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Foreword 
Committee E-24 on Fracture Testing of Metals sponsored the Sym- 

posium on Fracture Toughness Testing at Cryogenic Temperatures at the 
Seventy-third Annual Meeting of the American Society for Testing and 
Materials, held in Toronto, Ontario, Canada, 21-26 June 1970. The two- 
session meeting, given on 24 June, was chairmaned by J. G. Kaufman 
of the Alcoa Research Laboratories, who was assisted by J. F. Boysen of 
the Boeing Company. 
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Introduction 

This special technical publication consists of four papers presented at 
the Symposium on Fracture Toughness Testing at Cryogenic Tempera- 
tures at the 1970 Annual Meeting of the American Society for Testing 
and Materials, held in Toronto, Canada. The session was conceived by 
the Low Temperature Panel of the ASTM-ASME Joint Committee on 
Effect of Temperature on the Properties of Metals and cosponsored and 
supported by ASTM Committee E-24 on Fracture Testing of Metals and 
the Aerospace Panel of the Joint Committee. 

The symposium was organized to provide a current picture of the state 
of the art in fracture toughness testing at cryogenic temperatures. Of 
principal interest was the application of the foundation of fracture tough- 
ness testing, based upon modified linear elastic fracture mechanics and 
built by ASTM Committee E-24, to the field of uttralow temperatures. 
The four papers in this volume are representative of the situation today. 
The Vishnevsky-Steigerwald and Nelson-Kaufman papers describe direct 
applications of the ASTM plane-strain fracture toughness test method 
(E 399- 70) to cryogenic evaluations, although the temperature control 
procedures used in that program (carried out several years ago) are not 
recommended today. The paper by L. R. Hall presents comparative frac- 
ture toughness data for several different specimen designs, including those 
covered by the ASTM method and surface flawed specimens, at various 
temperatures. The fourth, by Orange et al, moves more strongly into the 
complex area of surface flaws now being attacked by ASTM Committee 
E-24 and presents an analytical treatment of cryogenic data. 

The Vishnevsky-Steigerwald paper merits special attention, as it is the 
result of a program developed by the Low Temperature Panel and spon- 
sored by the Metal Properties Council with the specific intent of develop- 
ing cryogenic fracture toughness data suitable for consideration for hand- 
book use. It is the official publication of the final report from that program. 
All of the detailed data, on file in the Metal Properties Council Office in 
the Engineering Center in New York City, are available for further study 
as fracture test methods evolve. The results of this program will also be of 
special interest to the novice in fracture toughness testing, cryogenic or 
otherwise. They provide ample evidence of the pitfalls and practical 
problems that may be encountered in obtaining valid Kxr values. 

Copyright* 1971 by ASTM International 
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2 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

Three other presentations that do not appear in this volume were made 
at the symposium: 

1. Fracture Behavior of Three Cryogenic Materials (Aluminum Alloys 
2021-T81 and 7007-T6 and a Low Silicon Content 301 Stainless steel); 
by F. R. Schwartzberg, R. D. Keys, and T. F. Keifer; Martin-Marietta 
Co., Denver, Colo. 

2. Extension, Penetration, and Arrest of Cracks in 2014-T6 Aluminum 
Alloy Welds; by D. E. Schaub, R. A. Rawe, and R. S. Wrath; McDonnell- 
Douglas Corp., Santa Monica, Calif. 

3. Stress Wave Emissions During Subcritical Crack Growth in Beryl- 
lium at -320  F; by A. T. Green and C. E. Hartbower; Aerojet-General 
Co., Sacramento, Calif. 

These papers are not presented in this volume principally because they 
are not compatible with ASTM style and concepts. They do, however, 
contain valuable information in certain specialized fields. Interested per- 
sons are referred to the authors for copies of the original manuscripts. 

It is appropriate here to express, on behalf of the Low Temperature 
Panel, our gratitude to the Aerospace Panel of the Joint Committee and 
ASTM Committee E-24 for their support of this symposium and, especially, 
to the Metal Properties Council for their funding of the program leading 
to first report in this volume. Also, special thanks are due J. A. Boysen 
for his assistance in setting up the program and cochairmaning the sym- 
posium. 

J. G. Kaufman 
Alcoa Research Laboratories 
New Kensington, Pa. 
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C. Vishnevsky 1 and E.  A .  Steigerwald 1 

Plane Strain Fracture Toughness of Some 
Cryogenic Materials at Room and Subzero 
Temperatures 

REFERENCE:  Vishnevsky, C. and Steigerwald, E. A., " P l a n e  Stra in  Frac-  
ture  T o u g h n e s s  o f  S o m e  Cryogen ic  Mater ia l s  a t  R o o m  a n d  S u b z e r o  
T e m p e r a t u r e s , "  Fracture Toughness Testing at Cryogenic Temperatures, 
ASTM STP 496, American Society for Testing and Materials, 1971, pp. 3-26. 

A B S T R A C T :  An investigation was conducted to measure the plane strain 
fracture toughness, K~r of eight potential cryogenic service alloys at 75, - 100, 
and -321 F. The test materials included 7039-T61 and 2021-T81 aluminum 
alloys, Ti-6AI-4V STA in both alpha+beta and beta processed conditions, 
and the following steels: ASTM A553-A, PH 13-8Mo (H 1150-M), HP 9-4-20, 
and 18Ni (200 grade) maraging. 

Results include both fracture toughness and tensile data as a function of test 
temperature for each alloy, together with overall comparisons in terms of the 
plane strain crack size factor, (K~/~y,) 2, versus yield strength and yield 
strength to density ratio. 

In cases where valid K~r data could not be generated, the appropriate aspects 
of the ASTM Tentative Method of Test for Plane Strain Fracture Toughness 
of Metallic Materials (E 399 - 70T) are discussed. 

K E Y  W O R D S :  cryogenics, aluminum alloys, titanium alloys, steels, struc- 
tural steels, strains, stresses, fractures (materials), toughness, tensile proper- 
ties, bend properties, notch sensitivity, yield strength, cracking (fracturing), 
density (mass/volume), design, bend tests, tension tests 

The  subject  of linear elastic f rac ture  mechanics has been widely s tudied 
by  m a n y  invest igators  for over a decade. A par t icular ly  useful ou tg rowth  
of this effort has been the development  of the  plane strain f racture  tough-  
ness, Kic, as a measure of crack propagat ion  resistance, principally in high 
s t rength  materials. This pa ramete r  is a useful design tool because it per- 
mits a quant i ta t ive  relationship to be expressed between critical flaw size 
and applied stress in terms of material  properties,  KI~, and yield s trength.  

1 Principal engineer and manager, respectively, Materials Research Department, 
TRW Inc., Equipment Group, Cleveland, Ohio 44117. 
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4 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

In spite of the fact that considerable information has been published on the 
fracture toughness of various alloys, there is a dearth of reliable K~r data 
for many high strength structural alloys. This situation has arisen because 
many of the available data were obtained using techniques now known to 
introduce significant inaccuracies. 

During the past several years, ASTM Committee E-24 on Fracture 
Testing of Metals has been developing standard procedures for K~c testing 
and a tentative test method, E 399- 70T, was recently published [I]. In 
view of the complexity of the subject, some eventual modifications to this 
procedure are anticipated. However, the basic techniques are now suffi- 
ciently well developed to enable the systematic generation of reliable K~c 
data for many materials. 

The work described here was initiated by the Low Temperature Panel of 
the ASTM-ASME Joint Committee on the Effect of Temperature on the 
Properties of Metals primarily to obtain design KIo data on potential 
cyrogenic service alloys. Eight alloys representing three widely differing 
classes of materials were included in the program. The results of these 
tests, together with some observations and comments related to the current 
test method, are presented in the following sections. 

Materials and Procedure 

Eight materials representing steel, aluminum, and titanium alloy were 
evaluated in this investigation. These are listed in Table 1, which also 
shows the vendor, the thickness of the as-received stock, and its chemical 
analysis. With the exception of the HP 9-4-20 and 18Ni (200 grade) 
maraging steels all alloys were obtained in a fully heat treated condition. 
The HP 9-4-20 steel was quenched and tempered at TRW, while the marag- 
ing steel was received in an annealed condition that necessitated aging 
after machining of the test specimens. Table 2 gives a summary of the data 
available on the processing of the test materials. 

Tensile and notch bend fracture toughness properties were determined 
at 75 F in an ordinary air environment, at -100 F in either acetone or 
ethanol-dry ice baths, 2 and at -321 F by submersion in liquid nitrogen. 
The specimens were machined with their longitudinal axes perpendicular 
to the primary working direction, that is, in the WR orientation. For the 
tension tests, conventional threaded end, unnotched bars having a test 
section diameter of 0.505 in. and a gage length of 2.0 in. were tested, with 
a minimum of two tests conducted at each temperature. 

Fracture toughness tests were performed to determine the plane strain 
fracture toughness, K~c, using procedures developed by ASTM Committee 
E-24 as ASTM E 399. The toughness specimens were fatigue preeracked 

Acetone was used for all tension testing, while ethanol was used for the notch 
bend tests to avoid possible damage to the dip gage used to monitor crack opening 
displacement. 
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6 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

notched bars tested in three-point  bending. The relative dimensions of a 
notch bend fracture toughness specimen are il lustrated in Fig. 1. The  speci- 
men thickness, B, corresponded to the thickness dimension of the rolled 
plate after  removal of scale or surface imperfections. The  other  specimen 
dimension, W, the  width or height, and S, the span length between sup- 
ports, were integral multiples of B. 

Virtually all notch bend bars were prepared with a s t ra ight - through 
s tar ter  notch configuration. An initial slot having a width of approximately  
0.070 to 0.100 in. was in t roduced with a thin grinding wheel. The  base of 
this slot was extended an addit ional  0.050 to 0.070 in. by  electric discharge 
machining. The  M d t h  of the extension was 0.010 to 0.015 in. For  all non- 
ferrous materials, integrally machined, beam- type  clip gage a t t achmen t  
knife edges were used, while for the steels single-edge razor blades or cut t ing 
blades were spot  welded to the specimen surface slot opening. Care was 
taken to ensure tha t  the distance between spot  welds on either side of the 
slot did not  exceed the  limits permit ted for screw holes of removable knife 

edges [1]. 
The  base of the E D M  slot extension was sharpened by fatiguing in 

cantilever bending, using a Sonntag  SF 1-U machine for all 1-in.-thiek 
specimens and an S F 4  machine for the  larger test  specimens. Al though 

TABLE 2--Processing history of test materials. 

Alloy Summary of Processing or Heat Treatment" 

7039-T61 aluminum . . . . . . .  Solution at 850 F ( ~ 2 ~  h), water quench; age at room 
temperature (--~8 h) ; age at 320 F (18 h). 

2021-T81 aluminum . . . . . . .  Solution at 985 F (2 h), oil quench; preage at 300 F (1 h); 
stretch 1.5% maximum; age at 325 F (24 h). 

Ti-6Al-4V (a + 
processed and 
processed) . . . . . . . . . . . . . . .  Solution at 1725 to 1750 F (1 h), water quench; age at 

1000 F (4 h). 
ASTM A553-A steel . . . . . . .  Initially cross rolled at longitudinal to transverse reduc- 

tion ratio of 7.11 to 1. Heat treated as follows: austenitize 
at 1475 F (4~ h), oil quench; temper at 1100 F (5~ h), 
oil quench. 

PH 13-8Mo steel 
(H 1150-M) . . . . . . . . . . . . . .  Condition austenite at 1400 F (2 h), air cool; 1150 F (4 h), 

air cool. 
18Ni maraging steel 
(200 grade) . . . . . . . . . . . . . .  Anneal at 1650 F (2 h), air cool; anneal at 1450 F (2 h), 

air cool; age at 900 F (2 h). 
HP 9-4-20 steel . . . . . . . . . . .  Normalize at 1650 F (1 ~ h), air cool; austenitize at 1500 F 

(1 ~ h), water quench; temper at I025 F (6 h). 

- Actual processing information was available only for 2021-T81 aluminum and the 
A553-A, maraging, and HP 9-4-20 steels; for other materials the conventional specified 
treatments are shown. 
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BEAM-TYPE 
CL~P GAG~ 

P 

= ,11 
s I " =i  
L__! 

~~ SINGLE EOOE ~Z0R(I~ 
TO SPECIMEN OR 
INTEGRAL KNIFE EDGE 

TO RECORDER 

PQs F~ o,a,I/2 ~.6(~)3/2 

,21 .8(+)  512 _ 37.6(~)7/2 , 38.7(~)9]~ 

Pq - Load obtained from tes t  record, lbs.  

B = Specimen th ickness,  In. 

W = Specimen w id th ,  - 2B 

S - Span length,  = hW 

a - Crack length (machined notch plus fat igue crack) ,  in,  

K~ m Conditional plane strain fracture toughness, psil/~'~n 
KQ - KIc (plane strain fracture toughness), If all criteria 

f o r  v a l i d  t e s t  are s a t i s f i e d ,  

FIG. 1--Schematic representation of notch bend fracture toughness test setup and equation 
used to ealcu~te fracture toughness. 

cantilever loading can cause crack inclination and is thus less preferable 
than symmetrical loading, in none of the specimens did the angular differ- 
ence between the crack surface and starter notch plane of symmetry ex- 
ceed the maximum permissible value of 10 deg [I]. 

Care was taken to ensure that the amount of fatigue crack extension 
and the maximum stress intensity level during the terminal stages of pre- 
cracking, K~(~ax), were in accord with the tentative test method. Prior to 
precracking the bulk of the material, a number of preliminary Kzc tests 
were performed at --321 F to facilitate estimates of the highest stress 
intensity levels that could be applied in precracking at room temperature. 
The actual stress intensity values were calculated to an estimated accuracy 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:37 EST 2015
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8 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

of better than -4-5 percent using published [2] K calibration curves for 
cantilever bending at crack length to width ratios, a/W,  up to 0.50. Extra- 
polations of these curves to a / W  = 0.55 were used for two of the test ma- 
terials. In addition to departing from the currently recommended procedure 
with respect to the method of loading during precracking, the ratio of 
minimum to maximum load was not maintained at a maximum value of 
0.10 but, instead, was in the range of 0.19 to 0.25. The latter difference 
is also not expected to have seriously affected the Kit values. 

Fracture toughness tests were performed in a three-point bending fixture 
in which the support rolls, initially held against stops by low tension leaf 
springs, were permitted to roll apart on hardened plane surfaces. This 
arrangement essentially eliminates frictional effects. A beam-type clip 
gage was attached to the previously described knife edges at the specimen 
edge. A minimum of three tests were performed at each test temperature. 
During the actual test a chart record of applied load, P, versus clip gage 
output was generated. From this record a load value, PQ, was obtained 
and used to calculate a conditional plane strain fracture toughness value, 
KQ. Examples of three different types of test records are shown in Fig. 2. 
In each case a line OA is drawn along the initial straight line portion of the 
test record. A second line OP5 is dra~a at a slope 5 percent less than that 
of OA and PQ is defined as the inaximum load in the test record up to or 
including the intercept point Ps. 

