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| FRACTURE TOUGHNESS OF PRECTIPITATION
' HARDENING ALUMINUM ALLOYS

‘David Eugene Porter ¥
Inorganic Material Research Division, Lawrence Radiation'Laboratory
Department of Materials Science and Engineering, College of Engineering

Unlver31ty of California, Berkeley, California

~ ABSTRACT

The mechanical propertiesvof five‘high;purity aiuminumazinc alloys
(7 to 50% Zn) and four high purity aluminum-silver alloys (5 to 30% Ag)
were investigated. Emphasis was placed on intergranular fracture. The
properties were cerrelated'with the micrestructure and fraetographie obser-
vations. | | | )
e There ﬁere twolbasic intergranular fracture'precesses, a slow and a
fast-crack growth proeess; Slow-crack growth eecurred by micreveid:coale-
scence, leaving a dull fracture surface. Fast-crack grthh leaves e
bright featureless surface. Of the alloys studied, only the aluminum-
ziﬁc alloys with'25%‘zinc or more in the meximﬁm strehgth’eéndition
were found to fracture by a Tast~ crack growth proces< ' Fast-crack growth
was generally preceded by slow-crack growth.' The latter process took
place at lower stress intensity levels and if alIOWed to continue under a
constant load 1t would lead to failure. ’Crack growth woﬁld continue under
a constant loddvthat was sufficient fdr initiation of the process‘as there
was no mechenism to blunt the crack. The calculated value of thevstress
intensity factor for slow-crack growth, based on the energy dissipated in -
the plastic Zohe, was coneisﬁent with the‘meaeﬁred value. StreSs;#ave
emission records fOr the slow-crack grewth brocess indicated that the
prbcuss was disqonfinuouszwith the crack jumping along the gréin-beuqdaryr.

(-

from onc grain-boundary node to another.
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I. INTRODUCTION

4

/

Precipitation hardening aluﬁihum alloys, suqh“as’Ai-Zn, Al-Cu, and
Al;Ag have a tendency to fail‘intergranularly under éertéin cohditions.
Intergranular failure of these’alloyé'generally ocecurs when.they are aged to
peak strength, thus limiting their ufiiity.v'This.mode ofvfracture'is en-<
hanced in'corrosivé envifonments; stréssfcdrrosion cra¢king'of aluminum
”alloys genéfally involves intergfanﬁlar séparation. Although thepe is a -
qualitative understanding ofjrmefgranular-fracturé the probleﬁ is not too
well known quantitatively»and this limits the»develdpmentrbf better'high
st?ength aluminum.alloys.* ‘While binary aluminum alloys are not of comer-
cial value they offer a basis for understanding of the fundamentals of the |
inﬁergranular fracture‘process. |

Many of‘tﬂé earlier'investigatibns>havelbeen concerned wﬁth ffacturé
‘at high temperatures where creep;is important.7_9 These inveétigations
have fairly well characterized fhe macroséopic aspects of how infergranular A
cracks are formed and grow = through grain-boundary sliding (éee'in'parfig

7).

cular the work of Chang and Grant Other investigations have beéen con-

cerned with explaining room temperature intergranular fracture in terms

o .
2,10, 11 These investigations have characterized the

of microstructure.
microstructure by transmission electron microscopy and the slip behavior by

surface replica studies. Intergranular fracture at ambient temperatures is

,genefally attributed to either.the existence of an embrittling iayer of

'precipitate in the grain-boundary or a precipitate-free zone on eithéf side-

bf the grain.boundafy.
In the_solution treated condition and during the éarly stages of aging,

the grains are softer than the grain-boundaries, because precipitation

* . L : ‘ : '
An understanding of important microstructural aspects of intergranular

fiicturg has led to improved stress-corrosion properties of some aluminum
alloys. : . ) : : .
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‘starts first and advances more rapidly at the boundaries._ In.this con- !
dition, the grains deform in a'morebor less homogeneous manner and<the'
fracture is genenally transgranular._ At peak strength the gralns have
aged'to maximun hardhess but the grain-boundary regions are overaged. They
~contain coalesced precipitates and precipitate-free zones. .ln this state,
plastic deformation is_mainly‘accommodated by flow'in the narrow soft
region of the grain4boundary“and‘the ﬁaterial fails along the Weaker
boundary layer. Further aging causes the grains to‘overage and soften to
the extent thatldeformation becomes more homogeneous and'transgranular
‘failure againloccurs; This simplified'descrittion serves.to illustrate
the'nature of intergranular fracture in age hardening alloys}lo
The microstructural aspects of'intergranular fracture appear to be

_ fairly Well understood, although there has never been any extens1ve quan—
titative descriptionjof the process‘(excepting the case of stressgcorro-
sion cracking);' The concepts of fracture mechanics'have beenlapplied to
a range of commerical high strength aluminum alloys, fracture toughness'
of these alloys is well documentedl lh and correlated'w1th the micro-
scopic appearance of the fracture'surfaces.15 This has not been. done for
alloys exhibitinglintergranular fracture.v

_A.The present investigation describes the fracture toughness of'a
number. of aluminum-zinc and aluminUmesilver alloyst These twoibinary
" systems were chosen for this investigation because they show well defined
intergranular fracture over a wide range of heat treatments and'strength
levels. A second portion of this investigation correlates the fracture
properties of these.alloys with the metallography and fractography. The
dynamics'of crack.growth were also investigatéd in order to determine |

~whether the growth of an intergranular crack is continuous or discontinuous.
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'sity factor is determined using a standard fracture specimen,

-3

(Oﬁe might expect that an iﬁtergranulér érack woﬁld grow by a discontin-
uous process due to the change in crack direction at éaqh grain inter-
section. ) | | |

The fracture toughness bf aluminum alloys has been measqred in severél
ways. The fracture mechanics:approach, Where‘the appropriate stress inten-

was used

for this investigation.
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II. ,EXPERIMENTAL.PROCEDURE AND" RESULTS:
A;<Materials‘
High purity alloys of aluminum zinc and-aluminum'silver-were mde from
components of at least 99.99% purity. 'These alloys were melted in a
. i _

:bahed out graphite. cruc1ble under a controlled atmosphere, then poured

‘ 1nto a chllled copper mold. ‘The alum1num-z1nc alloys were melted under

| ' N i . .
a sllghtly negatlve,gage,pressure of argon, whlle the aluminum s1lver
:alloys were melted under vacuum: The alloy 1ngots Were homogenlzed for -

approx1mately 50 hours at 25 to 50 C below the solidus and.hot rolled

at hOO C to near flnal thlckness;_ After hot rolllng,_the result;ng’strips

- were flnlsh by -cold rolllng to the final thlckness.' Specimens were then cutl»

w1th their ten31le axis parallel to the rolllng dlrectlon of the strlps. ~The
‘remalnlng material was used to chem1calranaly31s, Theianalyses of'the alloys
.are listed in Table 1. The numbers in theitable'will hereafter'be‘used |
tolidentify the alloys. o

B. Heat Treatments

The heat treating of all specimens was carried out in saltvbaths'“'
maintained at thevrequired temperature. Aluminumhzinc-alloys werelSOIu-
tion’ treated for 6O min. at M25 C, quenched into 1ce water,'and aged for

ythe varlous tlmes at 125 C. Alum1num-s1lver alloys were solutlon treated
for 60 min at 525° c, quenched 1nto ‘ice water, and aged for varlous tlmes
at 225 c. | ' |

C. Metharical Testing

1. Tensile Tests
Room temperature tens1le tests were carrled out to document the ten-

'—sile properties of each alloy as a functlon of aglng tlme, (called routlne'

tensile tests in future,discusSions)., These tests were made on the l/2yin.'

e
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Table 1. Average Compostion and Chemical Analysis of Alloys Tested

Aluminum - Zinc Series

Atomic

%Mn'

Melt. No. %Zn % 7n %Cu % Si 4Ca 4Cr %Fe %c $H, %02 FAL
22 6.83 2.9 0.002 <.01 . 0.002 0.001 0.003 0.2 0.0030 o.obss 0.060 Balance
23 12.86 5.8
24 25,74 12.5
25 36.84 L 19.4 i
26 49 22 28.6 0.001 < .01 0.05 0.0060 0.0008 0.0065

Aluminum - Silver Series

Yelt ., No fhg ;:tizlc %Cu $si 4ca #0r %Mn 4Fe %c #E, %0, %Al

27 4,76 1.2 0.06 < 0,01 0.02 0.0045 0.0002 0.022 Balance

28 9.66 2.6

29 20.11 5.9 .

30 28.62 9.1 < 0.01 0.001 0.02 0.0080 0.001 0.032




'.gage length specimen shown in»Fig..l(c). The specimens were nominally 1/16
in. thick. They were pulled at a strain rate of 0.39 in./in./min. Additional
vafiables investigated were test'temperaﬁufe»and strain rate.

5. TFracture Tésts

«Q

- Fracture tests corresponding to the routine tensile tests, were carried .~

|

out usihgfa'sinélé;éagé;nbtbh inSﬁN ffé§tqfé%$pecimen.-”This_SEN ffacfuré"‘

spécimeﬂ, éhoWn iﬁ Fig. i(b);iWaéjﬁomihaili 1716_in;-thick. Tests W§re

'~ made uéiﬁg a crosshead rate of 0:039 in/ﬁin;vﬂfhe’étfess infeﬂsiﬁ&vfactor{:

' ﬁsed forbthis specimen was that'givéﬁ by K@ﬁz et‘al.16

- In addition to the routine:tESté, fﬁll-iné£rumented ffacﬁﬁfé tests

. wWere carf;ed éut‘whérevmore'specifié’informafioﬁvwaé needed;‘ Thése téstév
,_were.made on nomina;ly 1/8 in. thick mé%ériél using the'ldrger SEﬁ7spééi_ .

men shown'ih Fig. 1(a). ‘The_stress intehsity factorfuéed ih'thiskcase.waé

"given_in_by Srawley and Groés.l7 | |

'All samples used in fraqfure tésﬁingﬁwere,fatigUe‘préQérééked‘foiia

distance approximately eqhal‘to'the specimenvthickness. The fgtigﬁe 

.pre—Crackihg‘Was done by:a tension-tension fatigﬁé machine that_waé de;.
. signed by the authof.'w(This machine ié to be_deécribed in a separate

' paper. ). ;

The iﬁstrumentation for the large SEN specimens inclqded é éraék open-
.iﬂg‘displécement'(COD).gage to ﬁeaSurevdyhamic cfack_poéitidn and éﬁnacceief§¥ ;
métér to measufe‘stress-wave eﬁiséion (SWE).\ The COD'gaggiuSea wés‘a. _ N T
double'captilever beam type gagel8 excited by a 2.7 V D;C; pqwer'subply; o
_The outpﬁt of this gagé wa.s fed into a étrip éhart recorder ' to 0b£éiﬁ the - v
gaée,movementvwith fespect to time. Cal?bration of thé gage waé?éarried
out by' first plotting the gage disblacemeﬁt versus putpuf téfdéfeinx

the sensitivity.- The gage was then placed on a speCiﬁen_and'the’outpUt



XBB 691-463

Fig.e 1  Specimens used for mechanical tests.

(a)

(b)
(c)

large fracture specimen used for instrumented
tests.

small fracture specimen used for routine testing.
tensile specimen.
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recorded as a functlon of load Small loads were used to av1od plastlc
deformatlon at the t1p of the crack. Gage output versus load-curves for.
several'dlfferent crack-lengths were made. The ratio VBE/P versus a/w

‘was plotted to complete the callbratlon, where B

- Vv = voltage ,
B - thickness in.
E - elé.’st-_ic modulus -jpéi
P = 1losd -.U:Lb_s '
a = crack length - in.
w eé. specimen~widthbejin."

7

Stress—wave em1ss1on studles were'carrled out us1ng an Endevco
callbrated accelerometer and charge ampllfler. The ampllfler output
‘ was filtered.to ellmlnate mechanlcal and electrlcal n01se, and then re-
: corded on ‘an osclllograph Addltlonal 1nformat10n on the SWE technlque N

' may be found in Refs. 19-21. -

3. Results of Mechanlcal Tests

The results of an 1nstrumented fracture tests of commerlcal 7079-T6

.alumlnum are glven flrst to 1llustrate how & comnerlcal materlal behaves.

KThese results are shown in Flgs..2 and 3, and Table 2 In Flg. 3, and
all s1m11ar flgures, the vertlcal llnes are t1m1ng llnes that are l second
apart.' The numbers along side the t1m1ng llnes at - the top of the osclllo-

' gram.refer tO'thevapprOXJHmte total number-of seconds from the.start of.

