
Vol. 7, No. 1, 2004       Oxygen-Induced Intergranular Fracture of the Nickel-Base Alloy IN718 during Mechanical Loading at High Temperatures 35Materials Research, Vol. 7, No. 1, 35-41, 2004. © 2004

*e-mail: krupp@ifwt.mb.uni-siegen.de
Presented at the International Symposium on High Temperature Corrosion
in Energy Related Systems, Angra dos Reis - RJ, September 2002.

Oxygen-Induced Intergranular Fracture of the Nickel-Base Alloy IN718

during Mechanical Loading at High Temperatures

Ulrich Kruppa*, William Kaneb, Jeffrey A. Pfaendtnerc, Xinyu Liub

Campbell Lairdb, Charles J. McMahon Jr.b

aInstitut für Werkstofftechnik, Universität Siegen, 57068 Siegen, Germany
bDepartment of Materials Science and Engineering, University of Pennsylvania,

3231 Walnut Street, PA19104, Philadelphia, U.S.A.
cGeneral Electric Aircraft Engines, 1 Neumann Way, OH45215, Cincinnati, U.S.A.

Received: September 2, 2002; Revised: September 4, 2002

There is a transition in the mechanical-failure behavior of nickel-base superalloys from duc-
tile transgranular crack propagation to time-dependent intergranular fracture when the tempera-
ture exceeds about 600 °C. This transition is due to oxygen diffusion into the stress field ahead of
the crack tip sufficient to cause brittle decohesion of the grain boundaries. Since very high crack-
ing rates were observed during fixed-displacement loading of IN718, it is not very likely that grain
boundary oxidation governs the grain-boundary-separation process, as has been proposed in sev-
eral studies on the fatigue-damage behavior of the nickel-base superalloy IN718. Further studies
on bicrystal and thermomechanically processed specimens of IN718 have shown that this kind of
brittle fracture, which has been termed “dynamic embrittlement”, depends strongly on the struc-
ture of the grain boundaries.
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1. Introduction

Polycrystalline nickel-base superalloys commonly used
for high-temperature, high-strength components in gas tur-
bines, in particular turbine discs, show a significant change
in the failure mechanism when loaded slowly at high tem-
peratures above 600 °C. Instead of cycle-dependent fatigue
crack propagation by plastic blunting and/or power-law
creep, the time-dependent diffusion of atmospheric oxygen
into the grain boundaries (GBs) under the influence of ten-
sile stress causes brittle intergranular fracture, which has
been observed in numerous studies (e.g.1-5). Certainly, this
kind of fast crack propagation is undesirable during opera-
tion of high-temperature components, and therefore a great
deal of effort has been spent by several researchers to im-
prove the resistance of the grain boundaries against the at-
tack of oxygen, e.g., by enlarging the grain size6, by the
addition of grain boundary strengtheners (e.g. B, Zr, Hf,
C)7 or by grain boundary engineering (GBE)8, a
thermomechanical treatment to increase the fraction of spe-
cial GBs, which might exhibit a lower oxygen GB diffusiv-
ity.

2. Grain Boundary Oxidation

The combination of high tensile stresses and high tem-
peratures facilitates the ingress of oxygen by grain bound-
ary diffusion, which might be followed by grain-boundary
oxidation – a mechanism that has been termed as SAGBO
(stress-accelerated grain-boundary oxidation7,9). If the ki-
netics of oxide formation are sufficient, fast intergranular
crack propagation is governed by the brittle fracture of oxi-
dation products supported by creep cavitation in the high-
stressed damage zone ahead of the crack tip. This was shown
in earlier studies as to be a typical failure mechanism dur-
ing low-cycle fatigue (LCF) of gas turbine blades10. For
intergranular failure at moderate temperatures, typically in
the range between 600 °C and 700 °C, Molins et al.4 and
Andrieu et al.11 proposed a grain boundary cracking mecha-
nism that involves the formation of NiO nuclei at the fresh
fracture surface. The removal of Ni cations leads to the in-
jection of vacancies that cannot be annihilated because of
the initial epitaxial oxide growth. The accumulation of va-
cancies ahead of the crack tip is assumed to promote brittle
grain boundary fracture. In addition to this, initial oxida-
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tion of Ni leads to a near-surface diffusion zone in which
the Cr concentration has exceeded its initial value. As long
as no Cr-containing oxide is formed (by which Cr would be
consumed), this Cr-enriched diffusion zone contributes to
the brittle behavior of the grain boundaries during mechani-
cal loading. Their assumptions were supported by LCF ex-
periments on model alloys containing different initial Cr
concentrations, as well as at different oxygen partial pres-
sures. There is obviously a transition pressure below which
no brittle fracture occurs, which is about 10-3 Pa for pure Ni
and about 10-1 Pa for Ni with 20 wt.% Cr (IN718).