NOTE: SLOPE OP I iS EXAGGERATED FOR CLARITY 

A A 

pS=l ~ A 

PQ 

/ / /  . ,G/ /A4 
/ /  / / /  "P-o.aP5 /1 /~  - // // 'I 

go /'o t o  

D, SPLACS.E.T ~A~S O.TP.T 

FIG. 2--Principal types of load-displacement records [1]. 
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VISHNEVSKY AND STEIGERWALD ON CRYOGENIC MATERIALS 9 

A KQ value based on PQ is rejected as a valid KIo if the deviation of the 
test record from line OA at a load of 0.8P5 is greater than one fourth of 
the deviation from linearity of the test record at Ps. In addition to this 
requirement, various other criteria must be satisfied. The two most im- 
portant of these are that both the specimen thickness, B, and crack length, 
a, must not be less than 2.5(KQ/ay~) 2, where ays is the 0.2 percent offset 
yield strength. Details of other criteria regarding specimen preparation, 
precracking conditions, the straightness of the fatigue crack front, a/W 
ratio, and test procedure may be obtained from the published tentative 
test method. 

The following sections discuss the results of the tension and K~  tests 
on the various alloys. 

Resul ts  and Discuss ion  

The results of individual notch bend fracture toughness tests for all 
alloys are summarized in Table 3. Some of the data were not valid KI~ 
and are only denoted a s  KQ. In such instances the specific criterion for 
valid K~ testing that was not satisfied is identified. 

For purposes of presentation the materials were classified into the follow- 
ing categories: 

1. Aluminum alloys, 7039-T61 and 2021-T81. 
2. Titanium alloy, Ti-6A1-4V STA, in both a -t- /~ and ~ processed 

conditions. 
3. High strength steels, HP  9-4-20 and 18Ni (200 grade) maraging. 
4. Medium strength steels, ASTM A553-A and PH 13-Mo (H 1150-M). 

Aluminum Alloys 

The tensile and fracture toughness properties of the 7039-T61 and 
2021-T81 alloys are shown in Figs. 3 and 4, respectively. The tensile data 
consist of the tensile strength, yield strength, and reduction of area, while 
the fracture toughness test results are presented only as KIr A number of 
invalid KQ values for the 2021-T81 alloy, identified in Table 3, were not 
plotted in Fig. 4. When the degree of scatter between individual test re- 
sults was slight, the data in both figures were presented as averages, with 
a notation for the number of tests included. 

Both aluminum alloys exhibited an increase in KI: with decreasing test 
temperature. For the 7039-T61 alloy, this beneficial effect of low tempera- 
ture on K~  was small and possibly not significant, while for 2021-T81 the 
KIr at --321 F was about 40 percent greater than the room temperature 
value. At 75 and --100 F the lower strength 7039-T61 alloy provided ap- 
preciably higher toughness, while at -321  F the K~r of the 2021-T81 alloy 
was greater, 31.8 versus 30.5 ksi~-m. 
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10 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

T A B L E  3--Fracture toughness test results. 

Mater ia l  T es t  
No. 

Temper -  0 .2% Yield KQ, ~ 
ature,  S t rength ,  ksi x / ~ .  
deg F ksi 

KIo, b 
ksi i x / ~ - .  

7039-T61 a l u m i n u m  . . . . .  AK-1 
2 
3 

AK-4  
6 
7 

AK-5  
9 

10 
11 

2021-T81 a l u m i n u m  . . . . .  BK-2  
3 
4 

BK-1  
5 
6 
7 
8 

BK-10  
11 
13 
14 

Ti-6A1-4V STA 
(a -t- ~ processed) . . . . . .  CK-1 

2 
12 

C K-3  
4 

11 
CK-6  

7 
9 

10 
Ti-6A1-4V STA 
(/~ processed) . . . . . . . . . . .  DK-1  

9 
11 

75 48 .8  29 .0  
29 .2  
30 .0  

avg  
- 1 0 0  52 .5  29 .6  

29 .6  
29 .9  

avg  
- 3 2 1  58 .4  29 .8  

31 .3  
30 .5  
30 .4  

avg  
75 61 .3  22 .8  

23 .1  
22 .5  

avg  
- 1 0 0  65 .4  27 .0  

26 .0  
26 .4  
26 .8  
26 .4  

avg  
- 3 2 1  73 .2  32 .6  

32 .2  
30 .9  
32.1 

avg  

75 161.2 35 .4  
38 .4  
33 .5  

- 1 0 0  187.0  39 .7  
37 .4  
41 .2  

- 3 2 1  238.0  32 .9  
32 .3  
32 .5  
32 .0  

75 150.3 39 .1  
45 .9  
49 .6  

avg  

29 .0  
29 .2  
39 .0  
29 .4  
29 .6  
29 .6  
29 .9  
29 .7  
29 .8  
31 .3  
30 .5  
30 .4  
30 .5  
22 .8  
23 .1  
22 .5  
22 .8  
27 .0  
26 .0  
. . .  ( 1 )  

. . .  ( 1 )  

26 .4  
26 .5  
32 .6  
. . .  (4) 
30 .9  
. . .  (4) 
31 .8  

. . .  (1, 4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

. .  (4) 

39 .1  
45 .9  
49 .6  
44 .9  
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VISHNEVSKY AND STEIGERWALD ON CRYOGENIC MATERIALS 1 1 

TABLE 3--Continued. 

Material  Test  
No. 

Temper-  0.2% Yield KQ," KI~, b 
ature, Strength, ksi ~ ksi 
deg F ksi 

DK-3 
4 

10 

DK-5 
6 
7 
8 

18Ni maraging steel 
(200 grade) . . . . . . . . . . . .  GK-3 

4 
5 

GK-6 
7 
8 

GK-9 
10 
11 

H P  9-4-20 steel . . . . . . . . .  HK-1 
8 

10 
HK-2 

4 
11 

HK-6 
7 
9 

ASTM A553-A steel . . . . .  EK-2 
3 
6 

11 
EK-5 

9 
10 

EK-4 
7 

12 

- 1 0 0  178.1 44.9 
45.7 
49.0 

avg 
-321  227.3 37.7 

34.0 
35.2 
36.5 

avg 

75 205.7 168.3 
172.4 
168.7 

avg 
- 1 0 0  229.5 167.1 

158.1 
166.1 

avg 
-321  271.4 85.7 

77.0 
73.5 

avg 
75 183.6 126.3 

125.3 
120.6 

- 1 0 0  197,8 134.9 
138.2 
129.1 

avg 
-321  240.5 50.6 

50.8 
46.0 

avg 
75 92.3 95.0 

101.5 
100.5 
101.4 

- 1 0 0  96.6 99.8 
98.5 
96.3 

-321  124.5 114.1 
100.8 
106.5 

44.9 
45.7 
49.0 
46.5 
37.7 
34.0 
35.2 
36.5 
35.9 

168.3 
172.4 
168.7 
169.8 
167.1 
158.1 
166.1 
163.8 
85.7 
77.0 
73.5 
78.7 
. . .  (1) 
. . .  (1) 
. . .  (1) 

134.9 
. . .  ( 1 )  

129.1 
132.0 
50.6 
50.8 
46.0 
49.1 

(1, 3, 4) 
(1, 2, 4) 
(1, 2, 4) 
(1, 2, 4) 
(1, 3, 4) 
(1, 4) 
(1, 3, 4) 
(1, 4) 
(1, 4) 
(1, 4) 
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12 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

TABLE 3--Continued. 

Material Test Temper- 0.2% Yield KQ, a Kic, b 
No. ature, Strength, ksi v/Ym. ksi x/ira. 

deg F ksi 

PH 13-8Mo (H 1150-M) 
steel . . . . . . . . . . . . . . . . . .  FK-2 75 84.5 55.1 

5 46. l 
6 65.3 

FK-7 -100 100.5 . . .c 
9 . , . r  

10 
FK-8 -321 144.4 68:3 

11 80.8 
14 76.3 
15 68.6 

.. (1) 

.. (1) 

.. (1) 

.. (1) 

.. (1) 

.. (1) 

.. (1) 

.. (1) 

. .  ( 1 )  

.. (1) 

Applicable Criteria for Valid Kic 
Section in ASTM Test Method 

E 399 - 70T 

1. fails deviation from linearity criterion (excessive 8.1.2 
test record curvature) 

2. insufficient crack length or thickness or both 8.1.5 
3. crack length to width ratio, a/W, outside the 6.2.1 

limits 0.45 to 0.55 
4. nonuniform fatigue crack front 7.2.3 

a Conditional plane strain fracture toughness. 
b Valid plane strain fracture toughness; numbers in parentheses identify criteria for 

valid KIc that were not satisfied. 
c Because of extreme curvature in the test record an initial straight line portion was 

not defined and PQ could not be established. 

Titanium Alloy, Ti-6Al-~V 

The solut ion t rea ted and  aged Ti-6A1-4V alloy was evaluated  in  two 

prior processing conditions,  which resulted in  appreciably different micro- 
structures.  Figure 5 compares the s t ructure  of the  alpha + beta  processed 
material ,  conta in ing pr imary  alpha grains of a semicont inuous  na tu re  in a 
be ta  matrix,  with t ha t  of the essentially beta  processed material ,  whose 

s t ruc ture  consisted of alpha platelets in a Widmanst~i t ten array in a be ta  
matrix.  The  la t ter  s t ructure  is probably  the consequence of rolling near  or 

at  the beta  t ransus.  
The results of tension and fracture toughness tests of Ti-6A1-4V are 

summarized in Figs. 6 and  7. The  acicular s t ruc ture  exhibited slightly 

lower tensile and yield s t rengths  at  all t empera tues  and lower duct i l i ty  a t  
- 1 0 0  and - 3 2 1  F. Valid KIo values were obta ined  at  each tes t  tempera-  
ture.  These were near ly equal at  75 and - 1 0 0  F bu t  dropped considerably 

a t  - 3 2 1  F. 
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FIG.  3--Smooth tensile properties and fracture toughness of 7039-T61 aluminum alloy. 
Parentheses denote the numbers of overlapping data points. 
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FIG.  4--Smooth tensile properties and fracture toughness of 2021-T81 aluminum alloy. 
Parentheses denote the numbers of overlapping data points. 
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14 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

FIG. 5--3licrostructure of Ti-6AI-~ V alloy test material (X340): left, ~ + ~ processed, 
lot C; right, ~ processed, lot D. 
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FIG. 6--Smooth tensile properties and fracture toughness of beta processed, solution 
treated, and aged Ti-6Al-4 V. 
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FIG. 7--Smooth tensile properties and fracture toughness of alpha + beta processed, 
solution treated, and aged Ti-6Al-~V. Parentheses denote the number of overlapping data 
points. 

However, for the a +/~ processed material no valid K~c data were gen- 
erated, because sufficiently uniform fatigue crack fronts could not be ob- 
tained. For all specimens the crack length measurements at the specimen 
surface were less than 90 percent of the average crack length based on 
three interior readings (center and quarter points). A deviation of this 
magnitude in crack straightness is unacceptable in a valid K~o test. Typical 
examples of crack fronts for the a + f~ and 2 processed materials are com- 
pared in Fig. 8. These large differences in crack growth behavior are not 
attributed to precracking technique but probably reflect variations in 
material properties. Similar anomalous crack growth behavior for Ti- 
6AI-4V having different microstructures has been observed by Hickey and 
DeSisto. 3 

No method currently exists for correcting for the effects of pronounced 
crack front curvature. However, if it is assumed that the KQ results for 
the a + /3 processed structure closely approximate K~c, then the relative 

3 Private communication with C. F. Hiekey, Jr., and T. S. DeSisto, Army Materials 
and Mechanics Research Center, Watertown, Mass., November 1970. 
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16 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

FIG. 8--Typical fatigue crack front shapes in Ti-6AI-4V. Top, ~ + ~ processed, lot C; 
bottom, ~ processed, lot D. Left 75 F, center -100 F, and right -3~I F. 

toughness of the two conditions is consistent both with the higher strength 
a + /3  processed material and the results of other investigators showing a 
toughness superiority after ~ processing [3]. However, it should be empha- 
sized that, because the materials represent different heats, the effects of 
processing may be confounded by other variables, notably, differences in 
the level of interstitial impurities, so that the two conditions are not 
strictly comparable. 

High Strength Steels 

The results of tension and fracture toughness tests on the HP 9-4-20 
and 18Ni (200 grade) maraging steels are summarized in Figs. 9 and 10, 
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VISHNEVSKY AND STEIGERWALD O N  CRYOGENIC MATERIALS 1 7  

respectively. For the HP 9-4-20 steel valid Kzo data were not obtained at 
75 F and one of three tests at -100 F was rejected. In each case the load- 
displacement curves exhibited excessive curvature so the deviation from 
]inearity criterion was not satisfied. However, the required minimum thick- 
ness and crack length in these tests as calculated from 2.5(KQ/a~B) 2 were 
less than the actual dimensions. This suggests that KQ underestimated K~, 
particularly at 75 F where the average KQ w a s  less than K~o at - -  100 F. 

In the case of the maraging steel, valid K ~  data were obtained with all 
test specimens. In terms of both strength and toughness it provided a 
better combination of properties than did HP 9-4-20, since at all tempera- 
tures the yield strength was 10 to 15 percent higher with no sacrifice in 
toughness. Although for both alloys K~o values at -321 F were consider- 
ably lower than at -100 F, the maraging steel exhibited a fracture tough- 
ness at -321 F that was approximately 50 percent higher than that for 
HP 9-4-2O. 

260 

240 

~ 220 

200 

180 

7O 

@ 60 

50 

140 

120 

lO0 

v 60 

4O 

20 

I I I I 

~ L E  STRENGTH 

o.2~ YIELD STRENG'r. ~ |  

~ r r -  / - 

REDUCTION IN AREA 

K I ~  �9 KIC 
0 KQ ONLY 

I I i I 
=300 -200 -I00 0 

TEST TEMPERATURE, OF 
I00 

FIG. 9--Snwoth tensile properties and fracture toughness of HP-9-$-20 steel. 
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FIG. 1 O--Smooth tensile properties and fracture toughness of 18Ni (200 grade) maraging 
steel. Parentheses denote the numbers of overlapping data points. 

Medium Strength Steels 

Figures 11 and 12 show the effect of temperature on strength, ductility, 
and fracture toughness of the ASTSI A553-A and PH 13-81Io (H 1150-5I) 
steels. The toughness values are in all c a s e s  KQ, since no valid K~c data  
were obtained. 

For the P H  13-81Io steel the primary reason for rejecting the data was 
failure to satisfy the deviation from linearity criterion. Curvature of the 
test records was particularly pronounced at 75 and - 1 0 0  F, and the inter- 
cept loads, PQ, w e r e  generally one third or less of the maximum load in 
the test. This situation was more severe at --100 F, and an initial slope 
OA (see Fig. 2) could not be determined. Accordingly, PQ was not measured 
for these tests. At --321 F curvature of the test record was appreciably 
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VISHNEVSKY AND STEIGERWALD ON CRYOGENIC MATERIALS 19 

less, because the yield strength was higher and the intrinsic K~o level was 
probably lower than at 75 or -100 F. The effect of this improved test 
record linearity was to increase PQ to a higher value than was obtained 
at 75 F, thus causing an apparent rise in toughness with decreasing test 
temperature. Figure 13 shows the appearance of the test record from one 
of the -321 F tests. A distinct popin was observed at a load above PQ. 

Both at 75 and -321 F the criteria that the crack length and thickness 
must not be less than 2.5(Kv/ /qys)  2 w e r e  satisfied. As in the case of the 
HP 9-4-20 steel, these KQ values probably underestimated K~r ~ith the 
-321 F data being closer to K~c because of less test record curvature. 

