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Abstract Ni-base superalloy IN718 is known to display tidependent intergranular crack growth under
dwell time mechanical loading at high temperaturder atmospheric conditions. Oxygen has been pbinte
out as a cause of the intergranular damage caesifgittied crack growth during both cyclic and héide
loading. Investigation of the mechanisms respoasibl the embrittlement should not only focus oa th
effect of environment but also on the combinedasctf fatigue, creep, temperature and time. In wosk
material from experiments with fatigue crack growihcombination with hold times of different lengs
different temperatures has been investigated. égeagphic studies and metallographic cross sectidns
fatigued specimens has been subjected to caredilysas using ECCI- imaging in order to shed lighttbe
fracture mechanisms. The results show that the gan caused by the influence of a combination of
environment and severe local damage manifestedtamsformation of the microstructure into sub ell
micro twins and recrystallised areas close to tlaelctip. The damage mechanism is thus influenged b
combination of oxidation and severe local plasétodmation.
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1. Introduction

Ni-base superalloys are widely used in high tentpeegaand for applications like rotating discs in
gas turbines where IN718 is a popular alloy dueetatively low price/performance ratio, good
corrosion resistance and mechanical properties ittellent weldability. The high temperature
performance is limited to 650°C and an increastemperature needed to increase efficiency has
created demands of increasing temperature in ief@°C. Since IN718 has a strengthening
phase of D@, based on Ni and Nb called the max temperature is 650°C while a similar
precipitate based on Ni and Af) dissolves at a higher temperature. A newly depedy -former
called Allvac718plus [1] is a replacement candidatdN718.

The Ni-base superalloys are during service sulgeictes combination of static loading and fatigue
loading controlled by stress as well as straimaddition to that high temperature and environment
will act to reduce service life. The growth of tate cracks will be affected by temperature and
environment so that the mode of crack growth igtethifrom transgranular to intergranular. This
embrittlement effect that most superalloys haveammon [2] has been analysed in a great number
of publications [3-8]and reviews [9-11] [12]. Thect that not only fatigue fracture crack growth is
influenced by, frequency, temperature and envirarimaut also growth of a static crack in
conjunction with fatigue has been subject to ansljs3, 14]. The conclusions have so far been that
the significance of the effect is minor under presservice conditions but with increasing service
temperature and load the effect might be a senuatter for the future.

The aim of this work is to study the effect of gtbvef fatigue cracks at high temperature in IN718
and Allvac718Plus in order to better understand rtrechanisms behind the growth of fatigue
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cracks especially dwell time cracking at hold tinagth varying length.

2. Experiments

Two alloys IN718 and Allvac718Plus have been subpeto fatigue testing with dwell time. The
testing was performed in servohydraulic testing mra&s at constant stress amplitude using SEN
specimens [8] with DCPD crack monitoring at higmperature using a radial furnace or induction
heating [8, 15, 16]. Specimens with a crack wetglistl either as cross sections or as fracture
surfaces using an Hitachi S70 analytical SEM withaamnular Back scatter detector making it
possible to produce images by Electron Channeliogti@st Image (ECCI). This method has been
used with great success to study damage mechamssuper alloy single crystals [17, 18]. The
studied specimens have been chosen from crack lyremgeriments performed with Kb-type of
specimens with cross sections of 4.3 X 10.2 mm with2 mm sparc cut starter notch. A baseline
series of specimens were run at 0.5 Hz, R=0.008aamdhold time testing (90s, 2160s and 21600s)
was performed at 450, 550, 650 and 700°C in lake@uironment except for Allvac718Plus that
was also tested in pure oxygen atmosphere ancetudts presented as crack growth curves in ref.
[5, 16, 19-21].

3. Results
In order to be able to distinguish between craackmn at different temperatures with and without

dwell the results from crack growth without dwellivbe presented first. In figure 1 the crack zone
for baseline cracking at 450°C and 650°C is shown.

Figure 1. SEM-ECCI micrograph showing cross seabibtihe crack tip region of IN718 subjected to base
line fatigue at a) 450°C showing high slip activdtyd 650°C with lower slip activity.

The lower temperature shows clear channeling csinth@m plastic deformation caused by
homogeneous slip on primary slip systems and iareow zone close to the crack localized more
concentrated multiple slip. The crack path is teaystalline with slight crack branching. The crack
growth mechanism seems to be based on a weakehimgedface at the crack tip by plastic
deformation. For the higher temperature the craath ps more intergranular with more crack
branching and the slip intensity is less pronounced

The specimens subjected to dwell show more intatdaa fracture and branching Figure 2 and the
plastic deformation is more pronounced at 550°Ctbeatfracture mode is varying along the crack
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path and the crack growth seems to be assist¢ both slip, plasticity induced dynan
recrystallisationsometimes with twins or formation of voids and &rag oxide at the crack tij
Although the crack growth is considered intercryisial it can be divided into three differe
growth modes.

Y

Figure 2. SEMECCI micrographs showing cross sections of specinweith hold time at a) 550°C with
intergranular branched cracks and clear signsipfaid b) 650°C with intergranular cracking anss
pronounced plasticity.

