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A Method of Determination of the Regular Stress Term for an Arbitrary Joint

Geometry under Thermal Loading

Abstract:

The problem is treated of a two dissimilar materials joint with arbitrary edge angles under
thermal loading. Emphasis is placed on the investigation of the regular stress term, which
is independent of the distance r, in the stress field near the singular point. A method of
calculating the regular stress term o,4(6) analytically for arbitrary angles 6, and 0, is pre-
sented. Numerical results of g, for special wedges are included for all possible Dundurs
parameters. It is shown that under thermal loading conditions the regular stress term is
very important to the stress distribution in the near field of the singularity point.

Eine Methode zur Bestimmung von reguldrem Spannungsterm fiir Verbund

mit beliebigen Winkeln bei thermischer Belastung

Zusammenfassung:

Das Problem von Zweistoffverbunden mit beliebigen Winkeln bei thermischer Belastung
wird behandelt. Der Schwerpunkt liegt auf der Untersuchung des reguldren Spannungs-
terms im Spannungsfeld in der Ndhe der Singularititsstelle. Der regutdre Spannungsterm
ist unabhéangig vom Abstand r. Eine analytische Methode zur Bestimmung des reguldren
Spannungsterms a;,(0) fur beliebige Winkel 8, und 8, wird angegeben. Numerische Er-
gebnisse von o werden fir spezielle Winkel 6y, 8, als Funktion der Dundurs Parameter
dargestellt. Es wird gezeigt, daB bei thermischer Belastung der reguldre Spannungsterm
einen wesentlichen Beitrag zur Spannungsverteilung in der Nihe der Singularititsstelle
liefert.
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1. Introduction

If two different materials are bound together thermal stresses are developing during
cooling or heating due to the different thermal expansions. Very high stresses occur near
the edge of the interface of the compound and singularities of the stresses appear at
point A in Fig.1. These stresses in the near field of the singularity point can be described

analytically by

N
oW, 0) = G WO+ opl® ("
where r and 6 are polar coordinates as shown in Fig.1 and L is a characteristic length of
the compound. The stress exponents w, and the angular functions f can be calculated
as a function of the elastic constants Eq, F,, v1, v» and the geometrical angles 8, and 8,
[1] [2]. The stress intensity factors K, and the regular stress term o;,(8) are proportional
to the temperature difference AT and dependent on the elastic constants, the thermal

expansion coefficients, and the geometrical angles.

Here the stress intensity factor K, is different from that in fracture of mechanics. Accord-
ing to the definition in Eq.(1), Ky has the dimension of the stress and is independent of the
size of the compound. They can be calculated by applying the results from the numerical
method, e.g. the finite element method [3].

For the special geometry of 8, =90, §,=— 90° the regular stress term g;,(6) was calcu-
lated analyticaily [2], [4]. In this paper a method of calculating a,,(6) analytically for
arbitrary angles 6, and 8, will be presented.

2. Fundamental relations

For a two-dimensional problem the stresses can be analysed by means of the stress
function. The following stress function was used for the problem shown in Fig.1.

o

01, 6) = ) 1% (A, sin(w,6) + B), cos(w,f)
n=0
+ Cjp SIN[(2 — 0,)0] + D cOS[(2 — )01} @)

The subscript j denotes the two materials (j = 1, 2).

The stresses are obtained from Eq.(2) :
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Introducing Eq.(2) in Eq.(3) yields

a(r, 0)= D ™ (1 — w){Ap(2 + @,)0 + B2 + wp)8co.

n

— Cpol2 — 0,)&si2. — D}y(2 — 0,)8c02.) (4a)

ajg(r, 0) = Zr“ “n(2 — w,)(1 — wp){Ano + Bj,&co.

n

+ Cjp&si2. + D;,&c02.) (4b)

Typ(r, 0) = — Zr_ “(1 — wp){Apw,&co. — Bjw,o

n

+ Cpp(2 — w)&c02. — Djy(2 — w,)85i2.} (4c)
(=12

For plane stress the relations between the stresses and strains are given by

&= % (o, —vog) + aAT (5a)

b= (0g— v0,) + aAT (5b)
1

Vg = G ‘o (5¢)

with the shear modulus G, Young’s modulus E, Poisson’s ratio v.

