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Abstract: The accurate evaluation of the elastic modulus of ceramic coatings at high temperature (HT) 
is of high significance for industrial application, yet it is not easy to get the practical modulus at HT 
due to the difficulty of the deformation measurement and coating separation from the composite 
samples. This work presented a simple approach in which relative method was used twice to solve this 
problem indirectly. Given a single-face or double-face coated beam sample, the relative method was 
firstly used to determine the real mid-span deflection of the three-point bending piece at HT, and 
secondly to derive the analytical relation among the HT moduli of the coating, the coated and 
uncoated samples. Thus the HT modulus of the coatings on beam samples is determined uniquely via 
the measured HT moduli of the samples with and without coatings. For a ring sample (from tube with 
outer-side, inner-side, and double-side coating), the relative method was used firstly to determine the 
real compression deformation of a split ring sample at HT, secondly to derive the relationship among 
the slope of load-deformation curve of the coated ring, the HT modulus of the coating and substrate. 
Thus, the HT modulus of ceramic coatings can be evaluated by the substrate modulus and the 
load-deformation data of coated rings. Mathematic expressions of those calculations were derived for 
the beam and ring samples. CVD-SiC coatings on graphite substrate were selected as the testing 
samples, of which the measured modulus ranging from room temperature to 2100 ℃ demonstrated the 
validity and convenience of the relative method. 
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1  Introduction 

Ceramic coatings have attracted considerable attention 
of material scientists and mechanical engineers due to 
their wide applications in aerospace, aviation, energy, 
petrochemical, and chemical industry fields to 
withstand high temperature (HT) [1–3]. The HT 
ceramic coatings are used for three main functions, viz. 
1) to protect the substrates against corrosion or 

oxidation; 2) to minimize the wear; 3) to reduce the 
heating damage of substrates [4–8]. The HT elastic 
modulus of coatings is one of the important parameters 
for the security and reliability of coating/substrate 
composite components. For example, the level of 
residual stress is influenced by the mismatch of elastic 
modulus between coating and substrate materials [9], 
and the strength of the bonded system is also governed 
by the elastic mismatch [10]. However, there exists 
great challenge in evaluating the modulus of ceramic 
coatings, especially at high and ultrahigh temperature.  

Previous studies on the HT elastic modulus of the 
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ceramic coatings mainly involve three aspects. 1) It is to 
study the effect of HT treatment on the coating modulus. 
The coatings were cooled to ambient temperature after 
thermal exposure at HT, and the modulus was 
determined by ultrasonic or nanoindentation method at 
room temperature [11,12]. 2) It is to measure the HT 
modulus of the free-standing coatings by common test 
methods used for bulk materials after stripping the 
coatings from the substrates [13–15]. Yet it is difficult 
for thin ceramic coatings because most of them are 
tightly bonded on substrates and hardly separated from 
the substrates. 3) It is to utilize the indentation method 
directly to evaluate HT modulus of coatings at 
temperatures below 1000 ℃ [16–18]. However, the 
drawback stems from the oxidation, erosion, and 
stiffness degradation of the indenter at HT that affect 
deeply the measurements [19,20]. Additionally, the 
indention method only measures the local modulus that 
is different from the practical modulus, especially when 
the coating structure is inhomogeneous [21]. Therefore, 
it is urgent and significant to develop feasible 
approaches to evaluate the practical elastic modulus of 
ceramic coatings at high or ultrahigh temperature. 

Usually, the product forms of HT components with 
coatings are plates or tubes. For example, the blades of 
the gas turbine engines, with surface thermal barrier 
ceramic coatings, are plate-like structure [22]. And 
parts of the wing leading edge on re-entry vehicles with 
protective coatings are platy in structure [23]. In 
addition, the coated tubular components are often used 
at HT and the coatings are required to be on the inside or 
outside surface of the tubes. For instance, the thermal 
sprayed coatings are on the out wall of boiler tubes 
[24,25], and some HT coatings are on the inner surface 
of the nozzle wall, gun barrel, and engine cylinder liners 
[26–30]. Also the enamel coatings are applied on both 
inside and outside surfaces of the combustor liners [31]. 
For the coatings on the tubular or circular parts, they are 
hardly machined into the beam or plate samples. It is of 
great significance to test the elastic modulus of the 
tubular coatings without changing the shape of the 
components. Therefore, it is in great need to develop 
methods to measure the elastic modulus of coatings on 
beam and tube samples. 

Since conventional method is difficult to measure the 
modulus of ceramic coatings at HT, the relative method 
is considered as an effective solution. The relative 
method is a kind of technical consideration of an 

indirect test, in which the less measurable parameters 
can be determined from the directly testable parameters 
[32–34]. The bending method and split ring method are 
usually used to measure the modulus of monolithic 
beams and ceramic tubes at room temperature, 
respectively [35–38]. In this work, the bending method 
and relative method were combined together to estimate 
the HT elastic modulus of coatings on beam samples, 
and the HT modulus of coatings on ring samples was 
determined by using the split ring method and relative 
method in combination. By comparing the difference 
between the cross-beam displacement of test sample 
and rigid reference piece under the identical loads [39], 
the relative method was utilized for the first time to 
obtain the accurate deflection or deformation of the 
bending piece or split ring sample at HT. Thus, the HT 
modulus of coated and uncoated samples can be 
measured. And the relative method was used for the 
second time to deduce analytical formula of the coating 
modulus from the comparison between the mechanical 
responses of coated and uncoated samples. The 
approach needs to use relative method twice in the 
present research and it is convenient and reliable for 
determining HT elastic modulus of ceramic coatings. 
The main measuring steps of this method are: 1) 
determining the real HT deformation of test sample by 
the relative method via three-point bending test or split 
ring compressing experiment, 2) evaluating elastic 
modulus of the monolithic beam or split ring samples 
through the load and accurate deformation, and 3) 
evaluating elastic modulus of coatings via the deduced 
analytical relations. 

