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ABSTRACT. In this paper two examples of the influence okttohependent processes
on crack path in two 2XXX aluminium alloy are prasel. The common idea is to
correlate quantitative measurements of relevantttvgraphic features of crack path to
the effects of time-dependent processes on cramltlyrrates. The first example is
concerned with corrosion-fatigue crack growth rémmce of a 2024T351 alloy cracked
in the S-L direction in 3.5% NaCl solution at fre@rosion potential. The crack growth
enhancement induced by corrosion under certainil@pdonditions is accompanied by
an increase in the number of smooth and flat facetsupture surfaces which are
identified as intergranular decohesions. The secerdmple deals with the elevated
temperature crack growth resistance of a 2650 Tiéyathat might be used in future
supersonic aircraft fuselage panels. The creep lcrgcowth is governed by an

intergranular decohesion process induced by vacadidfusion. The creep-fatigue

crack growth at low frequency is significantly enbad with respect to fatigue crack
growth at elevated temperature. Meanwhile the granular fraction of the crack path

is correlated with the loading period and the resg crack growth enhancement for a
fixed frequency and environment: the longer thequkrthe higher the crack growth

enhancement and the higher the surface fractiantefgranular decohesions.

INTRODUCTION

The damage tolerance assessment of Aluminium AlR%) structures is generally
based on fatigue crack growth rates that are de:fieen laboratory tests that have been
carried out at relatively high frequencies in ortiesshorten test duration. However, in
many instances, time-dependent processes causeavbbpnmental conditions such as
creep or corrosion may affect crack tip deformatmae damage, and as a consequence
they can modify the crack growth rates as well las ¢rack path. Reciprocally the
analysis of crack path can provide insights inte tielevance of time-dependent
processes during crack growth in actual componentgarticular when a transition
from transgranular to intergranular crack pathasaed. In this paper two examples of
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such an influence of time-dependent processes ankcpath in 2XXX AA are
presented. First the corrosion-fatigue crack grolghaviour of a 2024-T351 AA used
in many airframe components and here cracked irStheorientation in saline solution
Is examined at different frequencies. In a secaand ghe relation between crack growth
enhancement at elevated temperatures and intetgramack path is investigated in the
case of a 2650 AA that might be used in fuselagesisaof next generation supersonic
aircratt.

MATERIALS AND EXPERIMENTAL CONDITIONS

2024-T351

The material of the study is a 2024 aluminum alklah nominal composition Cu 4.5%,
Mg 1.4%, Mn 0.60%, Fe 0.13%, Si 0.06%, Ti 0.03%tTWr0.03%, Al balance, in the
temper condition T351. The average grain size isu®) 210um and 820um in the
short transverse S, long transverse T and lamibadeection respectively. Compact
Tension specimens W=40 mm, thickness B=10 mm haen machined in the S-L
orientation from a 50 mm thick plate provided byE2&IW. The crack plane is located
at mid thickness of the plate where the highessifigity to intergranular corrosion is
expected. Fatigue crack growth tests were conductgtie following environments:
ultrahigh vacuum (16 mbar), laboratory air, distilled water, permanienmersion in a
saline solution composed of distilled water wittb%. NaCl addition (pH = 7).
Corrosion fatigue experiments were carried out uridad control at free corrosion
potential on a servo-hydraulic machine equipped waitspecially designed Plexiglas
cell. The selected value of the R load ratio was ifd. order to avoid crack closure
effects [1]. More details can be found elsewher8][1

2650 T6

The 2650 alloy is a copper-magnesium aluminiumyalpwovided in the form of sheets
by Rhénalu (thickness: 2.5 and 5mm). The FatiguackCiGrowth (FCG) and Creep
Fatigue Crack Growth (CFCG) resistance of this yalleas investigated after T6
artificial ageing treatment (192°C for 21 hoursyukting into a fully recrystallised

microstructure with an average grain size giQn the rolling plane. CCG, FCG and
CFCG testing were performed on CT specimens (W=3Rofr® mm thickness in the
L-T orientation. FCG and CFCG were conducted oeraahydraulic machine equipped
with a furnace, using a constant load ratio R=Bdditional information are available
in [4-7].

