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In this paper the influence of notch acuity and test temperature on the impact behavior of
aluminum alloy 6061 is presented and discussed. Notch angles of 45°, 60°, 75° and 90° were
chosen for a standard charpy impact test specimen containing two such notches positioned
at right angles to the applied load. For a given angle of the notch the dynamic fracture
toughness increased with an increase in test temperature. At a given test temperature, the
impact toughness of a ductile microstructure decreased with an increase in notch severity.
For the least severe notch dynamic fracture surfaces revealed the occurrence of localized
mixed-mode deformation at the elevated temperature. An increase in notch severity
resulted in essentially Mode-l dominated fracture at all test temperatures. The results are
discussed in light of alloy microstructure, fracture mechanisms and deformation field
ahead of the advancing crack tip. © 7999 Kluwer Academic Publishers

1. Introduction ing multiple cracks, that is: more than one dominant
Research and development efforts in the field of eximacroscopic crack, is important in the evolution of ap-
perimental fracture mechanics, since the early 1950ropriate design criteria for structural reliability under
have resulted in the emergence and use of many paonditions of dynamic (impact) loading.

rameters to effectively predict the instability condition ~ Since the development and standardization of exper-
in a wide spectrum of mechanical engineering compo+mental fracture testing techniques for materials and
nents and civil structures under the influence of a statistructures, the research efforts of several investigators,
load. The parameters have also facilitated the characteduring the time period starting the early 1970s, have
ization of factors and mechanisms governing the statiessentially focussed on characterizing the static frac-
fracture behavior of materials spanning the monolithicture toughness of monolithic metals, intermetallics and
metals, the family of intermetallics and their compositeeven their composite counterparts using a compact ten-
counterparts. During this time period the prepondersion (CT) specimen subjected to: (a) pure Mode | static
ance of scholarly research efforts have been confinetbading [1-10]; (b) mixed Mode I/Mode Ill static load-
to investigating and understanding both material andng [11-25], and (iii) Mode I/Mode Il static loading
structural response under essentially Mode | (tension[26—35]. The imposition of a Mode Il loading or Mode
static loading condition. However, in many practical sit- lll loading on a Mode | load was found to result in
uations structures are often subjected to a mixed-mode drastic reduction in the static fracture toughness of
loading and fracture is promoted under dynamic condisome materials, whereas in a few others it had only
tions. This has necessitated the need to understand tlaemarginal degradation of the total fracture toughness,
fracture behavior of materials when subjected to dy-aninfluence dictated by alloy composition and resultant
namic loads. Classical experimental fracture mechanmicrostructure of the material [36].

ics approaches to quantifying the energy absorption ca- The primary objectives of this study were to quantify
pability of structures and establishing the mechanismghe energy absorption capability and examine the frac-
governing the fracture behavior of materials subjectedure susceptibility of a material having multiple cracks,
to dynamic loads has relied to a large extent on impacof varying degree of severity, and subjected to impact
testing using the Charpy V-notch (henceforth referredesting using a CVN test specimen.

to as ‘CVN’) test specimen. In practical situations it is

often possible to have more than one dominant crack

in the material that is subjected to dynamic loading.2. Material and experimental procedures
Consequently, establishing the impact toughness anflhe material chosen for this study was commercially
characterizing the fracture behavior of materials hav-available aluminum alloy 6061-T651. The as-received
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Figure 1 Triplanar optical micrograph illustrating the grain structure of aluminum alloy 6061-T651 along the three orthogonal directions.

TABLE | Nominal chemical composition of aluminum alloy 6061 in preventing the excessive growth of recrystallized
(inwt %) grains which form during subsequent heat treatments.
Si Fe cu Mn Mg Gt A The coarse constituent particles and the insoluble
magnesium-rich phase (#ACuMg) were stratified and
060 070 030 028 100 020  Remainder distributed along the longitudinal direction (rolling) of
the wrought plate. The particles were also found deco-
rating the high-angle grain boundaries (Fig. 2). Silicon
and magnesium are present in balance to form the
material is fully recrystallized with fairly large recrys- quasi-binary Al-MgSi. The precipitation sequence for
tallized grains that were flattened and elongated in th¢his age-hardenable aluminum alloy is: supersaturated
direction of mechanical deformation (rolling) (Fig. 1). solid solution— 8’ — 8(Mg,Si). The Guinier-Preston
The nominal chemical composition of the alloy is (G.P.) zones are needle-shaped and form along the
given in Table I. The presence of iron as an impurity (100 direction of the aluminum matrix [38]. The
elementin the alloy results in the precipitation of a hightransition phases’ is rod shaped, has a hexagonal
volume fraction of coarse iron-rich and even silicon- crystal structure and lies along tk&00 direction of

rich constituents during conventional casting. Thesaghe aluminum matrix. The equilibrium precipitage
particles have been identified to be the compoundss face-centered cubic and has a gakucture, and
Al;CwFe and Alx(FeMn)Si [37, 38] and range in forms as platelets on the matrfd00} planes [38].
size from about 3to 1QAm. The presence of chromium Strengthening in the alloy arises from the presence of
as the grain refining element results in the precipitatiorthe magnesium silicide phase (Mg)), which is the

of the dispersoids (AbMg,Cr) during ingot pre-heat primary hardening precipitate formed during artificial
and high temperature homogenization treatments. Thaging of the alloy at temperatures ranging from
chromium dispersoids aid in retaining the directional433-463 K. A ratio of magnesium to available silicon
grain structure developed during mechanical deforof 1.7:1 ensures that all of the solute is contained
mation (rolling) of the wrought plate and also assistin the Mg Si phase [38]. The excess silicon in the alloy,

a Present as grain refining element.
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Figure 2 Optical micrographs showing the distribution of coarse constituents in the microstructure.

