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ABSTRACT

Alloy 800 (Sandvik-Sanicro 31) has been subjected to fully reversed push-pull strain
controlled tests at 600°C. High and low strain rates were imposed by controlling the
test frequency. The conditions for these strain rates were chosen on the basis of
fracture analysis. The failure at the low strain rate was entirely intercrystalline
whereas that at the high strain rate was completely transcrystalline and striated.
Tests were carried out by mixing sequences of cyclic creep (intercrystalline) and
fatigue damage. On considering the accumulation of damage in a non-linear manner,

it was found that this approach gave a unified explanation to the observed results.
It is shown that interaction occurs between the cyclic creep and fatigue mechanisms
after a certain amount of prior damage has been imposed.
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INTRODUCTION

One of several phenomenological models which may be used to predict failure of mate-
rials at high temperature is the application of the concept of non-linear damage
accumulation as shown by Lemaitre and Chaboche (1974). Using this approach Plumtree
(1977) and Lemaitre and Plumtree (1979) have recently modified existing constitutive
equations for damage accumulation during creep-fatigue interaction and presented a
unified approach for high temperature fatigue analysis.

Equations may be written in terms of stress for one-dimensional rupture problems.

For a nominal stress of o, the damage parameter, D, is zero for the material con-
taining no cracks and unity when rupture takes place, also o/(1-D) is an "effective"
stress, taking into account the weakness of the material due to the presence of voids
or micro-cracks. Hence it must be emphasized that this damage concept is concerned
with the formation of new surfaces (either internal or external).

Kachanov (1958) derived a differential equation of evolution of intergranular creep
cracking using thermodynamic principles. Later, Lemaitre and Chaboche (1974) modi-
fied it to take into account non-linear damage cumulation:
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where t is the time and A, r, q, are material characteristics (A4 for tension, A_
for compression, if damage is anisotropic). These are obtained from the relation
of viscoplastic strain behaviour coupled with damage. Using the boundary conditions
such that damage is negligible during secondary creep and that damage is unity when
t = to, then integration of Equation 1 for the evolution of creep damage at constant
stress yields 1

r+q+l (2)

D=1-{1-t/t.}
The derivation of this equation and those for the evolution of fatigue damage at
constant stress are given by Lemaitre and Plumtree (1979).

Although the thermodynamic approach using damage as an internal variable directly
leads to differential equations of evolution with stress as the controlling vari-
able, in many practical applications,tests are carried out under strain control.
Damage equations involving strain may be derived using constitutive equations re-
lating stress with strain.

For a perfectly visco-plastic material which has attained saturation under cyclic
strain conditions, the stress response is constant. It is then possible to inte-
grate Equation 1 over one cycle in order to obtain the evolution of damage. As
shown by Lemaitre and Plumtree (1979) the differential damage equation may be written

o a-p)™¥
8N (q+1) N, 3

where q' is a material constant and N, is the number of cycles to failure.

Integration of Equation 3, using D(0) = O for a constant strain range gives the
damage evolution, D(N) 1
- N ,q'+1
Do =1 {1-NC} (4)

Pure fatigue occurs at high frequencies resulting in time (and frequency) independent
plasticity. Under these conditions the damage accumulation per cycle may be expressed
(Lemaitre and Chaboche 1974) as:

8 -P
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For constant strain: EEE = Ep+1;NF )

where Ao is the stress range and B, 8 and p are material constants. Integration of
Equation 6 gives the evolution of damage at constant strain amplitude:
N, 1/(ptl)

DF=1—{1-N—F} 7)
Interaction of time dependent and time independent cyclic plasticity requires that
Equations 3 and 6 be integrated to determine the history under cyclic strain condi-
tions and to predict when failure will occur. If interaction of these two damage
mechanisms occurs only after a certain incubation period (N") then for a given num-
ber of high frequency,np, (time dependent plasticity) or low frequency cycles, nc,
(time dependent plasticity) which is less than N* then the damage in each case is
zero. However, when the number of high frequency or low frequency cycles exceeds N*
(i.e. ng or np > N*) the two mechanisms can interact either simultaneously or se-
quentially.

s
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In the first case, the damage mechanisms interact within the same low frequency &
cycle which may include a hold period. The total damage accumulation during one ﬁ
cycle is: }
N
8D _ 8D SDg _ | D
N Eﬁg + N and D J oN SN (8)
0

which has been considered by Lemaitre and Chaboche (1974).

