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Abstract
Conventional  environmental  barrier 

coatings (EBCs),  used for the protection of  SiC-
based ceramic matrix composites (SiC-CMCs) in 
aero turbine engines, are primarily comprised of Yb 
disilicates  (YbDS).  In  an  effort  to  make  more 
inexpensive and environmentally friendly coatings, 
rare  earth  orthophosphate  (REPO4) containing 
mineral,  xenotime,  is  being  investigated.  Four 
naturally occurring minerals were used to determine 
a  composition  of  (Y0.08Gd0.04Dy0.07Er0.05Yb0.04)PO4. 
Phase pure mineral-synthetic REPO4, an equimolar 
mixture of the five rare earth elements (REE), and 
the individual REE were densified by spark plasma 
sintering. CMAS exposures at 1300°C showed an 
improvement to YbDS through the formation of a 
complex reaction product layer which temporarily 
inhibits  the  infiltration  of  residual  CMAS. 
Additionally, high-temperature high-velocity steam 
exposures  showed  parabolic  reaction  product 
growth  rates  similar  to  YbDS  for  most  REPO4 

species and a significantly longer incubation time. 
Xenotime-type REPO4 have demonstrated capacity 
to be viable EBC candidates in SiC-CMC systems.

1. Introduction
In  order  to  make  a  more  efficient  aero 

turbine  engine,  there  must  be  an  increase  in 
operating temperature or reduction of weight. One 
method that can be implemented is moving away 
from conventional Ni superalloys and towards SiC-
ceramic  matrix  composites  (SiC-CMCs).  SiC-
CMCs have  been proposed due to having higher 
melting temperatures, better high-temperature creep 
resistance,  and  lower  density  compared  to 

conventional Ni superalloys1,2. However, SiC-CMCs 
react with combustion products and excess oxygen 
reacting  with  SiC  to  form SiO2 with  concurrent 
oxide volatilization3–5.

Environmental barrier coatings (EBCs) are 
implimented to limit silica volatility, extending the 
service lifetime of the part. EBCs must be resistant 
to steam6–8, calcium-magnesium-aluminum silicates 
(CMAS)9,10, have a coefficient of thermal expansion 
(CTE) match with SiC, have high phase stability, 
and minimal reactivity with the Si bond coat and 
SiC  substrate  it  is  protecting11,12.  Conventional 
EBCs are a two-layer design containing a Si bond 
coat and RE2Si2O7 (rare earth disilicates REDS) as a 
protective outer layer. REDS reduce the rate of SiC 
oxidation  and  volatility  in  water-vapor 
environments7,9,13–16.  Operating temperature of  the 
EBC system will then be limited by the Si bond coat 
at 1414°C due to the melting temperature of Si17,18. 
The Si bond coat will also thermally oxidize to form 
SiO2 which  will  volatize  when  in  a  steam  rich 
environment12,14–16,19,20. 

Xenotime  minerals  are  naturally  forming 
and can be found throughout the world as a source of 
rare earth orthophosphates (REPO4)21–28. These are 
defined by mineralogists as YPO4-type minerals, but 
are actually multicomponent REPO4 where RE = Y, 
Tb-Lu24,26,29.  Mineral  compositions  have  been 
determined  from  seven  minerals  to  be 
(Y0.72Nd0.01Sm0.02Gd0.04Tb0.01Dy0.07Ho0.01Er0.04Tm0.01Y
b0.06)PO4

25,30. The mineral is primarily Y with minor 
amounts of Gd, Dy, Er, Yb, and trace amounts of 
Nd, Sm, Tb, Tm. Multicomponent materials with 
xenotime-type  structure  have  been 
synthesized21,23,24,31–33 including  as  many  as  seven 
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components32, but these multicomponent REPO4 are 
typically  equimolar  compositions  instead  of 
mineral-synthetic. It is important to note that La-Tb 
have monazite-type structures which are monoclinic 
granting different properties34. 

YbPO4 has shown promise as an EBC35,36. 
When  exposed  to  high-velocity  high-temperature 
water  vapor  at  1400°C,  Yb2O3 forms  at  slower 
parabolic  reaction  rates  than  the  formation  of 
Yb2SiO5 (Yb  monosilicate  YbMS)  in  YbDS 
systems. CMAS exposures at 1300°C showed the 
formation  of  a  tri-layer  reaction  product  which 
inhibits  the  infiltration  of  CMAS  into  the  bulk 
material. Similar results have been observed in low-
velocity water vapor at 1350°C. CMAS resistance 
was also observed at 900°C28. YbPO4 and YPO4 do 
not  react  or  decompose  when  exposed  to  SiO2 

indicating  chemical  compatability  with  Si-based 
substrates28,36.  CTE  values  for  xenotime-type 
REPO4 have  shown  reasonable  match  with  SiC-
CMCs32,36.  Investigation  into  multi-component 
REPO4 has shown similar properties to that of single 
component  REPO4 with  the  formation  of  RE2O3 

when  exposed  to  high-temperature  water  vapor37 

and the formation of Ca8MgRE(PO4)7 when exposed 
to  CMAS38–41.  These  properties  indicate  that 
xenotime-type REPO4 show promise as an EBC. 

