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High Temperature Creep and Slow Crack Growth
Properties of HPSN as an Example of Ceramics
Containing a Glassy Phase

D. Bethge*

Kernforschungszentrum Karlsruhe, Postfach 3640, 7500 Karlsruhe,
FRG

SUMMARY

The high temperature creep kinetics and the slow propagation of cracks in
hot-pressed silicon nitride with a glassy phase were investigated. In addition,
creep tests under constant load (4-point-bending ), compliance measurements
and stress relaxation experiments were carried out. Specimens with
trapezoidal cross sections were used to determine the ratio of the creep rates in
tension and compression. A two phase model, based on the compliance
measurements, describes well the kinetics of primary creep.

A consideration of the strength criterion for slow crack growth can be
neglected for materials undergoing viscous flow or creep. A crack propagates,
whenever the free energy of the sample is thereby lowered. Assuming that the
voids nucleated in the near crack stress field and in the whole ( creeping)
specimen contribute to crack propagation, theory and experiments are in

agreement.
LIST OF NOTATIONS
A AL A, Creep parameter (t: tension, ¢: compression)
D Increment dé/dy
E Young’s modulus
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Energy releasing rate

Stress intensity factor

Critical stress intensity factor

Bending moment

Exponent

Void or microcrack density

Load

Constant factor (with index)

Temperature

Elastic energy

Porosity (p: porosity nucleated in the near crack tip stress field,
&: creep porosity)

Work done by the external forces

Energy term for crack propagation

Crack length

Crack velocity

Specimen width

Exponent

Displacement (m: middle deflection)
Specimen height (t: tension zone, c: compression zone)
Number of grain contacts per unit volume
Exponent

Radius

Time

Fictitious time

Rupture time

Coordinate

Material and geometry factors

Constant factor (with index)

Surface energy

Strain

¢ of the outer bend fibre, calculated like in the elastic case
Creep rate

Poisson’s ratio

Damage zone

Stress

o of the outer bend fibre, calculated like in the elastic case
Outer tensile stress in the bend specimen for r— oo
Effective stress

Stress for t =0
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1 INTRODUCTION

A study was made of the kinetics of creep and slow crack growth at high
temperatures in ceramic materials containing a glassy boundary phase, i.e.
HPSN. Engine designers intend to use ceramics for components exposed to
temperatures above the softening level of metals. The plastic or creep
deformation that occurs at these temperatures is more pronounced under
tension than under compression, as has been reported earlier;! but what
about the temperature dependence of this effect? Furthermore, the elastic
properties of the specimen as a function of creep deformation and
temperature were measured and are discussed. It will be shown that primary
creep can be described by a mechanical two-phase model. It follows from
this statement that the mechanism governing creep should change when
stationary conditions are reached. The analysis of stress relaxation at
constant strain is performed to complete the creep investigations.

How far do creep parameters control the slow crack growth in a creep
solid? An answer to this question might be found by considering the energy-
criterion for crack propagation and by suggesting that creep porosity
contributes to crack propagation. This will be discussed in Section 5.

2 MATERIALS AND TEST FEATURES

The materials tested are hot pressed silicon nitride (HPSN) containing either
MgO orY,0; as additives*: HPNS(Mg) and HPSN(Y).1 After hot pressing,
the additives form a residual, glassy boundary phase. The softening
temperature of this intergranular glass is much lower than the decompo-
sition temperature of the eovalent-bonded Si;N, (between 1100-1400°C,
depending on glass composition compared with 1900°C at 1 bar).

For experiments (usually performed in air atmosphere) four point bend-
tests were used. Outer and inner span widths of the loading apparatus were
40 and 20 mm respectively. The size of the specimens was 3-5 x 45 x 45 mm.
A preliminary study on creep and creep failure of HPSN(Mg) with
experimental details was published by G. Grathwoh].?

The stress distribution in the bending beam changes during the creep test
because of the non-linearity between creep velocity and stress, and the
different creep rates depending on whether tensile or compressive stresses
are applied. Simultaneously the neutral axis shifts into the compression zone

* Commercial specifications: NH 206 and NH 209, Annawerk GmbH Rédental, FRG.
+ HPSN(Y"!) has a slightly different chemical composition than HPSN(Y), (see Table 1).
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TABLE 1
Chemical Composition of the Investigated Materials
in Weight % (nd = not determined)

HPSN(Mg) HPSN(Y) HPSN(YY)

Mg 20 001 002
Y nd 7-8 46
Al 04 02 01
Fe 14 13 18

of the bend specimen. The outer tensile stress, controlling the stress intensity
of surface cracks, decreases from ¢* (=6Mb~1h~?) to g, (Fig. 1). To
describe this in dependence of time, we imagine the bend specimen com-
posed of several fibres laying on top of each other. Each of these fibres may
deform as a Maxwell spring—dashpot model. Considering the hypothesis of
Bernoulli, the creep rate ¢ of a fibre in distance y from the specimen middle is:

A,0>0
—A,0<0

é

dt,y) =+ Aldl"= Dy + &y =0), A={ (1)

where E is the Young’s modulus and » the stress exponent of creep.
Usually for tension the dashpot or creep parameter A is greater than for
compression: 4, > A, x D is related to the middle deflection rate £, of the

specimen:
dé  2¢* 2 4h ,
—@—Tz("mzfm) 2

where /, = inner span width of loading fixture.
D and £y =0) depend on the actual stress distribution a(¢,y) in the

o, ¢

(e

he
!