RESULTS AND ANALYSIS
Corrosion-Fatigue Crack Growth in 2024 T351 in the S-L direction
The corrosion-fatigue crack growth rates in sabo&tion were measured at different

frequencies in order to investigate the effectimietdependent processes. The results
are reported in Figure la. Almost surprisingly adénhancement is observed at high
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frequencies [2.5-10Hz], while Fatigue Crack Growkates (FCGRs) measured at 0.1
Hz are comparable to those observed in air or stilldd water despite of the longer
exposure duration to the corrosive medium. Nevéefiseait is noteworthy that these two
environments in turn induce a significant FCGR emement with respect to ultra-high
vacuum. More precisely, it has been shown thatetmeancement observed in saline
solution is governed by the rise time RT [3], aswh in Figure 1b. Characteristic FCG
regimes in saline solution have thus been identifieeuy are schematically presented
in Figure 3. The corrosion-assisted regime cordbbly short RT is characterised by a
2" power-law exponent, while the behaviour obsentddreger RT values as well as in
air or distilled water can be accounte dfor by"adwer law.
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Figure 1. Corrosion fatigue crack growth rates meat as a function &K (a) at
different frequencies in saline solution in compan with high vacuum, air and
distilled water; (b) under different loading wavefts in saline solution.

These measurements are actually consistent witbk cpath observations. Indeed
fracture surfaces produced in vacuum are typicalhef crystallographic stage I-like
cracking mode (Figure 2a), which is common for knag of 2XXX aluminum alloys in

inert environment [8, 9]. Meanwhile fracture sudagroduced in air, distilled water
and in saline solution at different frequenciesyrwk similar at a first glance, with a
transgranular, cleavage-like cracking mode (Fig@tec-d) and the formation of
dimples around coarse intermetallic particles, eigilg for high AK values. However,

at lower AK values in saline solution, i. E. in conditions evl the corrosion-assisted
FCG mechanism is observed, the presence of somedige and smooth facets on
fracture surfaces is noticed. These facets aretgubiaut by the small dark arrows in
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Figure 2 (f). While the presence of such facetalé® noticed in air, they are more
numerous and larger (Figure 2 (e) and (f)) in gasalution.

(d) (e) ®
Figure 2. Fatigue fracture surfaces producetkat6 MPa'm under sinusoidal
waveform; (a) ultra high vacuum 15 Hz; (b) air 5H8 (c) distilled water 5 Hz; (d)
3.5% NaCl solution 10 HzAK=3 MPa/m, 10 Hz, (e) air (f) 3.5% NaCl (crack
propagation from bottom to top).

In order to establish a possible relation betwéenatctivation of this corrosion-assisted
regime and the presence of such facets, quang@tateasurements of the fracture
surface occupied by those facets have been pertbriffeese data have been reported
on a da/dNAK graph in Figure 4. The percentages of facets33NaCl at 1 Hz with

a sinusoidal waveform indicate that in the regimieese the Paris law exponent is
approximately equal to 4, the increase in the FCG#s also be correlated with the
increase in the area of facets. Indeedykst4 MPa/m in air the facets represent 2% of
the total area, whereas in 3.5% NaCl at 1 Hz winasoidal waveform the formation
of these facets is promoted since they occupy 18#heototal surface area. In order to
identify the nature of the flat, large and smoo#lcets, etch pitting of the fracture
surfaces has been realized. In 3.5% NaCl solutioe,shape of the facets is neither
square (typical of nea{ioq crystallographic plane) nor triangle (typical ofam{&l]}
crystallographic plane). These pits may correspaodhigher index planes not
associated with a grain boundary. However, it sthdnel noticed that different pit shapes
are observed over a single facet (Figure 5), whmbs not support such an assumption.
In addition the similarity in the morphology of geefacets with the shape and the size
of the grains suggest that tehy coorespond witicallly intergranular crack path.
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Figure 3. Influence of the loading  Figure 4. Percentages of flat facets for the
frequency on the FCGRs of the alloy  S-L orientation plotted on a da/dNK
2024-T351 for a sinusoidal waveform graph.

