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ABSTRACT. The fatigue crack propagation behavior of new gatien Al alloys developed for
aeronautical applications depends on alloy comioositaging condition and atmosphere
environment. The crack path and the growth ratenatlerateAK and in the near-threshold
domain are governed by the slip morphology. In abseof environment assistance, a stage I-
like regime with slow growth rates is produced &irareable precipitates or solute cluster
structures that promote heterogeneous slip bamdaion and (111) faceted cracking in Al-Li-
Cu alloys and underaged Al-Cu-Mg alloys, in corttnagh a ductile transgranular featureless
stage Il crack path in overaged Al-Cu-Mg. In aigter vapor assistance induces a transgranular
stage Il regime associated to homogeneous sliprgemg a flat-facet and step-like features for
all materials; an adsorption assisted propagatiechanism is assumed to prevail at moderate
AK in both Li and Mg bearing materials and in themthreshold domain for Al-Cu-Mg alloys
in contrast to hydrogen assistance for Al-Cu-Logdl at low growth rates.

Keywords: Aluminum alloys, fatigue crack path, atmosphersistance, aging condition, slip
mechanisms.

INTRODUCTION

Weight saving is a strategic issue in aerdngautinforced by the dramatic increase in fuel
prices. Due to their good specific mechanical pripge aluminum alloys are widely used to
answer this issue. New generation aluminum allays developed to improve the properties
through optimization of microstructures of convenal alloys as for 2024A or 2022 alloys, and
through a reduction of the material density by meériithium addition as for 2050 alloy.
Damage tolerance properties being of primary ingrae for aerospace structures, the aim of
this paper is a study the fatigue crack propagatesistance of these new generation alloys.
During a flight materials used for constitutive fsanf aircrafts are confronted to a wide range of
temperature depending on climate and altitude, fabwut 270K to 330K on the ground down to
220K during high altitude cruise, and partial pteesof water vapor varying from 1Pa to
1.7KPa. The objective of this research is to improharacterization and understanding of the
coupled influence of microstructure and atmospleengaronment on the fatigue crack path and
growth rate in a selection of new generation Abydl by comparing the behavior of Al-Cu-Mg
and Al-Cu-Li alloys in ambient and in high vacuuonsidered as reference inert environment.
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BACKGROUND

Following the pioneer work of Dahlberg in 19%5H reporting on high strength steel a
substantial effect of moisture on fatigue crackwgtorate, thorough analyses of the fatigue crack
growth rate as a function of environment were penfd on Aluminum alloys [2-28], and also
on various metals and metallic alloys [29-30]. Fréhis numerous literature, some main
characteristics of environmental effect on fatigugck propagation can be brought out:

i) a detrimental effect of atmosphere water vapor ostraf metals and metallic alloys;

i) a pronounced atmosphere effect at low growth rniate,in the low stress intensity factor
range;

iii) a large interrelation between environment and rsicucture;

iv) a characteristic influence on fracture surface rholqgy.

For long cracks in polycrystalline Al alloys all as for most of the metallic alloys, four
propagation regimes have been highlighted [20-282,27, 29, 30, and 35] as illustrated in
Figure 1:

i) Two intrinsic regimes operative in inert eronment as high vacuum:

- The intrinsic stage Il which is favored by peatdgand overaged microstructures
containing large and semi-coherent or non-cohepgatipitates, and by large plastic zone
favoring the activation of different slip systemmsadling to homogeneous deformation and
smooth crack path. An intrinsic propagation law basn derived [29, 30] as:

da/dN = A/Qy*[ AKeff/E]* 1)

where A is a dimensionless parameter agttBe critical cumulated displacement.
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Figure 1: schematic illustration of the four basiack propagation regimes.