'ithe’tests. Once the time of an event 1s establlshed, then the propertles
correSpondlng to the event can be found be referrlng to the approprlate

'flgure or table. The first pop-an (No. 1) of Flg. 2 is- a good example.
.to 1llustrate the propertles correspondlng to an event . The pop-ln :

occurredat h6 5 seconds. ThlS corresponded to a, stress wave' in Fig. 3

wh1ch has saturated the recordlng system. The saturatlon condltlon :

AN



LOAD-Ibs

CRACK OPENING DISPLACEMENT -mv

1 ] | l 1

8001

600

400}~

200

20 40 60 80 100
TIME-sec.

COD POP-IN
Na. -

Q® OO ® 6

TEST NO. 7079-T6-3

i ] 1 1

Fig. 2

20 40 60 80 100
' TIME - sec.

XBL 691-121

The erack opening displacement gage‘outptit and
load versus time records for .07l in. thick
7079-T6 aluminum large SEN fracture specimen.
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Flg. 3 Oseillogram of stress-waves correspondlng to Fig. 2.
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The time lines are 1 sec. apart and the approximate

"total test time (secs.) is given along the top llne,

XBL 691-49-
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TABLE>2. Stress-Wave and Crack Opening Displacement Analysis for Test No. 7079-T6-3.
a_=0.60 in. B= 0.07L in. ” '

Amplitude of Lo/Lf

time, sec  COD No. No. of SW SV, g accel. O a_/a,, in. fa, -in. K /Kgs ksi Vin
0-46.5
L6.5 1 3 off-scale to 47.50  780/667  .608/.738 .130 40.6/38.3
L7.5 2 .00k
48.3 1 .012 o
8.7 P 1 .157 69k/600 - .755/.88 125 %0.5/38.6
Lo, 1 1 .02k ,
50.2 -3 1 195 612 /524 gmyLomL .12k 40.1/38.0
50.3 1 .012 '
50.6_ B 2 .00k , o
52.2 L 1 157 54l /468 1.028/1.125 097 39.6/37.1 .
52,8 1 .030 : ‘ v
53.6 1 .006
54,3 1 .006
55.2' 1 .036
56.3 _ 1 .02k : ,
57.7 5 1 145 510/397  1.144/1.3L0  .196 41.3/39.7
59.8 2 .012 - '
- 62,6 1 .012
66.% 1 ©.0%6
69.5 1 .012 _ }
69.7 6 1 157 419/330  1.5%30/1.670  .1hk0 54.6/54 .2




| TABIE 2 continued:

e .

' time,éeé 'COD No. .Ng} of SW - Am?é%fggfégiél-‘%ﬁzzf" afag, in. Aa,.in{ Ko/Kf, ksi Vin  7
70-T1 93 < 012
T1-72 . 20 < 036"
72-73 - < .oug
Bt ek < .0u8
Th-T5 ‘ 25 < .012
75-76 ' 15 < .0%6
T6-TT L < .006
7778 8 <006 -
- 78.5 2 006 L | -
87T "1 132 3Wl/ol2 1.790/1.690 .160 . . T0.3
- ' 2 T el S |

CmgT

.012
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was evident because of the absence of the norﬁal exponential decay-of the
wave and the fineness of the line following the wave. Table 2 shows that
the stress intensity (K) for the initiatibﬁ of the crack growth was 40.6

ksi“J&n. The crack had jumped 0.130 in. during thevpop_in.

The mechanical properties of aluminum-zinc alloys are given in Figs.
4 to 7 and Tables 3 to lO,* Similarly the results for aluminum-silver
ailoys are given in Figs. 18 to 27 and Tables 11 to lh.*

Attention is drawn to the fact that the results of the routine fracture
tests ére based on the original fatigue crack length and the maximum load.
The instrumented fracture tests showed that in certain cases there was
conSiderable slow crack growth befbre the maximum load was reached.

Aiso, in certain cases the point of maximum load coincided with a’'change in
frécture surface appearance. The stress intensity factor in these cases
wag recalculatéd for the routine tests so as to be based on the point of

transition and the maximum lcad. The values achieved in this way tend

to be higher than values calculated from the instrumented tests. More will

be said about this problem in the discussion.

1

The column marked 'n’ refers to the work hardening exponent, when the work

hardening of a material is assumed toobey a power law o = k €2 where

o = stress

il

strength coefficient

€ true strain.

In the column marked "BTF'" are estimates of the percentage of the frac-
ture area which is transgranular, determined with a stereosmicroscope.
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Fig. 4 The mechanical propertieé of alloy 22 (Al-6q9%'v

Zn) as a function of aging time at 125°C. .
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Table 3. Mechunical Properties of Alloy 22 (Al - 6.8% Zn).
Solution Treated for 60 min. at 435°C, Quenched in Ice Water, and Aged at 125°C.

Tengile Properties Yraciure Propactics

T == — " AT

in. ‘:‘.;n‘_.:‘_‘ ain. :;;;’oc &, Unin.  Wlong, §  YSkst IS, ket N Test No. ClSiem/min. ¥, kstin Kk/Ys Vin. % 1P
148 L0625 o RY .39 31 12.9 20.1 23 323 a1 19.9
143 . 0625 0 RT - .39 28 2.9 19.8 28 32b .1 7.5 —
Average 29.5 12.9 19.95 .235 18.7 .45 90
ug8 .125 0 RT .39 37 1.1 22.6 23
499 .125 o RT .39 4o 13.9 22.3 .24
Average 38.5 14,0 22,45 .235
L1k .0625 o v, .39 39 15.0 34.6 .38
L35 L0625 [ LN, .0039 35 1.0 33.2 .35
Averege
16 .0625 .1 RT .39 31 9.2 17.2 .29 321 1 15.3
17 . 0625 1 RT .39 31 9.1 18.0 .29 322 .1 20,2 —
Average 3k 9.45 17.6 29 17.75 1.88 98
150 . 062! 1 RT .39 43 4.6 . 1.9 .36 325 .1 12.5
151 . 0625 1 RT .39 39 .3 10.9 .36 326 2 12.8 _
Average k1 L.ks 1.k .36 12.65 2.82 99
152 10 RT .39 39 3.8 10.5 Jbo 327 .1 11.3
153 10 RT .39 52 4.0 1. L 328 a 1.0 K —
Average k5.5 3.9 10.8 o5 11.15 2.87 - 99
154 L0625 100 RT .39 "3 3.7 10.6 Ly 329 1 11.8
155 L0625 100 RT .39 51 3.5 1.6 L2 330 - .1 1.2
Average : b5 3.6 11.1 U5 11.5 3.20 100
166 L0625 1000 RT .39 48 L3 11.0 .36 331 .1 10.4
167 L0625 1000 RT .39 39 3.4 10.7 bb 332 1 1.4 —_
Average L. 5 3.85 10.85 ko 10.9 2.80 100
500 125 1000 RT 39 60 3.1 11.1 R
501 .125 1000 RT .39 pid 3. 1.3 .35
Average 58.5 3.5 1.2 .375
318 L0625 10,000 RT .39 - 3.5 10.5 - 396 1 10.5
379 . 0625 10,000 RT .39 L9 3.5 1.1 232 397 .1 1.2 —_—
Average 49 3.5 10.8 .32 10.8 3.09 100

t CHS = Crosshead Speed

# TF, = Transgranular Fracture
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Table 4

Mechanical Properties of Alloy 23 (Al = 12,9% Zn).
Solution Treated for 60 min.at L425°C, Quenched in Ice Wdter, and Aged at 125°C,
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Tensile Propertiea

Fracture Propertiea

% TF

# TF

Trensgranular Fracture

Tes s . t i P 3
Tast Yoo g, ﬁf;:‘f ain. f:m:'oc & l/min.,  Flomg, $  YS,ksl  UTS, kai N Test No. CHS'cm/min. K, kefin, K/¥8 in
* i

156 .0625 0 RT -39 12 2k.b 34.8 .15 297 1 30.8

157 L0625 -0 RT .39 15_ 2u.8 35.3 .16 298 1 _

Average 13.5 24.6 35.05 .155 30.5 1.2% 10

502 .125 Q RT ] 13 26.9 36.0 .15 496 1. no meaningful dsate

503 .125 [ RT .39 pd 26.9 36.3 215 kg7 1,

Average 15 26.9 36.15 .15

158 L0625 .1 RT .39 19 21.5 3.2 .20 333 A 29.6

159 L0625 .1 RT .39 16 ar.6 33.9 .20 334 1 29.8 _

Average 17.5 21.55 34,05 .20 29.7 1.38 10

160 L0625 1. RT .39 39 11.5 26.8 35 335 Bt 26.0

161 . 0625 1 RT .39 ko 12.6 27.4 L34 336 a1 26.8 -

Average 39.5 12.05 27.1 345 26.h - 2.20 35
162 0625 10 RT .39 b7 8.3 2k.3 46 337 .1 120,k

163 . 0625 10 RT .39 L7 8.3 24.6 a5 338 1 18.9 _

Average 7 8.3 24,45 .55 19.65 2.37 60

164 10625 100 RT .39 u8 6.5 23.3 .50 339 .1 19.1

165 0625 100 RT .39 62 6.4 2h.2 .56 3k0 1 18.8 _

Average 55 6.45 23.75 53 18.95 ‘2.92 70

118 . 0625 100 I.-ﬂ2 .39 60 9.2 7.4 55

b9 .0625 100 LN, .039 62 9.8 26.3 49

168 . 0625 1,000 RT .39 43 8.0 22.9 42 3k 1 18.1

169 L0625 1,000 BT .39 32 8.6 23.2 239 32 1 - 18,4 _

Average ¥2.5 8.3 23.05 .kos 18.25 2,20 80

504 125 1,000 RT .39 b9 8.9 2h.2 .38

505 125 1,000 RT .39 pd 10.0 24.3 236

Aversge 18 9.45 24,25 .37

380 .0625 10,000 RT .39 37 1.0 20.1 .27 398 .1 20.

381 .0625 10,000 RT \.39 Ao 1.9 21.2 225 399 1 20.0 _

Average 38,5 11.L5 20.65 .26 20.0 1,74 90

t cHs Crosshead Speed
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TARIE 5. Mechanical Properties of Alloy 2% (ALl - 25.7% Zn)
8clution treated for 60 min. at 1+25°C, Quenched in Ice Water, end Aged at 125"0.

-19-

Tensile Properties

Fracture Properties

+

248T-3 " " "
432 n " "
The values in brackets are for
CHS = Crosshead Speed

TF = Transgranular Fracture

k2o min. at b25°C.
4400 min. at k2s°c.
cleavege type fracture

t
Test Moo (L :f;z'smln' et e Bmin.  Elong, $  YSkel  UTS, kel N Test No.  CHSTemfmin. K, ketVin. ' Khs,Vin. 4 1t
170 0625 0 RT 39 3.0 46.8 49k .07 285 a1 36.5(61)"

* .

o1 0625 0 RT -39 1.0 4.2 46.8 203 286 .l 20.1580) x
Avera 2.0 5.5 B 705 3%.3(70.5 2 0
06 .125 0 RT .39 k.o 46,3 49.1 .07 k90 .1 19.0 .
507 125 0 RT .39 4o 6.2 8.9 .07 t]_;s

222 . .
Average - k.o 46,25 9.0 .07 ho1 1.0 12.2(61.2)