The components of the strain are related to the displacements by

_du
&= or (63)
10
£0=%+76—g‘ (6b)




1 ou dv

v
___+_.___r_

Yo =F 39 " or (6c)

The displacements u; and v, are obtained from Egs.(4), (5), and (6) after vanishing of the

rigid body displacements as

(1_ wn)
uir,8)= Y. r—E]— (AnL2(1 = ) + 0,(1 + )]0

n

+ Bjpl2(1 — v) + w,(1 + v)]&co.
-‘C]n(1 + V])(z - Cl)n)&Siz.

—Dj(1 4+ v)(2 — ©,)&c02.} +rea« AT (7a)

(=)
o(r, 0= L (A2 =)+ 2= 0)(1 +)Jaco.

—Bpl2(1 —v) + (2— w,)(1 + v)]o
—Cjn(1 + v)(2 — w,)&c02.

In order to determine the unknown coefficients A, B, Cj», Djn, @n, the following boundary

conditions were used.

For 0 =0,: o4(r,6;)=0 Ty9(r, 01) =0

For 0 =0,: oy(r,0,)=0 Too(r, 02) =0

For0=0: au(r,0)=0u(r,0)  Tyr, 0) = Teu(r, 0)
uy(r, 0) = uyr, 0) vi(r, 0) = vy(r, 0)

These 8 relations lead to the following 8 equations :

D 2 — 0,1 = 0p) (Argsit. + Byy&olt.

n

+ Cyp852/1. 4+ Dy,8c2/1.} = 0 (8a)




To satisfy Eq.(8g) one of the values w, - denoted w, -
treated in section 3. As r in Eq.(8) is arbitrary, if w, # 0, we obtain

> w0, ~1){ Ay 0,80, — By, 81,

n

+ Cy (2 — 0,)862M1. — Dy (2 — 0,)852/1.} =0

D (2 — 0,)(1 = w,){Ag85/2. + ByySici2.

n

+ C2n&32/2- + Dzn&C2/2.} = 0

D (w0, —1){ Ay, 812, — ByryBis2.

n

+ Cyp(2 — w,)&c2/2. — Dyp(2 — w,)852/2.} = 0

> (2 — w)( — w)(Byn + D1) — (2 — 0,)(1 — 0,)(Bn + Dyp)) =0

n

Zr_ “n(1 — o) {Ap@wp + Cip(2 — wp) — Agpwy, — Cop(2 — wp)} =0
n

D OBy uL2(1 = )+ 01 + )] — Dyt + 1)@ — 0,)
- B2n[2(1 —vy) + 6Un(1 + vo)] + Dyp(1 + v2)(2 — wp)}

— rAT' EQ((XQ — a1)

Zr1_‘°"{A1nu[2(1 = )+ (2= @p)(1 +v9)] = Cppa(1 + v9)(2 — @p)

n

— Agp[2(1 = vp) + (2 — @p)(1 + )] + Cop(1 + v5)(2 — @)} =0

where u = E,/E,, oy, o, are the thermal expansion coefficients.

App&sit. + Byp&elt. + Cy,&s2/1. + Dy ,8c2/1. =0
A pwpé&ell. — By,w,8s/1.

+ Cip(2 — ,)862M. — Dy (2 — w,)&s211. = 0

(8b)

(8c)

(8d)

(8e)

(81

(89)

(8h)

has to be zero. This case will be




Ay 8812, + Byp&Cl2. + CppB5212. + Dyp8G212. = 0
Ay @812 — Byt 812,
+ Cop(2 — wp)&c2/2. — Dy(2 — wp)&s2/2. =0
Byp+ Dy —Bop— Dy =0
Aoy, + Cin(2 — wp) — Ay, — Cop(2 — w,) =0
uL2(1 = vq) + wp(1 + v1) 1By — p(1 4+ v4)(2 — @)Dy,
— [2(1 = vy) + @,(1 + v5)1Byy + (1 + v5)(2 — 0y)Dyp = 0
uL2(1 = vy) + (2 — wp)(1 + v)]Ay, — u(1 + v4)(2 — @,)Cy),
—[2(1 = vp) + (2 — wp)(1 + v9)JAy, + (1 + v9)(2 — @,)Cpp = O (9)
(n=1,2,...)