Fig. 1. Stress redistribution in the bending specimen.
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specimen. In a first approximation, they can be regarded as constant and one
obtains:

a(h/2) Oy
n=1 - (1 —a—> exp(— AtEt)+}; (3a)
O’(h 2 B O-oo 1-n)1/(1—n) -
21 Ui )={(n—1)0'*" lAtEt+(1_GT> } +Z—* (3b)
0, 2n+1 A\ YD
()™

A more detailed analysis is given in reference 3.
The ratio 0, /0* can be proved by testing two bend specimen of different
height with the same deflection rate (f,,, =f,, ~ dé/dy, see Fig.2). The

g€
[/

(o AR pF

Fig. 2. Two specimens of different height (7., = f,,, ~ dé/dn).

bending moments are measured when stationary conditions are reached. In
the small specimen the bending moment is smaller by AM. We find:

A —1/(n+1)
AMhZ{l +<Z'—> }
0y ¢
= )

*
7 6M Ah <h ——A;>

For HPSN(Mg), 1200°C, /. =21 x 10" 2mmh ™!, for instance, we get
fromeqn 5: 0 ,/0* = 0-532. This value corresponds well with the theoretical
one of eqn 4: 0-514. In Section 3 it will be shown how n and A4,/A4, are
determined.
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3 EXPERIMENTAL RESULTS
3.1 Primary and secondary results

The decrease of the creep rate during the primary creep range can be
described mathematically by (Fig. 3):

£ = Ato*mre ©6)

where é* is calculated as for the elastic case, eqn 2.

At high temperature the value of ¢ is —0-5, it decreases to ¢ = —1 with
decreasing temperature (Figs 4 and 5). This temperature dependence of ¢ is
also demonstrated for other two phase ceramics.*

As can be seen from Figs 3 and 4, secondary or stationary creep rates are
measured at 1200°C for HPSN(Mg) and at 1300°C or higher for HPSN(Y).
Stationary creep usually is described through the Norton Law:

§% = A*g*" %)

The stress exponent # is evaluated from the creep rates which are determined
at different loads.

T
£ lFl
10-2- o 2
HPSN{Mg) 1200°C 157MN/m

27 o \. '..J

HPSN(Y) 1300°C

- SRR ‘
tetereen ol
107 L e See=200
.. L me3s
TRy e 70 MN/m?

10-6 1 T ¥ T T T T T T T

oo 01 1 10 100 t(h]
Fig. 3. Creep rate vs time for HPSN(Mg) and HPSN(Y) at different stresses o*.
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Fig. 4. Creep rate vs time for HPSN(Y) at different temperatures.

The relation between 4* and the uniaxial parameters 4, and A_ is:

2A*Z<2n6:1>n{A,1/("+“+Ac”("+l)}"+1 (8)
which means that, if 4, is much greater than A_, the bend deformation is
controlled by tension creep.

An Arrhenius plot of 4* yields activation energies which correspond to
those of pure SiO,-glass in the case of HPSN(Mg) (560-700kJ mol ') and
with those of silica-glasses for HPSN(Y) (215 kJ mol ~!).5 We would expect
viscous grain'boundary sliding to control the creep rate.

The ratio 4,/4, can be determined by bend specimens with trapezoidal
cross sections.®” 4,/A, has to be calculated from the different deformation
velocities of two trapezoidal specimens with M, = — M. The results are
listed in Table 2. HPSN(Mg) contains less grain boundary phase than
HPSN(Y) and the softening temperature is lower. With increasing
temperature (i.e. increasing softening of the grain boundary phase) » rises
from 1 to 2, and simultaneously 4, becomes greater than A_. It can be
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* 1 1
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L *
10’2 - . .‘. ) E ~t
55 e
in, WB5°C c=-0st
2' Ve, . + 4+
10.3 b .:)"-: )
: g,
10'1. g ' 1450°C c=-052
5 4 ’ ) e,
"~ o
- N, 1400°C
21 t L é’"“q c=-064
5 LTI S
107 1 -
1 ». M e, 1300°C
24 o =200E2' A c=-067
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00t 01 i 10 100 tih)

Fig. 5. Creep rate vs time for HPSN(Y!) at different temperatures.

concluded that the ratio 4,/4., calculated for steady state conditions, is also
valid for primary creep deformation. The ratio of the deflection rates f, /.. >
from which 4,/4, is calculated, or else the difference of their logarithmic
values is time-independent (Fig. 6):

i)= A" (9)

Ay /A~ A /A, nxn

This fact is to be taken into consideration when discussing the creep
mechanisms (Section 4).

