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FRACTURE TOUGHNESS OF PRECIPITATION 
HARDENING ALUMINUM ALLOYS 

David Eugene Porter,.. 

. Inorganic Material Research Divis ion-? Lawrence Radiation Laboratory' 
Department of Materials Science and Engineering, College of Engineering 

University of California, Berkeley, California 
I 

ABSTRACT 

The mechanical properties of five high:purity aluminum.;.zinc alloys 

(7 to 5o% Zn) and four high purity aluminum-silver alloys (5 to 3Q% Ag) 

were investigated. Emphasis was placed on intergranular fracture. The 

properties were correlated with the microstructure and fractographic obser-

vations. 

. . l 
There were two basic intergranular fracture processes, a slow and a 

fast-crack growth process. Slaw-crack growth occurred by microvoid. coale-

scence, leaving a dull fracture surface. Fast-crack growth leaves a 

bright featureless surface. Of the alloys studied, only the aluminum-

zinc alloys with 2ry/o zinc or more in the maximum strength condition 

were found to fracture by a fast-crack growth process. ·Fast-crack growth 

was generally preceded by slow- crack growth. The latter proce§:s took 

place at lower stress intensity levels and if allowed to continue under a 

constant load it vmuld lead to failure. Crack growth would continue under 

a constant load that was sufficient for initiation of the process as there 

was no mechanism to blunt the crack. The calculated value of the stress 

intensity factor for slow-crack growth, based on the energy dissipated in 

t~ plastic zone, was consistent with the measured value. Stress .:wave 

emission records, for the slaw- crack growth process indicated that the 

pr'oc~!ss \vas lUSL~ontinuous with the L~rack jumping along the grain-boundary 

from one grai.n-bound~l.r.;y node to another. 
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I. I:NTR0DUCTION 
/-· 

Precipitation hardening aluminum alloys, such as Al-Zn, Al-Cu, and 

A A h t t f ·1 · t 1 1 d t · a· t: l-5 1- g . ave a endency o a1 1n ergranu ar y un er cer a1n con 1 1ons. 

Iritergranular failure of these ailoys generally occurs when they are aged to 

peak strength, thus limiting their utility. This mode of fracture· is en~ 

hanced in corrosive environments; stress-corrosion cracking of aluminum 

alloys generally involves intergranular separation. Although there is a 

qualitative understanding of mtergranular. fracture the problem is not too 

well known quantitatively and this limits the development.of better high 

* strength aluminum alloys. While binary aluminum alloys are not of commer-

cial value they offer a basis for understanding of the fundamentals of the 

intergranular fracture process. 

Many of the earlier investigations have been concerned with fracture 

at high temperatures where creep is important. 7-9 These investigations 

have fairly well characterized the macroscopic aspects of how intergranular 

cracks are forrred and grow through grain-boundary sliding (see. in parti­

cular th'e work of Chang and Grant 7). other investigations have been con-

cerned with explaining room temperature intergranular fracture in terms 

Of m;cro~tructure. 2-5,lO,ll Th . t• t· ha h t . d th ... ..._ "' ese 1nves 1ga 1ons ve c arac er1ze e 

microstructure by transmission electron microscopy and the slip behavior by 

surface replica studies. Intergranular fracture at ambient temperatures is 

generally attributed to either the existence of an embrittling layer of 

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

,of the grain -boundary. 

In the solution treated condition and during the early stages of aging, 

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

* . 
An understanding of important microstructural aspects of intergranular 
fractur~ has led to improved stresS-corrosion properties of some aluminum 
alloys.. '· . . 
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·starts first and advances more rapidly at the bi::mndaries. In this con-

dition, the grains deform in a more or less homogeneous manner and the 

fracture is generally transgranular. At peak strength, the grains have 

aged to maximum hardness but the grain-boundary regions are overaged. They 

contain coalesced precipitates and precipitate-free zones. In this state, 

plastic deformation is mainly accommodated by 'flow· in the narrow soft 

region of the grain -boundary and the rm.terial fails along the weaker 

boundary .layer. Further aging causes the grains to overage and soften to 

the extent that deforrm.tion becomes more homogeneous and transgranular 

failure again occurs. This simplified description serves to illustrate 

' 10 
the nature of intergranular fracture in age hardening alloys. 

The microstructural aspects of int ergranular fracture appear to be 

fairly well understood, although there has never been any extensive quan­

tii;ative description of the proc!=!SS (excepting the case of stress-corro-

s:i.on cracking). The concepts of fracture rrechanics have been applied to 

a range of commerical high strength aluminum alloys, fracture toughness 

of these alloys is well documented
12

- 14 and correlated with the micro­

scopic appearance of the fractilre surfaces. 15 This has hot been done for 

alloys exhibiting intergranular fracture. 

The present investigation des cril~s the fracture toughness of a 

number of aluminum-zinc and alumintirn-silver alloys. These two binary 

systems were chosen for this investigation because they show well defined 

intergranu1ar fracture over a wide range of heat treatments and strength 

levels. A second portion of this investigation c?rrelates the frac;ture 

properties of these alloys with the metallography and fractography. The 

dynamics of crack growth were also investigated in order to determine 

. \vhetht:!l' the growth of an intergranular crack is continuous or discontinuous • 

. · ....... 
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(One might expect that ah intergranular crack would grow by a discontin-

uous process due to the change in crack direction at each grain inter-

section.) 

The fracture toughness of aluminum alloys has been measured in several 

ways. The fracture mechanics approach, where the appropriate stress inten-

. . 12-14 
sity factor is determined us1ng a standard fracture spec1men, was used 

for this investigation. 
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·II. EXPERIMENI'AL PROCEDURE AND RESULTS 

A. Materials 

High purity alloys of aluminUm zinc and aluminum silver were made from 

components of at least 99.9% purity. These alloys were melted in a 

i ' ' 
·. baked out graphite crucible under a c'ontrolled atmosphere, then poured 

i . 
! 

into a chilled copper mold. The aluminum-zinc alloys we_re melted under· 

a slightly negative gage pressure of argon, while the aluminum silver 

alloys were melted under vacuum. The alloy ingots were homogenized' for 

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

at 400°C to near final thickness. After hot rolling, the resulting strips 

were finish by col,d rolling to the fiilal thickness. Specimens were then cut 

with· their tensile axis parallel to the rolling direction of the strips. The 

remaining material wa:s used to chemical anal-ysis! The analyses of the alloys 

are listed in Table l. The numbers in the table will hereafter be used 

to ·identii'y the alloys. 

B. Heat Treatments 

The heat treating of all specimens was carried out ii1 salt baths · -

maintained at the required temperature. Aluminum ... zinc alloys were solli-

tion·treated for, 60 min. at 425°C, quenched into ice water, and aged for 

the various times at 125°C. Aluminum-silver alloys were solution treated 

for 60 min at '525°C, quenched into ice water, and aged for various times 

at 225°C. 

c·. }'Iechanical Testing 

L Tensile Tests 

Room temperature tensile tests were carried out to document the: ten-

~il€ properties of each alloy 8:s a function of aging time, (called_ routine 

tensile tests ln future discussions). These tests· wer~ made ~n the l/2 in. 



r< 

• .. ,r, .., 

Table l. Average Compostion and Chemical Analysis of Alloys Tested 

Aluminum - Zinc Series 

Melt. No. %Zn 
Atomjc 

%cu % Si %ca %cr %Mn %Fe %c %~ %o2 'f,Al 
~ Zn 

22 6.83 2.9 0.002 < .01 0.002 0.001 0.003 0.2 0.0030 0.0035 o.o6o Balance 

23 12.86 5.8 

24 25.74 12.5 

25 36.84 19.4 I 
\Jl 

26 49.22 28.6 0.001 < .01 0.05 o.oo6o 0.0008 0.0065 I 

Aluminum - Silver Series 

Melt. No 'f,Ag 
Atomic %cu 'f,Si 'f,Ca %Cr %Nn %Fe %c %H2 %o2 '{oAl 
~As 

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 o.o2 o.oo8o 0.001 0.032 
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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./tnin. Additional 

variables investigated were test 'temperature and strain rate. 

2. Fracture Tests ,. ~ 

:• ... 

Fracture test"s ·c;;rresponding to t_he routine tensi:Le tests, were carried 
~ 

out using a single edge.,..notch or SEN fract~e specimen. This SEN fracture 

specimen, shoWn in Fig. l(b),. was nomfnally i/16 in. thick. Tests were 

made using a crosshead rate of 0.039 in/min. The stress intensity factor, 

16 
used for this specimen was that given by Ka~z et al. 

In addition to the routine tests, full instrument,ed fracture tests 

were carried out where more· specific information was needed. These tests 

were made on nominally 1/8 in. thick material using the larger SEN speci-
- ·. : 

men shown· in Fig. l(a). The stress iritensi ty factor used in this case was 

given in by Srawley and Gross. 17 

All samples used in fracture testing were fatigue pre-cracked for a 

distance approximately equal to the specimen thickness. The fatigue, 

pre-cracking was done by a tens ion-tension fatigue ms.chine that was de-

signed by the author. (This machine is to be described in a separate 

paper.). .j 

The instrumentation for the large SEN specimens included a crack .open-

ing displacement (COD) gage to measure dynamic crack position and an accelero-

meter to measure' stress-wave emission (SWE). The COD gage used was a 

18 ' ' 
double cantilever beam type gage excited by a 2. 7 V D.C. power supply. 

The output of this gage was fed into a strip chart recorder to obtain the 

gage movement with respect to time. Calibration of the gage was carried 

out by first plotting the gage displacement versus output to- obte in 

the sensitivity. The gage was then placed on a specimen and the 'output 

,.,.· 
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XBB 691-463 

Specimens used for mechanica l t ests. 

(a) 

(b) 
(c) 

large fracture specimen used for instrumented 
tests. 
small fracture specimen used for routine t esting. 
tensile specimen. 
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recorded as a function of load. Small -loaQ.s were used to aviod plast-ic 

deformation at the tip of the crack.- Gage _output versus load curves for 

several different crack lengths were mde. The ratio VBE/P versus a/w 

was plotted to complete the calibration, where 
. ' 

v voltage 

B ·= thickness in.· 

E = elastic modulus -·psi 

P = load - lbs 

a = cra,ck length - in. 

w = specimen width - in.· 

Stress-wave emission studies were carried out using a,n'Endevco 

calibrated accelerometer an~ charge amplifier~ The amplifier output 

ms filtered to eliminate mechanical and elect:rical noise, and then re-

corded on an oscillograph. Additional information on the SWE technique 

may be fou~d in Refs. 19-21. 

Results of Mechanical Tests 

The results of an instrumented fracture tests of commerical 7079._T6 

ali..nninum are given first to fllustrate how a conmerical material behaves. 

These results are shown in Figs. 2 and 3, and Table 2~ ·In Fig. 3, and 

all similar figures, the vettical lines are timing lines that are 1 second 

apart. The numbers along side the timing lines at the top of the oscillo­

gram refer to the approximate total number of seconds from the start of. 

the tests. Once the time of an event is established, then the properties 

corresponding to the event can be found be referring to the appropriate 

figure or table. The first pop -in (No. l) of Fig. 2 is. a goc:>d example 

to illustrate the properties corresponding to an event. The pop.;.in 

occurred at 46.5 seconds. This corresp.onded to a stress wave in Fig. 3 

which has saturated the .recording system. The saturation condition 
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TIME- sec. 

COD POP-IN 
No. 

CD 
® 
@ 
@) 

® 
@ 

® 

TIME- sec. 