For the ASTSI A553-A steel excess plasticity, as revealed by the test 
record, also occurred in all tests. Furthermore, every specimen exhibited 
a nonuniform crack front of the type observed for a + ~ processed Ti- 
6A1-4V. In the A553-A steel the crack curvature does not appear to be the 
result of precracking conditions, and it was not alleviated by varying the 
starter notch configuration. Figure 14a shows a typical crack front of an 
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FIG.  ll--Smooth tensile properties and fracture toughness of A S T M  A558-A steel. 
Parentheses denote the numbers of overlapping data points. 
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FIG. 12--Smooth tensile properties and fracture toughness for PH 13-8Mo (H 1150-M) 
steel. Parentheses denote the numbers of overlapping data points. 

A553-A steel specimen prepared with a straight-through starter notch, 
while Fig. 14b illustrates the crack front obtained with a chevron:starter 
notch. In both cases the crack was severely advanced at the specimen 
interior. A third specimen, Fig. 14c, was prepared with sharp ys-in.-deep 
side grooves to accelerate crack growth at the specimen surfaces. These 
grooves were machined off prior to testing. In spite of some acceleration 
of crack growth at the surfaces, the crack front was still unacceptable. 
Thus it appears that this condition was caused by structural variations 
across the thickness which influenced the rate of fatigue crack growth. 

Comparison of Various Alloys 

The fracture toughness properties of all eight materials are compared in 
Fig. 15 in terms of the plane strain crack size factor, (Kie/ay~) ~, versus 
yield strength. The crack size factor was selected in place of Kic, because 
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FIG. 13--Load-displacement record for a PH 13-8Mo specimen (FK-15) tested at 
-321 F showing 5% secant intercept load, Po, considerably below the popin load. This 
test record failed to satisfy the linearity criterion at 0.8P~. 

it provides a measure of toughness that  accounts in a single parameter for 
the interactions of K~c and strength on crack size tolerance. 4 This figure 
includes data  for all three test temperatures; an increase in yield strength 
for any alloy is associated ~vith a reduction in test temperature. KQ results 
for a + ~ processed Ti-6A1-4V and the PH 13-851o and A553-A steels are 
also included in the figure. 

The relative toughness of the aluminum alloys is different in this repre- 
sentation than in comparisons based on K~c. At all temperatures the crack 
size factor of the 7039-T61 alloy is appreciably higher than that  of 2021- 
T81, although it should be noted that  the latter exhibits higher strength. 
Also, 2021-T81 is the only material for which the crack size factor increased 
with decreasing temperature. Of the medium strength steels, A553-A had 

4 The crack size factor is not related to critical crack size at a stress equal to the yield 
strength but only under small-scale yielding, that is, at applied stresses appreciably 
below the yield strength [~]. 
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FIG. 15--Variation of crack size factor with yield strength for all materials tested. 

a considerably higher crack size factor than did PH 13-8.~Io and the high- 
est crack size factor of any material tested. Because valid K~c data were 
not obtained for either of these steels, such comparisons are only approxi- 
mate. In the case of the high strength steels, the maraging steel provided 
a distinct advantage over HP 9-4-20 in terms of both strength and tough- 
ness. At -321 F the crack size factor of the maraging steel was nearly 
twice that of HP 9-4-20. 

In certain applications strength to weight considerations are important, 
and it is then convenient to compare materials on the basis of crack size 
factor versus yield strength to density ratio. Figure 16 shows that, if com- 
pensation is made for differences in density, different relative behavior is 
evident. The Ti-6A1-4V alloy exhibited the highest strength to density 
ratio but a low crack size factor. However, of the other materials, the 
maraging steel remained distinctly superior at 75 F and -100 F. Figure 
17 shows only the --321 F points from the previous plot. This graph more 
clearly indicates the range of material selection which is available for 
cryogenic service from a strength to weight consideration. 
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General Considerations 

In addition to providing data on the fracture toughness of various alloys, 
the results of this study suggest some comments regarding the present 
method for K~r testing, E 399 - 70T. 

As discussed previously, the difficulties encountered in obtaining suffi- 
ciently straight crack fronts for two materials, a + ~ processed Ti-6A1-4V 
STA and the A553-A steel, were probably caused by material character- 
istics and not precracking conditions. The consistency of crack growth be- 
havior for all specimens of a particular alloy and the consistent differences 
between alloys, as well as the insensitivity of crack growth to starter notch 
configuration, add support to this contention. The limits on crack front 
curvature which now exist in the test method might be relaxed if analytical 
or experimental data on the effect of crack shape were available. 

Another major cause for invalid K~o results was excess plasticity in the 
test record. This nonlinearity was indicative of slow crack growth or plastic 
zone extension because of insufficient specimen size or both. A feature of 
these results was that, in most cases where the linearity criterion was not 
satisfied, the additional requirements that crack length and thickness must 
not be less than 2.5(KQ/~ys) 2 indicated adequate size. In fact, for 25 tests 
that failed the linearity test, only three failed the size requirement. 

Jones and Brown [5] have shown that within the scope of the present 
test method KQ values for subsize specimens can either overestimate or 
underestimate Kic. For all tests in this study, in which crack length and 
thickness were nearly equal, an undersized specimen would tend to under- 
estimate Kic. Usefulness of the 2.5(KQ/ays) 2 test is implicitly based on the 
assumption that K~ is known or KQ will tend to overestimate it. But ob- 
viously, if KQ greatly underestimates K~c, this criterion may give the false 
indication that specimen size is adequate, and the sole burden for revealing 
insufficient thickness and crack length is placed on an unambiguous inter- 
pretation of the test record. 

Summary and Conclusions 
An investigation was conducted to measure the plane strain fracture 

toughness, K~, of eight potential cryogenic service alloys at 75, - 100, and 
-321 F. The test materials included 7039-T61 and 2021-T81 aluminum 
alloys, Ti-6A1-4V STA in both a + 3 processed conditions, and the follow- 
ing steels: AST~I A553-A, PH 13-8~Io (H l150-M), HP 9-4-20, and 18Ni 
(200 grade) maraging. Valid KI~ data were obtained for five materials, 
while for the remainder (Ti-6A14V (a + 3), PH 13-8Mo, and ASTM 
A553-A) one or both of the following conditions, test record nonlinearity 
and insufficiently straight fatigue crack fronts, were primarily responsible 
for invalidating the results. 

Of the aluminum alloys, 2021-T81 provided the higher strength at all 
temperatures and a slight toughness advantage in terms of K~ over 7039- 
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T61 at -321 F. However, on the basis of the crack size factor, (Kic/ays)  2, 
the latter was more crack tolerant at all temperatues. For Ti-6A1-4V the 
lower sterngth and higher toughness of the Widmanstiitten structure in 
comparison with a more equiaxed a + f~ microstructure is consistent with 
information in the literature on a toughness superiority for beta processing, 
although the absence of valid data for the a + ~ condition (due only to 
insufficient crack front straightness) obviously precludes a definite com- 
parison. 

The 18Ni (200 grade) maraging steel provided the highest yield strength 
and excellent toughness. In comparison with a similar strength steel, HP 
9-4-20, it exhibited the better overall combination of strength and tough- 
ness, particularly at -321 F. For two medium strength steels, AST.~I 
A553-A and PH 13-8Mo (H 1150-M), valid Kic data could not be gener- 
ated. In addition to difficulties in obtaining uniform fatigue crack fronts 
in the A553-A steel (which alone is sufficient to invalidate the data), both 
materials exhibited considerable test record curvature because of insuffi- 
cient specimen size. Nevertheless, the toughness of these materials appears 
to be high, with the A553-A steel having the highest crack size factor, 
(KQ/Zy~) 2, of any alloy in this study. 

In terms of increasing K~c alone, the materials can be rated in the follow- 
ing general order: aluminum alloys, Ti-6A1-4V, and steels. However, be- 
cause of appreciable differences in both strength and density a comparison 
in terms of plane strain crack size factor, (Kic/(rys) ~, versus yield strength 
to density ratio indicated certain regimes of usefulness for each alloy. 
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Plane Strain Fracture Toughness of Aluminum 
Alloys at Room and Subzero Temperatures 

R E F E R E N C E :  Nelson, F. G. and Kaufman, J. G., " P l a n e  S tra in  F r a c t u r e  
T o u g h n e s s  o f  A l u m i n u m  Al loys  at  R o o m  a n d  S u b z e r o  T e m p e r a t u r e s , "  
Fracture Toughness Testing at Cryogenic Temperatures, ASTM STP 496, Ameri- 
can Society for Testing and Materials, 1971, pp. 27-39. 

A B S T R A C T :  Plane strain fracture toughness tests have been made at room 
temperature, - 112, and - 3 2 0  F on plates of six aluminum alloys and tempers: 
2014-T651, 2024-T851, 6061-T651, 7075-T651, 7075-T7351, and 7079-T651. 
The data indicate that the plane strain fracture toughness, K~r of each of the 
allovis at the subzero temperatures is as high as or higher than that at room 
temperature. At - 3 2 0  F apparently valid values of KI~ ranged from 4 (7075- 
T7351) to 23 percent (2014-T651 and 7075-T651 ) higher than at room tempera- 
ture. An even larger difference was indicated for 6061-T651 (about 40 percent 
higher), but the specimens tested at - 3 2 0  F were not thick enough to satisfy 
the requirements of ASTM Test E 399 - 70 T. For the alloys of most interest 
for cryogenic applications, 2014-T651 and 6061-T651, the critical crack sizes 
at cryogenic temperatures are indicated to be as large as or larger than those at 
room temperature when evaluated at either a fixed operating stress or a con- 
stant percentage of the yield strength. 

K E Y  W O R D S :  cracking (fracturing), fatigue (materials), fracture tests, 
toughness, strains, plastic properties, tensile properties, cryogenics, tempera- 
ture, yield strength, aluminum alloys 

Certain aluminum alloys are recognized as well suited for cryogenic 
applications, principally because they exhibit higher strength as tempera- 
ture decreases but no abrupt transition in fracture mode associated with 
large decreases in fracture energy over a narrow temperature range 
[1, 2]. Even for the high strength aluminum alloys which do exhibit a 
change in fracture appearance from oblique to flat as reductions in tempera- 
ture lessen the size of the plastic zone with respect to the thickness of the 
structure, no abrupt change in fracture resistance, nor more specifically 

1 Research engineer and chief, respectively, Mechanical Testing Division, Alcoa 
Research Laboratories, New Kensington, Pa. 15068. 
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TABLE 1--Average long transverse tensile properties at room temperature, -112, and 
-320 F of some aluminum alloy plate used for fracture toughness tests. 

Alloy and Temper Temperature, Tensile Yield Elongation 
deg F Strength, Strength, a in 2 in., 

ksi ksi % 

2014-T651 . . . . . . . . . . . . . . . .  75 72.0 65.8 9.2 
specified min b 67.0 59.0 6 

- 3 2 0  86.0 o 75.0 ~ 

2024-T851 . . . . . . . . . . . . . . . .  75 70.8 64.4 ' 7~2 
specified min t 64.0 56.0 5 

-112 76.0 69.2 6.8 
-320 87.7 79.0 7.5 

6061-T651 . . . . . . . . . . . . . . . .  75 51.0 43.4 12.0 
specified min b 42.0 35.0 8 

-112 50.1 45.5 12.0 
-320 57.9 47.2 16.8 

7075-T651 . . . . . . . . . . . . . . . .  75 86.1 77.7 10.8 
specified rain b 77.0 67.0 6 

-112 91.4 82.8 9.2 
-320 104.0 92.0 5.8 

7075-T7351 . . . . . . . . . . . . . . .  75 68.2' 56.8' 12.0 
specified min 69.0 57.0 6 

-112 73.8 59.1 11.0 
- 3 2 0  87.4 66.0 10.8 

7079-T651 . . . . . . . . . . . . . . . .  75 82.5 72.8 11.2 
specified min b 73.0 64.0 8 

-112 89.9 81.2 10.2 
- 3 2 0  100.6 90.6 4.5 

, Offset equals 0.2 percent. 
b "Aluminum Standards and Data," The Aluminum Association, 1970-71 edition; 

ASTM B 209. 
' Extrapolated from well established typicals. 

General Dynamics specification FM 1010. 
' Fails to meet current minimum values for 7075-T7351 plate. 

f rac ture  toughness,  has been observed  [3]. However ,  only  a few d a t a  a re  
ava i lab le  [~, 5] on the  plane s t ra in  f rac ture  toughness,  Kic, as de t e rmined  
by  cur ren t  procedures  [6], of a luminum alloys a t  subzero t empera tu res .  

As a p re l iminary  to  more ex tended  s tudies  of f rac tu re  toughness  at  low 
tempera tu res ,  inc luding - 4 5 2  F, Alcoa Research  Labora to r i es  has eva lu-  
a t ed  the  f rac ture  toughness  of several  high s t r eng th  a luminum al loys in-  
c luding 2014-T651, 2024-T851, 6061-T651, 7075-T651 and  T7351, and  
7079-T651, wi th  plane s t ra in  f rac ture  toughness  t es t s  a t  room t e m p e r a -  
ture ,  - 112, and  - 320 F .  

I t  is beyond  the  scope of th is  paper  to  descr ibe  the  deve lopmen t  of frac-  
tu re  mechanics concepts  and  tes t  methods  or the  app l ica t ion  of these  d a t a  
in mate r ia l  select ion or design. F o r  this  in fo rmat ion  reference is made  to  
t he  publ i shed  repor ts  of A S T M  Commi t t ee  E-24 on F r a c t u r e  Tes t ing  of 
Meta l s  [7-12] and to the  th ree  A S T M  special technica l  publ ica t ions  on the  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  M o n  D e c  2 1  1 1 : 0 6 : 3 7  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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subject [13-15]. It will be useful to note, nevertheless, that K~c, the princi- 
pal index of toughness used in this paper, is the plane strain fracture 
toughness as defined in ASTM Test for Plane Strain Fracture Toughness 
of Metallic Materials (E 399 - 70T) ; that is, it is the "critical" vMue of the 
plane strain stress intensity factor defining the stress field intensity near 
the tip of an ideal crack in an elastic medium when the crack is opened 
under tensile loading. Thus, it is considered to be an index of the resistance 
of the material to unstable crack growth under elastic conditions. The 
value of Kzc is proportional to the applied load and the square root of the 
crack length at the critical conditions defined by the test method. 

Material 

The 2014-T651, 2024-T851, 6061-T651, 7075-T651, 7075-T7351, and 
7079-T651 stress relieved aluminum alloy plate used in this investigation 
was 1 to 1 ~  in. thick and was fabricated by the normal procedures in use 
at the time of its production. The tensile properties of most of these speci- 
mens, as given in Table 1, are typical of the respective alloy and temper 
and exceed the respective requirements of applicable federal, military, 
AST.~'~, and Aluminum Association specifications. The tensile strength 
and yield strength of the lot of 7075-T7351 plate fall several hundred psi 
below the current minimum vMues; however, this lot of plate was fabri- 
cated and tested several years ago and met all the requirements of applic- 
able specifications at that time. The treads in data indicated for this lot 
are believed to be representative of those for current commercial plate. 

