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THE MICROSTRUCTURE AND PLANE STRAIN FRACTURE
TOUGHNESS OF HICH STRENGTH ALUMINUM ALLOYS

Peter John Guest
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Mineral Technology, College of Engineering, of the

University of California, Berkeley, California

ABSTRACT

The plane-strain fracture toughnéss of precipitation hardening high
strength 7075—aluminumfalloy has been determined in the fully precipitation
hardened condition (38 ksi-*fin) and compared with the overaged and

-underaged conditions at predetermined stress levels less than the yileld
strength. Plane-strain fracture toughness values were-determinedvusing
thé "pop-in" technique employing singlé edge notched large and small
typé specimens; The reFults show that the plane-strain fracture tough-
ness was markedly improved for both underaged (61 ksi—*Jin) and overaged
conditions (47 ksi~'JEn) accompanied by a correéponding minimal loss
in yleld strength. The underaged condition exhibited higher toughness
than the overaged condition at equiVélent yield strength levels. The
wbrk required to cause crack propagation was found to increase considerably
for underaging and overaging,‘with a larger increase for the underaged
condition, over the fuliy precipitation hardened condition. The plane-
strain fracture téughness was found to increase with increasing strain

herdening exponent.
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I, LIST OF SYMBOLS

Stress intensiﬁy parameter'describing the local increase of

elastic stress field ahead'Of the crack., The value of X at

~instability is referred to as the fracture toughness and is

expressed as psi-inl/é.

Subscript denoting first or opening mode of fracture. Referred

to as plane-strain condition.
'~ Subscript denoting critical value of any parameter.

Net section average stress, psi (based on notched or unnoiched area),

Yield stress at 0.20 percent offset, psi.
Ultimate tensile stress, psi. |

Fracture stress, psi.

‘True stress, psi.

Specimen thickness, in.

Specimen width, in,

Strain hardening expohgn# (in Op = xe™)
Strength coefficient.

Strain, in/in.

Strain energy release rate, in-lb/in?.

1/2 erack length, in.

"“Poisson's ratio.

Young's modulus
Applied load, 1bs.

Trué strain, in/in,




IT. INTRODUCTION

Tﬁe devélopment,of good fracture toughness has been the desired re=-
sult of alloys design; Since fracture toughness isuconsidered an im-
portant fundamental ﬁaferial properﬁy used in design, the enhancement of
this property through such metallurgical factors as heat treatment was
initiated.

The requirement for high strength materials with an efficient
strength-to-density index for use in aireraft has_accentuated the im-
pofténée of fracture toughness.  High strength materials at high stréss
levels have been fouhd,to behave in g.ﬁrittle manner in the presence of
small flaws which are initially presenf iﬁ the material. As a reéult, serviée
- failure sbmetimes.occurs:by b?ittle ffacture réther than by yielding
~and distortion and at stresses well below the design stress, usually based on -
thg}yield strehgthV of the material. Fracture toughness is the material
characterispic used.as a measure of a materials resistance to fracturé in
the presence of‘flaws, specifically the resistance of a material to crack
propégation.

The fra¢ture toughness (as measured by a critical value of K) decreases
as the specimen thickness increases through the range encompassing the
fracﬁure-mode‘transitiOn from a shear failure to a flat fracture. At:

. . »
the thickness where the elastic constréint is sufficiently large so thaf
the ductilé-brittle transition is complete, further increases of specimen
thickness produces no additional.decrease in the fracture toughness. This
condition is'deécribéd és being essentially plane-strain and the value of
fracture toughness at which instability occﬁrs,is designated at KIC'

Because of its recognition as a useful design parameter, KIC has been
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méasqred in the present study to obtain the effect of artificial aging
on the fracture characteristics of TOTS5-aluminum. . -
The present inveStigation'has shown the importanée of using the

fracture mechanics.approach in the development of reliable high strength

alloys.
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ITI. FRACTURE TOUGHNESS

The”diScrepancy'between the experimental fracture strength of

crystals anditheoretical coheslve strength was first explainedvby the

- Griffith theory. This theory, although applied'briginally to'glass, has

been adapted by others to explain metal fracture.
Griffith postulated that a crack.will propagate when the decrease
in elastic strain energy 1s at least equal to the energy required to

create a new crack surface. This concept can be used to. determine the

magnitude of the tensile stress which will just cause a crack of a certain

size to propagate in a brittle manner.
For a plate which isvveryfthin so as to be in a'cbhdition of plane
stress, the Griffith equation is given by

2Ey

o = @/ —=

Ta,

where o is the applied tensile stress normal to a crack of length, 2a,
having a surface tension of ¥ and E is the modulus of elasticity.
For a plate that is thick compared with the length of the crack,

that is, plane strain, the Grlfflth equation is given by

‘ 2EY’
, o =% AN
‘ § (1L-v°)ma,
where v 1s Poisson’s ratio.
These equations predlct the stress needed to propagate a crack
through a brittle SOlld.

Irwin extended the Griffith theory into the area of fracture
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ﬁechanics, Ihe objective was to find a feliable'design criterion for
prediéting the stress at which rapidly propagating fractﬁres.will occur.

This is essentially a macroscopic theory tﬁat ié concerned with cracks

of the order of.tenths;of an inch in length. The quantity of interest

is the crack extension force or the elastic strain energy release rate. The
strain energy reiease rate?JﬂL, measured in units of in-lbs/in2 is the
quantity of stored elastic sfrain energy released from a cracking specimén
as the result of the extension of an advancing crack by a unit area.

When)i reaches ébcriticél‘value‘gé, the crack will propagéte rapidly.