- The crystallographic intrinsic stage I-like pemation is promoted by microstructures
containing fine shearable precipitates such as @f<in underaged Al alloys. The associated
deformation is heterogeneously localized withirp ddiands in each individual grain along the
crack front. This leads to highly crystallograpbrack propagation associated to tortuous crack
path and enhanced roughness of fracture surfa®e2$92 30, and 31]. This stage in polycristal is
generally characterized by a strong retardationtdube barrier effect of grain boundaries [32].
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It can be described using relation (1) with thedduction of a shielded value of the stress
intensity factor rangg AKeff as initially suggested by Suresh [33], withy@4 andy depending
on several factors as grain size, aged microstrecuanisotropy.
i) Two environmentally assisted regimes operativair and in moist atmospheres:

- Water vapor adsorption [5, 11, 20, 34, and 35]sasd stage Il can be described with a
relation derived [26, 29, and 35] from relation &)

(da/dN)q = A/D*[ AKeff/E]* = A[1/D*¢+ 6 (1/D*es— 1/D*y)] (AKei/E)* (2)

Adsorption is assumed to diminish the valu¢hef cumulative displacement D*, in a manner
similar to that in which adsorption diminishes theergy required to create a new fresh unit
surface [26]. At high frequencies, the growth imseat is rapid to the extent that no significant
adsorption can take plac® € 0 and D* = y* as in relation (1) for high vacuum). As the
frequency decreases or/and da/dN decreases, mmeb8comes available for the molecules to
form an adsorbed layer on the crack tip and thesttsorption coverage increasesg&4) until
reaching saturation(= and D* = &) as in ambient air at conventional frequencidsydrcal
adsorption being a very rapid process, the kinetitsadsorption assisted propagation is
controlled by the transport of water vapor molesudetween the surrounding environment and
the occluded crack tip environment. A reassessméntei's model has been done for the
formulation of the crack impedance for a quasiistatry crack and a molecular flow [35]. The
evolutions ofd can be computed from the following equation:

Po

aS.0/4F “NsVa log (1 -0) =24 No RT t

(10)

wherea is the surface roughness parameteth&new fresh surface, F the Knudsen flow
parameter, Ythe average molecular rategtde numbepf stationary cycles, dthe

surrounding pressure, R the gas constant, T thpdaeature, and t the time.

- Hydrogen assisted stage Il propagation [12, 3,20, 26] is described by a relation
derived from the initial models of McClintock f&WCTOD controlled propagation [36] as:

da/dN = BPpKe?/EQ] (3)

where B is a dimensionless coefficient and strength parameter.
Critical conditions for the occurrence of hydeogassisted propagation which depends on
hydrogen concentration into the process zone atrdek tip are as follows:

- the attainment of critical values for parameteositrolling the number of molecules of
water vapor required to create an instantaneousrlaeld mono-layer: partial pressure in the
surrounding of the specimen, frequency, growth, fateatio.

- a sufficiently low stress intensity factor rangeorder to achieve a stationary crack and to
localize the plastic deformation in slip bandshat ¢rack tip;

In such conditions, the kinetics of environméatigue crack propagation is controlled by
crack tip surface chemical reaction to produce elidsed compounds plus atomic hydrogen
and diffusion of hydrogen in the process zone winedans a reaction-controlled mechanism as
described by Wei et al. [13-14]. To explain thaactof hydrogen, some authors have shown by
in-situ observations that Hydrogen induces an easietion of the dislocations and a
subsequently earlier rupture as compared to vac[8i#n 38]. This is also consistent with
Beachem's theory [39] which suggests that instegdrdfien locking dislocation in place, it
unlocks them to multiply or move at reduced stre'sse that one might talk about enhanced
plasticity. The exact controlling mechanism isl &tildiscussion.
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Finally, using a superposition model [14, 20d &6], the following expression is given for a
two steps environment-assisted propagation:

da/dN = (da/dNy; + (da/dN})y, = AID* (AKe/E)* + B[AK e)/EC (4)

The present research on new generation Al all@yl provide new insights regarding alloy
composition/microstructure as well as validationtlo¢ two steps model for environmentally
assisted propagation.

EXPERIMENTAL

The alloys used in the present study wereigeal/by Alcan with two new generation Al-Cu-
Mg alloys in form of 40 mm thick plates of Al-Cu-MgP24A alloy in the T351 temper, and of
Al-Cu-Mg 2022 alloy in the T351 and T851 tempersg @ne third generation Al-Cu-Li alloy in
form of 15.5mm thick plate of 2050 alloy in the Ti8&mper.The microstructures of both Al-
Cu-Mg alloys are very similar and consist of graiekngated in the rolling direction
(670x200x80 um3). In naturally aged temper, thedéming precipitation consists in coherent
Al-Cu Guinier-Preston (GP) zones mixed with Al-CigNGP(B) zones which are predominant
in the 2024A alloy and few in the 2022 alloy.