- koo 1.0 17.4 (high)
248T-1 0625 4 RT 39 4.5 47.6 53.0 .07 534 1.0 14.3(57.8)"
| 2hST-3 2625 ] RT .39 2.4 47.8 49.8 .05
L32 0625 [4 RT 39 2.4 39.7 45.6 Wb
24§72 0625 0 R -003¢ Ed 40.5 b3 S
k31 .0625 [ RT 3.9 3.9 b7.7 51,1 .07
6 L0625 o . N, L0039 3 k9.5 50.3 .ol
b1t 0625 s} N, 39 R hg.0 5.7 .07
h27 L0625 [} 120°C .39 .7 29,0 33.9 .06
429 0625 0 180°¢ L0039 1.6 143 17.0 03
Lo 0625 0 180°c 39 3.9 19,1 22.8 .07
172 625 .1 RT .39 3.0 he.k 50.3 11 287 1 33.2(69)"
175 0625 .1 RT -39 2.0 40.0 48.4 L1k 288 .1 22.2(82)" .
o~ .
Average 41,2 49,35 2125 34.55(77) -8k o]
17k 0625 1 RT 39 b, 37.1° .1 Q1 289 .1 3L4.8
75 .0625 1 Rr 39 2.0 35.5 8.1 .15 290 .1 3h.3 .
Average 3.0 36,3 47,1 .13 34.55 9% 3
176 L0625 10 RT 39 3.0 33.1 k7.0 .13 ) .1 35.5 )
177 L0625 10 RT .39 3.0 347 47.0 220 292 .1 32.3 . —
Average 3.0 33.9 41.0 2165 33.9 1.00 b]
178 L0625 100 RT .39 Lo 37.4 8.1 .10 293 -1 28.7
179 L“M25 100 RT 39 3.0 36.8 47,1 .14 294 .1 1.5 R
Average 3.5 37.1 47.6 2 30,1 181 3
180 L0825 1000 RT 39 9.0 31.3 39.2 1 295 W1 33.2
W L0625 1000 RT .39 9.0 31.3 39.2 12 296 A 32,6 e
Average 9.0 31.3 39,2 2115 2.9 1,07 10
508 .125 1000 RT .39 11.0 35.9 41.6 AL 535 1.0 no meaningful date
509 2125 1000 RT 39 12.0 33.1  hos .12 she 1.0 k.3
Average 11.5 34,5 41,1 L115
5eé- .0625 10,000 RT 39 ah.o' 2hh 28.1 Loo .1 27.3 .
383 .0625 10,000 RT .39 22,0 22,5 28.6 250 hor 1 28.h 1.19 k&
Average 2.0 23,45 28.35 .15 27.85
¥ 24ST-1  Solution treated for 40 min. at k25°C.
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TABIE 6. Stress-Wave and Crack‘Opening Displacement Ahalysis for Test No. 53k.

a = .Th0 in.

time, sec COD No. No. of SW Amplitude of L /L., 1bs. a /a_, in. la, in, K /K
a’ " f o' °f o T
SW, g. accel, .
. ' : : o _ ksi;gJEn
0-1.8 3 < .01l . _ _ _
1.8 1 .008 . 306 - .863 - 14,3
1.8-2 1 < .0l
2-3 b < .01
3l . 16 < .03
b5 b2 < .03 | | : »
5 968 975 , 38.3
5-6 59 < .03 '
6-7 ' 50 - < .03
7-8 bt. of L8 , < .03 . |
8.05 max. loadl 1 off scale 1220 1.180 ’ 57.8

Note: The average jump between minor stress-waves is on the order of 0.00l in.
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Table 7. Mechanical Properties of Alloy 25 (Al - 36.8% Zn).
Solution Treated for 60 min at 425°C, Quenched in Ice Water, and Aged at 125°C.
- - Tensile Froperties Tracture Properliecs
ot W D Aging Test & 3/min.  Elongs # ¥S,ksi  UTS, kal N Test No.  CHS cw/min. . X, ketfin, kv in. % ¥
e time, min.  temp,°C .’ - 4 4 4
182 0625 0 R .39 18.1 54.5 (06 273 a1 v2.5(8m)™
183 L0625 0 RT .39 3.0 46.0 58.8 .06 274 1 _
Average 2.5 47.05 56.65 .06 hz.s(a"()" 0.902 [+]
510 25 0 BT .39 3.0 53.1 55.5 .05, k93 1.0 12.8(49.5)"
511 .25 RT .39 3.0 55.1 56.5 205
. Average 3.0 54.1. 56.0 .05
180 L0625 2 BT .39 3.0 L7 5k.9 A 275 a2 b5, 4{gh)""
"
185 0625 .1 RT .39 k.o b2.7 59.1 1 216 1 46,2(98) _
- W
Average : 3.5 13.7 57.0 B 45,8(96) 1.05 5}
136 .0625 1 RT .39 42,7 52.8 a2t .1 .0
187 L0625 1 RT .39 3.0 4.3 5k.5 .1 2r8 1 .4 _
Average 3.0 435 53.65 1 41.2 946 0
188 L0028 10 RT -39 45.6 58.3 .10 279 -1 33.9
189 0025 10 RT 39 3.0 46.5 55.3 .07 280 2 39.2 =
Average , 3.0 46.05  56.8 .085 36.55 .788 )
b3z L0625 10 RT .39 LT 43.0 56.0 .08
190 0625 100 BT .39 41.8 48,9 .06 281 1 36.4
19 0625 100 RT .39 6.0 ko1 4.0 .06 282 .1 38.6 - -
Aversge 6.0 k2.25 48.95 .06 31.5 .886 2
192 0625 1,000 RT .39 15.0 27.7 37.7 .07 . 283 1 33.0
193 .0625 1,000 RT .39 8.0 28, 36.5 o1 28y 2 35.8 .
Average 1.5 21.9 37.1 .085 3u.b 1.23 5
512 .125 1,000 RT .39 18.0 36.8 4o.0 .06 536 1.0 No meaningful data
513 .125 1,000 RT .39 2. 35.0 9.4 .07
Aversge 16.0 35.9 39.7 065
384 .0625 10,000 RT .39 22.0 22.6 28.2 a Loé .1 28.3 .
385 . 0625 10,000 RT .39 25.0 22, 28.2 1 ko7 1 21.8 _
Aversge 23.5 22.6 28.2 1 28.05 117 95

#%  The values in brackets are for cleavage type fracture.

t CHS

* TF

Crossheed Speed.

Transgranular Fracture,

Solution treated, quenched in ice water, deformed 5% by cold rolling and aged at 125°C.
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Flg. 12 Osc1llogram of stress-waves corresponding to Fig. 11l. The time lines are 1 sec.
apart and the approximate total time (secs.) is given along the top line.
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Table & Mechanical Properties of Alloy 26 (Al - 49.2% Zn).
Solution Treated for 60 min at 425°C, Quenched in Ice Water, and Aged at 125°C.

Tengil

“Fracture Properiivs T

t,

4 Tes . P 4 - o ) v T ol P w1 e A A

Test No. & in. ’&'“fnm iu;ﬁ,.c & 1/min. Mlong, $ YS,ksl  UDS, kel T Gast No.  CHS,ewfmine K, ksiime K/, Vine
194 .0625 0 RT .39 2.0 si.7 66.2 : Y 262 .1 32.10201)"
195 . 0625 0 RT .39 3.0 52.2 61.8 T.1 263 1 30.7 _
Avérage . 2.5 51.95 67.0 a 314 . .605 o

g i ‘ .

' 514 .125 o RT ¢ -39 5.0 50.5 65.9 .1k ok R 1.0 22.8
515 125 o " R .39 bo 62.4 66.9 <07 W95 1.0 13.6
Average h.s 56.45 66.4 .105 - 18.2
19¢ L0625 .1 - RT .39 k.0 53.1 60.9 ..06  26b .1 %0.2
197 . L0625, .1 RT .39 3.0 2.2 61.3 .07 265 .1 k0.3 =
Average . . s . 52.65 61.1 . 065 - ho,25 766 0
198 L0625 1 - BT .39 . 3.0 52.6 60.5 o7 266 a 43.3
199 . 0625 1 RT .39 3.0 52.2 60.0 .07 267 .1 36.3
Average . . : 3.0 52.k 60.25 .07 39.8 - .760
200 . 0625 10 RT .39 2.0 53.5 61.3 .05 268 .1 33.8
201 L0625 10 RT .39 2.9 45.7 61.3 = o6 .1 29.1 -
Averege 2.0 . 9.6 61.3 " .05 ’ 31.75 .6k [}
202 .0625 100 RT .39 k.o 15,7 54.8 .01 210 1 . 30.3
203 .0625 100 RP .39 Lo La.3 56.0 .08 211 - .1 29.7 -
Average Lo ETN 55.4 075 : 30.0 667 2
201 L0625 1,000 RT .39 7.0, 35.8 by - 05 212 a 33.0
205 0625 1,000 . RT i39 8.0 36.5 43.0 <05 3u3 1 .
Average 7.5 36.15 ¥2.2 .05 D 33.0 .91h " 60
516 £125 1,000 RT .39 9.0 4o.5 2.6 .06 537 o 1.0 No meaningful data
517 125 1,000 RT .39 1.0 4o.s 42.8 .07 543 1.0
Average , 10.0 R N1 y2.7 . 065
380 L0625 10,000 " RT .39 18.0 26.6 33.4 .1 o8 .1 25.9
387 L0625 10,000 RT .39 22.0 - 32.9 3 M3 1 31.b
Average 20,0 26.6 33.15 .2 28.65 1.06 8s

‘.‘ The value in brackets is for cleavage type fracture.
1 CHS = Crosshead Speed.

4 TF = Transgranular Fracture.
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Fig. 15 Osclllogram of stress-waves corresponding +to Flg. 14, The time lines are 1 sec.
apart and the approximate total time (secs.) is glven along the top line.
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TABIE 9. Stress-Wave and Crack Opening Displacement Analysis for Test No. L9k,

B T <00 tn.
time sec. COD No. ‘No. of SW ‘Amplit,ude of” Lo/Lf,_..lbs aé/af, in. ba, in Ko/k :
' SW, .g .+ accel. : . g - ksi ﬁin.
0-3.3 o o
3.3 | 1 .00k | 720 .62
3.3-4 S 10 . < .01l
L5 : 31 < .0l
5.6 » 30 < .02
6-7 32 < .02 ;
7 (Pt. of max load) o 1275 1.010 ho.7
7-8 30 < .05 | '
89 Lo < .03 .
9.1 : 1 1 .03 ' :1000/825 1.415/1.515 .100 60.0/57.0
9-10 | . ho <o | | | -
10.1 2 .1 o 616 /286 1.75/> 2.00 .25 64.2/-
10-11 - .22 < .02 |
1-12 27 <..0h
12-13 . _ 18 < .0l
< .01l

13-14 : 53'_‘

'1_\.Tobte‘: The average jump between minor stress-wavé ie .on the order of 0.002 in.

- 8§‘
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TARIE lO._ Stress-Wave and Crack Opening Displacement Analysis for Test No. hos,

a, = .680 in.
time, séc. COD No.. . No. of SW Amplitgde of Lo/Lf, 1bs. ao/af, in. le, in. Kb/K
SW, g. accel, : : ksi jin.
0-1.8 3 < 0.01
1.8 1 .01 440 ‘ .755 ' 13.6
0.3 o < .0l '
3=k _ 3 < .01
45 - 30 < .02
5-6 R o < .02
6-7 . _‘5h' < .02
-8 55 - | < .05 - .
7.6 ﬁZ;,iﬁad 1 1 03 1527/1385  .960/1.045 ©  .095 55.6/5% .8
8-9 . 39 < .05 o : :
8.5 2 : 1 ' .05 1385/1290 1.1%0/1.170 .030. . 57.0/56.0
9-10 - | 3L < .05 S 3
9.2 3 S 1 .05 " 1290/900 1.235/1.490 .255 60.2/58.0
9.5 L 1 : .05 900/748 1.510/1.610 .100" 61.0/59.0
10-11 o 36 - < .03 | , |
- 1001 5 B! 1 748 /u62 1.660/> 1.750 >.110 6h.2/-

' Nofe.: The average jump between minor stress-wave 1s on the order of 0.001 in.
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Table 1l. Mechanical Properties of Alloy 27 (AL - L.76% Ag).
Solution Treated at 525°C for 60 min,, Quenched in Ice Water and Aged at 225°C

Tensile Properties Fracture Properties
Test o 1) :ﬁ:fmin_ :‘:::;,’c I, 1/min.  Eldng. $  YSksi  UTS, ket N Test Mo. CHSjcm/min. K, kat/in. KAs,Vin % F*
" 206 L0625 -0 RT .39 35 6.9 12.3 27 3 a 12.2
207 0625 o RT 39 1oy 6.8 12.6 29 3k 'P U 11,9 — —_—
Average 38 6,85 2.4 .28 12.05 175 100
208 L0625 1 RT »39 33 7.3 .7 .27 346 T 13.0
209 0625 1 ‘RT 39 34 6.8 15.0 229 347 a0 .2 - —_—
Average 33.5 7,95 14,85 .28 : 13.6 1.92 200
210 065 10 RT «39 3R T.6 16,0 .28 348 .1 16.6
211 40825 , 10 RT 39 38 8. 16,8 28 3l .1 14,8 — .
Average 35 7.85 16,4 .28 15,7 __1.99 100
212 L0625 50 RT .39 26 8.8 17.2 26 350 .1 17.5
213 L0858 50 RT 239 2k 8.5 16,4 =27 351 .1 173 — —
Average i . 25 8.65 16,8 .265 _I1T.h 2,02 100
214 .06e35 100 RT 39 32 10,4 19.7 .26 352 o1 18.2
215 ;0625 100 o .39 29 0.5 1.k .23 3% a 18.8 . e
Average 30,5 10, 45 19.55 255 . 18,5 1.78 100
'_ 518 .125 100 ‘RT <39 35 .. 10.5 18,6 .25
519 .25 100, RT .39 36 10.3 19.0 25
" _aversge 35,5 10,4 18.8 .25
216 0625 500 : RT .39 30 . 11.0 17.9 .19 354 .1 21.4
217 0625 500 RT 39 27, .5 19,2 19 355 o1 20,1 e —_—
" _Aversge ) 28.5 11.25 18,55 .19 20.75 .1.86 100
218 L0625 1000 RT 39 27 .3 19.1 19 356 .1 eL7
213 0625 1000 RT .39 26 11.5 18.9 .18 357 .1 20.6 R -
Average ) ) 26,5 114 9.0 .185. 2115 1.86 95
: 520 .125 1000 RT 39 39 1.1 18,3 .18
=21 ST 1000 RT 39 39 .3 7.8 = A1
Average . 39 11.2 18.1 175
388 .0625 10,000 . RT 39 31 9.7 16.4 .20 4oz .1 17.8
389 0825 19,000 RT .39 3 9.6 16.6 21 bos .1 6.8 I —
Average ) : 32.5 9.65 16.5 4205 17.25 1.78 98