Equation (9) can be rewritten

[A1{Xp} = {0} (10)

[A,] is the coefficient matrix in Eq.(9) and {X,} = {AwBin.CinDin Asn Bsn ConDsn}T. To obtain
a non-trivial solution of {X,} in Eq.(10) |A,| =0 has to be satisfied. Its solutions are the
eigenvalues of the problem. The displacements must be finite at r = 0, so that only the
solution with w, < 1 need to be considered. It was shown by Bogy [1] that dependent on
the material properties and the angles 6, and 8,, there may be one or two positive values
of w, which lead to stress singularities. Also complex values of w, are possible. This will

not be discussed in this paper.
3. Solution for w, =0

The solution wy=0 is a trivial solution of Eq.(8). For w, =0 by application of normal
solving method a solution of Eq.(8) exists only for special values of 8, and #,. These are
0,—0,=n or 8, —0,=2rn or 8, =n and 6, arbitrary or 6, == and 0, arbitrary.

A general solution can be obtained by using a limit process, i.e. in Eq.(8) putting w, # 0,
but w, — 0. Then Eq.(8) can be written

lim {Ayq sin(wyf4) + Byo cos(wyly)
wg =0

+ Cyo sin[(2 — )] + Dyg cos[(2 — wg)04]} = 0




|im0{A10a)0 cos(wgf4) — Byowg Sin(wg)
wy —
+C10(2 — wg) coS[(2 — wg)04] — Dyo(2 — wo) Sin[(2 — wp)0411} =0
|im0{A20 sin(wgby) + Byy cos(wgly)
Wy —+
+Cyp sin[(2 — wp)0,] + Dyg cos[(2 — wy)0,]} =0

”mo{A20w0 COS(C()Oez) - B20(00 Sin(a)oez)
(Uo -

+ Cyo(2 — wg) cos[(2 ~ @g)0,] — Dyp(2 — o) sin[(2 — wg)8,]} =0
Byo+ D4o— By — Dyp=0

a!imo{Amwo + Cyo(2 — wg) — Agwg — Cpo(2 — wg)} = 0
0 -

”mo{#[2(1 —v9) + wg(1 + v1)1Byo — #(1 + v4)(2 — wg)Dyo

— [2(1 = vp) + wo(1 + v)1Bgg + (1 + v)(2 — wg)Dyo} = E;AT(oty — at4)

wlj)njo{u[ZU —v4) + (2 — wo)(1 + v4)JA10 — (1 + v4)(2 — @0)Cyg

— [2(1 = vy) 4 (2 — wo)(1 + o)Az + (1 4 5)(2 — @o)Cyo} =0 (11
These relations can be written

Ao sin(wgf4) + Byg cos(woby)

+ Cyo SiN[(2 — wp)84] + Dyg cos[(2 — wp)041 =6
Aso®o cOS(wgl1) — Byowg sin(wob)

+C10(2 — W) coS[(2 — w)01] — Dyo(2 — wg) sin[(2 — wg)04] =6
Ao Sin(wgh,) + By cos(wgb,)

+Cyo SIN[(2 — wg)8,] + Dyg cOS[(2 — wg)f,] = 6
Agowq c08(woll,) — Bagwy sin(weby)

+ Cy0(2 — wg) cos[(2 — wg)8,] — Dyo(2 — wy) sin[(2 — wg)8,] = 6
Bio+ Dig—Byo— Dy =0

Aog + C1o(2 — @) — Agewg — Cpo2 — @) = &




u[2(1 — v4) + 0o(1 + v4)1B1o — (1 + v4)(2 — wo)Dso
— [2(1 — vp) 4 @g(1 + v5)1Bao + (1 + v2)(2 — wo)Dyo = EpAT(aty — 1) + &
ul2(1 = vq) + (2 — wo)(1 + v4)JA10 — u(1 +v4)(2 — @o)Cyo
— [2(1 = vp) + (2 — @o)(1 + v2)]Az0 + (1 + v)(2 — @g)Cyo = 6 (12)
where w, and 4 are infinitesimal.
Equation (12) can be written in matrix form
[AcJ{Xo} = {Bo} (13)

where [A,] is the coefficient matrix in Eq.(12), {Xo} = {A1,B10,Ci0.D10,A0,B20.C D}, and
{B}={6 6 6 6 0 &6 EAT(—o)+3d &}

The coefficients {X,} can be solved by application of the Cramer’s principle, e.g.

A4,
10 =
| Aol
| A, |
0
10 = (14)
| Ao

and corresponding relations for the other coefficients. | As,,| is the determinant obtained
by replacing the first column of |A,| by {Bo}, |As;,] by replacing the second column ...,
and so on.