Procedure 

Plane strain fracture toughness tests were made of plate, nominally 1, 
13z~, or 1 ~  in. thick, ~4th fatigue cracked, three-point bend fracture 
toughness specimens of the geometry shown in Fig. 1. The tests were con- 

2W + 0.5" 

,•-•= 0.5 W ~ 
~L. 2w + 0.5" vp 

THICKNESS, B, WIDTH,W, LENGTH, CRACK LENGTH, 
IN. IN. IN. a, ~ IN. 

I 2 9 I 

1o3/8 :3 I 3 1-3/8 

I-I /2 3 13 I-1/2 

FIG. 1--Fatigue cracked three-point bend fracture toughness specimen. 
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ducted in accordance with the procedures in the draft of the then proposed 
ASTSI Method of Test for Plane Strain Fracture Toughness of Metallic 
Materials current over the period from 1967 to early 1969. These proce- 
dures differ in several respects from the current practice of the method as 
noted below; however, the modifications are not considered to grossly 
affect the numerical values of the test results. The notch bend specimens 
were fatigue cracked at stress intensities equal to 10 4- 2 ksiv/~.;  they 
were preeraeked by fully reversed cantilever bending, using a stress in- 
tensity calibration procedure developed by NASA Lewis Research Center 
and believed to be accurate to within 4-5 percent. Present ASTM practices 
require the use of symmetrical loading during fatigue cracking. 

At room temperature, the static loading of the fatigue cracked specimens 
was carried out at rates and by procedures which are described in the ASTM 
method, utilizing a bend device which permits both rotation and transla- 
tion of the specimen ends (Fig. 2). Crack opening displacements were 
measured by clip gages mounted on the integrally machined knife edges of 
the specimens, and load-displacement curves were plotted on an X-Y 
plotter. Load values for calculating plane strain stress intensity factors 
were determined at a 5 percent secant offset. Values of KQ (candidate 
values of K~o) were calculated and checked by all the criteria ef the cur- 

FIG. 2--Bend device for plane strain fracture toughness tests at room temperature. 
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FIG. 3--Bend device for plane strain fracture toughness tests at subzero temperature. 

rent ASTM test to determine whether or not they could be considered as 
valid K~r values. The equation for calculating KIo was as follows: 

Kic = PQS/BW1/~[2 .9(a /W)  1/2 -- 4.6(a/W)~/~ + 21 .8 (a /W)  ~12 

- 3 7 . 6 ( a / W )  m + 38 .7 (a /W)  91~] 
where 

PQ = load at 5 percent secant offset, lb, 
B = thickness of specimen, in., 
S = specimen length, in., 

W = depth of specimen, in., and 
a = crack length after fatigue cracking, in. 

The tests at - 1 1 2  and --320 F followed the same procedures as those 
at room temperature, except that  a different type of bend device was used 
(Fig. 3) in which the specimen was inverted so that  the notch was in an 
upward position and the clip gage projected above the specimen. 2 The 
assembly was held in a tank containing the appropriate cooling medium. 
For the tests at --112 F, the temperature was obtained by allowing the 
liquid nitrogen (LNs) to boil at a controlled rate. For the tests at --320 F, 

2 Comparison tests showed that the inverted bend device resulted in KI~ values differ- 
ing by 5 percent from those from the standard ASTM device (Fig. 2), the difference 
due presumably to friction at the load points. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:37 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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the specimen was immersed in LN: to a level near the top of the specimen 
and well above the notch in the specimen. Temperature was monitored 
with thermocouples mounted on the sides of the specimen near the end of 
the fatigue crack and was within +5 F of the desired value. 

It is recognized that the calibration of the clip gage may have changed 
slightly as a result of the proximity of the nitrogen vapor or liquid. How- 
ever, it was stable; and the shift, if any, would not have affected the values 
of KI~, since a change in gage signal of 5 percent secant offset is used in 
calculating Kzr values. 

All of the specimens were taken from the plate in the WL orientation, 
that is, the plane of the crack was normal to the width or long transverse 
direction, and the crack propagated along the length or longitudinal di- 
rection. 

Discussion of Results 

The results of the individual notch bend tests at room temperature, 
-112, and -320 F are shown in Table 2 for each of the alloys and tem- 
pers. Note that only a few tests were made of certain alloys at the low 
temperatures (and in one case, none at -112 F) because of the small 
quantity of material available. The average values of K~r are plotted in 
Figs. 4 through 6. Representative fracture surfaces from tests at room 
temperature and -320 F are shown in Fig. 7. 

30 I I I I 

v "  

25 

20 

15 

I0  

014-T651- 

0 I J I I 
- 4 0 0  - 3 0 0  - 2 0 0  - I 0 0  0 I00  

TEMPERATURE aF 

FIG. 4--K1c versus temperature for 1 and l ~ - i n .  2 X X X  series alloy plate ( W L  
orientation). 
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TABLE 2--Results of'plane strain fracture toughness tests of aluminum alloy plate 
with notch bend specimens. 

33 

Alloy Nominal Nomi- Room Temperature 
and Thick- nal 

Temper ness, Width, Actual Crack KQ, b ( ~2 Mean- 
B, W, Thickness, Length, ~ k s i x f ~ .  2 . 5 / K Q !  ~ ingful 

in. in. in. in. \~Y~/,  KIr a 
in. 

2014- 
T651 1 2 1.016 0.989 20.9 0.26 Yes 

1.016 0.985 20.9 0.26 Yes 
1.016 0.998 22.6 0.29 Yes 
1.016 0.970 21.0 0.25 Yes 
1.016 1.001 20.7 0.24 Yes 

avg 21.2 0.25 Yes 
2024- 

T851 1 ~ 3 1. 388 1.507 20.2 0.24 Yes 
1.385 1.508 20.5 0.25 Yes 
1.387 1.512 20.1 0.24 Yes 

avg 20.3 0.24 Yes 
6061- 

T651 1 �89 3 1.479 1.443 25.4 0.86 Yes 
1.479 1.508 27.6 1.01 Yes 

avg 26:5 0:94 Yes 
7075- 

T651 1 ~ 3 1.385 1.575 21.3 0.36 Yes 
1.386 1.519 22.6 0.38 Yes 
1.385 1. 566 21.1 0.36 Yes 
1.385 1.584 19.5 0.33 Yes 
1.385 1.676 19.3 0.34 Yes 
1.387 1.484 19.7 O. 33 Yes 
1.387 1.469 20.8 0.35 Yes 
1. 387 1.484 20.0 0.33 Yes 

avg 20.5 0.35 Yes 
7075- 

T7351 l~/s 3 1.381 1.557 28.9 0.65 Yes 
1.389 1.498 27.6 0.59 Yes 
1.385 1. 538 28.2 0.62 Yes 

avg 28.2 0.62 Yes 
7079- 

T651 I ~  3 1.385 1.677 23.6 0.26 Yes 
1.380 1.617 22.3 0.24 Yes 
1.380 1. 628 24.3 0.28 Yes 

avg 23.4 0.26 Yes 

a Including at least 0.050 in. of fatigue crack iutroduced by reversed cantilever beam 
loading at stress intensities = 10 • 2 k s i v / ~ .  

b Candidate value of Kzr calculated per Ref 6. 
c Indicative of minimum specimen thickness and crack length for valid tests and 

proportional to initial crack length at  the yield strength. 
d Indicated as meaningful when ASTM criteria on specimen thickness and crack 

length are met;  not designated valid since the fatigue cracking procedures and, at  the 
subzero temperature,  the load point  fixity were not in accordance with 1970 version of 
ASTM method (see text). 
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34 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

TABLE 2--Continued.  

All<))" Nomi,ml Nomi- Room Temperature 
and Thick- n'fl 

Temper hess, Width, Actlml Crack KQ, ~ 
B, W, Thiekness, Lcagth, ~ ksi%/~. 
in. in. in. in. \ %,~/, 

ill. 

Mean- 
illgful 
K i c  d 

2014- 
T651 1 2 . . .  

2024- 
T851 1 ~  3 1.39 

1.39 

avg 
6061- 

T651 1 ~ 3 1.48 
1.48 
1.48 

avg 
7075- 

T651 1 ~  3 1.39 

avg 
7075- 

T7351 1 ~  3 1.387 

avg 
7079- 

T651 1 ~  3 1.383 
1.385 

avg 

1.52 
1.57 

1.51 
1.50 
1.45 

1.52 

~  

, . o  

. ~  

Yes 
Yes 

i/e; 

Yes 
Yes 
Yes 

Yes 

. . ~  

21.3 
22.7 

31.9 
2 8 2  
30.3 
30.1 

22.6 

22;6 
28.2 

27.5 
24.7 

0.24 
0.27 

1.23 
0.96 
1.11 
1.10 

O. 19 

0.37 

0.23 
0.19 

o;2i 

Y e s  

1. 562 Yes 

1.652 Yes 
1.695 Yes 

Yes 

Including at least 0.050 in. of fatigue crack introduced by reversed cantilever beam 
loading at stress intensities = 10 :t= 2 ksi~q~. 

b Candidate value of K~c, calculated per Ref 6. 
c Indicative of minimum specimen thickness and crack length for valid tests and 

proportional to initial crack length at the yield strength. 
Indicated as meaningful when ASTM criteria on specimen thickness and crack 

length are met; not designated valid since the fatigue cracking procedures and, at the 
subzero temperature, the load point fixity were not in accordance with 1970 version of 
ASTM method (see text). 
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TABLE 2--Continued. 

Alloy Nominal Nomi- 
and Thick- nal 

Temper ness, Width, Actual Crack 
B, W, Thickness, Length, ~ 
in. in. in. in. 

Room Temperature 

KQp Mean- 

\~y~ / ,  KI .  a 
in. 

2014- 
T651 1 2 1.02 

aYg 
2024- 

T851 1 ~  3 1.39 
1.39 

avg 
6061- 

T651 11~ 3 1.48 
1.48 
1.48 

avg 
7075- 

T651 1 ~  3 1.39 

avg 
7075- 

T7351 1 ~  3 1.39 
1.39 
1.39 

avg 
7079- 

T651 1 ~  3 1.38 
1.38 
1.38 

avg 

1.01 

1.49 
1.48 

1.48 
1.49 
1.44 

1.58 

1.48 
1.53 
1.52 

1.45 
1.53 
1.56 

26.1 

. . .  

22.1 
22.2 

37.2 
38.6 
37.9 
37.9 

25.1 

25:i 

30.1 
29.5 
28.1 
29.2 

25.9 
28.2 
25.9 
26.7 

0.30 

0.30 

0.20 
0.20 

0:20 
1.56 
1.67 
1.62 
1.62 

0.19 

o.i; 

0.52 
0.50 
0.45 
0.49 

0.20 
0.24 
0.20 
0.21 

Y e s  

Yes 

Yes 
Yes 

Yes 

No 
No 
No 
No 

Yes 

Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

a Including at least 0.050 in. of fatigue crack introduced by reversed cantilever beam 
loading at  stress intensities = l0 4- 2 k s i ~ .  

b Candidate value of K~o, calculated per Ref 6. 
c Indicative of minimum specimen thickness and crack length for valid tests and 

proportional to initial crack length a t  the yield strength.  
d Indicated as meaningful when ASTM criteria on specimen thickness and crack 

length are met;  not designated valid since the fatigue cracking procedures and, a t  the 
subzero temperature, the load point fixity were not  in accordance with 1970 version of 
ASTM method (see text). 
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40 

5O 

20 

IO 

9(- I 1 [ ( 
0 , , .  

" "" 6061-T651 

")(NOT MEANINGFUL BECAUSE SPECIMEN 
THICKNESS WAS SLIGHTLY LESS THAN 
REQUIRED BY A S T M  M E T H O D  6 

0 J I [ t 
- 4 0 0  -300 - 2 0 0  - I 0 0  0 I 0 0  

TEMPERATURE, ~ 

FIG. 5--K,c versus temperature for l ~ - in .  6061-T651 plate ( W L  orientation). 

All of the alloys and tempers developed Kic values at subzero tempera- 
tures which were as high as or higher than those at room temperature. 
For 2024-T851 the KIr value at - 1 1 2  F (and at - 3 2 0 1  c) was only slightly 
(8 percent) higher than the room temperature value. For  2014-T651, the 
value at - 3 2 0  F (based upon just one test) was 23 percent above the room 
temperature  value. 

L{ 

5 0  

25 

20 

15 

I0  

0 i I I I 
-400 - 5 0 0  - 2 0 0  -lO0 0 ~00 

TEMPERATURE ~ 

FIG. 6--Kic versus temperature for l~ - in .  7 X X X  series alloy plate ( W L  orientation). 
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NELSON AND KAUFMAN ON ALUMINUM ALLOYS 3 7  

FIG. 7--Fracture surfaces of fatigue cracked three-point bend specimens of some l~-in.- 
thick aluminum alloy plate. 

The influence of temperature was greatest for 6061-T6, the values at 
-112 F averaging 13 percent above the room temperature value and those 
at -320 F averaging nearly 40 percent higher than the room temperature 
value. As Table 2 indicates, at -320 F the specimens were not thick enough 
to meet the current specimen thickness requirements for valid K~r values, 
and it is recognized that the values obtained may be either higher or lower 
than the true KI~ values. Nonetheless, the specimens were only slightly be- 
low the required thickness, and it is believed that the values are indicative 
of the influence of temperature on K~. Actually, all the values for 6061- 
T651 are much lower than might have been expected from other indexes 
of toughness [7]; hence, they are being studied further. 

Within the 7XXX series alloys, the KI~ values for 7075-T651 and 
7079-T651 averaged about 11 and 18 percent higher at -112 and - 3 2 0 F ,  
respectively, than at room temperature. Those for 7075-T7351 were about 
the same at all three temperatures. Although the values at -320 F for 
T7351 averaged 4 percent higher than those at room temperature, the 
individual test results overlapped and the differences may not be significant. 

The data indicate that K~ for all of the alloys at subzero temperatures 
is at least as high as and generally higher than that at room temperature. 
The indicated differences are greater for 6061-T651 than for the higher 
strength 2XXX and 7XXX series of alloys; of the higher strength al- 
loys, the difference was greater for 2014-T651, 7075-T651, and 7079-T651 
than for 2024-T851 and 7075-T7351. Of the alloys tested, 2014-T651 and 
6061-T651 are of most interest for cryogenic applications, and appreci- 
ably higher values of Kic were indicated for both at cryogenic temperatures. 

C o n c l u s i o n s  

The trends indicated are generally consistent with other fracture data 
[2], which indicate that the toughness of most aluminum alloys at subzero 
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38 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

temperatures  is as high as or higher than  tha t  at room temperature.  The 
trend for the 7 X X X  series may  seem inconsistent with the results of 
tear  and notch tension tests, which suggest a modest reduction in tough- 
ness with decrease in temperature.  However,  if the da ta  are viewed in 
relation to trends in the critical crack length at the yield strength (which 
is proport ional  to the square of the K~c:yield s t rength ratio), these da ta  
do suggest a modest  reduction with temperature.  For  the 2014-T651 and 
6061-'1'651 alloys even this index of toughness indicates higher fracture 
resistance at cryogenic temperatures  than  at room temperature.  