TABLE 2
Creep Data. of the Studied Materials
Y,0, or MgO T n A* AJA,
(wt. %) °C) (m>"/ MN"h)
HPSN(Y) 99 1200 09° 3
1300 12 19 x 1078 6
1400 15 77 x 1078 50
HPSN(Mg) 33 1200 19 1'1x10°8 100

“=calculated from primary creep data.
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HPSN (Y}
K N 1
Enfy il
2-
10° -
5-
2+ - :::\ 0‘:140%
" 1400°C
1 S
0 6 o,=108™2%
21 -
107 1 . e
. :'.,.." K) 5 M
5 e — g1y
2; o5y —~ - - =200
1078 F———— =" ;00°C
001 (0} 1 10 t(h]

Fig. 6. Creep deformation of bend specimens with trapezoidal cross sections.

3.2 Elastic behaviour of a creep specimen

The elastic behaviour of a creep specimen during the creep test can be
measured by partial unloading. In distinct time intervals, the load P is
relaxed by 20% for a few seconds and is then reimposed. The ratio obtained
AP/Af,,, is a measure for the specimen stiffness.

The HPSN(Y)-material exhibits a more or less distinct increase of
AP/Af,, with e* (Fig. 7), whereas HPSN(Mg) undergoes a decreasing AP/Af,
up to ¢* =04% (Fig. 8).

Crystallization of the amorphous grain boundary phase and/or increasing
grain linkage may stiffen the specimen, whereas creep porosity and crack
growth may soften the specimen. As will be shown in Section 5 creep failure
in HPSN(Mg), 1200°C, cannot actually be described without considering
creep porosity. For HPSN(Y!) the following equation relating €* to the
increase of stiffness can be established (Fig. 9):

k% é’; o
)

where k is an exponent and
A(AP\_8P 4P
An) A M

Eqn 10 will be discussed in Section 4.

t=0
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. HPSN(Y')  1300°C ¢"=200(160) M}
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Fig. 7. Specimen stiffness, creep velocity and area of P — f, -loop vs specimen deformation.
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Fig. 8. Specimen stiffness, creep velocity and area of P — f,,-loop vs specimen deformation.



High temperature creep and slow crack growth properties of HPSN 209

HPSN(Y"
* 1 e 1450°C
€ i v 1400°C
« 1300°C
1073
k=096 {1.08)
1071
1074
k=242 (2.03)
-6
1 T T T
0 0l 0.3 1 AP (N
A(Afm) }J—m]

Fig. 9. HPSN(Y!): creep rate vs increasing specimen stiffness. The k-values in brackets are
calculated, see Section 4.1.

3.3 Stress relaxation testing

To characterize a material, stress relaxation must also be considered.
Usually the strain is held constant and the decreasing of stress is measured:

G

E

A,0>0
—A.,0<0

é:

|
+ Alol"=0 A:{ (11)

In a bend test only the middle deflection f,, can be held constant. The
decreasing of the bending moment is measured. For 4, > A_ the time factor
of the relaxation for tension is smaller than for compression. Tensile stresses
relax quicker than compression stresses. Since the normal strength remains
zero, the neutral axis will shift into the compression zone of the specimen.
For A4, » A_ this zone will disappear during the preceding creep test, so this
case and the case 4, = A_are easy to calculate. We integrate eqn (11) over the
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specimen height 4 and get:

n=1: %"—= exp (—A,E?) valid for 4, =A_and 4,» 4, (12a)
0
1 -1/(n—1)
w1 Mt 1f uw“’/"(LFu("—”/u 1) du  (12b)
M, n 0 on

where F= L, u=n/2hforA=A,= A, F=2"""u=n/hforA=A,» A, and
t/to, = (n — 1)AE(6*(2n + 1)/3n)" " '¢.

In eqn 11 only stationary creep is considered. Time hardening can be
described when introducing a fictitious time #*, which is related to the real
time ¢ as follows:®

tl +c
t*

=1+c

because dt* = 1°dt, eqns (12a) and (12b) are also the solutions for a material
undergoing time hardening creep

E=Ad"t°

if ¢ in eqns (12a) and (12b) is replaced by *.
If strain hardening occurs

= Bo.n/(c+ 1)80/(c+ 1)

with ¢ = (0 — 06,)/E,0/6, must be determined before integrating over the
bend specimen height 4 to get M/M,,.

