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QUANTITATIVE FRACTOGRAPHY OF FATIGUE-TESTED INCONEL IN 713 LC AND
NIMONIC 86

U.W. Hildebrandt¥*

Oon cast high temperature alloy Inconel IN 713 LC and
forged Nimonic 86 mixed fatigue tests (LCF and HCF)
were carried out. The influence of HCF/LCF predamage
on the fatigue fracture behaviour, particulary the
distance between fatigue striations has been determi-
ned. There are correlations between the location of
crack origins and fatigue parameters for cast mate-
rial. Predamage of forged material Nimonic 86 increa-
se the width of striations in a characteristic way.
The degree of predamage can be calculated by observa-
tion and measurement of the distance between stria-
tions.

INTRODUCTION

In failure analysis there are qualitative informations concerning
crack initiation and propagation. The SEM investigation of the
fracture surface enables to determine distinct crack initiation,
different stages of fatigue, striations and residual fracture. But
often it is useful to know also quantitative properties, i.e. de-
fined areas of fracture, position of crack origin relative to the
surface of a component or specimen, width of striations and
others. With this knowledge an estimation of stresses, temperatu-
res crack propagation velocities 1is possible and a more detailed
failure mode can be derived (1-3). In this work the influence of
LCF respectively HCF-predamage Of HCF (LCF) microfracture quanti-
ties was studied (for two different materials, the cast alloy
Inconel 713 LC and a forged material Nimonic 86).
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EXPERIMENTAL

Table 1 shows the chemical analysis of Inconel 713 LC and Nimonic
86 samples. These specimens were LCF (HCF) predamaged and fractu-
red by HCF (LCF). Tables 2 and 3 show the test parameters for the
two materials. The encircled values represent the degree of preda-
mage for the applied load. There are three kinds of specimens for
each alloy: the LCF-predamaged (33-75% N/Nj) HCF-samples, the HCF

predamaged LCF samples (26-75% N/Nf) and HCF-specimens tested at

different mean stresses.
RESULTS

HCF-fracture, cast alloy Inconel 713 LC.

The microfractographical characteristics of HCF-specimens without
any predamage are given schematically in figure 1. After the crack
has initiated it propagates concentric till the surface is reach-
ed. This primary circle has transcrystalline characteristics,
striations are not observed.

When the crack reaches the surface of the specimen, propaga-
tion will continue in a multiaxial mode with fracture paths till
residual fracture occurs.

The radius of the primary circle, i.e. the distance r (crack
origin - sample surface) depends on given stresses 0, The higher

the stress the smaller the circle. Figure 2 shows the fracture
surface for three different stresses.

In all cases cracks are initiated on a pore or pore agglo-
merations as indicated in figure 3. The above correlation is only
valid, if pores are statistically scattered throughout the speci-
men. This is common to all cast alloys.

For a defined LCF predamage the fracture behaviour changes.
Depending of the degree of predamage (same HCF-stress) the origin
of the crack is shifted towards the specimen surface. In the case
of only LCF-load the crack always starts at the specimen surface.
Figure 4 shows 8 samples where this effect is true. For HCF only
the crack is initiated near the specimen center, when the stress

is lower than 00'2/5 (UO,2= 570 MPa). For 00’2/3 the crack origin

is just below the sample surface (= 0,5 mm). A 33% LCF-predamage
specimen (table 2) shows an increase in shift of the crack origin.
Even for relatively small o, = 120 MPa this crack origin is loca-

ted just below the surface (figure 5). But by applying stresses of
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the order of the yield stress (i.E. LCF-damage) the crack in-
jtiates on the surface. This is in agreement with other observa-
tions for LCF-fracture behaviour.

The same is true for integrated fatigue fracture areas FF

(specimen cross section - residual fracture region), see figure 6.
For HCF the relative fatigue area FF/F decreases from 50% at 120

MPa to 20% at 180 MPa. The LCF-predamage decreases the area con-
siderably. At 120 MPa the area of predamage 1is reduced from 50%
(HCF) to u5% (33% LCF-predamage) and to 30% (75% predamage) .

LCF-fracture, cast alloy Inconel 713 LC.

Several samples were HCF-predamaged and LCF-tested to fracture.
Depending on the degree of predamage the crack origins are influ-
enced in a typical way. For a low degree Of predamage (= 20%) the-
re are no HCF incipient cracks. Cracking starts from the edge of
the fracture surface at several points. This is to be expected
(see figure 7). For a higher degree of HCF-predamage cracking
starts from HCF incipient cracks which are localized at pores
(figure 8). Additionally a tendency for splitting and an increase
in width of striations with increasing predamage has been observed
(figure 9). Because of an extensive degree of surface oxidation no
further quantitative measurements were possible.