In the second case where the two damage mechanisms interact sequentially, for n.
cycles of pure cyclic creep followed by np cycles of pure fatigue then,
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The amount of damage required for this type of interaction will be considered in
the present paper.

APPLICATION

Smooth fatigue specimens were machined from bars of Sanicro 31 (trade name of Sandvik
AB), similar to Alloy 800. These specimens which were 5 mm in diameter had a gauge
length of 7.5 mm. Prior to machining, the bars had been solution heat treated at
1120°C for 15 min and then water quenched.

Strain controlled fully reversed cyclic tests were carried out using a servo-controlled
electro-hydraulic closed loop testing system. The temperature of testing, 600°C,

was achieved using a resistance furnace. Details of the test procedure have been
published elsewhere (Abdel-Raouf, Plumtree and Topper, 1973).

After failure, the surface damage and fracture surfaces were examined using the
scanning electron microscope. Accompanying metallographic examination was carried
out using optical microscopical techniques.

The conditions for the reference tests were selected on the basis of the results of
cyclic tests carried out at various frequencies and after examining the fracture
surfaces. The high frequency reference tests were chosen as those when the life
was independent of frequency (as well as temperature) and for the low frequency
reference tests, the life was time (and temperature) dependent.

The reference function Np(Ae) for high strain rate cycling (¢ = 2.64 X lO_l sec_l)
was established for frequencies in the range of 5 to 10 Hz. As expected, the life
decreased with increase in total strain range. For a total strain range of 2.4% the
fatigue life was 700 cycles (this was also the life for a frequency of 10 Hz at the
same strain range). For a total strain range of 2.64%, Ny was 550. Under these
high frequency strain cycle conditions, the fracture surface was completely striated.
A record of the stress response throughout this test allowed the damage to be as-
sessed for any particular number of cycles.

To obtain p (in Equation 7), the evolution of damage is required. Among different
methods (Lemaitre and Duffailly, 1977), the simplest is to record the change of
stress amplitude during the 5 or 10 different tests and to derive the damage evolu-
tion from the cyclic stress-strain equation including a damage term, i.e.
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8c* = (1-Dp) L dey (10)

where L and M are material characteristics and Asp is the plastic strain range.

If Ao* is the value of Ao at steady state or stabilized conditions when the damage
is negligible then,

A =L Aep‘“ (11

Under constant strain conditions then,

DF=1-2—g-;; (12)

Using Equation 7, the log-log plot of (1-Dg) [=(Ac/Ac®)] from one test versus
(1-N/Np) gives the slope, 1/p+l, from which the value of p was determined (=27).

The reference function N.(Ae) for a low strain rate (¢ =1.32 X 10_4 sec_l) was es-
tablished for frequencies in the range of 0.0025 to 0.0038 Hz. For the total strain
range of 2.64%, the fatigue life N, was 198 cycles. For all these low frequency
tests, the fracture was intercrystalline. In a similar manner to the high frequency
tests, the stress response for the test carried out at this total strain range of
2.64% was used to determine the damage D; and then damage evolution according to
Equation 4. The exponent,q', was determined to be 15.

To study the effect of prior low frequency cycling on the high frequency life, block
tests were performed. This involved strain cycling the specimen at v = 0.0025 Hz

(he = 2.64%) for a predetermined number of cycles then changing the frequency to

v = 5 Hz (Ae = 2.64%) and continuing the test to failure. The results are given
in Table 1.

