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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 ‘C demonstrated the
validity and convenience of the relative method.
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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.

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
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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 ‘C [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 AP to deflection increment
Af [32]:

_ L AP

T4 A
where L is the span in mm,  and b are the thickness and
width of the sample in mm respectively. When the unit
of APis N and the unit of Af is mm, the unit of the
calculated modulus E is MPa.

(1)
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Af can be obtained by the accurate inductance
micrometer or other displacement meter at ambient
temperature. However, Af 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, Af, and Af,, will be obtained for the
test sample (Fig. 1(a)) and the reference sample (Fig.
1(b)) under the same AP. Since the bending
deformation of the reference sample can be ignored,
Af, can just represent the systematic errors of loading

P

@ Test specimen
Loading bar ﬁ

Support bar
77! o e ! :!'? %

i L =§

(b

Reference specimen

Y4 S
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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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  Af, — Af, ,
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:

o AP

T4Hb A - A, 2)
here, E, 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

Ey

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 E, and E_, respectively. E and E, can
be measured by Eq. (2) at HT. Let the modulus of
coatings be E..The ratio of modulus was defined by
a=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 ( £, ) can be obtained by using
the relative method and Eq. (2):

[ h,

I H

] + h,y
b

(b)

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

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

homogeneous section.
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TUA(H+h) b M-, &= ‘ s

Here, b is the width of the coated piece, H and 4 the
thickness of the substrate and coating respectively. Af,
and Af,, are the deflection increments of the test
coated piece and reference sample under the same load
increment (AP ), 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.

P’  PL
/= SE1 T WEJ “)
q sl

Here, 1 is the inertia moment of the heterogeneous beam
sample with coating, /, the inertia moment of the
equivalent homogeneous sample, and f the mid-span

deflection. Equation (4) can be simplified to
E I =E, (5)

Based on the theory of material mechanics [41], / and
1, have the form:

1 3
I=—blH+h
SblH +h)

2
L s L g+ Loy 1) ©)
12 12 4 H+oh
Combining Eq. (5) and Eq. (6), a simplified relation

is derived by

Ilz

§1a2+§2a+§3=0 (7

1.4
h =—h",
where & B

E h(H+h) - E.hH>
fzzéHh3+iHh(H+h)2— HHA) - E, ,

o o A A A A e

coating Substrate

| b |

(a)
Fig. 4 Schematics of the equivalent cross-section transformations of a double-face coated sample: (a) heterogeneous
cross-section, (b) homogeneous section.

12F,

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

V& 468 -4
a=
28

Hence, the modulus of the coatings is calculated by

R
f 251 S

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

(8)

©)

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

be measured by the relative method and Eq. (2):
L3
By = 3,
4(H+h+hy) b My—d,
Here, h, and h, are the thickness of the upper and

(10)

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 o« 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, y,,

has the form:

{1@2 +hl(H+h2 +1hlﬂa+H[h2 +Hj
2 2 2
¥y, = 1n

¢ (h+hy)a+H
Based on the theory of material mechanics [41], the
inertia moments of the heterogeneous and

homogeneous sections, / and [, have the forms:

1
[:Eb(HJrhl +hy )

Substrate H+h+h,

ab
(b)
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1 nY 1 H 2
I =—abh’ +abh -2 | + —pH +bH| —+h,—
12 ) h (yc ) ] 12 ( , ycj

2
+éabhﬁ+abhl[H+h2+%—yc) (12)

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).

(13)

K1a3 +K20{2 +ra+K,=0

where &, —x, are the coefficients of the cubic equation

of one unknown and can be calculated by

Ky =bhyhy (hy + hy \2H + by + by ) +§(h13 +h§Xh1 +h, )
K, =2bhhH(2H + h +h, )’ +§bH(hﬁ +hy ) (B +hy)
+bH (hy—h) (H+h +h)

b Eq 3 5 2
—E[F(HJrhl +h) —H }(hl+h2)

S

K, = sz[hz (h,+H) +§(hf Iy )+ Iy (B + H)Z}

2bH | E, 3 3
—T[F(H-Fhl +h2) -H :|(/’l1+h2)

S

:[E
K4:_b1;1 |:Fq(H+hl+h2)3—H3}

(14)

Thus, the value of o 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 E; =k .