2  Basic principles 

2. 1  Determining HT elastic modulus of coatings on 
beam samples 

For a beam sample, the three-point bending test is 
widely used to evaluate the elastic modulus through the 
ratio of load-increment P  to deflection increment 

f [32]:  
3

34
L PE
H b f


 


                 (1) 

where L is the span in mm, H and b are the thickness and 
width of the sample in mm respectively. When the unit 
of P is N and the unit of f  is mm, the unit of the 
calculated modulus E is MPa. 
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f can be obtained by the accurate inductance 
micrometer or other displacement meter at ambient 
temperature. However, f  is hardly measured by the 
devices in harsh thermal environment directly. In order 
to acquire the accurate mid-span deflection at HT, a 
simple relative method is introduced. Based on the 
relative method, a bending test sample with two support 
bars and a reference sample without support bars should 
be the same size and loaded under the identical testing 
conditions, as shown in Fig. 1. Two displacements of 
the cross-beam, 1f  and 2f , will be obtained for the 
test sample (Fig. 1(a)) and the reference sample (Fig. 
1(b)) under the same .P Since the bending 
deformation of the reference sample can be ignored, 

2f  can just represent the systematic errors of loading 

system generated by the testing system flexibility and 
the contact displacement of specimen and fixture. Thus, 
the difference of cross-beam displacements between the 
test sample and reference sample, denoted as 1 2f f   , 
is equal to the real deflection of the bending specimen 
under the given load-increment. The HT elastic 
modulus of beam sample can be determined via the 
following equation: 

21
3

3

H 4 ff
P

bH
LE





            

(2)
 

here, HE  is the HT elastic modulus of the beam piece 
in MPa. 

In this work, two common coating patterns on beams 
were discussed: 1) single-face coating (Fig. 2(a)) and 2) 
double-face coating (Fig. 2(b)). To get the accurate 
deformations of the coated beam samples at HT, the 
reference specimens with the same size as the coated 
test pieces are needed. In the present research, the 
elastic moduli of the uncoated and coated samples were 
defined as sE  and q ,E  respectively. sE  and qE  can 
be measured by Eq. (2) at HT. Let the modulus of 
coatings be f .E  The ratio of modulus was defined by 

f s/E E  . 

2. 1. 1  Determining HT modulus of single-face 
coatings on beam samples 

For the single-face coated piece as shown in Fig. 2(a), 
its HT elastic modulus ( qE ) can be obtained by using 
the relative method and Eq. (2): 

 
Fig. 2  Schematic illustration of cross-sections of beam specimens with different coating configurations: (a) single-face coating, 
(b) double-face coating. 

      
Fig. 3  Schematics of the cross-section transformations of a single-face coated sample: (a) heterogeneous cross-section, (b) 
homogeneous section. 

Fig. 1  Test schematic illustration of the real high 
temperature deflection: (a) normal three-point bending test, 
(b) error corrected test. 
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3

q 3
q1 q24

L PE
f fH h b


 
  

           (3) 

Here, b is the width of the coated piece, H and h the 
thickness of the substrate and coating respectively. q1f  
and q2f  are the deflection increments of the test 
coated piece and reference sample under the same load 
increment ( P ), respectively. 

Based on the material mechanics, the heterogeneous 
cross-section (Fig. 3(a)) can be converted into the 
homogeneous one (Fig. 3(b)) consisted only of the 
substrate material by the principle of equivalent 
stiffness [40]. 

Evidently, the bending stiffness of the heterogeneous 
cross-section beam sample is the same as that of the 
homogeneous section beam specimen. Naturally, the 
mid-span deflections of the two beam samples will be 
equivalent under the same load. 

1s

3

q

3

4848 IE
PL

IE
PLf 

           
(4)

 
Here, I is the inertia moment of the heterogeneous beam 
sample with coating, 1I  the inertia moment of the 
equivalent homogeneous sample, and  f  the mid-span 
deflection. Equation (4) can be simplified to 

1sq IEIE                   (5) 
Based on the theory of material mechanics [41], I and 

1I  have the form: 

 3
12
1 hHbI 
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(6)

 
Combining Eq. (5) and Eq. (6), a simplified relation 

is derived by 
032

2
1                  (7) 

where 4
1 12

1 h ,  

   
s

3
s

3
q23
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 ,
 

and  
s

4
s

3
q

3 12E
HEhHHE 

 . As qE  and sE  

can be obtained by Eq. (2) at HT,   is determined by 
the following equation: 

1

231
2
2

2
4






              (8) 

Hence, the modulus of the coatings is calculated by 

s
1

231
2
2

f 2
4

EE


 
             (9) 

2. 1. 2  Determining HT modulus of double-face 
coatings on beam samples 

For the double-face coated sample as shown in Fig. 2(b), 
the elastic modulus of the composite system ( qE ) can 

be measured by the relative method and Eq. (2):  

 

3

q 3
q1 q21 24

L PE
f fH h h b


 
   

       (10) 

Here, 1h  and 2h  are the thickness of the upper and 
lower coating, respectively.  

