single FSA powder. The values of ε  and ε

′ ′′

′

′

′

′′ ′′

′′

′′

fluctuate around 8.85 and 0.15, respectively, which do not change
obviously with frequency. The values of µ  and µ  are about 2.06
and  1.07  at  2  GHz,  respectively,  and  decrease  with  frequency
increasing. As known, if  the value of ε  is  too high, the materials
will present electromagnetic shielding, but if the value of ε  is too
low, the materials will present wave transmission. Clearly, ε  value
of  FSA  powder  is  in  the  moderate  range  of  3–15  [7,44].
Commonly, ε  and µ  account  for  the  energy  loss  dissipative
mechanism  [30].  In  contrast,  the  value  of µ  of  FSA  powder  is
much larger than that of ε . Moreover, the dielectric loss tangent

 

Fig. 1    SEM images of (a) produced LMA powder and (b) commercial FSA powder. (c) TEM image of commercial FSA powder and HRTEM images of (d) commercial
FSA powder and (e) pretreated FSA powder. (f) SEM and EDS mappings of pretreated FSA powder at 700 °C. (g) XRD patterns of raw FSA powder, FSA feed powder,
and FSA coating. SEM images of LMA–FSA composite feed powder with FSA contents of (h) 30 wt% and (i) 50 wt%, respectively.
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is  only  about  0.01–0.04,  while  the  magnetic  loss  tangent  is  up to
0.3–0.7 (Fig. 5(b)).  All  these indicate the mechanism of magnetic
loss  absorption  of  FSA  powder.  As  shown  in Fig.  5(c),  the
attenuation  constant  of  FSA  powder  first  increases  and  then
decreases with frequency, and has a maximum value of about 192
at  12.24  GHz.  From Fig.  5(d),  RL  has  a  minimum  of −49.8  dB,
and  the  EAB  of  RL  < −10  dB  is  up  to  5.66  GHz  at  a  simulated
thickness of 2 mm and frequency of 11.0 GHz. The EAB of RL <
−10 dB covers  almost  the entire  band of  4–18 GHz at  simulated
thicknesses of 1.5–3.0 mm. Figure 5(e) shows curves of the relative
input  impedance  (Zin/Z0)  with  frequency  at  different  thicknesses.
As shown, the impedance matching factor is very close to 1 at the
frequencies  where  RL  has  the  minimum  values  for  different
simulated  thicknesses  (Fig.  5(d)).  Obviously,  it  can  be  concluded
that  the  FSA  powder  has  excellent  impedance-matching
characteristics.  However,  the  band  of  RL  < −10  dB  shifts  to  the
low-frequency  range  of  2.0–6.5  GHz,  and  the  impedance
matching  performance  becomes  relatively  poor  after  plasma
spraying of the FSA powder (Fig. S5 in the ESM).

′ ′′ ′ ′′

′ ′

Figure  6(a)  shows  the  variations  in ε , ε , µ ,  and µ  with
frequency for the produced LMA thermal barrier ceramic powder.
The electromagnetic parameters hardly change with the frequency
at  2–18  GHz.  The  values  of ε  and µ  are  about  5.0  and  1.0,

′′ ′′

′′

′′

respectively,  and  those  of ε  and µ  are  close  to  zero.  The
dissipation capacity of materials to EMW energy mainly depends
on  the  imaginary  parts  of  permittivity  and  permeability,  i.e., ε
and µ  [30]. From Fig. 6(b), the values of RL hardly exceed −2 dB
at the entire band when the simulated thicknesses are 1.0–3.0 mm,
indicating  a  poor  EMW  absorption  performance.  Obviously,  the
single LMA thermal barrier ceramic powder is difficult to be used
as  a  microwave-absorbing  material.  In  order  to  adjust  the
electromagnetic  parameters  of  LMA,  FSA  powder  could  be
introduced  into  the  matrix  of  LMA  ceramics  as  the  microwave-
absorbing agent.

3.3    EMW  absorption  of  LMA–FSA  composite  feed
powder
The  absorbing  property  of  materials  may  change  after  high-
temperature  melting  and  flattening  spreading  deposition  during
APS process. In order to study the heredity of EMW absorption of
feed powder for APS,  the absorbing properties  of  the LMA–FSA
feed  powder  were  studied  first,  and  then  those  of  the  APS
coatings.