(R=0.7, S-L orientation).
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Figure 5. Identification of the flat, large  Figure 6. Morphology of the facets in
and smooth facets in air and saline saline solution. 2024-T351 S-L. R=0.7. 10
solution by Keller's reagent etch pitting  Hz. AK=4-4.5 MPa/m. Black arrow :
(R=0.7, 5 Hz, sinusoidal waveform, 3.5% crack propagation direction.
NaCl, AK=5.7 MPa/m).

Finally it is noteworthy that in the T851 in thelLSorientation temper or the L-T
orientation in the T351 temper the facets are mieds numerous, while these
conditions corresponds with a much higher resigtancintergranular stress corrosion
cracking cracking [1], which provides an additiosapport for the intergranular nature
of these facets and for a relation between the S@geptibility of 2XXX aluminum
alloys and a pronounced FCG enhancement in salhgican determined by the
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orientation between the load direction and therg@ientation on one hand and the
presence of a continuous anodic network along tiaén gooundaries determined by
aging conditions on the other hand.

Creep fatigue crack growth in 2650 alloy

The CFCG rates measured under trapezoidal loadalsigith different hold time
duration are presented for a test temprature of@2Md in Figure 7b for 175°C. It can
be seen that the introduction of hold time indu@essignificant crack growth
enhancement and that this enhancement is more ymoed as the test temperature is
raised. This behaviour is indicative of a poss#uéitional damage mechanism induced
by creep. Fracture surface observations are theredéxpected to provide further
insights into this issue. Indeed the creep crackhgresistance was previously examined
[5] and it was shown that CCG fracture surfacesileixhwo characteristic failure
modes: an intergranular fracture mode prevailintheaslow growth rate regime (Figure
8 a) and a mixture of intergranular and ductiletnaes before failure. The intergranular
cracking mode in AA occurs by cavitation controlleg vacancy diffusion along grain
boundaries [10, 11]. Indeed CFCG fracture surfatss exhibit significant amounts of
intergranular decohesions. Quantitative measuresnehtarea fraction occupied by
intergranular facets at 130°C and 175°C are predemt Figure 9 a and Figure 9 b,
respectively. It can be noticed that the longertibll time, the higher the amount of
intergranular facets, especially at low K valuegvettheless, even for hold times as
high as 3000s, the amount of intergranular facetewer than during CCG at the same
K or Kmax vValue for a fixed temperature. For a given hotdetivalue, the percentage of
intergranular facets is higher at 175°C than atC3@&dditional results have shown that
this relation between CFCG enhancement and the giemirformation if intergranular
facets still holds in UHV, and that for a given dioag condition the amount of IF is
higher in vacuum than in air [4-7].

CONCLUSIONS

This paper has presented evidences that an intergracrack path can be produced
under cyclic loading in 2XXX AA under conditions efe time-dependent processes
such as corrosion or creep affect the damage @oakshe crack tip. As regards
corrosion fatigue in 2024 T351 alloy in the S-Lhas been shown that a significant
fraction of fracture surfaces are occupied by oanular facets when a corrosion-
assisted crack growth mechanism, controlled by liseltime, is activated. A relation
between stress corrosion cracking sensitivity awdrosion-assited crack growth
mechanism can thus be established. Besides intedgradecohesions are observed
both during creep crack growth and fatigue crackwgn at low frequencies and
elevated temepratures in the 2618 alloy. More petgj the amount of intergranular
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facets can be related to the load period and asnaequence to the crack growth

enhancement during cyclic loading at low frequesiéoe a given environment.
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Figure 7: Influence of hold time on creep-fatiguack growth rates at R=0.5 (a) at
130°C; (b) at 175°C.
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Figure 8: fracture surfaces produced during (a) GR€22 MPa x ni’?, 175°C), (b)
CFCG (Kna= 23 MPaxm*, da/dN = 2x18 m/cycle, 10s-1500s-10s, 175°C) (c)
cavitation at triple grain boundary &= 30 MPax m*?, da/dN = 2x18 m/cycle, 10s-
300s-10s, 175°C).
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Figure 9: Percentage of area covered by intergaamiélcohesions as a function of
maximum stress intensity factor for different laaglicases (a) at 130°C; (b) at 175°C.
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