XBL 691-121 

Fig. 2 The crack opening displacement gage output and 
load versus time records for .071 in. thick 
7079-T6 aluminUm large SEN fracture specimen. 
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Fig. 3 Oscillogram of stres_s-waves corresponding to Fig. 2. 
The time lines are i sec. apart and the. approximate 
total test time ( se.cs.) is given along the top line. 
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TABLE 2. Stress-Wave and Crack Opening Displacement Analysis for Test No. 7079-T6-3. 

a = o.6o in. B = 0.071 in. 
0 

Lo/Lf time, sec COD No. No. of SW Amplitude of 
a

0
/af' in. De., -in. K/Kf' ksi .J in SW, g. accel. lbs. 

0-46.5 

46:5 l 3 off-scale to 47.50 780/667 .608/.738 .130 40.6/38.3 

47.5 2 .oo4 

48.3 l .012 

48.7 2 l .157 694/600 .755/.88 .125 40.5/38.6 

49.1 l .024 

50.2 3 l .193 612/524 .900/1.024 .124 40.1/38.0 

50.3 l .012 

50._6 2 .004 

52.2 4 l .157 544/468 1.028/1.125 .097- 39.6/37 .l I 
f-' 

52.8 l .030 
f-' 
I 

53.6 l .oo6 

54.3 l .oo6 

55.2 l .036 

56.3 l .024 

57.7 5 l .145 510/397 1.144/1.340 .196 41.3/39.7 

59.8 2 .012 

62.6 l .012 

66.3 l .036 

69.5 l .012 

69.7 6 l .157 419/330 1.530/1.670 .140 54.6/54.2 



TABLE 2 continued: 

~--

time, sec ·con No. No. of SW 
Amplitude of. L lL 

a
0
/af, in. be., in. K

0
/Kf' ksi -./in · · sw, g.acce1. 0 f 

lbs. 

70-71 23 < .012 

71-72 20 < ;036. 

72-73 23 < .048 

73-74 24 < .048 

·. 74-75 25 < .012 

75-76 15 < .036 

76--77 4 .< ;oo6 

77~78 8 < .oo6 
-

78.5 2 .006 

78.7 7 1 .132 344/242 l. 790/1. 690 .. 160 . 70_.3 . J._-

2 .012 1\). 
I. 

<:. ... '< "' 
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was evident because of the absence of the normal exponential decay·of the 

wave and the fineness of the line following the wave. Table 2 shows that 

the stress intensity (K) ·for the initiation of the cra·ck growth was 40.6 

ksi -fin. The crack had jumped 0.130 in. during the pop-in. 

The mechanical properties of aluminum-zinc alloys are given in Figs. 

* 4 to 7 and Tables 3 to 10. Similarly the results for aluminum-silver 

alloys are given in Figs. 18 to 27 and Tables 11 to 14. * 

Attention is drawn to the fact that the results of the routine fracture 

tests are 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 before the maximum load was reached. 

Also, in certain cases the point of maximum load coincided with a change in 

fracture surface appearance. The stress intensity factor in these cases 

was recalculated for the routine tests so as to be based on the point of 

transition and the maximum load. 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. 

The column marked "n" refers to the work hardening exponent, when the work 
hardening of a material is assumed to obey a power law a = k En where 

a stress 

k strength coefficient 

E true strain. 

In the column mark'ed "%TF" are estimates of the percentage of the frac­
ture area which is transgranular, determined with a stereo ... microscope. 
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Fig. 4 The mechanical properties of ·alloy 22 (Al-6. ~~% 
Zn) as a function of aging time at l25°C. 
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Table ). Mechanical Properties of Alloy 22 _(Al- 6.8% Zn), 
Solution Treated for 60 min. at 425°C, Quenched. in Ice Water, and Aged at 125°C. 

t4B . o62s 

149 .0625 

Average 

498 .125 

499 .125 

Average 

414 • 0625 

415 .0625 

Aver86e 

146 . 0625 

147 . 0625 

Ave rag~ 

150 .0625 

151 • 0625 

Averae;e 

152 . J62S 

153 .0625 

Average 

154 .0625 

155 . 062~, 

Average 

166 

167 

Aver~e 

500 

')Ol 

Average 

.06..'5 

.062) 

.125 

.125 

378 .0625 

379 .0625 

Average 

.1 

.1 

10 

10 

100 

100 

1000 

1uuo 

1000 

1000 

10,000 

10,000 

t CHS = Crosshead S~-eed 

:t TF, = 'l'ransgranular Fracture 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT .,. 

RT 

RT 

.39 

.39 

.39 

.39 

.39 

.0039 

-39 

.39 

-39 

.39 

.39 

.39 

.39 

-39 

.39 

-39 

-39 

-39 

. 39 

.39 

31 

_g§_ 

29.5 

37 

.!!£ 
38.5 

39 

35 

31 

ll 
34 

39 

2 
45.5 

39 

2! 
45 

48 

ll/_ 

44.5 

60 

.21 
58.5 

12.9 

£,.2. 
12.9 

lli.l 

~ 
14.0 

15.0 

14.0 

4.6 

u 
4.45 

3.8 

~ 
3.9 

3. 7 

.hl 
3.6 

4.3 

H 
3.85 

3.1 

1,2_ 

3.5 

3.5 

.hl 
3. 5 

20.1 

12.,_§_ 

19.95 

22.6 

22.3 

22.45 

34.6 

33.2 

11.2 

.!!hQ 
17.6 

11.9 

~ 
11.4 

10.5 

ll.:.1. 
10.8 

10.6 

lli.§ 
11.1 

11.0 

1Q,l 

10.85 

11.1 

!b.l 
11.2 

10.5 

.!1.:1.. 
10.8 

Test No. 

---------------- - -·------------·-··-

.23 323 

~ 324 

.235 

.38 

•. '3"i 

. 29 321 

~ 322 

29 

.36 325 

_,_1§. 326 

.36 

.lio 327 

.01 328 

.405 

.41 329 

~ 330 

.415 

.36 

~ 
.40 

.40 

_,_12. 

.375 

..:]g, 

. 32 

331 

332 

396 

397 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

19.9 

l1..:..L 
18.7 

15.3 

~ 
11.75 

12.5 

&§. 
12.65 

11.3 

ll.& 
11.15 

11.8 

.!l.:.,g_ 

11.5 

10.4 

.ll..:2:. 
10.9 

10.5 

lLl 
10.8 

90 

1.88 98 

99 

2.87 99 

3.20 100 

2.80 100 

3.09 100 
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ALLOY 23 

0.1 LO 10 100 1000 
AGING TIME (MIN.l AT 125°C 

.XIH. h93-34h 

Fig. 5 The mechanical properties of alloy 23 (Al-12.9% Zn) 
as a .function of aging time at l25°C 
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Table 4 Mechanical Properties of Alloy 23 (Al- 12,9% Zn). 
Solution Treated for 60 min· at 425°C, Quenched in Ice Water, and Aged at 125°C, 

Tensile Properties 

t, 
in. ~~~:~min. ~::, oC i, l/m1n. F.long, J, YS ,ksi urs, ksi 

156 .0625 

157 . 0625 

Average 

502 

503 

Average 

.125 

.125 

158 .0625 

159 . 0625 
Average 

160 .0625 

161 . 0625 

Average 

162 

163 

Average 

164 

165 

Average 

418 

419 

168 

169 

Average 

.0625 

.0625 

:0625 

.0625 

.0625 

.0625 

.0625 

.0625 

504 .125 

505 .. 125 
Average 

380 . 0625 

381 .0625 

Average 

·0 

.1 

.1 

1. 

1. 

10 

10 

100 

100 

100 

100 

1,000 

1,000 

1,000 

1,000 

10,000 

10,000 

t CHS CrOEishead Speed 

* TF o:: Transgranular Fracture 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

-39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

-39 

. 39 

.39 

.039 

.39 

.39 

.39 

.39 

. 39 

\.39 

12 

!L 
13.5 

13 

ll 
15 

19 

1§. 
17 ·5 

39 

.!!2. 
39.5 

47 

.'!1. 
47 

48 

B. 
55 

60 

62 

43 

ll 
42.5 

49 

.'!1. 
48 

37 

.!!2. 
38.5 

24.4 

24,8 

24.6 

26.9 

~ 
26.9 

21.5 

21.6 

21.55 

11.5 

~ 
12.05 

8.3 
§.J. 
8.3 

6.5 

.§.,1__ 
6.45 

9,2 

9.8 

8.o 
.§.,_§_ 
8.3 

11.0 

.£,2 
11.45 

36.0 

36.3 

36.15 

24.3 

24.6 

24.45 

23.3 

.?.!!.:1.... 
23.75 

27.4 

26.3 

22.9 

23.2 

23.05 

24.2 

~ 
24.25 

20.1 

~ 
20.65 

N Test No. 

.15 297 

.16 298 

.155 

.15 

-'-'2. 
.15 

496 

497 

.20 333 

_,_gg_ 334 

.20 

.35 335 

~ 336 

.345 

.46 

_,_!2. 
.455 

.50 

_,_.2§. 
53 

55 

49 

337 

338 

339 

~40 

.42 341 

~ 342 

.405 

.38 

~ 
.37 

.27 398 

ill 399 

.26 

Fracture Properties 

CHS!cm/min. 

.1 

.1 

1.0 

1.0 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

30.8 

30.2 

30.5 1. 24 

no meaningfUl data 

29.6 

~ 
29.7 

26.0 

26.8 

26.4 

. 20.11 

~ 
19.65 

19.1 

1§...!_ 
18.95 

18.1 

.lb.!! 
18.25 

20.0 

~ 
20.0 

1.38 

2.20 

2.37 

2.92 

2.20 

10 

10 

35 

60 

70 

80 

90 
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Fig. 6 The mechanical properties of alloy 24 (Al~25.7% Zn) 
as a function of aging time at 125°0. 



-19-

TABLE 5· Mechanical Properties of Alloy 24 (Al - 25. 7/:> Zn) 
Solution treated for 60 min. at 425°C, Quenched in Ice Water, and Aged at 12!fC. 

----------..Te;;;.,;;c,,c;l-;;-e<Pr=op;:;e"rt><i-;;-ee;;------------------'-,Fractur""e'P"'r;;;op;:;e-=rt><!-::-es;;----------

T<.'!st N.J. 

170 

171 
Avera 

506 

507 
Average 

t, 
111, 

• o625 

.o625 

.125 

.125 

Aging 
time, min • ~=:~,DC 1:, 1/min. Elong, ~ YS,ksi urs, ksi 

RT 

RT 

RT 

RT 

.39 

·39 

.39 

·39 

3.0 

1.0 
2.0 

4.0 

4.0 

4.o 

46.8 
44.2 
li5.5 

.07 

.03 
.05 

.07 

.,EL 
.07 

Test No. 

285 
286 

t • 
.125 !:: ----------------------------------- 4~ 

24ST-2 

431 
416 

417 

427 

""9 
428 

172 
173 
Averase 

174 

175 

AYe!"!.ge 

176 
177 
Average 

178 

179 

130 

181 
Average 

509 
Avera 

• o625 

.o6'5 

.o625 

.o625 

.o625 

.o625 

.o625 

.o625 

.o625 

.o625 

• o625 . .1 

.o625 .1 

.o625 

.o625 

.o625 10 

.o625 10 

.o625 100 

,,_ ... _;25 10(1 

.002~ lOC\." 

.o625 l0l1l) 

.125 1000 

.125 1000 

.o625 1o,ooo 

.o625 10,000 

24ST-l 

24ST-3 

432 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

.OO)S 

3.9 
.0039 

.39 

.39 

.0039 

.39 

.39 

·39 

.39 

·39 

.39 

.)9 

.39 

.39 

4.5 
2.4 

2.4 

.6 

3.9 
.3 
.4 

4.7 
1.6 

3.9 

3.0 
2.0 

4.0 

g,&_ 

3.0 

3.0 

2.:2. 
3.0 

4.0 

2.:2._ 

24.0 
g&Q. 

23.0 

Solution treated for 40 min. at 425°C, 

" 42o min. at 42!fc. 