The first one is the growth along grain boundavie®re thematinggrains are subjected to plar
slip on one or two slip systenfisgure 1la The second growth mode is along grains with hes:
homogeneous slip and a narrow zclose to the fracture surface with heavy planar dislocation
structure and sometimes twins and recrystallisasioacture nicely shown in ECCI mode in 1
SEM Figure 3.

a) b)
Figure 3. SEM-ECCI micrograplshowing a) the plastically damaged zone vsub grain and beginning
recrystallisation close to the crack surface anddiprmation twin:

The third growth mode is cracking alod-phaseoften oxidized into a sponge like structun the
interface between &plate and the crac It is thus difficult to say anything about ttime-sequence
of these events but the nanometric oxidized poresent at crack tips with a smallest size in
order of the hardening precipitates couldger the onset of intercrystalline faill and the stress
state andlislocation structure contributing fact Figure 4, 5, 6. Theeparat«dwell time cracking
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Figure 4. SEM-ECCI micrograph showing a) the criygkegion and b the damage zone in front of tlaelkcr
tip at higher magnification with stringers of pares

a b

Figure 5. SEM-ECCI picture of the damaged zonéNinll8 at 550°C temperature close to the crack stgpwin
a) the hardening precipitates along with nano spaes in an area with high plastic deformation ahd
pores in a grain boundary with no plastic defororati

events caused by unloading between each hold tiendifficult to distinguish along the crack front.
The crack front seems to have the character ohargal discontinuous process zone (fig.2) with
branched intergranular cracks rather than a sioglek moving through the microstructure. Crack
growth could then consist of environmental oxygasuced intercrystalline growth of cracks along
sensitized paths in different directions and arerlimking between embrittled areas showing
ligaments with more severe slip. The ligamentssaneerely plastically deformed to a level that is
very close to dynamic recrystallization with chaeaistic pores shown as black dots in Fig. 4b, Fig.
5 indicating a future crack path. The growth of thain crack is also influenced by interaction with
O-plates acting either as a crack path or as a stupper (fig 4a) depending on orientation. The
fact that thed-phase is ductile makes it less probable as a grattkbut the interface betwedmand
matrix is often acting as a crack [10] path throwsgverely oxidized pores in the interface as
observed in this work. Non propagating branchedtksaare stopped due to blunting and/or
geometrical reasons like going into mode Il. Realdiress built up during growth manifested by a
closure of the crack along the front also playsla for the path taken by the crack.
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Figure 6. SEM-ECCI micrographs of a) IN718 650°Cimiy hold and b) ALVAC718plus 700°C during
hold. Both alloys show voids in front of the cragk The smallest voids are in the same rangezef as the
hardening precipitates that are clearly visibla)in

The macroscopic crack path often shows a mismatdhogonally indicating shear or
grainboundary sliding along the crack growth diett SEM ECCI pictures taken at a very high
magnification of non propagating secondary craskshiown in Fig. 6 where nanometric voids in
the same size range as the clearly visible hardepiacipitates Fig 6a are seen along the grain
boundary. This type of voids is often seen alorggdfack front for longer cracks being coarser and
more oxidized.

The dwell time cracking of Alvac718Plus in pure ggp atmosphere shows (Fig. Thyre clearly
the intercrystalline character of the crack grodtie to the absence dfplates (black in Fig. 7a) in
this condition. The observable environmental actieanifested by growth of oxidized pores in the
grain boundaries seems to be the same as for INHE8completely flat grain boundary surface has
still slip bands and microscopic pores. The fatigyeling in oxygen atmosphere at 700°C before
the start of the dwell time cycle show clear sioiatlike arrest markings indicating a continuous
crack growth mode. Studying the fracture surfandsigher magnification show signs of nano sized
voids at the tip of branched cracks. The intergi@niacets giving a smooth appearance at lower
mag. (Fig 7b) show signs of voids at higher magatfon (Figure 8, 9).

Figure 7. SEM fractographs showing a) boundary betwpre cracking at room temperature (lower) and
dwell time growth at 550°C (upper), black contrigsd-phase b) boundary between dwell cracking (lower)
and final fracture (upper)in Allvac718plus at 700ACpure oxygen atmosphere.
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a b

Figure 8. SEM fractographs of grain facets in Ativa8plus (700°C dwell) a) oxidized surface withdsob)
surface at lower magnification with one open and diesed secondary crack with voids.

Figure 9. SEM fractograph showing the voids indh&n boundary shown in fig. 8b at higher magnifma
4. Discussion

The results from studies of the crack growth psscef IN718 and Allvac718Plus under fatigue
and dwell time loading conditions at high tempematwill be discussed. The focus will be put on
the effects of events taking place during the tiohe periods.