' HS = Crosshead Speed

¢ TF = Trangranular Fracture
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Teble 12, Mechanical Propertles of Alloy 28 (AL ~ 9.66% Ag

_39-

Solution Treated at 525 C for 60 min., Quenched 1n Ice Water, and Aged at 225°C,

Tensile Proper tles

Fracture Propertica

Tost o 32 Aging Test ¢ 1/t dongh - ot i s fin 4 7et
. tinemin, teup,°C &,1/min. ¥long Y8,ks1  UTS, kel N  Test No. CHS,cin/min, K,vksi in. Efs,Vine ¢ TF
T 220 0625 o RT. 39 .38 10.9 18.3 .22 358 .1 18.9
221 0625 0 RT 39 28 1.3 8.2 22 35 .1 15.2
Average 33 11,1 18.25 .22 17.05 1,54 100
222 0625 1 RT .39 3 10,8 216 .30 360 .1 20.4
223 D625 1 2T 39 33 1.2 ‘21,2 31 361 .1 20.2
Average 33.5 10.9 2Lk .305 :20.3 1.86 100
22k " L0625 10 RT 39 35 11,1 23.6 .32 362 .1 22,8
225 0625 10 RT .39 — 1.3 23.9 31 363 .1 23.0
Average 35 1.3 23,75 2315 22.9 2.01 100
226 L0525 50 RT .)§ 25 15.1 26.9 .27 364 B 25.8
227 0625 . 50 RT .39 33 13.0 25.4 230 365 .1 23.6
Average 29 14.05 26.15 .285 2b.7 1.76 100
228 0625 100 RT .39 23 18.0 28.5 21 366 a1 29.4
229 L0625 100 RT .39 27 17.3 28,7 .28 367 1 27.0 .
Average 25 17.65 28.6 245 28.2 1.60 90
522 2125, 100 RT W39 2k - 15.6 27.9° .20
523 .125 100 RT 39 28 6.0 25.7 219
Aversge ) 26 15.8 26.8 .195
220 L0625 .50 RT .39 2k 18.0 217.3 15 368 .1 26.5
22 0625 500 RT .35 26 9.0 28.0 16 389 .1 2k.5
Average . 25 [18.5 27.65 2155 25.5 1.38 8o
a2 0625 1000 RT .39 24 19.5 28.7 15 376 .1 27.2
2% L0625 1000 - RT .39 2k 9.7, 28.7 15 377 .1 29.% . —_—
Average 2k 19.6 28.7 a5 26,25 1.3 0
ol 125 1000 Rr -39 35 18.9 26.b 1
w25 125 1000 RT .39 35 17.4 253 _1‘3
Average 35 18.15 25.85 L}
) 21.8
390 (0625 10,000 RT .39 32 .3 22.9 18 :ob i 2 .
391 L0625 10,000 ° RP .39 - 13.6° 2.2 .18 05 : 2.2 —_— -
1h,45 22,55 18 22.5 1.5 _95
Average 35.5 . .
Y CHS = Crosshead Speed
M .TF = Transgranular Fracture
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Table 13, Mechanical Properties of Alloy 29 (AL = 20.11% Ag).
Solution Treated at-525°C for 60 min,, Quenched in Ice Watér, and Aged at 225°C.

Tensile Propertles

Fracture Properties

Testo. 1 ‘:f;:f o, ::;;'oc Z, 1/min. . Elong» %  Y¥S,ksi  UTS, ket N ' Test No.  CHS|om/min.- K, kstin. K/, Vine % F'
234 »0625 0 XT 39 26 Coe2.3 31.8 .20 313 .1 3h7
235 .05 [ . RI .39 27 2k,1 347 . 2 31k .1 p25) —
Average 26.5 23,2 33,28 .22 : 33,1 1,48 100
236 0625 1 8T .39 33 2L5 35.8 29 372 .1 30,6 :
237 0625 1 RT .39 30 2L,3 360 . 29 373 .1 30,7 o _
Average 31,5 214 359 .29 30,65 1.4h 100
238 L0625 10 RT «39 30 20,3 32,2 .28 374 .1 29,1
2% L0625 10 RT .39 31 21,3 - 2.2 27 375 .1 28,2 —
Average © 30,5 . 20,8 32,2 275 28,65 11,38 " 100
2k .0625 50 RT .39 8.0 35.8 46,6 .15 315 o2 32.6
241 +0625 50 . RT L3900 . o FL . 1 1 3 216 316 o bob —_— —
Average 11.0 35,1 .0 .155 : 36,5 1,04 22
242 L0625 100 RT 39 7.0 35.6 46.9 © .10 317 W1 32.6 -
243 . 0625 100 RT .39 1.0 38.2 .0 20 318 A 36.7 —
Average 7.0 36,9 47,95 .10 _3h,65 .ok 10
526 .125 100 © RP .39 7.0 ' 3T.6 46,4 o1 538 1.0 .8’
27 .125 100 RT .39 8.0 3.5 46,3 L2 - shk 43.8
Average 1.3 37.55 46,35 115 4.8
u37|  J0€25 100 ‘RT .39 6,3 37.6 45,3 - .10
© 438 0625 100 RT 39 Lo .y 1.2 09

w6 ™ Loes 100 RT B 6.3 36,5 45,6 a1
435 <0625 100 i .0039 6.0 37.6 45.8 .09
k3 ~0625 100 RT 3.9 7.9 39.2 5.7 .13
sl 0625 "100 w, 0039 9.0 36.8 53.6 .10
120 . 0625 100 LN, +39 8.0 46.7 56.0 9
244 L0625 500 RT 39 8.0 35.6 45.0 .11 319 .1 3h.5
245 +0625 500 RT 39 8.0 39 3.0 9 320 .2 33.3 - .
Aversge : 8.0 35,25 b0 .10 - 33.9 296 5
246 L0625 1000 T .39 8.0 35.7 U3, b .09 370 e 33.6 )
247 «06R5 1000 BT .39 5.0 38.9 3.1 06 3T .1 35.8 — —_—
Average 6.5 37.3 43,25 073 Sha] 293 o
508 .125 1000 RT 39 12.0 T 32,5 40,0 11 539 1,0 no meaningful deta
529 125 1000 “mr .3 2.0 32.5 ho.0 1 sk 1.0 ‘
Average i 12,0 32.5 40.0 .11
392 065 10,000 RT 39 24 . 19.0. . 29.9 .16 409 .1 26,4
393 .0625  10,000. RT +39 22 19.1 L.l 15 W0 .1 _26.0 — _
Average 23 19,05 3045 155 26,2 1,38 T

* k37 Solution treated for 1000 min. st 525°C, quenched in ice water and aged at 225°C

438 Solution treated for 4400 min. at 525°C, quenched in ice water, and aged at 225°C

b 436 Solution treated, quenched in ice water, deformed &% by cold rolling, and aged at 225°C

t CHs Crosshead Speed

+ TF

Transgranular Fracture
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Table 14, Machanical Properties of Alloy 30 (A1-28.62%) L.
B Solution Treated at 525°C for 60 min., Quenched in Ice Water, and Aged at 225°C.-

Tensile Properties

Fracture Propert les

Yest Ev. ¢

. ':‘f;’f”m” f::: o & lntn.  Elons $  Ys,ksi = UTS, kst K Test No. CHSlcm/mtn. K katin. -kAs,Vin. % 77
e ymin, )y . . .
- - - - -

248 L0625 © 0 RT 39 26 32.2 X .21 299" .1 .5
g 0825 0 T 39 25 32.5 50,0 22 300 1 .2
Average 25,5 32,35 47,95 .15 4h .35 1.37 )
250 0605 1 RT 39 . 20 35.6 517 .7 30L° a1 0.5 . ’
as1 0625 1 R 39 2o 3 Y.T 2O 302¢ W 4.8 :
Aversge 20 35.0 ___50.7 .185 3115 118 90
252 - 0625 10 RT 39 33 271 - 3.8 et 303 Bt 38.2
253 L0625 10 RT 39 32 2L 5.0 .28 304 .1 40,1 )
Average i 325 27,15 R} 275 39.15 1.b4 100
a5 (0825 50 = .39 1 60.1 6u2 .06 305 a 13,3
255 0625 50 T .39 2 55.b 62.7 0 306 a2 b3 .
Average 1.5 ST.15 63.45 .08 42,3 3 2
256 0625 100 RT .39 2 55.3 61,7 .07 307 a 37.0
287 0625 100 RT 39 1 6.6 6.3 - .08 308 1 3.8
Average 1.5 5595, 62.0 073 37.45 871, o
530 .125 100 RT .39 2 59.9 62.0 .06 5k 1.0 3Tah
551 . 125 100. RT 39 2 60.9 6.3 2Ob 546 1.0 43,3
Avernge 2 60,4 62.15 205 40,35
258 0625 500 . RT 39 2 4.7 54,5 a1 309 B 36,0
259 0625 500 RT 39 2 50,1 56.2 01 30 .1 38.3
Average 2 49.9 55.35 209 37.15 By 9
260 £0625 1000 RT 39 2 2.1 517 - .07 31 B 35.0
261 L0625 1000 RT .39 2 45,5 55.4 C .07, 312 .1 39.6 — —_—
Average 2 53,8 .55 o7 373 .85 o
532 125 1000 BT 39 T 5.3 ™8 .06 s 1.0 46,0
533 2125 1000 RT .39 3. 50,2 3.0 =07 547 1.0 B.0
Average - 3.5 .15 539 065 M5
394 © L0625 10,000 RT .39 ‘12 27.1 38.1 25 i -1 33.5 .
395 L0625 10,000 RT 39 u_ 26.6_ 38.1 Ak W2 .l b3 — —_—
Average 1.5 26.85 38,1 2145 4.0 127 0

CHS = Crosshead Speed

* TF = Transgranular Fracture
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D. Metallography v

1. 'Experimental

MEtallographlc sampleS'were prepared by Wet grlndlng in several stages
: tozafunsh equlvalent to number 600 paper. The samples were then electro-
pollshed and photographed.w1th elther an optlcal or scannlng electron mlcro-
scope. The electrqpollsh used for alumlnum-21nc alloys was 2% perchlorlc
’ac1d in methyl alcohol and the openatlon was carried out at —55 C Wlth a
potential of 45 volts. Similary the elecﬁropoliShing'of'aluninums.i
' silver Elloys was carried ont using avsolution of 2% perchlorio'eciq in
eth&l alcohol at 43O°C and a notentiel of BOrvolfs. AutrouhleSOme anodic |
film sometinesvarmed on the surface of the aluminumesilrer specimens and
this was removed nithjﬁ%vagueous solution.of sodium dichromate heldbat‘90°Cr
'Thisvanodic film removal toock only seconds andidid not seem toﬂohenge the
microssructure significantly. | |

Transmission eleotron'microscopy was carrled out on_materral'that had
been rolled to 0.0d5hin. thickness. The foils were heat treatedvghen.electro-
polished ulsingvthe window techniquegg-with the‘ same basic SOluﬁivons a..nd

'conditionsdescribed for surface metallography.

2., Metallogrephlc Observat ions
Representatlve mlcrographs for the alum1num-z1nc system are shown 1n
Figs. 28 to 3k, Slmllar micrographs for the;alum1num-s1lver system_are

shown in Figs. 35 to 4o.

