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Abstract

The fracture behaviors of high-strength 7050 and 7075 aluminum alloys (AA7050 and
AA7075) were investigated using small size, V-notched tear specimens. In accordance
with ASTM B871-01 standard test method, the thickness and notch angle were selected
as 6.35 mm and 60°, respectively. All tear specimens (also called Kahn specimens) were
machined in L-T orientation and the mechanical tests were conducted at RT. To evaluate
crack propagation route during failure process, interrupted tear tests were also
conducted on AA7075. The subsized cylindrical tension test specimens were machined
in L direction of the bulk materials to study the elastic-plastic behavior of the alloys in
accordance with ASTM B 557M-98 standard test method. The microstructures of T73651
and T6 heat-treated alloys were examined using optical microscopy and SEM. The
precipitate characterization of heat-treated specimens was performed using Clemex
image analysis software. The rupture mechanisms were also studied by examination
of specimen fracture surfaces using SEM. According to the results, the amount, size and
distribution of intermetallic particles have been identified as the important factors on
failure of the examined alloys. Both examined alloys show the same damage initiation
mechanism; however, the failure mechanism is different to some extent. Depending on
the stress condition, two major failure micromechanisms, i.e.,, “internal necking
mechanism” and “void sheet mechanism,” are prevailing for both alloys. The results
of mechanical tests and determination of tear strength to 0.2% tensile yield strength
ratio made it possible to evaluate specimens’ notch toughness. The comparison of
specimens’ resistance to stable crack propagation and subsequent fracture in the
presence of crack-like stress concentrator was provided using tear test data.

Keywords: aluminum alloys, V-notched tear specimen, microstructure, precipitates,
notch toughness

I NT E C H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



148

Fracture Mechanics - Properties, Patterns and Behaviours

1. Introduction

In aerospace industry, wings-, tail-leading edges and fuselage materials require high crack
initiation and propagation resistance under applied loads. In design consideration, the
material should be identified and examined to provide service requirements such as high
specific strength, fatigue resistance, fracture toughness, high crack initiation and propagation
energies, reproducibility, reliability and safety. Aluminum alloys of the 7xxx series (Al-Zn-Mg-
Cu alloys) show an exceptional combination of static tensile properties, failure resistance and
good machine-ability. On this account, they are used exceedingly in aerospace industry,
particularly in upper and lower wing skins in some planes [1-4]. AA7050 guarantees the same
resistance to stress corrosion and exfoliation corrosion at higher strength levels compared to
AA7075 [5]. Typical applications of AA7050 plates are in fuselage frames and bulkheads, while
AA7050 sheets are used for wing skins. AA7050 is also used to produce extrusions, forgings
and fasteners. Examples of application of 7xxx aluminum alloys in the aerospace industry are
presented in Figure 1 [5]. Higher Zn and Cu contents in alloy 7050, in comparison with alloy
7075, compensate the strength loss caused by over aging to T7 condition in order to improve
stress corrosion resistance as well as fatigue crack propagation resistance. “Replacement of Cr
by Zr makes the alloy less quench sensitive. The ability to be quenched at a reduced rate while
retaining adequate strength is an asset for an alloy intended to be used in heavy sections where
thermal conductivity limits quench rate or to be quenched at slower rate to minimize thermal
stresses” [6]. Reduction of Fe and Si improves fracture toughness.
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Figure 1. Examples of application of 7xxx aluminum alloys in the aerospace industry (adapted from [5]).

Asmentioned above, wing and fuselage materials are expected to show high resistance against
development and propagation of cracks initiated under normal load spectrums [7, 8]. There-
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fore, among all the property requirements, the fracture toughness is often the limiting design
consideration [7, 9].