According to the equivalent stiffness concept [40], 
the heterogeneous cross-section (Fig. 4(a)) can be 
converted into the homogeneous one (Fig. 4(b)) for 
which the width of coating is multiplied by   times 
and the modulus of the homogeneous piece has the 
same value as the substrate. The distance from the lower 
coating surface (tensile surface) to the neutral axis, cy , 
has the form: 

 

2
2 1 2 1 2

c
1 2

1 1
2 2 2

Hh h H h h H h
y

h h H





                
 

 (11) 

Based on the theory of material mechanics [41], the 
inertia moments of the heterogeneous and 
homogeneous sections, I and 1I , have the forms: 

 32112
1 hhHbI 

 

 
Fig. 4  Schematics of the equivalent cross-section transformations of a double-face coated sample: (a) heterogeneous 
cross-section, (b) homogeneous section. 
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The coated beam with sections Fig. 4(a) and Fig. 4(b) 
has the same stiffness. A simplified relation is derived 
by substituting Eq. (12) into Eq. (5). 

043
2

2
3

1              
(13)

 
where 1 – 4  are the coefficients of the cubic equation 
of one unknown and can be calculated by 
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Thus, the value of   can be obtained by solving Eq. 
(13) via the calculator of univariate cubic equation or 
MATLAB software, noting that   is a real number 
and  > 0. Then the HT modulus of coatings can be 
evaluated by sf EE  . 

Obviously, the HT elastic modulus of coatings on 
beam pieces can be evaluated by the coated samples’ 
geometrical dimensions and the HT modulus of the 
coated and uncoated samples. Notably, the relative 
method is used twice, i.e., first to measure the HT 
modulus of the coated and uncoated samples via Eq. (2), 
and then to evaluate the HT elastic modulus of coatings 
via Eq. (9) or Eq. (13). The three-point bending 
experiments for determining the HT modulus of 
coatings by this novel relative method are performed in 
the following steps: 1) remove the coatings and prepare 
the substrate samples by grinding or cutting, 2) 
manufacture the reference samples which have the same 
size as the substrates and coated samples, 3) record the 
cross-beam displacement of the test pieces and 
reference samples under identical load-increment at the 

same setting temperature, 4) calculate the HT modulus 
of substrates and coated samples by Eq. (2), and 5) 
finally calculate the values of Ef by Eq. (9) for 
single-face coating or Eq. (13) for double-face coating. 

2. 2  Determining HT elastic modulus of coatings on 
ring samples 

The accurate evaluation of the modulus of the test 
pieces is very crucial to the determination of the coating 
modulus. According to the research results of Ref. [32], 
the ratio of qE  to sE  ( q s/E E ) has a significant 
influence on the value of  . For instance, the value of 
  calculated by the measured q s/E E  of 2.4 is 
31.29% higher than that computed by the measured 

q s/E E  of 2.2, with /h H  value of 0.005. That is, 
only 9.09% increase of the measured q s/E E  leads to 
31.29% rise of the calculated value of   for the 
composite with a thin coating. So the accurate 
measurement of the modulus of uncoated and coated 
pieces has a significant impact on the estimation of the 
modulus of coatings. The more accurate test results of 
elastic modulus of the tube or ring materials will be 
obtained by the split ring compressing tests with the 
consideration of the effect of axial and shear stress. That 
is, the split ring specimen is suffered with bending 
moment, axial and shear stress under the compressive 
load. According to the force analysis of split ring 
sample as shown in Fig. 5, the internal forces of any 
section of the sample have the forms: 

sinPN  , cosPQ  , sin0PRM      (15) 
where N is the axial force, Q the shear force, M the 
bending moment, P the applied load,   the angle 
between the cross-section and the vertical line, and 0R  
the curvature radius of geometrical centroidal axis of 
the cross-section. 

Take the derivative of the above internal forces by the 

Fig. 5  Schematic diagram of force analysis of the split 
ring specimen. 
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applied load: 

sin



P
N , cos




P
Q , sin0R

P
M





  
(16)

 
The deformation energy of the split ring sample in the 

compression process can be determined by the 
following equation: 

2 2 2π

00
0 0

d
2 2 2

M MN N kQU R
ESR EAR EA GA


 

    
 

    (17) 

here, E is the elastic modulus, S the static moment of the 
entire cross-section to the neutral axis, G the shear 
modulus, k a geometric constant dependent on the shape 
of cross-section. Based on the material mechanics [41], 
k = 1.2 for a rectangular section. 

Based on Castigliano’s theorem [41], the vertical 
displacement of the force acting point during elastic 
deformation range is derived by 

π

0
0 0 0

U M M M N M M
P ESR P EAR P EAR P


   

       
   

0d
N N kQ Q R
EA P GA P

      
       (18) 

Combining Eq. (16) and Eq. (18), and noting that 
 / 2 1G E     , a general expression for E can be 

obtained: 
0 0π 2.4 1.4

2
R RPE
A e




         
       (19) 

where /P    is the slope of load-displacement 
curve during the elastic deformation range, e the 
distance between the geometrical centroidal axis and 
neutral layer, A the area of the cross-section,   
Poisson’s ratio of materials. Poisson’s ratio of 0.2 is 
used for most brittle materials, such as ceramics and 
glass. And the parameters in Eq. (19) can be determined 
via the geometrical dimensions of the sample: 

20
rRR 

 ,  rRbA  , 














r
R
rRrRe

ln2
  (20) 

where R is the outer radius, r the inner radius, and b the 
width (axial length) of split ring specimen. 