}50

the energy which 1s absorbed in local plastic flow and cleavage in

is termed the fracture toughness in the energy balance model and is

creating a unit area of fracture surface. be appears to be a basic
material properly independent of plate size effects, yet dependent upon
composition,.micfostructure,vtemperature, and rate of loading.

To measure.zé, it 1s necessary to have a valid expression for)a in
terms of crack dimensions, specimen geometry and the normal applied
stfess. The specimen is then loaded until a stress is reached at which
the crack, which 1s initially present in the specimen, propagates rapidlyf
The calculated value oihglfbr this condition is then }ib' For a érack
of length 2a in an infinitely wide plate the relationship between the

stress and.lyis given by

o = A/ HE_ ~ (Ref. 12)

.

The energy release rate can be related to the stress pattern near

the crack tip as follows,
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% = (27&«)_17,2— |
ﬁhgré Oy is thé stress‘norﬁal to the crack tip and r is the distance
in front of the‘ﬁip in the x'direction. (See Fig.blf) K is'a function
only of crack Size, ioads and shape of the part and is called the "stress
intensify factor." KX is a material.éharacteristic and is referred to as

the fracture toughness parameter in the stress intehsity approach.-ﬁy is

related to XK as follows

X = \/E,&f- - for plane stress‘, and
r o | )
K,:%%;EE%; "<for plane strain.
(Lv7) - _

It can also be Shoﬁn that-K =0 (ﬂa)l/é, showiné the equivalence of
érack iength and applied stress. |

A‘The critical stress system under whichkféilureIOCCufs is characteri-
zed by K, and iyc. The following definitions using the stress inténéity
factor approach make thé necessary distinctions between plane stress ahd
plane strain.b

IC

plane strain.

K is the stress intensity value at the onset of crack growth under

C

plane stress.

K. 'is the Stress intensity value at the onset of crack growth under

This concept of fracture toughhess stems from:the stress‘pattern-
ahead of the crack tip in a linear elastic material. Since a plastic

zone usually exists in real materials, some correction for this must




be made. A plastic zone correction factor, ry, can be added to the
erack length a. The fadius of thiSIZOne can be estimated by setting

o, = Oyg in the yield strength of the material giving

Y
L. (x Y
y 2T\ 9yg

Fracture occurs at the crack tip when a critical normal stress,

0 = O is attained at a fixed distance r,, then.

C}

Kcrit'= OC<2WTC)1/2
| Ffacture mechahics, as briefly éutlined, provides a method to
measure the brittle strength of a material.

The value of'fractuie téughness at which instability occurs can be
deterﬁinéd by monitoring the crack growth to observe where "pop-in"
oceurs. The conditlons of crack propagationvduring "pop-in" are assuméd
to be that of plane-strain. The determination of plane-strain fracture.
toughness by a sudden burst of crack propégation enables the use of
smaller spécimens.l A high degree of constfaiﬁt can be achieved at the
notch tip even ﬁhough the size of the plastic zone approaches that of
the specimen thicknéés. The extent of "pop-in" diminishes as the
thickness iS'decfeaséd'until at some critical‘value.of thickness, the
constraint;relieviﬁg influence of the free faces of the specimen will
extend through the thickngss before ﬁhe stréss iptensity reaches KIC’
This relief of constraint due to plastic déformatibn tends to suppress

sudden crack propagation.



1o can be determined by measuring the load at which

Thekvalue”of X
"“pop-inﬁvpccuré, Srawley and Brown> first Sbservéd that a sudden burst
of craék growth at the plain-strain toughness leyél preéedéd slow crack
growth under an increasing load.

Various methods for detecﬁipg thé onset of ecrack propagation involve
‘the measurement of crack opeﬁing7displacement,_electrical potential and

:  stress wave emission. The method used in this research is that of dis-

placement measurement at the crack opening.



IV. MATERIAL

A precipitatién'hardenihg aluminum alloy of the 7000 series, 7075,
procured'as commercially rolled plate in the T6 temper, was selected

for this investigation. This alloy is composed of 5.6% Zn, 2.5% Mg,

1.6% Cu and 0.25% Cr. The temper designation (-T6) refers to a solution

heat treating and artificial aging.

The engineering tensile properties of T075-T6 in the as-received
condition were observed.ﬁo.be well within the normal commercial speci-
ficétion requirements for these alloys. ' The yield strength (0.20%
offset) and ultimate tensile sfrength was determined to be 77,000 psi’
and 84,000 psi'respectivgly, and the elongation, 14%. A longitudinal
direction‘(specimenbaxis) of the rolled structuré Was used in all

mechanical tests,
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V. EXPERIMENTAL PROCEDURE

"A. Specimen Design and Instrdmentation_

The spécimen design. used was such that a minimum amount of plastic
’déformatioh oécurred at the crack tip under the applied stress condition.
This pei‘mitted _evalua,tion of the fracture toﬁghness without ‘the necessitir
of a plastic zone correction factor.

The fractufevplates usgd Wéfe of the singlé,edgevnotched désign
recommended by the A.S.T.M. Committee E-24 on "Fracture Testing of
Meterials™, published in the A.S;T.M. Standards,vl967. The dimensions
" are as shown in Figé. é(a) and 2(b).. The length of each type is éuffi-
cient to avbid'interaction of pin hold stresses with the tensile stressesu;
in the region of the,nﬁﬁch.  The'speciméﬁé were 'pin’loadéd to assure
good alignment. No yielding occurred aroundvthe pin holes. The thiék-'
ness of the plates was such that the initial mode of faiiufe under tension
 was the flat brittle type and the cohditibn of féiiure indicated rapid |
plahe-strain fracturing at the beginning of crack propagation, as shown
in Pig. L. | |

A The tensile specimen designs were both made according to the A.S.T.M.
Designation: E8-65T and are shown in Figs. 3(a) and 5(b)',

-Referfing to Fig. 5, the crack opening displacement was measured be-‘
tween two fiducial points.on opposite éides of the notch edge. The |
A opening is'related to the crack extenéion. The'typé,of transducer used
waf a dbuble cantilever beam gauge developed by Fisher and.Srawley2 and:
discusséd by Srawley and Browno3 This instrﬁment is suitdble.for the
 detection of ”pop-in" and combines high sensitivity with linear output .

