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ABSTRACT 

Data for the notch toughness of ultra-high-
strength steels, as found in the literature, are pre- 
sented and reviewed in terms of the type of steel, the 
strength level, and the appropriate test parameter. 
Some attention is given to the effects of the more 
important factors in.volved in the processing of the 
steel. 

Design requirements are analyzed with reference 
to the demands of the particular application  (e. g.  pres-
sure vessel, rocket motor case, hydrofoil), the fab-
rication procedures involved, the environment, and 
the applicability of non-destructive and proof testing. 
A number of possible design parameters or criteria, 
related to the more significant laboratory toughness 
tests, are examined with respect to their suitability -
and applicability in the light of present knowledge 
regarding ultra-high-strength steels. Where pos-
sible, the examination is complemented by a com-
parison with the results of service performance 
and/or medium or full-scale laboratory tests under 
simulated service conditions. 
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October 26-28, l964. 
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par 
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RÉSUMÉ 

L'auteur présente ici les données relatives à la ténacité 
' è, l'entaille en aciers très résistants, telles que la documentatioh  
pertinente les fournit. Ces données sont examinées en fonction. 
du type de l'acier, de son niveau de résistance et des paramètres 
convenables établis lo•rs des essais. L'auteur apporte 'quelque 
attention aux effets des facteurs les plus importants intervenant 
dans l'élaboration de l'acier. 

L'auteur analyse les prescriptions techniques en fonction 
des exigences d'utilisation dans la'pratique (par ex. les autoclaves, 
les enveloppes de moteurs-fusée, les bâtiments à ailes portantes); 
des procédés d'élaboration utilisés; du milieu; des possibilités 
d'essais non destructifs et de 'proof testing'. Il examine, à la • 
lumière des connaissances actuelles sur les aciers à très haute 
résistance, les avantages et les possibilités d'application d'un 
certain nombre de paramètres conceptuels, ou critères, se 
rapportant aux plus importants tests de ténacité des laboratoires. 
Partout oi c'est possible, l'étude est complétée par une comparaison 
avec les résultats obtenus au cours de l'utilisation réelle et avec 
les résultats des tests de laboratoire à échelle moyenne ou à 
échelle normale sous des conditions d'utilisation simulant la réalité. 

*Ce travail a été présenté, sous une forme condensée, comme mémoire 
au "Symposium sur le programme tripartite, technique et coopératif" 
relatif aux "Problèmes rencontrés lors de l'utilisation de la résistance 
aux charges des aciers à haute résistance" à Washington, D.C., du 
26 au 28 octobre, 1964. 

**Chef de la Section de génie physique, Division de la métallurgie 
physique, Direction des mines, ministère des Mines et des Relevés 
techniques, Ottawa, Canada. 
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I. INTRODUCTION 

During the past ten years, rapid strides have been taken in the 

developm.ent and application of ultra-high-strength steels. For the purposes 

of the present report, ultra-high-strength steels will be arbitrarily defined 

as those steels having a yield strength (0.2%) in excess of 200 ksi. Such 

steels are generally available in the form of sheet, plate, bar and forgings, 

and their major applications are aircraft undercarriages, pressure vessels, 

solid propellent rocket motor cases, and machine parts, with perhaps many 

additional less-known uses. At the present time, the use of ultra-high-strength 

steels is restricted almost entirely to those applications where the strength/ 

weight ratio of the component or product is of prime importance, and their 

success or failure in these specialized fields will determine the extent of 

their contribution to the manufacture of engineering items of a more general 

nature. 

The properties of the ultra-high-strength steels which are of par-

ticular interest to the user include tensile strength at various temperatures, 

ductility and toughness, fatigue strength, corrosion resistance, and welda-

bility. While these are all probably of equal importance, and to some degree 

interrelated, the following discussion will be restricted to the notch tough-

ness characteristics, by which is meant the reaction of the steels to the 

presence of stress concentrations, whether these be design discontinuities, 

surface cracks, or internal flaws. It is an established but unfortunate fact 

that as the tensile strength increases, the ductility and toughness tend to 

diminish. Consequently, any ultra-high-strength steel development  pro gram 

 involves the generation not only of conventional smooth tensile test data, but 

also of data from notched tensile tests and V-notch Charpy impact tests. 

The uniaxial elongation given by the standard tensile test may be a satis-

factory criterion for a medium-strength steel, but may show no correlation 

with the performance of an ultra-high-strength steel. Cottrell
(1) 

has reported 

the results obtained from burst tests on two welded rocket motor cases of a 



3% Cr-Mo-V steel. Tensile specirnens heat-treated with the cases gave 

tensile strengths of 231 ksi and 237 ksi respectively, and the sarne elon-

gation, 9-1/2%. When hydraulically pressurized to failure, the first case 

burst in a ductile manner at a hoop stress of over 235 ksi, whereas the 

second case burst in a brittle manner at 159 ksi, Hence, for the ultra-

high-strength steels, it is essential to supplement the normal tensile data 

with the results of some type of notched test. 

This necessity was recognized at an early stage, and numerous 

tensile and impact tests were carried out on specimens containing a relatively 

mild stress raiser, until it was realized that any meaningful m.aterial 

evaluation must in.clude specimens with high stress concentrations, pre-

ferably a natural crack. The development of a suitable specimen was 

assisted by the notable work of Irwin and his col1aborators
(2-5)

, who 

extend.ed the Griffith theory and derived expressions for K, the stress inten- . 

sity factor; and G, the crack extension: force or strain, energy reiease rate, • 

based on the principles of linear elastic fracture mechanics., A knowledge 

of the fracture toughness of a material, obtained from suitable tests, should , 

enable a designer to determine the size of crack the material will tolerate 

without fracture, when load.ed to a level approaching that at which it would 

fail by excessive plastic deformation. 

In a series of reports
(6-10) 

the ASTM Special Committee on 

Fracture Testing of High-Strength Materials has detailed the requirements 

for suitable tests on both sheet .and rounds, and, more recently, a very 

clear exposition of the present state of the art was presented by Srawley 

and Brown
(11) 

 „ Basically, there are two types of flat specimen used for 

fracture toughness tests in tension: the through.-crack type, either centre-

notched or edge.Lnotched, and the partia l.  or surface-cracked type. Satis-

factory tests have  also  been made using a single-edge-cracked specimen in 

tension or in bending, but the amou-nt of data available is still relatively 

small. For round bars, a circumferentially notched -  and cracked specimen 
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is recommended with a minor diameter/major diameter ratio of 0.707. 

Prior to the development of fracture mechanics, the majority of 

notched tensile tests were carried out on round specimens with a machined 

notch, and an indication of the notch toughness was given by the ratio of the 

notched tensile strength to the smooth tensile strength or the yield strength. 

With a very sharply notched specimen (root radius less than 0,001  in.),  

this test still has many adherents and is often used for screening purposes. 

The recommended fracture toughness tests, although intended for the 

- estimation of Plane stress or plane strain values of K and G, will also give 

values of the notched tensile strength„ 

. In addition to the foregoing, there are several arbitrary empirical 

procedures for evaluating not'ch toughness which have been proved by cor-

relation with service failure studies. Prominent among these are the 

explosion bulge and drop weight tests developed at the 	S. Naval Research 

Laboratory, the pre-cracked Charpy impact test, and the Allison instru-

mented ben.d test .  Reference will be made to their particular merits in the 

course of the text. 

2, REVIEW OF NOTCH TOUGHNESS DATA 

The ultra-high-strength steels presently available can be broadly 

classified in the following categories: 

1) Low alloy structural steels 

2) Hot die and tool steels 

3) Nickel alloy steels 

4) Precipitation-hardening steels 

Table 1 gives typical chemical compositions of those steels for 

which sufficient data of a satisfactory nature were available to the writer, 
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TABLE 1 

Composition -  
Steel 	 C 	Mn 	Si 	Ni 	Cr 	Mo 	V 	Other 

Class (1) 	
• 

ALSI 4340 	0:4 	0.75 	0.3 	1.8 	0.8 	0.25 	 - 
300M 	0.4 	0.75 	1.6 	1.85 	0.85 	0.4 	0.08 	- 

Airsteel X-200 	0.4 	0.85 	1.5 	 2.0 	0.5 	0.05 	- 
AMS 6434 	0.36 	0.7 	0.3 	1.8 	0.8 	0.35 	0.2 

4137 Co 	0.4 	0.7 	1.0 	 1.1 	0.25 	0.15 	1.0 Co 
MBMC #1 	0.4 	0.8 	1.7 	- 	0.8 	- 	0.05 	- 

Class (2) 

H-11 	) 	0.4 	0.35 	1.0 	- 	5.0 	'1.3 	0.5 	... 	, 

Vascojet 1000) 
D6Ac 	0.44 • 	0.8 	0.2 	0.55 	1.0 	1.0 	. 	0.05 	- 

Class (3) 

18%Ni Marag- 	0.02 	0.08 	0.08 	18.0 	- 	4.8 	 7.5/9.0Co 
ing 

9 Ni  -4 Co 	0.44 	0.3 	0.1 	8.5 	0.3 	0.3 	0.1 	4.0 Co 

Class.(4) 

PH 15 - 7Mo 	0.07 	0.5 	0.35 	7.0 	15.0 	3.0 	- 	1.0 Al 
AM 355 	0.14 	0.7 	0.3 	4.3 	15.5 	2.75 	- 	- 



5 

In an attem.pt to obtain a realistic appraisal of the notch tou.ghness 

characteristics of the available alloys, the data contained in over 100 publi-

cations were critically examin.ed and analyzed. Much of the data was 

regrettably incomplete or failed to comply with the necessary requirem.ents 

for a satisfactory test, e. g.,  the specimen width was too small or the notch 

root radius too large. This criticis m  is not meant to imply that the tests 

were not perfectly adequate for the purpose for which they were intended. 