3. Dynamic Embrittlement

Oxygen-induced intergranular fracture does not neces-
sarily require the formation of oxides. At temperatures
around 650 °C, oxidation kinetics of chromia- or alumina-
forming Ni-base superalloys are fairly slow. As an alternate
mechanism, dynamic embrittlement can cause intergranular
failure at high cracking rates. This mechanism involves the
diffusion of an adsorbed element into a grain boundary un-
der the influence of a tensile stress, similar to the Hull-
Rimmer mechanism12, which describes the growth of creep
cavities by the diffusion of atoms from the cavity surface
into the surrounding GB. The embrittling atoms in the GB
can lower the cohesion of the atomic bonds, which will fi-
nally break under the influence of the tensile stress. Figure 1
illustrates schematically this kind of time-dependent dam-
age mechanism. Dynamic embrittlement was shown to cause
intergranular failure for several alloys and different
embrittling species in earlier studies, e.g., sulfur-induced
cracking of alloy steels13, tin-induced cracking of Cu-Sn
alloys14 and oxygen-induced cracking of a Cu-Be alloy15,
of a Ni-Mo-Cr alloy16, and of the intermetallic alloy Ni

3
Al17.

In a more recent study, intergranular brittle fracture during

static loading of IN718 has been attributed also to dynamic
embrittlement8,18.

The driving force for GB diffusion is (beside the con-
centration gradient) the tensile stress σ acting ahead of the
crack tip, which reduces the chemical potential of the at-
oms by ∆µ = − Ωσ when they are moved from the free
surface into the grain boundary. Adding the diffusive flux
driven by a stress gradient to the diffusion differential equa-
tion (Ficks’s 2nd law) one gets the following governing equa-
tion for dynamic embrittlement:

(1)

where D
b
 is the grain-boundary diffusivity, Ω is the atomic

volume, k is the Boltzmann constant, and T is the absolute
temperature. This equation has been used to describe oxy-
gen-induced intergranular cracking quantitatively by a
steady state model by Xu and Bassani in19 that takes elastic
and plastic (creep) deformation within the cohesive zone
ahead of the crack tip into consideration. By applying to
tin-induced intergranular fracture of Cu-Sn bicrystals, this
model yielded a penetration depth of the embrittler in a suf-
ficient concentration for cracking in the order of 10-9m. Thus,
short-range grain boundary diffusion does govern the dy-
namic embrittlement process, which is in agreement with
the fairly high cracking rates that have been observed ex-
perimentally.

4. Experimental Procedures

Mechanical and oxidation testing were done on speci-
mens of the nickel-base superalloy IN718, a chromia-form-
ing material strengthened by the ordered fcc γ’ phase with a
volume fraction of approx. 30%-35% and the bct γ’’ phase

Figure 1. Schematic representation of the dynamic-embrittlement mechanism.
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after solution heat treatment at 1050 °C (1h) followed by
aging at 720 °C (12h) and 620 °C (12h). The chemical com-
position is given in Table 1.

Some sheets of this “as-received” material were
thermomechanically processed by 20% cold-rolling fol-
lowed by annealing at 1050 °C (1h), a sequence that was
applied four times to the material which was then termed
“grain boundary engineered (GBE)”. The mean diameter
of the as-received as well as of the GBE specimens was
about 74 µm.

A third group of specimens was produced by diffusion
bonding of polished IN718 single crystals with a certain
crystallographic relationship in a vacuum furnace at 1050 °C
for 100 h and a compression stress of σ ≈10 MPa. The
bicrystals made by this method were elongated by brazing
two small polycrystalline IN718 blocks onto the surfaces
parallel to the grain boundary (Fig. 2b).

Single-edge-notched bending specimens (SENB) hav-
ing a geometry as shown in Fig. 2a were cut by electro-
discharge machining (EDM). To obtain reproducible con-
ditions, the root of the notch was either polished by a 100 µm
diameter Mo wire that was drawn back and forth through
the notch using 3 µm diamond paste or extended by fatigue
precracking.

Four-point-bending tests were carried out in a high-
vacuum-tight chamber originally designed and built by
Pfaendtner in an earlier study18 in which the specimen are
heated by 750W infrared lamps focussed through quartz
glass windows onto the center area of the bending speci-

mens. The experimental setup is shown in Fig. 2c. Crack
propagation was studied by (1) loading the specimens to a
certain maximum load and then (2) keeping the displace-
ment fixed. The following load drop was recorded as a func-
tion of the time and corresponds with the crack propaga-
tion, which was determined by calibration curves8,18.