Figures 10 and 11 show the typical relaxation behaviour of HPSN: less
relaxation occurs at lower temperatures. It does not depend on the height of
the preliminary applied load, and it is postponed with extending duration of
the preliminary creep test.

In the following, calculation and experiment are compared. The
relaxation behaviour cannot be modelled by a creep n of 2 or 1-5, even if time
hardening is taken into consideration. Assuming strain hardening would
lead to a dependence of g/0, on ¢, and therefore of M/M, on M, which in
fact is not observed (Fig. 11). The statement

) a\"™ ,
8—E+A<G—O> a"=0 (13)

leads to (with n =1, because M/M is not a function of M,):

Gio = (1 + mAE#)”tme (14)
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0 1 10 100 tlh

Kx

02 HPSN(Y")

dy=200 MN/rm?

Fig. 10. Decreasing of the bending moment in the relaxation test at different temperatures.

01 1 10 100 tlh)

»
d =2oo':1—'};3h

0.91
o"-2004Y; 30n

08
0.79
300
061
0.51

0.4+

0.31 Vo

02 HPSN(Y) 1300°C

Fig. 11. Decreasing of the bending moment in the relaxation test at different starting loads
and after different creep times.
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M 001 01 1 10 100 tih
M, 10
HPSN(Mg)  1200°C
Oy =140 MN/T?
081 €526.7%
06
AN
041
HPSN(Y)  1400°C
05=200 MN/m2
0.21 €o=ao/E
00 ,

Fig. 12. Relaxation of the bending moment for constant middle deflection f,,, dashed lines
are calculated from eqn (14a): (a), m,=4; (b), m, =S5 (only the shape of the curves are
compared, the relation of (a) and (b) to ¢ is not considered).

For the cases 4 = A_and 4 » A_ the bending moment M decreases in the
same way as the stresses in the different fibres:

M _ - 1/me
My~ (1+m,AE?) (14a)
Best agreement is found with m, =4, HPSN(Mg) and m, =5, HPSN(Y)
(Fig. 12).
Stress relaxation due to diffusion may be responsible for a faster decrease
of M/M, for longer time periods than expected by eqn (14a).
In dynamic bend tests (6* > 0) Fett et al.® determined a n-value of 7 for
HPSN(Mg), 1200°C. How can these stress dependences (n = 2, 7; m, = 4) be
explained? An answer may be given in Section 4.

3.4. Time to rupture

The measured lifetimes of creep specimens are introduced and discussed in
Section 5.
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4 DISCUSSION: CREEP DEFORMATION
4.1 A structure model for creep

In Section 3.2 the creep rate was found to be

NIPNCYATE
= i{a(57) 1o

where A(AP/Af,) is the increase of the specimen stiffness during creep test.

For better understanding let us consider a mechanical two phase structure
model, built up of elastically deformable grains which are surrounded by a
viscous glassy phase. Si;N, is covalently bonded and no yielding is expected
even for temperatures at which the grain boundary phase softens. With
increasing deformation of the whole structure the number, i, of grain
contacts per unit volume (or else the grain linkage) will also increase. Let us
assume the following relationship between increasing stiffness and
increasing density of grain contact points:

AP ,
A(Zf—m>=ﬁlm (15)

The stress in the structure will be increasingly taken over by the contact
points, and the viscous phase unloaded. Only a viscous phase in motion
transmits a shearing stress. The creep rate € is proportional to an average
sliding rate v:

é LT
g7y (16)
Where 7 is the viscosity and the average shear stress t is assumed
1 k
t=4, <E> (17)

At high temperature and high viscosity k=1. With decreasing
temperature the boundary phase becomes more tenacious, loses its flow
capacity and acts as additional contact points: k > 1. From this we find

eqn (10):
s T BB BB AP\] %
a=pi=p=E s <PREA (GO (100)
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For the simple case that the stiffness increases linearly with the
deformation ¢ (e.g. observed for HPSN(Y?), 1300°C, (Fig. 7))

AP
= \= 18
A(Afm> B (18)
Introducing eqn (10a)

ENTWV _ BB,
<ﬂ—o> = f;¢; Bo= "

rearranging and after integration

e= {(k+ l)ﬂoﬁs—k}l/(k+1)tl/(k+ 1)

or else

P s U S S G (19)

Thereby the relationship to the primary creep kinetics is established. At
high temperatures k=1 and ¢ = —0-5. With diminishing temperature &
increases (k > 1) while ¢ approaches — 1. The k-values in brackets in Fig. 9
are calculated from eqn 19 (c-values are taken from Fig. 5) and are in
agreement with the experimental determined k.

The decreasing of the creep velocity during the primary range can thus be
described by a mechanical two phase model. Other models to be found in the
literature,*!° following the Kingery sintering model, consider solution/
reprecipitation of grain substance as rate controlling. These models predict
an exponential stress dependency of the creep rate, which in fact is not
observed.