′ ′′ ′

′′

′

Figures 7(a)–7(d) show electromagnetic  parameters ε , ε , µ ,
and µ  of LMA–FSA composite feed powder with different FSA
contents. From Fig. 7(a), the value of ε  increases with an increase
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Fig. 2    XRD patterns of LMA ceramic composites: (a) feed powder and (b) APS coatings with different FSA contents.

 

Fig. 3    (a)  Typical  morphology  of  plasma-sprayed  deposit  for  individual  particles  of  LMA–FSA  composite  feed  powder  and  microstructures  on  (b)  surface  and
(c, d) cross-sections of LMA–FSA composite TBCs with FSA contents of (b, c) 30 wt% and (d) 50 wt%, respectively.
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′′

′

in  FSA  content,  and  hardly  changes  with  the  increase  of
frequency, which fluctuates around 5.1, 5.5, and 5.9 for 30, 40, and
50  wt%  FSA  samples,  respectively.  Obviously,  the  real  parts  of
permittivity  of  LMA–FSA  composite  feed  powder  are  between
those of single FSA powder and LMA powder. From Fig. 7(b), the
imaginary  parts  of  permittivity  (ε )  change  little  with  the  FSA
content  and  have  no  significant  change  compared  with  a  single
FSA powder. From Fig. 7(c), the value of µ  increases from 1.24 to

′′

1.44  at  2  GHz  with  FSA  content  increasing  from  30  to  50  wt%,
and  all  decrease  to  about  1.0  with  the  increase  of  frequency.
Figure 7(d) shows that the value of µ  increases from 0.17 to 0.33
at 2 GHz with FSA content increasing from 30 to 50 wt%, and has
an increasing trend with frequency increasing to 6 GHz, but then
decreases  with  the  frequency further  increasing. Figures  7(e)  and
7(f) show that tanδε is close to zero for all samples, while tanδµ is
relatively much larger and increases significantly with an increase

 

Fig. 4    (a) SEM and corresponding EDS mapping analysis of elements. (b) TEM image and (c) HRTEM image for LMA–FSA composite TBC with 40 wt% FSA.
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in  FSA  content,  implying  that  the  absorbing  loss  mechanism  of
LMA–FSA feed powder belong to the magnetic loss type, and the
loss  is  controlled  by  the  content  of  FSA.  As  known,  FSA  is  a
magnetic  absorbing  agent  [29−33],  which  essentially  determines
the  magnetic  loss  mechanism  of  LMA–FSA  composite  feed
powder.  It  is  not  difficult  to  find  that  the  addition  of  FSA
obviously  improves  the  electromagnetic  parameters  of  LMA
powder.  By  contrast,  the  variation  trend  of  electromagnetic
parameters  with  frequency  (Fig.  S6(a)  in  the  ESM)  for  the
common Al2O3–FSA system is  basically  the  same as  that  for  the

LMA–FSA  system,  but  the  dielectric  constant  of  Al2O3–FSA
system is obviously larger.

Figure  8 shows  the  variations  in  RL  with  frequency  for
LMA–FSA feed powder with different FSA contents at simulated
thicknesses  of  1.0–3.0  mm.  Compared  with  single  LMA  powder
(Fig.  6(b)),  the  curves  of  RL  have  much  wider  absorption  peaks,
which  become  stronger  and  shift  to  lower  frequency  with
simulated  thickness  increasing.  An  increase  in  FSA  content
significantly  decreases  the  value  of  RL  at  the  same  simulated
thickness  and frequency.  The minimum values of  RL (RLmin)  for

 

2 4 6 8 10 12 14 16 18
0.0

0.5

1.0

1.5

2.0

5.0

5.5

6.0

El
ec

tro
m

ag
ne

tic
 p

ar
am

et
er

Frequency (GHz)

ε'
ε''
µ'
µ''

(a)

µ'' ε''

µ'

ε'

2 4 6 8 10 12 14 16 18
−2.0

−1.5

−1.0

−0.5

0.0

R
L 

(d
B

)
Frequency (GHz)

1.0 mm
1.5 mm
2.0 mm
2.5 mm
3.0 mm
3.5 mm

(b)

