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SUSTAINED-LOAD CRACK GROWTH OF 8090 ALUMINIUM-LITHIUM ALLOY
PLATE IN DRY AIR AT 50-200°C

by

S. P. Lynch¥*

SUMMARY

!

The effects of test temperature, stress-intensity factor, sodium impurity
content, and ageing condition on the short-transverse sustained-load (creep)
cracking of pre-cracked Al-Li-Cu-Mg-Zr (8090) alloy plate have been studied.
Creep cracking was orders of magnitude faster, and threshold stress-intensity
factors were much lower, than for conventional aluminium alloys such as
2014-T651. Significant rates of cracking were observed in 8090 alloys at
temperatures _as le as 60?§;at stress-intensity factors as low as ~5 MPa{G;.

“For a given stress-inggﬂsity factor, cracking rates were similar for underaged,
peak-aged, and overaged conditions, but were higher for alloys with higher sodium
impurity levels. Metallographic and fractographic observations suggest that the
presence of liquid, sodium-rich impurity phases promote creep cracking in 8090
alloys. Creep cracking in conventional Al-alloys is probably exacerbated by
solid impurity phases such as lead, which are less mobile and therefore less

damaging than sodium-rich phases. Gttt P o 'TT} =
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1 INTRODUCTION

The development of Al-Li base alloys as lower density, higher stiffness
replacements for conventional Al alloys has concentrated mainly on producing
satisfactory performance at ~20°C. Most rcom-temperature properties of recent
commercial Al-Li alloys appear to be at least as good as conventional Al alloys,
with the exception of short-transverse frzcture toughness which was addressed in
Ref 1. There has been relatively little work on the performance of Al-Li alloys
at elevated temperatures, despite potential applications such as for airframe
components near engines in subsonic aircraft, for airframes for supersonic
aircraft, and for some space hardware. The limited work which has been carried
out at elevated temperatures includes studies of tensile properties at temper-
atures up to 300°C, and at 20°C after soaking at elevated temperatures? 3. Some
studies of creep deformation? and creep crack growth3 7 have also been carried

out.,

Strengthening precipitates in 8090 Al-Li-Cu-Mg-Zr alloys (8* and S')
coarsen relatively slowly compared with those in conventional 2xxx and 7xxx Al
alloys and, hence, strength is maintained up to higher temperatures, and for
longer hold times at elevated temperatures, for 8090 alloys. For example,
strength is maintained up to 160°C for long term (1000h) soaking3. Precipitation
of S' on sub-grain boundaries, which prevents dynamic recovery, and thermal
restoration of order in the &' precipitates also contribute to the maintenance

of elevated temperature strength3.

Studies of creep crack growth in Al-Li base alloys, on the other hand,
suggest that the resistance to cracking is lower than in conventional alloys when
there are relatively planar, continuous intergranular crack paths normal to the
applied stress. For Al-Li-Cu-Mg-2r extrusions, creep cracking at 150°C was
faster than in conventional alloys for the T~L orientation but slower for the L-T
orientation®. Crack bifurcation along the planar grain boundaries of the T-L
plane was responsible for the resistance to cracking of the L-T orientation.
Creep cracking in Al-Li plate along the short-transverse (S-L) plane has also
been reported at temperatures as low as 20°C’. Cracking at 80°C in dry air was
more extensive than at 20°C and was observed down to low stress~intensity factors
(~6 MPaJﬁ;) . Conventional Al alloys are not known to exhibit creep crack
growth in dry air at 20°C except when embrittling metal impurity phases such as
lead are present®-19, Sodium-rich phases are known to be present in Al-Li
alloys!?'?, but the mechanisms of creep cracking and whether embrittling phases

are involved, have not been established.