It is doubtful whether creep mechanisms can be deduced from simple
structure models like that of Lange.!! The stiffness of his cubic-grains—
structure will decrease with increasing deformation. This is not observed,
not even in HPSN(Mg).

Grain contact points can be removed by diffusion or, depending on the
movement of the grains relative to each other, the contact area may increase.
If an equilibrium between added and removed contact points is reached,
stationary creep rates will result. That means, by transition from primary to
secondary creep, a change in the creep rate controlling factor occurs (first
grain boundary sliding restrained by rising number of grain contact
points—then removal of these contact points by diffusion).

The asymmetric creep behaviour is therefore probably independent of the
creep mechanism, since it is observed in the same manner during primary
and secondary creep.
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4.2 Void nucleation and growth—reason for asymmetrical creep

When the stress exceeds a limit voids or microcracks nucleate in the grain
boundary phase between the grains at propitious sites. The limit depends on
the degree of the local inhomogeneity. We assume that the number of
microcracks per unit volume, N, may be described by a power law:

N = Bpo™ (20)

ie. 6™~ ! describes the defect size distribution in the unloaded structure.
Voids and microcracks grow in accommodation to the creep deformation
(they do not influence the creep kinetics but are indispensable for the
complex mechanism of creep). This can be shown by cooling a specimen
after a creep test without removing the load, and by reapplying the same
bending moment, but of opposite sign, in a second test. The creep kinetics are
the same, with the exception of the values of the creep rates; in the second test
they are somewhat higher (Fig. 13). The voids and microcracks now present
in the compression zone close and therefore contribute to the deformation
by grain boundary sliding.

In creep test with constant loading, voids and microcracks nucleate at the
start of the test during application of the load. Subsequently, voids or cracks
may occur if adjacent plastic deformation is hindered, e.g. by a very large

102 HPSN(Y)  1300°C
5.
2. AN

1073 .
5 / 2) g=-200M)

*
e 1
Elﬁl

2| 1 de200MY .

10-6 . - r v : : v T T - r '

0.01 01 i 10 tih]l 100

Fig. 13. Creep kinetics of HPSN(Y): (1) = conventional test, (2) = second test with the same
specimen, but with opposite sign of the bending moment.
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grain. The nucleation of voids accelerates the creep rate. From this statement
the following hypothesis can be proposed (for uni-axial tensile stress):

dN
é=<1+ﬁ~——>A(t)a" (21)
dt
whereas (eqn 20)
dN oy
= Bpo™ 6 (22)

Hypothetically (to observe this effect) we need an increasing stress rate.
For sufficiently high ¢ (so that 1 « fy dN/d) it follows from eqn 21 (with
o = d1):

E~g'tm (23)
For HPSN(Mg), 1200°C, n 4+ m=17.°

During stress relaxation (see Section 3.3) viscous or Newtonian grain

boundary sliding is responsible for the stress decrease: therefore n=1 in

eqn 13. When the stress decreases, the smaller voids or cracks will close if the
arrangement of the surrounding grains is favourable. Only a certain

3890A : '

S
0,2um 0,2m

Fig. 14. TEM-micrographs of creep porosity in: (a), HPSN(Mg); and (b), HPSN(Y),
e* = 1%.

35LTA
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percentage of the voids of a size group will disappear. Surface energy will be
recuperated and the specimen reverts to a more stable state.

On the other hand, voids which close slacken the stress relaxation because
the volume of the voids must be compensated either by elastic strain or by
plastic deformation. The ‘tighter’ the void size distribution is (high value of
m — 1) the slower the stress can relax. It can be expected that the size
distribution of voids in the deformed structure and of defects in the
preliminary structure respectively is similar. The more ¢ decreases below g,
the more voids will close; voids which should, due to their size, already have
disappeared but were hindered by the surrounding grains. This will slow
down the stress decrease. This might be the reason why stress relaxation can
be described well by eqn 14 with m — 1 =m_= 4 for HPSN(Mg).

The creep must be asymmetrical because of the different tendency of
nucleating voids or microcracks, depending on whether the structure is
submitted to tensile or to compressive stresses. Voids and microcracks easily
nucleate under tension, which favour grain boundary sliding, and yield a
contribution to the creep deformation. Figure 14 shows creep porosity,
originating in the outer tensile zone of the bend specimen. At similar
deformation (¢* = 1%) much less porosity is observed in HPSN(Y) than in
HPSN(Mg). In both cases crystallisation of the amorphous phase could not
be detected.

5 SLOW CRACK GROWTH
5.1 Theory

The following statement can be made on the slow crack growth in an HPSN
structure, submitted to creep deformation. With our apparatus it is not
possible to observe or to measure directly the growth of a crack. We
determine, for example, the time to failure which allows an indirect study of
the crack growth kinetics. The specimen were precracked by Knoop
indentation or by notch, opening modus is /.