HCF-fracture, forged alloy Nimonic 86 .
Several samples (table 3) were HCF—predamaged and LCF-tested
respectively LCF—predamaged and HCF-tested. HCF-tests were
performed in push-pull mode (R =-1).

For HCF-testing without predamage the specimens exhibit a
crack origin at the edge of the fracture surface. This can be &x-~
pected because there are no pores in the forged material. It was
not possible to observe an influence of stress on the position of
the crack.

Three specimens were predamaged py LCF with different strain
amplitudes. In all cases the cracks initiate at the sample surface
exhibiting radiating fracture paths. A characteristic striation
structure was observed and will be discussed later. A typical mi-
crograph 1is shown in figure 10.

F-fracture, forged alloy Nimonic 86.

LC

Figure 11 shows a typical view of the fracture region. The crack
is initiated at the sample surface. The width of striations incre-
ases with increase in distance from the crack origin.
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DISCUSSION

For all Nimonic 86 specimens the width of striations Aa, as a
function of their distance from crack origin and degree of
predamage were determined.

Apparently high HCF-stresses, high strain amplitudes and a
high degree of relative exhaustion are effective in the same
direction: i.e. cause an increase in Aa. This is shown in figure
12.

The parameter § is defined as:
§ = (strain amplitude sa) X
(relative cycle number N/NF) X

(HCF mean stress oa)

The dimension of & is the same as for a specific energy which
is equivalent to the damage energy brought into the specimen volu-
me. With this parameter all the measured values of Aa fall on
straight lines shown in figure 12.

Depending on the relative distance from crack origin d/D the
striation width increases with increasing damage parameter §. This
is valid for HCF-fracture as well as for LCF-fracture. In the lat-
ter case Aa is about a factor 2 higher than for HCF. Further on it
can be seen, that only based on measurement of Aa it cannot be de-
cided whether there is HCF or LCF-fracture without precise deter-
mination of d/D and degree of predamage.

APPROACH TO FAILURE ANALYSIS

Based on figure 12 it is possible to estimate the degree of
predamage by measuring the width of striations as a function of
d/D. In general reasonable assumptions concerning the service pa-
rameters can be made. Together with the morphology of the fracture
surface it is possible to decide whether there is HCF- or LCE-
fracture. This shows that a set of parameterisized curves can be
determined by measuring Aa. By measuring or by reasonable estima-
tion of two of the factors of §, i.e. 9, and €y the degree of

HCF-predamage can be calculated. With a better knowledge about the
failure mode it is possible to improve and simplify failure analy-
sis.
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SYMBOLS USED

= yield stress (MPa)

- fatigue fracture area (mm?)

= specimen cross section = 78,54 mm?

- striation width (um)

= distance between position of crack origin and striation
= specimen diameter = 10 mm

= damage parameter (MPa)

- strain amplitude (%)

= cycle number

= cycles to first crack

= cycles to fracture

=8 (g, + 0 ) = stress amplitude (MPa)
= mean stress (MPa)

= radius of primary circle
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Table 1 - EEEEEEE; analysis of investigated materials.

Element IN 713 LC Nim 86
C 0.07 0.03
Si < 0.10 0.40
Mn < 0.10 0.06
Ccr 1.7 24.7
Ni bal bal
Fe 0.02 1.49
Ti 0.7h4 0.02
Al 5.9 < 0.05
Mo 4.y 10.75
Nb + Ta 2l -
Zr: 0.09 0.03
B 0.009 L_* n.d.
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Figure 1
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Figure 4 Influence of LCF-predamage and stress ampli-
tude' for HCF-load on position of crack origin. Sample

diameter: 10 mm
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Figure 6 Influence of LCF-predamage and stress ampli-
tude on the relative HCF-fracture area of IN 713 LC
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Figure 5 1IN 713 LC,
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3

Figure 7 1IN 713 LC, LCF fracture surface with shell

shagﬁd initial cracks, 20 % HCF-predamage, several
cra origins
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R46AR PROBE 632

Figure 9 1IN 713 LC LCF-fracture with 59 % HCF pre-
damage LCF-striations
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HCF-fracture, crack origin (CO) on

Figure 10 Nim 86,
striations

the edge, LCF-predamage: 50 %,
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"'R96RA  PROBE 997

R97A

Figure 11 Nim 86, HCF-fracture, crack origin on the edge
HCF-predamage 33%, splitted striations, subsidiary cracks
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Figure 12 Wwidth of striations as a function of d/D

for different loads (6 = predamage)
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