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Aabstvact

In this article, thermal fatizue svroblem under vultiaxial {pla—
ne) stresses has been investizated with acantitative analvsis
and tests.

The circlUlar crlinder specimens were ftested under thevrmat fa—
+isue which was in ster with mechanical fatiaue.

The axial fovee Fx only Induced the axial stress Ox ostrain,
Ex» &nd the plastic strain £p, o ALL the tempsrature oroles were
same, so we had different vatioes Ox/ 05 ». ExEp > Epx 7/ Epg with
different axial forces. In the result, straizht fhevmml fatisue
cracks in dlfferent directions and checks in differsent states
cceurred on surfaces of the specimens. '

The +transient temperature, stress and sivain fields have been
caleulated by the thermal stasto—plastic Finite Element Method
(FEMY .

Compared the tost results with +that of caloulation, we'wve co-—

me to the coenclusion that the state of thermal fatisue cracks is

derendent on the stress state and the rlastic stvain state, not
on the strain state. The direction of cracks Is perependicular to
the aveater maln stress. and the arester plastic strain. Thermal
fatiaue checks will ncour when ovne main stress is about the same
a8 +the other one and one plastic strain is about eaual o ano-
ther. )

i
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1. Introduction

Thermal fatigue often occur in engineering. After many times
of heating and cocoling, thermal fatigue cracks are created on
the surfaces of componentss such as dies» rollers and so on.
Some cracks may big enocugh to make the components Lose their
Load capacity and bring about a great loss in economy. Sos in-
vestigating thermal fatigue problems has a great value not only
in theoritic but also in economic aspects.

Thermal fatigue problems are very complex: they tnvolve many
factorss such as transient temperature, transient stresses
enviroments and the property changes of materials with tempera-
ture. So research is basicly concentrated on to gualitative
analysis and test simulations.

Coffin's formula ASpNf*=c taid the foundation of guantitative
anhalysis of thermal-mechanical fatigue. We can calculate the
thermal fatigue Life Nf with the cyclic plastic strain range’
AEp. Because the thermal fatigue s a transient problem and in-
volve many factorss so there are many difficulties in guantita-
tive analysis works. The quantitative analysis of thermal fati-
gue under multiaxial stressess as considering the propagation
patterns and states of cracks under different stress states, is
important in thermal fatigue designs, but Little work has been
done up to how.

In this . articles the thermal fatigue problem of 3Cr2W8Y steel
under biaxial stresses has been investigated with guantitative
analysis and tests.

2. Thermal Fatigue Test

1. The test purpase
The tests were carrted out to obtain different stress states:

regularities of propagation and different states of thermal fa-
tigue cracks: so as to illustrate the effects of the stress sta-
tes on the thermal fatigue. The surfaces of specimens are under
hiaxial stresses, therefores only by altering the ratioes of the

maln stresses or changing the tortional stressess the states of

stresses could be changed.

2. The test method

‘We selected the circular cylinder specimens of 3Cr2W8V steel,
shown in Fig.1:, in order to regulate the stress siates easily.
The temperature and the axial force had been cycling in step
with each other, ths force maintained zero during the slow hea-
tings but it was exerted when cooling. The cvelic curves are
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Fig.l The thermal fatigue specimen
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Fig.2 The cyclic curves oi temperature and
axlal force corresponding to the time

shown tn Flg.2. The maximum axial force Fxmax could be adjus-
teds so the axial stress Ux » axial strain £x and the axial
ptastic strain Epy could be adjusted as well. ALL the specimens
had borne the same temperature cvcles: so the circumferential
stress gp :» circumferential strain £ and the circumferential
pltastic strain gpy >which were induced by the temperature gra-
dients in the specimens: were same in all specimens.

Hence we had different ratioes Gx / Gp » Ex/ Ep and Epx /Eps
with different forcess or we had different stress states. Then
wa studied the thermal fatigue problem under these stress sta-
tes.

In the testss Tmax=720°,: Tmin=210°%. The number of cycles
wag 150 for every specimen. The transformation temperature Acl
of the 3Cr2W8V steel is 850°C: so there was no phase transfor-
mation in the thermal fatigue cycles.