Thus to obtain the accurate HT deformation of the 
sample,   is seen as the critical issue for evaluating 
the HT elastic moduli. Based on the relative method 
[39], a rigid disk which has the same outer diameter and 
width as the split ring test piece is considered as the 
reference sample. At HT, the real deformation of a test 
piece can be obtained through comparing the measured 
cross-beam displacements between the test piece and a 

reference specimen under the same load, as shown in 
Fig. 6. Two cross-beam displacements, 1  and 2 , 
will be obtained for the split ring and rigid disk under a 
fixed load-increment, P , respectively. The stiffness 
of the rigid disk is much higher than that of the split ring 
piece, so the deformation of the rigid disk under P  
can be ignored and its cross-beam displacement ( 2 ) 
can represent the systematic errors of loading system 
which are induced by the loading frame, fixture, loading 
device, and contact deformation. Thus, the difference of 
the displacements between the split ring and the rigid 
disk is equal to the real deformation of the split ring test 
piece at HT. 

21                   (21) 
By substituting Eq. (21) into Eq. (19), the HT 

modulus of the test piece can be obtained: 
0 0

H
1 2

π 2.4 1.4
2
R P RE
A e


 
           

    (22) 

where HE  is the elastic modulus of test specimen at 
HT. 

In this work, three common coating patterns on tubes 
were discussed: outer-side coating (Fig. 7(a)), 
inner-side coating (Fig. 7(b)), and double-side coating 
(Fig. 7(c)). To get the accurate deformations of the 
coated split ring samples at HT, the rigid reference disks 
with the same outer radius and width as the coated 
pieces are needed. 

2.2.1  Determining HT modulus of outer-side coatings 
on ring samples 

For a split specimen with outer-side coating as shown in 
Fig. 7(a), a relationship between the modulus of the 
substrate, /P   , and geometrical dimensions of 
coated sample can be obtained by rearranging Eq. (19) 
based on the concepts of equivalent stiffness.  

 
Fig. 6  Schematic diagram of (a) the split ring and (b) the 
rigid reference disk. 
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s 0 02 2.4 1.4
π
E R R

P A e
 

         
          (23) 

Here, sE  is the modulus of the substrate,   the real 
compression deformation of the substrate/coating 
composite system, 0R  the curvature radius of 
geometrical centroidal axis of the homogeneous 
equivalent cross-section of the coated sample, e  the 
distance between centroidal axis and neutral layer of the 
equivalent composite cross-section, and A  the area of 
the equivalent composite cross-section. 

Assuming the cross-beam displacement of coated 
sample is 3  under the fixed load-increment P  at 
HT, the real HT deformation of the coated piece is 

3 2       , and Eq. (23) can be rewritten as  

sH 3 2 0 02 2.4 1.4
π
E R R

P A e
 


           

    (24) 

where sHE  is the HT modulus of the substrate. As 
shown in Fig. 7(a), r is the inner radius of the substrate, 
R is the outer radius of the substrate, cR  is the outer 
radius of the outer-side coating, and b is the width of 
composite specimen. Through the geometrical analysis 
of the composite section, the calculation formulas of 

0R , e , and A  are acquired via a method of 
equivalent stiffness. 

2 2

0
0.5 0.5hH h HR r
H h

 


   
                    

2 20.5 0.5

ln ln

hH h H h He r
R R hH h
r R

  
 

     
       

   
A bH bh                                     (25) 

Here, H is the thickness of the substrate and H R r  , 
h is the thickness of outer-side coating and ch R R  . 
Combining Eq. (25) and Eq. (24), a relationship among 

sHE , /P   , and   is given by 

054
2

3
3

2
4

1         (26) 
where 1 – 5  are constants determined by 
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R
hRln , 2
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1 hHhB  , 2

4 2
1 HB  , 5 0 4B B B  

0rHB    24.24.2 r , rhBBBB 0306  , 2
07 hBB  , 

  hrBHhBB  308 4.14.22  , HBB  2
09 4.2 

 HrB  44.1 ,   BB 2
310 8.44.24.2    hrB38.4 ,          

  434311 8.48.4 rhBHrBBBB   , B12 4.2    

   HrBB 4
2
4 8.48.44.2   , 6213 BBB  , 6114 BBB   

52BB , 5115 BBB  .  
Thus, the value of   can be obtained by solving Eq. 
(26) via the calculator of quartic equation or MATLAB 
software, noting that   is a real number and  > 0. 
Then the HT modulus of coatings can be evaluated by 

sHf EE                       (28) 
2.2.2  Determining HT modulus of inner-side coatings 

on ring samples 

For a split ring piece with inner-side coating as shown in 
Fig. 7(b), assuming its cross-beam displacement is 4  
under the fixed load-increment P  at HT, the real HT 
deformation of the coated piece is 4 2       . 
Thus, Eq. (23) can be rewritten as 

  
Fig. 7  Schematic illustration of split ring specimen with (a) outer-side coating, (b) inner-side coating, and (c) double-side coating. 
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     (29) 

As shown in Fig. 7(b), cr  is the inner radius of the 
inner-side coating. The geometrical analysis of the 
composite cross-section is conducted and 0R  and e  
have the forms: 

2 2
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0.5 0.5h H hHR r

H h
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c

c
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H h R r
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 (30) 

here, H is the thickness of the substrate and H R r  , 
h is the thickness of the inner-side coating and 

ch r r  . Combining Eqs. (29) and (30), a simplified 
relation among sHE , /P   , and   is derived by 

054
2

3
3

2
4

1          (31) 
where 1 – 5  are the coefficients of the quartic 
equation and can be calculated by 
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   2
10 1 c 12.4 2.4 4.8 4.8C C r C h     , 

  11 1 2 c 1 c 24.8 4.8C C C r C H r C h    , 

   2
12 2 c 22.4 2.4 4.8 4.8C C r C H     , 

6413 CCC  , 546314 CCCCC  , 5315 CCC  .  
Thus,   can be obtained by solving Eq. (31) and the 

HT modulus of inner-side coating is determined by 

sHf EE  . 