The remaining data were averaged for the particular steel and strength level, 

and are presented in Table  Z.  

It will be observed that the notch toughness level is expressed by 

two values: 

(a) The notch strength ratio (notched tensile strength/ultimate tensire 

strength), derived from tensile tests on notched or cracked sheet or 

rounds, the notch root radius bein.g less than 0.001 in. 

(b) The critical stress intensity factor (K
c 

or KIc),  derived from tensile 

or bend tests on pre-cracked sheet or rounds. 

No data from V-notch Charpy impact tests are included since, in 

the ultra-high-strength range, the test is insufficiently discriminatory. 

Furthermore, the results obtained from small experimental heats were 

neglected. 



TA131..E 2 

Summary of Notch Tou.gb.nes s  Data 

Notch Strength Ratio 	
. 	

Critical Stress Intensity Factor, K. - ksi 	.  
Steel 	UTS - ksi 	300 	280 	- 260 	240 	UTS - ksi 	300 	280 	. 	260 	240 

AISI 4340 	sheet 	 - 	0.65 .(1) 	0.54 	0.63 	 sheet 	 - 	. 86 (1) 	ZOO 	180. (1) 
- rounds 	- 	1.06 	1.12 	1.27 	.plate 	 - 	35 (1) 	42 (l) 	57 (l) 

cracked 	- 	0.34 	0.66 	- 	 • rounds 	 [9 2];( 1 ) 	M ( l)  
300 M 	 sheet 	0.37 	0.50 (1) 	0.70 	0.62 	 sheet 	 - 	le 	 194 

cra.cked 	0.29 	0.40 	0.58 	0.55 	 rounds 	E731 (1) 	[721 	 [6 9](1) 	(701(1)  
Airsteel X-200 	sheet 	0.27 	 - 	0.47 il) 	.. 	 sheet . 	' 85* 	105 • 	 90* 	'125* 

rounds 	- 	0.61 	- 	0.98 
cracked 	 0.55 	- 	 - 	 rounds 	170] * 	(5, 	* 	- 	C803*  

AMS 6434 	sheet 	 -... 	 - 	0.68 	0.84 	 sheet 	>90 (1) 	>120(1) 	. >120 (1) 	200 
cracked 	0,47 (1) 	0.64 (1) 	0.66(1) 	0.69 	 C.3 	(1

) 	
54j  

- 4137 Co 	 - 	 - 	. - 	 - 	 . RZ)  
MBMC #1 	sheet 	 - 	0.35 	0.38 	- 	 sheet 	 74* 	-83*(1)  
H-11 	 sheet 	0.35 	0.29 	0,49 	- 	 sheet 	20/100 	47_ 	 90 	108 (l) 
Vascojet 1000 	cracked 	0.32 	0.34 	0.35• 	0.86 (1)  
D6 AC 	sheet 	0.30(1) 	0.49 (1) • 	0.44 (1) 	0.64 (.1) 	sheet 	 77*(1) 	112*(1) 	98*(1) 	130:-1--. (1) 

rounds 	.. 	0.74 	0.85 (1) 	1.05 
- 	 cracked 	. 	0:56 rd.(1) 	0.75 rd.(1} 	- 	1.00 rd.(1) . 	rounds 	[49] 	(5 7] 	M (1) 	C8(1  

18% Ni 	sheet 	0.78 	0.87 	0.90 	0.92 	 sheet 	175 	. 	217*.(1) 	160 (1) 	203*,(1) 
Maraging 	plate 	 1.40 	.48(1) 	.- 	plate 	20/190 	213. (1) 	109 	- 

cra.cked 	0.53 	0.54(1) 	0.77(1) 	0.81j1) 	 [911- 	M , 	[851  
9  Ni- 4 Co 	 - 	sheet 	 £173 (1) 	[56] (1) 	: [8t(1) 

Plate  	QI(1) 	E14 (1)  
PH 15 - 7 Mo 	sheet 	 ..- 	0.80 {1) 	0.94 (1) 	0.68 	. 	sheet 	 - 	 - 	 ... 	 77 

cracked 	.- 	 - 	0.95(1) 	.25/.71  
'AM 355 	sheet. 	0.91{1) 	- 	0.86(1) 

.(CR 40%) 	 PR 15%) 
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Notes on Table 2 

indicates that the fracture toughness values were obtained from 

notched specimens which had not been pre-cracked. 

(1) indicates that the value tabulated is believed to be the result of 

a single test - or a small nurnber of tests made in one laboratory 

on a single heat 0  

indicates a K
Ic 

value, 

indicates that the cracked NSR values were obtained from round 

specimens; the remainder were derived from tests on sheet specimens., 

The results of the survey of available data were neither very 

satisfactory nor conclusive, They showed the expected trend of decr«asing 

notch toughness with increasing tensile strength (Figure 1), though even 

here there were som.e peculiar inconsistencies, presumably due to com-

position or processing variables or to an insufficient number of tests. The 

18% Ni Maraging steel, which has been the subject of intensive investigation, 

is seen to possess a definite superiority over the earlier ste.els (Figures 1 

and 2) and shOuld obviously be of particular interest to the designer of. high-

strength, minimum-weight hardware. The more recently developed 

9% Ni-4% Co alloy also appears to have desirable characteristics but, unfor-

tunately, insufficient reliable information was available to.  the writer for a 

more accurate assessment. The behaviour of the remaining ultra-high-

strength steels is far from consistent and varies  with the strength level and 

parameter considered •  The best of the group would appear to be 300 M 

alloy, and the poorest, H-11 (Vascojet 1000) and MBMC No, 1 alloys. 

A comparison of the steels is best obtained by reference to those 

investigations in which similar tests have been made on specimens of the 

same form cut from sheets of the same, or approximately the same, thick- 

ness. Espey
(12) 

has stated that the alloy having the lowest notch sensitivity 

varies somewhat with the strength level cànsidered, and has reported the 

* 



superiority of 300 M and D6AC steels over Vascojet 1000 at, a yield strength

of about 230 ksi. Davis(13) has tested a number of ultra-high-strength

steels in plate form (0; 3 in, ) and, 'in addition to confirrning.the higher

fracture. toughness of the 18% Ni (250) steél, - has shown D6AC alloy to be

superior to H-11 alloy at a strength level of 280 ksi.

Matas, Hill and Munger(14). cornpared several of the alloys in the

form of 0. 080 in, sheet, .and tentatively classified them into three groups

in terms of notçh.strerigth and fracture toughness. The most desirable

qualities were shown by the 18% Ni a11ô} (group III); the 9% Ni-4% Co alloy

(group II) was somewhat inferior; and the older alloys, D6AC, 4340, 300 M

and H-11 (group I), gavé the lowest values. Jones(15) carriéd out a similar

investigation on 0, 180 in, specimens, and reported his results in terxns of.

the notch strength. At a strength levél of 280 ksi, both 18% Ni and 9% Ni-

4% Co steels were found to be superior to 4340 (air-melt) steel, which in-,

turn was superior to H-11 steel, An additional observation of particular.

interestwas that vacuum-melted 4340 steel wa's comparable'to both of the

high-nickel. steels, which raises the question of the importance of processing

variables.

3. EFFECT -OF PROCESSING VAR.IASLÉS .

As the design requirements of the variotis types of hardware are

raised and the alloys have to be fabricated to meet the higher. strength levels,

the beneficial or deleterious effects of processing variables tend to become

of greater significance. Those variables which have a degrading influence.

on the toughness of the steel must be more closely controlled, while those

which appear to be advantageous must be utilized to their 'fullest extent. In

the present context, "processing" côvers•all stages of the manufacture of

the steel from the melt to the finished' stock, sheet, plate 'or bar, and it

includes, in,particu].ar, melting .practice, composition,cold or warm reduction,

decarburization, and banding. The respective effects of these variables are

outlined below. , . `
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(a) Melting Practice  

While there is a general belief that melting un.der vacuum 

should produce a superior ,  grade of steel because of a reduction in gas con-

tent and non-rnetallic inclusions, this belief is not consistently substantiated 

by the data fro m  notch toughness tests of a nurn.ber of alloys. The effect of 

vacuum m.elting will be seen to 'vary with the alloy composition and with the 

tensile strength level, and is not always beneficial. The results rePorted 

by Gilbert and Brown
(16) 

for AMS 6434 alloy are typical, in their trend, of 

those obtained in several investigations in which vacuum melting produced 

an improvement .  The net fracture strength of transverse centre-notched 

specimens was increased by about 100%, whereas that of longitudinal speci-

mens was increased by about 50%. The marked directionality of the air-

melted sheet was almost completely removed by vacuum melting. 

Cottrell
(1) 

has investigated the effect of consudiable electrode 

vacuum melting on the surface strain to failure in a wide bend test, using 

a 3% Cr-Mo-V steel in the ultra-high-strength range. He reported that 

vacuum melting of this steel increased the tensile strength for a given sur-

face strain to failure by about 20 ksi. 

On the other hand, reference
(1) 

reports somewhat different results 
• 

obtained with 9% Ni-4% Co steel. Vacuum re-melting reduced the direc-

tionality, but gave no increase in the nominal notch strength of longitudinal, 

centre-cracked, sheet specimens (0,08 and 0.180 in.) from a Si/A1 deoxi-

dized heat. Vacuum carbon deoxidation practice, however, resulted in a 

significant improvement for 0.180 in, sheet in the lower part of the ultra-

high-strength range. 