Then the stress terms corresponding to we = 0 are given by

0)0(0) = Iimo{r_ 21 — wg)LAp(2 + ) sin(wyh) + Bjp(2 + wy) cos(web)
Wy —

60

— Cjp(2 — wg) sin[(2 — wp)8] — Dyp(2 — wp) cos[(2 — wg)011} (15a)

990(0) =a!ir30{r_ “(2 — wo)(1 — o)L Ajg sin(wgh) + By cos(wyh)
do—bO
+ Cjg sin[(2 — w()8] + Dy cos[(2 — wy)611} (15b)

Tjroo(6) =a!0ir_f30{ —r (1 — cL’o)["\/owo cos(wyf) — Bjpwg sin(wob)

60
+ Cjp2 — wg) cos[(2 — wg)8] — D2 — wy) sin[(2 — we)811} (15¢)

(i=12




In Eq.(14), if we =0 and 6 =0, there is

[ Aol = 'Aswl = IAcml = lADmI = IABzo' = IAczol = IAozol =0 (16a)
[Ag, | = —128E5(0 — a4)AT sin(8,) sin(8,)[ cos(8) sin(8,) — cos(6,) sin(6,)] (16b)
|AA2°| = —128E,k(0, — 004)AT sin(0,) sin(8,)[ cos(8,) sin(8,) — cos(8,) sin(6,)] (16¢c)

However in Eq.(15) the coefficient A, is always combined with sin(we8) or w, cos(w.9).
For arbitrary angles 6, if w, =0 and é =0, there are

IAAjl,' sin(wgf) = 0 (17a)

and

|AA,-0 | wy cos(wyh) = 0 (17b)

Consequently, the I"'Hospital principle can be used here and it holds

;4_]0 = “m Aloa)o COS(CUOH)
wy =0

60

AAonw =0 .
| Ay | wg cos(wyd) 0= A
=lim —= = e L
wy -0 | Ap| al Ayl Z
60 T_ Iwo =0
Wo  s5-0

(18a)

|AAj0| sin(wy0)
wp =0 wy =0 IAol
60 60

=——— 0 g_ZH (18b)

(18¢c)

10




and corresponding relations for the other coefficients. Finally, the regular stress terms
oin(6) can be calculated analytically by

G]I’O(O) = 2{;,00 + B—]O — c_:-j'o Sin(20) _ D_jO 003(20)} (193)
0190(0) = 2{A0 + Bjo + Cjo sin(26) + Dy cos(20)} (19b)
%r00(0) = — 2{ & Ao + Cpo 005(20) — Djp sin(20)) | (19c)

The displacements according to we = 0 are
2r = = = .
Ujo(r, 0) = ?;" [Aj00(1 - V}) + Bj0(1 — Vj) — Cj0(1 + V]) Sln(29)
— Djp(1 + v)) cos(20)] (194d)

_ _ 2A
oy, 6) = -?é:— [— Co(1 +v)) cos(20) + Dio(1 + v) sin(26)] + Hyor — —Ej’i Fin(r) (19€)
where Hj is the unknown constant.

The coefficients Ay, B, Cio , Dpp , can be calculated analytically by means of the following
equations

Z = 0’[Fys— (04 + 0,)(Fio + Fpq) — 3F4e + 2F4p— 1]
+ 20 (Fyq — sin(20,))0, + (F4, — sin(204))04 + 2F,; — 2F;, + 2]
+ 20[Fy40, — F1904 + Fipl
+ 2B[(F1o — sin(204))84 — (Fq — sin(26))6,]

FLFagt (0= 0)Fyy —F) —Fie + 11 (20a)
A1 =% g(a + 1){(Far — Sin(26,)) — (Frg — sin(20,) (20b)
B, = —j,'— G0l Fa — 2(Fy — Fip + Sin(20,))0; — 2 5In(20,)0, + Fyo — 2F1p — Fyp + 31

+ [Fas — 2(Fay — Fuo + SIn(20,))0; + 2 5in(26,)0, + Fy + Fyp —11) (200)
Cy = 7 G(o[2F4o(6; + 65) + (Fyy — 5in(20,)) + 3(F, — sin(20,)]

+ [2F (01 — 0,) + (Faq — sin(26,)) — (Fyg — sin(26,))1) (20d)