L .- N 5 . - L . o . Ly . TR 90033 R

In the present work, creep crack growth in commercial and experimental
Al-Li-Cu-Mg-Zr (8090) plates has been studied and compared with cracking in con-
ventional Al alloys. Cracking along the short-transverse (S-L) plane was
examined since it was expected that this orientation would be the most suscept-
ible. The effects on creep cracking of sodium impurity content and ageing treat-
ments (including double-ageing treatments which increase fracture toughness as
described in Ref 1) were examined. The aim of the work was to establish the
kinetics of cracking as a function of stress-intensity factor and temperature,

and to determine the mechanisms of cracking.
2 EXPERIMENTAL PROCEDURE
2.1 Materials and heat-treatments

(a) Two commercial 8090 plates (Table 1), also used for the studies of
short-txansverse fracture toughnessl, were used in this work. Most tests were
carried out on material aged 32h at 170°C, but other ageing treatments, including

the double-ageing treatments described in Ref 1, were also used.

(b) Three experimental Al-Li alloy plates (36 mm thick), containing dif-
ferent trace amounts of sodium (Table 1), which had been cast and fabricated at
RAE were also studied. The experimental alloys were solution-treated, quenched,

naturally aged for several years and then artificially aged 32h at 170°C.

(c) Some creep tests were also carried out on 2014~T651 and 7010-T7351

{conventional) aluminium alloy plates for comparison with the 8090 alloys.
2.2 Testing and examination

Bolt-loaded double-cantilever-beam (DCB) specimens, as used for fracture-
toughness testing, were also used for creep tests. Specimens were pre-cracked so
that initial stress-intensity-factor (K;) values were near the (critical) frac-
ture toughness value. The specimens were then held at temperatures from 50-200°C
in dry air (using a silica gel desiccant for temperatures <100°C) until
sustained-load cracking stopped. Crack growth was monitored on the polished side
surfaces of specimens by scribing the positions of the crack tip (to an accuracy
~0.1 mm) at intervals during crack growth. The positions of the scribe lines
were then measured using a travelling microscope at the end of the test. Crack

velocities at high K; were also calculated from the time to produce creep crack

growth increments of several millimetres, which were measured on fracture




surfaces between increments of overload fracture*, Fracture surfaces were
examined by optical microscopy, scanning-electron micr scopy (SEM), and

secondary~-ion mass spectroscopy (SIMS).

Stress—-intensity factors were calculated from the equation given in Ref 1.
Loading displacements 'v' were routinely measured at 20°C since initial tests
showed that differences in thermal expansion ketween the alloy and the steel
bolts did not cause measurable changes to 'v' over the temperature range studied.
Values of 'E' used were 70 GPa for the 2014 alloy, 80 GPa for 8090 at 20°C,

75 GPa for 8090 at 170°C, and values between 75 and 80 GPa for 8090 at inter-~

mediate temperatures?.
3 RESULTS
3.1 Kinetiacs of cracking

For commercial and experimental 8090 alloy plates (aged 32h ac 170"%%,
crack velocities, a , were constant for certain ranges of stress-intensity
factor, K; . These ‘plateau-velocities' were smaller at lower K; ranges, and
a threshold K; value, below which cracking did not occur, was observed (Fig 1).
There was a small amount of scatter in a for a given K; range, and in K;
values at which a changed from one plateau value to another, for specimens
tested under nominally the same conditions. Thus, scatter bands for data from
three to four specimens shown in subsequent Figures do not show the plateaui at
lower K; ranges. Crack velocities at a given K; 4increased with increasing
temperature, but threshold values were 3-4 MPaym for the commercial allcys at
all testing temperatures (Fig 2). Cracking rates were appreciable (~10 mm/yr)

even at temperatures as low as 60°C and stress-intensity factors as low as

5 MPaJr~.

Rates of cracking at a given temperature and K; value for 8050 material
initially aged for different times (24-100h) at 170°C were not significantly
different. However, double-aged material (32h at 170°C + 5 min at 200°C + CWQ)
with double the toughness of single-aged materiall, behaved differently from
single-aged material. For double~aged material, creep crack growth at the
highest K; used for testing single-aged material (16 MPaJE;) occurred only
afte. an incubation period. These incubation periods (which were not observed

for single-aged material) depended on the testing temperature, and corresponded

* At 200°C, where rates of cracking were high, specimens were rapidly heated,
held for 5 min, and then quenched. Subsequent overload ‘'pop-in' required
approximately twice the lcading displacement to that required previously. This
observation led to the work described in Ref 1.




to the times approaching those which caused complete re-embrittlement (see
Re¥ 1). 1Initial rates of cracking were then slower, but after times which pro-
duced complete re-embrittlement, rates were similar to those observed for single-

aged material for equivalent K; values.