There are various testing methods to determine material toughness. Designers may apply
ductile crack growth resistance test, referred to as R-curve test conducted on either the middle-
cracked tension (MT) or the compact tension (CT) specimen, or the crack line wedge loaded
(CW) specimen, according to the ASTM E561-86 standard [10]. Another standard test is also
suggested for fracture toughness testing of aluminum alloys [11]. Of all the above methods,
the plane strain compact tension test CT is considered to be one of the most accurate methods
to measure K. [12]. However, CT specimens are costly and time consuming to construct.
Moreover, it is difficult to obtain valid K- with respect to test specifications [10, 13]. Small-size
speciments, i.e., tear specimens, the so-called “Kahn specimens,”’ provide several numerical
results such as unit initiation and propagation energies, tear strength, notch toughness or TYR
(tear strength to 0.2% yield strength ratio) [7, 13-15]. In the tear test, a V-notched specimen
with the notch radius less than 60 pm is subjected to static tensile loading until a crack develops
at the root of the notch and passes through the width of the specimen [13, 14]. Such specimens
have superior advantages as low cost, short time of preparation and low material consumption.
In addition, no fatigue precrack is required and the sharp notch (V-notch having root radius
less than 60 um) acts as a stress concentrator and, therefore, it may replace to others requiring
fatigue precrack. According to the work results of Bron et al. [7] on two grades of 2024
aluminum alloys, similarity of fracture surfaces and identical failure mechanics in Kahn
specimens and precracked large middle-cracked tension M(T) panels make it possible to
predict the cracking behavior of large M(T) as well as actual structures using experimental
results on small ones.

The extraordinary combination of properties in 7xxx series of aluminum alloys as mentioned
above is attributed to the proper microstructures obtained by the aging processes, which is
applicable due to the presence of different alloying elements in the alloy composition [3, 15].
The microstructure of heat-treated specimens could contain coherent, semicoherent and even
incoherent precipitates which affect the physical and mechanical properties. Many investiga-
tions have been performed on the microstructure evolution during aging of 7xxx Al alloys [16—
20] and some research works have been conducted to study the relationship between aging
patterns and mechanical properties [21-27]. Deshpande et al. [24] have studied the evolution
of toughness with aging time in AA7050. Dumont et al. [26] have also investigated the influence
of the microstructure on strength and toughness in AA7050 aluminum alloy. Srivatsan [27] has
evaluated the influence of the microstructure on fatigue and fracture behavior of the aged
AA7050 alloy. The multistage aging heat treatment contributes to better distribution of
precipitates and is also consistent with industrial practice [21, 26]. Moreover, secondary aging
at elevated temperatures provides microstructure stability, i.e., mechanical properties of an
age-hardened alloy remain unchanged for an indefinite period if used in service at close to the
ambient temperature. Referring to Lumley et al. [28], multistage heat treatments, like T73
temper, provide a means for improving the properties of aged aluminum alloys by modifying

! N.A. Kahn has firstly used a very sharp notch, in place of the key-hole notch, in samples to facilitate the crack initiation
at relatively low energy levels and increase the ability to measure accurately the required crack propagation energy.
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the size, composition, species and distribution of precipitate particles. Additionally, the T73
temper increases the stress-corrosion resistance of 7xxx series (Al-Zn-Mg-Cu) wrought alloys
by modifying the microstructure. However, there is a significant sacrifice in tensile properties,
compared with the single-stage T6 temper. Considering Dungore and Agnihotri [29] state-
ments, by application of various tempers such as T73, T76 and T39, it is possible to overcome
some drawbacks of high-strength heat-treatable aluminum alloys like reduced ductility and
fracture toughness in the short transverse direction and enhanced stress corrosion cracking
(SCC) susceptibility. T73 temper is used to improve the corrosion resistance. However,
referring to Kumar et al. [30] work results, the post weld heat treatment of AA7075 alloys at
overaged (T73) temper is accompanied with a loss of strength about 10-15% compared to T6
temper. Therefore, retrogression and re-aging (RRA) treatment can be used as an alternative
treatment to recover the strength of 7xxx series alloys without impairing the corrosion
resistance of the material. Post weld treatment to RRA leads to the dissolution of the less stable
precipitates (GP zones and ') inside the grains and the increase of grain boundary precipitates
(GBPs). In this work, the fracture behavior of two popular 7xxx series aluminum alloys, i.e.,
AA7050 and AA7075, was examined after multistage and single-stage precipitation hardening
(age hardening) heat treatments and the fracture mechanisms of smooth and notched speci-
mens were compared.

