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ABSTRACT

The X-ray stress of dual-phase composite AZ is determined from X-ray elastic constants
by using Reuss, Voigt and Eshelby—Kroner models. The simulated result showed that the
compound XEC in the Reuss model is independent of the volume composition of inclusion Al,O,
and it is valid for low inclusion composition. The Voigt and Eshelby-Kroner models gave closed
stress values to the experimental result, while they are constant for the Reuss model.

Keywords: X-ray Elastic Constants (XEC), Alumina-Zirconia (A7) composite, Stress
Gradient.

TOM TAT

Ung sudt ciia vét liéu composite hai pha AZ bang nhiéu xa X—quang dwoc xdc dinh dia
trén ba mé hinh Reuss, Voigt va Eshelby—Kroner. Két qua tinh todn cho thdy: hang sé6 XEC dwoc
xdc dinh bang mé hinh Reuss khong phu thudc vao ti 1é thé tich pha lién két trong trieong hop
1 le thé tich pha A1,O, la rat nhé. M6 hinh Voigt va Eshelby—Kroner cho két qua tinh todn g
sudt gan nhau va véi gza tri thue nghiém hon so voi mo hinh Reuss.

Tir khoa: Hang s6 dan hoi tia X (XEC), Vit liéu composite Alumina-Zirconia, Gradient
Ung sudt.

1. INTRODUCTION

Alumina (ALO,) is a material having
many advanced properties, such as chemical
and heat resistance, and is used in mechanical

Table 1. Young modulus E and Poisson ratio
v of AZ composite™”

and bio-medical arcas. To enhance the | npaterials | YOMU™€ | £ GPa | v
strength and toughness, zirconia (ZrO,) ALO, ’

powder is mixed into alumina as a matrix in AlLO, - 423 | 0224
a controlled composition to create alumina-

zirconia composite Al,O,/ZrO, (AZ) [1,2]. 210, _ 169 10314
Depending on the purpose, the composition is | ALO/ZrO, | 27,3% 241 10,283

between 20% to 60% in volume (commonly

20% to 50%). Many researches are trying to 2. STRAIN-STRESS RELATION

determine the phase stress of AZ by using
many X-ray characteristics for various
azimuth measurements; however, this is timely
and significantly reduces the measurement
accuracy [3,4]. This research introduces
the computation of stress and X-ray elastic
constants (XEC) of isotropic AZ composite
having stress gradient.

Let us consider coordinate systems
the surface layer of specimen having double
phases o and y as shown in Fig. 1. S, is the
specimen system, in which §,, S, are on the
surface, and S, is in the normal direction. L.
is the laboratory system, where L, (L ) is
perpendicular to the diffraction plane (hkl) L,
is on the surface plane and makes an angle ¢
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to Sl. The strain in the L, 1s determined from
the transformation matrix as [5]:

Fig. 1. Coordinate system in the surface
layer of double phase specimen.

(5'3 )W =%S2(01 cos’ p +0, sin2p+o, sin’ go)sinzz//

+%S2(0'3 )+Sl(0', +o, +o, )+

1 . .
ESQ(G]3 cos@+o, sin go)sm 2 (H

The average macro stress o, in the
irradiated area is determined from the phase
stresses of phases o and B and the phase ratio

Vfas [2.6]:

(0),7, +{o), 017, )=0,

where

@)

The phase micro stress is determined as

1
<O-i >pha - <O-i >p/m h O-i (3)
3.  PHASE X-RAY ELASTIC
CONSTANT (XEC)

For single phase material, the strain in
the 11 direction (¢p=0°y) is:

g, = %Sz (0, -0, )sin’ +%Sza3

"'51(0'1"‘0'2"'0'3) 4)

where the indices of stresses 1, 2 and 3
denotetheindices 11,22 and 33. The diffraction
angles 6, and 6, in the directions (¢p=0°y)
and (¢=90°y) are respectively determined as:

2,,, =26, —tan6,S, (a] -0, )sin2 v —tan6,S,0,

~25,tan 8, (o, + o, + ;) (5)
20, 0 = 20, -tan6,S, (0'2 -0, )sin2 v —tan6,S,0,
—25,tan 8, (o, + o, + ) (6)
From Egs.(4) and (6), XEC is determined as:

_cotd, 6(26?0(/,:0)

S, =
2 oo,
1y __cotf @ 026,
277 2 0o\ 0sin’y (7)

where 6, isthe applied stress, determined
from the strain gauge experimentally.