The implication of these results is that ,  at a given operat ing stress, all 
of the alloys tested can sustain cracks at  cryogenic temperatures  which are 
at  least as large as and generally larger than  those which occur at room 
temperature.  The fracture surfaces support  this indication, as there are no 
obvious changes in the fraetographie features of the specimen over the ex- 
tremes in test temperature.  For  the principal cryogenic alloys, 2014-T651 
and 6061-T651, the critical crack size is indicated to be larger at  cryogenic 
temperatures  than  at room temperature,  even if a constant  ratio of stress 
to yield s trength is maintained. Also for these alloys, the critical crack 
size at  the yield s trength is greater at cryogenic temperatures  than  at room 
temperature,  so the s t ructure  is as safe as or safer than  it is at  room temper-  
a ture  in terms of resisting a critical instabili ty at  elastic stresses in the 
event of an accidental overload. 
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L. R. Hall  ~ 

Influence of Specimen Design in Plane Strain 
Fracture Toughness Testing 

REFERENCE: Hall, L. R., "Influence of Specimen Design in Plane 
Strain Fracture Toughness Testing," Fracture Toughness Testing at Cryo- 
genic Temperatures, A S T M  S T P  ~96, American Society for Testing and Ma- 
terials, 1971, pp. 40-60. 

ABSTRACT: The influence of specimen design on plane strain fracture tough- 
ness (Krc) was studied by fracturing 2219-T87 aluminum and 5A1-2.5Sn ELI 
titanium alloy single-edge notched bend (SENB), single-edge notched tension 
(SENT), compact tension (CT), and surface flawed (SF) specimens at 72 F 
(295 K) in laboratory air, at -320 F (78 K) in liquid nitrogen, and at -423 F 
(20 K) in liquid hydrogen. Specimen thickness for all SENB, SENT, and CT 
specimens except titanium/room air specimens was approximately 2.5(Kit/ 
cy~)~ in. Specimen thickness for SF specimens ranged from 2.5(Kio/r * to 
0.25(Klc/r 2 Relative orientations of crack propagation and rolling directions 
were identical in all specimens of a given alloy. For aluminum alloy specimens 
having thicknesses of 2.5(Ki~/~y~) 2, SENB, SENT, and SF specimen tests 
yielded consistent fracture toughness values at all test temperatures whereas 
CT specimen tests always yielded lower fracture toughness. For titanium alloy 
specimens having thicknesses of 2.5(Kir162 ~, SENB, SENT, CT, and SF 
specimen tests yielded consistent fracture toughness values at -423 F (20 K) ; 
at -320 F (78 K), fracture toughness values from SF specimen tests were 
significantly greater than those obtained from tests of other specimen types; 
at 72 F (295 K) no valid fracture toughness data were obtained. Both alumi- 
num alloy SF specimen tests yielded consistent fracture toughness (KIE) val- 
ues when both flaw depth and distance between flaw tip and back specimen 
face exceeded 0.5(Km/ay~) 2. 

KEY WORDS: aluminum alloys, titanium alloys, fractures (materials), 
toughness, fracture strength, bending, tension tests, fracture tests, failure, 
stresses, cracking (fracturing), cryogenics, liquid hydrogen, liquid nitrogen, 
aerospace engineering 

N o m e n c l a t u r e  

K I  Opening mode stress in tens i ty  factor 
K~c Plane  s t ra in  fracture toughness per A S T M  E 399 - 70T 

1Senior specialist engineer, Research and Engineering Division, Aerospace Group, 
The Boeing Company, Seattle, Wash. 98124. 
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HALL ON SPECIMEN DESIGN 41 

KIE Plane strain fracture toughness determined from tests of surface 
flawed specimens 

KQ Apparent plane strain fracture toughness determinec-; from specimens 
not meeting all ASTM E 399 - 70T requirements 

a Crack length in through cracked specimens or crack depth in surface 
flawed specimens 

2c Crack length of surface crack measured at surface of test specimen 
ay~ Uniaxial 0.2 percent offset yield strength 

Plane strain fracture toughness is receiving increased attention in ma- 
terial selection and design considerations for medium to high strength 
metallic structures. Considerable plane strain fracture toughness data, ob- 
tained from tests of surface flawed specimens [1-5] exist, since the surface 
flawed specimen is the best available model of potential failure origins in 
aerospace pressure vessels. However, a recently proposed ASTM test 
method [6] for plane strain fracture toughness (Kie) testing of metallic 
materials covers tests of only single-edge notched bend and compact ten- 
sion specimens. To assess the applicability of such tests to calculations of 
relationships between flaw size and failure stress for aerospace hardware, 
a systematic comparison of plane strain fracture toughness data obtained 
from tests of through cracked and surface flawed specimens was under- 
taken. To this end, duplicate 2219-T87 aluminum and 5A1-2.5Sn ELI 
titanium alloy single-edge notched bend (SENB), single-edge notched 
tension (SENT), compact tension (CT), and surface flawed (SF) speci- 
mens were fractured at 72 F (295 K) in room air, - 320  F (78 K) in liquid 
nitrogen, and -423  F (20 K) in liquid hydrogen, as summarized in the 
upper part of Table 1. 

The proposed ASTS[ test method specifies minimum specimen thick- 
nesses and crack lengths required to obtain acceptable Kie values from 
tests of SENB and CT specimens. To evaluate similar requirements for 
SF specimens, tests of 2219-T87 aluminum and 5A1-2.5Sn ELI titanium 
SF specimens were undertaken in which specimen thickness and flaw 
shape were varied as summarized in the lower part of Table 1. For each 
alloy, four specimen thicknesses and two flaw shapes were used such that 
flaw depth to thickness ratios were less than 50 percent for all but the 
thinnest specimens. Aluminum alloy specimens were tested at 72 F (295 K), 
- 320  F (78 K), and -423  F (20 K). Titanium alloy specimens were 
tested at - 320  F (78 K) and -423  F (20 K). 

Relationships between stress intensity, crack size, and nominal stress 
field have been determined for each of the specimen configurations 
tested in this program. Stress intensities for SENB, SENT, and CT speci- 
mens have been derived using boundary collocation techniques [7-9] and 
results are summarized in Fig. 1. An approximate stress intensity expression 
for SF specimens [10] has been derived using a three-dimensional elasticity 
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PL , F1 la/W) K= BW * F2 (afW) K= BW 1/2 K = BW 3/2 

FIG. 1--Stress intensity expressions for SENB, SENT, and CT specimens. 

solution [11] for elliptical cracks in infinite bodies. The maximum value of 
stress intensity for the semielIiptical surface crack occurs at the end of the 
semiminor axis of the crack and is given by the expression 

K: = 1.1a~r . . . . . . . . . . . . . . . . . . . . . . .  (1) 

0.5 

0.4 

0.3 

a/2c 

0.2 

0.1 

0 

i ! ' 

".os o s ,~ ,, ,~ fs , ,  io f o h  i ~ :o ;, ~ ~3 
FLAW SHAPE PARAMETER.  (1 

FIG. 2 - - S h a p e  parameter  curves for  surface f laws.  
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HALL ON SPECIMEN DESIGN 45 

where ~ is a uniform tensile stress acting perpendicular to the plane of 
the crack and a and Q are defined in Fig. 2. Equation 1 was considered to 
be applicable for elastic stress levels and surface flaws with depth to half- 
length (a/c) ratios of less than one and depth to plate thickness (a/t) ratios 
of less than  one half. A number  of approximate solutions [12-15] have 
been derived for surface flaw stress intensity when flaw depth is greater  
than 50 percent of the parent  plate thickness. Although the solutions have 
become increasingly sophisticated, there is still an unknown degree of un- 
certainty in calculations of stress intensity for surface flaws when a/t ex- 
ceeds 50 percent. 

Materials 

Aluminum alloy specimens were machined from 1.0-in. (2.54-cm) and 
2.5-in. (6.35-cm)-thick 2219-T87 plate stock. Chemical composition and 
mechanical properties are given in Tables 2 and 3, respectively. 

Ti tanium alloy specimens were machined from 0.38-in. (0.97-cm) and 
0.80-in. (2.03-cm)-thick 5AI-2.5Sn E L I  annealed t i tanium plate stock. 
Ingot composition is given in Table 2. The plates were obtained in the 
mill annealed condition after a t rea tment  of 1500 F (1089 K), 0.5 h, air 
cool. The mill annealed plates showed some evidence of incomplete an- 
nealing, so they were reannealed in an argon atmosphere within enclosed 
retorts using a 1550 F (1117 K), 8-h (0.38-in.-thick plates) or 16-h (0.80- 
in.-thick plates), retort  cool t rea tment ;  the resultant mechanical properties 
are given in Table 3. 

TABLE 2--Chemical composition of materials. 

Element, wt % (except as noted) 2219-T87 5A1-2.5Sn ELI 
Aluminum Plate Titanium Plate, 

Heat No. 294327 
Min Max 

Copper 5.80 6.80 . . .  
Silicon 0.20 . . .  
Manganese {}:�89 0.40 
Magnesium .. .  0.02 0:()1 
Iron . . .  0.30 0.19 
Chromium . . . . . .  
Zinc 0:i0 . .  

Vanadium ():05 O. 15 
Tin . . . . . .  2:50 
Carbon . . . . . .  0.02 
Nitrogen . . . . . .  70 ppm 
Oxygen . . . . . .  940 ppm 
Hydrogen 94 ppm 
Zirconium ():i0 ():�89 . . .  
Other elements/each . . . . . . . . .  

\total 
Titanium 0:i0 ():20 B'a'l 
Aluminum Bal Bal 5.10 
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HALL ON SPECIMEN DESIGN 47 

- -  COMPACT-TENSION 

j  F'A"T,"SON 
�9 SAME PLANE EXCEPT 

FIG. 3--Specimen location within plate. 

Procedures 

Specimen Configuration Effect Tests 

All specimens were cut from either one 2.5-in. (6.35-cm)-thick 2219-T87 
aluminum alloy plate or one 0.80-in. (2.03-cm)-thick 5Al-2.5Sn ELI tita- 
nium alloy plate as illustrated in Fig. 3. Orientation of crack plane with 
respect to rolling direction was the same in all specimens of a given alloy, 
namely, parallel to the rolling direction for the aluminum alloy and per- 
pendicular to the rolling direction for the titanium alloy. The tips of all 
cracks in SENB, SENT, and SF specimens were located close to the mid- 
plane of the parent plate. Crack tips in CT specimens were, respectively, 
0.35 in. (0.89 cm) and 0.075 in. (0.19 cm) away from midplane of the alumi- 
num and the titanium alloy parent plates. 

Specimen details for SENB, SENT, and CT specimens are shown in 
Fig. 4. All specimens were fabricated with the largest depth (W) dimen- 
sions that could be obtained from the parent plates, namely, 2.50 in. (6.35 
cm) for the aluminum specimens and 0.75 in. (1.91 cm) for the titanium 
specimens. Specimen thicknesses were 1.25 in. (3.18 cm) and 0.40 in. (1.02 
cm) for aluminum and titanium specimens, respectively. Thicknesses were 
chosen to exceed estimated values of 2.5(Kxc/ays) ~ for all material/environ- 
ment combinations except titanium/air. For the titanium/air tests, it was 
estimated that 2.5(Kit/aye) 2 exceeded 2.5 in. (6.35 cm), and specimens 
sufficiently large to measure K~o could not be machined from the available 
0.80-in. (2.03-cm)-thick plate. Loading pinhole locations in the CT speci- 
mens were smaller and more widely separated than the hole locations re- 
commended in the ASTM proposed method, since the CT specimens were 
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48 FRACTURE T O U G H N E S S  TEST ING AT C R Y O G E N I C  TEMPERATURES 

nwj2J 
W = 2.50 hlches (6.350 Cm) For 2219T87 Aluminum 
W = 0.75 Inch (1.905 Cm) For 5AI-2.5Sn (ELI) Titanium 

SENB TEST SPECIr,tENS 

I 
w 

_ L  

W = 2.50 Inches (6.350 Cm) For 2219-T87 Aluminum 
W = 0.75 Inch (1.905 Cm} For 5AI-2.5 Sn (ELI) Titanium 

SENT TEST SPECIMENS 

I J 1.20W I 

I 

t 0.2 OW 

I I 0.750w 

W = 2,00 Inches (5.08 Cm) For 221~T87 Aluminum 
W = 060 Inch (1.27 Cm) For 5A1-2.5 Sn (ELI) Titanium 

CT TEST SPECIMENS 

FIG. 4--Details of SENB, SENT, and CT specimens. 

designed prior to its release. However, CT specimen proportions agreed 
with Ref 6 requirements in all other respects. 

Surface flawed specimen details are summarized in Fig. 5. Specimen 
thickness was selected to be greater than estimated values of 2.5(KiE/~ys) 2, 
where KIE is the fracture toughness resulting from the SF specimen tests. 

Specimens were precracked by growing fatigue cracks from starter slots, 
whose details in the SENB, SENT, and CT specimens are summarized in 
Fig. 6. An electrical discharge machine (EDM) was used to produce a sharp 
tip at the end of a milled slot. For the aluminum alloy, starter slots fell within 
the required envelope specified in the method; for the titanium alloy, the 
0.01-in. (0.25-cm) milled slot was wider than the maximum allowable 
value of 0.05W (0.038 in. or 0.096 cm). In SF specimens, starter slots were 
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HALL ON SPECIMEN DESIGN 4 9  

produced by an ED~I machine and 0.06-in. (0.15-cm)-thick circular elec- 
trodes; electrode tips were machined to a radius of about 0.003 in. (0.008 
cm) and an included angle of less than 20 deg. 

All specimens were cracked under tension-tension fatigue at 72 F (295 K) 
in room air. The ratio of maximum cyclic stress intensity to Young's 
modulus ( K s / E )  was less than 0.0012 in. 1/2 (0.0019 cm 1/2) for all but the 
titanium alloy SENB specimens tested at -320  F (78 K) and titanium 
alloy CT specimens tested at -423  F (20 K), for which K H E  was 0.0014 
in. 1/2 (0.0022 cm11~). The resulting fatigue cracks in SENB, SENT, and CT 
specimens were nearly uniform across the specimen width and were ap- 
proximately 0.10 in. (0.25 cm) long. Fatigue cracks in SF specimens were 
about 0.04 in. (0.10 cm) and 0.02 in. (0.05 cm) long in the aluminum and 
titanium alloy specimens, respectively, and the crack peripheries approxi- 
mated semiellipses. 