Additional evidence concerning the effect of vacuum melting on the 

notch strength ratio and the fracture toughness of several steels has been 

compiled in Table 3. 	 • 
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TABLE 3 

Effect  of Vacuum Melting on Notch Toughness 

- 	7.. 0 	 Notch Strength Ratio   	ksies, ir-  
o -----a).--. 

o,  o 	nj 	tH • ,-4 	 0 
,--I 	 0 	al  

,--( 	 P 
a) a) 	k 	-1-) 	 P4 U) ,--1 	gi 	0 	 0 	."1-10 	 U 	"Ll 	4-1 	. 

0 	 0 	c'i 	 ›-, 	1.) 	
-i--1 	e..1 	•,-1 	

21 	e-/ 	
$-i 	0 	 <9 

-P 	
Eci) 	 ..;44 › 	e 	rr Id) 

H-11 	0.063 in. Edge- 	250 	0.65 	0.70 	120 	135 	17 
sheet 	notch 	300 	0.24 	0.26 	45 	45 

•306 M 	it 	It 	250 	0.40 	0.50 	80 	95 

	

300 	0.26 	0.31 	65 	78  
4340 	0.180 in. Centre- 	280 	0.31 	0.64* 	 15 

sheet 	cracked 	 (0.37) 	(0.37) 
300 M 	0.07 in. 	Centre- 	250 	0.37 	0.33 	 18 

sheet 	cracked 	300 	0.37 	0.36  
18% Ni 	0.3 in.. 	Kt >15 	260 	1.46 	1.52 	 19 • 

dia. 	 290 	1.06 	1.46  
18% Ni 	0.3 in. 	K±>10 	270 	1.39 	01.45 	 20 

dia. 	. 
4340 	0.0671n. 	Centre-. 	285 	0.35 	 100 	 21 

sheet 	cracked 	 (0.24) 	 (60) 

	

300 	 0.36 	 108 

	

270 	 O.73 ,t 	226t  
1 %Ni 	0.625 in. 	Kt >10 	260 	(1.44) 	(1.44) 	 22 

plate 
0.5/1.0in. 	" 	265 	(1.25) 	(1.43) 
plate 
0.063in. 	Kt >15 	275 	0.92 	6.96 
sheet  

AMS 	0.063in. 	Centre- 	250 	0.89 	0.97 	 23 
6434 	sheet 	cracked 	 (0.85) 	(0.96) 

Notes on Table 3 

The ind5.vidual values showed considerable scatter. 
These values apply to vacuum induction melted and vacuum induction re-
melted heats: the rem.ainder apply to CEVM heats. 

Values in parenthesis are for transverse specimens; the remainder are 
essentially for longitudinal specimens. 
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Referring to Table 3, it will be seen that alloys H-11 and 300 M

showed little improvement with vacuum melting. 4340 steel gave some

improvement, particularly with the vacuum induction treatment. The 1810 Ni

maraging alloy and AMS 6434 also showed some improvement, this being

more marked at the 290 ksi level for the maraging alloy.

It would appear that the case for vacuum melting is by no means

resolved. While it can do no harm, its general effect is a reduction in

directionality, with possibly some upgrading of notch toughness. Since the

latter varies vcrith the alloy and'its strength level, any specific application

would have to be considered on its merits, and the controlling factor may

well be the economic aspect.

(b) Composition

No attempt will be made to discuss the effect of alloying elements

in detail, but some comments may be of interest on the particular effects

of variation between heats; carbon content, sulphur content, decarburization

and purity. Campbell, Barone and Moon(24) have reported the results of

notch toughness tests on two heats of 181/o Ni steel (300 grade), one being a

low chemistry heat and the other a high chemistry heat. In the case of bar

stock, the former gave a notch strength ratio (Kt = 12) of 1.49, and the latter

gave 1.26. In the case of 0. 115 in. shéet, the former gave ^5 K Ic value of
(Z5)

230 ksi /in., whereas the latter gave 119 ksi,/in. Melville carried out

tests on surface -cracked sheet specimens from three heats of the 300 grade

material, and his results are presented in Figure 3 in terms of net strength

vs. crack length. Though the chemistry was similar, the difference in

fracture toughness behaviour is readily apparent. An inspection of the

individual analyses revealed some correlation with nickel only, the respective

contents being 18. 63%, 18.431o, and 17. 80%.

As regards the effect of carbon content, it is generally accepted

that the toughness increases as the carbon percentage is reduced, and the

lower limit of carbon is usually determined by the yield strength requiremeri`e.



Cottrell, Langstone and Rencla11 (26) have investigated the effect of carbon 

content on the toughness of a 1% Cr-Mo steel of ultra-high purity. As the 

carbon content was increased  from 0 0 30% through 0.37% to 0.44%, both the 

Charpy energy absorbed and the biaxial ductility in a wide bend decreased. 

Klierts (27) findings from edge-notch tensile tests on a series of 43xx (V-

modified) steels were similar. Espey and his co-workers
(17,28) 

made an 

extensive study of the sharp-edge-notch characteristics of H-11 and 300 M 

sheet steel (0.063 in. ). The notch strength ratio for the 300 M alloy in the 

ultra-high-strength range decrease d  steadily for a given tensile strength 

with increasing levels of carbon (0.28%, 0.34%, 0.40%, and 0.46%), in 

agreement with the results quoted above. The results obtained with the H-11 

alloy, however, were quite the reverse, the ratio increasing with increasing 

carbon (0,23%, 0.26%, 0.29%, 0.39%, and 0,43%). The effect was less 

pronounced and tended to fade out at 0.39% C. This behaviour was confirm.ed 
• by Hamaker •  and Vater (29) with Charpy impact tests on an H-11 type, alloy, 

and it appears that . the alloy is an exception to the general rule. 

High sulphur and phosphorus, as in other steels" are detrimental - 

to the properties of the 18% Ni maraging alloys (1) . The Charpy value, 

for the 250 grade was reduced from 20 ft-lb at a level of 0.002% &to 10 ft-lb 

at the 0.014% S level. Wei
(30)

recently reported the res -ults of•plane-strain 

fracture toughness tests on a series of AISI 4345 steels containing four 

levels of sulphur and prepared by carefully controlled meltin.g procédures. . 

The K
ic 

value  (Figure 4) increased steadily as the sulphur content was 

reduced  from 0.049% to 0.008%, at all ultra-high-strength levels. It is of 

interest to note that the same reference confirmed that silicon, though 

increasing the tempering resistance of these steels, does not yield improved 

fracture tou.ghness at a given strength level. 

Surface decarburization, though generally regarded as a deleterious 

influence, has been found to give a striking improvement in the fracture 

toughness behaviour of certain steels. Nevertheless, it must be remembered 

that decarburization can be quite harmful to the fatigue properties of 
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ultra-high-strength steels, and its usefulness in any particular application 

will depend upon the extent to which the hardware is subject to cyclic or 

repeated loading in service. Warke and Elsea
(31) 

have prepared a com-

prehensive review of the subject,to which reference should be made for 

detailed information. Figure 5, based on an investigation by Manning, 

Murphy, Nichols and Caine (32) , shows the marked increase in burst strength 

of 12 in. diameter pressure vessels, of X-200, 300 M and MBMC-1 steels 

•with an increase in depth of decarburization. from 0.005 to 0.015 in. The 

increase was accompanied by a reduction in the tensile strength of about 

30 ksi. The reviewers also report that Pratt' and Whitney recomm.end decar-

burization for solid-propelient rocket-motor cases of H-11, D6AC and 

300 M alloys. • 

Similar results have been reported by Cottrell and Turner
(33) 

and Langstone
(34)

, from burst tests on 17 in. diameter tubes and motor 

cases of RS 140 (3% Cr-Mo-V) steel. The strength level of the material 

was in the lower part of the ultra-high-strength range and the depth of 

decarburization varied from 0.001 in. to 0.008 in. The results were expressed 

in terms Of the burst hoop stress/tensile strength ratio, and the consistently 

beneficial effect of the decarburization was evident in all tees, but more 

particularly for the motor cases, where biaxial ductility is important. 

According to Langstone, the surfaces of motor cases made by Bristol Aerojet 

Ltd. are partially decarburized during heat trea.tment o  

•Sheehan and Manning
(35) 

have measured the fracture toughness of 

X-200 sheets, from experim.ental heats containing four levels of carbon, by 

means of the centre-notch tension test, and have studied the effect of surface 

decarburization. They concluded for this material that decarburization was 

beneficial only insofar as it decreased the yield strength, and that above 

240 ksi, the fracture toughness was poor even though the sheet was decar-

burized. Nevertheless, it might still be better than that of the undecar-

burized material., 
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In general, therefore, it xnay be said that decarburization should 

be advantageous for such items as rocket-m.otor cases, but should be applied 

with caution to items such as landing gear until further information as to 

its effect on the fatigue properties is available,, 

(c) Thermo-Mechanical Treatment  

Thermo-mechanical treatment in the present context is intended 

to cover those processes which result in metal reduction at low, room, or . 

• elevated temperatures, e, g, cold-rolling, m.arforming, ausforming„ The 

greater.  ,part of the information available on the effects of cold-rolling was 

developed in connection with liquid-propellent rocket tanks or the skin for • 

a supersonic transport, and relates to a variety of stainless steels, In. 

general, however, the strength level at room temperature of the materials 

investigated is below the lower limit of the ultra-high.-strength range; in 

several cases the notch was ins -ufficiently sharp, Appropriate data for 

several stainless Steels are presented in Table 4, 

Notes on Table 4  

1, L = longitudinal; T = transverse, 

2„ Figures in parenthesis refer to transverse tests. 