Chemical
composition| Cu Li Mg Mn Ag Si Fe zn Zr Cr Ti
(Yowt)
2022 min 45 01 015 0.05
max 5.5 0.45 0.5 0.15 0.2 0.3 0.05 0.15
8090 min 11 22 0.7 ) 0.08
max 1.7 28 13 0.1 02 03 025 016 01 0.1
2050 min 32 07 02 02 0.2 0.06
max 39 13 06 05 0.7 0.08 0.1 025 0.14
min 3.7 1.2 0.15
2024A1  max |45 ~ 15 08 ~ 045 02 025 04 0.5

Table 1: Chemical composition of the 2022, 809G®and 2024A alloys.

Direction | ¢ | (gpay | (viney | (vie) | A% | (vpaai? | @
2022 T851 LT [300] 72 | 380 440] 14 41 | 2.0
2022 T351 LT [ 300] 72 | 201 | 395 | 27 | 32 | 2.80
8090 T651 TL_ | 300 81 | 420 510] 7 29 | 254
2050 T851 TL | 300 77 | 500| 530| 11 37 | 270
2024AT351 | LT | 300| 73 | 360 | 440 14 39 | 247
2004AT351 | LT | 223| 73 | 364 | 474 | 24 | 36 | 2.77

Table 2 : Main properties of the studied alloys.

The peak-aged heat treatment of the 2022 alloj@sstandard temper designation T851 and
consists of predominant incoheredit plates (Al2Cu) of about 100 nm length, and a f8w
(Al2CuMg) precipitates. The fibrous microstructwethe 2050T851 alloy consists of partially
recrystallized grains strongly elongated in thelimgl direction (1000x100x30 pum3), the
hardening precipitation consisting mainly in norheentT1 plates (A}CuLi) of about 100 nm
length. For comparison purpose, results of previstudies on a second generation 8090 T651
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Al-Li alloy [2, 3] are considered. This alloy, agé@h at 190°C, consists of non recrystallized
grains (50x10x10um3) and fine recrystallized graib8x10x6) um3 and is characterized by
coherent sphericaf (Al sLi), semi-coherent S’ needles (,8luMg) and non-coherent T1 plates.

Chemical compositions of the alloys are giveTable 1, and the main mechanical properties
are presented in Table 2. Fatigue crack growtls t@ste performed on a servo hydraulic testing
machine under load control. The loading signal wasnusoidal waveform with a frequency of
35 Hz and a load ratio (R) of 0.1. The compactitanspecimens were machined for a crack
plane having orientation of table 2 with a widthda50 mm and a thickness B of 10 mm. The
crack length, a, was recorded with a traveling oscope. Threshold tests were performed using
a load shedding procedure in accordance with thEM\$ecommendation (E 647). After the
attainment of growth rates da/dN lower thant@®/cycle, a constant load test was performed at
R=0.1 up to the near-failure domain. Crack closmeasurements were carried out using the
compliance method, by means of a capacitive gaugented at the mouth of the notch of the
specimens [20].

For tests performed at low temperature, thgerature control of the specimen was achieved
via four blocks of aluminum alloy fixed on the baskthe specimens [40]. These blocks were
cooled by means of silicon oil circulating from external cooling source. The dew point in the
atmosphere was controlled with a high precisionrbygeter, the dry air being provided by an
external apparatus. High vacuum tests were conduete 223K and 300K inside the
environmental chamber allowing a low pressure df8%Pa.

FATIGUE CRACK PROPAGATION
Fig. 2 presents the results on the four alloyshefdecreasingK-constant R ratio experiments

followed by increasing\K-constant load amplitude experiments in ambien{fig. 2a) and in
high vacuum (Fig. 2b), each at a frequency f oH25
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Figure 2: Comparison of fatigue crack propagatimycms da/dN vAK for the four studied
alloys: a) ambient air; b) high vacuum.
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In this experiments R is constantly equal to Orild elosure measurements were systematically
performed to determine the stress intensity faetegl for crack opening &.