2. Experimental

Two types of high-strength aluminum alloys of 7xxx series, i.e., AA7075 and AA7050, were
provided for this investigation. The chemical compositions of test materials in weight percent
are presented in Table 1. The dimensions of provided plates were 200 cmx100 cmx11 cm in the
case of cold rolled AA7050 and 60 cmx10 cmx7 cm for extruded AA7075. Since overaging T7
temper provides the best resistance to exfoliation corrosion and SCC as well as enhancement
of fatigue crack growth resistance, the multistage T73651 temper is suggested for AA7050. In
addition, this aging treatment contributes to dimensional and thermal stability of the part
besides better distribution of precipitates. It is also consistent with industrial practice. There-
fore, multistage T73651 temper which was applied to AA7050 by manufacturer [31] consisted
of the solid solution treatment (homogenization) at 477°C, followed by quenching at warm
(65°C) water and finally two aging stages. The initial artificial aging was performed at 120°C
for 24 hours and the final artificial aging at 163°C for the same period of time. Alternatively,
the AA7075 alloy, after 1-hour solution treatment at 468°C, was quenched in water to room
temperature. This was followed by artificial aging at 120°C for 24 hours. It can be considered
as T6 heat treatment.

Metallographic specimens were prepared, polished and etched in Keller’s solution for 10-18
seconds [32]. The microstructures of specimens were examined using optical microscopy and
SEM. The Brinell hardness measurement was performed with 62.5 kg load using steel ball with
2.5 mm diameter in different orientations. The subsized cylindrical tension test specimens were
machined in L direction of the bulk materials to study the elastic-plastic behavior of the alloys
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in accordance with ASTM B 557M-98 standard test method [33]. The tests were carried out on
a House field H 10 KS testing machine with crosshead speed of 0.5 mm/min.

Alloy Elements

Zn Mg Cu Mn Cr Si Fe Zr Ti Al
AA7050 5.7-6.7 1.9-2.6 2.0-2.6 0.lmax 0.04max 0.12max 0.15max 0.08-0.15 0.06 max Balance
AA7075 5.1 1.8 1.24 1.65 0.25 0.61 0.18 <0.1 <0.1 Balance

Table 1. The chemical compositions of AA7050 and AA7075 in wt.%.

All tear specimens were machined in L-T orientation and the mechanical tests were conducted
at RT on a Universal Instron-6027 tension testing machine with especially low crosshead speed
of 0.1 mm/min up to the fracture point. A displacement gauge was attached to the fixtures to
monitor the displacement values. For crack route detection, interrupted tear tests were also
performed on AA7075. For this purpose, four specimens were tested. For each specimen, the
test was interrupted in a specific point (load). The crack route was detected by penetration of
ink into the crack area before final specimen rupture. The V-notched specimens with 6.35 mm
thickness, 36.5 mm width and 57.15 mm length are shown schematically in Figure 2a. The L-
T orientation, which corresponds to the loading of specimens in L direction and the crack
propagation in T direction, is presented in Figure 2b. In this designation L and T represent
rolling and long transverse direction, respectively. It has been reported that when the speci-
mens are loaded in rolling direction, resistance against crack propagation increases. This is
contributed to formation of larger shear lips and therefore higher fracture toughness [34]. Varli
and Giirbiiz [35] have pointed out that 6013 aluminum alloy exhibits the highest resistance to
fatigue crack growth in the L-T orientation. The notch root angle was selected as 60°, in
accordance with ASTM B871-01 standard test method for tear testing of aluminum alloy
products [14]. The root radii of sharp V-notches, which act as a stress concentrator, were
selected as 20 and 60 pm.