Most of the microstructural examinations were done
using analytical scanning electron microscopy (SEM). To
determine the distribution of the crystallographic orienta-
tions within the microstructure, orientation-imaging
microscopy (OIM)^TM was applied to electropolished
specimens in the SEM. This technique is based on the dif-
fraction of back-scattered electrons, yielding sets of Kikuchi
patterns for each local orientation.

To obtain information about the isothermal-oxidation
behavior of IN718, some continuous and discontinuous
thermogravimetric measurements have been carried out.

5. Results and Discussion

There is no general description of the oxidation of Ni-
base superalloys at temperatures of about 650 °C. At high
temperatures overall oxidation kinetics are determined af-
ter a short time by the growth of the most protective and
stable oxide (i.e., Cr2O3 or Al2O3). At moderate tempera-
tures, where diffusion becomes much slower, oxidation de-
pends on additional processes and interfacial reactions, e.g.,
vacancy injection into the metal matrix during the growth
of p-type oxides (cation vacancies in the oxide scale)11.

Table 1. Chemical composition of the Ni-base superalloy IN718.

Ni Fe Cr Nb Mo Ti Al Co Si Mn C B

Bal. 18.7 18.2 5.2 3.0 1.0 0.5 0.1 0.4 0.06 0.04 0.004

Figure 2. a-b) Specimen geometry; c) experimental setup.
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The oxidation of IN718 at lower temperatures is deter-
mined by the preferential oxidation of niobium and tita-
nium carbides20 and the formation of (Cr,Fe)

2
O

3
 and

FeNbO
4
21. Contrary to these results Diboine and Pineau22

found that the initial oxidation behavior of IN718 at 650 °C
is determined by a preferential Cr

2
O

3
 formation in the vi-

cinity of GBs. Figure 3a shows the thermogravimetrically-
determined kinetics of the oxidation process at 650 °C in
air. The initial oxidation process obeys a linear rate law rather
than a parabolic one, due to non-protective partial coverage
of the metal surface by oxidation products, mainly oxidized
niobium carbides (Fig. 3b). While at 850 °C a pronounced

chromia formation at the GBs could be observed, there is
no preferential GB oxidation at 650 °C. A parabolic rate
constant (k

p
’’= (m/A)2/t) for oxidation at 650 °C was esti-

mated as k
p
’’(650) = 5.8×10-15g2cm-4s-1 which is by two or-

ders of magnitude lower than the one for oxidation at 850 °C
k

p
’’(850)=3.4 × 10-13g2cm-4s-1.

Figure 4 shows the load vs. time curves for cracking of
IN718 at 650 °C in dry oxygen. After a certain incubation
time, during which an intergranular crack initiates (possi-
bly by power law creep), an intergranular crack grows by a
quasi-brittle propagation rate for an initial stress intensity
factor of K = 30MPam1/2. During fast cracking the chamber

Figure 3. a) Continuously-measured mass change vs. time for the exposure of IN718 at 650 °C to air; b) oxidation products (Nb
2
O

5
)

formed under these conditions on the surface.

Figure 4. Cracking of an IN718 4pt-bending specimen (with fatigue precrack) under fixed displacement loading at 650 °C interrupted by
evacuating the chamber, b) shows a detail of a) (Ref. 18).

(a) (b)

(a) (b)
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was pumped for a short time to a high vacuum of < 10-4 Torr
(< 1.33 × 10-4 mbar). The detail of the load drop vs. time
curve in Fig. 4b shows that crack propagation can be
“switched off” by evacuating the chamber. As soon as the
chamber was back-filled with oxygen, cracking resumed
within a few seconds.

This experiment supports the proposed dynamic-
embrittlement process as the governing mechanism for
intergranular failure of Ni-base superalloys. It seems to be
not very likely that during the short time between back-
filling with oxygen and onset of crack propagation enough
vacancies can be generated due to NiO formation, even if
the oxidation rate under the influence of stress is higher
than the isothermal one that is represented in Fig. 3.

Generally, the fracture surfaces generated during high-
temperature 4pt-bending tests consist predominantly of
smooth grain-boundary facets showing no evidence of pro-
nounced pore formation or strong plastic deformation. Fig-
ure 5 represents the intergranular crack tip after interrupt-
ing a fixed-displacement test by abrupt unloading and break-
ing the remaining cross section by room-temperature im-
pact. The abrupt unloading preserved the fracture surface
during the stages of crack advance. Fig. 5 indicates obvi-
ously that within a band of approximately 1µm in the crack
tip area no oxidation had occurred, while the broken GB
left behind is covered with oxidation products.