For single-aged experimental alloys, rates of creep cracking at a given
temperature and K; value were 3-5 times higher for the alloy with ~40 ppm
sodium than for the alloys with ~10 ppm sodium (Fig 3). Furthermore, the frac-
ture toughness of material with ~40 ppm sodium was only about half that for
material with ~10 ppm sodium. The two alloys (G1l5 and G16) with ~10 ppm sodium

behaved similarly.

Tor conventional aluminium alloys, data in the literaturel3 and data
obtained in the present work, showed that rates of S-L creep cracking at equiva-
lent temperatures and K; values were orders of magnitude slower than those

obse.ved for 8090 alloys. Threshola I, values were also considerably higher

kY

for conventional alloys than for 8090 alloys (Fig 4).

Arrhenius plots of creep crack velocity for given values of K; versus 1/T
gave activation energies of ~0.89 eV from 50-120°C, and ~0.58 eV from 120-200°C
for both the commercial 8090 alloy plates (Fig 5). Activation energies for
experimental alloys with high and low sodium contents were similar to each other
and to the commercial alloys (Fig 6). An activation energy of 0.35 eV was cal-
culated for creep cracking of the 2014 alloy at high K; , which is the same as
that found for creep cracking of an Al-Mg-Si alloy doped with lead impurities!®

(Fig 7). The significance of these values is discussed in section 4.3.
3.2 Metallographic and fractographic observat. ons

Creep crack growth in Al-Li alloy plates produced multiple, parallel inter-
granular cracks, particularly at high K; values (Fig 8). Fracture surfaces had
a 'flaky' appearance (Fig 9) because some grains had been lifted above the
general fracture plane due to tearing of uncracked ligaments behind the main
crack front. Observations on the side surface of the experimental alloy with ~40
ppm sodium showed that brittle intergranular cracks occurred around inclusions at
considerable distances ahead of the main crack tip. Deformation and fracture of

ligaments between some of these cracks then occurred (Fig 10).

Fracture surfaces produced by creep crack growth at 50-200°C at high K;
in commercial and experimental 8090 plates exhibited numerous, brittle inter-

granular islands, often centred on inclusions and suarrounded by dimpled areas

(Fig 11). Cracking at low K; also produced brittle islands but they were not




as obvious as those produced at high K; because dimples around the islands were

smaller and shallower than those produced at high K; .

Brittle islands were only rarely observed after overload fracture of the
commercial alloys but were observed after overload of the experimental alloys
(Fig 12). However, they were smaller and less numerous than those observed after
creep cracking (for the same test temperature). For overlovad fracture, there
were more brittle islands for the alloy with the higher sodium content, and
islands were not observed after testing at temperatures < -7/8°C (Fig 13). SIMS
observations of overload fracture surfaces, produced in situ under high vacuum,
for the 25mm commercial plate showed that there were discrete sodium rich areas

(Fig 14). The other materials were not examined by SIMS.

For the 2014-7651 plate, S-L creep crack growth at 80-170°C produced
‘brittle' intergraiular regions and dimpled areas, but discrete brittle islands
were less well defined than those for 8090 alloys; overload fracture of 2014

plate produced well defined dimples on fracture surfaces (Fig 15).
4 DISCUSSION

Before discussing the mechanisms and kinetics of creep cracking, and the
reasons for the inferior creep cracking resistance of 8090 alloys compared with
conventional Al alloys, mechanisms of overload fracture are discussed. The
observations for overload cracking, particularly in the experimental alloys with
different sodium levels, help to establish the form of the impurities and their
effects on fracture-surface appearance. The role of impurities during creep

crack growth is then discussed.
4.1 Mechanisms of overload fracture

The fractographic observations for the commercial alloys indicated that
fracture occurred by a localised microvoid-coalescence process for some bound-
aries (producing well-defined dimpled fracture surfaces), and by 'brittle’
intergranular fracture for others. The effect of various microstructural
features on overload crack growth in the commercial 8090 alloys was discussed in
Ref 1. It was concluded that brittle intergranular fracture and low fracture
toughness was caused primarily by lithium segregation at grain boundaries. The
presence of grain-boundary precipitate~free zones (PFZ) and precipitates also
played an important role in the fracture process by causing strain localisation

and facilitating nucleation of voids, respectively.