AT.1 mm

ah (LT}

Figure 2. (a) The geometry and dimensions of tear test specimen and (b) location of tear test specimens in different
orientations (L = longitudinal rolling direction, T = long transverse direction and S = short transverse direction).
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3. Results and discussion

3.1. Microstructure

The microstructures of AA7050 and AA7075 alloys in L-T orientation are shown in Figure 3.
The microstructures mainly consist of equiaxed grains and some elongated grains in rolling
or extrusion direction, with the areas of partial recrystallized grains where coarse interme-
tallic (IM) particles are mostly found. In L-T orientation, average grain area is 10x4 um? in
AA7050 and 45x12 um? in AA7075. The presence of coarse intermetallic particles in recrys-
tallized grains location suggests that the recrystallization has occurred mainly with particle
stimulated nucleation (PSN) mechanism which is also stated by other researchers [15, 20,
36-38]. However, small precipitates (particularly Al;Zr) in some areas have prohibited the
recrystallization to develop. Deshpande et al. [24] have also mentioned that presence of Zr
in AA7050 leads to formation of the AlZr dispersoids which retard the recrystallization
process. Cvijovic et al. [39], in studies on microstructural dependence of fracture toughness
in high-strength 7xxx forging alloys, have also pointed out to the unrecrystallized grain
structure due to appreciable amounts of Cr, Mn and Zr which are known to be efficient in
the formation of dispersoids as recrystallization inhibitors. It is stated that, in 7075 alumi-
num alloy, Al;,;Mg,Cr is a common dispersoid [40]. The voids of both alloys, which are evi-
dent on micrographs in BS mood, are presented in Figure 4. In these micrographs,
precipitates are appeared white, voids black and the matrix gray. The density of voids was
determined 0.9 and 1.7% in AA7050 and AA7075, correspondingly. Regarding the less
amounts of voids in comparison to precipitates, they may have far less important role in
crack initiation process. Nevertheless, there is also a possibility for partly void formation in
the polishing practice. In general, microstructural features affect some mechanical proper-
ties of 7xxx series alloys such as strength, fracture toughness as well as corrosion resistance.
Therefore, the properties of the heat-treated 7xxx series aluminum alloys depend on grain
size, void content, as well as dispersoids, intermetallic (IM) compounds, constituent parti-
cles, the matrix precipitates (MPs), grain boundary precipitates (GBPs) and precipitate-free
zones (PFZs) [41]. According to the selected optimized process of heat treatment, the com-
bined properties can be obtained by the cooperation of the above-mentioned microstructur-
al features. The microstructures of two popular 7xxx series aluminum alloys, i.e., AA7050
and AA7075, after multistage T73651 and single-stage T6 precipitation hardening (age hard-
ening) heat treatments include fine and coarse precipitates which are evident on the as-pol-
ished micrographs in Figure 5. The results of EDAX studies on fracture surfaces, which
have been reported elsewhere [42], showed that besides stable phase (MgZn,), the coarse
intermetallic particles can be Al,Cu,Fe, Al(Fe,Mn)Si, Al,CuMg and Al,Cu, Mg,5i, Al,CuMg
in AA7050 and AA7075, respectively. Xie et al. [16] have found Sigma (AL-Cu,Zn),Mg, S
(Al,MgCu), 6 (AL,Cu), Mg,Si, Al,Cu,Fe and Al,;Fe, in the structure of solidified aluminum
7050 alloy. According to Srivatsan [26] work, the intermediate 1" (MgZn,) precipitate is the
most important strengthening phase in age hardenable Al-Zn-Mg 7xxx series alloys, where-
as the B’ (AlZr) dispersoids (f.c.c.-based L1 structure) appear due to the presence of the
grain-refining element zirconium, hinders the recrystallization. According to SEM/EDS
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(a) (b)

Figure 3. Optical micrographs of (a) AA7050 and (b) AA7075.
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Figure 4. SEM micrographs revealing the presence of voids in (a) AA7050 and (b) AA7075 in BS mood.

studies of Cvijovi¢ et al. [39] on overaged 7000 alloy forgings, the coarse IM particles,
aligned in the direction of prevailing deformation, are n-Mg(Zn,Cu,Al),, S-Al,CuMg associ-
ated with Zn, Mg,Si (as soluble IMs) and Al;(Cu, Fe,Mn), Al,Cu,Fe, plus a little of Al,(Cu,
Fe,Mn,Cr) (as insoluble IMs). Andreatta [5] has also concluded that the most abundant inter-
metallics in AA7075 are the Cu- and Fe-rich intermetallics such as Al,Cu,Fe and
(Al,Cu)4(Fe,Cu), while the Mg,Si intermetallic is present in smaller quantity.