E. Fractography |

1. Experimental

) <
The fracture surfaces representative of various aging times were routinely

studied using a scanning optical microscope for extreme depth of field
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XBB 691-465

Fig. 28 Optical micrographs of alloy 22, solution treated
and aged:

(a) 30 min. at room temperature.
(h) 1000 min, at 125°C
(e) 10,000 min. at 125°C.
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XBB 691-475

Fig. 29 Optical micrographs of alloy 23, solution
treated and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 125°C.
(e} 10,000 min. at 125°C.
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XBB 691-474

Fig. 30 Optical micrographs of alloy 2L, solution
treated and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 125°C
(¢c) 10,000 min. at 125°C
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XBB 691-882

Fig. 31 Microggaphs of alloy 24 in overaged condition (10,000 min.
at 125°¢).

(a) optical micrograph

(b) to (g) scanning electron micrographs of the same area
with increasing magnification. -The dark areas are
caused from the electron beam breaking down the oil con-
taminated onto the surface of specimen,

[ 4
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XBB 691-470

Fig. 32 Transmission electron micrographs of alloy 2&, solution
treated and aged:

(a) and (b) 30 min. at room temperature.
(¢) to (f) 1000 min. at 125°C.



Fig. 33
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XBB 691-471

Optical micrographs of alloy 25, solution treated
and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 125°C.
(c) 10,000 min. at 125°C.
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XBB 691-464

Fig. 34 Optical micrographs of alloy 26, solution treated
and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 125°C.
(c) 10,000 min. at 125°C
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XBB 691-478

Fig. 35 Optical micrographs of alloy 27, solution treated
and aged: :

gag 30 min. at room temperature.
b) 1000 min. at 225°C.
(¢) 10,000 min. at 225°C.
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XBB 691-473

Fig. 36 Optical micrographs of alloy 28, solution treated
and aged:

ga; 30 min. at room temperature.
b 1000 min,. &t 225 C,
(¢) 10,000 min. at 225°C.
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XBB 691-469

Fig. 37 Optical micrographs of alloy 29, solution treated and
aged:

a) 30 min. at room temperature.
b) 100 min. at 225°C.

(c) 1000 min. at 225°C.

(d4) 10,000 min. at 225°C,



61-

XBB 691-883

38 Micrographs of alloy 29 in the overaged condition
(10,000 min at 225°C):

(a) to (c¢) optical micrographs.
(d) and (e) scanning electron micrographs.
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XBB 691-466

Fig. 39 Transmission electron micrographs of
alloy 29, solution and aged for 1000
min. at 225°C.
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XBB 691-472

Fig. 40 Optical micrographs of alloy 30, solution treated
and aged:

(a) 30 min. at room temperature.
(b) 100 min. at 225°C.

(¢) 1000 min. at 225°C.

(d4) 10,000 min. at 225°C.
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photography. A Ziess ultraphot metallograph was set up so that a sample
could be scanned along the optical axis of the metallograph (with the sur-
face to be viewed tilted.to this axis). A highly collimated beam of light
was placed at the focal point of the optic system, normal to the optic axis.
The sample is scenned with respect to the collimated light and only that
portion of the sample that is in focus is illuminated and recorded. TFor
further information on this technique, the reader is referred to the work of

1\4'cLacl'11ar1.25

The major difficulty with this fractographic technique arises
from the high reflectivity of metallic fracture surfaces. The incident light
may be reflected several times from a rough fracture surface and illuminate
areas that are not in focus. This effect coupled with the fact that there

is a wide rangé of light intensity coming from a rough fracture surface tends-.-
to degrade the final negative quality. It was found that film with a wide
exposure latitude such as Eastman Kodak Tri-X or Royal Pan, developed in
Acufine, gave the best results.

The fractographs taken as part of the routine analysis were studied
andiwhere additional information was needed a scanning electron microscope
was used. (Replica techniques were difficult to use because of the rough-
ness of the fracture surface.) Specimens were cut from the fracture speci-

mens and viewed in a JEOLCO JSM-1 scanning electron microscope. This

microscope was operated at 25 KV in the secorndary electron mode.

2. Fractographic Observations

Fractography for the aluminum-zinc system can be found in Figs. 41 to
59, while similar observations for the aluminum-silver system can be found
in Figs. 60 to 68. The scanning electron micrographs generally have a
sequence of "zoom" magnifications, which relate the fine surface structure

to the overall fracture appearance.
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XBB 691-905

Fig., 41 Scanning optical fractographs of alloy 22, solution treated and aged:

(a) 30 min. at room temperature.
(b) 10,000 min. at 125°C.
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XBB 691-912

Fig. 42 Scanning optical fractographs of alloy 23, solution trea‘ged and aged:
(a) 30 min. at room temperature; (b) 10,000 min. at 125°C.
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XBB 691-891

Fig. 43 Scanning optical fractographs of alloy 2&, solution treated

and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 125°C.
(¢) 10,000 min. at 125°C.



Fig, 4k
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XBB 691-881

Scanning electron fractographs of alloy 2&, solution treated
and aged:

(a) 30 min. at room temperature.

(b) same area as (a)6 higher magnification.
(c) 1000 min. at 125°C.

(d) same area as (c), higher magnification.
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XBB 691-898

Fig. 45 Scanning electron fractographs of alloy 24, solution treated
and aged for 30 min. at room temperature:

gb) same area as (a), higher magnification.
d) same area as (c), higher magnification.
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Fig., 46 Fractographs of alloy 24, solution treated and aged
for 30 min, at room temperature. These fractographs
show the fast-crack growth mode of fracture.

(a) scanning optical micrograph showing the area
from which (b) to (d) come.

(b) an enlarged area of (a).
(¢) scanning electron micrograph of the same area as (a).
(d) scanning electron micrograph of the same area as (c).

(e) to (g) a series of scanning electron micrographs of
increasing magnifieation.
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Fige 47 Fractographs of alloy 24, solution treated and aged
for 6 sec. at 125°C. Slow-crack growth region.

(a) scanning optical fractograph showing the areas

from which the scanning electron fractographs
come,

(b) to (d) a series of scanning eleectron fractographs

showing the fatigue to intergranular fracture
transition,

(e) to (g) a series of scanning electron fractographs
showing that fracture has occurred by miecrovoid
coalescence,



XBB 691-911



-

XBB 691-904

Fig. 48 Fractographs gf alloy 2&, solution treated and aged for
6 sec. at 125°C. Fast crack growth region.

(a) scanning optical fractograph showing the area

from which the scamning electron fractographs

(b) to (f) a series of scanning electron micrographs
showing the fast crack growth region.
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XBB 691-907

Fig. 49 Fractographs of a%loy 2&, solution treated and aged
for 1 min. at 125 C,

(a) scanning optical fractograph showing the area from
which the scanning electron fractographs come.
(b) to (g) a series of scanning electron fractographs

showing how shear has taken place in the grain-
boundary region.
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Fig. 50 Fractographs showing the effect of abrasion of a grain
facet., This abrasion may have occurred in situation
similar to the one shown in Fig. 7l. The fractograph (a)
was taken on a standard metallograph and does not have
the depth of field of the secanning electron fractograph (b).
Both of these fractographs were taken of the same grain
facet, in the same orientation. Alloy 24, solution treated
and aged 6 sec., at 125°C.
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XBB 691-894

Fig. 50
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Fig. 51 Fractographs of alloy 2#, solution treated and aged
for 6 see. at 125°C, showing a change of fracture
plane, The standard metallographic technique (a)
does not have the resolution or the depth of field
of the scanning electron fractograph (b). Both
(a) and (b) are taken from the same grain facet.
The series of fractographs (e) to (e) are taken from
the grain facet shown in (b).
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Fig, 5L
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XBB 691-895

Scanning electron fractographs of alloy 24, solution
treated and aged for 1000 min. at 125°C, showing both
transgranular and intergranular fracture. Arrow shows
region of transgranular fracture (e).
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XBB 691-875

Fig. 53 Scanning electron fractograghs of alloy 2&, soltuion treated and
aged for 10,000 min, at 125 C, showing the fatigue to transgranu-

lar ?r?cture transition (a) and transgranular shear rupture (b)
and (c).
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XBB 691-897

Scanning electron fractographs of alloy 24, solution
treated and aged for 30 min. at room temperature, tested
at liquid nitrogen temperature. TFractographs show
fatigue to intergranular fracture transition (a) and
fast-crack growth fracture (b) to (d). Fractographs

(b) to (d) are taken from the area shown in (a).
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XBB 691-909

Fig. 55 Fractographs of alloy 24, solution treated and aged for
30 min. at room temperature (tested under impact condi-
tions). These fractographs show that there is a mixture
of fast-crack growth and transgranular shear modes of
fracture.
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Fig. 56 Scanning optical fractographs of alloy 25, solution treated
and aged:

§a) 30 min. at room temperature.
L) 100 min. at 125°C.
(¢) 1000 min. at 125°C.
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XBB 691-899

Fig. 57 Scanning electron fractographs of alloy 25, solution treated
and aged:

(a2), (b) 30 min. at room temperature. [(b) same area as (a)]
(c), (a) 1000 min. at 125°C.
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XBB 691-888

Fig. 58 Scanning optical fractographs of alloy 26, solution treated
and aged:

ga) 30 min. at room temperature.
b) 1000 min. at 125°C.
(¢) 10,000 min. at 125°C.
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Fig. 59 Scanning electron fractographs of alloy 26, solution treated
and aged:

(ag to (f) 30 min. at room temperature, (c) same areas as (b),
(e) and (f) same area as (d).
(g) to (i) 1000 min. at 125 C.
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XBB 691-908

Fig. 60 Scanning optical fractographs of alloy 27, solution treated and aged:

(a) 30 min. at room temperature.
(b) 1000 min. at 225°C.
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XBB 691-889

Fig. 61 Scanning optical fractographs of alloy 28, solution treated
and aged:

a) 30 min. at room temperature.
b) 1000 min. at 225°C.
(e¢) 10,000 min. at 225°C,
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XBB 691-892

Fig. 62 Scanning optical fractographs of alloy 29, solution treated
and aged:

(a) 30 min. at room temperature.
temp

(b) 1000 min. at 225 c,

(c) 10,000 min. at 225°C.
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XBB 691-879

Fig. 63 Scanning electron fractographs of alloy 29, solution treated and aged:

ga) to (c¢) 100 min. at 225°g. (c) same area as (b).
d) to (f) 1000 min. at 225°C. (f) same area as (e).
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XBB 691-878

Fig. 64 Scanning electron fractographs of a}loy 29, solution
treated and aged 10,000 min, at 225 C, showing trans-
granular and intergranular modes of fracture. (b) same
area as (a). (d) same area as (c).
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XBB 691-906

Fig. 65 Fractographs of alloy 29, solution treated and aged 100 min.
at 225 C (tested under impact conditions). Both transgranular
and intergranular fracture modes are found under impact condi-
tions, though only the intergranular mode if found under
standard testing conditions. (c) and (d) same areas as (b).
(g) same areas as (f).
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XBB 691-890

Fig. 66 Scanning optical fractographs of alloy 30, solution treated
and aged:

ga) 10 min. at 22520.
b) 50 min. at 225 C.
(¢) 10,000 min. at 225°C.
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Fig. 67 Scanning electron fract ographs of alloy 30, solution
treated and aged 50 min. at 225°C. (b) and (c) same
area as (a). (e) and (f) same areas as (d). (i) same
areas as (h).
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XBB 691-885

Fig. 68 Scanning electron fractographs of alloy 30, solution
treated and aged 100 min. at 225°C. (a) to (c¢) ana
(d) to (g) are sequences of increasing magnification.
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F. Miscellaneous Results

In analysing the results of the preceding tests it was found that
additional observations were needed to help understand the fracture process.

These observations, recorded in Figs. 69 to T8, are explained in the next

section and the appendix. ;
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XBB 691-477

Micrographs of alloy 24, solution treated and aged
50 min. at room temperature, showing crack growth
during tension-tension fatigue. Micrograph (a)
shows the position of the crack in a pre-cracked
SEN fracture specimen before fatiguing. (b) shows
the position of the crack after fatiguing for 100
cycles at a stress intensity of 12.5 ksiNin.

(approx. e The cyeclic stress applied at 30 Hz.