2.2.3  Determining HT modulus of double-side 
coatings on ring samples 

For a split ring piece with double-side coating as shown 
in Fig. 7(c), assuming its cross-beam displacement is 

5  under the fixed load-increment P  at HT, the 
real HT deformation of the coated piece is 

5 2       . Thus, Eq. (23) can be rewritten as 
sH 5 2 0 02 2.4 1.4

π
E R R

P A e
 


           

     (33) 

As shown in Fig. 7(c), cr  is the inner radius of the 
inner-side coating and cR  is the outer radii of the 
outer-side coating. H is the thickness of the substrate 
and H R r  . 1h  ( 1 ch R R  ) and 2h  ( 2 ch r r  ) 
are the thickness of the outer-side and inner-side coating, 
respectively. The geometrical analysis of the composite 
cross-section is conducted and, A , 0R , and e  have 
the forms: 

 1 2A bH b h h     
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1 2
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Combining Eqs. (33) and (34), a simplified relation 
among sHE , /P   , and   is derived by 

054
2

3
3

2
4

1           (35) 
where 1 – 5  are the coefficients of the quartic 

equation and can be calculated by 
  2
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HD 4 , c
5

c

ln lnR rD
R r

      
   

, 







r
RD ln6 , 

7 0 1 0 3 cD D D D D r  , 8 0 2 0 4 cD D D D D r  , 9 8D D  

  2
c2.4 2.4 r  , 2

3010 DDD  , 11 0 3 42D D D D  

   1 3 c2.4 1.4 D D r   ,  2
12 0 4 2.4 1.4D D D     

 2 4 cD D r· ,   2
13 12.4 2.4D D   

  1 3 c4.8 4.8 D D r  ,  14 4.8 4.8D    

 1 2 2 3 c 1 4 cD D D D r D D r · ,   2
15 22.4 2.4D D    

  2 4 c4.8 4.8 D D r  , 7516 DDD  , 

769517 DDDDD  , 9618 DDD  . 
Thus,   can be obtained by solving Eq. (35) and the 

HT modulus of inner-side coatings is determined by 
sHf EE  . 

Obviously, the key for evaluating the HT modulus of 
the coatings on tubes is to obtain the accurate 
deformation of coated and uncoated samples, and the 
analytical relation among sHE , / ,P    and .  
Relative method can be used to determine the HT 
modulus of the substrates via Eq. (22) for the first time, 
and then to measure the HT elastic modulus of coatings 
via Eqs. (26)–(28) for the outer coated piece, Eqs. (31) 
and (32) for the inner coated sample, and Eqs. (35) and 
(36) for the double coated specimen. The split ring 
compressing tests for determining the HT modulus of 
coatings by the relative method are performed in the 
following steps: 1) prepare the substrate, composite 
pieces, and rigid disks which have the same geometrical 
dimensions as the substrates and coated samples, 2) heat 
the substrate and rigid disk to the setting temperature 
and compress the samples in the elastic deformation 
range, 3) record the cross-beam displacement of the 
substrates and reference pieces and calculate the HT 
modulus of the substrate via Eq. (22), 4) compress the 
coated sample and rigid disk at HT and record each 
cross-displacement, 5) substitute the measured data and 
the geometrical dimensions of the coated piece into Eqs. 
(26)–(28), (31) and (32), and (35) and (36), 6) solve the 
Eqs. (26), (31), and (35). Thus, the HT moduli of 
coatings can be got by sHf EE  . 

3  Materials and experimental process 

To check the reliability of the relative method, silicon 
carbide (SiC) coatings prepared by using chemical 

vapor deposition (CVD) method on graphite substrates 
were used as the testing samples. Graphite is an 
attractive material for HT application and has been 
widely used as structural material due to the excellent 
HT mechanical properties [42,43]. And SiC is being 
considered as a protective coating to protect the 
graphite from oxidation [44,45] due to its excellent and 
superior properties of melting point, thermal shock 
resistance, and chemical inertness [46]. The mechanical 
properties of SiC coating are the essential prerequisites 
for achieving its functionality. Among them the HT 
elastic modulus of such coating material is of high 
importance, because it will determine the value of 
thermal residual stress which appears upon heating or 
cooling [47], define the lifetime of the materials, and 
play a major role in the reliability of the components as 
a whole. Whereas the in situ, accurate, and reliable 
elastic modulus of SiC coatings at high and ultrahigh 
temperature have not been discussed so far. 

The homogeneous graphite was prepared by isostatic 
pressing method, while the CVD-SiC coatings were 
fabricated by pyrolysis of methyltrichlorosilane (MTS) 
in hydrogen (H2) at 1300 ℃ and 5×103 Pa for 10 h with 
the coating thickness of about 60 μm for the beam 
samples and 40 μm for the ring pieces. During the 
preparation of SiC coating, the MTS flow rate was 0.75 
L/min and the volume ratio of H2 to MTS was 
controlled at 12:1 by a flowmeter. The prepared 
CVD-SiC coatings are polycrystalline structure as 
shown in Ref. [48], and the main phase is β-SiC. In 
order to obtain the reliable data, the ratio of the coating 
thickness to the substrate thickness should be larger 
than 1/100, and the thickness of the coating shall be 
larger than 20 μm. 