Multicomponent  RE-containing  are 
typically  prepared  using  mixtures  of  RE2O3 

powders23,32,35,36,38.  Synthesis  of  single  RE-
containing compounds require the separation of RE 
elements  from natural  forming minerals,  such as 
xenotime,  which  currently  require  60  steps  of 
soaking in strong acids and strong bases to separate 
Yb  and  Lu26,42. The  recombination  of  single 
component  RE-compounds to  multicomponent  to 
improve properties is a costly and environmentally 
unfriendly process that can be mitigated by utilizing 
the  natural  multicomponent  composition  of  RE-
containing  minerals,  like  xenotime.  This  report 
seeks  to  evaluate  thermophysical  and 
thermochemical  properties  of  xenotime-type 

REPO4 through characterizing minerals, xenotime-
mineral-synthetic  REPO4,  and  single  component 
REPO4 to  evaluate  the  capability  of  xenotime 
minerals as a cost-effective  and environmentally 
friendly alternative to REDS EBCs.

2. Methods
Four xenotime minerals were obtained from 

throughout the world (Brazil, Democratic Republic 
of  the  Congo,  Norway,  and  Pakistan)  and  were 
polished to 1  μm and sputter coated with Au-Pd. 
Elemental  composition  was  determined  using 
energy dispersive spectroscopy (EDS). 

 Y, Gd, Dy, Er, and Yb were identified from 
the xenotime minerals were selected as candidate 
REPO4. These REPO4 were then synthesized using a 
co-precipitation method described by Ridley, et al.36 

using  RE2O3 and  H3PO4 in  H2O.  The  resulting 
REPO4 is hydrated so the product was calcined at 
900°C for  8h.  The  product  was  then  ball  milled 
using ZrO2 milling media for at least 24h and phase 
purity  was  confirmed  using  X-ray  Diffraction 
(XRD). The used multicomponent REPO4 are not 
listed  in  the  International  Centre  for  Diffraction 
Data (ICDD) database, but have the same tetragonal 
crystal  structure  as  YPO4 with  minor  lattice 
parameter shifts, so phase purity can be determined 
by the exclusion of additional peaks from the single 
components. 

REPO4 were densified using spark plasma 
sintering (SPS  DCS 25-10, Thermal Technologies) 
with a 30 min hold at 1500°C 65 MPa. Densified 
pucks were annealed at 1500°C in a box furnace for 
30h. Samples were then cut to 10 mm x 10 mm x 3 
mm coupons and polished to 1 μm. These polished 
coupons  were  used  for  high-temperature  high-
velocity water vapor and high-temperature CMAS 
tests. 

CMAS resistance  of  REPO4 species  was 
determined  using  33CaO-9MgO-13AlO1.5-45SiO2 

CMAS (UCSB) used by Kramer et al43. The oxides 
were weighed out, mixed, and heated to 1500°C in a 
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box furnace to  form a molten glass.  The molten 
glass was then quenched in water and crushed into a 
fine  powder  using  a  mortar  and  pestle.  CMAS 
powder was pressed into pellets with a mass of 40 
mg using a  hydraulic  press  and were  sintered at 
1100°C for 6h. Pellets were placed on the polished 
coupons to obtain a CMAS loading of 40 mg cm-2 

which allowed for the comparison of REPO4 to other 
materials13,36.  CMAS-loaded samples  were placed 
into a box furnace and exposed to 1300°C lab air 
with exposure times of 4, 24, and 96h. Heating and 
cooling rates were controlled at  5°C min-1.  After 
exposure, coupons were characterized with XRD to 
observe  any  crystalline  reaction  products.  FEI 
Quanta 650 scanning electron microscope (SEM) 
was  used  to  take  plan  view  images  which  were 
stitched to allow for observations of the CMAS melt 
pool dimensions. Cross section micrographs were 
taken to characterize the reaction product thickness 
and  sample  recession.  Elemental  composition  of 
reaction  product  layer  was  also  evaluated  using 
EDS.