Because of the slow heating and the force maintained zeros
= there vere no stresses in the specimens during heating. When

3 quenching, the temperature rate was very high, so the tempera-
IH ture gradients were great in the specimens. With self~cons=-
'? traint of the specimens, the circumferential stress gz » straingy
o and Eps occurred: and also the mechanical stress gx » straingy
and Epy occurred as the axial force Fx was exerted at the same
time. Hence we had a biaxial stress state on the surface of a
specimen when auenching.

3. The test edquipment

The tests were carried out on the Gleeble--1500 machine pro-
duced by the Duffers Scientifics INC of USA. This machine is
b controlled by a computers so it is easy to operate. It can ga-
P & ther data and plot figures automaticaly. The temperature, me-

¢ chanical load and the water-spraving system c¢an be programmed
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in step with each other. S0 the results of the tests are reli-
able. The clamping and water-spraving apparatus were speciatly
designed by the authors.

4. The test results

The quenching T--t curve is shown in Fig.4. Microgsraphs of
the thermal fatigue cracks propagated on surfaces of the spec1—
mens after 150 cycles are shown in Fig.3.

From Fig.3» we canh see the foliowing characters of the cracks.
As Flg.3(a) shown: strailght cracks occurred corresponding to the

‘zero force, and they ars paralle!l to the axis of the specimen.

The great force induced alsc the straijght cracks, but these cra-
cks are perpendicular to the axls of the specimens, shown as '
Fig.3(e). There are only thermal fatigue checks on the surface
of the specimen which bore a .moderate axial force. as Fig.3(c)
shown. With the small forces we had the rectangular c¢hecks which
are parallel to the specimen’s axiss as Fig.3{(h) shown. A moder-
ate great force induced also rectangular checks.-which are perpen-
dicular to the axis: as Fig.3(d).

Therefore: the directions and states of the thermaL fatigue
cracks changed with the force’s changing.

3. Numerical Calculation of The
Transient Temperature Fleld

The stresses and strains in thermal stress Tatigue problems
are dependent on the transient temperature Tield of specimens-
of components. But the transient temperature flelds are very
difficult to be determined as to some properties of materials
vary Wwith temperature. That is why up to now the aquantitative
analysises of the thermal stress fatigsue problems have not been
done. The authors have calculated the transient temperature wi-
th numerical method in this artical. The following is the sym-
posis of the theory and the method.

The differential heat conduction equation for the axisymme-

~trical probLem Wwithout heat sources is

2T __k (94T 1 2T, 21 :
at — plp ( arz T ar -+‘ax2 ----------------------- (1)

The second boundary condition is

2T '
i T Pl A — S (2)

The third boundary condition is

kan __CX('

Here k is heat conduction coefiicient, Cp is specific heat,
4 is heat-flow density on the second boundary and ¢ the heat-
exchange coefficient on the third boundary, they are all func-
tions of temperature T. :

From the above equations we have induced the following equa-
tion of the Finite Element Method

CKICTY + INIC2T_ ¥} = {P)  memmmmmmmem oo (4)
ot
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The backward finite difference is substituted for the deri-
vative of temperature with respect to time » we have the recur-

rerce formula

(CKI + CNDCTYx = (Ph+ [NILTY 4 —-m-m=7m7=w7- -(5)
4t at

Wwith the initial condition:
Tlieo = To

We can obtain the numerical solution of the temperature field
step by step as the time goes on.

_The key to the question is how to determine the heat-flow den-
sity § and the heat-exchange coefficient & in heat conduction,
The authors determined them by comparing the temperatures cal-
culated by the Finite Element Method with that measured on the
surfaces of specimenss and by repeating calculations. Finallys
we obtained the numerical solution of the temperaturs fields in
the specimens. Fig.4 and Fig.S5 are the temperatures we calcula-
ted and measured on the specimen’s surface. From the fligures we
can see that the two curves tally with each other, so the resul-

ts of our calculation are reliable.
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I'ig.4 The quenching T--t curve . section of the specimen)

4. Numerical Calculation of The
Transient Stresses and Strains

From the results of the transient temperature field calcula-
ted aboves we can calculate the stresses and strains of speci-
mens by the thermal elasto-plastic Finite Element Method (FEM).
"The mechanical properties of the material change while quench-
ings so we tested the material-on the MTS machine from 20°C to
720 %, and obtained the stress-strain raltations at different
temperatures. .