Tests at 72 F (295 K) were conducted within an enclosed, air conditioned 
laboratory. Relative humidity was neither controlled nor measured. Tests 
at -320  F (78 K) and -423  F (20 K) were conducted with test specimens 
completely submerged in liquid nitrogen and liquid hydrogen, respectively. 
Specimens were soaked for 15 min prior to loading to stabilize test condi- 

L 

f w o o [o 

L 
2219-T87 P, l u m i n u m  
SF Specimen Tested 

A t  72 deg F 
A n d  -320 deg F 

t ;,, 
o 

LT 
2219-T87 Aluminum 
$F Specimen Tested 

~ 
_ ~  �9 A t  -423 deg F 

F T 
I I I I 

5AI-2.5 Sn (ELI) Titanium 
SF Specimen 

TEST 
L B W G T M A T E R I A L  T E M P E R A T U R E  I 

degF d o g e  In Cm In Cm In C m l  In Cm h i  Cm 

72 22 24.( 51 }.00 15.2 5.00 15.2 9.00 22.9 1.10 Z.7~ 
2219-T87 
Atuminum -320 -196 24.C 61 3.00 15.2 6.00 15.219.00 22.9 1.10 2.7c~ 

-423 -253 24.( 61 3.50 16.5 5.00 12.7 !8.0(3 20.3 1.00 2.5~ 

, 2 }  
5A,.25 6.tEul -320 12.~ =30.5 3.55 6.9 2.50 ~.3~ s.oo .~.~ ~.-'~" ~.-~ 

Titanium 423 

FIG. 5--Dimensions for SF specimens used in configuration, effect tests. 
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50  FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

s Ot to1 o i 
o~J ~-o2oo (o.15) 

(0.508) 

NOTE:  Unbracketed Dimens ions Are in inches 

Bracketed Dimensions Are In Centimeters 

] SPECIMEN H T W 
M A T E R I A L  

TYPE In Cm In Cm In Cm 

3ENB 100 2.54 0.10 0.25 0.12. = 0.318 

2219-T87 SENT 1,00 2.54 0.10 025 0.125 0.318 
Aluminum 

CT 1.40 3.56 0 . 1 0  0.25 0.125'0.318 

SENB 0.20 0.51 0.05 G.13 0.10C 0.254 
6AI-2 5 Sn(ELII 

Titanium SENT 0.20 0.61 0.05 0.13 0,10(; 0.254 

CT 0.30 0.76 0.05 0.13 0.106 0.254 

FIG. 6--Crack starter details for SENB, SENT, and CT specimens. 

tions. All specimens were tested in standard test machines. SENB speci- 
mens were supported on lightly greased rollers separated by a fixed span. 

Continuous recordings of crack opening displacement versus load were 
obtained in all of the tests except those of SF specimens tested at -423 F 
(20 K). Crack displacements were measured with a Clip gage spring loaded 
against integrally machined knife edges. Knife edge details for all specimens 
are shown in Fig. 6. The knife edges of SF specimens were machined into 
the specimen surface at the mouth of the surface crack. One such knife 
edge appears as a small rectangle within the dark colored EDM slot on the 
fracture face of the aluminum alloy SF specimen pictured in Fig. 7. Clip 
gage details corresponded to those given in Ref 6, and both the clip gage 
and the load cell were connected to an X-Y recorder to obtain the test 
records. 

Fracture toughness values for SENB, SENT, and CT specimens were 
calculated using the equations summarized in Fig. 1. Loads used in the 
calculations were obtained by dra~ng secant lines through the origin of 
each crack opening displacement versus load record having a slope 5 per- 
cent less than the slope of the initial straight line part of the test record. 
The load corresponding to the intersection of secant offset and test record 
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HALL ON SPECIMEN DESIGN 5] 

was designated as PQ and was substituted into the equations in Fig. 1 to 
calculate fracture toughness. 

Fracture toughness values for SF specimens were calculated by substi- 
tuting maximum applied gross stress and initial flaw dimensions into Eq 1. 
This procedure implies that fracture originates at the point of maximum 

FIG. 7--Fracture faces of test specimens. 
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52  FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

flaw depth and that unstable flaw propagation is preceded by negligible 
amounts of slow crack propagation. This implication is discussed in light 
of the test results in the Results and Discussion section. 

Specimen Thickness Effect Tests 

All specimens were taken from either 1.0-in. (2.54-cm)-thick 2219-T87 
aluminum or 0.38-in. (0.97-cm)-thick 5A1-2.5Sn ELI titanium plate stock. 
Specimen configurations (but not dimensions) were the same as those given 
in Fig. 5. A minimum value of 3.5 for the specimen width to crack length 
ratio was used in the design of all specimens. Crack planes were parallel 
to the rolling direction in aluminum alloy specimens and perpendicular to 
the rolling direction in titanium alloy specimens. All specimens were pre- 
cracked and tested with the same procedures that were followed in the 
specimen configuration effects tests except that crack opening displacement 
versus load records were not obtained. 

Results  and Discussion 

Specimen Configuration Effect Tests 

Plane strain fracture toughness values obtained from tests of SENB, 
SENT, and CT specimens along with fracture toughness values obtained 
from SF specimen tests are given as a function of test temperature in Fig. 8 
for both 2219-T87 aluminum and 5A1-2.5Sn ELI titanium alloys. 

Crack displacement versus load records for all SENB, SENT, and CT 
specimens (with the exception of the inadequately sized titanium alloy 
specimens tested at 72 F) indicated a reasonably abrupt onset of unstable 
crack propagation. The PQ load was usually slightly less than the maximum 
load but always greater than loads corresponding to all points on the test 
record preceding that at PQ. Deviations from linearity at 0.8PQ w e r e  less 
than 25 percent of comparable deviations measured at PQ a s  required for 
valid test records [6]. 

Crack displacement versus load records for SF specimens exhibited 
moderate nonlinearity at loads above about 90 percent of the maximum 
applied loads. It is believed that the nonlinearity observed in these tests 
was due primarily to small amounts of slow crack extension that preceded 
rapid crack propagation. Unreported tests of 2219-T87 aluminum and 
5A1-2.5Sn ELI titanium Sir specimens conducted at Boeing have shown 
that moderate amounts of slow crack extension do occur when such speci- 
mens are loaded to stress intensity levels near KrE and then unloaded 
immediately prior to failure. Moderate amounts of crack extension in SF 
specimens at stress intensity levels less than KIE have been previously 
reported [2] for both 2219-T87 aluminum and 5A1-2.5Sn ELI titanium in 
environments of room air, liquid nitrogen, and liquid hydrogen. 
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Shaded Symbols are for SAI 25 Sn (ELI) Titanium 
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TEMPERATURE (deg F) 

F I G .  8--Plane strain fracture toughness data for PP19-T87 aluminum and 5Al-2.5Sn 
ELI titanium. 

Plane strain fracture toughness data for the 2219-T87 aluminum alloy 
SENB, SENT, and SF specimens are in good agreement, as illustrated in 
the lower part of Fig. 8. The scatterband was drawn for illustrative pur- 
poses and includes all SENB and SENT data. The CT data fall consist- 
ently below data for the other specimen types. Some small differences 
between SENB, SENT, and SF data did exist, some of which were temper- 
ature independent and others temperature dependent. For example, SENB 
data were moderately higher than SENT data at all test temperatures. 
The SENB data also were above SF data at -320  F (78 K) and -423  F 
(20 K) but agreed closely with SF data at 72 F (295 K). Small variations 
in fracture toughness data for SENB, SENT, and SF specimens are not 
surprising; however, the substantial disagreement between the CT data 
and all other data was unexpected. 

Limited efforts to determine possible reasons for the discrepancies noted 
in the aluminum alloy fracture toughness data were not successful. Since 
there was a remote possibility that the CT specimens could have been 
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.54 FRACTURE TOUGHNESS TESTI, NG AT CRYOGENIC TEMPERATURES 

FIG. 9--Microstructural indications of thickness and rolling direction in 2219-T87 
aluminum CT specimens. 

inadvertently fabricated with cracks located in the TR rather than the 
WT plane, rolling and thickness directions were determined for each CT 
specimen. The variation of microstructure with direction is illustrated in 
Fig. 9, which shows that the crack planes were properly oriented in the 
WT plane of the parent plate. 

Two additional CT specimens were tested in room air to determine 
whether increase in length of ligament between the crack tip and back 
specimen surface would elevate measured fracture toughness values. To 
this end, specimens ACL-1 and ACL-2 were fabricated ~4th a crack length 
to specimen depth (a/W) ratio of 0.27 and an uncracked ligament length 
of 1.5 in. (3.81 cm) as compared to a/W ratios and ligament lengths of 
0.55 and 0.9 in. (2.29 cm) for other CT specimens. The resulting data are 
plotted in Fig. 8, where it can be seen that the data points were located 
above those obtained from CT specimens with a/W ~ 0.55 but still below 
the SENB, SENT, and SF data points. Since crack lengths in specimens 
ACL-1 and ACL-2 were less than 2.5(KQ/o'ys) 2, it is possible that the in- 
crease in fracture toughness values for these specimens was due in part to 
insufficient crack length rather than increase in uncracked ligament length. 

It should also be noted again that diameter and spacing of loading holes 
in the CT specimens were different from comparable dimensions in speci- 
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HALL ON SPECIMEN DESIGN 5 5  

mens used in interlaboratory evaluations of the CT specimen prior to the 
release of the ASTM method. Since stress intensity in CT specimens is 
sensitive to boundary conditions, there is a possibility that the loading 
method used in these tests did not satisfy the boundary conditions assumed 
in the stress intensity analyses of the CT specimen. At this time, discrep- 
ancies noted in the test program between Kic values obtained from tests 
of CT specimens and KI~ values obtained from tests of SENB and SENT 
specimens cannot be explained. 

Plane strain fracture toughness data for the 5A1-2.5Sn ELI titanium 
alloy show a considerable degree of scatter and some disagreement between 
through cracked and surface cracked specimen data at - 320  F (78 K). 
The scatterband shown in the upper part of Fig. 8 was drawn for illustra- 
tive purposes and includes all -423  F (20 K) data and all but the SF data 
at -320  F (78 K). The SENB, SENT, and CT data indicate little change 
in fracture toughness between -320  F (78 K) and -423  F (20 K). Other 
reported SENB data [16] have shown a higher toughness at -320  F (78 K) 
than at -423  F (20 K) for the RT direction. The KQ values obtained at 
72 F (295 K) from inadequately sized specimens are considerably less than 
previously reported [1, 16] room temperature plane strain fracture tough- 
ness values in excess of 100 ksi%/~. (110 MN/m3/2). At -423  F (20 K) 
fracture toughness values for two SENT, one SENB, one CT, and three 
SF specimens are in good agreement. At -320  F (78 K), the SF data were 
above the scatterband enclosing the SENT, SENB, and CT data. 

It has been suggested that the disagreement between the -320  F (78 K) 
SF and through cracked specimen data for the 5A1-2.5Sn ELI titanium 
alloy was due to inadequate crack depths in the SF specimens. In SF 
specimens both crack depth (a) and distance between the crack tip and 
back specimen face (t - a) must be sufficiently large multiples of (K~E/zys) 2 
to ensure that KIE is the controlling mechanical parameter in the fractur- 
ing process. Data in the following section of this report show that 5A1-2.5Sn 
ELI titanium SF specimens yield essentially constant values of KIE at 
--320 F (78 K) and -423  F (20 K) when both a and t - a exceed 0.5 
(KIE/zy~) 2. In the subject tests, a and t - a values exceeded 0.5(KIE/Z~) 2 
in all --320 F (78 K) investigations, so it was concluded that increases 
in crack depth and specimen dimensions would probably not have resulted 
in better agreement between the SF and through cracked specimen data 
for the 5A1-2.5Sn ELI titanium alloy at - 320  F (78 K). 

The significant change in fracture toughness values between -423  F 
(20 K) and -320  F (78 K) for the titanium alloy SF specimens suggests 
that a fracture mode transition may have occurred between the two test 
temperatures. Other evidence of a change in plane strain fracture behavior 
in 5A1-2.5Sn ELI titanium alloy between -423  F (20 K) and -320  F 
(78 K) was reported in Ref 1, where it was observed that surface flawed 
cylindrical tanks failed at -320  F (78 K) by splitting open, whereas tanks 
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F I G .  lO--Fracture data for 2219-T87 aluminum base metal (varied thickness surface 
flawed specimen tests). 

failed at - 4 2 3  F (20 K) by completely shattering the vessel. It was also 
noted that areas of fatigue induced flaw growth in 5A1-2.5Sn ELI surface 
flawed specimens and cylindrical tanks were characterized by fatigue stria- 
tions at - 3 2 0  F (78 K) but were completely devoid of striations at - 4 2 3  F 
(20 K). In contrast to SF specimens, through-the-thickness cracked speci- 
mens yielded no evidence of differences in fracture behavior between 
- 4 2 3  F (20 K) and - 3 2 0  F (78 K). Since the crack planes in all through 
cracked specimens were subjected to significant bending stresses whereas 
crack planes in SF specimens are subjected primarily to tensile stresses, 
there is a possibility that differences in titanium alloy - 3 2 0  F (78 K) 
fracture toughness data are related to bending stresses. To date, no effort 
has been made to evaluate this possibility. 

Surface Flawed Specimen Thickness Effects 

Fracture data for 2219-T87 aluminum and 5A1-2.5Sn ELI titanium alloy 
SF specimens of varied thickness are plotted in Figs. 10 and 11, respec- 
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tively. Data are plotted for all tests in which flaw depth to specimen thick- 
ness ratios were less than one half. Apparent fracture toughness (Kr 
values were calculated by substituting gross failure stress and initial flaw 
parameters into Eq 1 and plotted as a function of specimen thickness. 
Specimen thickness is given both in inches and in multiples of (Ki~/Zy,) 2, 
where KIE is the average fracture toughness value obtained from the thick- 
est test specimens. For purposes of comparison, data obtained from surface 
flawed specimens tested in the specimen configuration effect tests are 
represented in Figs. 10 and 11 by solid circles. The data plots show that 
consistent fracture toughness values were obtained for all material/environ- 
ment combinations from specimens thicker than about 1.0(K~E/Zy~) 2. 

Flaw growth prior to specimen fracture was observed during room tem- 
perature tests of the thinnest surface flawed specimens. In 0.125-in. 
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FIG. ll--Fracture data for 5Al-2.5Sn ELI titanium base metal (varied thickness surface 
flawed specimen tests). 
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(0.318-em)-thiek ~duminum specimens containing flaws with a/2c = 0.25 
and a/ t  = 0.8, the flaws were observed to grow through the specimen thick- 
ness prior to the onset of unstable flaw propagation. In one specimen, the 
flaw penetrated the specimen thickness at a gross stress level of 46.5 ksi 
(320.6 MN/m2). Applied load was then held constant for 5 rain while the 
flaw was observed through a magnifying glass. No flaw growth could be 
detected under constant load. The load was then increased, until the speci- 
men failed at 50.5 ksi (348.2 5iN/m2). In a second specimen, the flaw 
penetrated the specimen thickness at a gross stress level of 50.9 ksi (351.0 
5IN/m~). The stress was then held constant for 20 s, at which time the 
specimen failed. In 0.125-in. (0.318-cm)-thick aluminum specimens con- 
taining flaws with a/2c = 0.10 and a/ t  = 0.70, a slight amount of dimpling 
was observed on the back specimen face opposite the flaw tip; however, 
the flaw did not penetrate the specimen thickness prior to failure. 

Specimens tested at -320 F (78 K) and -423 F (20 K) were completely 
submerged in the test media and could not be visually monitored. However, 
there was indirect evidence that flaws in the 0.02-in. (0.051-cm)-thick 
titanium specimens tested at -423 F (20 K) grew through the specimen 
thickness at loads less than the fracture load. While loading at a constant 
rate of head travel, a reasonably abrupt interruption in the rate of load 
increase was noted at a load less than the failure load, after which the test 
specimen became more compliant. The observed change in lo~d rate be- 
havior probably occurred when the flaw grew through the specimen thick- 
ness. Other -423 F (20 K) test data have been published [3] for 0.02-in. 
(0.051-cm)-thick 5A1-2.5Sn ELI titanium surface flawed specimens that 
indicate that surface flaws deeper th~n 60 percent of the specimen thickness 
can be expected to grow through the specimen thickness at loads less than 
the failure load. 