For the experimental alloy with ~40 ppm sodium, liguid-metal embrittlement

(LME) due to sodium-rich phases appears to be the major cause of low fracture




toughness, although the other features undoubtedly contribute. The toughness of
this material was only ~8 MPaym , whereas the toughness ¢f the material with
5-10 ppm sodium, with otherwise similar composition and microstructure, was

~16 MPaym . Aluminium alloys are known to be embrittled by liquid Na-K alloys
since wetting the external surfaces of stressed specimens induces brittle
intergranular and cleavage-like fractures in alloys which do not exhibit such
features when they are tested in dry airl!4., Aluminium alloys with high levels of

sodium are also known to contain liquid sodiu..~-rich phases.

Liquid phases (rich in Na and K) at grain boundaries in Al-Li alloys con-
taining 240 ppm Na have been identified by TEM and energy-dispersive x-ray
analysis (EDXA) of thin foils!1/12, The phases were lenticular (~1 pm long),
appeared lighter than their surroundings, and sometimes contained mobile bubbles
of gas indicating that the phases were liquid at 20°C. For commercial alloys
with low sodium-impurity levels (<5 ppm), lenticular phases (~0.08 pm long) which
appeared lighter than their surroundings were also observed. These phases were
too small to be analysed by EDXA, but were probably rich in alkali-metal impuri-
ties since SIMS of intergranular fracture surfaces showed that discrete Na-K rich
phases were presentlz. SIMS observations of fracture surfaces of the 25mm com-
mercial plate studied in the present work also revealed the presence of sodium-

rich areas (Fig 14).

The brittle intergranular islands centred on inclusions and surrounded by
dimpled areas on fracture surfaces of the experimental alloys* are probably
caused by LME due to the presence of Na-K rich phases adjacent to inclusions.
This conclusion is consistent with observations that: (i) more islands were
present for the alloy with the higher sodium level and (ii) fewer islands were
present after overload at lower temperatures, with islands absent at testing
temperatures <£ -78°C . Furthermore, only liquid embrittling phases have the
mobility to keep up with rapid overload fracture -- surface diffusion of embrit-
tling atoms from solid phases would not be able to keep up with rapid (>10 mm/s)
cracking. The progressive decrease in thz number of brittle islands with
decreasing temperature (down to -78°C) suggests that the embrittling phases had a
range of compositions (melting-points), with some of them containing embrittling
elements besides Na and K. (Pure sodium melts at 98°C, binary Na-K phases can be

liquid down to -13°C, and Na-K-Cs phases can be liquid down to -78°C1l.)

* Transgranular cleavage-like islands have also been observed on fracture
surfaces of Al-Li and other Al alloys containing sodium!4-16,




4.2 Mechanisms of creep cracking in Al alloys

The metallographic and fractographic observations for the commercial and
experimental 8090 alloys suggest that creep crack growth involves relatively
brittle cracking radiating from inclusions follouwed by more ductile cracking, so
that brittle islands surrounded by dimples are observed on fracture surfaces. As
discussed above for overload fracture, the islands are probably caused by LME due
to the presence c¢f sodium-rich phases. The brittle intergranular islands are
larger and more numerous after creep crack growth than after overload (at the
same test temperature), probably because cracks 'run out of' embrittling metal
after a smaller extent of crack growth under overload conditions than under creep

conditions.