The sample dimensions were measured by a vernier 
caliper, and the average size of beam and ring samples 
is about 60 mm (length) × 10 mm (width) × 3 mm 
(thickness) and 12 mm (inner radius) × 15 mm (outer 
radius) × 7.2 mm (width), respectively. Furthermore, all 
the ring specimens were cut with the split of 6 mm. At 
least three samples should be tested to obtain an average 
value. The rigid disk with the same outer radius and 
width as the split ring sample was made of graphite. The 
thickness of the SiC coatings was measured by the 
digital microscope (VHX-600, KEYENCE, Japan). 
Microstructures were examined using a scanning 
electron microscope (S-4800, Hitachi, Japan). The 
phase analysis and crystalline structures of the SiC 
coatings were investigated using an X-ray 
diffractometer (D8 ADVANCE, Brucker Corporation). 
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The support span for the three-point bending tests 
was 50 mm. The lower and upper limits of the load were 
5–20 N and 4–10 N for the bending tests and split ring 
compressing experiments, respectively. The loading 
rate was controlled at 0.1 mm/min by the cross-beam 
displacement for the both experiments. It is emphasized 
that, before the HT loading tests, the accuracy of 
cross-beam displacement should be calibrated by using 
an accurate inductance micrometer (MT 220, Qinghai 
Measuring & Cutting Tools Group Company, China) in 
order to ensure the reliability of measured results. An 
empirical deviation within 0.5% would be acceptable in 
this work. The elevated temperature testing was 
performed in graphite heater furnace capable of 
reaching temperatures of 2300 ℃ under high vacuum 
(lower than 101 Pa). The temperatures below 1200 ℃ 
were measured by thermocouple inserted from the side 
of the furnace and the temperatures exceeding 1200 ℃ 
were measured by an optical pyrometer. The furnace 
shall be capable of heating the test fixture, pushing rod 
and test piece as well as maintaining a uniform and 
constant temperature during the test. The heating rate 
for all elevated temperature tests was 10 ℃/min 
followed by a 20 min isothermal hold at the desired 
temperature. The HT loading experiments were 
performed by the mechanical testing instrument 
(DSZ-III, China Building Material Test & Certification 
Center, China). 

In order to verify the validity of the relative method, 
the tested results of the coating modulus measured by an 
inductance micrometer were compared with that 
evaluated by the difference of cross-beam displacement 
at room temperature. The room temperature loading 
tests were carried out by the universal mechanical 
testing machine (MTS Criterion C45, MTS Systems 
Corporation, America) with the cross-head speed of 
0.1 mm/min. The mid-span deflection and the vertical 
displacement of the loading location were tested by an 
inductance micrometer at ambient temperature. 

4  Results and discussion 

4. 1  Validity of the relative method 

The graphite beam and ring samples coated with SiC 
coatings were used in this work. Figure 8 shows the 
cross-section micrograph of the coated piece. The 
boundary between the coating and substrate can be seen 
obviously and well connected with each other, with the 
dense SiC coating on the left side, which means that the 
coating is tightly integrated with the substrate and no 
slip occurred at the interface. Thus, the strain would 

happen to change gently at the interface and the above 
mathematical derivations can be used effectively to 
evaluate the modulus of SiC coatings. 

In order to verify the validity of the relative method 
combined with the three-point bending tests at room 
temperature, the mid-span deflections of the beam 
samples were determined directly by an inductance 
micrometer and tested indirectly via the difference of 
the cross-beam displacement between the bending 
sample and reference piece. Both the elastic modulus of 
graphite substrates and SiC/graphite composite systems 
were calculated by Eq. (1) via using the micrometer and 
Eq. (2) via the cross-beam displacement, with the tested 
results shown in Fig. 9. Both of the tested modulus of 
graphite substrates and SiC/graphite composites are 
basically the same. Plugging the tested data and the 
dimensions of composites into Eq. (9), the modulus of 
SiC coatings could be obtained. The mean value of 

 
Fig. 8  Cross-section micrograph of the SiC coated 
graphite. 

Fig. 9  Elastic modulus of graphite substrates and 
SiC/graphite composites at room temperature measured by 
three-point bending tests. 



J Adv Ceram 2017, 6(4): 288–303 

www.springer.com/journal/40145 

298 

elastic modulus of SiC coating was estimated as 
373.27±18.33 GPa via the micrometer (the relative 
method was used only once) and 391.23±10.76 GPa via 
the cross-beam displacement (the relative method was 
used twice). The tested modulus of SiC coating shows a 
tiny deviation of 4.8% at room temperature. It has 
revealed that the approach which needs to use the 
relative method secondly is valid and reliable to 
determine the elastic modulus of coatings by the 
three-point bending test. 