In Figure 6, image analysis results related to precipitate size distribution are shown. The
dimensions and shape factors of the precipitates, which are determined by Clemex image
analysis software, are also presented in Table 2.
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Figure 6. The size distribution of precipitates in (a) AA7050 and (b) AA7075.

Referring to Pao et al. [43], the formation of coarse precipitates at grain boundaries, due to the
ready diffusion of solute atoms into the boundary, depletes the solid solution in their imme-
diate surroundings. This leads to creation of a precipitate-free zone (PFZ). Moreover, depletion
of vacancies to levels below that needed to assist with nucleation of precipitates at the particular
aging temperature should be also considered as a reason for PFZ formation [44].

Occurrence of intermetallic particles in the grain and subgrain boundaries would result in low
mechanical properties and resistance to fracture for two main reasons: firstly, these particles
are the appropriate sites for crack initiation within the microstructure and secondly, the
formation of coarse precipitates will create precipitate-free zone at both sides of grain boun-
dary. PFZs are regions with low strength and so preferred areas for crack propagation.
According to the work of Cai et al. [45] on AA7050 alloy, the precipitation-free zone (PFZ) is
very narrow for double-step hot rolling (DHR)-treated alloy, which is beneficial to the
mechanical properties. According to Polmear [44] statements, for higher solution treatment
temperatures, faster quenching rates (both of which increase the excess vacancy content) and
lower aging temperatures, the PFZs are narrower. However, continuous GBPs and narrow PFZ
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increase the SCC susceptibility of the alloy (e.g., in T6 condition) and the discrete GBP and
wide PFZ (e.g., attaining after RRA treatment consisting of pre-aging, retrogression and re-
aging) can improve the SCC resistance of the alloy and decrease its SCC index [41].

Alloy Specifications
Precipitate Max. length Min. length Ave. length Roundness Aspect ratio
content (%) (um) (um) (um)
AA7050 2.9 9.8 0.12 1.24 0.81 1.75
AA7075 3.5 28.6 0.25 2.35 0.79 1.76

Table 2. The dimensions and shape factors of precipitates detected in L-T plane of AA7050 and AA7075 alloys.

Figure 7. Showing (a) continuous GBPs plus narrow PFZ in AA 7075 alloy in T6 condition and (b) the discrete GBPs
plus wide PFZ after RRA treatment (adapted from [29]).

Referring to Ranganatha et al. [46], by retrogression and re-aging (RRA) heat treatment, the
resistance to SCC is enhanced without losing yield or tensile strength. “The longer retrogres-
sion time during the RRA treatment leads to a combination of grain boundary 1 precipitate
coarsening, which resembles the precipitates formed in the T73 temper and the -n' precipitates
distribution in the matrix which looks like the precipitates formed in the T6 temper. This
combination results in good performance with respect to resistance to stress corrosion cracking
and the thermodynamic stability as well as mechanical strength” [46]. The TEM study results
of Kumar et al. [30] on AA7075 in different heat treatment conditions show the dispersion of
precipitates )" and 1) in the alloy matrix along with coexistent coarser and sparsely distributed
n precipitates locating at the grain boundaries, together with precipitate-free zones (PFZs),
Figure 7. Goswami et al. [47] have related the SSC resistance to the increase in Cu content of
the Mg(Cu,Zn,_,), precipitates at grain boundaries and, therefore, depletion of both zinc and
copper in the PFZ relative to the matrix, in the overaged (T73) and RRA conditions. “The
electrochemical potential of the intermetallic Mg(Cu,Zn,.,), compound increases with the
increase in Cu content. This decreases the driving force for anodic dissolution with respect to
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matrix, particularly for the overaged condition where the Cu level is highest. As the dissolution
rate decreases with increasing Cu content, the alloy becomes less susceptible to SCC” [47].

In the present work, application of two different precipitation hardening heat treatments can
also affect the mechanical properties, due to the above-mentioned reasons.