Cracks probably run out of liquid metal when the centre of the liquid
meniscus behind the crack tip comes into contact with the crack tip. The shape
of the meniscus will depend on the crack velocity and, for a given volume of
liquid in cracks, the meniscus may break down after smaller increments of crack
growth during rapid overload fracture than for slow creep cracking (Fig 16).
Overload cracks may also run out of liquid after smaller crack extensions because
overload cracks are blunter than creep cracks. Under creep conditions, embrit-
tling atoms could also migrate to crack tips by surface diffusion, and this could
occur when the phases are liquid or solid. However, most Na-K rich phases are

likely to be liquid during creep at 50-200°C.

For the commercial alloys studied in this work, with <5 ppm Na + K, liquid
impurity phases are probably sufficiently small that their presence facilitagas
creep crack growth but not rapid overload fr.cture. For the RAE experimentaﬁ%
alloys, sodium-rich phases are present in sufficient amounts to have a small
effect on rapid fracture for alloys with ~10 ppm sodium and a large effect on
rapid fracture for alloys with ~40 ppm sodium, as well as to facilitate creep

cracking.

Alkali-metal and other impurities are present in Al-Li alloys (Table 1)
because the aluminium and the lithium themselves initially contein these impuri-
ties. Impurities can also be picked up from fluxes and refractories during melt-
ing and castaing. The levels of alkali-metal impurities in recently produced
commercial Al-Li alloys, however, are similar to the levels often found in other
aluminium alloys, although the form of the impurities appears to be different.

In many aluminium alloys, there is sufficient silicon available to produce a
high-melting-point Na-Al-Si compound. In Al-Mg alloys, where silicon prefer-

entially forms a compound with magnesium (Mg,Si), bismuth is added so that a

T annNIT - P - - . R R
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Na-Bj compourd is formed!’. For Al-Li alloys, the activity of elements which
form cowpounds with sodium is probably low due to their preferential compound

formation with lithium so that low-melting-point sodium-rich phases are present.

Creep crack growth in conventional Al alloys is probably also associated
with the presence of embrittling impurities since fracture surfaces exhibited
similar features to those obse.vcd for 8090 alloys, although brittle islands were
less well defined. However, sodium-rich liquid phases are not likely to be
present, as discussed above. Other impurity elements which could promote crack-
ing in Al alloys include Pb, In, Sn and Cd!® 1% 1In conventional alloys, solid
Pb-rich impurity phases are sometimes present, and detailed studies of creep
cracking in Al-Mg-Si alloys? 10 have shown that such phases promote cracking.

For the 2014 alloy studied in the present work, the identity and Jlistributinn of
impurity phases have not been established, but analysis showed that the alloy

contained ~12 ppm lead which could be sufficient to promote creep cracking. The
activation energy for cracking in 2014 also suggests that lead is responsible, as

discussed in the following section.

It has been argued in previous work2°-2? that embrittling atom facilitate
crack growth by adsorbing at crack tips and weakening interatomic bonds, thereby
facilitating dislocation inje~tion from crack tips and promoting the coalescence
of cracks with small voids ahead of cracks. This explanation is consistent with
the presence of small dimples sometimes observed on 'britile' fracture surfaces,
and with the observations of substantial slip on planes intersecting cracks?C-?2,
Alternative explanations for LME,eg based on adsorption facilitating tensile
separations of atoms (atomically brittle decohesion)!?, are not consistent with
such observations. Under creep conditions, adsorption-induced weakening of
interatomic bonds probably facilitates the thermally activated injection of dis~

locations from cracks tips and thereby promotes the growth of voids.

Deformation and fracture of ligaments between impurity-induced cavities is
also necessary for cracking and probably involves 'normal' thermally activated
dislocation processes, and cavity formation in PFZ around grain-boundary precipi-
tates. For 8090 alloys, creep fracture of ligaments, like overload fracture, is
probably facilitated by lithium segregation at grain boundaries. Such an effect
could explain why double-aged specimens exhibited incubation periocds prior to
creep cracking since it was proposed in Ref 1 that double-ageing decreased
lithium segregation at grain boundaries and that re-segregation occurrcd during

subsequent exposure at 60-170°C.
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4.3 Kinetics of creep cracking and embrittlement in Al-Li and other
Al alloys