′ ′′ ′ ′′Fig. 6    Variations in (a) electromagnetic parameters ε , ε , µ , and µ  and (b) RL with frequency at 2–18 GHz for LMA thermal barrier ceramic powder.
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30,  40,  and  50  wt%  FSA  are −5.11, −7.06,  and −9.52  dB  at
frequencies of 10.88, 10.24, and 9.61 GHz and simulated thickness
of 3 mm, respectively.  Obviously,  RLmin for all  samples are larger
than −10 dB at simulated thicknesses of 1.0–3.0 mm. The curves
of the relative input impedance (Zin/Z0) with different thicknesses
are  updated at  2–18 GHz for  LMA composite  feed powder  with
different  FSA  additions,  as  shown  in Figs.  8(d)–8(f).  The
difference  between  the  maximum  value  of Zin/Z0 and  the  ideal
value  of  1  becomes  smaller  and  smaller  with  increasing  the  FSA
addition content, indicating that the impedance matching of LMA
ceramic powder is significantly improved by the addition of FSA.
RL curves for Al2O3–FSA composite powder with 50 wt% FSA are
shown in  Fig.  S6(b)  in  the  ESM. In contrast,  the  value  of  RL for
Al2O3–FSA system was relatively smaller than that for LMA–FSA
system at the same frequency and simulated thickness.

′′

′′

′′

Figure  9(a)  shows  the  curves  of  attenuation  constant  (α)  of
LMA–FSA  composite  feed  powder  with  different  FSA  contents.
The  value  of α for  all  samples  increases  first  and  then  decreases
with  frequency,  which  is  the  same  as  that  of  FSA  powder.
Moreover, an increase in FSA content results in an increase of α.
The larger the imaginary part (µ ) of complex permeability is, the
better  the  magnetic  loss  ability  is  [26].  As  mentioned  above,  the
value of µ  increases with FSA content increasing (Fig.  7(d)).  In
fact,  as  shown  in Fig.  9(b),  the  maximum  saturation
magnetization of the LMA–FSA feed powder is determined by the
content  of  FSA,  and  the  higher  the  FSA  content,  the  higher  the
saturation  magnetization,  which  thus  resulted  in  much  larger
values of µ  and α. According to Eq. (7), the value of α is inversely

′

′′ ′

′′

proportional  to the value of µ  while  directly  proportional  to the
value of µ . In Fig. 7(c), the value of µ  first decreases significantly
with an increase in frequency and then decreases very slowly after
12.24  GHz,  while  the  value  of µ  first  increases  and  then
decreases with the frequency increasing (Fig. 7(d)). Therefore, the
curves of attenuation constant in Fig. 9(a) first display an increase
and  then  a  decrease  with  frequency  increasing.  The  maximum
values of α for LMA–FSA composite feed powder with 30, 40, and
50 wt% FSA are found to be 43.7, 61.2, and 80.1 Np·m−1 at 12.24 GHz,
respectively.

3.4    EMW absorption of LMA–FSA composite coatings

′ ′′ ′ ′′

′ ′′

′ ′′

′

′

The coatings were ground into powder to test the electromagnetic
parameters, and the results are shown in Fig. 10. As indicated, the
variation trends in ε , ε , µ , µ , and tanδε, and tanδµ are basically
the  same  as  those  of  the  feed  powder  (Fig.  7),  but  the
electromagnetic parameters increased, namely the values of ε , ε ,
µ ,  and µ  of  the coatings are obviously larger than those of  the
feed  powder.  As  shown  in Fig.  10(a),  the  values  of ε  for
LMA–FSA coatings with 30, 40, and 50 wt% FSA fluctuate around
6.6,  6.9,  and  8.4,  respectively.  It  is  well  known  that  the  dielectric
constant  of  composites  is  proportional  to  the  quantity  of  charge
stored  on the  surface  [45].  As  FSA content  increased,  FSA/LMA
interfaces increased. Thus, a great deal of charge forms due to the
polarization of the FSA/LMA interfaces [34]. Therefore, the higher
value of ε  can be obtained with higher FSA content. The typical
layered  lamellae  structure  of  coatings  (Fig.  3)  can  form  more
interfaces  of  LMA/FSA  than  the  spherical  structure  of  the  feed
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powder, and the interface bonding is closer, which also resulted in
an increase in ε  and ε  after plasma spraying of the feed powder.
It  can  be  seen  that  the  values  of µ  and µ  of  LMA–FSA
composite  coatings  with  30,  40,  and  50  wt%  FSA  at  2  GHz  are
1.27, 1.38, and 1.57 (Fig. 10(c)), and 0.17, 0.25, and 0.40 (Fig. 10(d)),
respectively. The values of µ  and µ  increased with FSA content
increasing, which are consistent with the changes of the saturation
magnetization with FSA content (Fig. 9(b)). In fact, the saturation
magnetization  of  LMA–FSA  composite  coating  increased
significantly after plasma spraying of feed powder (Fig. 10(e)). For
the  isotropic  spherical  absorbent,  the  product  between  the
magnetic  resonance  frequency  and  the  initial  permeability  is
approximately a constant, that is, Snoek’s limitation, which can be
represented  by  Eq.  (8)  [46],  indicating  that  Snoek’s  limitation  is
related to the saturation magnetization.