Griffith!? considers the energy conversion in a linear—elastic solid
exhibiting crack lengthening by da:

dW —dU = 2ybda (24)

where W is the work done by the external force, U is the elastic energy stored
and 2ybda the provided surface energy. The Griffith criterion indicates
whether crack lengthening is thermodynamically possible. Additionally the
stresses at the crack tip must exceed the cohesive strength (for more details
see Ref. 13). If they do not, the bonding may be overcome by thermal
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fluctuation, or a chemical attack may weaken the bonding strength. The so-
called stress criterion loses its significance in materials undergoing creep or
viscous flow. The decohesion therefore cannot be stopped. Crack growth
will occur wherever the free energy of the specimen is lowered.

Consider a specimen with only one crack. If the crack does not grow, the
work done by the external forces will be consumed as creep work. The
greater part will be converted to heat, but some will be stored as surface
energy in form of voids or microcracks or as elastic energy by increasing
grain linkage.

If crack growth is considered to be a discreet event, it is governed by the
following extended energy balance:

dw —du2) dw* + 29bda + dg (25)

where ¢ is the energy dissipation by plastic deformation at the crack tip
which was first taken into account by Orowan and Irwin; W* is the released
energy, preliminarily trapped by creep. W* supports a crack extension. W*
may be stored as surface energy of the voids or microcracks through which
the crack grows. The extended energy balance in eqn (25) leads to:
dg dW*(>)
G-2y——+—"='0
" pda ™ bda

For linear—elastic material behaviour the energy release rate G is related to
the stress intensity factor; for crack opening modus I:
K} E
In E' = 2
E 1—v

If no surplus of preliminary stored creep deformation energy is needed to
fulfill the energy balance, crack growth is unstable, dW* = 0:

dg]  _Kic

w2
" bdd,_, " F

(26)

G=

(27)

(28)

(K¢ is the critical stress intensity factor). If crack growth is energetically
favourable, it can be described by

dw*(>) 1
bda = E'

A similar statement is considered by Dutton for crack growth by
diffusion.'* A crack expands if the free energy F of the specimen is thereby
lowered: dF/da <0.

In the following W* is assumed to be internal surface energy accumulated
by creep.

(Kic — K7) (29)

dw* =2ydO (30)



High temperature creep and slow crack growth properties of HPSN 219

Where O is the surface of voids and microcracks through which the crack
Zrows.

As previously mentioned (Section 4.2), the void or microcrack density can
be expressed in terms of a power law:

N~g™ (20a)

o, 1s the effective stress. Void or microcrack growth occurs in accommo-
dation to the creep deformation:

V~é =Ad", n=1..2 (31)
According to von Mises, o, can be calculated by the stress deviator s;;:
3
5.= |5 s (32)

For linear—elastic material behaviour in the vicinity of a crack tip o, = 7, ¢:

K o / P
Go0= cos— [(1 —2v)? +3sin? = (33

0 S 2 2 )
where 1, ¢ are polarcoordinates. For a bending beam the stress intensity
factor is:

K,=¢ <—g-> Jay (34)

where Y is a geometrical function,!® a the crack length, and a(4/2) the outer
tensile stress of the bend specimen. During creep its value decreases to 50%
of the initial height (Section 2). The stresses at the crack tip also decrease with
time. This might be described by a function F(1):

o () =0, oF0), e.g. n=1: Ht)=exp(—A,Ef) (35)

If a stress field is displaced with a constant velocity, for example in front of
a crack, it is smallest at the lowest velocity. At a distance x, in front of the
crack tip one obtains (¢ = 0):

*1 0 X X
o (x,)= f 5;0 F<g - j) dx (36)
~ Janx, 21 + v)a (36a)

Because of the stress concentration at the crack tip, new voids and
microcracks are nucleated and therefore the effective stress does not exceed a
limit o, ,,, (Fig. 15). Consequently a damage zone, p, exists in front of a

crack tip. The extension of p is a measure of the stress intensity. In analogy to
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1
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Fig. 15. Effective stressin front of a slowly growing crack: (a), linear-elastic case; (b), eqn (36)
and; (c) eqn (36a).

the extension of the plastic zone in metals: o, ., = 6.(x; = p/2). If F{t)can be
represented by an exponential function, a first approximation to determine p
leads to a transcendental equation:

A.Ep K?