" 44oo min. 6.t 425°C. 
The values in brackets are for cleavage type fracture 

CHS .. Crosshead Spe-ed 

TF ., Transgrc.nular Prac:ture 

42.4 

.!±2:£_ 
41.2 

46.1 

!!§.,!__ 
47.1 

.07 

.05 

.14 

.u 

.07 

.04 

.07 

.o6 

.03 

.07 

534 

.u 287 

.14 288 

.125 

47.0 .13 291 
!!J.,Q ,gQ 2~ 

47.0 .165 

48.1 .10 293 

!>Jd_ .d!!... 294 
4 .6 .12 

41.6 

!!£&_ 
41.1 

28.1 

gM_ 
28.35 

.u 
,E. 
.115 

.u 
,E. 
.ll 

295 
296 

535 
542 

4oo 

..a 4o1 
.15 

CHS!cm/min. 

.1 

.1 

.1 

1_.0 

.1,0 

1.0 

.1 

.1 

.1 

.1 

.1 

.]_ 

.1 

.1 

1.0 
1.0 

.1 

.1 

K, ksi.fin. K/ts, -f1n. ~ 'l'Ft 

19.0 

12.2(61.2). 

17.4 (high) 

14.3(57.8) • 

33.2(69) .. 

~ 
34.55(77,.. .842 

28.7 

~ 
0.1 

.9~ 

1.00 

18l-

1.07 

no meaningful date. 

42.3 

10 
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Fig. 7 Load versus ti.me curve for a large SEN fracture specimen 
of alloy 24, :solution treated and aged at room tempera-
ture for 30 min.· Tested at 0.039 in./min. 
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Fig. 8 Cra:ck opening displacement gage output and load 
versus time records for a large SEN fracture 
specimen of alloy 24, solution treated and aged 
at room temperature for 30 min. Tested at 
0.39 in./min. 
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TABLE 6. Stress-Wave and Crack Opening Displacement Analysis for Test No. 534. 

a = . 740 in. 
0 

time, sec COD No. 

0-1.8 

1.8 

1.8-2 

2-3 

3-4 

4-5 

5 

5-6 

6-7 

7-8 
Ft. of 

8.05 max. loadl 

3 

l 

l 

4 

16 

42 

59 

50 

48 

l 

No. of SW Amplitude of La/Lf' lbs. a
0
/af, in. 

SW, g. accel. 
~ 

< .01 

.008 396 .863 

< .01 

< .01 

< .03 

< .03 

968 .975 

< .03 

< .03 

< .03 

off scale 1220 1.180 

Note: The average jump between minor stress-waves is on the order of 0.001 in. 

.: 

41, in. KiKf 

ksL IirJ. 

14.3 

38.3 

I 
1\) 

\.>1 
I 

57.8 
.. 
' 
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Fig. 10 The mechanical properties of alloy 25. 
(Al-36.8% Zn) as a function of aging 
time at l25°C. . 
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Table 7• Mechanical Properties of Alloy 25 (Al - 36 •. 8% Zn). 
Solution Treated for 60 min at 425°C 1 Quenched in Ice Water 1 and Aged at 125°C, 

t, 
ln. 

182 .0625 

183 .0625 

Average 

510 

511 
. Average 

.125 

.125 

184 . 0625 

185 . 0625 

Average 

1~6 

107 

Averat;e 

158 

189 

Average 

433* 

.0625 

.0625 

.Oo25 

.0625 

190 .06:2) 

191 .0625 

Average 

192 .0625 

193 .0625 

Average 

)12 .125 

513 .125 

Average 

384 .0625 

385 . 0625 

Average 

Aging 
time, min. 

.1 

.1 

10 

10 

10 

100 

100 

1,000 

1.000 

1,000 

1,000 

1ri,ooo 
10,000 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

'!'ensile l-'roplll'ties 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

.39 

. 39 

.39 

.39 

Elong, ~ 

2.0 

l!.Q 
2.5 

3.0 . 

l!..Q. 
3.0 

3.0 

.!!.,.!! 
3.5 

3.0 

l!..Q. 

3.0 

3.0 

~ 
3.0 

6.0 

.§.& 

6.0 

18.0 

~ 
16.0 

22.0 

E.2..J?. 
23.5 

YS1 ks1 

53-1 

.22 
54.1. 

45.6 

.'!h.<. 
46.05 

43.0 

41.8 

.'!&1. 
42.25 

27-7 

28.1 

27.9 

36.8 

~ 

35·9 

22.6 

22.6 

22.6 

tn'S1 ksi 

54.5 

~ 
56.65 

55.5 

.&..?. 
56.0 

54.9 

.22.:! 
57 .o 

52.8 

.2!0. 
53.65 

58.3 

~ 
56.8 

56.0 

48.9 

.'!2.:£ 
48.95 

37.7 

1§...2 
37.1 

40.0 

~ 
39.7 

28.2 

~ 
28.2 

Solution treated, quenched in ice vater, deformed 5% by cold rolling and aged a.t l25°C. 

The values in brackets are for cleav~e type fracture . 

. CHS Crosshead Speed. 

TF c Transgranular Fracture. 

Test No. 

. o6 273 

.,..Q§. 274 

.o6 

.05 493 

& 
.05 

.1 275 

d 276 

.1 

.1 217 

d 278 
.1 

.10 279 

.:.91. 280 

.085 

.08 

.06 281 

.:.Q§. 282 

.06 

.07 283 

....1. 284 

.085 

.06 536 

.:.91. 
.065 

.1 4o6 

.d 407 
.1 

Fracture Propn rL1 P.S 

=== 
CHS,t em/min. 

.1 

.1 

1.0 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

1.0 

.1 

.1 

42.5(87) •• 0.902 

45.4(94)
00 

46.2(98)
00 

4·5.8(96) •• 1.05 

41.0 

~ 
41.2 

33.9 

12.2 
36.55 

36.4 

38.6 

37.5 

33.0 

~ 
34.4 

.886 

1. 23 

No meaningful data 

28.3 

n.,! 
28.05 1.17 

75 

95 
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Fig. 11 Crack opening displacement gage output and 
load versus time records for a large. SEN 
fracture specimen of alloy 24, solution 
treated and aged at room temperature· for 30 
min. Tested at 0.39 in./min. · · 
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Table a 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. 

194 • 0625 

195 . 0625 

Average 

514 .125 

515 .125 

Average 

19C .0625 

191 . 0625 

Average 

Average 

200 

201 

Average 

.0625 

.0625 

.0625 

.0625 

202 . 0625 

203 . 0625 

AverUt;e 

2011 .0625 

205 . 0625 

Average 

516 

517 

Avert~ge 

.125 

.125 

38l' .0625 

JSi' . 0625 

Averst1;e 

.1 

.1 

10 

10 

100 

100 

1,000 

1,000 

1,000 

1,000. 

10,000 

JO,OOO 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

-39 

.39 

.39 

-39 

.39 

-39 

-39 

.39 

-39 

.39 

.39 

.39 

-39 

•39 

. 39 

.39 

.-39 

-39 

«. T}le value in brackets- is for cleavage type fracture. 

CHS = Crosshead Speed. 

'l'F = TranSgranula.r Fract ~e, 

2.0 

l!.Q 
2.5 

•• 0 

ll 
3-5 

3.0 

l.:..Q. 
3.0 

t 2.0 

b.£ 
2.0 

•• 0 

.!!..& 
•.o 

7.0. 

~ 
7.5 

9.0 

lb.Q 

. 10.0 

18.0 

~ 
20,0 

51.7 

.2d 
51.95 

50.5 

62 .• 

56 .• 5 

53.1 

.2d 
52.65 

52.6 

.2d 
52 •• 

'5-7 

~3 

"·0 

35.8 

lhl. 
36.15 

.0.5 

.!!Q,2 
.0.5 

26.6 

26.6 

66.2 

fL.§. 

67.0 

60.9 

§U 
61.1 

60.5 

6o.o" 

60.25 

61.3 

§U 
61.3 . 

5 •. 8 

.&.2 
55 .• 

'>.6 
.2.8 

.2. 7 

33 .• 

E.J!. 
33.15 

.1 262 

,J.. 263 

.1 

.1. ,9, 
. .:!E. ,95 

.105 

.06 26' 

.:!E. 265 

.065 

.07 266 

.:!E. 267 

.07 

.05 

.05 

.07 270 

~ 271 

.075 

.05 272 

~ 3,3 

.05 

.06 537 

.:!E. 5,3 

.065 

.1 •o8 
.,2 ,13 

.2 

.1 

.1 

1.0 

1.0 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

1.0 

1.0 

.1 

.1 

32.1(101). 

1Q.,l__ 

31.' .605 

22.8 

13.6 

18.2 

40.2 

40.3. 

.0.25 

33.8 

~ 
31.75 

30.3 

~ 
30.0 

33.0 

33.0 

.766 

. .760 

..642 

.667 

.914 

No meaningful_ dat~ 

25.9 

~ 
28.65 1.06 

6o 

85 
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Fig. 14 1 Crack opening displacement gage output and load 
versus time records for a large SEN fracture specimen 
of alloy 26, solution treated and aged at room 
temperature for 30 min. Tested at 0.39 in./min. 



."\. 

~ 
r.., 
~ 

-~ 
• 

-I 
I ..... 

~·~------~----------~--~--~~----------+----------+----------+ 

·-----

--"' .J 

"' 

XBL 691-43 

Fig. 15 · Oscillogram of stress-waves corresponding to Fig. 14 •. The time lines are l sec. 
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TABLE 9. Stress-Wave and Crack Opening Displacement Analysis for Test No. 494. 
a = . 700 in. 

0 

-
time sec. COD No. No. of SW Amplitude of· L0 /Lf'" . lbs a

0
/af, in. 

SW, _g. accel. 

o ... 3.3 0 

3.3 1 .oo4 720 . 762 

3.3-4 10 < .01 

4-5 31 < .01 
5-6 30 < .02 
6-7 32 < .02 

7 (Ft. of max load) 1275 1.010 

7-8 30 < .03 
8~9 4o < .03 
9.1 1 1 .03 1000/825 1.!+15/1.515 
9-10 4o < .04 
10.1 2 1 .1 616/286 1.·75/> 2.00 
10-11 22 < .02 
11-12 27 < .. 04 

12-13 18 < .01 
13-14 33 < .01 

Note.: The average jump between minor stress-wave is on the order of 0.002 in . 

'" ... • 

6a, in K /k · 

k~i }in. 

49.7 

I 
\.>J 
[\) 

.100 60.0/57.0 I 

>.25 64.2/-
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Fig. 16 Load versus time c~e for a large SEN fracture 
specimen of alloy 26, solution treated and aged 
at room temperature for 30 min. Tested at.· 
o. 39 in. /min. 
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TABLE 10. Stress-Wave and Crack Opening Displacement Analysis for Test No. 495. 
a = .680 in. 

q 

time, sec. COD No. No. of SW Amplitude of L
0
/Lf' lbs. a

0
/af, in. !:a, in. K_jK!r 

sw, g. accel. k~i in. 