fr
(
μi − 1

)
= γMs/3π (8)

where fr is  the  resonance  frequency; µi is  the  initial  permeability;
γ is  the  rotatory  magnetic  ratio; Ms is  the  saturation
magnetization.  The  relationship  between  the  initial  permeability
and  the  resonance  frequency  changes  greatly  with  the  change  in
the absorber morphology [46]. For the flaky particles or films, the
Snoek’s limitation can be represented by Eq. (9) [46]:

f2r
(
μi − 1

)
= (γMs/2π)2 (9)

According  to  Eqs.  (8)  and  (9),  LMA–FSA  composite  coating
has  a  greater  Snoek’s  limitation  than  the  corresponding  feed
powder because, on the one hand, the saturation magnetization of
the coating is greater than that of the feed powder (Fig. 10(e)), and
on the  other  hand,  the  coating has  a  flat  sheet  stacking structure
(Fig.  3).  As  a  result,  the  complex  permeability  of  coatings  is
relatively  greater  than  that  of  the  corresponding  feed  powder.  In
addition,  the saturation magnetization of the coating increases as
the content of FSA increases, and thus the Snoek’s limitation and
permeability  of  the  coating  also  increase  according  to  Eq.  (9),
which  is  consistent  with  the  results  of  the  complex  permeability
data  (Figs.  10(c)  and 10(d)).  Because  FSA  phase  is  mainly
preserved with the lamellae  structure in the coatings  (Fig.  3),  the
larger  magnetic  loss  tangent  appears  in  LMA–FSA  coatings  as
compared with tanδε (Fig. 10(f)), indicating that EMW absorbing
mechanism  of  LMA–FSA  composite  coatings  is  still  mainly
controlled by the magnetic loss.

Figure 11(a) shows the curves of α at 2–18 GHz for LMA–FSA
composite  coatings  with  different  FSA  contents.  As  can  be  seen,
the variations in α with frequency and FSA content are essentially
the  same  as  those  of  the  feed  powder  (Fig.  9(a)).  However,
compared  with  the  feed  powder,  the  attenuation  constant  of  the
coatings  increased  obviously,  thanks  to  the  higher  complex

f−1
(
μ′
)−2

μ′′

permeability  and  saturation  magnetization  of  the  coatings  [34].
The  maximum  values  of α of  LMA–FSA  composite  coatings
with  30,  40,  and  50  wt%  FSA  are  found  to  be  51.0,  69.8,  and
107.1  Np·m−1 at  12.24  GHz,  respectively. Figure  11(b)  shows  the
variation  in  with  frequency  for  LMA–FSA
composite coatings. It is well known that magnetic loss is mainly
composed of hysteresis loss, domain wall resonance, eddy current
loss, and natural resonance [47]. The hysteresis loss usually occurs
in  a  strong  magnetic  field  because  the  response  of  the
magnetization vector lags behind that of the external field, so the
hysteresis loss can be ignored [48]. Domain wall resonance occurs
mainly in multi-domain wall materials [48]. The eddy current loss
and natural resonance can be determined by Eq. (10) [29]:

C0 = μ′′μ′−2f
−1 (10)

μ′′μ′−2f−1

where C0 is defined as a function of the frequency and the real and
imaginary parts of permeability. When the value of C0 on the left
of  Eq.  (10)  does  not  change  with  the  applied  frequency,  the
magnetic  loss  only  comes  from  eddy  current  loss,  otherwise,  the
main mechanism of magnetic loss is natural resonance [26,29]. As
shown  in Fig.  11(b),  the  value  of ,  i.e., C0,  decreases
significantly  with  an  increase  in  frequency  for  the  LMA–FSA
composite  coatings,  implying  that  the  natural  resonance  is  the
main mechanism of magnetic loss of coatings.