XBB 691-468

Fig. 70 Micrograph corresponding to Fig. 69 showing the position of the crack
after 2600 eycles of fatigue (conditions same as given in Fig. 69).
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XBB 691-900

Micrographs showing the growth of the crack in Fig. 70 under
static loading conditions. (a) shows how the crack in Fig. TO
opened up when a small load was applied to the specimen while
it was on the microscope state. (b) shows the growth of the
above crack after the applica}ion of a load equivalent to a
stress intensity of 33.8 ksi~in. (approx.). The dark area at

the end of the crack in (b) is a small plastic zone, shown in
detail in Fig. T2.
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XBB 691-903

Fig. T2 Micrographs showing the plastic zone (a)
and the end of the crack (b) corresponding
to Figs Tls
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XBB 691-884

Fig., T3 Micrograph showing the growth of the crack in Fig. 71l on reapplication
of the static load. '
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XBB 691-877

Fig. T4 Micrographs showing the plastic zones for two
different heat treatments of alloy 24, (a) aged

for 30 min. at room temperature and (b) aged for
1000 min, at 125°C.
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XBB 691-880

75 Scaming electron micrographs of the first plastic zone in Fig. 7 (&),
(a) to (c¢) and (d) to (f) form series taken in two separate areas of the
plastic zone,
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XBB 691-901

Fig. 76 Micrographs showing marker off-set and slip-
line distribution for tensile samples of alloy
2L, (a) solution treated and aged 30 min. at
room temperature. (b) solution and aged 1000
min. at 125°C., Tensile specimens pulled to fracture.
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XBB 691-896

Fig. TT7 Micrographs showing the plastic zone for alloy 29,
solution treated and aged 100 min. at 225°C. The
optical micrograph (b) and the scanning electron
micrographs (c) and (d) are taken from plastic
zone shown in (a).
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XBB 691-902

Fig. 78 Micrograph of a tensile saﬁple of alloy 29, solution
treated and aged 100 min. at 225°C, showing slip
line distribution (a) and marker off-set (b). Ten-
sile specimen pulled to fracture.
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III. DISCUSSION

A. Tensgile Properties and Microstructure

1. Aluminum-Zinc Alloys

The yield strength of the binary aluminum-zinc alloys was observed
to decrease with increasing aging time (Figs. 4-6, 10, 13) and at first
it appeared that this system did not precipitation harden. The work of
Polmeargu also suggested that this system has little or no age hardening
potential. More recent work of Garwood a.nd.Davis,25 however has shown
that aluminum-zinc alloys (9 to 25% Zn) age harden fully in less than 2 min
at room temperature, and retain this hardness for a long period of time.
This indicates that the material has attained peak strength when it has
beén solution treated and aged for 30 min at room temperature. The
further aging which followed at 125°C serves to overage the material and
lower the yield strength the same as found by Seeman and Dodd.26 In
addition to the general overaging causing a decrease in strength there is
a secondary hardening peak which appears at shorter aging times with
increasing zinc content. This effect may be explained in terms of micro-
structure in manner similar to that suggested by Fink and Smith.27 The
alloy solution treated and aged at room temperature for 30 min corresponds
to a microstructural condition where zones have been homogeneously formed

30

. ) . \28- : .
in the bulk (possibly by a spinodal transformation) and with zinc

*
precipitated preferentially in the grain-boundary region. Tt is also
possible that &' (fcc transition structure) was preferentially precipit-

ated in the grain-boundaries, but this structure was not identified.

X
In this and future discussions the "grain-boundary region" includes the
precipitate-free zones and the material between the precipitate-free zones.
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Preferential precipitation.may be seen in the plane of thé grain-boundary
in Fig. 52(b). Note the.ﬁarrowness of 'the grain-boundary and. the precipi-
tate-free zone. The amount of precipitation in grain-boundaries caﬁ'be
‘seen to increase with alloy content (Figs.'28rto 50;55 and 34). Alloy

26 in the solution treated condition éhows gross precipitation in the
gfain-boundaries (Fig. 34), which may have occurred during the quench aé
ngl as during aging at room temperature and as observed by Thomas.51
Material in this condition fails intergranularly. Aging causes thé

zones to transform to either the R (rhombohedfally disforted fee) transi-

29 The

tion phase, then to the &' transition phase, or directly to a'.
heterogeneous zinc precipifate in the grain*boundaries has coalesced with
aging and the grainéboundar§ regions have widened,vas shown in Figs. 31(a)
and 32(c=to f). At the same time there is the cellular growﬁh‘of zince

out of the graiﬁ-boundaries inﬁo the interior of the grains. Most of

the deformation still takes place in the grain-boundary region; but it

more easilyaccomodated because the weak zone is wider. This is 1llustrated
iﬂ_Fig. 76, where the marker offset along the grain-boundary (d.lu for

(a), 1p for (b)) can be used to calculate the contribution of shear,ih

the zone shearing grain-bouﬁdary region to the overall strain. Using a

32

st%ndard equation for grain-boundary shearing- one can account_for'most
of the observed elongation in both cases. The initial decrease in yieid
stréngth with increasedbaging'tﬁné is soon overcame by a secondary harde
ening effect due to appearance, in the bulk, of the transitibn phaée.
Further aging causes a general decrease in yield strength due to the cellu-

lar precipitation of zinc and theoveraging of_the transition phase.

2. Aluminum-Silver Alloys

The change of tensile properties with aging time shown thigs. 18
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bto el.can be explained in terms of the aging sequence and microstructure
present. The accepted aging sequence of this alloy system begins ‘with
the homogeneous formation of spherlcal zZones (poss1bly by a spinodal
mechanism). This is followed by the heterogeneous-precipitation of v' -
(the fee trans1tion structure) and finalLy the, cellular prec1p1tation of

' 7 (hcp, AggAl) emanating from’ the graln-boundaries (Figs..37-59) The
—1n1t1al rise in yield strength w1th aging t1me is probably due. to the
prec1p1tation of v in .the grain boundarles and growth of zones in the

bulk. Increas1ng the aging‘time brings about overaglng at the grainl
boundaries; a decreasing density of zones, and a slight drop in the vield
strength. This is'folloWed.bytgeneral hardening due tO;the formation of
the*y' in the bulk (Fig. 39) which leads to peak strength. Final soften-_
ing comés from celluiar:precipitation of‘v. ‘The fracture is transgranular
v'in the early stages of aging, gradually becomlng canpletely 1ntergranular

as the aging approaches peak strength. Overaglng ‘causes the fracture to
become increaSingly transgranular (Figs. 60 to 62, and 66). At peak -
strength the grain boundary region, and hence the zone for plastic: flou,

,1s much wider than- for a Simllar case in the Al-Zn system. (Thls quali-
tative explanation assumes that the'grainrboundaryvregions have a.lower
yield strength than the grains.) Al-Ag alloys still fail intergranularly
‘in;the_peak strength condition but:there isva more homogeneoushdistribution ‘
ofistrainz_asevidenced by Fig. 78;‘ Here the slip lines are of higher
density and more uniformly distributed than in‘Fig; 76 and there is no
appreciable marker off-set along the grain boundaries, Thus, the boundary
'region shear does not account for the majority of‘the'elongation in this

case.
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B.. Crack Growth Processes

1. Al-Zn Alloys

a. Transition in Fracture Process

Macroscopic fracture surface studies of.the small SEN fracture speci-
men revealed that under certain CQnditi§n§ the?é was a change in surface
luéter‘as a crack advanced. A dﬁll surface.forﬁed next to the fatigue
crack and extended along the fracture path until the transition point
was reached, where the surface ajpearance became bright. Observatibns of
dull'and bright fracture surfaces haye beeﬁ made by other'investigatorsg’u’53
but'little has been said about the causes for the different appearances.
The routine fracture tests showad.thatvthe transition occurred only in
alloys 2&, 25 and 26 of the Al-Zn series.. The fracture transition was
found iﬁ the peak strength condition where the’specimens had been aged at
rocm temperaturevfor 30 min, or aged at 12590 for 6 sec, plus 30 min at
room temperéture; In élloy 26 the traﬁsition was only found in one speci-
men a2ged at room temperature, it was not found in the duplicate specimen
or in the specimens aged at‘125°C fof 6 sec. All conditions whereAa tran-
sition was not observed, the fracture‘surfabe had a dull appearance.

Large SEN fracture specimen (Fig. 1a) wefe insﬁrugenfed with a cli-
brated COD gage, to determine the progress of the crack with respect to
time-. An‘accelerométéf was used.to detect thé stress-waves released.
and the relaﬁive ener gy inVolvéd in the fracture process. These tests
‘were run on alloy 24,25 and 26 in the peak strength (30 min at roém |
temperature) aﬁd in the overaged cqnditiqn (1000 min aﬁ 125°C). Only‘
.thebpeak strength coﬁditiqn gavé ﬁseable reéults, The overaged lower
stréngth specjnmns-buckied and tore. | |

Thc.first tests on the larger ihstrumented specimens was made oﬁ-

poak aged alloy 2k at a crosshead speed of 0.039 in/min. The load -versus
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~time recordﬂfor the testsris giten in Fig. T 'The.fracture surface‘did not
_show a.transition, o the crosshead speedxwas-increased'to.0;5§ in/min.?
Spéciﬁens of'alloy Ehvand 25 tested at this crosshead;speed'showed a v-
-fracturelsurface,transitioh, uhile.sPecimens‘of ailoy 26 showed patches of‘
rdull and bright in the reglon where only brlght was found on the former
spec1mens.' A comparison of the COD and load versus time records (Flgs. 8;
9, 11, 12 and 1 to 17) show that a substantial amount - of slow crack growth
'had occurred by’ the time the max1mumrload occurred at the point of»crack i
instability (pop-in).-'At thiS'pOint the crack jumped.across-the.sﬁecimeu

in a catastrophic manner., The relative exten31on of the crack through

the spec1men (a/w) at 1nstab111ty, as determlned by COD records, corresponded

to the measured p01nt of tran31tion on the fracture surface. For the alloy
26 spec1mens the bright areas occurred at the pos1t10ns expected fron the
appropriate COD. pop ins. | |
The stress 1ntens1ty factor (K) corresponding to the 1n1t1tation of

fast crack grommh was determined from: 1nstrumented fracture tests to be.
-approx1mately 60 k31‘Jin. At the lower crosshead speed of O. 039 1n/m1n the
highest stress intensity reached was 57.ksi.Jin. This points out that the
.transition is onevwhere a marginal ‘increase in stress intensity.causes a
change in_the‘fracture mod.ef .The stress inteusity ralué of 60 ksi'Jiﬂ_
‘was in. close agreemeut,with thevvalues otserred at thevpoints of:iustabilitj
_ for alloy 26; (TableSh9.and-lO). The fact that there is avcorreiatioh
| between the point of max imum load and fracture transition (Alloy 24 and .25)
_was used to recalculate stress intensity.taiues'for the"routine'fracture
tests. _These values tend'to be higherithan'the_vaiues obtained_with'instru-
mented specimens and apparently the_stress intensity associated withiin- |

stability increases with zinc content. The recalculated values had a good
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deal more scabter than thévdirectly measured values. They are bgiieved
té be less reliable indicdtorS'of ﬁotch‘toughﬁess;

In order ﬁQ find the relétive amount of plastic déformation associ-
ated with the slow and fést-crack growth précesseé a small fractﬁre speci-
men was elecfropolished, pulled, then the slip»band density surveyed
aloﬁg the crack. This survey showed that slip band density was roughly | i—.
twice as high in the slow -crack g;owth region as in the fast -crack growth
region. Thik indicates there was a reduction in the plastic zone size when

the crack is on the fast crack growth side of the transition.

b. The Effect of Increasing Zinc Content and Overaglng of
The Fast-Crack Growth Process

The zipc content, up to about 26 zinc in the Al-Zn alloys aged>to
Ipeak strengéh promoctes intergranular fracture; (The yiald éﬁrehgth of
these alloys in the peakAstrength condition increaées iinearly with in-
creasing the atomic percent zinc at up to 25 percent due to the incieased
volume fraction of precipitate.) At this.Concentration ihtergrahular frac-
ture is most pronounced; fast-crack growth is most easily induced. Further
increases in zinc content cause little increase in yield strengthvbuf'
broduce a widening of the graia—boundary regiohs Whicﬂ appeafS'to inhibit’
the fast-crack growth process. The wider grain-boundary regions'may_be
preventing stress intensity from reaching the level necéssary for fast-
crack growth, ‘Ovefaging seems tévhave the séme'effect of incréaéiﬁg'the_
width of the grain-boundary region,eQualiziﬁg ﬁhe strength of the grain

and the grain-boundaries. and thus promoting more di;ctile behavior.

c. Fractography of Slow and Fast-Crack Growth -

The complete fracture surface of a specimen -showing a transition

will be used to illustrate the»most prominent features of the crack growth
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prOCesseslfound.in-thls inrestigation. 'In Figs. 47 and h8-there is a
seduenCe -of-fractographs_covering an entiré'fracture.specimen'oﬁ'alloy
24 incthe peak.strength condition. "The crack propagated from. left to B
.vrlght in Fig. h?(a) and from right to left in Flg. h8(a) (The spec1men had
'been cut ‘into two pleces in order to place it in the scannlng electron
_mlcroscope .) The series of fractographs in Figs. h7(b) to (d) (a sequence

of increasing magnlflcatlon) shows-the,fatlguevto'1ntergranular crackv
transition. ‘Thejfatigue crack for this and'othervsmall'fraCture=speclmens

- was grown invthe "as rolled"bcondition'and the fatigue‘failure mode waéfv:
transgranular.*- The main-feature oflthis fatigue to intergranular;crack .
trans1tlon is 1ts short length Apparently the transgranular fatlgue crack
extended only partly through the last grain to be cracked durlng fatlgue.