0-1.8 3 < 0.01 
1.8 1 .01 440 -755 13.6 
2-3 2 < .01 
3-4 3 < .01 

4-5 30 < .02 

5-6 41 < .02 
6-7 54 < .02 
7-8 

I 

55 < .05 \J-1 
\Jl 

7 6 Ft. of. 1527/1385 .960/1,.045 
I 

'' • max. load 1 1 .03 .095 55.6/53.8 
8-9 39 < .05 
8.5 2 1 .05 1385/1290 1.140/1.170 .030 57.0/56.0 
9-10 34 < .05 
9.2 3 1 .05 1290/900 1.235/1.490 .255 60.2/58.0 

9-·5 4 1 .05 900/748 l. 510/1.610 .100 61.0/59.0 
10-11 36 ·< .03 
10.1 5 1 .1 748/462 1. 66o /> 1. 750 >.110 64.2/-

Note: The average jump between minor stress-wave·is on the order of 0.001 in. 
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Fig. 18 The mechanical properties of alloy 27 (Al-4.76% Ag) 
as a function of aging time at 225°C. 
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Table n. Mechanical Properties of' Alloy 27 (Al .. 4. 7$ Ag). 
Solution Treated at 525•c for 6o min., Q.uenehed in Ice Water and Aged at 225•c 

Tensile Properties Fracture Properties 

Test lb. t, Aging Test cHS:cm/min. K, kat.fin. K/is, .Jtn. ~ rr• in. time,min • temp,Oc £, 1/min. Elo'ns· ~ YS,ksi UTS, kd N Teet No. 

2o6 • o625 RT .39 " 6.9 12.3 .27 344 .1 12.2 
207 .o625 RT ·39 .'!! 6,8 12.6 ,12, 345 .1 !!:2. ., ATe rase ~8 6.82 12.42 .28 12.02 1.72 100 
208 .o625 RT ~,9 }} 7.3 14.7 .27 346 .1 13.0 
209 .o625 ·RT .39 ~ §.& 12:2. ,12, 347 .1 ~ 
Ave :rase ~~·2 1• 0 2 14.82 .28 1~.6 1.92 100 
210 .olll5 10 RT .39 32 7.6 16,0 .28 348 .1 16.6 
211 ,o625 10 RT ·39 ~ §:.!:. !§.& ,28 349 .1 ~ 
Average ~2 z.82 16,4 ,28 12·1 1.22 100 
212 .0625 50 RT .39 26 8.8 17.2 .26 350 .1 17.5 
213 ,o62) 50 RT ·39 g.! !!:2. ~ ~ }51 .1 lhl. 
Average 22 8.62 16,8 ,262 11.4 2.02 100 
214 .o625 100 RT ·39 32 10.4 19.7 ,26 352 .1 18.2 
215 .0625 100 RT .39 g2_ 12:2. !2:..!! ~ 353 .1 18.8 
Average ~o.~ 10,42 12·22 .222 18.2 1.78 100 
518 .125 100 .RT ·39 " 10.5 18,6 .25 

519 .125 100 RT .39 2§. 12.:2 !2!!1. ~ 
Avera e 10,4 18.8 .2 
216 .o625 500 RT ·39 30 11.0 17.9 .19 354 .1 21.4 
217 .o625 500 RT .39 u.. ~ ~ :12. 355 .1 ~ 
Average 28.2 11.2:2 18.22 .12 20.12 1.86 100 
218 .o625 1000 RT ·39 27 11.3 19.1 .19 356 .1 21.7 
219 .o625 1000 RT ·39 ~ lli2 ~ .18 357 .1 20.6 
Average 26.5 11.4 19.0 ,185· 21.15 1,86 95 

520 .125 1000 RT .39 39 11.1 18., .• 18 

:521 .125 ·1000 RT .39 a. ~ ru .:.!1... 
Avera 11.2 18.1 .1 

3BB .o625 10,000 RT .39 31 9.7 16,4 .20 4o2 .1 17.8 

389 .0025 10,000 RT .39 L .2.§... ~ :EL 4o} .1 l&.&.. 
Avernse ~2-2 2·62 16.2 ,202 11·•2 1.18 ~ 

r.Hs . Cros ahead Speed 

TF . 'Trangranule.r Fracture 

·.' 
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ALLOY 28 

ELONGATION 

XIII. 6!13-JSI 

Fig. 19 The mechanical properties of alloy 28 (Al-9. 66% Ag) 
as a functionof aging time at 225°C. 
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Table 12. Mechanical Properties of Alloy 28 (Al .. 9.6$ Ag). 
Solution Treated at 525°C for 60 min.j Quenched in Ice Water, and Aged at 225'c. 

--------··-------·--·------T~nsile Prover'til!.";;s-------~-----------eFract;:;:r;;-P~i(;""s-----------

------··-
Aging 
ti:r.e,min. r:~:, o0 E,l/min. YS,ksi vrs, ksi Test no. 

--------------- -----~---------------------------------------
220 

221 

Avera@ 

222 

22, 

Average 

224 

225 

Average 

226 

227 
Average 

22$ 

22~ 

Avera~ 

522 

523 
Av~r,. 

Averagt"· 

~' 
Avers 

}90 

}91 

Avernge 

.o625 

.o625 

.• o625 

.0625 

.o625 

.("6.?~ 

.0625 

.o625 

.125 

.125 

.125 

.125 

10 

10 

100 

100 

100 

1000 

1000 

10,000 

10,000 

RT 

RT 

RT 

·.T 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

CHS .. Crosshesd Speed 

TF .. Tra.nsgrnnular Fracture 

.}9 

·'9 

·'9 
·'9 

·'9 
··'9 

.,9 
.}9 

.}9 

·'9 

.,9 
.)9 

2' 

~ 
25 

35 

a. 

10.9 

1.bL 
ll.l 

10.8 

1.!.:1 
10.9 

11.1 

~ u., 

18.0 

11:2 
n.65 

15.6 
16.0 

1 .8 

18.0 

!2.&.. 
. 18.5 

19.5 

J,2.,1, 

19.6 

18.9 

lB., 

~ 
18.25 

2i.6 
·~ 

21.4 

2,.6 

ru 
2,.75 

28.5 

g§_:] 
28.6 

27.9 

~ 
26.8 

28.7 

!1.U 
28.7 

26.4 

~ 

22.9 

~ 
22.55 

.22 

£ 
.22 

.,o '6o 
~ ,61 

.,05 

.~2 

~ 
.315 

.285 

.21 ,66 

~ '67 
.245 

.20 

& 
.1 

.15 ,68 

.16 .,69 

.1, 

.15 ,76 

.,1:L }77 

.15 

.14 

.:.!2 

.18 

.18 

.18 

4o4 
405 

.l 

.l 

.1 

.l 

.l 

.l 

.l 

.l 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

18.9 

~ 
17.05 

20.4 

~ 
·20.3 

25.8 

~ 
24.7 

29.4 

g]_&_ 

28.2 

27.2 

~ 
26 25 

21.8 

~ 
22.5 

100 

1.86 100 

2.01 100 

1.76 100 

1.60 

8o 

] ..,4 50 

95 
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ALLOY 29 

0.1 1.0 10 100 1000 10,000 100,000 
AGING TIME (MIN.l AT 225°C 

XBL b93-3S2 

The mechanical properties of alloy 29 (Al-20.11% Ag). 
as a function of aging time at 225°C. 

" 

~-· ' 



,_ 

-41-

Table 13. Mechanical Properties of Alloy 29 (Al - 2o.u,; Ag). 
Solution 'mated at ·525•c for 6o min. 1 Quenched in Ice Water, and Aged at 225•c. 

Test lb. 

234 

2}5 

Av.!lre.ge 

t, 
in. 

2}6 .0625 

237 .0625 

Average 

2)8 .0625 

2:9 .0~5 

Ave rase 

240 .o62; 
241 .o625 

Ave rase 

242 .o625 

24} .o625 

Average 

526 .125 

527 .125 
Average 

437/ •• 0625 
4381 .o625 

436 ... 0625 

421 .o625 

420 .o625 

244 .0625 
245 ,0625. 

Ave rase 

246 .0625 

247 ,0625 

Average 

528 .125 

529 .125 
Avera e 

Aging 
time,min. 

10 

10 

50 
50 

100 

100 

100 

100 

100 

100 

100 

100 

100 

.100 

100 

500 

500 

1000 

1000 

1000 

1000 

392 .0625 10,000 

393 .o625 10,000 

Average 

Tensile Properties 

~::!,•c E:, 1/min. Elong• t/t YS,ksi UTS, kai 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

.39 

·39 

·'9 
.}9 

.39 

·39 

.}9 

.39 

.39 

·39 

30 

;l!. 
30.5 
8.o 

14.0 

u.o 

6,} 

4.0 

6.3 

6.0 

7.9 

9.0 

8.o 
8,0 

8.0 
8.0 

8.o 

2.!2. 
6.5 

12.0 

1&.2 
12,0 

24 

gg_ 
23 

21.5 

~ 
21.4 

20.3 

~ 
20,8 

37.6 

ll!2 
37.55 
}7.6 

42.4 

46.6 

~ 
47.0 

4o.o 
4o.o 
4o.o 

}13 

314 

373 

.28 }74 

~I 375 
,275 

.15 315 
,16 }16 

.155 
,10 317 

:12 318 
,10 

,10 

·09 

,11 

.09 

.13 

,10 

.11 319 

!22. 320 
.10 

.09 370 

.o6 371 
.075 

.11 5}9 

& 545 
.11 

.16 4o9 
& 410 

.155 

437 Solution treated for 1000 min. at 525'C, quenched in ice water and aged at 225•c 
438 Solution treated for 44oo min. at 525'C, quenched ·in ice water, end aged at 225•c 

** 436 Solution treated, quenched in ice water, deformed ~ by cold rolling, and aged at 225'C 

t cHS .. eros she ad Speed 

* TF = Transgranular Fraeture 

fracture Properties 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

1,0 

,1 

.1 

.1· 

.1 

1,0 

1.0 

.1 

.1 

34.5 

2hl 

1.48 

1.44 

. 1.}8 

1.04 

33.9 .96 
3}.6 

.l2.& 
34.7 .93 
no meaningful data 

26.4 

~ 
26.2 1.}8 

100 

100 

100 

20 

10 

10 
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ALLOY 30 

10,000 100,000 

XBi. 693-35:; 

Fig. 21 The mechanical properties of alloy 30 (Al-28.6% Ag) 
as a function of aging time at 225°C. 
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Table 14. Mechanical Properties of Alloy 30 (Al-28 .. 62\(j) . 
Solut.ion Treated at 525°C tor 6o min., Quenched in Ice '!'ater1 and Aged at 22~0. 

Avera"! 

250 

251 

252 
253 

Average 

254 

255 
Average 

256 
257 
Averaf!!! 

530 

531 

Avera 

258 
259 
Average 

26o 
261 
Ave 

Aven~.ge 

Tensile Pl'opert ies 

t' 
in. 

ii.11l~ 1m:ir1 • 
~:~~/C i, 1/min. Eiong. ~ Y51 ksi tn'S1 ksi 

• o625 
.o625 

.o625 

.o62:) 

.o625 

.o625 

.o625 

.o625 

.06.!5 

.o625 

.125 
;125 

.0625 

.o625 

.o625 

.o625 

.125 

.125 

.o625 

.o625 

10 
10 

50 

50 

100 

100 

100 

100. 

500 

500 

.1000 

1000 

1000 

1000 

10,000 

10,000 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

.RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

CHS • Cro"sshead Speed 

TP' • TransgranUlar Fracture 

·'9 
.39 

·'9 
-39 

-39 

·'9 

·'9 
.39 

·'9 
.39 

.39 

·39 

o39 

·39 

.39 

.39 

.39 

.39 

26 

~-
25.5 

20 

@£..._ 
20 

!L 
1.5 

2 

L 

'12 

1L 
11.5 

,.6 
~ 
35.0 

27.1 

ru.. 
27.15 

"·' :l§.,§_ 
55.95 

27.1 

~ 
26.85 

51.7 

!2.:.l.. 
50.7 

.• ,.a 
~ 
44.4 

61.7 

§&l.. 
62.0 

38.1 

~ 
38.1 

N Teat No. 

.21 299. 