To verify the validity of the relative method 
combined with the split ring compressing tests at room 
temperature, the vertical displacement of the loading 
location was determined by the micrometer and the 
cross-beam displacement difference, respectively. The 
elastic modulus of the graphite substrates was obtained 
by Eq. (19) via using micrometer and Eq. (22) via the 
cross-beam displacement difference. The outer-side 
coating modulus was obtained by substituting the tested 
substrate modulus, vertical displacement, and 
geometrical dimensions of the SiC/graphite composite 
split ring piece into Eqs. (26)–(28). And the inner-side 
coating modulus was calculated by Eqs. (31) and (32). 
The tested and calculated data of the SiC/graphite 
composites are displayed in Table 1. The mean values of 
the elastic modulus of the outer-side SiC coating were 
estimated as 383.69 GPa tested and 387.00 GPa by the 
micrometer and cross-beam displacement difference, 
respectively. Both of the two tested results are close and 
within the acceptable error range. The elastic modulus 
of the inner-side SiC coating measured by the 
micrometer was 378.76 GPa which is very similar to 
that measured using the cross-beam displacement 
difference (383.78 GPa). 

Table 1  Measure data of SiC coated on graphite 
substrate 

Outer-side 
coating 

  
(mm) 

3 2  
 (mm) 

b 
(mm) 

H
(mm)

h 
(mm) f1E (GPa) f2E  

(GPa)
1 0.075 0.076 7.12 3.112 0.038 396.80 378.61
2 0.085 0.083 7.16 3.047 0.033 366.17 395.36
3 0.074 0.074 7.16 3.110 0.040 388.10 387.03

Average      383.69±15.79 387.00±8.38

Inner-side 
coating 

  
(mm) 

4 2    
(mm) 

b 
(mm) 

H 
(mm)

h  
(mm) 

f1E  
(GPa) 

f2E  
(GPa)

1 0.065 0.064 7.11 3.110 0.040 370.30 385.06
2 0.067 0.068 7.14 3.115 0.035 383.14 367.62
3 0.063 0.062 7.12 3.108 0.042 382.84 398.65

Average      378.76±7.33 383.78±15.56

ΔP = 6 N, Rc = 15.10 mm, rc =11.95 mm, ν = 0.2. Es1 = 
9.15±0.50 GPa, Es2 = 9.16±0.62 GPa; the subscripts 1 and 2 
refer to the data determined by the micrometer and the 
difference of cross-beam displacement, respectively. 

It can be seen that the systematic errors of loading 
system can be represented by the cross-beam 
displacement of the reference sample. The test results 
demonstrated that the relative method is valid and 
reliable to determine the elastic modulus of ceramic 
coatings by comparing to the tested results via 
micrometer, also it can be applied to evaluate the 
coating modulus at high and ultrahigh temperature. 

4. 2  HT elastic modulus of SiC coatings evaluated 
by the relative method 

The single-face coated beam samples and split ring 
pieces with outer-side coatings were used to determine 
the elastic modulus of coatings at HT. The temperature 
dependence of elastic modulus of SiC coatings 
measured by the relative method is displayed in Fig. 10. 
The modulus of SiC coatings measured by relative 
three-point bending tests are accordant basically with 
that tested by relative split ring compressing 
experiments from ambient temperature to 2100 ℃. The 
measured modulus of SiC coating was 
369.80±17.60 GPa and 374.16±16.55 GPa, respectively, 
by relative three-point bending and split ring tests at 
room temperature. And the measured results are similar 
to the previous data reported by Bellan and Dhers 
(354±30 GPa) [49], Liu and Xiang (320 GPa) [50], and 
Leisen et al. (347–366 GPa) [51] for CVD-SiC. For the 
relative three-point bending test results, the coating 
elastic modulus increased nearly linearly to 424.36 GPa 
at 500 ℃, and steadily reduced to 381.05 GPa at 
1500 ℃. Above 1500 ℃, the coating modulus 
decreased quite rapidly to 194.78 GPa at 2100 ℃ which 
declined nearly by 47.33% compared with the room 
temperature modulus. For the relative split ring 
compressing measurements, the similar temperature 
dependency of the SiC coating modulus was also 
discovered as shown in Fig. 10. The modulus of SiC 
coating increased to 438.04 GPa at 500 ℃, and then 
decreased slightly to 381.88 GPa at 1500 ℃. Above 
1500 ℃, the coating modulus reduced dramatically to 
204.99 GPa at 2100 ℃. 

Also the comparison among the measured 
temperaturemodulus profile and the other 
measurements [51–54] is showed in Fig. 10. The 
several other tests have been performed between room 
temperature and 1500 ℃, and the used methods 
(micro-tensile test, 3-point/4-point bending test, and 
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nanoindentation) can hardly be applied to determine the 
modulus at the ultrahigh temperature (over 1500 ℃) 
due to the invalidity of the previous methods. The 
elastic modulus–temperature profiles tested by this 
work and other previous researches are different as 
shown in Fig. 10, i.e., the elastic modulus measured by 
this work increased at first and then decreased, whereas 
the modulus tested by Refs. [51–53] just decreased with 
the rise of temperature. This difference is most probably 
caused by the different sample conditions, i.e., the HT 
modulus are measured in situ in this work, but the 
free-standing SiC samples were required to be used in 
Refs. [51–53]. The in situ measurements of the HT 
modulus of the SiC coatings are influenced by the 
thermal stress generated by the mismatch of the thermal 
expansion coefficients between the coating and 
substrate materials during the course of heating. 

Although the in situ measurement of the coatings 
modulus can be realized by the nanoindentation, the 
measurement results of the nanoindentation [54] shows 
a large scatter because it allows only the investigation of 
the local modulus that are often different from the 
practical modulus. So the modulus measured by 
nanoindentation and relative method are not 
comparable. Also, the nanoindentation cannot work at 
higher temperature due to the oxidation and stiffness 
degradation of the indenter. 