' At this p01nt the - crack changed and ran vertlcally to the closest graln—.
‘boundary, (Fig. h7c). The change in crack dlrectlon seemed most llkely
to?have occurred with the appllcatlon of the fracture load the path |
followed belng one of easy propagatlon 1nfluenced by local condltlons.

Once the‘crack reached the grain-boundary no devaatlon fram the graln-l
boundary path.could be'found thereafter. The fracture surface up to the-
point transition is represented by the seriesvof fractographic in Figs.
h?(e) to (g) ‘The‘light incident on the roughhSurface.in the SloWEcrack
growth reglon was scattered, accountlng for the dull appearance. The _
fast -crack growth surfaces shown in Flg. 48 are almost optlcally flat (Flg.=

48b), accountlng for the brlght appearance of thls region. Flgures 48(c)- to - (e)

For the larger fracture specimens the crack was grown in the heat treated
vondition and failure was for the most part intergranular.
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have fhe same features oné would expect to find in cleévage, such_as the
chéﬁging of the fracture plane (cleavage rivérs; Fig. 48(b) and (d).) The
»faétfcrack growth region resembles in appearénce, the intergranular clea-
vage in iron found by Low.B% However fcc'ﬁaférials are not’known’to cleave,
théfefdre.until it can be proved that the‘faét}crack growthbprocess is’
cleévége another (shear) mechanism will be presumed to bperéte.

The -effects of oyeraging-can be seen in Fig. 44, Fractographs (a)
and (b) were taken from éhe fast:crack growth region of a specimen aged
tqvpeak strength, while fractographs (c) and (d) were taken from an over-
aged speéimeﬁ in the same_rélative position (a/w) along the fracture
surface. In the first case failure was by thé fastaérack:growth process,
but in the éecond it was bybmicrovoid coalsecenée (asvitvwas for aii slow-
créck groﬁths failures). Tﬁere was a varyihg amount of transgranular
fracture assdciated with overaging ranging ffom zero in the pe@ks_strength
condition to almost 100% in the fully overage'conditibn. Thi§ is shoﬁn
in Figs. MS;_BQ‘and 55« The traﬁsgranular.patch of material 2eft af the
grain boundary iﬁtersection shown in Figs. 52(e) énd (f) appears'as;though
it(mayvbe a coloﬁy of zinc that-has grdwn out from a grain-bOundary inter-
section,‘ds.in Fig. 30(b). Figures 52(c) and (d) show how the'graihé
boundary ha; exuded during fracture. The height of the exudéd.material
Was greater in the ovéraged condition (Figs. 52(c) and.(d» than‘in{the
peak strength condition (Figs. 45(c) and (d)), as would be exbected fran
the relative Widths.of the grainfbopndary'regiénsg |

Alloys 22 and 23 tended to fail intergranularly, but ﬁhe frécture
was alWays of mixed modé. Intergraﬁular fracture became more pfonounced
with increasing strength and zinc content, as shown in Figs. Hl and k2.

Transgranular fracture in these ailoys took place by shear rupture, as was
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the case of alloy 2 in the overaged condition. Alloys 25 and 26 with higher
zinc contents-thau alloy Qh'éhowed genefaliy the same.fractographic fea-
tures as the latter. Overaglng, with its associated 1ncreased amount of
transgranular fracture occurred at a more rapld rate in alloys hav1ng hlgher

zine contents.

d. 'SloW—Grack Growth

P

v In the introuuctiou it was menﬁionéd fhat.onermight expect to find»
that'an,intefgranular crack would grow discontinuously. A careful:look'at
'the stress wave patterns, Figs. 9, 12, 15, 17, 23 and 25 shows that during
siow—crack grOWth the crack appears tolgrow”discoutinuously from one.gfain
boundafy"node to another. fThebavefage crack growth.distahce bétween the -
minor ctrcSSiWaves is'on the order of O;OOi in. This comes ffqﬁ considering
thc amount of crack growth betweeu'tWO'poinfs ou‘the'COD‘va uiue.fccord
and cofréiating_thié to the uumber ofvétressfwaves emitted during,this
tiuc interval. If this procedure isvcarried-ouf'fof‘aeveral poiuts_dufing
each test,'tuen-an overall pictUre my be seen. The grain size of‘these
speciﬁens iégon the order of O;OlO'in. (é50u) or about an Oruer of:ﬁagni;f
tude larger than the average distance cetueen minor stréssIWaues. The..
specimens are aooutltweive grains thick, and iﬁ appears thaf thejminof.
stress waves'arc representative’of-individual:juﬁps forward of;the'crack
from one grain.noué to another across the thickness of the speciﬁcn. Tt
may be expected that the crack would grow one grain at a-time untll only a
few grains facets remain to be fractured. Here the crack'may be.cxpected
to‘Jump across #he rcmalnlng graln facets iu one. more of,leSS‘cohﬁinuous_
step. If this'is the cace, the stress-wave patteru fqn'siow;crack‘érowth-
should show two superimposeu patterné; one for iudividual Jjumps and one -
for the jump of the crack front. Theré_ahould be approximately iO or lesa

small stress waves between the slightly larger stress waves representing
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_'the crack front jump.. The actual stress-wave patterns do in_faot have a
series of . small waves, in -between slightly larger waves. This pattern ig
notArepeated exactly from onevperiod.to the next but a variation is concei-

vable because of local conditions along the grain boundary fracture path.

e. Stress.Intensity for Slow-CraokﬁGrowth

The.stressvintensity for‘initiation of the slow-cratck growth process
of the aluminum zinc alloys in the peak strength conditions is considerably
 less than the value needed for the fast-crack growth process (~ 60 kerin) A
" reasonable criterion for the 1n1t1at10n of the slow-crack growth process
is the stress intensity at the first stress-wave of the discontinuous crack
grthh pattern}' When there are stress~waves preceding the steady state
siowécrach growth pattern.a different criterion may be employed.v"The
criterion in this case is to use the stress intensity at:the first stress-:
wave with an amplitude equal to that expected if there were a-siow crack
growth pattern ( 0.01 g acceleratlon) The stress intensity for:slow
crack growth of alloy 24 in the peak strength condltion is in the .range
of 12 to 17 ksi"fin. This value increases somewhat with zinc content for
.alxloy 25 and 26. ”

‘The difference between this intergranular slow-crack growth.instability
and normal instabilities found in'transgranular fracture preceding
catastropic“ failnre is important. The normal instabilities associated
with the firSt_stress-Waves in a fracture tests are generally not of‘a
critical mature. These instabilities may, in the case of a plain stress
séecimen, be dué to plain strain pop-in before piain stress or mixed mode
steady state conditions prevail.k Other local instabilities mey cause streSs-
waves, .but the main feature of these events is that theyvare notvﬁcritical "

events. By critical, it is meant that under constant load oonditions, the
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specimen will fail withiﬁ'a fiﬁite time., Generally spéakiﬁg,vthe sfress
inténéitiés associated With'local instabilities giving risé to- the first
étress Waves will not bé éf'suffiEiént magnitﬁde'té cause failure ﬁnder
constant lqaq conditions. This is 5ecause ﬁpst materials do not have a.
: preferential.eaSy path oflfracture, and‘the'crack'ﬁill blunt'fhfough
plastic deformation._ Iﬁlfhe caée_of intefg;aﬁular fracture; however, once
"the'érack in the grai@—boundary tﬁere is né aaequate'mecﬁanism'for:craCkv
blﬁnfing. Thus crack mayibe expecﬁed to grdw'uﬁdéf'cbnstant'ibad conditions.
The stress intensity nécessary for the‘iﬁitiatipn-of‘slothraék-gfowth'should
be a critical stress intensit&. In the'c;se.of'alloy 2L (peak strengfh)
this is of the'brdef éf 12 tofl7 ksi]JEn; :
Two tééts'of the above ériterion for alloy Eh in the-peaké:strength _
'cdﬁdition ﬁere made. The first was to palculate,thé'stféss inﬁensiﬁy
eXpecte@ forbslow?cpack growth from a plaStié eﬁergy dissipétibh model and
the éecond_fest of this criterioﬁ was ﬁo subject a'specimen to consténtv
load coniitiéns. | f
in order to calculate fhe stress intensity_factor,for slow—ciack grovth

consider thét the energy is dissipated by the elohgation of alseries of
parallel tensile specimens whqse gage length is the width of the'plastié
Zone.' It is assumed that the ffacturerprocess is controlledvby the plastic
eﬁergy dissipated in a region confined to one gfain on either si@e of the
fgécture surface. The plastic zbne width.in this case ié two graihs or
about 0,02 in. The stress inténsity factor is‘related'fo the'wOfk-per

nit area W/A, | |

X = @umY? @

where T = modulus of elasticity = 10.4 X 106'psi. The work per unit area -
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= € = 2 € .. 2

W/A or é 0 4 T, O g (2)
. | .

where 2rp = width of plastic zone = 0.02 in.

0‘ys

yield strength of the material = 46 X 10° psi

€, = elongation at fracture = 0,0k,
. |

i

Cambining (1) and (2) we haYe

o 1/2 - |
ko= (Bor o )", - (3)
and using the values for the parameters given above
K = 19.5 ksivin

From the cloFe.agreement between the calculated and observed stfess
intensitiés ip congistent to consider the first significant stress;wave
to be éssociated'with thé}initiation of the slow=-crack growth process;

To test the criterionvfor slow -crack growth and the relétive value
.of;the stress intensity factor associated with the process a_constéht
load test: was run. A constant load equivalent to a stress intensity_-
of 11.h4 ksi‘yin was first applied to a small fracture‘specimen for a
period. of 33 min.. There was no deétectable crack growth during this
lengthvof time. A constant léad equivalent to a stress intensity.of 15.7
ksj.JEn ﬁas then applied. The crack grew to fﬁilure in a period bf
9 min. |

The above described constant load test‘seems to justify fhe ctiterion
fof slow crack grcwth. An argumént‘could bevmade for stress corrosion
because of the fact that the fracture testsvwere run in air whicﬁiépntaiﬁsg 1
water. Tt is thoughf however that the siow-craék growth process is not
one of stress éorrosion but rather a mechanical process. This is~gecause
.of the similarity of stress inténsity values betwéen‘coﬁstant load, con=-
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. gtant cross-head speed conditions,'and the plastic energy dissipation cal-

culations.