The arms of the gauge were made from spring steel which has a good ratio
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of yield'strength.to Yoﬁng's modulus. The resiétance'strain gauges were
epoxy resin bonded £o4the arms'to form albridge‘arrangemént. Grooves in
the ends of the cantilevers cﬁntact khife édg¢s machined into the edge

notched specimens on either side of the notch. This method of loca£ing
the gauge is satisfactory in that the gduge is poSitivély positioned

during testing. The output of the strain gauge was monitored continuously

on a high speed strip chart recorder.

B. Mechanical'Testing

The testing machine used was a "Materials Testing Systems" 300 Kip
universal testing machine. The fracture specimens were loaded at a
constant extension rate of 0.02:in/m1ﬁ5 When‘suddén craékvpropagation
occurred at "pop-ins'", the applied load remained approximately constant.
This is éhown schematically in Fig, 4. For the large fracture plates,

& two-channel strip'chart recorder simultaneously recorded the crack
‘openihg displacement and load Qeréus time., In addition, an x-y recorder
recorded the load against extension. TFigures 6 and 7 show the éxperi—\
mental arrangement including the compliance gauge. The tensile specimens

were loaded in the same manner as the fracture plates at a rate of 0.02 in/min.

C. Compliance Analysis

The results of a compliance analysls performed by Sullivanu and

reproduced in Fig. 8, were used in the determination of K. _, for the small

IC
fracture specimens. = The compliance curve obtained by Sullivan was de-

rived from experimental compliance measurements on specimens that wefe'.
pin loaded in the W/5 position., The curve gives a value of <y which can

be used to calculate KIC:
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. KIc2 @ - V?) B 7"21”
Qhere vy _is*the'value taken_ffom the cbmpliance éurve corresponding
to ao/w. '

."_vThe Ko calibration used fo? theflarge fracture specimens by Gross
et al.5 and discussed by Srgwley.and Bfownf%7is'reprdduced in Fig. 9.'
ihis céiibration”curve wa.s Qerived analytically by a collocation pro-
cedure for & specimen pin loaded through‘the centerline. In deriving
this curve it waé gséumed that:thé'tensile 16ad is uniformiy distributed
across the width of thevspecimen éﬁ é’distanée fiom'ﬁhe.crack not less
~ than the width. The K calibrat:ipn'fqr' this case is represented by the

IC

- following eqﬁation.

=
o 2

&

whereiY:is the value taken from the ordihate'bfvthe curﬁe corrésponding
tova/w.' |

A more direqt and.moresapprqpriate method for the deﬁermination of
KIC would bé through & stress analysis*of these sﬁecimens. This form of

analysis is presently unavailable.

D. Evaluation of True Stress'—' True’strain Properties
Computer facilities including,a~¢DC 6600 electronic data processing
_ system using the common language, FORTRAN Iv; were used in the evaluation
of the frue Stress-true_stréiﬁ'properties and the value of the strain
hardéning exponeﬁg‘no |
The relationship, in which the strain hardéning exponent is expressed,

is as follows
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where k is a constant. The exponent n can be eValuated in the following

manner.

Teking logarithms of both sides gives
n log € = log op - log k-

Differentiating and solving for n gives

d(log cT)

no= dilog é5
‘Tt is shown that the strain hardening exponent is equal to the

sidpe of the log true stress-log true strain plot.
To compute n and k, points were taken from the load displacement

curves at points beyond the yield stress and below the ultimate stress.

The output data or true stress-true strain properties were plotted
‘along with log-log plots 'of the properties. Such plots are shown in

Fig. 10 for reproduced plots.

E. Heat Treatment

‘The heat treatmehts consisted of overaging and underaging both
fracture and tenslle specimens for various timeswaﬁd temperatures to
attain a desired yield stress. | ‘

“Artifieial aging and reheating time and femperaturé.curves published
by Anderson8 for TO075 material were used as’guides in the heat treatment.

These curves are reproduced in Figs. 11 and 12.
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’-; The fraqture plateé and tensile specimens for'seriesvl and 3 Were‘
rehéated from T-6 cohdition (overaged)'ét tempe;étufes from 425°F to 325°F
to-a cohstant yield stress level of 60;000 psi. In all tests where
specimens were underaged; they were first resolution»heat treated at
870°F for 0.5 hours, the recommended treatment fér'7075-T6. The aging
teﬁperature for the underaged specimens varied frém 250°F to 300°F to
obtain the same yield stress level.

Another series was carried outlusing small frécture plates and short
gauge tensile specimens to attain a stress level of 66,000 psi. The
underagingvand overaging température:rénges were the same as the afore-

mentioned test series.