11




D;=—%Q{“[F4s“2f:21(91 +0,) — 3F 4o+ 2Fyp — Fyp — 1]

+ [Fas + 2Fp4(0, — 04) + Fyo + Fyn — 11} (20e)
Ay = — 1 ala = D{(Fys — sin(26,)) — (Fy; — sin(20.)) (200)
B, = o q{alFes + 2(F51 — Fro — SIn(26,))0, — 2 5in(20,)0 + Fyg — 2Fyp — Fyp + 3]

+ [ — Fas — 2(Fgy — Fya — $In(26,))6, — 2 in(20,)8, — Fyo + Fy +11) (20g)

C; = % q{a[2F45(81 + 65) + (Fyp — sin(26,)) + 3(Fpq — sin(26,))]

+ [2F45(04 — 0y) + (Fyy — sin(26,)) — (Fy, — sin(204))1} (20h)
Dy=— -%—q{oc[&s — 2F15(04 + 85) — BF4c + 2F 1 + Fyp — 1]
+ [ — Fas+ 2F5(0, — 04) — Fyo + Fyp + 11} (207)

where a, f are the Dundurs parameter

_my —kmy
%= my + km1
_ (my—2) — k(m —2)
my + kmy

with

for plane stress

41 —v) for plane strain
and

g= —1——’2L¥“— EJAT Aa

with

E, for plane stress

for plane strain
12




oy — 0z for plane stress
Ao =
(1 + vy) — o(1 + v2) for plane strain

The parameters Fi, Fu, Fr, etc. are
F,, = cos(20,) — cos(26,)
Fip = cos(28,) + cos(20,)
F,. = cos(26,) cos(20,)
F4s = sin(20,) sin(204)
F4, = sin(26,) cos(20,)
Fyq = sin(20,) cos(26,)
If By + Djp # 0 a characteristic stress can be defined as
00 = g0 lg—o = 2(Bjo + Dpo)
Then the regular stress terms can be rewritten
aj0(0) = ao{K,OO + Ejo - _jO sin(26) — 5}-0 c0s(260)}/(Byo + Do)

0190(0) = 0o{ A + Bjo + Cjo sin(26) + Dy cos(26)}/(B1o + Dyp)

Tjrgo(0) = — 0of % Aj + Cjo cos(26) — Djo 5in(20)}/(B1o + Dio)

Generally, the regular stress term can be written

o /jo(f , 0)= Gofl/o(e)

4. The regular stress term for special cases

410,~0,=n
In this case the coefficients are
Z = {o&c1.[ — sin(20,)(20, — n) — 28¢1. + 2]
+ af(&ct, — 1)[ sin(264)(204 — =) + 2(&c1. — 1)]

— o sin(2604)&c1.n + f sin(20,)n(8&c1. — 1)}

13

(21a)

(21b)

(21¢)

(22)

(23a)




A =0 (23b)

B, = — % G{o[2(&c1. — 1) + sin(20,)(28; — 7)] + 7 sin(26,)) (23¢)
C= % g sin(20){a[2(&c1. — 1) + sin(26,)(20, — n)] + = sin(26,)} (23d)
D, = —l— q&ct.{a[2(&c1. — 1) + sin(20,)(20, — n)] + sin(20,)} (236)
Ay = A, B, =B, C,=C, D, =D, (23f)

If 8, = — 0, =90 there are

= = = = q
B1=32=D1=[)2=_m__2_ﬂ)- (24a)
Z\}-_-Zz=61=62=0 (24b)
and
GX0=TX_VO=O (258)
___ 9

If In Eq.(23) Z = 0, but Aj, B}, C;, D; # 0, there is o,y — co. The corresponding conditions
for o = oo are

1
o= p(1— W) (26a)

for cos(26,) # 0 and
f=0 (26b)

for cos(26,) = 0.

In Fig.2 to Fig.5 ¢" is plotted in the o, § diagram for different combinations of 6, and 0,
where ¢" is defined as
* UO

o == ’ ’ (27)
(E1 -+ EQ)A(XAT .