2. Comparison of Fracture in
Al-Zn and Alqu Alloys

The klnetlcs of the prec1p1tatlon process in the Alqu alloys is con-
s1derably slower than in the Al-Zn alloys. The-peak strengths of these

alloys requlred aglng from 50 min (at 225 C) for alloy 30 to 1000 ‘min

(at 225°C) for alloy 27. In the solutlon‘treated condrtlon fallnre of

 these alloys was by transgranular,shear. Aging of‘AleAg'alloys to peak

strength'caused‘failure_to becane intergramilar, but to a degree that varied

‘with the silver eontenta At about 20%'silver (alloy 29), fracture in the

. fully aged eondition. wascompletely intergranular. The intergranular .
fracture of Al-Ag differs from that in the Al-Zn alloys in that flat.
' boundary failures characterlstlc of the fast crack growth process in

Al-Zn alloys were never found. The crack growth wa.s always by mlcrov01d

coalesence (Figs. 65,6& 67 and 68). This may be due to the Tact that the»

effectlve graln-boundary width (graln-boundary plus prec1p1tateifree zone)

- is greater in these alloys. Sedr1ks et al.55

found that in the case of
'stressAcorrosion cracking the time to failure'was‘inversely related to
the preoipltateifree zone width., While there_is no ‘direet eomparison'
that can be made,hit may well be that the wider effective grainAboundary'
region allows.bettervadjustment.of high local stresses. Overaging,'which
@uses W1den1ng of the- graln-boundary reglons and softening of the grains,
further enhances local straln accommodatlonlnntll transgranular fracture
prevails. The strength of thejgnﬁnS'apprOaching that of the grain-boun-
dary reéion. | - a

- In general the Al-Ag alloys are tougher than the Ag-Zn alloys be-

cause the plastic deformation is more homogeneous. This may be seen by

(.".‘. -
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comparing distribution of slip lines in neighboring grains, Figs; 76(a)
‘ an@ 78(a)° The plastic zone size of the Al-Zn alloy in peak aged and‘
cveraged condition (Fig. T4) may he compared to that found in alloy 29 in
the peaks aged condition (Fig. 77). (Scanning electron micrographs of the
first pla»sticzone-in.Figf 74(a)‘are shown in Fig. 74.)  The calculated
plasticvzonebsizevfor theoveragedAJyZnAand.the peak aged Al-Ag specimens is
the_same (0.35 in.) and nearly equal to the measured size for peak aged
Al-Ag alloy (0.57 1/2 in.)) The micrographs show that the deformation is
more uhiformly'distributed in the case of Al-Ag alldys and as a result these
jalloys.should.be expected to be much tougher. (Note: the grain-rctation
in Fig. T5(c) and the crack at the interface of the plastic zcne ln Figs.
75(a) and (e).) | |
| Impact tests of small fracture samples, s1mllar to those described in

Appendlx IT for Al-Zn alloys, indicate that Al-Ag alloys are tougher than
the‘AleZn alloys. The eneréy to,fractﬁre a sample of peak aged Al-Zn
alloy 24k is 2 ft. 1bs. as compared to 11 ft. Lbs. for peak aged allqy 29,
(The energy to fracture the same size sample of commerical 7075—T6vis

4 ft, 1bs.) The peak aged alloy 24 failed by the fa st ~crack growth pro-
cess and there was little energy absorbed in crack progagtion. In the

peak aged alloy 29, there was a large,amount of energy absorbed in.crack
propagatloh. The.high strain rate associated impact conditions has

caused the crack to propagate in‘a‘mixed intergranular and trahsgranular
mode for the reasons mentioned in Appendix II.. In this case the percentage
of transgranular character is much greater than for the Al-Zn alloys as
shown in Fig. 65. The transgranular crack=growth was by'shear rupture, as
. | :

i .

% : -
The plastic zone size is calculated assumlng plain stress condltlons and
using the relationship Lrp = 1/ (K/c ) = width of plastic zone. 30, 3f
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 shown in Figs. 65 (b) to (d). This behavior is in keeping,wifh

‘the»idea that there is not as much difference between the grain-

—  —— —— - boundary and txansgranular_fxacture_pathsfin_AlsAg_alloys;asminﬁthe__w____ .

~Al~Zn alloys.

;\
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IV. = CONCLUSIONS

1. There are two basic intergranular fracture processes, slow-crack

growth which takes place by microvoid coalescence and fast—éraék growth

"f which takes place through a low energy fracture process. OFf the two

series of alloys studied, onhly aluminum-zine alloys with 25% or more zinc

-aged to near peak strength have been fouhd to fail by the'fast-crack

growth process. 1In general, fast-érack growth only occurs under the
conditions where there are narrow'graih-boundary'regions,vrelatively
high strain rate and/or low temperature. The stress intensity for the

initiation of fast-crack growthvis several times that for slow-crack

. growth.

2. In cases where intergranular fast-crack growth occurs, it is

generally preceded by slow-crack growth. The transition from slow-crack

growth to fast-crack growth can be.seen:from the change in reflectivity

of the fracture surface. The surface of slow-crack growth region is

" qull while that for fast-crack growth is bright. With the onset of

fast-crack growfh, the plastic zone decreases in size,

3. SlOWAcfack growth takes place discohtinuouély5 the crack Jjumping . -

from one grain-boundary node to another. The slow-crack growth process

in specimens of Al-Zn alloys with 25% or more Zn, aged to near peak strength,

can lead to failure under a constant load sufficient to initiate the
process. ' This is probably because once the crack is running along the

grain~boundary there is no mechanism to blunt it. The calculated stress

“intensity factor based on the plastic energy dissipated within airegion

of one grain on either side of the fracture surface is consistent with

the measured value,
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b, The initiation of slow¢crack growth can be detected by the
- first stress-waves of the discontinuous crack gfowth'pattern. .Nbrmally'

_ 'ﬁhe first stress-waves do not signify a process léading.to failure. _ L)

5. The observed'plasticizone'size appears to be in good agreement _____
with ¢alculated vﬁlues in fhe Ease of algmiﬁum—silﬁer élloys but not
always in the case of aluminum—zind alloys;

_6.v The shear dimple spgcing appeafs.to be of the'ordgr of fhe

macroscopic slip line spacing.
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APPENDIX I

0

o

Table 15. Tensile Properties of Zinec and Silver
t, Condition " Test ¢, 1/min, Elong. % Y.S., ksi U.P.S., ksi &
in. ~ Temp, °C . . : v
Zine |
423 .125 Annealed LN, .0039 1.0 2.6 —_ —_—
Lok 125 ~ As Rolled IN, .00%9 _— 6.9 ‘ —_ —_—
422 125 ‘Annealed LN, .39 2.0 1.6 —_— —_—
140 .125 Annealed RT .0039 18 1 k3 L%0
439 .125 Annealed RT - .39 5 4.9 6.3 .2k
430 125 Annealed - 180°C .39 55 3.3 ko .09
Silver o : ‘
425 L0625 © Annealed I, .39 120 4,7 35.5 .89
Lo6 . 0625 Annealed LN, 3.9 124 52 36.6 .88
Lhy . 0625 | Annealed RT .39 70 3.k 22.2 .70
©oLhp . 0625 Annealed RT 3.9 T2 7.9 23.4 .57

-62T~
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APPENDIX II

The Effect of ngh Straln Rates and Low Temperature on -
the Fracture Process in Alloy 2k :

oA
D NS

Tt was mentloned in the dlscu851on that at a low crosshead speed
of O. 039 1n./m1n, the large peak aged fracture spec¢imens of- alloy 2h did
not show a slow-crack to fast-crack.growth trans1t10n-whereas‘a specimen
pulled at 0.39 1n./m1n did. The effect'of a'further increase'in strain
rate was 1nvest1gated by‘pulllng a small’ fracture speclmen unaer 1mpact
copdltlons. -Thls was accompllshedvby attaching the‘spe01men‘at:one end
to a Charpy hammer and at the‘cther end to a claw*which wocld catch |
the-éﬁarpyranvil as the hammer'CanE by'oh-therdownﬁard éwing. Thev |
‘eptire:fractarefeﬁrface resulting frcm'this teét (Fig. 55)jshowed bright
appearing'intergranularifracture‘with-traces:of-tranegranﬁlar;sﬁear |
_ruptgre [(b) and (c)], The fractographic abpearance of the bfight'
'intergranular fracture surfaces ﬁas thevsame as found for the.fa5t4crack
.growth proceSS; Possibly the small amounts‘of'transgranular shear rupture
vwere_causea'from dynaric'loadingveffects{ | B
A small fracture specimen was pulsed - at liquid nitrogen'temperature"
at a crosshead speed of 0.039 Iﬁ./min'<séme_as,used in the routine tests)
to see.if the lower temperature:might.also_decreaSe the amount of slow- &
| crack growth ﬁ-The fracture surface'from this test shoﬁed'ohly the fast-

crack growth mode of 1ntergranular fallure (Flg. 54)

-~
T

The effect of decreas1ng the test temperature or 1ncreas1ng the
straln rate may be “to increase the strength of the graln-boundary and/Or
‘precipitate-free zone. The transition . from. slow crack to fast—crack

’grow1h lb one IGQUITlné only a small increase 1h stress 1ntcnbltv which

could be allowed by a relative increase in strength of the graln-boundary.
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The fact that some transgranular fracture was observed at high strain

rates would also point to this type of a mechanism. However, a good

" deal more work is needed in order to determine what mechanism(s) are

controlling.
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_APPENDD( IIT | o N
Fa’tigue_of Alloy 2k Aged to Peak Strength.

A'métallographic fatigue study was ‘carried out on alloy 2} in the
peak aged condition ln order'to obtain a more COmplete'picfure”of the
crack growfh-process. A smalllfrac£Ure sample was electropolished_and
'then tensionatension fatigued at 30 Hz and K,=_12,5 ksj:Jdn;,-first for
100 cycles [Fig. 69 (b)] then for 2500 cycles (Fig. 70). After fatiguing
.at 30 Hz, the specimen was pullsed in'tuolstages'to.near.failure (Figs,
). ;o -

Before fatlgulng, the crack tlp was at a graln-boundary [Flg. 69 (a)]
*The crack grew on fatiguing flrst.along_the graln boundary, propagated
transgranularly. At the next grain-boundary.the crack changedbnode;and
followed a:grain boundary path for a number of gralns thenvchanged back'
to the %ransgranularhmode (about half way across, Fig. 70, in which‘
dthe,notch is on the left). ,Thevfatigue crack ended on'the'right side
“of Fig. 70. At this point the crack'had branched, fbllowing some_trans-
granular, and some 1ntergranular paths. When a non-c&nlic load was
applled at this point, only the 1ntergranular crack opened [Flg. Yl(a)]
"As the_load was increased up to a predetermlned,value and then relaxed,
the crach greW'intergranularly,’then'stopped after’producingla snall
‘plastic zone (Flg. 7l(h) and 7é). >On'reanplication‘of;the loadd%he'
vlcraCk continued to'grow*in%ergranularly producing another smallfplasfic'
zone. The crack stopped on the relaxatlon of the load .as shown in
Fig. 73. This sample is also shown in Fig, T4 (a) Where the plastlc aones
u‘shOW'clearly. The conclus1on to be drawn from thls study is that crack

growth under both hlgh K level ten31on-tens1on fatlgue and constant

fr



fi

-133-

crosshead speed conditions have several features in common. Mainly,

both conditions favor intergranular crack growth, and the appearance
of the crack at the surface is influenced by'these several factors.

The change ih fracture from ihtergranular to transgranular mode may be

';due to a low resolved shear stress on the active grain boundary preventing

» further crack propagation along that boundary. It is also possible that

the neighboring interior grains effect the fracture path at the surface.
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APPENDIX IV
. A Compa@ison OwacannimgaElectrbnfMicroscopyn&o;Convenﬁipnal¢Techniques

A.  Introduction ‘ S Y

The scanning elect}on microScObe (SEM)'hee existed in concept for

- sometime but only receﬁtly has the inStrument'been developed to such an
extent.that it has become e valuable.research tool. In&estigatbrsvare
:still e#éloring the uses of the sCanning eleetron microsCope in man&
.fields of research. A The follow1ng cemparlson of the SEM to conventlonal
_techniques ig aimed at 1llustrat1ng some of the beneflts of. thls technlque

over others.

" B. Metallography:

._Two:eomparieons are presented in the teXt; optical micrographé'of'
naluminum, 25;7% zinc in the oVeraged eorrelatioﬁ_(lo;odo min at 125°C)
are glven in Figs. 30 (e ) and 51 ( ) Scanning electron mierographs for

a 31m11ar area of the same spec1men are given in Flgs. 51 (b) (g) |

correspondlng comparison can be»made for a spec1men of alumlnum, 20%

$ilver in the same overaged_conditien [Figs; 38 (a) to (c)'vereus Figs.

38 (4) and (e)d. The general quality of the micrographs from both tech-'

‘niques is comparable.‘ waever, the addltlonal depth of rfield of the SEM -

and 45° mountlng of- the specimen glves the 1nvest1gator 1nformat10n on

- the relatlve'helght of-thevsurface features (i.e.” in the graln-bouﬁdary

~ and precipitate in thié ease); This 1nformat10n in many 1nstances, is ’

Bdifficulf ﬁo obﬁein opticaliy. ‘In addition, the magnlflcatlon 1s sllghtly _; v 'Qv

" higher than the optical microscope.
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'

E C. TFractography

. The Fxtreme depth of focus of'the_3EM can be used to full advantage
L ' |

for intergranular fractography. Replicd fractography techniques are

difficult to use because of the surface roughness. SEM can be compared

B

Qlto scanning optical microscopy, both techniques having a 1argebdepth‘of

| , . -
. field. . A direct comparison is given in Figs. 46 (a) and (b). (Scanning

Optical Micrograph).and Figs. 46 (c) (SEM). The scanning optical tech-

niQue doe${n0t have the clarity and contrast of the SEM. Detail that is

present‘optically would be difficult to interpret without the SEM for »

‘reference, . The most notable qualitiés of SEM here are the extended range

of magnification and the fidelity of perspective. Standard'metallographic

' teéhniques do not have the depth of field and the perspectivé to
correctly interpret the fractography of single grain facets. Examples

;Lbf the .added information gained by the SEM over metallographic techniQués

|

‘are given in Figs. 50 and 51.
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