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 E; 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 E, to E  (E,/E, ) has a significant
influence on the value of « . For instance, the value of
o calculated by the measured E /E  of 2.4 is
31.29% higher than that computed by the measured
E /E of 2.2, with h/H value of 0.005. That is,
only 9.09% increase of the measured 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:

N =-Psing> Q=—-Pcosp> M =PRysinp  (15)
where N is the axial force, O the shear force, M the
bending moment, P the applied load, ¢ the angle

between the cross-section and the vertical line, and R,

the curvature radius of geometrical centroidal axis of
the cross-section.
Take the derivative of the above internal forces by the

P

]
- N Wg

\ ] | |
I
Fig. 5 Schematic diagram of force analysis of the split
ring specimen.
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applied load:
ON . o0 oM .
—=—-8SIn®Y, —=—COoSQ, —— =R, sin 16
oP 7> op > Top TN (19

The deformation energy of the split ring sample in the
compression process can be determined by the

following equation:
2 2 2

j M~ MN N RO do (17
2ESR, EAR 2EA 2GA

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

6U_J~n M 6M+ M 8N+ M oM
ESR, OP EAR, OP EAR, P

+£6_N + k_Qa_QjROd

(18)

EA 0P GA OP
Combining Eq. (16) and Eq. (18), and noting that
G=E/ [2(1 +v)1 , a general expression for E can be

obtained:

_ TR, AP, R°+24v+14 (19)
T 24 AS

where AP/AJS is the slope of load-displacement
curve during the elastic deformation range, e the
distance between the geometrical centroidal axis and
neutral layer, 4 the area of the cross-section, v
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:

R+7r

Ry=—", A=b(R~

) R+r R-r
2

e= - (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, AJ 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, Ad, and AJ,,

will be obtained for the split ring and rigid disk under a
fixed load-increment, AP, 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 AP
can be ignored and its cross-beam displacement (AJ, )

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.
A6 =A0, — AS, 21
By substituting Eq. (21) into Eq. (19), the HT
modulus of the test piece can be obtained:

g, = AP R°+24v+14 (22)
24 Ao, A6,
where E, 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, AP/AJ , and geometrical dimensions of
coated sample can be obtained by rearranging Eq. (19)
based on the concepts of equivalent stiffness.

I P+AP

(b

Fig. 6 Schematic diagram of (a) the split ring and (b) the
rigid reference disk.
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Fig. 7 Schematic illustration of split ring specimen with (a) outer-side coating, (b) inner-side coating, and (c) double-side coating.

EA—(?:& &+2.4v+1.4 (23)
n AP A\ ¢

Here, E, is the modulus of the substrate, Ao the real

compression deformation of the substrate/coating

composite system, R; the curvature radius of
geometrical centroidal axis of the homogeneous
equivalent cross-section of the coated sample, ¢’ the
distance between centroidal axis and neutral layer of the
equivalent composite cross-section, and A4’ the area of
the equivalent composite cross-section.

Assuming the cross-beam displacement of coated

sample is Ao, under the fixed load-increment AP at
HT, the real HT deformation of the coated piece is
Ao =AJ; — Ao,, and Eq. (23) can be rewritten as

2Ly A% Z A0, R—‘;(Ri +2.4v+ 1.4) (24)
T AP A\ e
where E; 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, R, 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
R,, € , and A" are acquired via a method of
equivalent stiffness.
ahH +0.5ah’ +0.5H*
= +r

Ry
H+ah
(_ @hH +05ah* +0.5H> ah+H
H+ah R R+h
In| — |+aln
r R
A'=bH + abh (25)

Here, H is the thickness of the substrate and H =R—r,
h is the thickness of outer-side coatingand h=R —R.

Combining Eq. (25) and Eq. (24), a relationship among

E,, AP/AS ,and a is given by
Bt + pra’ + pia’ + fua+ s =0 (26)

where f,—f, are constants determined by

B = (313 - By )h2

B =By — By )h® + 2Hh(By5 - B;)- B, By,

B3 = (Bys — By )H? +(Bys5 — By )h* + 2Hh(B,, — By)

- BBy — B,By;
By = (314 - By )H2 + 2Hh(BIS - 39)— BBy, — BBy,
Bs=(Bis —By)H> - BBy, (27)
2E_ b AS, —AS.
where B, =—-.—2 ., B :ln(ﬁj , By =
b4 AP

1n(R;h) , B :Hh+%h2, B, :%HZ, B,=B,B, +
BorH—(2.4v +2.4)r?, B, = ByBy + Byrh, B, = Byh* ,
By =2ByHh—(2.4v +1.4)B; + hr) , By = ByH* —(2.4v
+1.4)B, + Hr),B,, = (2.4v + 2.4)B7 +(4.8v+ 4.8)rB;h,
By, =(4.8v+4.8)YB,B, +rB;H +rhB,), By, = (2.4v
+2.4)B} +(4.8v +4.8)B,Hr , By =B,B, By, =B B
+B,Bs, Bj5=BB;s.