Figures  12(a)–12(c)  show  the  curves  of  RL  as  a  function  of
frequency  for  LMA–FSA  composite  coatings  with  different  FSA
contents.  As  indicated,  the  RLmin decreases  with  FSA  content
increasing  and  changes  little  as  simulated  thickness  increases  to
more than 2 mm; the values of RLmin for LMA–FSA coatings with
FSA contents of 30, 40, and 50 wt% are −6.2, −8.2, and −13.4 dB
at  frequencies  of  14.8,  14.3,  and  12.5  GHz,  respectively.  The
bandwidths of RL < −5 dB at a simulated thickness of 2 mm for
the above three samples are 3.68, 6.08, and 7.86 GHz, respectively.
Only 50 wt% FSA coating appears in EAB bands of RL < −10 dB
at  simulated  thicknesses  of  2.0–3.0  mm,  which  fully  covers  the
entire  X-band;  at  the  simulated  thickness  of  2  mm,  the  EAB
bandwidth is up to 3.11 GHz. Figures 12(d)–12(f) show the curves
of the relative input impedance (Zin/Z0) for LMA–FSA composite
coatings with different FSA contents. Obviously, RL of coatings is
much smaller,  and thus,  the impedance matching is  much better
than  those  of  the  feed  powder  under  the  same  condition,  which
mainly  resulted  from  the  higher  complex  permeability  of
coatings  [49].  Therefore,  LMA–FSA  coatings  have  better
absorbing  properties  than  feed  powder  in  terms  of  both
impedance  matching  characteristics  and  attenuation
characteristics.

The heat-treatments of the LMA–FSA composite coating with
50  wt%  FSA  were  carried  out  in  a  muffle  furnace  (KSL–1500X,
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Hefei Kejing Material Technology Co., Ltd., China) at 600 °C for
3 h, 800 °C for 3 h, and 1000 °C for 3, 20, and 50 h, respectively.
RL curves at a simulated thickness of 2 mm for the samples before
and after  heat  treatments  are  shown in Fig.  13(a).  It  can be  seen
that the values of RLmin for as-sprayed and heat-treated coatings at
600, 800, and 1000 °C for 3 h are −13.4, −12.8, −12.1, and −11.3 dB,
respectively,  and those of the corresponding EAB (RL < −10 dB)
are  3.11,  3.12,  2.72,  and  2.24  GHz,  respectively.  Obviously,  the
value  of  RLmin increased,  and  that  of  EAB  decreased  with
temperature  increase.  However,  even  after  heat  treatment  at
1000 °C for 3 h, the value of EAB was still as high as 2.24 GHz. In
addition,  it  was  found  that  the  values  of  RLmin and  EAB  for  the
heat-treated coatings at 1000 °C for 3, 20, and 50 h changed little.
Figure  13(b)  shows  the  saturation  magnetization  at  a  magnetic
field  of  100  Oe  for  the  as-sprayed  coating  and  heat-treated
coatings  at  1000  °C  for  3  and  50  h.  As  indicated,  the  magnetic
susceptibility  of  the  as-sprayed  coating  is  3.167  emu·g−1,  and  that
of  the  heat-treated  coating  at  1000  °C  for  3  h  decreases  to
2.644  emu·g−1,  while  that  of  the  further  heat-treated  coating  at
1000 °C for 50 h almost unchanged with 2.616 emu·g−1. Obviously,
the  change  rule  of  magnetic  susceptibility  before  and  after  heat
treatment  is  consistent  with  that  of  RLmin and  EAB,  which  is
mainly  due  to  the  magnetic  loss  as  the  absorbing  mechanism  of
the  coatings. Figure  13(c)  shows  XRD  patterns  of  LMA–FSA
composite  TBCs before  and after  heat  treatments.  It  can be  seen
that XRD patterns of the coatings after heat treatment at 600, 800,
and 1000 °C for 3 h are basically the same as that of the as-sprayed