Sub~critical crack growth of conventional (7075-T651) Al alloys due to the
presence of an 'unlimited' external supply of liquid metal (mercury) occurs at
very high velocities (~2 X 107! m/s) for K; values in the range 5-20 MPaJ; '
and threshold K; values arxe only 1-2 MPaJEKZB . For LME of other materials,
lower plateau-velocities, a , and higher K; threshold values have been
observed, eg & ~ 5 X 10™° m/s for Ti alleys in mercury24, & ~ 1079 - 1073 m/s for
D6ac steel in mercury?5. The rate-controlling processes have not been estab-
lished, although the rate of capillary flow to crack tips could limit the

velocity for 7075 AL in mercury.

For sub-critical cracking of 7075-T651 Al alloy due to the presence of an
external supply of solid metal (indium), and for solid-metal induced embrittle-
ment of other materials, it has been shown that rates of cracking are controlled
by surface self-diffusion of emporittling atoms to crack tipsl®. Effective values
of the surface-diffusion coefficient are ~10-1% m?/s at homologous temperatures
~0.5 and are ~10710 m?/s at temperatures just below the melting point!®. Thus,
average crack growth rates for short cracks (~10 pum) can be quite high

(~107° m/s) at temperatures just below the melting point.

For creep crack growth in Al-Mg-5i alloys containing Pb-rich phases, an
activation energy for creep cracking of 0.35 eV was reportedl®, and this is con-
sistent with cracking controlled by multilayer surface-~diffusion of lead from
lead-rich phases to crack tips?2. An equation, a = L, - 2Ds/x2 , where a is the
creep crack velocity, 1, is the size of the plastic zone (in which creep
cavities are nucleated), Ds; is the surface-diffusion cozIlficient, and x 1is
the diffusion distance from the lead~rich phase to the point at which coalescence
with other cavities occurs (ie about half the spacing between the embrittling
phases), also gives crack velocities in the 1inge found experimentally??. For
the 2014 alloy, the activation energy for cracking was about the same as that for
cracking of Al-Mg-8i alloys containing lead, and is consistent with surface self-
diffusion of lead to tips of cavities being the rate-controlling process, as for

Al-Mg-Si alloys.

For Al-Li alloys, creep crack growth is probably not controlled by trans-
port of embrittling atoms to crack tips since capillary flow (when phases are
liquid) or surface diffusion of sodium (when phases are solid) would be fast
enough to produce crack velocities many orders of magnitude greater than those
observed. The decrease in the slope of the Arrhenius plots for creep cracking in

8090 alloys above 120°C suggests that cracking involves two other (slower)
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consecutive kinetic processes, with the same rates at ~120°C but different
activation energies. Further work is required to identify these processes, but
localised creep deformation and fracture between impurity-induced cavities are
probably involved. This would be consistent with the inhibiting effect on creep

cracking of double-ageing which increases fracture toughness,

Overall rates of creep cracking in 8090 alloys would, on the above basis,
be dependent on the rate of creep fracture of ligaments between impurity-induced
cavities and on the area of the ligaments -~ with the latter affecting the former
since smaller ligaments would be subjected to higher stresses. The area of liga-
ments will depend on the volume and spacing of impurity phases and these areas
will be smaller for material with the higher sodium content. The higher creep
cracking rates for the experimental alloy with the higher sodium content can be
explained along these lines. The higher creep cracking rates for 8090 alloys
compared with conventional alloys presumably occur because the rate-controlling
processes are faster for 8090 (Fig 17). Notwithstanding that creep deformation
and fracture of ligaments is probably the rate~controlling step in 8090 alloys,
the presence of liquid, sodium-rich phases are essentially responsible for the
faster rates than those in conventional alloys since they result in rapid form-

ation of cavities separated by highly stressed ligaments.

If the inferior S-L creep cracking resistance of Al-Li alloys compared with
conventional alloys is primarily caused by the presence of Na-rich impurity
phases as discussed above, then there is probably little that can be done to
improve the creep cracking resistance. The level of sodium irpurity in com-
mercial alloys is generally less than 5 ppm, and achieving lower levels would
probably not be economically viable. Furthermore, attempts to 'tie-up' the
sodium impurity as a high-melting-point compound by adding other elements would
probably fail due to preferential compound formation between the additions and

lithium, as already mentioned.