In the multiphase material, due to the
interaction between phases, XEC of each
phase is different from those for the single
phase, and it is called compound XEC,
denoted as upper indices “C”.

g;ha _ %SzC,phan -5, Slc,phao_j (8)

where S < and 0.55,“"** are XEC of
phase in the matrix; J, are the Kronerker’s
delta, determined as 5,;: 01ifi+#jand 51.]: 1ifi
=j. From Eq.(7) the phase XEC in the matrix
can be determined as:

1 g __Cot o o ( 0205
2 - 2 do,|osin’y
ha ha
SlC,phu —_ cot Hé)] 6(20&//:0) (9)

2 o,

Substituting Egs.(5,6) into (9), the
relation ibetween the XEC in the matrix and
XEC of single phase is determined as:

lSzc’pha =1S2 0 (O-l _0-3)
2 2 “0o,
A =152%+Sli(al +o,+0,) (10)
2 " 0o, oo,
However, the determination of

compound XEC from the experiment as
shown in Eq. (9) is timely and often generates
inaccuracy. In the case of the measurement
accuracy in not required, the XEC can be
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estimated from the theory by using three
models of Reuss, Voigt and Eshelby—Kroner.

3.1. Reuss model

In the Reuss model, the stresses are
constant for all phases, and the compound
XEC is independent of the other phase
existence [5,8]. The XECs of phases Al O,
and ZrQO, are given in Table 2[7,9].

Table 2. XECs of phases A1,0,and ZrO,

ALOs Zr0:
: 1,1 l,\]
St =- g7 =033x10 ‘Mpa’ | 57 == 0“Mpa
1 M
%Sé”’ S oggaoeveat | e P ae g gompd
2 E 2 EY

3.2. Voigt model

The Voigt model accepts that the
phase strains are constant [5,8]. The Lame’s
constants and shearing modulus of individual

phases in the compound are
P LM

IM _

G PRV Py 2=V A+ (17, 2 D
’ EM
(12)

S eV i’ 1=V, -7
Substituting the Young’s modulus and

Poisson ratios into Eq.(11), we have

M= 140GPa, AM = 109GPa, .C = 117GPa

u' = 173GPa, uM = 64,3GPa, u¢ = 94GPa

Therefore the Young’s modulus and
Poisson ratio of compound are:

C C C
EY = 3’1}; 2 _ 540GPa (13)
+ 4
s
Ve = ~0,278
2i/1c +u ’ (14)

Therefore the compound XECs in the Voigt
model are:

Sv(f'f _ Sv(,"“’\[ _ Sy(f' _ l 7 El 1,/1 _1,/(.".1,/'
It e T T 7
2 °F (1+v )(1—2»/ )
1 Nerd _
S E]::, z % = 1156 x 10" MPa™

oy

=-1.2x10°"MPa™

1 1 1

cl _ 1 geM _ 1 oC
_Sz - Sz - Sz

2 2

L BN 1T
27T ECT 14/

=53x10°MPa’’

For the multiphase materials, the Lame
constant is determined from the individual
phases are [6]

A=V A+ +. VA

Similarly, the shearing modulus pC,
Poisson ratio v¢ and XEC of the compound
can also be determined.

3.3. Eshelby—Kroner model

In the theory of
Eshelby-Kroner, the compression modulus ¢

self-consistence
and shearing modulus G¢ are determined as
[5.8]

v (k! =k \3kC +4G¢)
3k" +4G!

(15)

kC :kz\/[+

SV,G (G —GM 3k +4GF)
8G + GOk +12G' )+ kG

(16)

G =G" +

where k =
3(1

We obtain E“* = 255 x [0°MPa and v-F =
0,291

Sf=—v"E/ECE =—1.1x10°MPa™!

E.,'g =(l+v"F) ESF =5.1x10°MPa

The similar computation gives the
XECs in the Eshelby-Kroner model. Figure
2 shows the XECs from the three models with
various phase composition of AL O,. As the
AlLQ, increases the XEC decreases, showing
the increasing hardness of material. The Voigt
and Eshelby-Kroner models give the closer
XEC to the experimental data in comparison
to the Reuss model [10]. This means the
Reuss model is valid only for very low AL O,
composition, say less than 5%.
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Fig. 2. X-ray elastic constants S* and %Sf with phase ratio of Alumina

4, PHASE STRESS
4.1. Reuss model

In the Reuss model, phase stresses
exactly equal to a loading stresses or residual
stresses.