On the other hand, there is a small fraction of grain
boundaries which show pronounced plasticity (Fig. 6a) or
which failed by ductile rupture (Fig. 6b). The broken GB
depicted in Fig. 6a is interrupted by the terminus of a twin

Figure 5. Oxide-free crack tip area with (arrow) in the fracture
surface of an IN718 bending specimen loaded under fixed displace-
ment at 650 °C (Ref.18).

Figure 6. Fracture surface of IN718 4pt-bending specimens loaded
under fixed displacement at 650 °C: a) terminus of a twin bound-
ary; b) grain boundary broken by ductile rupture.

boundary which changes locally the crystallographic ori-
entation relationship. Obviously brittle-crack propagation
across this particular GB plane is hindered in the twin-
boundary area by a difference in oxygen GB diffusion ki-
netics for a changed crystallographic misorientation. This
hypothesis is supported by the observation of several GBs,
which were broken completely by ductile rupture. It is very
likely that these GBs were left as unbroken ligaments until
the local stress level increased to a value sufficient to cause
unstable ductile fracture, which is indicated by dimples in
the fracture surface.

There exist some data in the literature which show that

(a)

(b)
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the GB diffusivity depends on the structure of the GB22.
The GB diffusivity has minimum values for special GBs,
i.e., GBs with a high fraction of coincidence lattice sites
between the neighboring grains (Σ ≤ 29, Σ is the reciprocal
value of the fraction of coincidence lattice sites).

To obtain specimens with an increased fraction of spe-
cial GBs, a part of the IN718 material was thermo-
mechanically processed (GBE). Similar to the results ob-
tained in several earlier studies (e.g., in24) the fraction of
special GBs (Σ 3-Σ 29) could be increased from 20.9% (as-
received) to 41% (GBE). Figure 7a shows as an example
the orientation mapping for the GBE condition, where the
black lines indicate special GBs. Fixed-displacement tests
were carried out on both as-received and grain-boundary-
engineered bending specimens. The two exemplary load
drop vs. time curves in Fig. 7b show that a higher fraction
of special GBs increased the incubation time (perhaps by
lowering the creep rate) and decreased the maximum crack
propagation rate from approx. da/dN=8 µm/s to
da/dN=3 µm/s, which may be attributed to a higher resist-
ance of special GBs against dynamic embrittlement due to
their lower oxygen GB diffusivity.

In order to obtain detailed information about the inter-
dependence between the crystallographic orientation and
the dynamic-embrittlement mechanism, IN718 bicrystals
with defined misorientation relationships have been pro-
duced. Figure 8 shows one of the preliminary results of four-

point bending tests under fixed-displacement loading. The
load drop vs. time curve for oxygen-induced fracture of a
Σ 5 tilt boundary clearly demonstrates that crack propaga-
tion is a continuous process and that no obvious incubation
time is required; i.e., crack propagation sets in as soon as
oxygen diffuses into the GB.

Figure 7. a) OIM^TM mapping of a GBE-processed specimen; b) cracking of IN718 4pt-bending specimens in the as-received and in the
GBE-processed condition.

Figure 8. Load drop vs. time for cracking of a Σ 5 GB under fixed
displacement at 650 °C.

(a) (b)
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The comparison with several other special and random
GB and the application of the steady state model mentioned
in Section 3 is the subject of ongoing work and will provide
quantitative information about the influence of the
misorientation relationship on the dynamic embrittlement
mechanism and the grain boundary diffusion coefficient of
oxygen in Ni base superalloys.

6. Conclusions

Atmospheric oxygen can cause a strong deterioration of
the mechanical properties of polycrystalline Ni-base
superalloys. At temperatures above 600 °C the oxygen GB
diffusivity becomes fast enough to cause a transition from
transgranular to brittle intergranular fracture during slow fa-
tigue as well as static loading conditions. Several authors have
attributed this transition to grain boundary oxidation. How-
ever, four-point bending tests under fixed displacement on
IN718 specimens carried out during the present study pro-
vide some evidence that short-range GB diffusion of oxygen
leading to GB decohesion (dynamic embrittlement) might
be the governing mechanism for intergranular fracture at high
temperature. GB diffusion depends to some extent on the
structure of the grain boundaries. Particular GBs with a high
fraction of coincident lattice sites (special GBs) exhibit low
GB diffusivities. In agreement with this, the resistance against
oxygen-induced intergranular fracture could be improved by
grain-boundary engineering processing, i.e., by a sequence
of several cold rolling and annealing steps that resulted in a
100% increase of special GBs.
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