The practical implications of the present work are hard to assess. The
studies have involved exposure of pre-cracked material stressed normal to the
short transverse grain orientation at elevated temperatures -- a situation that
is rare in practical components. Furthermore, data from the literature?® indicate
that Al-Li alloys, such as 8090, exhibit better tensile properties at elevated
temperatures than the Al-Cu alloys they are intended to replace. Conventional
creep tests using smooth specimens alsc show that the resistance of Al-LiI alloys
to creep deformation is better than that in conventional Al alloys’®. Thus, the
poor short-transverse creep-cracking resistance of Al-Li alloy plate may not be a

serious limitation for most anticipated uses.
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5 CONCLUSIONS

(1) Sub-critical (creep) cracking 8090 plate along the short-transverse plane
is much faster, and threshold stress-intensity factors are much lower, than in
conventional aluminium alloys. Significant rates of cracking can occur at tem-
peratures as low as 60°C at stress-intensity factors as low as 5 MPaqﬁ; for plate

stressed normal to the short-transverse plane.

(2) Creep-crack-growth rates in 8090 alloys are similar for underaged, peak-
aged, and overaged conditions (for one-step ageing), but were initially much
lower after double ageing. Creep-crack velocities are 3-5 times higher for
alloys with ~40 ppm sodium than for alloys with ~10 ppm sodium, for a given

stress-intensity factor.

(3) Creep fracture surfaces of 8090 alloys are characterised by brittle inter-
granular islands which are centred on inclusions and surrounded by dimpled

regions.

(4) The presence of liquid sodium-rich impurity phases adjacent to inclusions
promotes creep crack growth in 8090 alloys. The phases are too small to affect
overleoad fracture in commercial 8090 alloys but can facilitate both overload and

creep cracking in alloys with ~40 ppm sodium,

(5) Creep cracking in 2014 conventional Al alloys is probably promoted by solid
impurity phases such as lead which are less mobile and damaging than liquid

phases.

(6) Impurity atoms facilitate crack growth probably because they migrate to
crack tips, weaken interatomic bonds, and thereby facilitate dislocation injec-

tion from crack tips.

(7 The rate-controlling processes for cracking were probably localised creep
and fracture between impurity induced cavities for 8090 alloys, and probably

surface-azffusion of impurities to tips of cavities for conventional alloys.
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Fig 1 (a) crack length versus time, and (b) corresponding crack velocity versus stress-
intensity factor plots typically obtained for S-L creep crack growth in bolt-loaded

DCB specimens
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Fig 2
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Fig 2 Creep-crack-velocity versus stress-intensity-factor data for 8090 specimens
(aged 32h at 170°C) from 25 and 45mm plates cracked along the short-
transverse plane at 60-170°C
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Fig 3 S-L creep-crack-velocity at 80°C versus stress-intensity-factor data for
experimental alioys (aged 32h at 170°C) with ~40 ppm sodium impurity
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Fig 4 S-L creep-crack-velocity versus stress-intensity-factor data for several
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Fig 5
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Fig 5 Arrhenrius plots of S-L creep-crack-velocity at K values of 6 and 13-16 MPa-,/—
versus inverse absolute temperature for 8090 commercial alloy plates
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Fig 6 Arrhenius plots of S-L creep-crack-velocity at a K value of 8 MP
inverse absolute temperature for experimental 8090 alloys with ~10 and

~40 ppm sodium
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Fig 7 Arrhenius plots of S-L creep-crack-velocity versus inverse absolute
temperature for 8090 and other aluminium alloys




Figs 8-10

- . . . .
hata i Py - R s L2 VPP AL V- CH A N
T TN L s s NS Al T e i S TR TN bagreemieianameiing ,,

Lt L g R i e T Sy . e T L,
- T SNSRI et ar DLW o
AT A T e g e Y,
"

oree - egen
< . N s N - . M

s e e e . D o TR Saiea pe,.