~ 300 

.215 

.17_ 301 

~ 302 1 

.185 

'.27 303 
~ .,o4 
.2J5 
.o6 

.:.!Q 
.os 

,0, 
'o6 

.07 307 
.:.2L. ,oa 

.15 411 

.:1!L 412 
.145 

Fracture Propertiea 

CHS~cm/min. K~ ksi.Jtn. .Kifs, Jin. · .. tf, rr* 

.1 

.1 

.1 

.l 

.1 

.1 

.1 

.1 

.1 

.1 

1.0 
1.0 

.1 

.1 

.1 

.1 

1.0 

1.0 

.1 

.1 

,6.0 

~ 
3J.15 

46.0 

~ 
44.5 

,., 
~ 
34.0 

75 

1.18 90 

1.44 100 

.73 

.67 o· 

·1'i 

1.27 
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TEST NO. 540 

8 10 12 14 16 18 
Tl ME -sec. 

Fig. 22 Load versus time record for a large SEN fracture 
specimen of alloy 30, solution treated and aged 
for 100 min. at 225°C. Tested at 0.39 in./min~ 
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Fig. 23 Oscillogram of stress-waves corresponding to Fig. 22. The time lines are 1 sec. 
apart and the approximate total time (sees.) is given along the top line. 
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TEST NO. 546 

4 6 8 10 12 14 16 18 
TIME -sec. 

XBL 691-114 

Fig. 24 wad versus time record for a large SEN fracture 
specimen of' alloy 30, solution treated and aged 
for 100 min. at 225°C. Tested at 0~39 in./min. 
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Fig. 25 Oscillogram of stress-waves corresponding to Fig. 24. The time line·s are' 1 sec. 
apart and the approximate total time (sees.) is given along the top line. 
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TEST .NO. 547 

4 6 8 . 10 _12 14 16 18 20 
TIME- sec. 

XBL 691-115 

Fig. 26 Load. versus time record for a large SEN fracture 
specimen of alloy 30, solution treated and aged 
for 1000 min. a~ 225°C. Tested at 0.39 in./min. 
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Fig. 27 Oscillogram of stress-waves for a large SEN fracture specimen of 
alloy 30, solution treated and aged for 1000 min. at 225°C. Tested 

· at 0. 39 in. /min. 
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D. Metallography 

1. Experimental 

Metallographic samples were prepared by wet grinding in several stages 

to a finish equivalent to number 600 paper~· The samples were then elect.ro-

polished and photographed with either an optical or scanning electron micro~ 

scope. The electropolish used for aluminum-zinc alloys was ';!'fa perchloric . 

acid in methyl alcohol and the ope:ration was carried out at -55°C with a 

potential of 45 volts. Similary the electropolishing of alumirmm­

silver alloys was carried out using a solution of ';!'fa perchloric acid in 

. 0 
ethyl alcohol at -jO C and a potential of 30 volts. A troublesome anodic .. 

film sometimes formed on the surface of the aluminum-silver specimens and 
·. 0 

this was removed with 'J'/o aqueous solution of sodium dichromate h,eld at 90 C. 

This anodic film removal took only seconds and did not seem to change the 

micros~ructure significantly. 

Transmission electron micros copy was carried out on material that had 

be€m rolled to 0.005 in. thickness. The foils were heat treated then electro­

polished using the window technique
22 

with the same basic solutions ani 

condition's described for surface metallography. 

2: Metallo graphic Observations 

Represi:mtative micrographs for the aluminum-zinc system are shown in 

Figs~ 28 to 34. Similar micrographs for the .·aluminum-silver system are 

shown in Figs. 35 to 4o. 

E. ~t ography 

L Experimental 

The fracture surfaces repres~mtative of various aging times were routinely 

studied using a scanning optical microscope for extreme depth of field 

. 'l 
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a 

b 

c 

XBB 691 -465 

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

(a) 30 min. at room tPmperature. 
(h) 1000 min. at l 25°C 
(c) 10,000 min. at l25°C. 
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a 

b 

c 

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. 
(c) 10, 000 min. at 125°C. 
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a 

b 

c 

XBB 69 1-474 

Fig. 30 Optical micrographs of a lloy 24, solution 
treated and aged: 

(a) 30 min. at room temperature. 
(b) 1000 min. at l25°C 
(c) 10,000 min. at 125°C 
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a 

b c d 

e f g 

XBB 691 - 882 

Micrographs of alloy 24 
at 125°C). 

in averaged condition (10,000 min. 

(a) 
. (b) 

optical micrograph 
to (g) s canni ng 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. 
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a 

c 

e 

b 

d 

f 

XBB 69 1-470 

Fig . 32 Transmission electron micrographs of alloy 24, sol ut i on 
treated and aged: 

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



a 

b 

c 

XBB 69 1-471 

Fig. 33 Optical micrographs of a lloy 25, solution t reated 
and s.ged: 

(a) 30 min. at room temperature. 
(b) 1000 min. at l25° C. 
(c) 10,000 min. at l25° C. 
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a 

b 

c 

XBB 691-464 

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

(a) 30 min. at room temperature. 
(b) 1000 min. at l25°C. 
(c) 10,000 min. at 125° C 
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b 

c 

XBB 691 - 478 

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

(a) 30 min. at room temperature. 
(b) 1000 min. at 225°C. 
(c) 10,000 min. at 225°C. 
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a 

b 

c 

XBB 69 1-473 

Fig. 36 Optical micrographs of al l oy 28, solution treated 
and aged: 

(a) 30 min. at room temperature. 
(b) 1000 min. at 225°C. 
(c) 10,000 min. at 225°C. 
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a b 

c d 

XBB 691-469 

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

(a) 30 min. at room temperature. 
(b) 100 min. a t 225° C. 
(c) 1000 min. at 225°C. 
(d) 10,000 min. at 225°C. 
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a 

e 

XBB 691-883 

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

(a) to (c) optical micrographs. 
(d) and (e) scanning electron micrographs. 
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a 

c 

XBB 69 1- 466 

Fig. 39 Transmission electron mi cr ographs of 
a lloy 29, so l ution and aged for 1000 
min. at 225° C. 
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a b 

c d 

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. 
(c) 1000 min. at 225°C. 
(d) 10,000 min . at 225°C. 
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photography . A Ziess ultraphot metallograph was set up s o 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 collimat ed beam of light 

was p l aced at the focal point of the optic syst em, normal to the optic axis. 

The sample is scmned with respect to the coll imated light and on l y that 

portion of t he sample that i s in f ocus i s illuminated and recorded. For 

further informat i on on this technique, the reader is referred to the work of 

McLachl an . 23 The major difficulty with this fractographic technique arises 

from the high refl ectivity of metallic fracture surfac es. The inc ident light 

may be r efl ected sever a l times from a rough fracture surface and i lluminate 

areas that are not in f ocus. This effect coupled with the f act that there 

is a wide range of light intensity coming from a rougq fracture surface tends~.-­

to degrade the final negat ive quality. It woo found that film with a wide 

exposure l atit ude such as Eastman Kodak Tri -X or Royal Pan, developed in 

Acufine, gave the best results. 

The fractographs taken as part of the r out ine analysis were studied 

and where addit i onal i nfo rmation was needed a scanning electron micros cop e 

was used. (Replica techniques were difficult to u se because of the r ough­

ness of the fractur e surface.) Specimens were cut from the fracture speci­

mens and viewed in a JEOLCO JSM-l scanning e le ctron microscope . This 

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

2. Fractog raphic Observations 

Fractography for the aluminum-zinc system can be f ound in Figs . 41 to 

59, while similar observations for t he aluminum-si l ver system can be f ound 

in F_i gs . 60 to 68 . The scanning electron mic r ographs gener a lly have a 

sequence of "zoom" magnificat ions, which rela te the fine surface structure 

to the over a ll fracture appearance . 
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a 

b 
XBB 69 1-905 

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

(a) 30 min . at room temperature . 
(b) 10,000 min. at l25° C. 



Fig. 42 
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a 

b 
XBB 691-912 

Scanning optical fractographs of a lloy 23, solution treated and aged: 
(a) 30 min. at room temperature; (b) 10,000 min. at l 25°C. 



b 

c 
XBB 691-891 

Fig • . 43 Scanning optical fractographs of a lloy 24, sol ution treated 
and aged: 

(a) 30 min. at room temperature. 
(b) 1000 min. at l25°C. 
(c) 10,000 min. at l25°C. 
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a b 

c d 
XBB 691-881 

Fig. 44 Scanning electron fractographs of alloy 24, 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. 



b 

c d 
XBB 691-898 

Fig. 45 Scanning electron fractographs of a lloy 24, solution treat ed 
and aged for 30 min . at room temperature: 

(b) 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). 

(c) 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 magnification. 
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a 

b d 

e f g 

XBB 691-910 

F i g . 46 



Fig. 47 
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Fractographs of alloy 24, solution treated and aged 
for 6 sec. at l25°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 electron fractographs 
showing the fatigue to intergrartular fracture 
transition. 

(e) to (g) a series of scanning electron fractographs 
showing that fracture has occurred by microvoid 
coalescence. 
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c 

e f 

Fig . 47 

a 

d 

g 

XBB 691-911 



Fig . 48 
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a 

b c d 

e f 

XBB 691 - 904 

Fractographs of alloy 24, so l ution treated and aged for 
6 sec . at l 25°C . Fast crack growth region . 

(a ) scanning optical fractograph showing the area 
from which the scanning e lectron fractographs 
come . 

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



Fig . 49 
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a 

b c d 

e f g 

XBB 69 1-907 

Fractographs of al loy 24, solution treated and aged 
for l min. at l 25° C. 

(a ) 

(b) 

scanning optical fractograph showing the area f r om 
which the scanning electron fractographs come . 
to (g ) a series of scanning electron fractograph s 
showing how shear has taken place in the gr a i n ­
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. 71. The fractograph (a) 
was taken on a standard metallograph and does not have 
the depth of field of the scanning 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 l25°C. 
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a 

b 
XBB 691- 894 

Fig. 50 
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Fig. 51 Fractographs of alloy 24, solution treated and aged 
for 6 sec. 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 fractogr'aphs (c) to (e) are taken from 
the grain facet shown in (b) •. 
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a 

c 

Fig . 51 

b 

d e 
XBB 69 1- 876 
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a b 

c 

e f 
XBB 691-895 

Fig. 52 Scanning electron fractographs of a lloy 24, solution 
treated and aged for 1000 min. at l25°C, showing both 
transgranular and intergranular fracture. Arrow shows 
region of transgranular fracture (e) . 
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a b c 
XBB 691-875 

Fig. 53 Scanning electron fractogra~hs of alloy 24, soltuion treated and 
aged for 10,000 min. at 125 c, showing the fatigue to transgranu­
lar fracture transition (a) and transgranular shear rupture (b) 
and (c). 
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a b 

c d 
XBB 69 1- 897 

Fig . 54 Scanning e l ectron fractogr aphs of a lloy 24, sol ution 
treated and aged f or 30 min . at room temperature, tested 
at liquid nitrogen temperature . Fractographs show 
fatig•J.e to i ntergranular 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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c 

d e 

XBB 691-909 

Fig. 55 Fractogr~phs of alloy 24, solution treated and aged for 
30 min. at room t emperature (tested under impact condi­
tions). The se fractographs show that t here is a mixture 
of fast-crack growth and transgranular shear modes of 
fracture. 
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a 

b 

c 
XB B 691 - 893 

Fig . 56 Scanning opt i cal fractographs of a lloy 25, sol ut i on t reated 
and aged : 

(a ) 30 min . at r oom temper ature . 
(t ) 100 min . at l 25°C . 
( c ) 1000 min . at l 25°C. 