With respect to the applielK range, environment and microstructure are shawsttongly
affect the fatigue crack growth rate (FCGR) as vi@ilboth peak-aged Al-Cu-Li alloys (2050
T851 and 8090 T651) as for the underaged Al-Cu-Mg42 T351 and 2022 T351. The
“effective propagation” da/dN vAKer with AKer = Kmax — Kop are plotted in figure 3a for
experiments conducted in ambient air and in fi@lyéor high vacuum tests.

® 8090 T651
B 2050 T851 *  2024AT351
@ 8090 T651 N 2022 Tas1
6 & 2024AT351 PR —
107 ¢ N 2022731 10°
4 20227851 W 2050 T851
O 2050 T851 [ 2050 T851
10_7 i O 8090T651 | ¢losure . O 8090 T651
i ;85‘2”# ;fjl corrected 10" | © 2024aT351|closure
A 20227851 b 20227351 | corrected
) 8 — 4 20227851
< 10° L L 108 L
> S
‘\EJ L
= A9 . E 9 AA%
% 107 £ 0 z 107 ¢t 4 / E§ 2
e
s m} 3 VAj @% A'd
o [ o I AN A N
.10 -10 A Erg m®
107 ¢ o A 107 ¢ N R
) ot ol die
10 1 ] Ll 10 1 \ | | L |
0.1 1 10 1 10
12
OK, AK_ (MPa.m™?) K, &K (MPa.m'?)
a) b)

Figure 3: Comparison of fatigue crack propagati@myms da/dN vAK and da/dN v&\K ¢ for
the four studied alloys: a) ambient air; b) higlcwam.

Da/dN for 2024AT351 and 2022 T351 and 8090 Té&felvery similar as well in air as in high
vacuum and also after closure correction. Thesedlays present the best intrinsic resistance
against crack propagation in high vacuum (figurg e age hardening condition of the 2022
T851 does not strongly affect FCGR in air compai@d/acuum, but the intrinsic resistance
against crack propagation is slightly lower thaattbf the 2050 T851 but substantially lower
than that of 2024A T351, 2022 T351 and 8090 T65fterAclosure correction (figure 4b), the
two Li bearing alloys exhibit the best intrinsicsigance. In contrast, the behavior of the three
alloys (2024A, 2022 and 8090) in air is very simiaen after closure correction while the 2050
alloy shows the highest sensitivity to air envirain the near threshold domain.

Globally it can be concluded that under agingAl-Cu-Mg alloy and peak aging on Al-Cu-
Li alloys causes a dramatic loss in FCP intringsistance in air compared to high vacuum
which is not observed on the peak aged Al-Cu-Mg220851. So the latter alloy presents the
poorest intrinsic resistance in high vacuum butzontrast, it presents the best resistance in air.
This trend is consistent with data on the effeagihg on FCP recently published by Gangloff et
al. (31) supporting that in conventional alloys under ggaffect on da/dN is dramatic for ultra-
high vacuum, but modest for fatigue in water vagtonosphere or in air.

The crack growth rate trends to correlate withgiagi crack morphology changes, as summarized
by the scanning electron fractographs in Figs. &)@ 7.For samples cracked in vacuum, both
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Figure 4: Influence of ambient environment on faéigrack propagation:
a) da/dN vAK, and b) da/dN vAK .
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Figure 5: SEM micrographs of 2050 T851. Figure 6: a) SEM micrographs
a) ambient air atK = 6 MPa.n’%; of 8090 T651in high vacuum;
b) vacuum atK = 6 MPa.nt’ c) Transition b) (111) facet identified from
stage Il to stage I-like &K = 5 MPa.nt’% triangular etch pits.