” P B
adi g KT L TS - o orm s ~ . . ~ - TVl v Svee m
" P IR Lol ot DY POy -..:' ‘e
N “u Seoe o 4t w
- . ..
e e A e e s DR ewiidadiiien b Bt S, VST VPR
5 rmeea e Vs gy n e . N "Seens
. -, R ] L) ——— "QMR.’ Yiamet® = sser aa

D10 S0 gt T &
P M A S

— PR ol
Rionmetvae Sl

Yo e oe
TP 3
vea laindad s Ryl Fould

)

- e . -

> ow . tems o ENSRAN
oe » ree e ea amens @t ™o p "
LA - M -

bl ot £ 1 VL DR AN SR Ty . . > .

ovye TO9% 50 pa i agete s =000t . 3

g LRl VU Ll ol o P b, S 2 Yo, . -

e 1A . A - SET TN SAE
LR ¥ vl B ren e ® - . LI * .

* N i
N -

.
S P
Cens € @ 20 wee®w 08 &0 et S

. >~;~"~M, weadm  sgn < .‘.—mﬁ?‘:-::::‘_. O - e
T e o et o ® . ' »
s o st i Naat W PO i J S
'::.Zvv-\: v St e
- - ] W
L

Fleveadiotr

50 um

Fig 8 Optical micrograph of section through specimen from the 25mm plate after
creep crack growth at 120°C showing muitiple, parallel, intergranular cracks

Fig 9 Macroscopic view of fracture surface produced by creep cracking at 120°C
showing ‘'flaky' appearance

() ., ‘ ’ 200pm — p) 10 4m

Optical micrographs of side surface of specimen from the experimental alloy
with 40 ppm sodium after creep cracking at 80°C showing intergranular cracks
initiated ahead of the main crack; inset shows cracking initiated from an
inclusion in region arrowed
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Figs 11&12

Fig 11 SEM of fracture surface of (a) 25mm 8090 plate and (b) experimental alloy
with 5-10 ppm sodium, showing brittle intergranular islands surrounded by
dimpled regions produced by creep cracking at 120°C and at high K
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Fig 12 SEM of fracture surface of (a) 25mm 8090 plate showing dimpled inter-
granular areas produced by overload at 120°C, and (b) experimental alloy
with ~1C ppm sodium showing brittle islands and dimpled areas produced
by overioad at 20°C




Figs 13&14

8,
!

A
<
Tny

>

“4.
=
3

4

-

(3
x

'$
) A ;S‘ﬂf{?’ ":

Fig 13 SEM of fracture surface of experimental alioys with ~40 ppm sodium showing
(a) brittle intergranular islands produced by overload at 20°C, and
(b) predominantly dimpled areas produced by overload at -78°C

Fig 14 SIMS map using sodium ions of fracture surface of 25mm plate showing
(bright) sodium-rich areas. Surface diffusion of sodium has probably occurred
after fracture prior to analysis so that the areas are much larger than the
original phases

TR 90033




iR 90033

Fig

Fig 15 SEM of fracture surface of 2014-T651 plate showing dimples produced
(a) by creep cracking of 80°C, and (b) by overload at 20°C
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Fig 16
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Fig 16 Schematic diagrams illustrating the behaviour of liquid metal (shaded) at crack
tips during crack growth at (a) low velocities and (b) high velocities, for the
same small volume of liquid
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Fig 17

Fig 17
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Schematic Arrhenius plots for the various processes involved in creep crack
growth, as suggested by the present results. For consecutive processes, the
slowest one is rate-controlling -- this is probably surface-diffusion of impurities
to tips of cavities when impurity phases are solid (as in 2014), and probably
deformation and fracture of ligaments between impurity-induced cavities

when impurity phases are liquid (as in 8090). For the latter, rates decrease with:
(i) decreasing impurity content, because the area of ligaments increases
thereby decreasing the stress on ligaments, and (i) double-ageing, which
(temporarily) decreases lithium segregation at grain boundaries thereby
increasing the creep-fracture resistance of ligaments
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