3.2. Hardness measurements and tension test results

The results of hardness measurements and tension tests of both alloys are given in Tables 3
and 4. Considering the results of hardness testing, it is believed that the formation of texture
has a little effect on hardness and, therefore, the slightly higher hardness value in S-T orien-
tation can be due to higher density of grain boundaries and the fact that precipitation ensues
preferably in these areas.

Alloy Hardness

HB (kgf/mm?)

L-T plane S-T plane L-S plane
AA7050 151.5 155.1 150.0
AA7075 165.4 169.6 167.8

Table 3. The average Brinell hardness values of AA7050 and AA7075 in different orientations.

Alloy Property

UTS (MPa) g,, (MPa) E (GPa) & (%)
AA7050 606 430 86.2 23.06
AA7075 582 406 62.8 22.98

Table 4. The average tensile properties values of AA7050 and AA7075 in L direction.

In respect of tension tests which were performed on the cylindrical specimens in L direction,
it emerges that the elastic-plastic behaviors of both alloys are almost alike and slightly better
strength of AA7050 may be attributed to the effects of the finer grains, low preliminary void
content. However, large interparticle spacing and wide PFZs in the T73 temper could be
unfavorable to the strength of material. Sarkar et al. [48] studies on AA5754 showed that when
interparticle spacing is fairly large, the alloy fails in a typical cup and cone mode (ductile
failure). However, the small interparticle spacing promotes linking of voids associated with
coarse particles and leads to failure by void sheeting.

3.3. Tear test results

After applying the static tensile load on tear test specimen, a crack develops at the root of notch
and travels across the width of the specimen. The study on AA7050 and AA7075 shows that
two different forms of load-displacement curves can be achieved as a result of a tear test. In
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the first one that we denote the specimen as “A” in this article, after maximum value of load,
there is a large spontaneous decrease in sustained load. This phenomenon was referred to as
“Pop In” in some other articles [13, 49]. In this situation a crack initiates at the point of
maximum load. In other curves, referred to specimen as “B”, the load decreases smoothly, after
its maximum point and the crack initiation occurs somewhat before the maximum load. This
occurrence has also been reported in the case of specimens with thickness of less than 5 mm
[13, 49]. Nevertheless, in this study, the only variable is the specimen notch root radius (NRR)
value which leads to this diversity. In the case of type “A”, NRR is about 20 um while in “B”
it equals to 60 pm. So, it can be concluded that the effect of the NRR decrease is quite similar
to the increase in thickness which leads to plane strain condition prevailing [13]. Figures 8 and
9 illustrate load-displacement curves as primary results of tear tests performed on type "A"
and "B” specimens in both aluminum alloys. In Table 5, the related results such as tear strength,
notch toughness initiation energy (IE) and propagation energy (PE) are presented for both
alloys.

Al-TO50: Toar Teil Bl 3 Al-TOTE; Fanr Teat Pt

3
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Figure 8. Load-displacement curves as primary results of tear tests performed on type "A"” specimens of (a) AA7050
and (b) AA7075.

Al=-TO5F Tear Tedtl Result 1 Al=FOFE Tear Test Mesult

Figure 9. Load-displacement curves as primary results of tear tests performed on type "B” specimens of (a) AA7050
and (b) AA7075.
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Alloy Property
Specimen designation NRR Tear Notch' IE? PE? UIE* UPE®
(um) strength (MPa) toughness (N.m) (N.m) (kN/m) (kN/m)
AA7050 A 20 628.20 1.46 2430 8.00 150.70  50.10
AA7050 B 60 449.84 1.05 6.74 1156 41.80 7227
AA7075 A 20 716.50 1.76 33.80 410 20940  25.90
AA7075 B 60 531.66 1.32 793 1058 49.20 65.63

'Tear strength/o,, (notch toughness).
?Crack initiation energy.

*Crack propagation energy.

*Unit initiation energy.

*Unit propagation energy.

Table 5. The tear test results of AA7050 and AA7075 specimens, containing different NRRs, in L-T orientation.