F. Mechanical Stabilization

- To determine-whéther the effeet of straining prior to or during
'aging influenced ﬁhe tensiie and, moré pérticularly, the fracture pfof'
- perfiés, additibnélvspeqimens wére heat treated similar fo series 2 where
a constant yield stress level of 66,000 psi was désired. The deformation
was effected by rolling at room temperature to_apéroximately 1% strain in
the thickness directién,‘ The specimens were then stress relleved by
ﬁeat treatiﬁg for 15% of the pfior;overaging orbunderaging time aﬁ-the

same temperatures,
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VI. EXPERIMENTAI RESULTS AND DiSCUSSION
A.: Genéral

The resuits'bf this~étudy afe tabﬁlated in Tableva through VIIT.
Table I summarizes the tensile and.fracture properties of the TOT75-T6
balloy in the fully precipitation hardened_condition while Tables IT
through VIII show the properties after variods oferaging and underaging
times and temperatures. | |

The test series number shown on each table heading refers to the
specimen size (test series 1 for the large specimens and test series 2
and 3 for the small specimens) and a yield stféss level chosen for the
heat treatment (60,000 psi for test serieé 1 and 3 and 66,000 psi for test
series.E).

_Each table also includes the measured amount of external energy
>stored to KIC'. Thié energy was obtained by measuring the area benedth
thé load-displacement curve with a planimeter and répresents the energy'
absorbed or stored by‘ﬁhe specimen under the impoéed loading conditions,

IC

Ilate with‘éyIC on physicel grounds, however such correlation is difficult

It is considered that external energy absorbed to X._ . should corre-

to establish mathematically. The equation expressing the energy balance

during loading is as follows:

= . .+
Ufotal Ustrain ENEYrgy Usurface energy

vhere the total energy U is that measured amount absorbed to KIC

Differentiating this with respect to crack length a gives
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3 L
U Ustrein E . Ysurf. B
Ja Oa, T Oa
and further;-
ou, - .
totgl - 25& - surf. B _ o .
da ¢ da .

The léad-dispiacement.curvesioﬁtaiﬁed for the fraéture specimens
are simiiar in many respects to a régular_stresséstrain curve. With
'reférence tovFig. 15(5); the fiist part'of‘thevcurve up to "pop-in”
ifis a straight line representing elastlc deformation within the specimen,
Tﬁe stért of ecrack prbpagationlis‘shownvbj a deviation from the straight
line énd correspoﬁds to rapidjcrack gfoﬁfh}(instabilify) at éonstant ioad. 
The point of deviation of the curve correspdnds to the "pop-in" and
iﬁdicates rapid plané—strain fracturing'at the beginning of crack propa-
gation. . "Pop-in" can alsé be aetected by an acéompanying audible "elick"
as the créck rapidly propagates. The load corresponding to.this point

on the curve 1s used in calculating KIC'

B, . Effect of Specimen Size

In Selecting a specimen size for KIC measurements one of the obvious

factors to be considered is the desired accuracy of the KIC measurement.

The_size of the specimen, the accuracy of the expression used in calcuiaf-

ting KIC and the form of measurement effects this accuracy. In this

IC
single edge notched specimens obtained by a mathematical procedure of

5

boundary coliocation ~and by the experimental compliance'measurementh.'

study, the accuracy of'the expressions for K for the large and small

are very good and are believed by Srawley and Brown2 to be of the order
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i 1/2 percent when 2a/W is about 0.3 to 0.5.° The measurements have been
made.with high accuracy due to'the'neture.ef the NLT.S; machine and
the instrumentation. According to Srawley and Brown?vthe width-to-
thickness retio should be of the order of k4 < % s 8 for single edge
notched_specimens, as.were the speeimens ﬁéed_in this study.

. Referring to'Tabie I, the fracture preperties of the large and
- small type single edge notched specimens differ slightly although the
corresponding tensile‘propefties are comparable. The difference mightln
be due to.the loading eonditions (load applied as H-for the large speci-

2

men and E-for the small specimen). The difference is reflected both'in

3

KIC and in the wvalue of external energy abéorbed by KIC' When the crack ;"

became unstable ("pop-in"), with the small fracture specimens, the effec-

.

~tive net cross sectional area was reduced to such a degree that complete
fracture occurred immediately. A characteristic audible "eliek" ecould
be heard Just prior to fracture in all cases. With the large-fracture
specimens‘loading continued beyond '"pop-in" as-further external energy

was absorbed by the specimen'until complete fracture occurred.

C. Effect of Heat Treatment

In Fig. 14, the plane-strain fracture toughness, Ky, of 7075 for"
various aging.treatments is plotted against‘the yield strength. As
’would be expected, the plane-straig fracture toughness is an inverse
function of the yield Stfength. ‘These data obtained.for-the 7075 in the
T6 condition'compare favorably with that published by investigators such
as Carman, Armiento and Mafkus9 and Campbell.lo ' Generally, the band

delineating the results for the overaged condition increases more with

decreasing yield strength than those results for the overaged condition.
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_ Hence, the rélativé impfovemgnt in ‘the fracture toughness at high
strength levels with little loss in yield strengthgis better achieved
in the underaged condition.

The variations of K‘C/qYS with o, are shown in'Fig. 15. The slopes

I ¥S

of the bands indicate that in each test series the‘underagéd specimens

have chsiderably better values of plane-stiain fracture toughness and

hence K ratios at equivalent_yield strengﬁhs than for the overaged

IC/ Ivs

specimens. The effect of cold rolling underaged'specimens in test
‘series 2, (a common way to counteract suéceptibility to Stress Cofrosion.'

Cracking), reduced the X ratio with o, to the band of values for

1/ %y Ys

overaging. This indicates that the small amount bf plastic deformation
reduced the abilityvof these specimens to absorb energykﬁhile being
loaded during the test. |

In Fig. 16, KI is plotted as a-fuhction of the external energy

C

absorbed to KIC' The underaged specimens are shown to have a greater

energy absorption‘capacity at higher values of KIC than than the overaged .
specimens. Tébie v shows that with a 9% drop in the yield strength the
work required tq céuse crack propagation is;increased-llo% and the plane~ -
strain fracture toughness 35% for‘a fy?ical.series (test series 2) of
underaged specimens. The ldss in yield strength is significantly lower
than the accompanying gain in KIC,‘and is-of‘little importance wﬁen»
attentién in design practices.is centered around the limiting flaw size.
The effect of plate size is recorded in Fig. 17, where the extemal "’

energy absorbed to K., , is plotted as a function of the yield strength.