Water vapor resistance of REPO4 species 
was determined using the high-temperature, high-
velocity steam jet shown in Figure 1. Samples were 
placed on a Pt foil lined aluminum boat and secured 
with Pt wire to be at a 45°angle and spaced 1 mm 
away  from  the  exit  of  the  Pt-Rh  capillary.  The 
furnace was flushed with flowing Ar and heated to 
1400°C.  Deionized  water  flows  through  the 
capillary through a pre-heater and into the furnace 
creating a gas which impinges the sample at a gas 

flow  gradient  of  100-250  m  s-17.  The  steam  jet 
system  simulates  the  high-temperature,  high-
velocity water vapor product found inside a turbine 
engine.  Three  separate  samples  per  composition 
were  exposed  for  72,  120,  and  240  h.  Reaction 
products of exposed samples were characterized by 
XRD  and  plan  view  SEM.  Micrographs  were 
stitched together to construct a map of the surface to 
characterize  surface  variations  as  a  function  of 
steam velocity. Samples were then cross sectioned 
to measure reaction product thickness using SOFIA, 
an  open-source  tool  for  measuring  thickness  of 
reaction products6,44,45.

3. Results
Composition  of  xenotime  minerals  are 

shown  in  Table  1 and  Figure  2.  The  average 
composition of xenotime minerals is determined to 
be  (Y0.08Gd0.04Dy0.07Er0.05Yb0.04)PO4  indicating there 
are five REE cations in a multicomponent mixture. 
The compositions of all four mineral species were 
found to be similar as graphically shown in Figure 2, 
presumably dictated by the natural  abundance of 
REE in the Earth’s crust with the mineral comprised 
of Y at an order of magnitude more abundant than 
Gd, Dy, Er, and Yb and two orders of magnitude 
more abundant than the trace elements, Nd, Ho, and 
Tm observed in previous studies30,46–48. 
Table  1: Summary of composition of rare earth elements in 
xenotime  minerals  from Brazil,  Democratic  Republic  of  the 
Congo, Norway, and Pakistan determined by energy dispersive 
spectroscopy

RE 
(%)

Y Gd Dy Er Yb

Brazil 22 0.79 0.05 0.09 0.04 0.02

Congo 22.7 0.79 0.04 0.08 0.05 0.05

Norway 18.1 0.81 0.04 0.07 0.04 0.04

Pakistan 23.4 0.80 0.04 0.08 0.05 0.03

Figure  1:  Diagram  of  modified  horizontal  tube  furnace  to 
create high-temperature, high-velocity water vapor52
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Mean - 0.80 0.04 0.08 0.05 0.04

Model - 0.8 0.04 0.07 0.05 0.04

SEM  characterization  of  the  minerals  show 
impurities, such as TiO2 in the mineral from Brazil 
and SiO2 in the mineral from Democratic Republic 
of the Congo and Pakistan. 

Examples  of  phase  pure  XRD  data  are 
shown  in  Figure  3.  GdPO4 is  observed  to  be 
monazite-type  monoclinic  while  the  rest  of  the 
compounds  are  xenotime-type  tetragonal,  as 
expected. Peaks for the single component REPO4 

match those found in the ICDD database and the 
peaks for the multicomponent are narrow implying 
the RE cations including Gd are well mixed.

Figure  3:  XRD  responses  of  mineral-synthetic  REPO4, 
equimolar, and single component RE = Yb, Y, Er, Dy, Gd

Cross  section  micrographs  of  ErPO4 

specimens exposed to 1300°C CMAS are shown in 
Figure 5. Reaction products are observed in all three 
exposure  times,  but  the  residual  CMAS  is  only 
present at 4h. The primary reaction product has been 
previously  reported  as  Ca8MgRE(PO4)7

36,38,39,41,49. 
For  multicomponent  REPO4,  similar  results  were 
shown with  reaction  product  REE content  being 
identical  to  the  bulk  material.  Rounding  of  the 
reaction  product  and  localized  blistering  of  the 
REPO4 is  observed  at  longer  exposure  times  as 
shown for ErPO4 in Figure 4. 

High-temperature,  high-velocity  water 
vapor exposures result in the formation of RE2O3 

Figure 2: Summary of compositions of rare earth elements in 
xenotime minerals from throughout the world determined by 
energy dispersive spectroscopy

Figure 4: ErPO4 96 h 1300°C air 40 mg cm-2 UCSB CMAS
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and multiple intermediate phases depending on the 
REE  composition.  For  YbPO4 only  RE2O3 is 
observed to form, but the intermediate phases are 
observed  to  change  as  the  REE cation  size  gets 
larger as observed in Figure 6. These intermediate 
phases  are  difficult  to  observe  with  concentric 
backscatter SEM as shown in Figure 5, but become 
more apparent with EDS linescans and wavelength 
dispersive  spectroscopy  (WDS),  not  shown. 
Similarly,  as  shown in  the  CMAS exposures,  no 
REE is favored in any of the reaction products for 
the multicomponent REPO4. 