=1
Inp + i n 37

no

€,max

where p is measured in the crack plane. The new porosity ¥, originating in
the damage zone, can be calculated:

t
V,=P, j Ne, dt (38)
0
Where ¢, is the time the crack of velocity d needs to travel a distance p:
P
=2 (39)

é., an effective creep rate

é,=Ao" (Ta)
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and N is the void or microcrack density
N=Bypt (40)
(the exponent g will be determined later). Here N should be related to the
strain at the crack tip which is proportional to p.
The value of d is obtained from energy balance (eqn 29) as shown in the
following. Voids and microcracks, already present in the structure, will
extend under creep conditions:

V£=V0<1+jtédt(l+f1éedt>> 41)
0 0

where V, is the porosity after loading, ¢ the time measured from the
beginning of the creep test and £ the creep rate.

Assuming, the shape of the cavities to be crack like with an average width
d, then the internal surface is proportional to the hollow volume. The pre-
existing surface, when the crack propagates by bda, is (with eqn 30):

1 dO, 1dw*
v e
Vot Vo) bda y bda’

0, =20 (42)

c

d

V,and V, are the hollow volumes per unit area. Introducing eqns (38), (41)
(considering eqns (39), (40) and (7a) and (29) in eqn (42) the crack growth
rate, d, can be deduced (K7-/E' — V,y/d is the theoretical value of the
porefree material and is replaced in the following by KZ/E' which is
measurable):

aapq+ ! + (Xbp£

‘KL K

E E

(0, =P, PA,0" . v/d o, = VoAe" . v/d, a, = yV/d). p is to be taken from

eqn 37. In a bend specimen the strain £ of the fibre at the crack tip is

proportional to the distance of that fibre to the neutral axis. For

approximation ¢ in eqn (41) is the secondary creep velocity: € = D(h, — a). It
follows:

(43)

— o8

o, p? T+ aya*"t(h, — a)p
ad =

Ki. K7

E F

(43a)

— o30*"1(h, — a)

(o =0, o, =0a,A*2/h, ay=a.A*2/h). a;, o, and a5 contain geometrical
factors and material factors. If no creep damage in the specimen occurs:
o, =03 =0. For d>» A,Ep it is p ~ K? (eqn 37) and ¢ can be estimated
(N~ p?~ K1~ cl" = o7):

(44)

0| 3

q=
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with m — 1 characterizing the void or microcrack size distribution m — 1 is

supposed to describe the stress decrease in the relaxation test (Sections 3.3
and 4.2).

5.2 Crack growth in HPSN(Mg)

With eqns (43) and (37), theory and experiment can be compared. Most of
the values needed to determine the o’s (see Table 3) can be taken from creep
data or are geometrical factors. The starting crack length g, of natural flaws
is taken from literature,'® a, of Knoop-indentation pre-crack was measured
on the broken surface. For HPSN(Mg), 1200°Cm =m,_+ 1 = 5 (Fig. 12) and

therefore ¢ = 2-5. By proceeding numerically step by step, increasing a by

TABLE 3
Numerical Data for HPSN(Mg), 1200°C to Calcu-
late d from eqns (37) and (43)

K 15 MN/m>?
Corns 200 MN/m?
q 25
o, E 3 x10° MN?2/m*® min
a,E’ 4x10°8 1/min?
azE’' 1x1073 1/min
AE 2x 1074 m?/MN min
220f -
2001 “_ e
\\\ \~\\ /0.=50Pm
180 Ne eT-e L
.~ T b m-- “~‘
A\\ [ L] \‘
~ )
160 e -
\\ \
A ~ )
-~ \
140 0,100 / ~el ¢
~a \
A \\\ \\
120 SN e
N
S
4
!
1001 +) Ay
1 10 100 1000 10000 t. (min)

Fig. 16. Stress rupture diagram for HPSN(Mg), dashed lines are calculated (numerical data,
see Table 3).
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a x At until K, is reached, the rupture time at a given nominal stress g* can
be computed. Figure 16 shows the results and the experimental data. The big
difference in rupture time ¢, for a, = 50 um (natural flaws) between * = 170
and 180 MN m ~ 2 originates in the relaxation of the outer tensile stress of the
bend specimen. The stress intensity also decreases. For short initial crack
lengths the crack velocity is small; additionally the effective stress o, in front
of the crack tip is lowered by creep, requiring time. The crack leading to
failure will stop propagating until creep damage in the whole specimen will
allow it to start again. Failure occurs within a short time. Rupture behaviour
can also be described by the Monkman—Grant equation:'? ¢* ~ 1-7%. For
bigger initial crack sizes a, (e.g. 100 um) this effect is not large. At low stresses
the difference in rupture time between pre-cracked and undamaged
specimens is small. Because of the scattering of the structure properties and
the high number of natural flaws, a pre-cracked specimen does not in all
cases break at the artificial pre-crack.