IcC

The value of X for the small size specimens in the overaged condition

IC

' are lower than the value for the large size specimen (lower twb bands).

A similar effect was observed for the underaged condition (upper bénd);
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The ability of the largé size“specimené, compared fo ﬁhe small, to absbrb
greater émounts of external energy per unit area is largely due to the
variance in the loading coﬁditions and hence in the contrasting stress
patterns ahead of the advancing crack front.  Of significance also is

the more rapid increase with corresponding yield strength decrease in the
amount of work needed to cause crack.pfopagation foivthe underaged
specimens compared to that.for the aﬁéraged specimens.

It has been shown that the X values and amount of external

IC

energy absorbed to K o are conslderably better for the underaged specimens

I

compared to the overaged specimens. Carmen, et al.ll in thelr study on
the effect of purity on fracture toughness assumed that the energy
absorbed mayAbelconsidered as being di?ided into two parts. The first
part éonsists of thé surface energy and the second consists of the energy
of plastic deformation. Assuming that the surface free energy term is’
gpproximately the same for similar materials then the differences in their
values was due to the ﬁork of plastic deformation. Their assumption
is borne out iﬁ the results of this study in that the percentage elonga;
tion values for the underaged.specimens is consistently higher than those
for the 5veraged sbéciméns.

In Fig. 18, KIC is plotted as a function of the strain hardéning

IC

value increases propor-

exponent, n. This shows a dlstinct trend of higher value of K., with -

greater strain hardening exponent, n. The Koo

tionately much greater than the increase in n. This plot substantiates.

9

- the results of Carmen et al.” who attempted to explain the differences

in X values for different test specimen rounds and sheets.
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:‘Of interest i1s the_&ariation infthe fracture mbdé as shown in Figs.
.ﬂ?(a) and (b).r There is no change in mode due.ﬁo 3p¢cimeh size and
~generally some vafiation in the profile due ﬁo the heat treétmenf- Underaged .
,spécimens ffactured generally in a 0.25% or greater. square. mode whi;e""'
those overaged. fractured in a full slént mode. Fully;hérdened speéimené f
}generally fractured in a V—slant'mdde. | |

In an efforﬁ to gain some insight'inté the behavior diséuésed, a
mstallographic éxamiﬁation was made of the:alloy iﬁ the precipitation
hardéned cdﬁdition and also in the underaged and overaged conditions.
The structure in tﬁe T6 fémper is shown'ih-Fig.‘QO. The structures of
undeiaged and éveragea épecimens froﬁ the test ééries 2 group are shown;'
in Figs. 21 and 22?. Studies of thése figures reveai the alloy té héve
the same basic structure as evidenced by the elongated grains and pre-

- cipitates. The T6 stfudture shows a disperSion of precipitated M’an.2

phase and a vefy fine precipitaté at the grain boundariés{ The underaged
structure shows very littlé precipitated M’gZI;2 phase indiéating that pfe-j-if
cipltation has 5nly,begun to take place while in the overaged structure,
the precipitated-parﬁicles have aggldmerated and ére moré widely dispersed

as shown in Fig. 22.
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© VIT. SUMMARY AND CONCLUSIONS

The effects of ovérééing dnd.underaging high-strength 7075-T6

__aluminum alloy to predetermined stress levels on the plane-strain frac-

ture toughness has been Investigated. The.KIC’ KIC/UYS and external

ehergy absorbed to K., were determined as funcfions of the yleld strength;,'

IC

KIC was also determined as a function of the strain hardening exponent,

'n, and of the external energy absorbed to KIC'

The plane-strain fracture toughness values were determined using
the "pop-in" technique employing the single edge notch specimens of
large and small sizes.

Due to the susceptibility of high strength TOT75-T6 to stress corrosion

in the underaged condition, future work on this topiec will include deter-

mination of methods for effective straining without iﬁhibiting the
fracture toughness properties. The éffect of straining following an 
underaging heét treatment (test series 2) resulted in an increase in
plane strain fracture tbughness from 38 ksi-‘J&n for the fully precipi-
tation hardened condition to 48 ksi- Vin.

| Also, as aééentuated by the size effects in Fig. 17, showing the
external energy absofbed to KIC~plotted as‘a function of yileld §trength;
there is the need for a stress analysis for the two specimen.types that

would include varying loading condiﬁions; Work of this nature is:to

be continued.

From the results of this research the following may be concluded:

1. Overaging and underaging has the direct effect of increasing

~the planerstfain fracture toughness with a corresponding minimal loss




oY YO

in the yileld strength.v.The_KIé wesbincreased from_fé'ksi-'J&n to 65
.ksifJ}n’With an“sccombanying decrease in yield strength from 77 ksi tov
66'ksi for the'underaged specimens (tesﬁvseries:;).; ihe KIC'Was also ih;
creased: from 38 ksi—*!in to h8-ksi-‘Jin for the overaged specimens (testnv
series l) with an accompanying decrease in yieldistrength‘from 77 hsi to
65 ksi. | | |

- 2. The effect of underaglné on the plane -strain fracture toughness |
is more pronounced than the effect of overaglng and results in a better
‘comblnatlon of strength and toughness.

5. The plane-strain fracture toughness of high strength T075 always

decreases with 1ncreasing yleld strength in both the underaged and over- o

; aged conditlons.

7 4. The work required to cause creck propagation is increased con-
siderablyrby'underaging and to a 1esser degree by overa%ing with a-
corresponding minimal drop inlthe yield strength.