4.2. Voigt model

When a loading stress o, is applied to
the direction 11, the matrix stress (o) is
calculated as [5,6]:

(), = %(A’/ +28" o,

From Eqgs.(17) and (18), the normal stress
components (o) ,(c,), . (o;), of the matrix

ZrO,, then stress of inclusion can be
determined and illustrated as shown in Figs. 3
and 4. As the inclusion composition Al O,
increases, the stresses <O'1> decreases and
<02> increases. This simulation may

helpful in selection of inclusion/matrix
composition to adapt the material usage. Now,
the phase micro stress is determined from Eq.

(3). The similar results of micro stress and the
macro stress for inclusion Alumina and matrix

Zirconia can be found as shown in Figs. 5 and
6.
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4.3 Eshelby—Kroner model

The computation of stress in the Eshelby-
Kroner model is similar to the Voigt model, but
for the inclusion Al,O, as[5]

(01), =%(A+ZB)O'A (19)
(2), = (o), =5 (=B, 0)
where  Af = 3(1 v )EI and

(v )E" +2(1-2v" JEC
; 51— Jp!

T2l i JE (7= N1+ JEC

5. Sin’y Diagram Having Stress Gradient

Supposing that the profile of stress gradient in
the normal direction is as

1200 e
1000 U 0% aL0; |,
H | i -5 20% AhO; i
Hoaamve b0 |
: —sum/o AlgOz :
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Fig. 7. <al>f — o, relation with AL,O,composition

— 5 (2=0)
o; =0,

21

where 6,(z=0) is the stress at the surface
layer; a., n, are the constants represented the
gradient profile. The stress is defined as the
average stress in the X-ray irradiated volume,
determined as [5,6]:

<0'/_,/,(T)> = ]‘0(/.(:)9(_j]d: j:e[ .

+a.z"
7

(22)

where T is sample thickness; Tt is X-ray

) )
penetration depth, =S 0=SIY o
2u8in @ cosy

-type goniometer,z = (sinfcosy)/2u for y
-type goniometer, J7AH
thelinearabsorptioncoefficient.Figure 8 s
the relation of the penetration depth with
azimuth angle y for the matrix ZrO,
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Fig. 8. Relation of T —sin* w for y-type goniometer

using Cr-Ka, 26=133.4°, u=956cm™' and
for inclusion AL O, using Cr-Ka radiation,
26=152°, p=391cm™'". In fact, the value of
o, is small and we consider the gradient of
normal stresses in directions 11 and 33.

5.1. Stress Gradient in the direction 11

For the stress gradient profile in the near-
surface layer as shown in Fig. 9, the average
stress in the penetration depth t is determined

as[6]

<o—l(f)>—i[§ ek s for e |

ool

where g= %0(2) = %

Supposing 7= 1pm, b= 5um, 6, ~°=—-400MPa,

(23)

the average stress <(71 (r)> in the penetration
depth depends on the sin’y direction
and is simulated in Fig. 9.
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Fig. 9. Stress gradient profile and average stress

(o,(r)) and {o,(z)) with sin’y.

The strain in the direction (¢,y) is

(o9) (3557w 5, o)

r

dy, =dy+ do(% S, sin*y + Slj{o-l(hﬂ) X zg[e; e

b

) o

For the matrix ZrO,, d, = 0,509m [7].

5.2. Stress Gradient in the direction 33

Similarly, the average stress <0'3 (r)> for

stress gradient profile in Fig. 9(b)
can also be determined as

<O'3 (T» = 0'3(2:0)

05094

05092 -
=

0.509 f---

05088
v 05086 forrf

0.5084

0.5082

0508

05078

a4 & 43 4 4
0 ;

(a)

where r =20um, b= 220pm

g1(0 zr)=25MPa/um,

g2(r zb) = 2,5MPa/pm.

On the other hand, the strain in the direction (p,y)
is

(e5)= Gsz —%Sz sin’ y + Sl)<0'3 () )

d,, =d, +do(%S2 —%Sz sin” 1//+Sljx

r b

[0'3 (z=0)+ge * —1g,e T} (26)

Figure 10 simulates the sin*y of
Zirconia phase having stress gradient in 11
and 33 directions. It is clear that the Voigt and
Eshelby-Kroner models give closer results
than the Reuss model.
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Fig. 10. Sin’y diagram for stress gradient in directions 11 (a) and 33 (b).
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6. CONCLUSION and many measurements in azimuth angles
This paper has computed and simulated ~that affecting the measurement accuracy.
the XECs and phase stresses of AZ composite The simulated result can also be useful

in the case of stress gradient in directions 11  in selecting appropriate phase composition to
and 33. The simulated sin’y diagrams may adapt requirement of mechanical properties.
helpful in the case of single measurement Further research on anisotropic AZ composite
without using various X-ray characteristics should be done for more accurate analysis.
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