It can be noticed that for both types of curves in Figures 8 and 9, the maximum load values of
AA7075 are higher than those of AA7050 alloy which consequently lead to the occurrence of
higher notch strengths. This could be considered as a direct result of higher content of
precipitates in this alloy and probably narrower PFZs. Clearly, the lower o, yield strength of
AA7075 could be related to coarser grains and higher primary void content. Additionally, these
curves show that crack initiation energy (IE) of AA7050 is lower than that of AA7075 regardless
of specimen type (“A” or “B”). In contrary, the crack propagation energy (PE) is higher for
AA7050 which can be due to slanted or blunted crack tip in this alloy. Obviously, the large
precipitates can be considered as nucleation sites for voids in the crack initiation stage as well
as void growth and coalescence sites during crack propagation process.
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Figure 10. Load-displacement and energy dissipation curves for type "B” tear specimens of (a) AA7050 and (b)

AA7075.
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In Figure 10, the amount of dissipated energies during failure process for type “B” tear
specimens is shown. The slopes of these curves represent the energy dissipation rates during
rupture process. The maximum of dissipation rate in both alloys belongs to crack initiation
stage and minimum to crack propagation stage. Furthermore, in AA7050, the energy dissipa-
tion rate exceeds that of AA7075 in crack propagation stage and reverse situation exists in crack
initiation stage.

{a) k)

AL-TOTE Taar Inbrrupted Tes

(d)

Figure 11. Load-displacement curve for interrupted tear tests performed on AA7075 and related fracture surfaces (a—d)
after ink penetration and reloading.

For crack route detection during failure process, the interrupted tear tests were performed
on AA7075. In Figure 11, the interrupted tear test points and the successive positions of
the crack front after penetration of ink into the crack areas are presented. The points A
and B correspond to crack initiation and maximum load conditions, respectively. The
points C and D show the situations where the load exceeds the maximum value and
crack length is equal to or more than half of the specimen net width. Figure 12 shows
load-displacement curves exactly at the test interruption points. At the right side of these
curves, the specimens’ reloading curves for full failure purpose, after interruption and ink
penetration, are presented.
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Figure 12. Load-displacement curves for interrupted tear tests at points A-D (left) and reloading curves for full failure
purpose (right).

In resultant macrographs of interrupted tear tests, a small triangular zone having its base on
the notch root and its normal parallel to the loading direction can be seen, Figure 11a and b.
This area can be considered as failure initiation zone at the notch root. After load increase and
reaching the maximum value, it has been reached almost both sides of the specimen. Moreover,
the phenomenon called “tunneling”, in which the crack front in the middle of flat region
advances more than lateral zones, is also evident in these micrographs. As mentioned by Born
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et al. [7], at this stage, the crack length is bigger in the middle of the specimen. The slanted
zone can be also seen out of the triangle area, Figure 11c and d. Referring to Bron et al. [7], in
thin specimen and presence of plane stress condition, after maximum load only slanted
fracture could exist. Nevertheless, in the present study, as mentioned previously, the thickness
of samples equals to 6.35 mm which implies that plane strain condition is prevailing. Thus,
after maximum load, the triangle zone is followed by lateral slanted zones (sides) and rough
flat (central part) zone, see Figure 11c and d. The growth of triangular and slanted zones is
also evident. Eventually, the whole crack front is slanted and slightly curved.

3.4. Fractography

Figures 13 and 14 show the fracture surfaces of tension test specimens. These fractographs
indicate that the void nucleation, growth and coalescence are dominant mechanisms in the
fracture of specimens. The fracture surfaces in both alloys are mainly covered with dimples
which appear around particles. Considering the higher magnification of micrograph in
Figure 14a comparing to Figure 13a, the size of dimples is different in two alloys, being smaller
in the case of AA7075. In some parts of fracture surfaces, smooth areas without any dimple
are visible, Figures 13b and 14b. This is attributed to the friction during rupture process, which
has been also mentioned in other articles [7, 15, 49]. It should be noted that the fracture surface

in macroscopic scale was inclined at 45° to the loading direction.