5. Direct correlétion is‘obtained‘between‘measured tensile elonga;
tion and the value of ekternal energ& absorbed to KIC'
6. A distinet trend of increasiné values of plane-strain fracture
toughnessvwith increesing strain hardening,'exponent,zz was observed.
| 7; The "pop-in" techmique: for measuring the plane-strain fracture
toughness'used in this research gives essentiallyvthe ssme values nith

" the large and small size single edge'notch specimens.
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-Table I. Test series 1. ' Engineering tensile and fracture properties of
7075-T6 aluminum alloy fully precipitation hardened

Tensile Fracture
Tyve and |[Elong ol o, o. K g K ¢ | External energy [(K._. Strain Strength
Treatment % ‘X§ U?S F§ ,191 , ,C . |, .| absorbed to 1C Herdening |Coefficient
xsi |ksi }ksi {ksi-vinjksi k31efin ksl o ! N
IC 5 17YS |Exponent -k
- - in-Ib/in®  in-1pfAdf n ksi
Large sizé - : _ S ‘ - e :
precipita- 1k.1  77.3. 8%.7 81.0 38 16.% 46 19.6.. ko7 760 0.492  0.054 80.3 -
tion’?agd-i‘ ' ' S L . . . -
ened \&/ -
Small size -~ . - : o _ , | 5
orecipita- 14.5 77.4 83.8 8.0 - 41 16.0 4 16.0 375 - 0.5%0 0.086 75.7 o
tion hard- : , ' _ ‘ R , :
" ened (b

(a) Sge Figs.Q(a)

(b) vsee Figs.2(b)

and 3(a),

and B(b).




Table II, Test series 1. Engineering tensile.and fracture properties of
large size TOT5-T6 specimens overaged to an average yield strength -
of 65,000 psi. ' ~

, Tensile » Fracture

Type and |[Eiong.| o, |0 o.. 1| K o} K, - o | BExterrzsl energy (K train - Strength
Treatment % kgi RS§S kF§ , 'Egin ksi ksisf&n ksi absorced (o 1c Hardening |[Coefficient

- - el Rt e . ft _1%s |Exponent K

in-Ip/in®  in-Ighe n ksi

Overaged at S - _ . I >' ' ; : o
325°F for 13 69.4h. 77.6 72.8 L4  18.7 50 21.7 . 680 1175 0.635 0.076 72,3
11.5 tours- "~ - : R ' .
O#eraged at o L R S o o o
350°F for 13 63.6 T72.8 66.1 47 19.9 55 23.6 810 1250 0.7h 0,088 66.8
6.5 hours o : P - ’ ' : : S
Overagedrat S . Ce . S : - |
375°F for 12.5 T0.5 T78.3 T3.0 45 18,9 51 22.7 692 1078 0.637 0.08 3.0
100 mins. — S : e - o o S :
Ovéraged_at4'.‘ ‘ , - , o : . L ‘ K - _ ‘
4O0°F for  '12.5 '66.7 T75.1 69.7 L6 19.6 55 23,6 764 1205 0.69  0.090 - 68.7
%2 mins. o S co - o . ‘ :
Overaged at . : , ' o - T
L25°F for 11 63.5 67.0 L6 19.6 56 23.9 67 1340 0.725  0.078 68.1

12 mins.

T2.7

-98—



Table III. Test series 1. Engiheering tensile and fracture properties of
large size TO75-T6 specimens underaged to an average yileld
stress of 66,000 psi

_ Tensile , Fracture

Tyve and |[Elong.| o O e | O K o K o | External energy |[K train Strength

Treatment % sz kgib kgf ksifgin ksi ksigfin Ysi absorbed fo EEQ Fardening |Coefficient
1 jksio ks Y 1opest CKe % 1%s |Exponent | k

Jlblb/in nl-Dyﬁ? n ksi

Resolution _ _ : - : : S

heat treat- : - ' ‘ : oo 6L o 6 ' N

e at BTOSF 14 | 73.9 82.9“ 82.9 49. 20.6 56 2;.9 8;5 1220 0. . .076 Th.9

for 30 mins. ' ' : v :

and precipi-

tation hard-

ened at

250°F for 28

hours

Underaged at : ‘- - ' : . ' : _ )

250°F for 5 15.5 66.5 80.8 80.8 61 26,0 65 27.6 1525 1930  0.916  0.107 70.2

hours (a) : o ‘ S o ~ . ‘ '

Underaged at - : i o o ‘ v ' -

275°F for 3 15.5 67.0° 80.0 80.0 61 26.0 64 27,2 1509 1760  0.910  0.107 69.7

hours (a

Underaged at o o ' - - ' ' ' ‘ T
300°F for 16 63.5 T7.6 T7.6 65 27,6 68 23.8 2015 2430  1.023 0,106 . . 67.3

50 mins. (a)

-Ller

(2) Specimens were solution heat treated at 870°F for 0.5 hours prior to artificial aging.




\

Tgst series 2. Engineering ten

sile and fracture properties of sw=21ll size

Table Iv.

12 mins..