A.ged at 750°F for 8 hr, 

Aged at 825°F for 3 hr, 

Aged at 700°F for 3 hr, 

+-F. Aged at 800°F for 3 hr„ 



TAB T  4 

Notch Toughness of Cold-Rolled Stainless  SteelSheet 

Cold 	 0.2% Yield 	TJItirnate 	Notch 	, 
Thicl.ess, 	Reduction, 	 Strength, 	Tensile 	Strength I 	Type of 

Steel 	in. 	 % 	Direction 	ksi 	Strength, ksi 	Ratio 	1 	Test 	Reference 
AM 355 	0.025 	15 -f+" 	 L 	 255 	 256 	 0.86 	Edge-notch 	36 

T 	 255 	 265 	 0.64 	1 	
. 

	

0.024 	20* 	 L 	 218 	 . 239 	 1.01 
T 	 186 	 233 	 0.95 

	

0.024 	30* 	 L 	 257 	» 	262 	0.98 
T 	 243 	 281 	 0.86 * 

	

0.026 	35* 	 286 	 289 	 0.96 
T 	 258 	 286 	 0.80 

	

0.024 	40 if 	 L 	 289 	 294 	 0.91 
, 	 T 	270 	 297 	 0.71  

AISI 301 	0.025 	50 	 L 	 215 	 220 	 1.00(.73) Edge-notch 	37 
(CEVM) 	 60 	 n 	 230 	 235 	 0.87(.64) 

	

70 	 it 	 245 	 255 	 0,84(.59( 
. 	 80 	 It 	 270 	 275 	 0.57(.33) 

AISI 301 	0.063 	70 	 L 	 220 	 250 	 0.80 	Edge-notch 	38 
T 	 220 	 265 	 0.64  

AISI 301 	0.063 	70 	 L 	 218 	 248 	 0.81 	Edge-notch. 	36 
T 	 220 	 261 	 0.45 

	

0.031 	70 	 L 	 260 	 >263 	<0.72 
T 	- 	 287 	0.37  

.AISI 301 	0.043 	67 	 L 	 249 	 264 	 0.56 	Centre-crack 	21 
T 	 264 	 288 	 0.26 

	

67* 	 L 	 268 	 280 	 0.65 
T 	 299 	 315 	 0.22  

AM 350 	0.025 	30 t 	 L 	 239 	 245 	 1.04 	Edge-notch 	39 
(CEVM) 	 , 	 T 	 222 	 244 	 0.94 

	

30 t 	 L 	 241 	' 	243 	 1.07 
T 	 228 	 247 	 0.94 

	

45 t 	 L 	 274 	 280 	 0.98 . 	
T 	 274 	. 	280 	 0.82 
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• 	It will be noted that the notch strength ratios, based on edge-notch 

tests, are remarkably high, even at the 280 ksi lev-el. Alloys AM 350 and 

355 appear to be closely comparable and somewhat superior ,  to AISI 301, in 

which directionality is more pronounced as shown by the transverse notched 

tests. More recently, test results were reported by Alper
(40) 

for cryo-

genically stretch-formed AISI 301. 14 in. diameter spherical pressure 

vessels, stretched at -320 ° F with or without ageing, gave an increase in 

burst strength at -320°F of more than 25%. The technique obviously shows - 

promise for the lightweight cryogenic pressure vessel field. 

The effect of cold rolling has also been. studied on 18% Ni maraging 

steel, although her.  e it ià called marforming and is carried out between the . 

annealing and agein.g treatments. The res -ults, however, are contradictory, 
(19) 

Decker, Eash and Goldman 	made tests on small experimental heats witli 

50% marfor. mingi  and  reported an increase in yield strength, tensile strength 

and notch strength with a .  slight increase in the notch strength ratio; The 

figures they reported for the K
c 

value of 50% marformed sheet,: 0.039 in. 

to 0.079 in., were also relatively high, ranging from 170 to >244 ksi riTi„ 

Data given in. reference 22, on the other hand, indicate a stead-y- reduction 

in the K
c 

value for 0.115 in. sheet as the degree of marlorming increases 

from 0 to 50%, for both the 250 and 300 grade. 

Reference 22 also reports the effect of 50% hot-working in the 

austenitic range, followed by quenching, on the notch. strength (centre-

crack specimens) of 9% Ni -4% Co steel sheet.  When  tempered at 400°F, 

the yield and tensile strengths in both directions and the longitudinal notch . 

strength increased, but the transverse notch strength decreased. Matas, 

Hill and Munger
(14) 

report a similar effect, though no details are given. 

After the above treatment, tensile strengths as high as 370 ksi were 

obtained With a K
c 

value of 150 ksi 17. The transverse fracture toughness 

was stated tc; be only 70-80% of the longitudinal value, but it would appear 

that the process should have some specialized applications. Kula and 
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Dhosi
(41) 
 applied the treatm.ent to SAE 4340 steel plate, tempered at 450°F, 

and found a corresponding improvement. Reductions up to 50% at 1550°F 

had no effect on the tensile strength, but tended to raise the Charpy energy 

. absorbed vs 0  temperature curve and translate it in the direction of lower 

temperatures. Unfortunately, no data on the notched or cracked tensile 

strength are available for comparison. 

The effect of mar-straining, in which the quenched and tempered 

steel is plastically deformed and subsequently re-tempered or aged, was 

investigated by R. E. Yount
(42) 

with regard to its possible use for solid-

propellent rocket-motor cases. Centre-notch tension tests were made on 

two alloys, D6AC and modified S-5 (0.5 C,  1.8 Si, 0.5 Mo, 0,25 V) in the 

form of sheet. In all cases, the specimen blanks were pre-strained up to 

1.0% and aged before notching. Results for both steels showed that 0.2% 

mar-strain lowered the K
c 

value to about 90 ksi fI. , btit that this value 

remained substantially unchanged up to 1.0% mar-strain. Yount states that 

this value is still higher than that of H-11 steel, which has been successfully 

used in pressure vessels. Furthermore, the pre-straining process would 

be expected to reduce the effects of sub-critical defects already present in 

the material, by the addition of compressive stresses and/or notch blunting. 

Tests were also made on 6 in 0  diameter cylinders from ring forgings, pre-

strained by pressurizing, and then aged. The burst strengths for both 

alloys were equivalent to the tensile strength of the mar-strained material, 

the highest value obtained being 362 ksi, 

(43) 
Similar results were reported by Steigerwald 	from edge- 

notch and centre-crack tests on H-11 sheet (UTS 290 ksi) after warm pre-

stressing. In this treatment, the specimen blanks were pre-stressed at 

various levels at 80°F or 600°F before notching and testing at room tem-

perature. The res -ults showed, as above, a general decrease in the notch 

tensile strength, independent of the pre-stressing temperature and more 

marked as the pre-stress level was raised. Similar tests, ,  however, made 
0 
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on specimens pre-stressed after notching showed a beneficial effect which 

tended to increase with the pre-stress level. The increase appeared to be 

limited only by the notch strength at the pre-stressing temperature.  A much 

smaller improvem.ent was observed in tests on another steel, 300 M alloy, 

presumably due to its low notch strength at the pre-stressing temperature 

(550 ° F). The investigator pointed out that the treatment was most effective 

when applied to materials of fairly high notch sensitivity; H-11 steel at a 

lower strength level was less improved. Its principal application would 

appear to be to hardware containing local potential trouble-spots, such as 

welds with rnicrocracks. 

Before leaving this section, some reference should be made to 

the effect of banding which may be found in rolled products and has been 

particularly prevalent in. the 18% Ni steel. Fracture toughness tests on the 

250 grade have generally given higher values (about 30%) from. surface-crack 

specimens than from edge or centre-crack specimens. To investigate this 
•(44) 

effect further, Pellissier 	carried out single-edge-crack tests on 0,14 in,  

thick specimens cut from 1-1/8 in, plate in four principal orientations., The 

orientations, with respect to the rolling direction, and the average G
IC 

in the plane of the bands' 	deleterious effect must obviously be tà.ken 

into account in any appliãtioñlnvôlving material which is known to be anb-

ject to banding. Pellissiée aia-6 i4eported - that the banding could be essentially 

• eliminated by annealing at 2J66er for 16 hours prior to heat treatment. 

.Unfortunately, hoinogenization t@àuced the longitudinal notch-tensile sttength 

of round specimens from 319 ksi to-253 ksi, 

(A) values obtained are shown in  Figuré 6. Thé G values •in  the longitudinal 
(B) anci transverse 	ditections are closely aimilar, biit the G , vainé fôr tii.ê 

1c 
C orientation, simulating the 8ttiqà.té.-traâk àpéolnien, is about 25% greatét. 

The much lower toughness obaetred  in tfié LiOfiéntation der,nonstrat'es the 

harmful effect of banding in thoâ'é toriditi6fiâ -under 'which a crack caii 
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4. EFFECT OF 'ENVIRONMENT 

Fracture mechanics concepts provide the designer with a relation-

ship between defect or crack size and the stress at the moment of cata- 

. strophic failure. The slow growth of the original defect to its critical value 

is obviously a m.atter of some importance, and several investigations have 

been carried out to shed som.e 'light on the effect of the environment on this 

problem.  The time-dependent delayed failure of rocket motor cases at con-

stant pressure when exposed to aqueous environments led Steigerwald
(45) 

to examine the effect of such envirorn-nents on centre-crack specimens of 

300 M and H-11 sheet (UTS 290 ksi). At about 85% of the notch tensile 

strength,, failure did not occur in 100 hours with 300 M steel and no liquid 

environment. The same steel in the presence of aqueous solutions of dif-

ferent pH values (4.8 to 9.0) gave failures in a matter of minutes; non- 

aqueous solvents and lubricating oil extended the time required considerably. 

H-11 tool steel gave similar results in distilled water. One other obser-

vation of interest was that the K
c 

value remained constant over the delayed 

failure range. 

(47) 
Saperstein and Whiteson

(46) 
and Bennett 	reported the results 

of fracture toughness tests on cracked sheet specimens of 4340 steel in 

distilled water. Delayed failure was again observed, due to slow. crack 

growth, within 30 minutes at stresses as low  as 40% of the tensile strength. 