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
Er =aby (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 A0,

under the fixed load-increment AP at HT, the real HT
deformation of the coated piece is Ad =AJ, — A0, .

Thus, Eq. (23) can be rewritten as

www.springer.com/journal/40145
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2E _ R' RI
A0 =A% RfRy ogiia) (9)
T AP A e

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

. 0.5ah* +0.5H” + hH
R, = +

0 r
H+ah
2 2
o= 0.5ah"+0.5H" +hH ah+H (30)
H+ah

+r -
In (R}—a In [r)
r I

here, H is the thickness of the substrate and H =R —r,
h is the thickness of the inner-side coating and
h=r—r . Combining Eqs. (29) and (30), a simplified
relation among Ej;, AP/Ao ,and « is derived by
ma’ +n,a° + e +n,a+ns =0 31

where 7, — 77, are the coefficients of the quartic
equation and can be calculated by

2
= (C13 -G )h

2
1, =(Ciy = Cy )i +2HHC3 - C;)= C4Cyq

s = (C13 —C7)H2 +(C15 —C9)h2 +2Hh(C14 —Cg)

_C3C10 - C4C11
Ny = (C14 -G )H2 +ZHh(Cls _C9)_C3C11 -C4Cyy
15 =(Cis —Co)H? —C5Cyy (32)
— 1
where C, = 2Eub A%, = Ao, , G =—h?,
AP 2

c, :%HZ +Hh, C :ln(§], c, =ln(£],
C;=C,C, +Cyr.H —(2.4v +2.4) 17,
C,=C,C +Cyrh, C;=Coh?,
C, =2C,Hh—(2.4v +1.4)(C, +r.h),
C,=C,H> —(24v+1.4)(C, +r.H),
Cpy =(2.4v +2.4)C} +(4.8v +4.8)r.C/hr,
C,, =(4.8v+4.8)(C.C, +1.CH +1,C,h),
Cp, =(2.4v+2.4)C] +(4.8v +4.8)r.C,H
Ci3 =Gy, Cy=GCG+GCs, G5 =G,
Thus, a can be obtained by solving Eq. (31) and the

HT modulus of inner-side coating is determined by
Ef = aESH .

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
Ao, under the fixed load-increment AP at HT, the
real HT deformation of the coated piece is
AS = Ad; — AJ, . Thus, Eq. (23) can be rewritten as
2Ly A% A0, R—‘;(R—é +2.4v+ 1.4j (33)
T AP A\ e

As shown in Fig. 7(c), r, is the inner radius of the
inner-side coating and R, is the outer radii of the
outer-side coating. H is the thickness of the substrate
and H=R-r. b (=R —R)and h, (h,=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, 4', R;, and e’ have
the forms:

A'=bH +ab(h +h,)

. (0.5 + 1 (0.5h + H + hy) |ar + H (h, + 0.5H)
0 =

H+a(h +h) I
. [0.5h; +h (0.5h + H +h,) |a+ H (h, +0.5H)
H+a(h+h)
a(h +h)+H

+7, — (34)
R r R
o|ln| = |+In| — | |+In| —
R 7, r
Combining Egs. (33) and (34), a simplified relation
among E, AP/A¢J ,and o isderived by

¢1a4+¢2a3+¢3a2+¢4a+¢5=0 (35)
where ¢ — ¢ are the coefficients of the quartic

equation and can be calculated by

é = (D16 - Dlo)D32

¢, =(Dy7 = Dy, )D5 +2D3Dy(Dys — Dyy) - DsDi3
¢ =(Dyg — D12 )D5 +(Dyg — Dyo )D5 +2D3Dy(Dy; = Dy )-

= DsDyy = Dg D3
by = (D17 =Dy, )DZ +2D;D, (D18 - Dlz)_ DsDys — DDy
Ps = (DIS - Dlz)Dz% = DgDy5 (36)
where D, - 2[4}ch . AdSA—PA52 ’ D = % 2
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R
D,=H |, Dszln(RcJ+ln(LJ , DG:In(—) ,
R r, r

D, =D,D,+D,Dyr, , D,=D,D,+D,D,r., D,=D,
~(24v+24)r? , Dy=DyD; , D, =2D,D,D,

~(24v+14)(D,+Dy.) , D, =D,D} —(2.4v+1.4)

(D, +D,r,) , D, =(24v+24)D}
+(4.8v +4.8)DD,r, , D, =(4.8v+4.8)
(DD, +D,D,r, + DD,r,) , Ds=(2.4v+24)D; +

(4.8v +4.8)D,D,r, , Dy =DsD, ;
Dy7 = DsDy + DDy, Dyg = DDy .