d) stage | like atK = 4.5 MPa.nt?
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Figure 7: SEM fracture surface morphology
in high vacuum: a) 2022 T851: stage Il crack
path with zoom on square etch pits for (100)  Fig. 8: MET observations of (111) slip

or (110) propagation plane; b) 2024A T351: bands made on a sample extracted just under

stage | like crack path with zoom on the stage I-like fracture surface of 2024A
triangular etch pits for (111) facets. T351 as in figure 7b.
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Figure 9: Influence of temperature on the craclppgation rate:
ambient air (300K) and cold air (223) at R=0.1 8b#iz.

peak aged Al-Cu-Li exhibit faceted and microscapyc tortuous near threshold fatigue crack
paths, as shown in Fig. 5d and 6, comparable toofli2024A T351 (fig.7b) and 2022 T351.
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The crystallographic facets have bemlentified in all cases of crystallographic
propagation path as (111) or near-(1Xljrface facets associated with slip-band
cracking [20, 21, 22, 29, 31, 40] as illustratedhwiriangular etch pits on for 8090 T651
(figure 6b) and 2024A T351 (figure 7b). This candxplained mechanistically in terms
of slip localization induced by shearable precigi$a andd' +T1) in AlI-Cu—Li alloy
and solute clusters in AI-Cu—Mg; this deformati@iavior correlates with good FCGR
resistance resulting from enhanced grain boundanyds effect for slip bands, and also
crack branching and deviation [20, 29, 32, 35TEM observations performed on thin
foils extracted within the fracture surface of @228 T351 specimen fatigue in high
vacuum (Fig. 8) illustrate (111) dislocations baimdsiccordance with a localization of
the plastic deformation within single slip bandentation in each individual grain for a
crack grown at sufficiently lo®K range.

a) b)
Figure 10: a) 2024A T351: crystallograptiack path in dry air at 223K;
b) 2022 T851.: stage Il crack path in air at 300K.

The Fatigue Crack Growth rates da/dN in ambien(30K) and in cold air (223K) are
plotted in figure 9 with respect to th&K range for 2024A T351 alloy. The curves
obtained at 300K for the three alloys are quiteilaimAt 223K, a marked effect of
temperature for the T351 temper consists in a anbat reduction of the crack growth
rates. SEM observations of the fracture surfaces of figd@a show a rough
crystallographic crack path associated to a rethmtack propagation in the naturally
aged alloy in contrast with the flat crack pathtie peak aged temper T851 (figure
10b), which is comparable to that obtained at rdemperature. The da/dN V&K
diagram of figure 11a compares the crack propagafi@ta at room temperature and
223K in air and vacuum for the 2024A T351. Changeamyironment condition from
ambient air to dry cold air induces an abrupt cleaimgthe fracture surface morphology
of underaged Al-Cu-Mg alloys as shown in figure Itb 2024A T351. The straight
lines in figure 11a correspond to the differentimegs of the modeling framework of the
background section.
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Figure 12: Influence of air dryness (water vapgrasure) on da/dN for 2024A T351:

a) da/dN vsAK; b) (da/dNyewpoinf(da/dNacuun -
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The crack propagation in air at room tempemtaorresponds typically to the
intrinsic stage 1l regime at miflK with a transition to the adsorption assisted megin
the near threshold domain. The crack path is simidathat of figure 10b. In high
vacuum at both temperatures and in cold air thetallpgraphic stage | like regime
prevails. The atmospheric moisture at room tempesgat about 1.7kPa of water vapor)
contribute to the activation of secondary slip prnthe adsorbed water vapor molecule
reducing drastically the slip reversibility in cost with easy slip reversibility favored
by slip localization in underaged microstructurehigh vacuum or in dry air at 223K
when water vapor exposure is highly reduced. Inpisegk aged structure of 2022 T851
S’ precipitates from artificial aging are not sha@de and planar bands of dislocation
structure do not form whatever temperature anddayness. A similar effect of
homogeneous slip favoring bypassing of precipitates$ inducing faceted crack path is
reported for vacuum fatigue crack growth in 707%T6compared to the overaged
(T7351) condition [17, 20].
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Figure 13: Experimental data confronted to modelimgrinsic propagation in high
vacuum (stage Il and stage I-like), water vapor laydrogen assisted stage Il in air.