The basic equation of the FEM is
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[K%ﬁd{5'15= ﬂ{P}L ___________________________ (7)

From the equation we can calculate the stresses and strains.
Here [K1j.; is_the rigid matrix before the time increment Aty
A{P}. and A< Xy are the increments of lLoads and displacements
th Aty . Then the stress increments 4L }{ can be calculated
with 44§ }4. ' '

s The time increments At} and the finite elements are all the

o sameé to that used in the temperature’s calculation.

P The stresses Gx» Gp » strains Ex » Esp and the plastic strains

e - Ep Epo In a specimen calculated with the above method are sh-

k. own in Fig.6 and Fig.7. '
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In Fig.7s the maximum stresses in the region near the boun-
dary (r=5.0mm) exceeded the elastic limit of the material, but
there is still an elastic region near the axis of the specimen.

5.

Analysis and Discussion

- Curves of the maximum stresses, strains and plastic strains
on surfaces of the specimens correspanding to the maximum axial

forces

have been drawn

in Fig.8.

Fig.9 shows the relations be-

tween states of cracks and that of stresses and srains.
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Fig.9 The sketch wap of the relations between the states
of thermal fatigue cracks and that of stresses,
strains and plastic straine .

The figures show that the circumferential stress e is two
or more times as great as the axial stress gx. and the circum-
ferential plastic strain Eppis Tar greater than the axial plas-

tic strailn £,y that is (>2:Gx and Epp>>Epx» on the specimen-
. X P 3

s surface when the axial force Fxmax equals zero. The corres-

ponding cracks are in straight lines and they are parallel to
the axis: or perpendicular to Gp and Eps . When Fxmax takes a
moderate value(about 1200kg)s gy is about equal to 6x and Epeto
qq, or Gp = 0x and Epp= Epyr then checks appear. The great force
makes Oy >1.5-Qp and Epx?4Epg>s and then straight cracks occur al-
80y but they are perpendicular to the axis, or to gx and Epx .
Although the axial force Fxmax changed in a Large ranges the
direction of the maximum strain didn’t alter, that is Ex > Eo
in all the above cases. _
From the above analysis, we’ve come to the following conclu-
sions. The states of thermal fatigue cracks can be changed wi-

th the changing of the states of stresses and plastic strains,
which can be induced by the increase of the axial force. The
straight cracks are always perpendicular to the maximum stress

Q; and the maximum plastic strain Epr . Checks occur when two
main stresses are about the sames and also two plastic strains
are about the same,
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£. Conglusions

{1). The states af thermal fatisue cracks are dependent - oN
that of stresses and plastic strains, not on that of strains.

{2y. Under the states of (O >L.50z2 and & >3:Epp» the thermal
fatiaue oracks will be In stvalaht Lines, and retrpendicular to
d7 and €p - _

{Z). When +wo main stresses are about the same and also two
plastic strains are about the same, thermal fatisue checks witl
DoouY, _

(4). Stress state must be wonsidered in thermal fatisue de—
sians and tests, because thermal fatisue cracKs have somthinz
to do with the states of stresses and plastic stvalns.

our concluslions arve applicable for the famous Coffin’s test.
The specimen was a thin wall clrcular criinder which was cons—
trained riaidly at its two ends. The temperature field was uni-—
form In the specimen. Because it was free In radial and cirocum—
ferential divections, thevefore we have the states

Gp = Gp=0, Eg= Er= f AT, Epg = Epr =0 Ex= Ex+Eex +Epx =0>

but Ox =0 and Epy =0. :

Accordins o our conclusions, the coracks misht be in straiaht
Lines, and they miaht be peveendicular to the maximum stvress Jx
and the maximum elastic strain Epg» or to the axls of the spe-—
cimen. Infact, the cracks in Coffin’s test did so.
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