The latter author, however, reported satisfactory behaviour in oil saturated 

with water. Saper stein and Whiteson made comparison tests on 18% Ni 

maraging steel and demonstrated its clear superiority, on the basis of 

30 minutes exposure to stresses over 90% of the net fracture stress . in air. 

Similar results for 4340 steel sheet (UTS 265 ksi) in distilled water have 

been presented by Yen and Pendleberry
(48)

, who showed that the gross 

strength was proportional to the logarithm of the holding time for a given 

initial shallow-crack length. 
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Tiffany and Masters
(49) 

recently reported the results of sustained-

load tests on welded shallow-crack specimens of 18% Ni steel plate in a 

" water environment. Little effect was observed with the base metal up to 

100 hours, but the initial-to-critical stress intensity ratio decreased rapidly 

with holding time in the weld metal. Tests on notched bar specimens of 

17-7 PH also showed only a small effect of a veet environment on slow crack 

growth, but data for surface-crack specirnens of 4330M steel showed a 

significant effect and indicated a threshold stress intensity level of about 30% 

of the critical value. 

Slow crack growth is also effected by cyclic loading, and the com.- 

bined effect of water vapour plus repeated loading on the fracture toughness 

of 4340 steel (UTS 260 ksi) has been studied by Van der Sluys
(SO)

. Teéts  

Were made on pre-cracked round specimens in an argon atmosphere con-

taining various amounts of water vapour. The data indicated that, though 

the presence of moisture only reduced G
Ic slightly, there was an increase 

in slow crack growth with increasing humidity. The addition of «cyclic loading 

produced a.further increase„ When the results were cornpared on the basis 

of the stress required to cause either slow crack growth or failure in less 

than 100 cycles, it was found that a condition of 100% relative humidity 

reduced the "dry" stress level by nearly 50%. 

Additional confirmation of the effect of moisture is provided by 

the work of Tiffany and Lorenz
(51) 

on D6AC steel plate. The endurance of 

pre-cracked round specimens under cyclic loading was reduced by a factor 

of more than ten in an atmosphere of high humidity. As above, they too 

reported no significant effect of moisture on fracture toughness. 

Although the data are still relatively sparse, it is evident that the 

environment, in particular water or water vapour, can have a profound effect 

on slow crack growth, more so with some alloys than with others. The 

designer must therefore pay due attention to this factor, whether his hard-

ware is subject to sustained or to cyclic loading conditions. 
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5. EFFECT OF LOADING RATE 

Even less experimental information is available on the effect of 

loadin.g rate on the toughness of ultra-high-strength steels, which are not 

generally regarded as being strain-rate sensitive. Since the hardware may 

be exposed to high loading rates due to shock or impact, this is a matter of 

considerable importance and merits further investigation. Srawley and 

Beachem
(52) 

carried out centre-crack tests on a martensitic stainless steel, 

422 M (UTS 250 ksi), over a range of temperatures. With rapid loading, 

from 500 to 1000 X normal rate, the net-fracture-stress transition tem-

perature (NFSTT) was hardly affected. Below the NFSTT  (e. g.,  at room 

temperature), however, the net fracture stress was lowered slightly, while 

above the NFSTT, it was raised (Figure 7). Additional work by the same 

investigators, reported by Marschall (53)
, showed a greater decrease (about 

43%) in the net fracture stress at room temperature for a, higher-strength 

steel (UTS 290 ksi). The. rapid. loading rate was from 200 to 300 X normal 

rate; other details were not available., 

A few test results were presented by Raring et al(39) for AM 355 

stainless steel sheet (UTS 230/240 ksi). The specimens were large, centre- 

notch panels, 24 in„ wide with an 8  in  notch, and the loading time varied 

from 0.2 to 200 sec. For tests lasting between 2 and 200 sec, the net 

fracture stress and G
c 

showed little effect of loàding rate, but at the higher 

rates both values decreased, about 25% and 40% respectively. 

Some tests reported by Yen and Pendleberry
(48) 

on shallow-crack 

specinaens of 4340 steel sheet (UTS 265 ksi) indicated a similar, effect. Two 

series of tests were carried out with three:crack lengths at stress rates of 

100 and 12 ksi/min. Tests at the slower rate gave consistently higher values 

of the fracture strength, though the effect was slight (maximum, 3%). 

0 
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Evidence for an improve/I:lent in notch toughness as a result of 

rapid loading was given in reference 22, in which the results cf G
c 

deter-

minations were presented for 4340, D6AC and 18% Ni (250 and 300 grade) 

alloys. The tests were made at strain rates of 0,00005, 0,05 and 0.15 in./ 

in, /sec. At the two lower rates, the G values for each steel were closely 

comparable. At the highest rate, the 4340 and D6A C values showed no 

change, whereas the 18% Ni values showed a marked increase, 

the present state of the art, it would appear that materials for 

hardware for liehich high strain . rates are a service condition or a potential 

hazard should preferably be evaluated under comparable loadin.g rates . 

 Failing this, sorne additional factor of safety might well be incorporated. 

6, TESTS ON TYPICAL HARDWARE 

Having reviewed the available notch toughn.ess•data and discussed 

the effects of some of the .more important pararneters, it is desirable to 

pay some attention to the results of tests on actual or sub-scale hardware 

before con.sidering the question of design requirernents. The great majority 

of the data in the literature relate to internal pressure tests on tubes, 

cylinders or spheres, and a summary of the results for ultra-high-strength 

steels is presented in Table 5, 



TABLE 5

Summary of Results of Burst Tests on Pressure Vessels

0.2-7. Ultlmate Hoop Depth of . ^
Form Thick- Yield Tensile K Burst ' Decar-
of ness, Strength, Strength, c Stress, burizatioa, Type of

Steel Specimen in. ksi ksi kii J . ksi in, Fracture Ref. Remarka

ALSI 12 in, dia , 08 186 226 D 290 247(3) 0.019 Full Shear 32 Longitudinal weld: NSR>, 88
4130 cylinder

3F in, dia Draw and Spin manufacture; pre-
cylindcr .08 207 250 60.6* Î 258 54 cracked vessel gave burst stress of

208 ksi ( 1. in. crack) KIc after test =
56.0 ksi^.

MBMC lli in. di . I

No. 1 cylinder .10 216 253 - 281(4) 0.011 - 55 Drawn vessel

16 in. dia
cylinder .06 237 280 - 318(32) 0.011 - " Forged and spua vessel

.05 240 271 - 289(23) 0.004 - " Rolled and welded vessel

12 in, dia
cyiinder .08 204 243 `r 209 261(3) 0.019 Mainly shea 31 NSR =, 70

.08 234 276 80 167(2) 0.008 Mixed NSR c,43

Mod. 6 in, dia
S-5 cylinder .06 300 - ss 87 354 - Full ahear 42 Non-welded manufaeture:.26% pre-atrain

.06 # 310 - - 360 _ n , ' " ,• " . .309i n

.06 ^ 310 - - 362 .30% "
and pre-cycled 9 times,

4137 6 in. dia
Co cylinder ,05 238 273 - 268(2) - - 56

1
Non-welded manufacture

" " .05 235 270 - 250 - - " Girth weld

12 in, dia
cylinder .10 240 275 - 286 - " Rolled and welded vessel

54 in, dia Deep drawn, longitudinal weld: pre-cycled
vessel .08 240 275 - 280 - - " 3 times.

D6AC 6 in. dia Non-welded manufacture: . 34% pre-etrain
cylinder , O8 ,280 - c 92 313(2) - Full shear 42 and pre-cycled 9 times.

91•In, dia

cylinder .04 243 277 326(2) 0.005 - 55 Girth weld

10 in. dia
cylinder - 220 270 - 322(2) - ^ - " Forge-extruded

" 218 235 - 257(2) - - " " "

24 In. dia

cylinder - 229 264 - 235(2) - - " " " ,and ring-rolled,

" " ,08, 190 215 - 256(4)' - - 57 Forged and girth welded: Allison parameter
150 ksi:

" " .08 Z45 286 ' - 15? ( - - " " " " " " " 45 bai

40 in. dia Service test
.

cylinder .08 199 219 150t satisfactory - - 58 Girth weld: Kl = 66 ksl in,

31' in, dia

c

Draw and spin manufacture: K after test z
cylinder .08 234 264 40.5* >168 - Flat 54

t
28.9 ksi T. Pre-cracked cyIicnder save
burst stress of 102 ksi QL in, crack).

17 in, dia " Roll and weld manufacture: pre-craeked
cylinder .25 247 280 50* 169 - - 51 in.)

73 in.l



TABLE 5 (Contld...) 

Surrinia.z_y_. of  Results of Burct Tests on Pressure Vessels  

1 	- 

	

0.2% 	Ultimate 	 Hoop , 	Depth of 
Form 	Thick- 	Yield 	Tensile 	 Burst 	Decar- 	 ' 

K 

	

of 	ness, 	Strength, 	Strength, 	c 	' 	Stress, 	burization, Type of 

	

Steel Specimen 	in. 	ksi 	._ksi 	kern". 	ksi 	in. 	Fracture 	Ref. 	 Remarks 

3Cr- 	17 in. dia 
Mo-V 	tube 	.07 	208 	260 	- 	245(4) 	(None) 	- 	 33 	Helical welding 

	

. 	.07 	199 	248 	- 	259(6) 	0.005 	- 	 . 	.  

	

» 	.07 	200 	244 	- 	212(2) 	(None) 	- 	 . 	. 

	

" 	.07 	191 	231 	• 	- 	226(4) 	0.004 	- 	 . 	. 	. 

17 in. dia 

	

cylinder 	.07 	190 	230 	- 	178 	- 	(None) 	 • 	
. 	. 	. 