- specimens Overaged to an average yield stress of 70,000 osi
Tensile Fracture
TYpe and Elong.; o .. G. K Stress at{Fracture| External |XK._. | -Strain trength
Treatment % : Y? U?S F? ”(I? K+ Stress energy | 1C hardenirz |coefficient
- | ksi |ksi |ksi [ksiVin IC o 0
_ o g absorbed | YS {exponent k
xsi ksi | %° f}g n ksi
: ‘ksiNin
" Overaged at - : S S s Lo o
300°F for  13.5 73.0.8L.4F Th6 k2 16,6 16,6 © 450 0,575  0.125 68.1
12 hours . Lo : - : : R _ . _ e
< Overaged at - . : ." o E
325°F. for 15 69.5 78.6 68.2 LT 18.3 1843 505 0.675 0.123 70.6
"9 hours ‘ . o : : - ‘ _ . : .
‘ ‘ n
o L , >
Overaged at _ : : o o _ \ : o 1
350°F for 15 68.0 T7.0 67.% - 47 18.2 18.2 513 0.692 0,124 64,0
2.5 hours SRR R S Lo o ‘
. 375°F for 1L 69.6 78.6 68,3 Lk 17.2 17.2 4160 0.631 . 0,113 67.8
Overaged aﬁ : v '-_ L ' . o . o ‘ _
LOO°F for 68.6 77.6 68.6 45 17.6 17.6 463 0.655  0.115 | 66.5




Table V.

Test Series 2.

Engineering tensile and fracture properties
of small size T075-T6 specimens underaged to an average yield stress of 70,000 psi.

- Tensile Fracture
Type and - ;Elong.i o O .10 K Stress at|Fracture| External !X " Strain trength
Treatment % : kY§ U?S F§ '”;}g K Stress energy LI hardening }{coefficient
si Jksi [ksi [ksi/in IC bsorbed |9vs e . X
5 - absorbe exponen
ksi ksi to %}C n ksi
: ksiwin
Resolution :
heat treated . ' , : S :
at 870°F for 13 T7.0 86.0 83.0 55. 21,6 21,6 - 705 0.786 0.10L 7.5
0.5 hrs and - ’ A ' o
precipltation
hardened at =
250°F for
28 hrs.
Underaged(a) o ' ‘ . : . -
at 250°F for 16.5 69.0 83,0 78.7 55  21.6 = 21.6 733 0.800 0,141 65.6
10 hrs. o : : A
Undera ed(a) B , : _
at 275 F for 16 72.2 82,0 76.4 5k 21,0 21.0 675 0.750 0,113 69.5
7 hrs. : _
Undera ed(a) ' : ' )
at 300°F for 1hk.5 70.0° 80,0 75.5 54 21,2 21.2 707" 0.700 0.121 73,8
3 hrs. :

(a)

Specimens were solution heat treated at 870°F for 0.5 hrs, prior to artificial aging.

-62- z'.



Table VI. Test Series 2. Engineering tensile and fracture properties of small size 7075-T6 specinens

underaged (strained 1% and reaged 15% of prior heat treatment) to an average yield stress of 70,000 psi.

275°F for 63
mins.

Tensile “Fracture
Type and ' Tlonge; Cuq |G qi Oy ”KIC tress at|Fracture Exterﬁal bKIC train trength
Treatment % ‘ki? MU%D ‘r§ ,'\JT KIC Stress energy +——— (hardening |coefficient
: S e T : R absorved |°YsS exponent x
g o . .
. . to K- : n ksi
ksi - ksi .§C
ksi~in
- . (a)
Reprecipita~ - , _ - ‘ ‘ 7
tion hardened ’ - - ‘ e . _ ‘ :
250°F for 28 13 . 75,0 85.5 82,4 38 15,0 15.4° 360 0,507 0,117 T2
hrs- Strained . ' ' ' o ’ - ' : ‘
and reaged at
250°F for L.2
hrse s
| (a)
gnderaged 250 _ _ _ ke
“F for 10 hrs, s - S : o - .
strained (b) 15  T5+0. 84,0 82,0 I3 16.7 16.7 b33 0.590 0,128 69.3.
and reaged at I D B
250°F 1.5 hrs,.
| (a)
Undgraged at
275°F for T (b) ‘ _
hrs, strained _ L _ S : -
and reaged at 13 TL.0 8l.6 77.0 Lk 17.2 17.2 460 0.620‘ 0.120 67.1

~0g-



Table VI. (Continued)

Tensile Fracture ‘
Tyos =23 Elong.t o. C._ 10 X Stress at'Fracture External K Strain Strength  ~
g 7 = ¢ X e
Trezt—art % Ké? quS k€§ k;i i 'KIC Stress energy UIC hardening coefficient’
) A ‘ o . absorbed | Y3 jexpohent X
ksi ksi to st n ksi
ksivin
: (a)
Underaced at . , oL . oo :
300°F -3 hrs, ' 186 0.121 6
strained (b) 15.5 .69~5 80.0 T3.3 48 _1896 18.6 5&6 0,690 .1 1.
and reaged at
BOO ‘F =27 min
@ 4
a - . :
. : 1
Underaged at C L - .
300°F =3 trs, — o . L8 18.8 , 18.8» 58 — — N
strained (b)
and reaged at
300°F-27 min, -
( ) SDe01mens were solution heat treated at 870 F for 0,5 hrs prior to artlflclal ging.
(®) o

imens were strained 1% of original thickness.




Table VII. Test Series 3. Engineering tensile and fracture préperties of small :
size TOT5-T6 specimens overaged to an average yield stress of 63,000 psi.

1505

12 mins.

b7

Tensile Fracture
‘Type and 1Elong.; o, |0,ul O K tress at|Fracture| External |K.: Strain Strength _
Treatment d kY? kD+S kF$ k“;}g KIC Stress energy ~E£9 hardening {coefficient
SLo[ESL S pESHAn o o absorbed | YS jexponent k
“ksi ’ kSi to Kj—c n ksi .
. : ksiNin -

Overaged at . R ST 2  ».‘ S :
325°F for 14,5  68.8 Tr.4 67,9 7. 18.1 0 18,1 506 . 0.68% 0,123 64,7

11,5 hrs. o - S : o L

-Ovegaged at » g : o _ ' ‘ ,

350°F for 15.5 64,7 Th.0 62,6 148 18.5 18.5 555 0.730 . 0,134 60.5

6.5 hrs, . _ :

Overaged.at, - RN o . o .»ﬁ3f S : _ -

375°F for - 16,5 62,8 75,0 61.5 49 19,0  19.0 640 0,780 0,130 60.0

1.66 hrse : . I e o _ ‘

Overaged at : S : R T o :

LOO°F for  15.5 = 58.6 69.6 59.4 148 18.5 18.5 650 0.818  0.152 55.0
42 mins. : S : .