Steam  reaction  kinetics  of  YbDS  and 
REPO4 species  are  reported  in  Figure  7.  It  is 
observed that the formation of the reaction product 
follows a parabolic growth rate indicating that the 
reaction products act as a diffusion barrier for the 
effluence of a P-O-H vapor species similar to how 

YbMS  inhibits  the  effluence  of  Si(OH)4 in 
conventional YbDS6. The incubation time for most 
of the REPO4 species is observed to be longer than 
that of YbDS, with the exception of ErPO4 which 
shows no incubation time. The parabolic reaction 
kinetics for the REPO4 species with the exception of 
YPO4 are observed to be similar to YbDS. 

4. Discussion
ErPO4 shows  an  improved  resistance  to 

CMAS compared to YbDS. At all exposure times 
there is the presence of a dense reaction product 
layer  that  inhibits  the  infiltration  of  CMAS. 
However, the presence of this reaction product layer 
does not  indicate  immunity to  infiltration as  two 
breakdown blisters are observed on the edges of the 
residual  CMAS dome.  The  breakdown  could  be 
associated with the depletion of CaO in the edge of 
the residual CMAS as CaO is a major constituent in 
the  reaction  product  layer.  The  inability  for  the 
reaction product to form results in the growth of 
Al2O3 and REDS dendrites which grow from the 
Ca8MgRE(PO4)7 reaction  product.  The  dendrites 
create gaps in the Ca8MgRE(PO4) layer allowing for 
infiltration of the residual CMAS along the grain 
boundaries which then react with the unprotected 
REPO4 to blister and repeat the process until the 
CMAS is depleted or there is complete infiltration. 
There is a critical length of time at 1300°C before 
the  breakdown  occurs  as  the  thickness  of  the 
reaction  product  at  the  center  of  the  sample  is 
observed to be the same thickness for both 24 and 
96h. REPO4 do not offer complete protection from 
CMAS,  but  they  still  demonstrate  a  significant 
improvement over the rapid infiltration of CMAS 
resulting in coating failure seen in YbDS36.

High-temperature  high-velocity  steam 
exposure of REPO4 species results in the formation 
of porous layers of various RExPyOz intermediate 
species. The intermediate phases, detected by EDS 
linescans, show a loose correlation with REE cation 
size  with  smallest-tested-cation  Yb only  forming 

Figure  6: Serra plot51 which has been filled in the observed 
intermediate phases for single component REPO4

Figure  5:  Reaction product  evolution of  DyPO4 exposed to 
1400°C steam at 200-250 m s-1 for 72, 120, and 240h

Figure  7 Net  reaction  product  thickness  measurements  of 
various  REPO4 species  and  YbDS  exposed  to  200-250  m/s 
1400°C water vapor plotted against h1/2
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Yb2O3 and larger cations forming multiple rare earth 
oxyphosphates  with  increasing  RE:P  ratios  for 
smaller RE cation radius. Multicomponent REPO4 

show  the  formation  of  intermediate  phases 
consistent with RE14P4O31

50 and RE5PO10 which have 
not  been  observed  in  previous  steam  resistance 
studies of REPO4. The formation of the intermediate 
phases traverses the Y2O3-P2O5 phase diagram as the 
P-O-H  vapor  species  is  removed  following  a 
diffusion limited process. The formation of multiple 
intermediate phases could be the the explanation for 
the  longer  incubation  time  for  the  different 
REPO4 species.  However,  the  parabolic  growth 
rates are not solely linked to cation radius as YPO4 

shows  the  slowest  formation  of  reaction  product 
despite not being the largest or smallest REE cation. 

5. Conclusion
Thermochemical  properties  of  xenotime-

type  REPO4 species  suggest  promise  for  the 
application of xenotime minerals as EBCs. Phase 
pure REPO4 species were synthesized using H3PO4 

and RE2O3. Molten CMAS exposures results in the 
formation of a semi-protective layer that compares 
favorably to YbDS. Exposure to high-temperature 
high-velocity steam results in the formation of RE 
oxyphosphates  such  as  RE14P4O31 and  RE5PO10 

which  grow  following  a  parabolic  growth  rate 
indicating diffusion-limited outward transport of a 
volatile  P-O-H  compound  through  the  porous 
reaction  products.  For  most  REPO4 species,  the 
reaction product growth rates match that of YbDS 
under similar conditions.  Both CMAS and steam 
exposures  demonstrate  an  improvement  in 
environmental  resistance  compared  to  YbDS 
indicating that xenotime-type REPO4 are promising 
candidates  for  next-generation  EBCs.  Use  of 
xenotime minerals as a source of REPO4 for EBCs 
could  lead  to  more  cost-effective  materials 
processing and reduced environmental  impact  by 
avoiding complex REE separation routes.
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