-85-

a b 

c d 
XBB 691-899 

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

(a), (b) 30 min. at room temperature. [(b) same area as (a)] 
(c), (d) 1000 min. at l25°C. 
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a 

c 
XBB 69 1- 888 

Fig. 58 Scanning optical fractographs of a lloy 26, solut ion treated 
and aged: 

(a ) 30 min . at room temperature . 
(b ) 1000 min. at l25° C. 
(c) 10,000 min . at l 25°C . ' 
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a b c 

e f 

g h 

XBB 691 - 887 

Fig . 59 Scanning electron fractographs of a lloy 26, sol ution treated 
and aged: 

(a ) to (f) 30 min. at room temperature, ( c ) same areas a s (b), 
(e) and (f ) same area as (d2· 
(g ) to ( i ) 1000 min. at 125 C. 



-88-

a 

b 
XBB 69 1-908 

Fig . 60 Scanning optical fractographs of a lloy 27, solut i on treated and aged: 

(a) 30 min. at room temperature. 
(b ) 1000 min. at 225°C. 
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a, 

b 

c 
XBB 691-889 

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

(a ) 30 min. at room temperature. 
(b) 1000 min. at 225°C. 
( c ) 10,000 min. at 225°C. 
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a 

c 
XBB 69 1-892 

Fig. 62 Scanning optical fractographs of a l loy 29, solution t reat ed 
and aged: 

(a ) 30 min. at room temperature. 
(b) 1000 min. at 225°C. 
(c) 10,000 min. at 225°C. 



Fig. 63 
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a 

d 

Scanning electron fractographs 

(a) to (c) 100 min. at 225°C. 
(d) to (f) 1000 min. at 225°C. 

b c 

e f 
XBB 691- 879 

of alloy 29, solution treated and aged: 

(c) same area as (b). 
(f) same area as (e). 



Fig. 64 
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a b 

c d 

XBB 691-878 

Scanning el ectron fractographs of alloy 29, solution 
treated and aged 10,000 min. at 225°C, showing trans ­
granular and intergranul ar modes of fracture. (b) same 
area as (a). (d) same area as (c). 
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a 

b c d 

e g 

XBB 691-906 

Fig. 65 · Fracto~raphs of alloy 29, solution treated and aged 100 min. 
at 225 C (tested under impact condi tions ). Both transgranular 
and intergranular fracture modes are found under impact condi­
tions, though only the intergranular mode iffbund under 
standard testing conditions. (c) and (d) same area s as (b). 
(g ) same areas as (f) . 
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a 

b 

c 
XBB 691 - 890 

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

(a) 10 min. at 225°C. 
(b) 50 min. at 225°C. 
(c) 10,000 min. at 225°C. 



.. 
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a b c 

d e f 

g h 

XBB 691-886 

Fig. 67 Scann:ing electron fractographs 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). 



Fig. 68 

a b c 

d e f 

g h 

XBB 691-885 

Scanning electron fractographs of all oy 30, solution 
t reated and aged 100 min. at 225°C. (a) to (c) and 
(d) to (g ) are sequences of increasing magnification. 

• 
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F. Miscellanerus Results 

!n ana.lysing 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 78, are explained in the nex.t 

section and the appendix. 



Fig. 69 
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a 

b 

XBB 691 -477 

Micrographs of alloy 24, solut ion treated and aged 
30 min. at room t emperature, 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 
c ycles at a stress intensity of 12. 5 ksi ~in. 
(approx. ). The cycli c stress appl ied at 30 Hz. 



.. 
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XBB 691-468 

Fig. 70 Microgr~h corresponding to Fig. 69 showing the position of the crack 
after 2600 cycles of fatigue (conditions same as given in Fig. 69); 
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a 

b 

XBB 691 -900 

Fig. 71 Micrographs showing the growth of the crack in Fig. 70 under 
static loading conditions. (a) shows how the crack in Fig. 70 
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 application 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 p l astic z one , shown in 
detail in Fig. 72. 

• 



Fig. 72 
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a 

b 
XBB 691-903 

Micrographs showing the plastic zone (a) 
and the end of the crack (b) corresponding 
to Fig. 71. 
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XBB 691-884 

Fig. 73 Micrograph showing the growth of the crack in Fig . 71 on reapplication 
of the sta-t i c l oad. 

.. 
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a 

b 
XBB 691-877 

Fig. 74 Micrographs showing the plastic zones for two 
different heat treatments of alloy 24, (a ) aged 
for 30 min. at room temperatun= and (b) aged for 
1000 min. at l25°C. 
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a b c 

d e f 
XBB 69 1-880 

Fig. 75 Scanning electron micrographs of the first plastic zone in Fig. 74 (a). 
(a) to (c) and (d) to (f) form series taken in two separate a reas of the 
plastic zone. 

• 
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a 

b 
XBB 691-901 

Fig. 76 Micrographs showing marker off-set and slip­
line distribution for tensile samples of alloy 
24. (a) solution treated and aged 30 min. at 
room temperature. (b) solution and aged 1000 
min. at l25°C. Tensile specimens pulled to fracture. 
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a 

c d 

XBB 69 1- 896 

Fig. 77 Micrographs showing the plast i c 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 ). 



Fig. 78 
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a 

b 
XBB 691-902 

Micrograph of a tensil e s~ple of a lloy 29, solution 
treated and aged 100 min . at 225°C, showing slip 
line distribution (a) and marler off -set (b). Ten­
sile specimen pulle d to fracture. 
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III. DISCUSSION 

A. Tensi le Properties and Microstructure 

l. 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 

24 
Polmear also suggested that this system has little or no age hardening 

potential. More recent work of Garwood and Davis, 25 however has sh cwn 

that a luminum-zinc alloys (9 to 2~ Zn) age harden fully in less than 2 min 

at room temperature, and retain this hardness for a l ong period of time . 

Thi s indicates that the material has attained peak strength when it has 

been solution treated and aged for 30 min at room temperature. The 

fUrther aging which followed at l25°C serves to overage the material and 

26 lower the yield strength the same as found by Seeman and Dodd. In 

addition to the general averaging 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 

all oy solution t reated and aged at room temperature for 30 min corresponds 

to a microstructural condition where zones have been homogeneously formed 

in the bulk (possibly by a spinodal transformation)
28

-30 and with zinc 

* precipitated preferentially in the grain-boundary region. I t is also 

possible that a' (fcc transition structure ) was preferentially precipit-

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

·>t 
I n t his and. fut.nre discuss ions the "grain-boundary region" includes the 

pt'(:<' i p i !·.:1.\.c -fret: ~~ones and t he nnterial between the precipitate- free zones. 
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Preferential precipitation may be seen in the plane of the grain-boundary 

in Fig. 32(b). 
'. :.. . 

Note the narrowness af.'the grain-boundary and the precrp1-

tate-free zone. The amount of precipitation in grain-boundaries can be 

seen to increase with alloy content (Figs. 28 to 30,33 and 34). Alloy 

26 in the solution treated condition shows gross precipitation in the 

grain-boundaries (Fig. 34), which may have occurred during the quench as 

31 
well as during aging at room temperature and as observed by Thomas. 

Material in this condition fails intergranularly. Aging causes the 

zones to transform to either the R (rhombohedrally distorted fcc) transi­

tion phase, then to the a' transition phase, or directly to a'. 29 
The 

heterogeneous zinc precipitate in the grain~boundaries has coalesced with 
. 

aging and the grain-boundary regions have widened, as shown in Figs. 3l(a) 

and 32( c to f). At the same time there is the cellular growth of zinc 

out of the grain-boundaries into 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 illustrated 

in Fig. 76, wher~ the marker offset along the grain-boundary (0.1~ for 

(a), l~ for (b)) can be used to calculate the contribution of shear .in 

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

standard equation for grain-boundary shearingJ
2 

one can account for most 
) 

of the observed elongation in both cases. The initial decrease in yield 

strength with increased aging t:ime is soon overcane by a secondary hard,.; 

ening effect due to appearance, in the oulk, of the transition phase. 

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 in Figs. 18 
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to 21 can be explained in te:t'llls of the aging sequence and microstructure 

present. The accepted aging sequence of tbis alloy system begins with 

the homogeneous formation of spherical zones (possibly by a spinodal 

mechanism). This is followed by the heterogeneous precipitation of 'Y' 

(the fcc transition structure) and finally the cellular preCipitation of 

. 'Y (hcp, Ag2Al) emanating from the grain-boundaries (Figs. 37-39). The 

initial rise in yield strength with aging time is probably due to the 

precipitation of 'Y in.the grain boundaries and growth of zones in the 

btilk. Increasing the aging b.me brings about overaging at the grain­

boundaries, a decreasing density of zones, and a slight drop in the yield 

strength. This is followed by generai hardening due to the formation of 

the 'Y' in the bulk (Fig. 39) which leads to peak strength •. Final sof't~n-. ' 

ing come's from cellul:ar precipitati<?n of 'Y· The fracture is transgranular 

in the early stages of aging, gradually becoming canpletely intergranular 

as the aging approaches peak strength. Overaging ·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 flow, 

.is. much wider than· for a s :imilar case in the Al-Zn system. (This quali-

tative explanation assumes that the grain:-bou:q.dary regions have a lower 

yield stre'ngth than the grains:) Al-Ag alloys still fail intergranularly 

in the peak strength condition but there is a more homogeneous distributior1 

o:f strain, as eridenced 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 bo~ndary 

ref?ion 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 

Macro-scopic fracture surface studies of the small SEN fracture speci- • 

men revealed that under certain conditions there was a change in surface 
! 

luster as a crack advanced. A dull surface . fornied next to the fatigue 

crack and extended along the fracture path until the transition point 

was reached, where the surface appearance became bright. Observations of 

dull and bright fracture surfaces have been made by other investigators
2

'
4,33 

but little has been said about the causes for the different appearances. 

The routine fracture tests showed that the transition occurred only in 

alloys 24, 25 and 26 of the Al-Zn series. The fracture transition w~ 

found in the peak strength condition where the specimens had been aged at 

room temperature for 30 min, or aged at l25°C for 6 sec, plus 30 min at 

room temperature. In alloy 26 the transition was only found in one sp~ci-

men aged at room temperature, it w~ not found in the duplicate specimen 

or in the specimens aged at l25°C for 6 sec. All conditions where a tran-

sition was not observed, the fracture surface had a dull appearance. 

Large SEN fracture specimen (Fig. la) were instrumented with a eli-
\ 

brated COD gage, to determine the progress of the crack with respect to 

t:ime. An accelerometer was used to detect the stress-waves released 

and the relative ~nergy involved in the fracture process. These tests 

were run on allqy 24,2! and 26 in the peak strength (30 min at room 

temperature) and in the averaged condition (1000 min at l25°C) •. Only 

the peak strength condition gave useable results. The averaged lower 

:>trength sped.Inens buckled and tore. 

'l'llt.~ fh·sl tests on the larger instrumented specimens was made on 

pt~~tk n.c;t:d. alloy ~?l., at. a crosshead speed of 0.039 in/min. The loo.d versus 
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time record for the tests is given in Fig. 7. The fracture surface did not 

show a transition, so the crosshead speed was increased to 0.39 in/min. 

Specimens of alloy 24 and 25 tested at this crosshead speed showed a 

fracture surface tr~nsition, while specinEns of alloy 26 showed patches of 

dull and bright in the region where only bright was found on the former 

specimens. A comparison of the· COD and load versUs time records (Figs. 8, 

9, 11, 12 and 14 to 17) show that a sub st ant ial amount of sloo crack growth 

bad occurred by .. the time the maximum load occurred at the point of crack 

instability (pop-in). At this point the crack jumped acro"ss the specimen 

in a catastrophic manner. The relative extension of the crack through 

the specimen (a/w) at instability, as determinedby COD records, s-or:;-esponded 

to the measured point of transition on the fracture surface. For the ailoy 

26 specimens the bright areas occurred at the: positions ~xpected fran the 

appropriate COD pop-ins. 