TABLE Il Influence oftemperature onimpact toughness of aluminum
alloy 6061-T651

S0mm =1 0mm=
T Notch angle Energy absorbed (Nm)
(degrees) —190°C —70°C 30°C 100°C
10mm

f7\ \ A L _______ 45 24 36 37 30

J 60 18 26 27 42

2mm 73 75 16 27 28 45

90 16 18 19 38

Values are the mean based on duplicate tests.

tibility of materials having multiple macroscopic flaws
of varying severity. This is essential in high volume
production industrial settings were the Charpy impact
over and above the amount required for the formatioriests are routinely used for purposes of quality control
of the ordered MgSi phase, is deposited at the grain and analysis.
boundaries as elemental silicon.

A schematic of the modified CVN test specimen used
in this study is shown in Fig. 3. The impact test spec-3. Results and discussion
imens were prepared from the 6061-T651 rolled plateDuplicate tests were performed at temperatures of:
in the ‘TL' orientation. Crack severity was altered by (a) liquid nitrogen ¢190°C), (b) dry-ice (70°C),
using different angles for the notch. Four notch anglegc) ambient (30C), and (d) boiling water (10TC), in
(a: defined in this paper as the inclination of the notchaccordance with recommended practice [39]. The im-
face to the flat surface of the test specimen) 6f 88°,  pact test results are summarized in Table Il. For a given
75°, and 90 were chosen for this study (Fig. 3). For notch angle, that is: 4560°, 75, and 90 (equivalent
a given notch angle the orientation of the two cracksto a fine slit), the energy absorbed to fracture increased
in the test specimen was such that they are parallel twith an increase in test temperature from test tempera-
each other and at right angles to the applied load. Thiture of —190 to 100°C. The overall influence of notch
modified Charpy impact test specimen provides for aseverity and temperature on absorbed energy is exem-
simple method to determine the conjoint and mutuallyplified in Fig. 4. Essentially for aluminum alloy 6061 in
interactive influences of notch severity, impact loadingthe peak-aged maximum strength condition (T651), for
and test temperature on dynamic toughness and fraa given test temperature, the energy absorbed to failure
ture resistance of a structure having multiple cracksincreases with a decrease in notch severity or acuity,
Besides providing useful information on the influencethat is: angle ¢) of the notch. This suggests that in-
of notch severity on impact toughness properties andreasing the notch severity or acuity is detrimental to
dynamic fracture characteristics, this study also prodynamic fracture toughness of the alloy for the case of
vides information on the fracture susceptibility of ma- two macroscopic cracks.
terials having more than one crack. Itis hoped thatthe The scanning electron micrographs shown in
test concept could be used to rationalize the energ¥igs 6—9 support the observations made from measure-
absorbing capability (toughness) and fracture suscepment of energy absorbed during impact as a function

Figure 3 Schematic of the modified Charpy impact test specimen.
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Figure 4 Schematic showing the variation of absorbed energy with test temperature for different degrees of notch acuity.
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Figure 5 Influence of notch angle and test temperature on absorbed energy (N-m).

of temperature. For notch angle of*4he fracture sur- through the fracture surface, and pockets of shallow
face of the sample deformed atLl90°C revealed the equiaxed dimples (Fig. 6c). The occurrence of shear
following features: localization ahead of an advancing crack produces in-
. ] _compatibility stresses at interfaces of the second-phase
(a) Cracked particles and numerous microscopigarticles in the microstructure, primarily the coarse
cracks; features reminiscent of locally brittle failure jron-rich and silicon-rich intermetallics and the insol-
(Fig. 6a). _ _ uble magnesium-rich phase @&luMg), in the path of
(b) Ductile tear ridges and isolated pockets of shalthe advancing crack causing either fracture of the parti-
low dimples reminiscent of locally ductile failure cle or decohesion at their interfaces, resulting in the for-
(Fig. 6b). mation of microscopic voids. The voids, once formed,
tend to exacerbate the localization of shear [40-42] and
Atthe elevated temperature (100) theimpactfracture concurrently limit the size of the plastically deformed
surfaces revealed evidence of localized shearing as evegion ahead of the advancing crack that is strongly
ident through elongated dimples and tear ridges, a popnfluenced by the Mode | loading component. The net
ulation of voids of varying size distributed randomly resultis the occurrence of highly localized mixed mode
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Figure 6 Scanning electron micrographs of the alloy sample withrtich and deformed at190°C [(a) and (b)] and 100C [(c) and (d)], showing:
(a) overall morphology of impact fracture surface-t90°C; (b) cracked particles and shallow equiaxed dimples; (c) elongated dimples, evidence
of shearing and macroscopic voids; (d) high magnification of (c).