Overaged at : _ . L . o o o _

L25°F for 59,6 T0.5 60.4 184 18.4 600 0.790 0.1hk 560

’ uagu



Table VIII. Test Series 3. Engineering tensile and fracture properties of

small size T075-T6 specimens underaged to an average yield stress of 66,000 psi.

Tensile Fracture
Type and Elong.; o.. O, i O .K Stress at|Fracture Ekternal X Strain Strength
Treatment % 1 ,X$ U%S F? T{}g K . 1Stress energy 1C hardening jcoefficient
ksi tksi fksi [ksivVin IC : 3 g, )
absorved 1S }exponent .k
o - 9. to K ’ n ksi
ksi ksi le _ ' .
: ksivin
(a). o - | “
Underaged at C o . .
250°F for '16.5 68.0 -81.4 78.2 57, 22,0 22,0 - 1035 0.839 0.128 66.0
5 hrs. o - : ” - : : . '
(a) , |
Underaged at , : ‘ :
- 275°F for 16.5 68.4 81.8 4.6 59 23.0 - 23,0 . 1220 0.863  0.129 65.0
(a). | o _ o
Underaged at : L - _ - - : »
300°F for 16  67.0 77.7 73.5 56 21.6 21.6 965  0.836 0.145 - 6L.0

50 mins.

(2)

Specimens were solution heat treated at 870°F for 0.5 hrs. prior to artificial aging.
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' SCALE: 1"=2"
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Fig. 2. Fracture specnrnens usvd in the determmatmn of mechamcal
propert1es in accordance with .aSTM standards.
(a) Large type single edge notch specimen 12")(3")( 1/4" th1ck
showing smgle edge notched detalls
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A Figﬂ.l 2(b). Small type single .ed"g'.e’hotch'ed'.svp'é.'cir'n‘eri 31X 4T 1/4""
L Shick, o Re Single ocee motched specimen 3T XA X1/
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XBL 679-4972

Fig. 3. Tensﬂe spec1mens used in the determlnatlon of mechamcal
. properties in accordance with ASTM standards.
(a) Large gauge tensile specimen with a 2" gauge length and
~0.250" thlckness o -
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"Flg 3(b) Short gauge ten511e spec1men w1th a 1 gauge length and _ AR &
' 0250" thickness. .~ ...~ ‘. T L I
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- BEFORE TESTING.

‘ ij

a. NOTCH TIP ‘

b. CRACK FRONT AFTER "POP-IN"
~ 'VIEW A-A AFTER FRACTURE =

up'op“_ lN“ .
_STEP\

LOAD

DISPLACEMENT ——

XBL 679-4973 .

Fig. 4. Schematic 1oad dlsplacement plot for tests of single edge
notched spec1mens .
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Fig. 5.

XBL 679-4971,

Double cantilever beam gauge and method of mounting

on large single edge notched spec1mens for displacement

mea surement

i
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Fig. 6. Large type single edge notch specimen with the compliance
gauge in position mounted on the M. T.S. 300 kip testing machine.
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© AGED AT 250°F
@ AGED AT 275°F"
a AGED AT 300° F

' ' AGING TIME IN HOURS R

_ YIELD STRENGTH IN-KS!

S XL 679-4975

, F1g. 11 Art1f1c1al ag1ng of 7075 sheet. (W. A, Anderson,

" ' Precipitation from Solid Solution, American Society for = - |
- Metals, 1959, p. 182.). The stress levels selected for the - -
overaglng 1nd1cate the time. and temperature treatments. PR
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Fig. 12. The effects of reheating time and temperature on the -
yield strength property of 7075 sheet. " (W. A. Anderson,
Precipitation from Solid Solution, American Society for
Metals, 1959, p. '184 } The stress levels for the under-
aging are shown," :
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o Fig. 43, Load d1sp1acement curves for the two fracture spec1men_’jf

‘sizes. e S

(a) Curve for. the small type SLngle edge notched spec1mens show::
the ''"pop=in" 'and fracture points as. belng coincident. - '

(b) Curve for the large type. single. edge notched spec1men shows -

‘the "pop-1n before fracture._- S . c L
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F1g 14.  The plane,-:st_rairi;fra_cture toughnes's' values
determined by "'pop-in'' method for high strength
'7075-T6 for all specimens versus yield strength.
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Fig. 16. Plane-strain fracture toughness of high strength 7075-T6
for all specimens as a function of external energy absorbed to

plane-strain fracture toughness.
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(a) (b)

Fig. 19. Fracture modes of the two types of fracture specimens.
(a) Comparison of small and large types of single edge notched
specimens underaged in test series 3.
(b) Comparison of small and large types of single edge notched
specimens in the fully precipitation hardened condition.
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Fig. 20. Structure of fully precipitation hardened 7075-T6
aluminum alloy as revealed by the optical microscope.



-56-

63X

Keller's
etch

1000X

Keller's
etch

XBB 679-5483

Fig. 24. Structure of underaged 7075-T6 aluminum alloy from
test series 2 as revealed by the optical microscope.
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Structure of overaged 7075-T6 aluminum alloy from

test series 2 as revealed by the optical microscope.

Fig. 22,



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