The stress intensity factor (K) corresponding to the inititation of 

fast crack growth was determined from instrumented fracture tests to be 

approximately 60 ksi J"in. At the lower crosshead speed of 0.039 in/min the 

highest stress intensity reached was 57 ksi .fin. This points out that the 

transitio:q. is one where a marginal increase in stress intensity causes a 

change in the f:t:'acture mode. The stress intensity value of 6o ksi .fin 

was in close agreement with the values observed at the points of in,stability 

for alloy 26, (Tables.---:9 and-10). 
\ 

The fact that there is a correlation 

between the point of naximum load and fracture transition (Alloy 24 and 25} 

was used to recalculate stress intensity values for the routine fracture 

tests. These values tend to be highe,r than the. values obtained witp instru­

mented specimens and apparently the stress irrtensi ty associated with in-

stp.bility increases with zinc content. The recalculated values had a good 
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deal more scatter than the directly measured values. They are believed 

to be less reliable indicators of notch toughness. 

In order to find the relative amount of plastic deformation associ-

ated with the slow and fast -crack growth processes a small fracture speci-

men was electropolished, pulled, then the slip band density surveyed 

along the crack. This sur~y showed tmt slip band density was roughly 

twice as high in the slaw -crack growth region as in the fast -crack growth 

region. Tht~ 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 Overaging of 
The Fast-Crack Growth Process 

The zi~c content, up to about WJ/o zinc in the Al-Zn alloys aged to 

peak strength promotes intergranular fracture. (The yield strength of 

these alloys in the peak strength condition increases linearly with in-

creasing the atomic percent zinc at up to 25 percent due to the increased 

volume fraction of precipitate.) At this concentration intergranular frac-

ture is most pronounced; fast-crack growth is most easily iriduced. Further 

increases in zirlC content cause little increase in yield strength but 

produce a widening of the graTI1-boundary regions which appears to inhibit 

the fast-crack growth process. The wider grain-boundary regions may be 

preventing stress intensity from reaching the level necessary for fast­

crack growth. Overaging seems to have the same effect of increasing the 

width of the grain-boundary region ,equalizirig the strength of the grain 

and the grain- boundaries_. and thus promoting more ductile behavior. 

c. Fractogra phy 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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processes found in this investigation. In Figs. 47 and 48 there is a· 

. .. . I . .· . . 

sequence of fractographs covering an entire fracture specimen of alloy 

24 in the peak strength condition. The crack propagated from left to 

right in Fig. 4 7(a) and froin right to left in Fig. 48(a). (The specimen had 

been cut into two pieces in order to place it in the scanning electron 

microscope.) The series of fractographs in Figs. 47(b) to (d) (a sequence 

of increasing magnification) shows· the fatigue to intergranular crack 

transition. The fatigue crack for this and other small fracture specimens 

was grown in the "as rolled" condition and the fatigue· failure mode was 
. " : 

* ' .. 
transgranular. The main feature of this fatigue t~ intergranu],ar crack 

transition is its short length. Appa~ently the ·transgranu).ar fat.igue crack 

extended only partly through the last grain to be cracked during fatigtie. 

At this p_oint the ."crack changed and ran vertically to the closest grain­

boundary, (Fig. 47c). The change in crack direction seemed most likely 

to -have occurred w~th the application of the fra-cture load, the path 

followed being one of easy propagation influenced by local conditions. 

Once the crack reached th~ grain-boundary no deviation from the grain-

boundary path. could be found thereafter. The fracture surface up to the 

point transition is represented by the series of fractographic in Figs. 

4 7( e) to (g). The light incident on the rough surface in the slow -era ck 

growth region was scattered, accounting for the dull' apprerance. The 

fast-crack growth surfaces shown in Fig. 48 are almost optically flat (Fig •. 

48b), accounting for the bright apprerance of this region. FigUres· 48(c) to (e) 

. ·. ,. 

·)(· 

For tl1e larr,er fractnre specimens the crack w.as grown in the heat treated 
,·ond:il'.iou und failure was for the most part intergranular. 

.... 

.•· 
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have the same featUires one would expect to find in cleavage, such as the 

changing of the fracture plane (cleavage rivers; Fig. 48(b) and (d).) The 

fast-crack growth region resembles in appearance, the intergranular clea­

vage in iron found by Low. 34 However fcc materials are not known to cleave, 

therefore until it can be proved that the fast -crack growth process is 

cleavage another (shear) mechanism will be presumed to operate. 

The·effects of averaging can be seen i~ Fig. 44. Fractographs (a) 

and (b) were taken from the fast~crack growth region of a Bpecimen aged 

to peak strength, while fractographs (c) and (d) were taken from an over-

aged specimen in the same relative position (a/w) along the fracture 

surface. In the first case failure was by the fast-crack growth process,. 

but in the second it was by microvoid coalsecence (as it was for all slow~ 

crack growths failures). There was a varying amount of transgranular 

fracture associated with averaging ranging from zero in the peaks strength 

condition to almost lOCP/o in the fully overage condition. This is shown 

in Figs. 4j, 52 and 53. The transgranular patch of material ieft at the 

grain boundary intersection shown in Figs. 52(e) and (f) appears as though 

it·may be a colony of zinc that has grown out from a grain-boundary inter-

section, as in Fig. 30(b). Figures 52(c) and (d) show how the grain-

boundary has exuded .during fracture. The height of the exuded material 

was greater in the averaged condition (Figs. 52(c) and (d)) than in the 

peak strength condition (Figs. 45(c) and (d)), as would be expected fran 

the relative widths of the grain -boundary regions • 

Alloys 22 and 23 tended to fail intergranularly, but the fracture 

was always of mixed mode. Intergranular fracture became more pronounced 

1-rith increasing strength and zinc content, as shown in Figs. 41 arid 42. 

Transgranular fracture in these alloys took place by shear rupture, as was 
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the case of a'lloy 24 in the averaged condition. Alloy? 25 and 26 with higher 

zinc contents than alloy 24 showed generaliy the same fractographic fea-

tures as_ the latter. Overaging, with its associated increased amount of 

transgranular fracture occurred at a more rapid ratein alloys having higher 

zinc contents. 

d. Slow-Crack Growth 
i' 

In the introduction it was ment iorted that one might expect to find 

that an intergranular crack would grow discontinuously. A careful look at 

the stress wave patterns, Figs. ~)', 12, 15, ;L7, 23 and 25 shows that during 

slow-crack growth the crack appears to grow discontinuously from one grain 

boundary·node to another. The average crack growth distance between the 

minor stress -waves is on the order of 0.001 in. This c ames fran considering 

the amount of crack growth between two points on the COD vs time record 

and correlating this to the number of stress-waves emitted during this 

time interval. If this procedure is carried out for severai points during 

each test, then art overall picture rray be seen. The grain size of these 

specimens is- on the order of 0.010 in. (2501..1-) or about an order of magni-

tude larger than the average distance between minor stress waves. The 

specimens are about twelve grains thick, and it appears that the· minor 

s~ress waves are representative of individual jumps forward of the crack 

from one grain .node to another across the thickness of the spedrren. It 

may be expected that the crack. would grow one grain at a time until only a 

few grains facets remain to be fractured. Here the crack may be ~Xpected 

to jump across the remaining grain facets in one more or less continuous 

step. If this is the case, the stress-wave pattern for. slow-:-:crack growth 

should show two superimposed patterns; one for individual jumps and one 

:for the jump of the crack front. There should be approximately 10 or less 

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 fact have a 

series of.small waves. in between slightly larger waves. This pattern is 

not repeated exactly from one period to the next but a variation is concei-

va'ble because of local conditions along the grain boundary fracture path. 

e. Stress.Intensity for Slow-Crack Growth 

The stress intensity for initiation of the slow-crack growth process 

of the aluminum zinc alloys in the peak strength conditions is considerably 

iess than the value needed for the fast -crack growth process ( ~ 60 ksi.f'in). A 

reasonable criterion for the initiation of the slow-crack growth process 

is the stress intensity at the first stress-wave of the discontinuous crack 

growth pattern. When there are stress-waves preceding the steady state 

slow-crack growth pattern a different criterion may be employed. 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 slow crack 

growth pattern ( ~ 0.01 g acceleration). The stress intensity for slow 

crack growth of alloy 24 in the peak strength condition is in the range 

of 12 to 17 'ksi ./'in. This value increases somewhat with zinc content for 

alloy 25 and 26. 

The difference between this intergranular slow-crack growth instability 

and normal instabilities found in transgranular fracture preceding 

catastropic · failure is important. The normal instabilities associated 

with the first stress-waves in a fracture tests are generally not of a 

critical nature. These instabilities may, in the case of a plain stress 

specimen, be due to plain strain pop-in before plain stre'ss or mixed mode 

stead_y state conditions prevail. Other local instabilities rray cause stress-

mves,.but. the main feature of these events is that they are not "critical" 

events. By critical, it is meant that under constant load conditions, the 
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specimen will fail within a finite time. Generally speaking, the stress 

intensities associated with local instabilities giving rise to the first 

stress waves will not be of sufficient magnit:lide to cause failure under 

constant lqad conditions. This is because most materials do not have a 

preferential easy path of fracture, and the crackwill blunt-through 

plastic deformation. In the case of intergrariular fracture, however, once 

the crack in the grain-boundary there is no adequate mechanism for crack 
- ! ' - ' 

blunting. Thus crack may be expected to groW under constant load conditions. 

The stress intensity necessary for the initiation of slow-crack growth should 

be a critical stress intensity. In the case .of alloy 24 (peak strength) 

this is of the order of 12 to 17 ksi .fino 

Two tests ·of the above criterion for alloy 24 in the pmks strength 

condition were made. The first was to calcuJate the- stress intensity 

expected for slow -crack growth from a plastic energy dissipation model and 

the second test of this criterion was to subject a· specimen to constant 

load conditions. 

In order to calculate the stress intensity factor for slow-crack grcwth 

consider that the energy is dissipated by the elongation of a series of 

parallel tensile specimens whose gage length is the width of the plastic 

zone. It is assumed that the fracture process is controlled by the plastic 

energy dissipated in a region confined to one grain on either side of the 

fracture surface. The plastic zone width in thllis case is two grains or 

about 0.02 in. The stress intensity factor is related to the work per 

unit area W/A, 

( l) 

wherl' E - modulus of eh1.sticity = 10.4 x ·10
6 

psi. The work -per unit area 

··-
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cr dE ::::; 2r CJ W/A = 2r 
p ys p ys 

I 
where 2r = width of plastic zone = 0.02 in. 

p 

crys = yield strength of the :rmterial = 46 X 103 psi 

€f - elongation at fracture = o.o4. 

Ccmbining (1) and (2) we have 
I 

K = (E 2r (J E )1/2 
' p ys f . 

and using the values for the parameters given above 

K = 19.5 ksi J"in 

From the close agreement between the calculated and observed stress 
I 

(2) 

(3) 

intensities it con sis tent to consider the first significant stress-wave 

to be associated with the initiation of the slaw -crack growth process. 

To test the criterion for slow -crack growth and the relative value 

of the stress intensity factor associated with the process a constant 

lo·ad test was run. A constant load equivalent to a stress intensity 
I 

of 11.4 ksi .Jin Wffi first applied to a s:rmll fracture specimen for a 

period of 33 min •. There was no detectable crack growth during this 

length of time. A constant load equivalent to a stress intensity of 13.7 

ksi Jin was then applied. The crack grew to failure in a period of 

9 min. 

The above described constant load test seems to justify the criterion 

for slow crack growth. An argument could be made for stress corrosion 

because of the fact that the fracture tests were run in air which contains · 

water. It is thought however that the slow-crack grcwth process is not 

one of stress corrosion but rather a mechanical process. This is because 

af the similarity of stress intensity values between constant load, con-

.. 
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stant cross-head speed cohditions, and the p~stic energy dissipation cal-

cU.lations. 