Thus, a can be obtained by solving Eq. (35) and the
HT modulus of inner-side coatings is determined by
Er=alby.

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 E, , AP/AJ, and a.
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 Egs. (26)—(28) for the outer coated piece, Egs. (31)
and (32) for the inner coated sample, and Egs. (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 Egs.
(26)—(28), (31) and (32), and (35) and (36), 6) solve the
Egs. (26), (31), and (35). Thus, the HT moduli of
coatings can be gotby E; =aFy.

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 (H,) at 1300 “C and 5x10° Pa for 10 h with
the coating thickness of about 60 um for the beam
samples and 40 pm for the ring pieces. During the
preparation of SiC coating, the MTS flow rate was 0.75
L/min and the volume ratio of H, 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 B-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 pm.

The sample dimensions were measured by a vernier
caliper, and the average size of beam and ring samples
is about 60 mm (length) x 10 mm (width) x 3 mm
(thickness) and 12 mm (inner radius) x 15 mm (outer
radius) x 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 ‘C under high vacuum
(lower than 107" Pa). The temperatures below 1200 ‘C
were measured by thermocouple inserted from the side
of the furnace and the temperatures exceeding 1200 C
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 C/min
followed by a 20 min isothermal hold at the desired
temperature. The HT loading experiments were
performed by the mechanical testing instrument
(DSZ-111, 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

coating}

) |1 x m|ETD

Fig. 8 Cross-section micrograph of the SiC coated

graphite.

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

[F77]] Tested directly by inductance micrometer
Tested indirectly by cross-beam displacement

= 22.39
s 21.76 2148 22.03
& 20+ N 19.12 1974 N
2 \
B 154 N ‘
g
§ 0 10.09 9.88 X \
3 10 N =
m / i\ \\\ 3 N
. N
NN N
0 AN ‘ =N i B N
Es fq, Eq, Lq,
Groups of tested specimens
Fig. 9 Elastic modulus of graphite substrates and

SiC/graphite composites at room temperature measured by
three-point bending tests.
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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 Egs. (26)—(28). And the inner-side
coating modulus was calculated by Egs. (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
Outerjside AS AS-AS, b H h E, (GPa) E,
coating (mm) (mm) (mm)(mm) (mm) (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-sidle AS Ad,-A6, b H h E, E,
coating (mm) (mm) (mm)(mm) (mm) (GPa) (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
AP =6 N, R, = 15.10 mm, . =11.95 mm, v = 0.2. £, =
9.1540.50 GPa, £y, =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
experiments from ambient temperature to 2100 C. 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

ring compressing

to the previous data reported by Bellan and Dhers
(354430 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 'C, and steadily reduced to 381.05 GPa at
1500 ‘C. Above 1500 °C, the coating modulus
decreased quite rapidly to 194.78 GPa at 2100 C 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 ‘C, and then
decreased slightly to 381.88 GPa at 1500 C. Above
1500 °C, the coating modulus reduced dramatically to
204.99 GPa at 2100 C.

Also the
temperature—modulus

comparison among the measured

profile and the other
measurements [51-54] is showed in Fig. 10. The
several other tests have been performed between room
temperature and 1500 C, and the used methods

(micro-tensile test, 3-point/4-point bending test, and
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] —a&— Relative three-point bending method
150 4 —e— Relative split-ring compressing test
1 —&— Micro-tensile method [51]
| ~—¥— 3-point bending test [52]
50 —&— 4-point bending test [53]
1 —4— Nanoindentation test [54]

Elastic modulus (GPa)
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Fig. 10 Measured elastic modulus of SiC coatings from

room temperature to HT from this work and other previous

related measurements.

nanoindentation) can hardly be applied to determine the
modulus at the ultrahigh temperature (over 1500 C)
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 ‘C  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 ‘C, 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 ‘C, 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

(b)

Fig. 11 SEM images of the SiC coating surface: (a) before
the HT test, (b) after the HT test.
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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 B-SiC, stacking
faults (SF), and graphite can be detected in the SiC
coating before the HT test, and the a-SiC is found in the
SiC coating after HT test, i.e., B-SiC was transformed to
a-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, Af and AJ, 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 AP and Af into Egs. (1),
(2), and (9). And the modulus of outer-side and
inner-side SiC coatings on graphite tubes was
calculated by substituting the tested AP and AJ into
Egs. (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
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Fig. 12 XRD spectra of the SiC coating before and after HT experiment.
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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 C. 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 C compared to
the ambient temperature modulus, and then reduced
with the increase of temperature. At temperatures over
1500 °C, the coating’s modulus decreased rapidly and
reached only 53.73% of the room temperature modulus
at 2100 °C. 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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