All possible values of the Dundurs parameters «, f were considered.
4.2 0,=n and 0, is arbitrary

In this case the coefficients are

14




Z = {o°[ sin(26,)(8, + ) + cos(26,) —1]

— 2a[( cos(28,) — 1) + sin(26,)0,] + [ sin(26,)(8, — =) + ( cos(26,) — 1)1} (28a)

B, = —;— g{af( cos(28,) — 1) + sin(20,)(8, + )]

+ [ sin(260,)(x — 6,) — ( cos(28,) — 1)1} : (28b)

Dy = — B, (28¢)

Aj=Ci=A,=B,=Co,=D,=0 (280)
and

B, = ———Z(aq_ D (286)

where 0, 3+ — n. The regular stress terms are

Oyo = Tyyo = 0 (29a)
29

Iix0= ] (29b)

Ox0 =0 (29c¢)

For a = 1 there is g = co.

If 8y = — 6, = = the coeffients are
Z =167" (30a)
By = — Dy = —4qn”® (30b)
B, = — D, = 4qn° (30c)
Ay=Ci=A,=Cp=0 (30d)

The regular stress terms follow

Oyo = Tyyo =0 (31a)
Oixo = — 9 (31b)
Oox0 =G (31¢c)

In this case, the regular stress terms are independent of f. In Fig.6 ¢" is plotted versus
ofor|6,|#nand |6, =n As inthis case B+ D=0, i.e. 0,=0, ¢ is defined as

15




o = — ‘71'x0 (32)
(E1 + EQ)A(XAT

In Fig.7 the stress exponents wy (w = {Re(l,) | —0.5 < Re(1,) < 0.5}) are plotted versus
| 6, | for 6, = 180" and the material data are

E, = 280(GPa) vy = 0.26
E, = 72(GPa) v, = 0.30

It can be seen that if | 8, ] # 180° but close to 180", there are three non-zero stress expo-
nents wy in the range —0.5 < w, < 0.5. Thus, even if | 8,| changes from | §,|+# 180" to
| 8, | = 180" there is a jump of the regular stress o;(0) at | 8. | = 180, the stresses are
continuous.

5. Stress distribution in the near field of the singularity point

As an example, a joint with 8, = 115, 8, = —45 is considered which is shown in Fig.8. The
material data are

E,=280(GPa)  v;=026 a;=25x10"°/K
E, = 14000(GPa) v,=0.30 o, = 18.95x 10 °/K
and AT = —100K. For the given material data and plane strain the stress exponents are

w; = 0.0879
w, = —0.059259

The distribution of the regular stress term is shown in Fig.9 and the constant stress o, is

oy = 30611 MPa
The angular functions f for each stress exponent are given in Fig.10.

The FEM was used to determine the stress intensity factors K, (k =1, 2). By application
of the method given in [3], the values of K, were obtained. For this example the stress
intensity factors K are

K, =—10433 MPa
K, = —20960 MPa

From Eq.(1) the stress distributions were calculated along different lines, where N=2.
The stress term o1, 04, 0;p Was drawn as oy, 0,, and g, respectively in the following fig-
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ures. In Fig.11 the stress distributions o, and 7,, for 8 =0 are indicated. In Fig.12 and
in Fig.13 the stress distribution o, for 8 = 115° and § = — 45" is shown.

It can be seen that the regular stress term o,,(6) is very important to the stress distrib-
ution in the near field of the singularity point under conditions of thermal

loading(AT # 0).

6. Conclusions

The stresses in the near field of the singularity point can be described analytically by

Lok
ai(r, 6) Z o fd8) + 00(6)

=G0K
Under thermal loading conditions the regular stress term is very important to the stress
distribution in the near field of the singularity point.

For an arbitrary geometry with angles 6, and 8, the regular stress term can be calculated
analytically by the method given in this paper.
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EZ, V2, 0

Fig.1 The general configuration of a joint of dissimilar materials.
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Fig.2 The o} distribution for the joint with 6, = 90°, 0, = — 90",
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Fig.3 The o, distribution for the joint with 0, = 120", 0, = — 60".
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Fig.4 The o; distribution for the joint with 0, = 135, 0, = — 45",
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Fig.5 The o} distribution for the joint with 6, = 150", §, = — 30".
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Fig.6 The oy distribution for the joint with 6, = =.
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Fig.8 The geometry of the joint with 0, = 115", 0, = — 45".
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Fig.9 The regular stress term for the example.
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Fig.10 The angular functions for @, and w,.
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The stress distribution ¢, and 1,, for 0 = 0,
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Fig.12 The stress distribution ¢, for 0 = 115"
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Fig.13 The stress distribution ¢, for 6 = —45".
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