2. Comparison of Fracture in 
Al-Zn and Al-:A~Alloys 

The kinetics of the precipitation ·process in the Al-Ag alloys is con-

siderably slower than in the Al-Zn alloys • T·he peak strengths of these 

alloys required aging from 50 min (at 225°C) for alloy 30 to 1000 min 

(at 225°C) for alloy 27. In the solution treated condition failure of 

these alloys was by trans granular shear. Aging of Al-Ag alloys to peak 

strength caus~d failure to became intergranular, but to a degree that varied 

with the silver content. At about 2Cf'/o silver (alloy 29), fracture in the 

fullY aged condition was completely intergranular. The intergranular 

f'racture of Al-Ag differs from that in the Al-Zn alloys in that flat 

boundary failures characteristic of the fast-crack growth process in 

Al-Zn alloys were never found. The· crack growth was always by microv6id 

coalesence (Figfi:. 63, 64,67 and 68). This may be due to the fact that the 

effective· grain-boundary width (grain-boundary plus precipitate -free zone) 

is greater in these alloys. Sedril._{s et a1.35 found that in the case of 

stress corronion cracking the time to failure was inver1:1ely related to 

the precip;itate-free zone width. While there is no direct comparison 

that can be made, it may well be that the wider effective grain-bqundary 

r~gion allows better adjustment of high local stresses. averaging, which 

causes widening of the grain-boundary regions and softening of the grains, 

further enhances local strain accommodation until transgranular fracture 

prevails. The. strength of the. gra.:fus approaching that of the grain-boon-

dary region .. 

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

cnus.e 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) 

and 78(a). The plastic zone size of the Al-Zn alloy in peak aged and 

averaged condition (Fig. 74) my be comrared to that found in alloy 29 in 

the peaks aged condition (Fig. 77). (Scanning electron micrographs of the 

first plastic zone in Fig. 74(a) are shown in Fig. 74.) The calculated 

plastic zone size for the averaged Al-Zn and the peak aged Al-Ag specimens is 

the same (0.35 in.) and nearly eqtial to the measured size for peak aged 

. * 
Al-.-Ag alloy (0.37 l/2 in.). The micrographs show that the deformation is 

rn.cire uniformly distributed in the case of Al-Ag alloys and as a result these 

alloys should be expected to be much tougher. (Note: the grain rotation 

in Fig. 75(c) and the crack at the interface of the plastic zone in Figs. 

75(a) and (e).) 

Impact tests of small fracture samples, similar to those described in 

Appendix II for Al-Zn alloys, indicate that Al-Ag alloys are tougher than 

the Al-Zn alloys. The energy to fracture a sample of peak aged Al-Zn 

alloy 24 is 2 ft. lbs. as compared to ll ft. lbs. for peak aged aliqy 29. 

(The energy to fracture the same size sample of commerical 7075-T6 is 

4 ft. lbs.) The peak aged alloy 24 failed by the fast-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 

propagation. The high strain rate associated impact conditions has 

caused the crack to propagate in a mixed intergranular and transgranular 

mode for the rea:sons 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 transgranula:r crq.ck·growth was by shear rupture, as 

I 

)(· i \' 
The plns t U· zone size is calculated assuming plain stress conditions and 

using t.l1l~ l'l~lationsbip 2r = 1/Tr (K/a )2 = 1vidth of-plastic zone.36,37 
p ys 
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shown in Figs. 65 (b) to (d). This behavior is in keeping vJ'ith 

the idea that there is not as much difference betw:een the grain-

~- boundar-Y .and tr.ansgranular-f-racture-paths-in-Al.-Ag_alloys~_as. _in._the ______ _ 

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-crack growth 

which takes place through a low energy fracture process. Of the two 

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

·aged to near peak strength have been found to fail by the fast-crack 

growth process. In general, fast-crack growth only occurs under the 

conditions where there are narrow grain-boundary regions,.relatively 

high strain rate and/or low temperature. The stress intensity for the 

initiation of fast-crack growth is several times that for slow-crack 

growth. 

2. In cases where intergranular fast-crack grow·th 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 

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

fast-crack growth, the plastic zone decreases in size. 

3 •. Slow-crack growth takes place discontinuously, the crack jumping 

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 

grai:ri.;..boundary there is no mechanism to blunt it. The calculated stress 

intensity factor based on the plastic energy dissipated within a region 

of one grain on either side of the fracture surface is consist~:nt with 

the measured value. 
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4. The initiation of slow.o.crack growth can be detected by the 

first stress-waves of the.discontiriuous crack growth pattern. Normally 

the first stress-waves do not signifiY a process leading to failure. L ) 
- --·-- ~.----· -·-- ----; --- ------ ----------- ---

' . 
5. The observed plastic zone size appears to be_ in good agreement 

with calculated values in the case of aluminum-silver alloys but not 

always in the case of aluminum-zinc alloys. 

6. The shear dimple spacing appears to be. of the order of the 

macroscopic slip .line spacing. 

!i' 
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APPENDJX I 

Table 15. Tensile Properties of Zinc and Silver 

t, Condition Test €, 1/min. Elong. % 
in. Tern • °C 

Zinc -
423 .125 Annealed LN2 .0039 1.0 

424 .125 As Rolled IN2 .0039 -
422 .125 Annealed LN2 ·39 2.0 

44o .125 Annealed RT .0039 18 

439 .125 Annealed RT ·39 5 

430 .125 Annealed 18o•c ·39 55 

Silver 

425 .0625 Annealed LN2 -39 120 

426 .0625 Annealed L~ 3-9 124 

441 .0625 Annealed RT .39 70 

442 .0625 Annealed RT 3.9 72 

·=> 

Y.S., ksi 

2.6 

6.9 

1.6 

4.1 

4.9 

3·3 

4.7 

5·2 

3.4 

7·9 

r• ... _ 

u .. T. s., ksi 

4.3 

6.3 

4.0 

35·5 
36.6 

22.2 

23.4 

:n: 

.30 
I 

.24 1-' 
f\) 
\0 
I 

!.09 

.89 

.88 

• 70 

.57 
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APPENDIX II 

The Effect of High Strain, Rates and Low Temperature on 
the Fracture Process in Alloy 24 

It was mentioned in the discussion that, at a low· crosshead speed 

·of 0.039 in./min, the large peak aged fracture specimens of alloy 24 did 

not show a slow·-crack td fast-crack .growth transition whereas a specimen 

'pulled at 0.39 in./min did. The effect of a further increase in strain 

rate was investigated by pulling a small. fracture specimen under impact 

conditions. This was accomplished by attaching the specimen at one end 

to a Charpy harmner and at the other end to a claw which would catch 

the Charpy anvil as the hammer came by on the downward swing. The 

entire fracture surface resulting from this test (Fig. 55) ',showed bright 

appearing intergranular :fracture with traces of tran·sgranular, shear 

rupture [(b) and (c)]. ,The fractographic appearance of the bright 

· inte:tgranular fracture surfaces was the saJile as found for the tfast..;crack 

,growth process. Possihiliy the small amounts of transgranular shear rupture 

were caused from dynamic loading effects. 

A small fracture specimen was puH1ed · at liquid nitrogen temperature 

at a crosshead speed of 0.039 in./min (same as used in the routine tests) 

to see if the lower temperature might al:;;o decrease the amount of slow-

crack growth. The fracture surface from this test show·ed o:p.ly the fast­

crack growth mode of intergranular failure (Fig. 54). 

The effect of deereasing the test temperature or increasing the 

·strain rate may be to increase the strength of the grain-boundary and/or 

·precipitate-free zone. The transition f'romslow-crack to fast-crack 

growth is one requiring only a small increas.e in stress intensity \·lhich 

cou.ld be a].J.t)\ved by a relative increase in strength of the gr3..in-bounda:!.·y. 

v 
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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. How·ever, a good 

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

controlling. 
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APPENDJX III 

Fatigue of Alloy 24 Aged to Peak Strength 

A met<?-llographic :fatigue stu,dy was carried out on alloy 24 in the 

peak aged condftion in order to obtain a more complete picture·of the 

crack growth process. A small fracture sample was electropolished.and 

then tension-.tension fatigued ~t 30 Hz ~nd K = 12.5 ksf .fin.,. first for 

'100 cycles [Fig. 69 (b)] then for 2500 cycles (Fig. 70 ). After fatiguing 

at 30 Hz, the specimen was puilsed in two stages to near failure (Figs. 

71-73 ). 

Before fatiguing, the crack tip was at a grain..;.boundary [Fig. 69 (a)]. 
~ I ' 

The crack grew on fatiguing first along the grain boundary, propagated 

transgranularly. At the next grain-boundary the crack changed mc;>de and 

followed a grain boundary path for a number of grains then changed back 

to the transgranular mode (about half way across, Fig. 70, ±n which 

the notch is on the left). The fatigue crack ended on the right side 

of Fig. 70. At this point the crack had branched, following some trans-

granular, and some intergranular paths. When a non-cyclic load was 

applied at this point, only the intergranular crack opened [Fig. 7l(a)]. 

·As the load was increased up to a predeterminedvalue and thE;;n relaxed, 

the crack grew intergra.nularly, then stopped after producing a small 

·plastic zone (Fig. 7l(b) and 72 ). On reapplic<?-tion of the load the 

crack continued to grow interg~anularly producing another small plastic 

zone. The crack stopped on the.relaxation of the load, as shown in 

Fig. 73. This sample is also sho~ in Fig. 74 (a) VJhere the plastic zones 

show clearly. The conclusion to be drawn from this study is that crack 

.growth under both high K level tension-tension fatigue and constant 

) 
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crosshead speed conditions have several features in conunon. Mainly, 

both conditions favor intergranular crack growth, and the appearance 

of the crack at the surface is influenced by these several factors. 

The change in fracture from intergranular 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 Compar:tison of Bcanning:,El€;Ctton MicroSCQPYi:to Convent'iQ.,r:l/11, Techniques 

A. Introduction . v: 

The scanning electron microscope (SEM) has existed in concept for 
) 

sometime but only recently has the instrument been developed to such an 

extent that it has become a valuable research tool. Investigators are 

still exploring the uses of the scanning electron microscope in many 

fields of resea:rch. The . following comparison ·of the SEM to conventional 

techniques is tHmed at illustrating some of the benefits of this technique 

over others. 

B. Metallography 

Two comparisons are presented in the text; optical microgr?phs of 

·aluminum, 25.7% zinc in the over~ged correlation (10,000 min at l25°C) 

are given in Figs. 30 (c) and 31 (a). Scanning electron micrographs for 

a similar area of the same specimen are given in Figs. 31 (b )-:(g). A 

corresponding comparison can be made for a specimen of alliminum, 2o% 

silver in the same averaged condition [Figs. 38 (a) to (c) versus Figs. 

38 (d) and (e)J. The general quality of the microgr~phs from both tech-

niques is comparablE;. However, the additional depth of field of the SEM 

and 45° mounting of the spec;;lmen gives the investigator information on 

the relative height of the surface features (i.e.· in the gra·in-boundary 
\J 

and precipitate in this case). This information in many instances, is 

·difficult to obtain optically. In addition, the magnification is slightly 
. . 

higher than the optical microscope. 
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C. Fractography 

The extreme depth of foc~s of the SEM can be used to full advantage 
I ., 

i ' 
for intergranular fractography. Replic& fractography teclmiques are 

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

·.to scanning optical microscopy, both tecqniques having a large depth of 
I 

field. A direct comparison is given ih Figs. 46 (a) and (b). (Scanning 
' 

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

nique doe~i not 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 qualities of SEM here are the extended range 

of m1:1gnification and the fidelity of perspective. Standard metallographic 

techniques do not have the depth of field and the perspective to 

correctly interpret the fractography of single grain facets. EXamples 

,.of the ad9-ed information gained by the SEM over metallographic techniques 

. i. 
are g1ven 1n Figs. 50 and 51. 
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