The effect of flaw shape on KIE values was small. There was a slight 
tendency for specimens containing flaws with a/2c = 0.10 to yield smaller 
K~E values than specimens containing flaws with a/2c = 0.25. This trend 
is in agreement with a recent stress intensity analysis for surface flawed 
specimens [15] which shows that for constant a/ t  the ratio of applied stress 
intensity to load increases moderately for decreasing a/2c. Since Eq 1 does 
not account for this effect, there appeared to be a slight effect of a/2c on 
KIE values in the test results. 

The data in Figs. 10 and 11 can be used to draw some conclusions with 
respect to crack depth and specimen thickness requirements for 2219-T87 
aluminum and 5A1-2.5Sn ELI titanium surface flawed specimens. ~[ost of 
the data were developed by testing specimens with a/ t  ~-  0.5. Since con- 
sistent fracture toughness values were obtained for specimens thicker than 
about 1.0(KIE/r 2, it is concluded that a characteristic fracture toughness 
value (K~E) can be used to predict fracture strength of surface flawed 
structures for which both crack depth and depth of ligament between the 
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flaw tip and back specimen face are greater than 0.5(K,E/zy,) ~. In four of 
the five material/environment combinations tested, the characteristic 
fracture toughness had a numerical value that was in agreement with the 
Kic values determined according to the ASTM method requirements. The 
excepted material/environment combination is 5A1-2.5Sn ELI titanium/ 
liquid nitrogen, for which the K,o values were less than the KIE values 
determined from SF tests. 

Summary and Recommendation 

This experimental program provides the first comparison between plane 
strain fracture toughness data obtained from tests of both surface flawed 
and through cracked fracture specimens for a single direction of crack 
propagation. Good agreement was obtained between fracture toughness 
data derived from tests of 2219-T87 aluminum surface flawed (SF), single- 
edge notched bend (SENB), and single-edge notched tension (SENT) 
specimens at 72 F (295 K), - 3 2 0  F (78 K), and -423  F (20 K). However, 
fracture toughness values derived from tests of 2219-T87 aluminum com- 
pact tension (CT) specimens were consistently lower than the other alumi- 
num alloy data. Similar tests of 5A1-2.5Sn ELI titanium SF, SENB, SENT, 
and CT specimens yielded fracture toughness data that showed reasonable 
agreement at - 4 2 3  F (20 K); however, at - 320  F (78 K), fracture tough- 
ness values from tests of SF specimens were higher than values obtained 
from tests of SENB, SENT, and CT specimens. 

Fracture tests of 2219-T87 aluminum and 5A1-2.5Sn ELI titanium SF 
specimens in which specimen thickness was varied yielded consistent frac- 
ture toughness values for specimens in which both flaw depth and distance 
between the flaw tip and back specimen face exceeded 0.5(KIE/~y~) 2 and 
flaw depth was approximately 50 percent of the specimen thickness. The 
fracture toughness values were in good agreement with plane strain frac- 
ture toughness data determined from tests of SENB and SENT specimens 
for 2219-T87 aluminum at 72 F (295 K), - 320  F (78 K), and --423 F 
(20 K) and from tests of SENB, SENT, and CT specimens for 5A1-2.5Sn 
ELI titanium tested at - 423  F (20 K). For 5A1-2.5Sn ELI titanium at 
- 3 2 0  F (78 K) fracture toughness values from tests of SF specimens were 
greater than plane strain fracture toughness values determined from tests 
of SENB, SENT, and CT specimens. 

The tests show that fracture toughness values from tests of specimens 
designed to yield plane strain fracture toughness can vary with specimen 
configuration. Consequently, it is recommended that fracture toughness 
data for use in design applications be developed using specimen configura- 
tions that simulate potential failure origins. For example, part-through 
cracks are best simulated by surface flawed specimens and through-the- 
thickness cracks by specimens containing through-the-thickness cracks. 
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ABSTRACT: Current fracture mechanics theory is used to illustrate the effects 
of crack dimensions and material properties on fracture stresses for through- 
thickness and part-through cracks. The implication of the analysis for leak- 
before-burst design of pressure vessels is discussed. 

The applicability of plane strain theory to surface cracks in thin metal sec- 
tions was studied experimentally. Specimens containing surface cracks of vari- 
ous depths and lengths and specimens with through cracks in the same range 
of crack lengths were tested. Ti-5A1-2.5Sn ELI (0.06 and 0.11 in. (1.6 and 2.9 
mm) thick), 2014-T6 aluminum (0.06 in. (1.6 ram) thick), and 2219-T87 
aluminum (0.07 in. (1.6 ram) thick) were tested at - 4 2 3  F (20 K) ; the 2219- 
T87 alloy was also tested at +70 and - 3 2 0  F (300 and 77 K).  

The fracture tests indicate that, when Irwin's plastic zone size is less than 
about one tenth of the uncracked ligament depth (thickness minus crack 
depth), surface crack fracture behavior is in agreement with plane strain 
theory. When the plastic zone is greater than the ligament depth, fraebure 
stresses for surface crack specimens are nearly the same as for specimens with 
through cracks of the same original length. 

KEY WORDS: fracture mechanics, fracture strength, cracking (fracturing), 
aluminum alloys, t i tanium alloys, plastic properties, crack propagation, 
strains, stresses, fracture tests, cryogenics 

Nomenclature 

a Depth of semielliptical surface crack 
c Half-length of through crack or semielliptical surface crack 

Kc Fracture toughness under mixed mode fracture conditions 
Kc. Nominal value of K:, based on original crack length and final load 
Kxo Opening mode (plane strain) fracture toughness 

1 Aerospace technologists, Structural Materials, Lewis Research Center, National 
Aeronautics and Space Administration, Cleveland, Ohio 44135. 
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KQ Apparent value of K~ 
M Free surface correction factor (magnification factor) 

t Plate thickness 
W Specimen width 

Complete elliptical integral of the second kind for the 
k 2 = 1 - a 2 / c  2 

Fracture stress (based on gross area) 
Cry~ Material yield strength (0.2 percent offset) 

argument 

Linear elastic fracture mechanics can be used with confidence only for a 
limited number of practical crack problems at the present time. Some of 
the uncertainties associated with through crack testing are mentioned in 
Ref 1 (authors' reply to discussion by R. H. Heyer). Irwin's surface crack 
fracture analysis [2] assumes that conditions of plane strain prevail, and 
its application is customarily limited to crack depths less than half of the 
plate thickness. However, in spite of these apparently severe limitations, 
fracture mechanics theory is still useful. It can provide at least a qualita- 
tive description of the effects of material and geometrical parameters on 
fracture strength. In some cases, as will be shown later, it can also give a 
good quantitative description. 

Current fracture mechanics analysis is based on linear elastic theory. In 
lieu of an elastoplastic analysis, nonbrittle materials are treated in an 
approximate manner. Localized yielding at the tip of a crack is accounted 
for by adding a portion of the plastic zone length to the actual crack length. 
As long as the plastic zone is small compared to the crack length and speci- 
men dimensions, the approximation has proven useful. 

For small-scale yielding, the plastic zone size is proportional to the square 
of the ratio of stress intensity to yield strength. Thus simple plastic zone 
corrections should be adequate as long as the crack length and specimen 
dimensions are greater than some multiple of the square of this ratio. For 
edge cracked or through cracked specimens, the significant specimen di- 
mensions are considered to be the crack length, uncracked ligament length, 
and thickness. The proposed American Society for Testing and Materials 
(ASTM) plane strain toughness test method [3] requires that thickness and 
crack length be greater than 2.5(Kic/ay~) 2 and implies that the ligament 
length (width minus crack length) be greater than about 2 ( K i J a y s )  2. These 
criteria should be sufficiently conservative to apply to all classes of ma- 
terials. However, for some materials or test specimens or both (for example, 
see I-lef/~) the theory appears applicable (within engineering accuracy) to 
much smaller cracks as well. 

Irwin's analysis for a surface crack ill a plate [2] assumes that plane 
strain conditions prevail at fracture and that the crack dimensions are 
small compared with the plate dimensions. Brown and Srawley ([1], pp. 
30-33) indicate that the analysis may not be applicable if the crack depth 
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is less than 2.5(Kic/(rys) 2. Although the concept has not been adequately 
tested, there should probably be a minimum ligament depth (in this case, 
plate thickness minus crack depth) requirement also, as there is for the 
edge cracked specimens. For two reasons (depth-to-thickness limit and 
minimum ligament depth), then, application of the analysis to material 
thicknesses much less than 5(Kxc/Zys) 2 cannot be assured. 

The analysis of through cracks under mixed mode failure conditions is 
also uncertain. It is well known that Ko decreases with increasing thickness 
until it reaches the limiting plane strain value K~c. As discussed in Ref 5 
(pp. 138-143 and 155-158), Kr is not necessarily independent of crack 
length and specimen width. However, for many materials the form of the 
crack extension resistance curve (R curve) is such that, for sufficiently 
large test specimens, Kc is essentially constant [6]. It is also possible to 
calculate a nominal toughness parameter Ke,, based on final load and origi- 
nal crack length (neglecting subcritical crack growth), but this is less likely 
to be constant. Although it is unsuitable for component design purposes, 
as shown by Kuhn [7], the concept of a constant Kc,, is useful for the illus- 
trative examples that follow. 

The plastic zone at the crack tip is even less well understood than the 
subjects just discussed. Different analytical models lead to significantly 
different estimates of both the size and shape of the plastic zone. When 
used as corrections to a large crack length, these discrepancies will affect 
fracture toughness calculations only slightly. But uncertainty regarding 
the plastic zone size makes it difficult to predict whether or not the plastic 
zone at the tip of a surface crack will extend completely through the plate 
thickness prior to failure. As will be shown later, this appears to affect 
fracture behavior significantly. 

Rice [8] hus discussed various analytical models at length. Hahn and 
Rosenfield [9] have compared observed plastic zones in Fe-3Si steel with 
several analytical models. They conclude that none of the models com- 
pletely describe the observed plastic zones, which were somewhat "butterfly 
shaped." Lacking an exact description, a lower bound on the plastic zone 
size is still possible. The results of Ref 9 suggest that the extent of the 
plastic zone (projected onto the crack plane) is roughly twice Irwin's [2] 
plastic zone size term, in the absence of large-scale yielding and nearby 
stress-free surfaces. Thus, if the uncracked ligament behind a surface crack 
is less than twice Irwin's plastic zone size, one can be almost certain that 
the plastic zone has actually spread completely through the thickness. 
Note that, if the plastic zone at the tip of a crack is butterfly shaped, it 
might (under rising load) first reach the back surface at points out of the 
crack plane, as in Fig. 1 (taken from Ref 10). 

In this paper fracture mechanics analysis is used to predict the effects 
of crack dimensions and material properties on fracture stress for through 
cracks and part-through surface cracks. Fracture specimens with through 
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FIG. 1--Specimen plastic zone (Ref 10). 

cracks and with surface cracks were tested at cryogenic temperatures. The 
results are compared with the predicted trends. 

A n a l y s i s  

Effects of Crack Geometry 

Even though its application to design problems is restricted, current 
fracture mechanics theory can be used to illustrate the effects of crack 
geometry and material properties on fracture strength and fracture be- 
havior. For the sake of discussion, assume that through cracks are governed 
by plane stress conditions and surface cracks by plane strain. 

Fracture stresses for through-thickness cracks [1] and for surface cracks 
[2] in a wide, flat plate can be written as 

/ ~ 2  I (K-2)2 
= . . . . . . . . . . . . . . .  ( l a )  ~thru K c  2 c  + ~ \ ~ y . /  

' ( 'oY 
= - -  . . . . . . . . . . . .  ( l b )  (/'surf gIe ira -F ~ \ %./  

where (I, is a function of crack shape and M is a free surface correction fac- 
tor (taken by Irwin to be ~1.1 for crack depths less than half thickness). 
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The correction factor of Kobayashi and Moss (denoted as M, in Ref 11) 
was used (rather than Irwin's) so that cracks deeper than half thickness 
might be considered in this paper. For the reader's convenience, a plot of 
M / r  is included as Fig. 2. 

For purposes of illustration, it is appropriate (as discussed by Irwin 
and Srawley [12]) to consider the case where t = Kd/27rcy~ ~. The previous 
equations can then be written (for this thickness only) as 

th,. ~/1 2c \-I/~ = v 2 / : .  + ) (2a) 
ffys k ~ t  

-'-  '/2r o M ! J . . . . . . . . . . .  
(25) 

fly8 

These equations are plotted in Fig. 3 for the case where Kic - 0.5Kc. 
Equation 26 is plotted for constant crack shape (a/2c) as well as for con- 
stant depth (aft). The largest depth plotted is that for which the plastic 
zone is expected to extend completely through the plate thickness at frac- 
ture. The applicability of the analysis to deeper cracks is highly question- 
able. If, as discussed earlier, the actual plastic zone size is taken to be twice 
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FIG. 3--Effect of crack geometry on predicted fracture stress for through and part-through 
cracks. 

Irwin's term, the limiting depth (for this example) is 

(a)t . . . .  1 (K:o'~ 2 = : -~3\~/ ................... (3) 

Figure 3 shows that theoretically a surface crack can fracture (or at 
least start to fracture) at a lower stress than a through crack of the same 
length and that  this would be most likely to occur for a deep crack with 
a/2c equal to about 0.2 to 0.3. With the aid of Fig. 3 we can speculate on 
the effect of crack geometry on the actual fracture process. Consider a 
surface crack whose geometry is defined by the point A. When the  load is 
increased to 0.8Zys, the crack should start to propagate rapidly through the 
thickness with little if any increase in crack length. But the stress required 
to propagate a through crack of the same length is much greater (about 
0.9~ys); thus, the crack should self-arrest and become a stable through- 
thickness crack. If the crack were in a pressure vessel, the vessel would 
leak rather than fail catastrophically. 

Consider now a surface crack whose geometry is defined by the point B. 
When the load is increased to 0.7~ys, the crack should start to propagate 
through the thickness. But if there is no load relaxation, the applied stress 
will be more than sufficient to propagate a through crack of that length 
and the crack should continue to propagate. A pressure vessel with such a 
crack would probably fail catastrophically. 
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For the surface crack defined by point C, the plastic zone would surely 
grow through the thickness prior to failure, and most of the uncracked 
ligament would undergo plastic deformation. Under these conditions, frac- 
ture might well be controlled by the stress intensity at or near the major 
axis of the semiellipse. If this crack were in a pressure vessel, elastic theory 
could not predict whether it would leak or burst. Lacking more powerful 
analytical methods, we might speculate that, if the crack opening displace- 
ment were sufficiently large, the ligament might fail by tensile instability 
(and the vessel would leak) and that this would be most likely for long 
cracks. But the yielded ligament might also act as a plastic hinge, allowing 
the cracked region to bulge outward in the manner associated with through 
cracks [13]. This would induce a bending stress which would further com- 
plicate the problem. Under these conditions it would be unwise to expect 
a cracked tension specimen to simulate the behavior of a cracked pressure 
vessel. 