	

el 	.07 	189 	231 	 235(3) 	0.003 	- 	 . 	. 	. 
• 

. 	. 	.07 	185 	238 	- 	159 	(None) 	Britti 	
. 	: Allison parameter = 0 ksi 

	

. 	.07 	183 	231 	 236 	0.004 	Full shear 	 . 	. 	, 	. 	'' 	. = 33.6 kit 

• mS 	31 in. clia 	-
. 	 . 

Draw and spin manufacture: K T 	after 'test = 
6434 	cylinder 	.07 	225 	270 	58.5* 	295 	 Full shear 	54 44.4 ksi.,1171. Pr .e-cracked cylinder gave 

• burst stress of 167  ksi(*  in. 
crack). 

.AISI 	31 in. dia 	 , 	Draw andlpin manufacture:  K 	test = 

4340 	cyliixler 	.07 	214 	254 	62.0 	290 	 - . 	• 	Full shear 	• 54 	49.7 ksi 	'..ii. Pre-cracked cyllnder gave 
burst stress of 195 ksi ( 	in. crack). 

	

. 	 . 
.- 

	

X-200 31 in. dia 	 ' 	
Draw andapin manufacture:'K Tc  after test = 

	

cylinder 	.08 	246 	286 	31:6* 	>205 	' 	- 	Mixed 	54 	26.1 ksi.i. Pre-ci.acked cylfrider gave 
• burst stress of about .105 ksi (i-in. crack). 

12m, dia 

	

cylinder 	.07 	215 	. 	259 	' 	>197 	278 	. 	0.018 	Mainly shear 	31 	Roll and weld manufacture: NSR = .60 

	

. 	. 	.07 	215 	259 	>171 .  , 	246(2) 	0.024 . 	II 	 II 	 II 	 II 	 It 	 It 	 It 	
: NSR = .71 

	

. 	. 	.07 	251 ' 	291 	102 	100(2) 	0.006 	 . 	. 	', 	: NSR = .37 _ 
. 	 .:- 

	

Roco- 31 in. dia 	 . 	 Draw and spin manufacture: KT  after test = 

idy' 	cylinder 	.08 	256 	. 313 	30.I*' 	204 , 	' 	-- 	Mixed 	54 	30.7 ksiet7. 	PcraCked cyleder gave 

270 	 burst stress of 113' ksi (-1- in. crack). 

. 	 . 
AlSI 	3 in. dia 	 . 	 Ring forgings with external notch (.15 in.) . 

	

4330V cylinder • 	- 	206 	248 	• 115* 	171(2) 	- 	 - 	 58 	pré-cycled to leak. 
(Mod. 

3 in,. dia e5i) 	 , 
tube * 	 206 	248 	115* 	165(2) 	- 	 - 	 . 



TABLE 5 (Cont.& ) • 

Summary of Results of Burst Tests on Pressure Vessels 

- 	 0.2% 	Ultimate 	 Hoop 	Depth of 
Form 	Thick- 	Yield 	Tensile 	K 	Burst 	Decar- 

of 	nest, 	Strength, 	Strength
c 	

Stress. 	burization, 	Type of 
Steel 	Specimen 	In  • 	ksi 	ksl. 	ksi sei. 	ksi 	in. 	Fracture 	Ref. 	 Remarks 

100-M 9 in. dia 	 . 
cylinder 	.06 	244 	290 	- 	329 	0.007 	 - 	 55 	Girth weld 

12 in. dia. 
cylinder 	.08 	216 	261 	>177 	272(3) 	0.016 	Mainly shear 	31 	Roll and wkd manufacture: NSR a .63 

P 	» 	.08 	237 	280 	144 	170(2) 	0.010 	 - 	 . 	. 	. 	. 	: NSR a .53 

40 In. dia 	 Hot-cupped and cold drawn; pre-cycled: 
cylinder 	.08 	232 • 	282 	1501' 	232 	- 	Full shear 	58 	K

fc = 86 ksis. 

31 in. dia 	 Draw antlin manufacture: 1C,.c  after  set.  
cylinder 	.08 	242 	286 	53.3* 	324 	- 	Full shear 	54 	43.2 ksi.... Pre-cracked cylt_nder gave 

estimated burst stress of 200 ksi (1 in. crack). 

Il-Il 	111 in.. dia 
cylinder 	.10 	211 	255 	 279(4) 	0.008 	- 	/ 	55 	. 	DraWn 

91 in. dia 
cylinder 	.07 	241 	291 	- 	354 	0.0005 	- 	 " • 	Flow-turned 

6 in. dia 
11 cylinder 	.05 	226 	255 	- 	284(78) 	- 	 - 	 Roll and weld manufacture 

• 	 11 	 II 
	

111 .05 	ge# 230 	286 	- 	312(3) 	- 	 - 	 Drawn 
11 	 Ile 	 - 05 	ale 220 	263 	- 	308(3) 	- 	 -  , 	 " ... 
. 	. 	.05 	Z210 	243 	- 	287(3) 	- 	 -  

12m, dia 
cylinder 	.08 	226 	256 	80 	219(3) 	0. 009 	5% shear 	 32 	Roll and weld manufacture: NSR.  s.41  
. 	. 	.08 	244 	297 	97 	233(2) 	0.007 	- 	 . 	. 	. 	 : NSR • .42. 

31 in, dia 	 Draw anclepin manufacture:  K 	test a 
cylinder 	.09 	265 	303 	34.6* 	235 	 Flat 	 54 	31.5 kzi-W.n. Pre-cracked cyliiider gave 

(fragmented) 	 estimated burst stress of 185 kit (1 in. crack). 

301 	131 in. dia 	 Hydroformed and welded: pre-strain  al  -32'F, 
sphere 	.03 	wo 195 	w220 	- 	207 	- 	 - 	 40 	.06 
. 	. 	.03 	W 275 	w 280 	 258** 	- 	 - 	-52'r ...Oil, 

 . (141 in. dial 	.08 	e 275 	e 280 	_ 	287** 	_ 	 - . 	 . 	. 	: 	. 	. 	. 	. .075 

alter 1 .08 	e 260 	w 270 	r 	 248** 	- 	 - 11 	 8 	 .., 	. 	: 	. 	11 	 II . .06 

stretching) 
**Aged after pre-straining 	* 

18% 	6 in. dia 	 - 

Ni 	cylinder 	- 	- 	aa 290 	- 	324(2) 	- 	 55 	F.orged and welded 

Ill 	 11 .14 	310 • 	315 	• 	- 	338(3) 	. - 	Full shear 	25 	Draw and spin Manufacture 
( ragmented) 

24 in. dia ' 	
• cilinder 	.13 	288 	291 	- 	328(2) 	- 	 11 	 11 	 59 	Roll-formed and welded: pre-cycled 

31 in. dia 	 Draw =delta manufacture:  K 	teat a 
cylinder 	.09 	257 	267 	59.1* 	268 	- 	Full shear 	• 54 	59.2 ksi.U1. Pre-cracked cylinder gave 

. 	 a 	

' 	estim.sted burst stress of 250 ksi (1 in. crack). 

. 	.09 	307 	310 	63.8* 	322 	 . 	. 	 . 	Draw and■pin manufacture: Ki  alter test a 
55.8 ltsi .1., Pre-cracked cylin%er gave 
estimated burst stress of 300 kilt (1 in. crack). 
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1, K values: 

t indicates K
c 

value 

* indicates K
ic 

value 

The remaining data 

notch tension tests. 

obtained from a centre-crack tension test. 

obtained from a centre-crack tension test. 

represent K values obtained from centre- 

2. Figures in parenthesis indicate the number of specim.ens tested when 

greater than one. 

3. The chemical compositions of the following alloys were not included in 

Table 1: 

Mod.' S-5: 	0.50 C, 0.80 Mn,  1.8 Si, 0.50 Mo, 0,25 V. 

3Cr-Mo-V: 	0.40 C, 0. 60 Mn, 0.25 Si, 3 Cr, 1 Mo, 0;20 V. 

Rocoloy 270: 	0.45 C, 0.55 Mn,  1.2 Si, 1.7 Cr, 1.3 Ni, 0.5 Mo, 

0.20V, 0.30 

r. 

Considering first the hoop burst 'stress data, it is apparent that 

values in excess of 300 ksi can be obtained with a number of ultra-high-

strength alloys (MBMC.  No. 1, Mod. S-5, D6AC, 30.0 M, H-11 and 18% Ni) 

in vessels ranging from 31 in, to 24 in. diameter'. The highest values 

reported are 354 ksi for a 91- in; diam.eter vessel of }17.11 steel with' slight 

decarburization, and 362 ksi for a 6 in. diameter vessel of Mod. S-5 steel, 

pre-strained 0.30% and pre-cycled. At the other end of the scale, the 

lowest value (100 ksi) was obtained with a welded 12 in. diameter vessel of 

X-200 steel. Unfortunately, the literature is not always too clear regarding 

the method of manufacture, but at least three alloys, 300 M, D6AC and 

18% Ni, gave burst stresses exceeding 300 ksi when welding was involved. 

The majority of the results are shown plotted in Figure 8 in tereis 

of hoop burst stress/yield strength ratio versus yield strength. The plot is 

very similar to that presented by Manning et al
(32)

, and confirms their con-

clusion that satisfactory performance, btirst stress exceeding -yield strength,. 
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can be expected for pressure vessels fabricated from steels with yield 

strengths up to 220 ksi. The only exceptions to this conclusions are two 

results for the 3Cr-Mo-V alloy. Above a yield strength of 220 ksi, the 

scatter becomes most pronounced, and the only alloy giving consistent 

satisfactory performance is the 18% Ni maraging steel. It is in this range 

that methods, previously discussed, for improving the notch toughness 

might most efficiently be employed. For example, the pre-straining of 

vessels of Mod. S-5 and D6AC steels in all cases gave burst stress/yield 

strength ratios greater than one at yield strengths well above 220 ksi. 