The crack growth under the influence of temperaauré cyclic loading is transgranular at 450°C
with clear evidence of planar slip in the grainesunding the crack going over to intense slip €los
to the fracture surface with phenomena like nanogvand local recrystallisation appearing. The
crack path is sometimes branched and not as trams@r as during room temperature cycling
indicating that the grain boundaries play a rolereduring base line cracking. With increasing
temperature the crack path becomes more branchethamplastic deformation is less pronounced.
This indicates that the environmental effect isdgedly increasing with temperature.

The hold time experiments consist of applied cariskaad cycles between 90 to 21660 s where
each cycle is separated by unloading to zero leaél.| The observed macroscopic change in
growth rate caused by those events can unfortynat¢lby traced on a micro level. The reason for
that is probably that the crack advance is a nanimaous process. Gas phase embrittlement, GPE
by oxygen is by far the most proposed damage meshaim this case [12]. Still very little is
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known about the damage on a micro scale. The donditt the crack tip are probably controlled
by the environment and the diffusion of oxygen togaand into the grain boundaries. This process
is in turn controlled by the conditions at the grobundary where slip bands, local stress, voids,
oxide formation and local chemistry will affect tbgfusion of embrittleing elements like oxygen.
Depending on the local condition at the grain b@uied micro cracks will form and propagate till
they are interfering and sometimes arrested byasiarcture liked phase or blunted at different
locations in different directions creating a danthgelume where the final crack path will be
formed when the ligaments between the micro craghk break after plastic deformation or
embrittlement. This crack model can explain theaappt non continuous crack growth and all the
other phenomena like oxidized voids and plastioheétion together with embrittlement. Crack
closure caused by local plasticity and observecethimode character along the crack path may also
play a role both due to the unloading cycle betwiencycle but also due to plasticity and oxide
formation[10]. The environmental crack propagatauring dwell at 700°C in Allvac718plus is
observed as close to purely intergranular with tiahifractographic information of microscopic
direction of growth while the fatigue crack growdiiring the same conditions show clear crack
arrest markings during intergranular growth. Thet finat the there are virtually no crack arrest
markings present during dwell does unfortunately aseswer the question if the crack growth is
continuous or not. Analysis of the crack tip wiftb] advanced methods (SIMS) has shown that the
penetration of oxygen is very limited in the craigkregion in front of the crack tip so the trigoper

of the crack growth event is probably caused bylatkon and growth of nano sized voids in the
crack tip region. The voids can either be pure o voids oy’ or y particles from the matrix
identified in this study. The origin of the voidsuhd in this study could be frogt and/or y
growing under the influence of local stress andodation activity [10] and subsequently close to
the crack tip being opened up and oxidized to fdinen observed pores. The oxidationydfis
probable in this environment since bplates exposed to oxygen, with the similar conpmsias

Yy’ or even sometimes could be transformeddtby dislocation particle [11] shearing, have been
observed to be severely oxidized. Since the arsalygh SIMS has shown that diffusion of oxygen
in front of the crack tip is nonexistent a growtleehanism based on oxygen diffusion must be
extremely local in character. This supports a meisma where nanometric voids are created by a
combined action of creep, transformation/oxidatdry’ or y into pores where the pore walls are
thin enough to allow transportation of oxygen beftirey break and gradually open up the crack. In
a review by Woodford [12] the cavities are suppasete created by oxidation of carbon into gas
phase where the voids are created from gas bubbles.bubbles are not only acting as creep
cavities but also to reduce the grain boundaryirglidhat normally takes place to relive stress
concentrations in the grain boundary at higher wmampires. This is not contradicted by the
observations in this work and could also explam Itk of expected oxide in front of the crack tip
and also the fact that no oxygen at all was foupdSBMS in ref. [16]. This also supports the
observations in this work that there is a large amof plastic deformation involved together with
intergranular fracture in IN718 and no signs of a@ttibment since the oxygen is not primarily
causing embrittlement according to this model. Wnftately evidence of a possible carbon source
for the creation of gas bubbles to support the rhpagosed in Woodford has not been observed in
this study but on the other hand not specificalgiba subject of study.

Generally the growth of a crack during hold timestant loading is for IN718 a result of a number
of growth mechanisms where microstructure togethigh plastic deformation and environment
preferably oxygen are acting. For Allvac718PIus diaell time effect at high temperature is more
clear with pure intergranular growth mode but thengh mechanism during intergranular growth is
very similar to IN718 with signs of oxidized poriesthe [11]crack tip region.
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5. Conclusions

A study of the growth of hold time cracks in IN7a8d Allvac718Plus at high temperatures has led
to the following conclusions.

» Growth of cracks in IN718 during dwell time showrax between different growth modes
with a marked shift in crack growth mode towardgigranularity with branching compared
to fatigue crack growth under the same conditions.

The growth mode during dwell time cracking is shgt towards more intergranular with
increased branched cracking with increasing tentpexeor IN718 but local plasticity is
still present.

The dwell time cracking mode for Allvac718Plus isr@ intergranular at high temperature
with less pronounced local plasticity.

Intergranular nanosized voids observed close taithek tip region could be the responsible
for intergranular cracking in both alloys.

The origin of the nanosized voids is either puremaaical or a result of oxidation of grain
boundary precipitates
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