Figure 17 shows the crack velocity in dependence on time for a precracked
specimen. To check this result, a specimen was cooled without removing the
load after 20 min and another after 12 hours of creep test. They were broken
at room temperature. Figure 18 demonstrates that the crack extension zone
is of similar size in both cases. Between these two points in time, d decreases
by several orders of magnitude. The damage zone p is shown in Fig. 19. The
notched specimen was cooled down under load, the oxide layer was removed
and the photograph taken.

a
(B a=100pm o =120 MN/m?
10°

10—10

10™°

1 10 100 1000  t[min]
Fig. 17. Crack velocity vs time, calculated for HPSN(Mg), 1200°C.
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a*=120MN/m?,1200°C , 12h

Fig. 18. HPSN(Mg)-fracture surface, 5 Knoop indentations (49 N), after creep test in air
fractured at room temperature (SEM).

HPSN(Mg) was also tested in vacuum. At a pressure of only some 10~°
mbar the grain boundary phase volatilizes (Fig. 20). This leads to an
enhanced crack growth rate. Beside the hollow volume a constant
contribution in the energy eqn (29) must be taken into consideration:

dt  do, dw* 1, .
—_ Ly = — —_ 4
%32 Vhda = bda £ Kic—Ki) (43)

Analogous to the procedure shown before we get:

. o pttl a0t h, —a)p + o
— 1K2 Kz t 4 (46)
L a0 b, — a)

With the exception of a,, all factors are taken from calculation in air. A
better agreement between calculation and experiment is possible by
enlarging a,: natural flow from 50 to 70 um, Knoop indentation precracks
from 100 to 140 um (Fig. 21). This points to the fact that flaws exhibit a
certain amount of healing in an oxidizing atmosphere.
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Fig. 19. SEM-micrographs of the damage zone in a notched HPSN(Mg) specimen.
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(b)

Fig. 20. SEM-micrographs of the polished surface of HPSN(Mg): (a), before; and (b), after
treatment in vacuum (3 h, 1200°C, 3 x 10~ ® mbar).

5.3 Crack growth in HPSN(Y)

HPSN(Y) was tested under static and cyclic loading conditions. This HPSN-
material with 99wt% Y,0;.additive does not experience much creep
damage at 1400°C. Stiffness does not decrease with the deformation, and
only a few voids and microcracks can be observed by TEM (see section 4):
Vo= 0, ie. a, =a3;=0. Rupture times in these experiments are not
particularly long, so the decreasing of ¢, in front of the crack tip by creep
may be neglected. Thus eqn (43) can be simplified:

a~p"" !~ K} 47

with N x 8 following the hypothesis of Section 4.2; from eqn (44): N = m + 2,
m=m_ +1=06 (Fig. 12).
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o (M HPSN(Mg)  1200C  Vacuum
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\\\.o "-
180 N
\\ \\\ - a500m, o Ea7A0 MN% rmin
160 ‘e
,\\ \\\\ ‘/ S i
AN -~ " 0,=70um, o, En3:40”"MN/m min
N ~3
. N
N N\
120 N o \e
A
0,140 p0m, ¢, E=340"SMNZ/mZmin NG A
~N
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Fig. 21. Stress rupture diagram for HPSN(Mg), dashed lines are calculated.

With N =8, it is possible to predict time to failure under cyclic load from
static data. It is assumed that crack growth mechanism remains the same
(the same crack growth rule is valid). Furthermore, it is supposed that the
outer tensile stresses decrease with time under static and cyclic load in the
same manner. The stress lowering leads to a fictitious rupture time ¥, which
can be expected if the outer tensile stress would remain constant:

()
Joll5)t
z;*:f ) g (48)

0 ag

Notch depth of the specimens is 0-1 mm. The results are shown in Fig. 22 (for
more details concerning theoretical treatment see Ref. 17).

6 CONCLUDING REMARKS

A Griffith energy balance, extended by W*, leads to an equation for the
crack velocity. Voids and microcracks nucleated in the stress field at the
crack tip and in the whole creeping specimen are considered to facilitate
crack propagation. Experiments are in agreement with theoretical
calculations. A relationship also exists between the crack growth exponent N
and the stress relaxation under constant strain.
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g (%&'1 HPSN(Y)  1400°C

250 N a,=100 um

230

210

190

1701

A
\

a static

|
~ |
o 1.25Hz, =150 ﬂ%‘,rz:u. 02 |

150 o 125Hz,R=0.2 a l..

01 0.3 1 3 t*(h

Fig. 22. HPSN(Y): time to failure under static and cyclic loading, dashed lines are
calculated from static data (R=o%, /o* ).

max.

A change of the rate controlling factor occurs, when passing from primary
to secondary creep. Increasing grain linkage, or else increasing number of
contact points between grains, decrease the creep rate. Stationary conditions
are reached when the ratio of contact points, removed by diffusion, and
added by creep deformation, is 1. The stress dependence of the nucleation of
voids or microcracks and the growth of the hollow volume in accommo-
dation to creep deformation, may lead to the different measured stress
dependences, dependent on the kind of experiment considered (static,
dynamic or strain controlled).
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