Similar experiments with 301 vessels were not quite as effective. 

It is interesting to note that the beneficial effects reported for a 

smn11  amount of surface decarburization on notch tensile specimens are con-

firmed by burst tests on actual vessels. It has been suggested that decar-

burization is beneficial only insofar as it reduces the yield strength, and 

there is considerable evidence to support this argument. The results of the 
(33) 

burst tests on 3Cr .-Mo-V steel vessels 	, however, are directly contra- 

dictory. The small amount of decarburization (0.003-0.004 in.) had little 

effect on the yield strength, admittedly somewhat low, but a significant 

• effect on the burst stress of 17 in,  diameter cylinders. 

Table 5 also gives results obtained from burst tests on pre-cracked 

vessels of a number of alloys. These tests were essentially carried out in 

one laboratory
(54) 

on 3i in,  diameter cylinders of draw-and-spin manu-

facture, and were supplemented by K
lc 

determinations from centre-cracked 

tensile tests. The results for both uncracked and cracked cylinders are 

shown plotted in Figure 9 in terms of burst hoop stress/yield strength versus 

K1c 
value. The data for the uncracked vessels suggest that a K

lc 
value of 

45-50 ksi  J.  is required to give a burst stress exceeding the uniaxial 

yield strength. In the presence of a 1/4 in, crack, which presumably would 

a Ki. c  value of about 

60 ksiNirii. would probably give a burst stress within 10% of the yield strength. 
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Additional notch toughness data included in Table 5 are values of 

the Allison parameter, obtained from instrumented bend tests; of K
c

, obtained 

from centre-notch tensile tests; and of the notch strength ratio, obtained from 

edge-notch tensile tests. Data for the former are rather meagre and are 

available only for vessels of D6AC and 3 Cr-Mo-V alloys. In both cases, 

lower value of the parameter is associated with a burst stress below the yield 

strength, and a higher value with a burst stress above the yield strength. 

Apart from showing the discriminatory nature  of the test, the results do not' 

warrant any further conclusions. 

The K
c 

and NSR data were obtained from a series of tests on 

specimens taken from burst vessels of AISI 4130, MBMC No, 1, X-200, 

300M and H-11 steels, carried out in one laboratory(32) „ The results are ; 

shown plotted in terms of hoop burst stress/yield streng th  ratio versus K 

and NSR in Figures 10 and 11, respectively, taken from the authors pub- 

lication. Manning et al suggested that minimum values for K
c 

of 150 ksiirn., , 

; and NSR of about 0,57, are required for satisfactory performance, but 

pointed out that their data were derived from specimens which had undergone 

, a certain amount of plastic deformation. 

Apart from the information available and discu.ssed above on 

pressure vessels >  a few results have been reported for recoilless rifles
(60 ,) 

and aircraft landing gear
(61)

, In the case of the recoilless rifles >  the 

requirement was for a steel with a minimum yield strength of 220 ksi and.  

good notch toughness. The alloy selected. was 4330 V (Mod. + Si) steel, and 

at the specified yield strength *  the NSR value was about 0,9 and the K
Ic 

value about 85 ksi 11-.Z. The data were obtained  from  notched round specirnens 

(no details of notch given) .  Centre-notch sheet specimens were used to 

det ermine K
c* 

 the value obtained being 290 ksi %/M. Hydrostatic tests were 

carried out on 31 in, diameter cylinders, and gave full shear failures with 

the combined yield stress very close to the uniaxial yield strength. Firing 

tests on actual rifles were also satisfactory. It will be apparent that these 

results are in agreement with the conclusions arrived at earlier in this 

section, 
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The information regarding landing gear is contained in an article 

analyzing the service failure of three aircraft parts made of AISI 4340 steel, 

quenched and tempered to a tensile strength of about 2 70 ksi with a yield • 

strength of about 235 ksi. Although no data pertinent to the present dis-

cussion were given, the investigation was of some importance since it 

stressed the dangers of hydrogen em.brittlement in ultra-high-strength steel. 

All three failures were attributed basically to this cause, and the necessity 

of extreme care in processin.g and fabrication and in the design and maintenance 

of the hardware was emphasized. It is not proposed to review this particular 

aspect of the notch toughness problem here, but reference may be made to 

a related study of solid-fuel rocket chambers carried out by Shank et al
(62) 

The authors stressed the beneficial effects of surface decarburization, and 

concluded that it was necessary with present alloys to design to notch 

strength ratios of less than 1.0 to secure minimum feasible weight. 

7. DESIGN REQUIREMENTS 

Examination of structures and structural components of ultra-

high-strength steel which have failed in service generally reveals that the 

origin of failure was a small crack or crack-like flaw. Presumably the 

initial flaw size was insufficient to cause fracture in the proof test or upon 

initial loading, and required a number of load cycles and/or time under sus-

tained load to attai n  the critical size for failure; The flaws normally encoun-

tered can be classified as surface flaws, embedded flaws, and through-the-

thickness cracks
(10,49)

. For surface and embedded flaws, the conditions 

are generally those of plane strain. The initial flaws may or may not reach 

the critical size before growing through the thickness, depending on the K
Ic 

value, the applied stress level and the :material thickness. For through-the-

thickness cracks in relatively thin material, plane stress conditions normally 

predominate and K
c 

is the important parameter. As the thickness increases, 

the fracture appearance changes from full shear to flat, and the K
Ic 

value 

should be used. 
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It will be apparent from the foregoing that three of the principal 

factors controlling the performance of ultra-high-strength hardware are 

the initial flaw size, flaw growth, and critical flaw size. These factors in 

turn are dependent upon a number of others, notably the m.aterial, its pro-

cessing and heat treatment, the fabrication procedu.re, the service tern- 

peratu.re, the type of loading,, the environment, and the accuracy and extent 

of the non-destructive inspection. The effect of the majority of the factors 

on the notch toughness of various materials has already been discussed, 

but sorn.  e additional cornm.ents are desirable at this point. 

Firstly, with regard to the inherent toughness of the material, a 
(25, 63) 

number of investigators 	have reported significant variations from 

heat to heat and from vendor to vendor with no obvious connection with the 

chemistry. Such a situation is to be regretted, but also accepted, in the 

present state of the art, and is an additional reason for ,the incorporation of 

some form of fracture toughness test, other than the standard Charpy test 

which is insufficiently sensitive, into material specifications. 

• Secondly, the effect of temperature has so far been largely ignored. 

The operating tempera.ture is undoubtedly an important factor, and must be 

taken into consideration for such applications as cryogenic tankage and those 

involving aerodynamic heating. It is not intended in the present review, 

however, to deal with this aspect in detail, but references are provided for 

those who are specifically interested. In general, the notch toughness para-

meters (NSR, K
c
, and K

Ic
) of the ultra-high-strength steels decrease as 

the test temperature is lowered from room temperature to cryogenic tem.- 

peratures. References 60, 64, 65, 66 and 67 present data for 4330 V 

(Mod.. + Si), Vascojet 1000 and 300M, 4340, X200, and AMS 6434 alloys, 

respectively. In contrast, limited tests on both grades of 18% Ni alloy
(24) 

indicate little effect, if anything a slight increase, down. to -45°F. The 

information available on the effect of elevated temperatures (up to 400°F) 

on the toughness is less confÀstent. References 16, 24 and 68 indicate a 
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decrease for AMS 6434, 18% Ni, and 4340 alloys respectively, when the 

temperature is raised, whereas references 64 and 66 show an increase for 

Vascojet 1000 and 300M and X200 alloys, respectively. 

Thirdly, there is the question of the degree and extent of the non-

destructive inspection. The adequacy of the inspection procedure, since it 

controls the magnitude of the initial flaw size, is a major factor in deter-

mining the performance of the hardware. The difficulties involved in the 

adequate inspection of certain items such as large rocket-motor cases, how-

ever, must be appreciated. It has been reported that the smallest flaw 

known to cause a failure was 1/32 in. long and 1/32 in. deep
(69) 

An 

additional control, in the case of pressure vessels, is supplied by the con-

ventional proof test which, if successful, actually defines the maximum 

possible initial flaw size that exists in the vessel. 

The three primary factors controlling service performance, as 

mentioned earlier, are initial flaw size, flaw growth, and critical flaw size. 

With the aid of fracture mechanics and a knowledge of the fracture toughness, 

the critical flaw size can be derived for the operating conditions. In order, 

then, to determine the limiting initial flaw size, and hence the level of inspec-

tion, data must be obtained on the rate of flaw growth, whether this be due to 

cyclic or sustained loading, or both. Tiffany et 
al(49,51) 

have utilized the 

reverse approach to predict with reasonable accuracy the life of .a. 17 in. 

diameter cylinder of D6AC, subjected to low cy. cle fatigue. The cyclic flaw 

growth was determined, using notched bars and surface-cracked specimens 

and cycling them to failure at various percentages of the critical stress 

intensity. The curve obtained was then used to predict the life of pre-flawed 

cylinders. Data were also presented on the cyclic flaw growth of 17-7 PH 

and 18% Ni  steels and the flaw growth under sustained loading, by a similar 

procedure, of 17-7 PH, 4330M and  18% Ni  steels. Under sustained loading, 

crack growth does not normally occur when the stress intensity is less than 

about 80% of the critical value, but both types of growth may have to be 

taken into account in any given application. An exception to this 

behaviour has been noted for  certain  alloys 'in the presence of water, 
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when crack growth may take place at considerably lower stress intensities. 