The observed increase and decrease in modulus must 
be a result of changes in the microstructure and the 
stress state of materials. The increase in modulus of SiC 
coatings from room temperature to 500 ℃ was 
correlated to the thermal compressive stress of the 

coating during the heating process. The microstructure 
and surface morphology of the SiC coating before and 
after the HT test was characterized using SEM. As 
shown in Fig. 11(a), the microcracks were observed on 
the coating surface. According to the research results of 
Wei et al. [34], the thermal expansion coefficient of SiC 
coating was greater than that of graphite substrate. So 
the coating was under compressive stress caused by the 
thermal mismatch during the heating process and the 
closure of microcracks may occur. The improvement in 
coating modulus was enabled by the reduction of the 
micro-defects. When the test temperature exceeding 
500 ℃, the coating modulus decreased gradually due to 
the progressive weakening of the interatomic bonds 
with the rise of temperature. The strong modulus 
degradation occurred at temperatures higher than 
1500 ℃, as shown in Fig. 10. This behavior was 
attributed primarily to grain-boundary sliding, thermal 
softening, and diffusional creep [55,56]. 
Simultaneously, the decrease in coating modulus is 
accelerated by the relaxation of residual compressive 
stress [57] in the SiC coating at HT. 

From Fig. 11, a significant change in surface 
morphology before and after the HT test can be seen. 
The grain edges of the coatings can be detected clearly  

 
(a) 

 
(b) 

Fig. 11  SEM images of the SiC coating surface: (a) before 
the HT test, (b) after the HT test. 

Fig. 10  Measured elastic modulus of SiC coatings from 
room temperature to HT from this work and other previous 
related measurements. 
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before the HT test. However, the surface of the SiC 
coating is smooth after the HT test and the materials 
must generate softening under the HT environment. The 
decrease in modulus is enhanced by the softening of the 
materials.  

The XRD measurements before and after the HT 
experiment are shown in Fig. 12. The β-SiC, stacking 
faults (SF), and graphite can be detected in the SiC 
coating before the HT test, and the α-SiC is found in the 
SiC coating after HT test, i.e., β-SiC was transformed to 
α-SiC at elevated temperature during the HT test. And 
the planar defects (stacking fault) concentration reduced 
after the HT test. The reduction in defects can improve 
the mechanical properties of materials. However, the 
progressive weakening of the interatomic bonds, 
thermal softening, and HT creep can decrease the elastic 
modulus, and the thermal degradation of the modulus is 
more obvious than the improvement of the modulus 
resulted by the defect reduction. Therefore, the HT 
elastic modulus decreased with the rise of temperature. 

As shown in Fig. 10, the measured results of HT 
elastic modulus of SiC coatings by relative three-point 
bending tests were close to the tested results by relative 
split ring experiments. The both results could verify 
each other and showed the effectiveness and correctness 
of the relative method. 

5  Conclusions 

The HT elastic modulus of ceramic coatings was 

evaluated by using relative method via the three-point 
bending tests or split ring compressing experiments. 
The relative method was used twice: once to determine 
the real deformation of the test pieces at HT and again to 
derive the equations for calculating elastic modulus of 
the ceramic coatings via the properties of the substrate 
and composite. By this way, elastic modulus of ceramic 
coatings at high temperature shall be conveniently 
determined. Based on the mechanics of materials, the 
analytical equations were derived for two types of 
coated system: 1) single-face and double-face coatings 
on the beam substrates and 2) outer-side, inner-side, and 
double-side coatings on the ring substrates.  

At ambient temperature, the deformations of the 
beam and ring samples, f  and  , were determined 
by an inductance micrometer and the cross-beam 
displacement difference between the test sample and 
rigid reference pieces, respectively. Then the modulus 
of SiC coatings on bulk graphite was calculated by 
substituting the measured P  and f  into Eqs. (1), 
(2), and (9). And the modulus of outer-side and 
inner-side SiC coatings on graphite tubes was 
calculated by substituting the tested P  and   into 
Eqs. (26)–(28) and (31) and (32), respectively. Both the 
experimental results measured by the micrometer and 
relative method at room temperature were very close 
with slight relative deviations only, and show the 
validity of the relative method for evaluating the elastic 
modulus of ceramic coatings. It turns out that the 
systematic errors of the test machine can be represented 

 
Fig. 12  XRD spectra of the SiC coating before and after HT experiment. 



J Adv Ceram 2017, 6(4): 288–303  

www.springer.com/journal/40145 

301

by the rigid reference samples, thus the accurate 
deformation of the test specimens can be obtained by 
the cross-beam displacement difference. The simple 
method can also be applied to the evaluation of coating 
elastic modulus at high and ultrahigh temperature.  

The deformations of the beam and ring samples at HT 
were determined by comparing the cross-beam 
displacements of the test machine between the test piece 
and rigid reference sample under identical load 
condition. The elastic modulus of SiC coatings on 
graphite beams and outside surface of graphite rings 
were evaluated by the relative method from room 
temperature to 2100 ℃. The temperature dependency of 
coating modulus measured by three-point bending tests 
accorded well with that tested by split ring compressing 
experiments. The results displayed that the coating 
modulus increased about 15.91% at 500 ℃ compared to 
the ambient temperature modulus, and then reduced 
with the increase of temperature. At temperatures over 
1500 ℃, the coating’s modulus decreased rapidly and 
reached only 53.73% of the room temperature modulus 
at 2100 ℃. It is demonstrated that the relative method is 
a convenient and accurate approach to evaluate the HT 
elastic modulus of ceramic coatings. 
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