Figure 14. The fractographs of AA7075 tension test specimens illustrating (a) dimple covered area and (b) flat area.
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In Figures 15 and 16, the fracture surface appearance of type “A” tear test specimens is shown
for both alloys. It should be noted that in the flat triangle (dimpled) area, the void formation
and void coalescence around second-phase particles are dominant. The diameter of the
dimples is slightly bigger than that of the particles which indicates on the void growth after
nucleation. On the fractograph of AA7050, the smooth areas representing intergranular
fracture are also evident. This mechanism is mainly reported in underaged materials in which
low-strength precipitates are seen and there is a high possibility of particles shearing [15, 26].
The sharp V-notch, with low NRR, in type “A” specimens acts as stress concentrator which
leads to stress triaxiality condition. In the presence of stress triaxiality, applied stress on the
voids operates in three dimensions, which accordingly leads to enhancement of void growth
and void coalescence named as “internal necking mechanism” [7, 49]. On this account, the
decrease of NRR results in the decrease of alloy’s resistance to rupture. On the other hand, the
change in rupture mechanism and occurrence of flat areas can cause the dissipation of energy
in the specimen and increase in the material’s resistance to rupture [49]. Atlow stress triaxiality
ratio, voids tend to coalesce rapidly according to a “void sheet mechanism” which creates

smaller dimples in the intervoid ligaments in slanted area, see Figures 15b and 16b.

Figure 16. SEM fractographs of type "A" tear specimens for AA7075: (a) flat triangular area and (b) slanted area.
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Figure 17. SEM fractographs of type "B" tear specimens for AA7050: (a) flat triangular area, (b) and (c) slanted area and
(d) flat area (far from notch root).

In Figures 17 and 18, the fractographs of type “B” tear specimens are shown for both alloys.
In flat triangle area, the growth of voids is contributed significantly to material rupture. As can
be seen in related fractographs, large dimples are present around intermetallic particles. The
chemical composition of these particles is cited in previous parts. The most particles in front
of the notch are damaged in the first stages of plasticity, see Figures 17a and 18a. The size of
dimples observed in triangular area is less than 10 um in AA7050 and more than 10 um in
AA7075. The slight difference is due to the alteration in the precipitate size and density. The
growth of primary dimples will be prevented as it needs high amount of energy. Therefore,
after a certain limit, the secondary voids would nucleate around smaller particles. The size of
secondary dimples is about 1 pum in both alloys which corresponds to the size of dispersoids.
In slanted zone, the “void sheet mechanism” has significant influence on the material rupture
and consequently the size of dimples is smaller than triangular area. In flat area, outside the
triangular area, almost the same rupture mechanism alike triangular zone is detected.
However, in addition to nucleation and growth of voids, decohesion of coarse particles can be
observed, see Figures 17d and 18d. Therefore, fractographs prove two major failure micro-
mechanisms. Primary voids are first initiated at intermetallic particles. In flat triangle area, i.e.,
near the notch root, void growth is promoted and rupture is caused by “internal necking” due
to void coalescence. In slanted regions these voids tend to coalesce rapidly according to a “void
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sheet mechanism” which leads to the formation of smaller secondary voids at dispersoids like
(Al;Zr) in the ligaments between the primary voids.

(@) ()

Figure 18. SEM fractographs of type "B” tear specimens for AA7075: (a) and (b) flat triangular area, (c) slanted area and
(d) flat area (far from notch root).

4. Conclusions

The following conclusions can be made from the results of this investigation:

* The tear test provides an incredibly valuable variety of information as notch toughness (tear
strength to yield strength ratio), crack initiation and propagation energies and notch
resistance as unit crack-initiation (UIE) and -propagation (UPE) energies.

* The intermetallic particles act as void nucleation and damage initiation sites.

* The amount, size and distribution of intermetallic particles have been identified as the
important factors on failure of the examined alloys.

* Both examined alloys show same damage initiation mechanism, however, the failure
mechanism is different in some extent.
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* In tear specimen, failure initiates at the notch root in a flat triangular zone perpendicular to
the loading direction.

* Depending to the stress condition, two major failure micro-mechanisms i.e. "internal
necking mechanism” and "void sheet mechanism” are prevailing for both alloys.
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