One test on a surface-cracked specimen Of 18% Ni steel is •of  

particular interest, Since it supports Irwin's - so-called ".second line defenée" 

suggestion
(70) • 

• The plane stress. fracture toughness..of an ultra-high-strength 

steel is much higher than the plane strain value, which governs the onset 

of instability, and may be s -ufficient to arrest the run.ning crack. In the 

test on a 1/4 in0  thick specimen of 18% Ni steel, the surface crack was 

observed to pop through the thickness at 173 ksi and was arrested until the 

stress was raised to 178 ksi, at which level the specim.en fractured. 

It will be apparent that this aspect of the problem, cyclic flaw 

growth, has overlapped into the field of fatigue, and some consideration may 

usefully be given to a tentative approach from this field( 
 71)

. The method, 

proposed by Kuhn, is designed for the prediction of the effect of flaws on 

both the static and the fatigue strength. Briefly, the static strength of a 

cracked component is predicted from the theoretical stress concentration 

factor corrected for size effect by the Neuber constant and for the effect of 

plasticity., • For fatigue loading near the fatigue limit, the plasticity cor-

rection is omitted. The method appears to have been applied with reasonable 

accu.racy to the prediction of the fracture stress of cracked aluminum  and 

titanium alloy sheet, and of the notch fatigue factor of low-alloy steel sha,fts, 

but no corresponding applications have been presented for ultra-high-strength 

steels. Some data are given for H-11 steel in which the method is used 

satisfactorily to predict the notch strength ratio for a limited range of root 

radii on the basis of a value of Neuberls constant derived  from  tests of 

cracked specimens. Further examination of this approach is warranted and 

might .be quite rewarding. 

Numerous other design procedures and design criteria, both 

theoretical and experimental, have been proposed during the past few years. 

One of the earlier criteria was suggested by Srawley(72) , and involved the 

fracture appearance transition temperatur-e (FATT) and the net fracture 
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stress transition temperature (NFSTT). The former was defined as the 

lowest temperature at which a centre-crack specimen would exhibit full 

shear, and the latter as the temperature --tt which the net fracture stress is 

equal to the yield strength.. If, for the particular thickness and condition 

of. the material, either the FATT or the NFSTT were above the lowest 

operating temperature, the author contended, the steel should not be used. 

Of the alloys studied at that time, only two gave an FATT below room. tem-

perature (75 ° F) with a yield strength above 200 ksi, as can be seen in 

Figure l2. Unfortunately, no service data were available to check the 

operational validity of this approach. 

A design criterion, based on fracture mechanics and associated 

with the foregoing, was proposed by Irwin (3) for pressure vessels, and is 

known as the leak-before-burst criterion. It is based upon the parameter 

p
c

, which is proportional to the ratio between the plastic zone size ahead of 

the crack Ili) and the plate thickness (B). 

Irwin suggested that p c should be equal to or greater than 211 , 

which is equivalent to stating that the material should be able to arrest a 

through-crack of length equal to 2B when the stress equals ,the yield strength. 

This relationship corresponds experimentally
(73) 

to test-pieces containing 

more than 80% shear on the fracture surface ,,  hence the connection with 

Srawleyls criterion. Experimental justification is afforded by burst tests 

on pressure vessels carried out by Carman et al
(58)

. From the results for 

several alloys, the authors concluded that a value of 27r for p c was, at 

least, desirable, and that extreme care in fabrication and inspection was 

necessary below this value. They also pointed out that under certain con-

ditions, 
Kc/KIc 

ratio of less than two, the fracture behaviour is governed 

by the plane strain fracture toughness. Additional verification is provided 
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by the data for pressure vessels summarized in Table 5. For all those 

tests for which the necessary information is available, the behaviour of the 

pressure vessel could essentially be predicted by the p criterion. Further-

more, the condition proposed by Manning et al
(32) 

of a minimum K
c 

value 

of 150 ksiv4r7.. at yield strengths up to 220 ksi for vessels of about 0.08 in. 
(4) 

wall thickness corresponds to a minimum p
c 

value of about 24( 

Other design criteria have been suggested which are not bas .ed 

directly on fracture mechanics; in particular, a critical value of the notch-

. strength ratio . (NSR). A value of  unity has been proposed and, as a less 

conservative criterion, a notch tensile strength exceeding the yield 

strength
(12) 

 ,„ Unfortunately, the notch strength is dependent upon the speci-

men size, notch depth and root radius, and much of the available data does 

not meet the current requirements for a sharp notch. Experimental data 

from pressure vessel tests by Manning et 
al(32) 

led to the conclusion that 

a NSR value of about 0,57 was sufficient for satisfactory performance, as 

mentioned earlier. Very little additional information is available in Table 5 

to check this conclusion. K1ier
(65) 

has carried out tests on fatigue-cracked, 

round specimens of 4340 steel and has concluded that the temperature at 

which NSR = 1 corresponds to the nil ductility transition (NDT) temperature 

as measured in the drop-weight test. This point will be returned to later in 

the discussion. 

Another possible criterion, which has been shown to correlate 

well with the behaviour of pressure vessels, is based on the instrurnented 

bend test. In this test, developed by Hanink and Sippel
(74)

, the specimen 

dimensions are designed to produce a biaxial stress field similar to that in 

a cylindrical pressure vessel, and no artificial notch is required. The bend 

test parameter is the difference between the maximum fibre stress and the 

stress at which rapid crack propagation begins, and has been shown to cor-

relate with the per cent shear and the G
c 

value for centre-crack tests. • 

The results of tests by Cottrell and Turner
(33) 

would suggest a critical 
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parameter value of more than 30 ksi, since their bend tests were made on 

material from burst vessels. The only other data available (57) indicate 

a value in excess of 45 ksi. The important point is that this simple test 

does reproduce pressure vessel conditions, and can discriminate between 

satisfactory and unsatisfactory material. Cottrell et 
al(26) 

have also used 

a wide bend test to evaluate the biaxial ductility of low-alloy steel for 

rocket-case construction. If the specimen can be bent through 180° without 

failure around a former of radius equal to four times the sheet thickness, 

the ductility is considered to be satisfactory. 

The consideration of design criteria would not be com.plete with-

out a reference to the  extensive  work of Pellini and his collaborators. In 

order to study the response of thicker m.aterial, suitable for subm.arine 

hulls and hydrofoils, to a crack, these investigators developed the drop-

weight test and the explosion bulge test, and more recently the tear versions 

of these tests. The drop-weight test was designed to evaluate the resistanc e. 

 of the ma.terial to crack propagation in a stress field of yield strength level, 

and leads to the determination of the NDT. The drop-weight tear test 

differs essentially in the direction of crack propagation relative to the motion 

of the im.pacting load, and in the magnitude of the initial crack velocity which 

is higher when it reaches the test m.aterial. The explosion bulge and  

explosion bulge tear tests are similar insofar as the loading method is con-

cerned, but in the latter the cra :k propagates from a 2 in0  flaw in a direction 

of essentially uniform loading. The explosion bulge tear test may be 

regarded as establishing an extreme upper limit to the severity of loading 

conditions in a structure. 

Pellini and Puzak have drawn attention to the "low energy-  shear" 

characteristics of the ultra-high-strength steels, and have discussed the 

implications
(75,76)

. At yield strength levels above 200 ksi, the Charpy V 

upper shelf or plateau energy may drop to very low values (15 to 20 ft lb), 

as in.dicated schematically in Figure 13. In effect, the ductile energy 

absorption of such steels is comparable to the energy absorption for brittle 
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fract ,i.re of lower strength steels. Hence, fracture with no sign of cleavage 

may initiate from small flaws at elastic stress levels close to the yield 

strength, and large flaws may be disastrous. Typical failures from service 

were quoted to illustrate this point. Explosion bulge tear tests of a number 

of steels demonstrated that a high level of fracture toughness was associated 

with a shelf energy in excess  of' 50 ft lb. A maraging steel of 220 ksi yield 

strength, however, gave a "flat break" of full width at 30°F. Similarly, in 

the drop-weight tear test, the energy absorbed by the maraging steel was 

very low. Presumably, the other ultra-high-strength steels would have 

shown much the same behaviour. The authors conclude that maraging steels 

of the 260 ksi strength level, which are not subject to quench-and-temper 

treatments, are acceptable for large booster casings, despite the fact that 

the flaw size for fracture initiation at yield strength levels is of the order of 

3/8 in, for a 3/4 in. thick plate. This conclusion is based upon inspectability • 

and the nature of the service, and obviously the same consideratione would 

not apply to submarine hulls. 

The difference in the requirements for motor cases and submarine 

hulls has been stressed by Manning and Martin (77) . The latter, in particular, 

must be capable of withstanding shock wave loading, and it is desirable that 

the material should absorb the applied energy by distributing the plastic 

deformation through as large a volume of metal as possible, If it is accepted 

that the explosion bulge tests evaluate this characteristic, and if the cor-

relation with the Charpy V shelf energy is maintained, then it is apparent 

that the application of ultra-high-strength steels to hulls may be limited 

entirely by the extent and level of the inspection procedure. 

To sum-m.arize the foregoing discussion, a number of criteria are 

now available to the designer of ultra-high-strength steel hardware. For 

conditions involving essentially static, "one-shot" loading, the p criterion 

has been found to correlate well with service performance. When the con- 

ditions are such that a fair degree of cyclic loading is involved, allowance 
0 
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must be made for possible slow crack growth, and here the environment may 

be an important factor. For those applications in which shock loading is 

likely or even possible, and in the present state of the art, it would appear 

that more severe tests are necessary, such as those developed at NRL, 

particularly if failure of the hardware involves a hazard to personnel. 

Nevertheless, it is suggested that for certain applications more use might 

profitably be made of simpler tests, such as the instrumented bend test, 

which have also shown good correlation with performance. 
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