I/ll crack. The presence of a localized Mode Il defor- either localized shear or elongated dimples in the duc-
mation field tends to minimize the Mode | deformation tile tear regions (Fig. 7b). The fracture surfaces of the
field because of damage associated with localizatiomlloy sample dynamically loaded at the ambient{G)

of shear and causes an apparent reduction in the t@nd elevated temperatures (@) revealed distinct re-
tal fracture toughness. The primary voids are the endjions of Mode | dominated failure and isolated pockets
result of the early rupture of the brittle intermetallic par- of shear (Fig. 7c) suggesting the presence of localized
ticles. However, on account of the dynamic nature ofMode Il deformation field at the higher test tempera-
loading and the resultant rapid propagation of the crackures. The fracture surfaces were covered with a pop-
through the alloy microstructure the fracture process isllation of macroscopic voids and ductile tear ridges
less governed by either the growth and coalescence ¢Fig. 7d). Pockets of secondary voids were evident
the primary voids or linkage of these voids by the finealong the high-angle grain boundaries. The dimples ad-
secondary void sheets formed around the intermediatiacent to the grain boundaries were shallow suggesting
size chromium A,Mg,Cr dispersoids. the occurrence of ductile intergranular failure.

With anincrease in notch angle)(to 60 fracture of Dynamic fracture of the sample with notch angle of
the sample dynamically loaded at the cryogenic tem75° was essentially the same at all test temperatures.
peratures £190°C and—70°C] revealed essentially Fig. 8 shows the fracture features of the sample de-
Mode I-dominated failure with the fracture surface formed at room temperature (3G). Overall, failure of
comprising: (i) a population of randomly distributed this ductile microstructure (T651) was Mode | dom-
voids of varying size and shape, (ii) tear ridges, (iii)inated with the fracture surface comprising features
microscopic cracking (Fig. 7a), and (iv) no evidence ofreminiscent of locally brittle and ductile failure.
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Figure 7 Scanning electron micrographs of fracture surface of dynamically deformed sample witbt6B showing: (a) voids and microcracking at
—70°C; (b) high magnification of (a); (c) microscopic cracks, population of voids and evidence of local shear; (d) high magnification of (c) showing
pockets of dimples along the grain boundaries.

Figure 8 Scanning electron micrographs of sample with notch angle dfarl dynamically deformed at ambient temperature®@0showing:
(a) Overall morphology showing no evidence of localized shear; (b) High magnification of (a) showing voids, cracks and isolated pockets of dimples.
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Figure 9 Scanning electron micrographs of sample with notch angle ©f@a®@ deformed dynamically at room temperature®@pPshowing: (a)
Mode | dominated brittle failure with no evidence of shearing; (b) High magnification of (a) showing features reminiscent of locally brittle End ducti
mechanisms.

The sample with notch angle of 9fevealed Mode-l  alloy 6061 having two macroscopic cracks, the follow-
dominated failure at all test temperatures with the fracing are the key observations:
ture surface comprising: (i) a large population of mi-
croscopic and macroscopic cracks, (ii) tear ridges, and 1. The current set of experiments using a modified
(iii) cracked particles, features reminiscent of locally Charpy V-Notch (CVN) specimen suggest that for the
brittle failure (Fig. 8). very ductile temper of alloy 6061 and for a given notch
Observation of the fracture surfaces of the alloy samgeometry the dynamic fracture toughness increases
ples having two macroscopic cracks and & Abtch  with an increase in test temperature.
essentially revealed an increase in the dynamic Mode-I 2. At a given test temperature the notch toughness
fracture toughness with an increase in test temperaof alloy 6061-T651 decreases with an increase in notch
ture resulting in enhanced susceptibility to localizedseverity.
mixed-mode fracture. For this ductile microstructure 3. Forthe least severe of the notches, i.e., notch angle
(T651) of aluminum alloy 6061 the occurrence of of 45°, fracture surface appearance suggests the occur-
localized mixed-mode loading enhances shear localrence of localized mixed-mode loading at the elevated
ization in the deformation field immediately ahead oftemperature enhances the localization of shear in the
an advancing crack tip. This tends to reduce the overdeformation field immediately ahead of an advancing
all fracture toughness as is evident at the highest testrack with a concomitant reduction in the overall dy-
temperature (100C) the CVN samples were dynami- namic fracture toughness of the alloy.
cally deformed. 4. With an increase in notch severity or acuity frac-
Increasing the notch angle to6f@sulted in Mode | ture surface appearance reveals essentially Mode | dom-
dominated fracture at the cryogenic temperatures anthated failure at all temperatures with features reminis-
limited evidence of localized Mode Il at the highest cent of locally brittle failure.
test temperature (100 Further increasing the notch
acuity to 75 and 90, resulted in essentially Mode-I
dominated failure at all test temperatures. The occurAcknowledgement
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