TABLE 1 Low (L.F.C) and High Frequency Cycling (H.F.C)
Block Test Results

Initial L.F.C. H.F.C. to Failure

Tesk Now Cycles N/N. Cycles Obs. N/Np Predicted N/Ng
T1-B 100 0.51 216 0.39 0.29
T2-B 140 0:71 140 0.25 0.11
T3-B 50 0.25 365 0.66 0.60

Sequential mixing tests were carried out using a total strain range of 2.64% in
order to apply the damage accumulation model to strain controlled situations and to
assess its ability to predict failure in conditions where large amounts of different
damage processes (i.e. high degree of mixing) were imposed. A block consisting of
a given number of low frequency (v = 0.0025 Hz) strain cycles, followed by a given
number of high frequency (v = 5 Hz) cycles was repeated until failure occurred and
the number of sequences of fatigue and creep-type damage process was recorded. For
instance, in Test No. T16-M, 2 cycles at low frequency were followed by 4 cycles

at high frequency and this sequence was repeated 52 times until failure occurred
halfway through the 53rd low frequency sequence. Under these conditions, the num-
ber of sequences was regarded as 104.5 (i.e. 52.5 low frequency and 52 high fre-
quency). In all, a total of 6 such sequential mixing tests were carried out and
the results are given in Table II.
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TABLE II Sequential Low (L.F.C.) and High (H.F.C.) Frequency Cycling Mixing
Test Results

Observed No. of LFC

Cycles at Predicted No. of
woycles gt

Test No. LFC HFC + HFC Sequences to Sequences to Fail-
ne ny Failure ure

T2-M 100 216 2.3 g.;

T3-M 50 108 3.9 .9

T4-M 25 54 8.7 21.1

T5-M 10 21 22.0 .2

T6-M 5 11 35.6 41.

T16-M 2 4 104.5 107.1

PREDICTION

i rediction is based upon the damage relations given in Equation 3 and 6 for
E;iiig creep and fatigue respectively, and on Equation 9 for sequential gamiie tn—
teraction. Consider n, cycles of cyclic creep (= 2 for Test T16-M) in E 2 f rs
sequence of strain controlled cycles followed by np cycles of fatigue (= zr be-
Test T16-M) in the next sequence. The whole process is then repeated. At tfii e ”
ginning of the ith sequence a certain amount of damage Dy, will have beei in ;te
and on completion of nc cycles the new value of damage will be Dy4j. This may be
determined by integration over the ne cycles.

Di+1 e

q' - __dN
(1-p]% D = [q1IN,
Dy o
Hence 2 1
+1 Nev T2
Dyyp = 1 - {12-041% 7 - —"‘Nc}q"rl 13)

This equation can be easily solved with the initial condition D, =0 in order to
find the number of blocks ig and the number of cycles n in the last block during
which failure occurs:
iz = first i, given D > 1
p or q'+1 (14)
= = - D
D=1->n N(iM-l) (1 (iM-l)]

luded in Table II and it is
The predicted numbers of combined sequences are inc
inteiesting to note that these predictions are very similar to the observed results.

failure after a given cycle
For the block- tests, the number of fatigue cycles to 2
fraction at low frequency may be calculated by integration of the fatigue damage

equation with D, as an initial value of D:
N
1

o1P ap = | N (15)
Jnc[l pIP 6D JO [p+1TN

Since D, is given in Equation 4, then

ptl_
N o_ 4o Na'+l (16)
5 1-11 -}
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These values are given in Table I and it will be seen that the predicted and observed
results are again very similar.

DISCUSSION AND CONCLUSIONS

The results of the mixing tests indicate that interaction of the fatigue with the
creep-type damage mechanism occurred after only two low frequency cycles had been
imposed. The total number of the high frequency cycles in test T16-M (Table II)
corresponded to 208 cycles (52 high frequency sequences consisting of 4 cycles in
each) whereas failure occurred after 550 cycles when no mixing took place. Hence
the two low frequency cycles were damaging to the subsequent high frequency cycles.
This shows that N* < 2/198 N., = 0.01 N, giving a critical amount of damage,

Dg » g ~ 0.001.

Tests carried out by Plumtree and Douglas (1981) on Alloy 800 at 600°C which con-
sisted of initial high frequency cycles followed by sequential mixing low and high
frequency cycles to failure, showed that only after an initial high frequency se-
quence of half life (N > 0.5 Ng) interaction with the following low frequency se-
quence occurred. This corresponded to a critical damage of D§ + ¢ ~ 0.03. Hence
this sequence is not as deleterious as when creep-type damage is imposed first.

It has been shown that the non-linear damage accumulation model may be used with
good accuracy to predict failure at 600°C of Alloy 800 which experiences interacting
cyclic creep-fatigue damage.
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