As mentioned in the background section, water vapolecules are the active species
of ambient air. The crack surface of each alloy agthg condition exhibits similar
morphology in the presence of water vapor, withaaref flat-facet and step-like
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features (figures 5 and 7a). Detailed analysisuchsfeatures [17, 31, 40] established
that there is a complex array of surface orientetithat span fronf100) to (110) as
illustrated in figure 7b for 2022 T851.

The influence of exposure to water vapor isspnéed in figure 12 illustrating the
influence of the partial pressure in air on thegiae crack propagation rate in the 2024A
T351 alloy. Increased partial pressure induceslated propagation (figure 12a) for
exposure ranging in a critical interval above®1®a.s as illustrated in figure 12b for
AK=7MPant?. This critical exposure is comparable to that deteed by Gangloff et
al. [31] for comparable Al-Cu-Mg and Al-Cu-Li allsy These results substantiate the
speculative modeling of adsorption assistance.

In figure 13, the experimental data in air andhigh vacuum after closure correction
are confronted to the different regimes descrilpetthe background section. In the near
threshold domain, the crystallographic propagatiohigh vacuum in 2050, 8090 and
2024A is adequately described in term of the stdges regime, while the peak aged
2022 is in accordance with the intrinsic stageeliime. At higheAKeff range, in the
intermediate so-called Paris regime, the intrirstage Il regime prevails for the four
materials.

In air, for growth rates slower than®en/cycle pKeff < 3MPa.nt”), adsorption
assisted stage Il is operative for both underagetl peakaged Al-Cu-Mg alloys, in
contrast with both Al-Cu-Li alloys that are govedngy a hydrogen assisted stage Il. In
the Paris regime, water vapor assistance vanishall cases, and the intrinsic stage Il
regime is progressively reached.

Finally, it comes out that the peak aged Lirlmgpalloys behave as underaged Al-Cu-
Mg alloys in high vacuum with the highest resist@aragainst crack propagation, in
contrast with a dramatic lost of resistance duthér susceptibility to water vapor. In
the domain of moderatAK the AI-Cu-Li and Al-Cu-Mg alloys present a simila
behavior in ambient air. In the near threshold domand at low R ratio, a more
substantial contribution of crack closure (pariely the 8090 alloy) leads to very
similar near threshold behavior as that of Al-Cu-Mboys even if after closure
correction or in absence of closure at higher Rordhe Li bearing alloys present a
poorer resistance because of their sensitivityytfrdgen assistance.

Conclusions

The following conclusions can be drawn relevantatigue crack propagation Al-Cu—
Li (2050 T851 and 8090 T651 in comparison to Al-®&g«(2024A T351, 2022 T351
and 2022 T851) :

1. The fatigue crack growth rate evolution with regpecAK in ambient air is
substantially accelerated in comparison to high uuat whatever the
microstructure and the alloy composition. This &@dion is governed by the
exposure to atmosphere water vapor. At exposunater vapor lower than 10
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Pa.s as in dry cold air at 223K at 35Hz, the inftee of environment vanishes
and the behavior is similar to that in vacuum.

2. Crack growth resistance in absence of atmosphsistaisce can be substantially
improved by underaged microstructure but this rofe microstructure is
inhibited by the 1.7 kPa of water vapor of ambigint

3. Crack closure does not account for environmentceffeor microstructure
influence in high vacuum.

4. In high vacuum slip morphology controls da/dNd identical and slow growth
rates of a stage I-like regime are produced foasdi#e precipitate in Al-Cu-Li
alloys or solute GP cluster structures in underage@u-Mg, that promote
heterogeneous slip-band formation aiitill)-faceted cracking; a similar
mechanism controls da/dN is cold dry air for undedh Al-Cu-Mg when
exposure to water vapor is restricted. In contaagtictile featureless flat stage I
morphology is prevailing in high vacuum with mudster da/dN for the peak
aged Al-Cu-Mg 2022 T851;

5. The damage tolerance of Al-Cu-Li in ambient aicasnparable to the reference
damage tolerance of the AI-Cu-Mg alloys and resdittsn a substantial
contribution of crack closure for low R ratio (R£Dthat equilibrates the higher
sensitivity of Al-Cu-Li alloys to hydrogen assistan
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