coating,  but  after  heat  treatment  at  1000 °C for  20 and 50 h,  the
intensity  of  the  diffraction  peaks  of  XRD  patterns  is  greatly
enhanced, especially XRD pattern after heat-treatment for 50 h is
basically  consistent  with  that  of  the  feed  powder.  The  long-time
heat-treatment  at  1000  °C  could  result  in  sufficient  amorphous
recrystallization  of  APS  coatings  [38,39],  and  so  the  relative
intensity of the diffraction peaks for the coating heated at 1000 °C
for 50 h increased considerably. XRD results show that the phase
composition  of  the  heat-treated  coatings  has  no  obvious  change
and still  remains the same as those of  the feed powder,  implying
that LMA–FSA coatings have good phase stability during the heat
treatment.  As  mentioned  above,  RL  curves  for  the  heat-treated
coatings at 1000 °C for 3 and 50 h are very similar, and the values
of RLmin and EAB do not differ greatly (Fig. 13(a)), implying that
the  amorphous recrystallization resulted from the  heat-treatment
has little effect on EMW loss property of TBCs. From Fig. 13, it is
concluded  that  the  phase  and  structure  stability  and  microwave
absorption  properties  of  LMA–FSA  composite  TBCs  could  be
relatively well preserved even after heat treatments at 600–1000 °C
for 3–50 h.

3.5    Thermal properties of LMA–FSA composite coatings
Figure  14(a)  shows  the  variation  in  thermal  conductivity  with
temperature for LMA–FSA composite coatings with different FSA
contents.  It  can  be  seen  that  the  thermal  conductivity  increases
with  the  FSA  content  and  temperature  increase.  The  thermal
conductivities of 30 and 50 wt% FSA samples are about 2.84 and
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3.05 W·m−1·K−1 at 800 °C, respectively, indicating that the coatings
could be used as  potential  TBCs for light  alloys such as  titanium
alloy. Figure  14(b)  shows  the  thermal  expansion  behavior  of  as-
sprayed LMA–FSA composite coatings and titanium alloy, which
increases  almost  linearly  with temperature increasing.  Coefficient
of  thermal  expansion  (CTE)  at  the  temperature  range  can  be
obtained by linear fitting the curve of the temperature range [17].
The  average  CTEs  of  LMA–FSA  composite  coatings  with  FSA
contents  of  30  and  50  wt%  and  titanium  alloy  at  25–800  °C  are
about  6.22×10−6,  7.28×10−6,  and  10.75×10−6 K−1,  respectively.
Obviously, the thermal expansion mismatch between the coatings
and titanium alloy is relatively small.

4    Conclusions
Single  LMA  powder  has  poor  electromagnetic  matching
performance,  which  makes  it  difficult  to  use  as  microwave-
absorbing  material.  However,  microwave-absorbing
functionalization  of  LMA  composite  TBCs  was  successfully
realized by adding FSA absorber to LMA ceramic matrix to adjust
the electromagnetic parameters. With the increase of FSA content
from  30  to  50  wt%,  EMW  absorbing  properties  of  LMA–FSA
composite  feed  powder  and  coatings  were  both  significantly
improved.  Due  to  the  formation  of  layered  lamellae  structure
during  APS  process,  LMA–FSA  composite  coatings  have  better
EMW absorbing properties than the corresponding feed powder.
EMW  absorption  of  LMA–FSA  composite  coatings  is  mainly
controlled by the magnetic  loss,  and the natural  resonance is  the
main mechanism of  magnetic  loss.  LMA–FSA coatings  exhibit  a
minimum RL value of −13.4 dB and the EAB of RL < −10 dB is
up to 3.11 GHz at a simulated thickness of 2 mm. The EAB of RL
< −10  dB  covers  the  entire  X-band  at  simulated  thicknesses  of
2.0–3.0  mm.  The  phase  and  structure  stability  and  microwave
absorption properties could be relatively well preserved even after
heat treatments at high temperatures of 600–1000 °C. The average
CTEs and thermal conductivity of LMA–FSA composite coatings
are about (6.22–7.28)×10−6 K−1 (25–800 °C) and 2.84–3.05 W·m−1·K−1

(800 °C), respectively.
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