The empirical relation developed by Eiber et al ([14], Fig. 15) for part- 
through V notches in gas line pipe is similar in appearance to Fig. 3 of this 
paper. Their burst tests also indicate that failure type (that is, leak or 
burst) can be correlated with relative fracture stress for through cracks 
and surface cracks of the same length. If the fracture stress for a given 
surface crack is less than that for a through crack of the same length, that 
surface crack will result in a leak at failure; if greater, catastrophic fracture 
will occur. 

t. 2 

o 

o 1.0 
d 
I-- .-  

.4 

0 

I~ 1 ASSUMED: 'c = K~lT;r0~s 

- \  I k SURFACE CRACK 
\ I  I THROUGH CRACK 

\ ii x.. ~- 
- i ~ 

~ ~ K I c =  0"5 Kc; a/t = 0"823 

~/2c = O. 25 ~ ~ ~ 
- - - K I c =  0.4 Kc; aJt : 0.887 

I I I I I 
4 8 12 16 20 
NORMALIZED CRACK LENGTH, 2clt 

FIG. 4--Effect of material toughness on predicted fracture stress for through and part- 
through cracks at limiting depth. 
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70 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

Effects of Material Properlies 

The limits of applicability of this analysis are also 'tffeeted by the ma- 
terial properties. Equation 3 shows that the timiting crack depth (at which 
the plastic zone just penetrates the thickness) is also a function of the 
ratio KIc/K~. Figure 4 shows the effect of K~c/Kc at the limiting depth 
(for this specific thickness). From this figure it appears that leak-before- 
burst failures cannot be predicted at all if K~, is greater than about 0.6K~ 
(for this thickness), and they can be expected over a wider range of crack 
lengths if KI~/K~ is low. Again, a crack with a depth to length ratio (a/2c) 
of about 0.25 appears to be the one most likely to leak rather than burst 
at failure. 

Experimental Procedure 

Materials 

The titanium alloy was purchased in two thicknesses rolled from the 
same heat. Mill analyses for both are given in Table 1. The 2014-T6 alumi- 
num alloy (unclad) was from the same lot used in an earlier s tudy [6]. The 
analysis given was made by a commercial laboratory. The 2219-T87 alumi- 
num alloy (also unclad) was from the same lot studied in Ref 15; its analy- 
sis is also given in Table 1. The tensile properties listed in Table 2 were 
determined on the standard tension specimen shown in Fig. 5a with differ- 
ential transformer extensometers. 

Fracture Specimens 

Titanium fracture specimen configurations were as shown in Figs. 5b to 
5d. All 2014-T6 specimens were as shown in Fig. 5d. The 2219-T87 speci- 
mens, Figs. 5e and 5f, were sized to be directly comparable with the surface 
crack specimens tested in Ref I5. 

Natural cracks were grown from crack starters by fatigue cycling the 
specimens at low stress. Crack starters for all through crack and most 
surface crack specimens were made by electrical discharge machining. For 
a few of the 2014-T6 surface crack specimens, sharp surface grooves were 
machine scribed. All through crack and some surface crack specimens were 
fatigue sharpened in tension. To obtain more elongated cracks, some sur- 
face cracks were extended in cyclic unidirectional bending. For all speci- 
mens the nominal net cyclic stress was less than half the material yield 
strength. 

Apparatus and Procedure 

The 2219-T87 through crack fracture specimens were fitted with anti- 
buckling guides and tested in a 400,000-1b (1.8-MN)-capacity, screw 
powered tension testing machine. All other specimens were tested in hy- 
draulic machines having capacities of 20,000, 24,000, and 120,000 lb (89, 
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FIG. 5--Smooth tension and fracture specimens (dimensions in inches or mm). 

107, and 535 kN). For smooth tension tests, differential transformer ex- 
tensometers were used to measure average strain over a 2-in. (5-cm) gage 
length. Cryogenic test temperatures were established by immersing the 
specimen in liquid nitrogen or liquid hydrogen. A vacuum jacketed cryo- 
star with multilayer insulation was used to minimize boiloff. Cryogenic 
liquid level was maintained several inches above the upper specimen grip, 
and carbon resistors were used as level sensors. 

R e s u l t s  

Nominal fracture toughness values for through crack specimens were 
calculated with the finite width correction factor proposed by Feddersen 
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([1], pp. 77-79). With this correction Eq 1 becomes 
2 

Kr = ax,/WO sece where 0 = ~ + 2-W kay, / 

Apparent fracture toughness (KQ) values for surface crack specimens were 
calculated from Eq lb (rearranged) and the free surface correction factor 
of Ref 11. Fracture test results and some calculated quantities are listed 
in Tables 3 and 4. 

Titanium Alloy 

Figure 6 presents fracture stresses for through cracks and surface cracks 
in the thinner (0.06-in.) titanium sheet at -423  F (20 K). The surface 
crack tests are grouped according to depth to thickness ratio. The experi- 
mental trends are generally in good agreement with the predicted trends 
of Fig. 3. Nominal fracture toughness (Kr for the through crack speci- 
mens was essentially constant (62 ksi~Zm-~. (68 MN/m 3/*) avg). Apparent 
fracture toughness KQ for the surface crack tests was reasonably constant 
(47 ksi%/~-~. (52 MN/m 3/2) avg) for all but the seven specimens with cracks 
deeper than 70 percent of the thickness. Note (Fig. 6) that for the five of 
these with short cracks (2c ,-, 0.18 in.) fracture stresses are within the 
scatterband for through crack tests. Using the average KQ value (47 
ksivq-~.), Irwin's plastic zone size is between 14 and 29 percent of the un- 
cracked ligament depth for the seven deviant tests. However, as discussed 

~, .8 

o" 
~'- . 6  

~ .4 

2 

,~, .2 

1 . 0 -  

�9 THROUGH CRACK 
O SURFACE CRACK, 0.34<alt<0.43 
Q) SURFACE CRACK, 0.zls< alt < 0.55 
�9 SURFACE CRACK, 0.5l<alt<O.04 
~) SURFACE CRACK, O. 73<alt<O.88 

-- \Ok Eq. (4), Kcn = 62 ksi - ~ .  (68 NIN rn-3/2) 
~xxA~ . . . . .  Eq. (Ib), KQ 47 ksi -~-n. (52 MN m -312) 

~ ~ - -  = 0 . 5  

P--6 air:~ 

I I I I I I I I 
2 4 6 8 I0 12 14 16 

NORMALIZED CRACK LENGTH, 2clt 

FIG. 6---Fracture stress for Ti-5Al-2.SSn ELI spccimensO.O6 in. (1.6 rnrn) thick ( -453 F 
(~0 K); yield strength, ~8.0 ksi (1570 MN/mS)). 
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~.o~ 0 
~Q �9 THROUGH CRACK 

~, .8 1 ~ ~ O SURFACE CRACK; a/2c~0.3 
~tO~ Eq. (4), K,. n = 83 ksi iVTn. (91 MN m -312) 

-6 Eq. (Ib), I~Q : 59 ksi.-VTn. (65MN m-312), al2c-0.3 

~'- .6  

m 4 

"~ .2--  

I I I J I 
0 2 4 6 8 I0 

NORMALIZED CRACK LENGTH, 2clt 

FIG. 7--Fracture stress for Ti-5A1-2.5Sn ELI specimens 0.11 in. (2.9 ram) thick 
( -423 F (20 K); yield strength, 211 ksi (1450 MN/m2)). 

earlier, this expression is probably a conservative (low) estimate of the 
actual plastic zone size, which may be several times larger. 

Figure 7 presents fracture stresses for through cracks and surface cracks 
in the thicker (0.11-in.) titanium sheet, also at - 4 2 3  F (20 K). Here the 
surface crack shapes remained essentially constant (a/2c = 0.3 approxi- 
mately) as crack depth was varied. Nominal fracture toughness (Ko.) for 
through crack specimens was essentially constant (83 ksi~/~-~. (91 MN/  
m 3/2) avg), as was apparent toughness KQ for surface crack specimens (59 
ksi%/]~. (65 MN/m 3/~) avg). Note that fracture stresses for the three deep- 
est surface crack tests lie within or near the scatterband for through crack 
tests. For these three specimens, Irwin's plastic zone size (KQ = 59 
ksi~-m.) is between 13 and 40 percent of the uncracked ligament depth. 

Even though both thicknesses are from the same heat, the KQ and Ko. 
average values are about 13 percent higher (and strengths lower) for the 
thicker gage. However, the KQ average values for both are within the range 
of KIo values reported in Ref 16 for much thicker specimens. 

A l u m i n u m  Alloys 

Figure 8 presents fracture stresses for through cracks and surface cracks 
in 2014-T6 aluminum sheet (0.06 in. (1.6 ram) thick) at - 4 2 3  F (20 K). 
Note that only for the shortest cracks is there any apparent difference 
between fracture stresses for through cracks and for surface cracks. Nomi- 
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78  FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

nal fracture toughness (Ken)  w a s  approximately constant (52 ks iv '~ .  
(57 MN/m 3/~) avg) for all but the two shortest through cracks. Apparent 
toughness KQ was also constant (26 ksi%/~. (28 3IN/m z/2) avg) for all 
but the four deepest surface cracks. 

For these four, Irwin's plastic zone size (based on 26 ksi%/~.) was 
deeper than any uneraeked ligament. For the eight other specimens, 
Irwin's plastic zone size was between 26 and 72 percent of the depth of the 
uncracked ligaments. However, even though constant, the KQ values are 
unusually low. The surface crack KQ values reported in Ref 17 for 2014-T62 
alloy 0.5 in. (13 mm) thick are nearly twice as large. If based on the Ref 
17 values, Ir~in's plastic zone would be deeper than any uncracked liga- 
ment. Analysis according to Ref 11, where plastic zone size is related to 
fracture stress rather than stress intensity, also indicates that the plastic 
zone did extend completely through the thickness prior to fracture for 
every test. 

Figure 9 presents fracture stresses for through cracks and surface cracks 
in 2219-T87 aluminum sheet (0.07 in. (1.7 ram) thick) at ambient tempera- 
ture, -320,  and -423  F (300, 77, and 20 K). The surface crack data are 
taken from Ref 15; through crack specimens from the same lot of material 
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SURFACE CRACK, 0.68<alt<0.74 
�9 SURFACE CRACK, 0.76 < alt < 0.90 
~) SURFACE CRACK, 0.91< alt < 0.94 

- -  Eq. (4), Kcn = 52 ksi i~Ji-n. (57 MN m -3/2) 
Eq. (Ib), KQ : 26 ksi -,/~n. (28 MN m -312) 
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F IG .  8--Fracture stress for 2014-T6 aluminum specimens 0.06 in. (1.6 mm) thick 
( -428 F (20 K); yield strength, 80.3 ksi (554 MN/m~)). 
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�9 �9 �9 THROUGH CRACK 
Q �9 r-. SURFACE CRACK; 0.64<alt<0.89 

EXPERIMENTAL CURVE 

o" (A) 70 o F 13OO K); YIELD STRENGTH, 55.0 KSI 1379 MN m-3/2). 

. 8 ~  I I I I I ~ I "1 
2 (B) -320 o F (77 K); YIELD STRENGTH, 54.6 KSI (445 MN m-312). 
~ 1,Or._ r. 

4 6 8 10 12 14 16 8 
NORMALIZED CRACK LENGTH, 2cli 

(C) -423 ~ F (20 K); YIELD STRENGTH, 70. 8 KSI (487 MN m-3i2). 

FIG. 9--Fracture stress ~19-T87 aluminum specimens 0.07 in. (1.7 mm) thick; surface 
crack, data from Ref 15. 

were tested at the Lewis Research Center. Neither nominal toughness 
(Ko,) nor apparent toughness KQ were constant at any temperature, and 
the curves of Fig. 9 were merely drawn through the through crack data. 
Note that again there is little difference in fracture stresses for surface 
cracks and for through cracks of the same length. Based on the estimated 
KIo values of Ref 15--47 ks iv ;~ ,  at 70, 50 ksiv~n~, at --320 and - 4 2 3  F 
(52 M N / m  3m at 300, 55 M N / m  m at 77 and 20 K)-- the Irwin plastic zone 
sizes were greater than all untracked ligament depths. Thus it is fairly 
certain that the surface crack plastic zones penetrated the thickness prior 
to fracture in every test. 

Discussion of  Results 

The constant K~. concept is not sufficient to characterize through crack 
fracture in the relatively tough 2219-T87 alloy. But for the less tough 
titanium and 2014-T6 aluminum alloys, it relates fracture stress to original 
crack length adequately over the range of these tests. 

The characterization of surface crack fracture is not as straightforward. 
However, the results are consistent if they are classified according to the 
relative depths of the plastic zone and the uncracked ligament. For most 
of the titanium specimens, where Irwin's plastic zone size was less than 
about 13 percent of the uncracked ligament depth, KQ values were es- 
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80 FRACTURE TOUGHNESS TESTING AT CRYOGENIC TEMPERATURES 

sentially constant and the plane strain model (Eq lb) seems appropriate. 
For all the aluminum specimens, the plastic zone is believed to have ex- 
tended completely through the thickness. Here fracture appears to be 
strongly related to crack length and the mixed mode fracture toughness 
(K~~ The behavior of the remainder of the titanium specimens is harder 
to classify, but this may be due to the approximate nature of the plastic 
zone size term. 

As discussed earlier, Irwin's surface crack analysis should be usable if 
the actual plastic zone size is small with respect to the depth of the un- 
cracked ligament. These tests suggest an approximate limit. If Irwin's 
plastic zone term is less than about one tenth of the depth of the uncracked 
ligament, the plane strain model appears to be applicable even for thin 
sections. However, the parameter KQ (which may or may not be equal to 
the plane strain toughness K~) must be carefully determined. When the 
plastic zone is greater than the depth of the uncracked ligament, final 
fracture usually appears to be related to crack length and mixed mode 
fracture toughness. 

The analysis and the preceeding discussion assume that surface cracks do 
not propagate until rapid fracture occurs. However, some investigators 
have recently observed stable subcritical growth of surface cracks in some 
materials. Just prior to fracture, such a crack could be larger than its 
original dimensions but not yet through the thickness. In such a case, a 
KQ value based on original crack depth and maximum load would be er- 
roneously low. Subcritical growth might account for some (but not all) of 
the observed deviations of KQ from a constant value. 

Concluding Remarks 

The experiments reported here indicate that the fracture behavior of 
thin sections containing surface cracks may be strongly influenced by the 
ratio of the cr~ck tip plastic zone size to the ligament depth (thickness 
minus crack depth). The experimental results can be summarized as 
follows: 

1. When the Irwin plastic zone size at fracture was less than about one 
tenth of the ligament depth, fracture behavior was, in general, as predicted 
by plane strain theory. 

2. When the plastic zone size was greater than the ligament depth, frac- 
ture stresses for surface crack specimens were nearly the same as for speci- 
mens with through cracks of the same original .length. It should be recog- 
nized that these conclusions may not be applicable to other ~ materials or 
thicknesses or both, and more definitive tests~are required to either confirm 
or correct them. 

Based on analysis using current fracture mechanics theory, as supported 
but limited by these tests, it ean be postulated that 

1. Current fracture mechanics methods can be applied to leak-before- 
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burs t  problems of thin-walled pressure vessels, bu t  only if the plastic zone 
at failure is small with respect to the uncracked l igament.  I f  so, leaks can 
be expected only for nar row ranges of crack geomet ry  and material  
properties.  

2. I f  the  plastic zone is expected to penet ra te  the thickness prior to  
failure, current  analyt ical  methods  cannot  predict  whether  a vessel will 
leak or burst  at  fracture. Under  these circumstances,  a cracked tension 
specimen m a y  not  adequa te ly  simulate a cracked pressure vessel. 
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