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ABSTRACT

The recently evolved Ratio Analysis Diagram (RAD) pro-
cedure is a useful engineering tool for generalized assess-
ment of the fracture resistance of high-strength steels.
Failure-safe design of large complex structures also re-
quires consideration of subcritical crack growth caused by
stress-corrosion cracking (SCC). Procedures developed to
incorporate SCC characterizations into the RAD concept pro-
vide a more complete analysis of a material's resistance to
fracture. The SCC-Dual RAD for high-strength steels pre-
sents simplified interpretations of the critical flaw size-
stress instability conditions for both slow fracture (SCC) and
fast fracture of these materials.

PROBLEM STATUS
This report completes one phase of the problem;work on
other aspects of the problem is continuing.
AUTHORIZATION
NRL Problems M01-25, F01-17, and M04-08A
Projects RR 007-01-46-5432, SF 51-541-012-14628

SF 51-541-001-12380, SF 51-541-003-12383,
S-4607-11894, and ARPA Order 878

Manuscript submitted September 16, 1969.
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PROCEDURES FOR STRESS-CORROSION CRACKING CHARACTERIZATION
AND INTERPRETATION TO FAILURE-SAFE DESIGN
FOR HIGH-STRENGTH STEELS

INTRODUCTION

Steels are the primary metals used by design engineers for structures throughout
the world. Although conventional structural steels (below about 70-ksi yield strength)
have widest use in engineering structures, designers are beginning to require higher
strength steels to improve structural performance and efficiency. Over the last decade,
a number of heat-treatable, high-strength steels have emerged that have desirable frac-
ture toughness characteristics for general engineering; however, some of these steels
have been found to be susceptible to stress-corrosion cracking (SCC) in salt water and
other liquid environments. The degree of SCC susceptibility has been found to be
strongly influenced by the same metallurgical factors that cause variations in other
mechanical properties of these materials. For a steel of low resistance to SCC, slow
crack growth (subcritical crack growth) occurs at flaw sizes and stress levels consider-
ably below those required to cause fast fracture. However, for most high-strength
steels, the growth of a stress-corrosion crack to critical size for fracture requires
times in the order of hundreds of hours. For susceptible titanium alloys, the critical
crack size for fracture is achieved in a matter of minutes under similar conditions (1).

Procedures based on linear-elastic fracture mechanics theory provide for defining
the resistance of metals to initiation of subcritical and fast fracture in terms of the
critical crack tip stress-intensity value K. Expressions have been derived for different
flaw geometries which relate a material's characteristic K value to the size of the flaw
and level of stress required for failure. At present, accurate definition of crack tip in-
stability conditions is achieved only under the condition of plane strain. This condition
is attained when maximum mechanical constraint is imposed (usually by increased
thickness), causing the crack tip plastic zone size to be minimized. The K value deter-
mined for maximum constraint conditions is termed K;  and is considered a material
constant.

For conditions of plane stress for which maximum constraint is not attained, the
plastic zone is larger and the K value obtained depends on the specimen geometry.
This K value is termed K . Approximate lower-bound flaw-size determinations can
be made for crack instabilfty from K. - K;. relationships; however, such calculations
require consideration of the actual thickness of the specimen in relation to the critical
thickness required for plane strain K;_. conditions. Procedures have been evolved for
determining the approximate flaw size-stress level requirements for fast fracture,
which have proven useful for engineering usage of steels (2). This report is concerned
with providing a preliminary analysis of the interpretability of fracture mechanics
K:... methods to failure-safe design for structures of high-strength steels subject to
saltwater SCC.

FRACTURE MECHANICS ASPECTS

In recent years, the resistance of materials to saltwater stress-corrosion cracking
(SCC) has been characterized in terms of the threshold level of crack tip stress intensity
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above which SCC can be shown to occur. The characteristic threshold level is defined
in linear-elastic fracture mechanics terminology as "Ky .. ."

The chief advantage of the application of linear-elastic fracture mechanics technol-
ogy to SCC is that it combines the stress level and flaw-size factors into a single K
parameter, which is independent of the geometry of the test specimen. Another advan-
tage of defining SCC properties in terms of K; is that this parameter can be translated
into a critical flaw size-stress level relation for crack growth by SCC for different flaw
geometries using appropriate fracture mechanics equations. Characterization of SCC
resistance in terms of critical flaw depth is very useful, since the design of many struc-
tures is based on a maximum allowable flaw size usually determined by the capabilities
of the methods of nondestructive inspection used,

A variety of fracture mechanics specimen types have been used to determine the
SCC characteristics for structural metals. The precracked cantilever bend test devel-
oped by B.F. Brown (3) has been the most widely used because of the inherent simplicity
of the loading apparatus; this is a major factor when loading times of hundreds of hours
are required,

Of the variables which must be considered in determining the stress-intensity fac-
tor K, the thickness of the specimen is the most significant, because thickness deter-
mines the degree of crack tip constraint present
in the specimen. At the tip of a crack in a

‘ stressed body, a volume of plastically deformed
Q material called the plastic zone is formed as
S illustrated in Fig. 1. The material at the surface
AT SuRrACE Py 8 is not constrained and can flow in the thickness
~“2_— FATIGUE - direction, The material at the center has a tri-
CRACK . axial stress state which limits, or constrains,
% ; the flow of metal along the edge of the crack, A
plane strain condition exists when triaxial stress
INTERIOR conditions dominate. Full plane stress conditions
PLANE STRAIN W . occur when the entire thickness must be stressed
332'5(%> .. above the yield strength before the onset of frac-
PLAND oL s ¥ ture. The transition between these two extremes
2> ‘ is called the plane stress-mixed mode condition,
The fast fracture resistance of a material
can be measured in terms of the K parameter as
either Ki. or K., depending on the degree of
Fig. 1 - Illustration of the effect constraint present in the specimen. A valid Kj.
of biaxial (specimen surface) and value is independent of specimen geometry effects
triaxial stresses (specimen in- and therefore is a property of the material; plane
terior) on constraint of plastic strain conditions are necessary for determining
zone size at the tip of a crack Ki.. The ASTM recommended practice (4) thick-

ness requirement for valid K;, measurement is
B >25 (Kj[c/ays)zs (1)

where B = thickness and o, = yield strength of material. Full plane stress K. values
and K. mixed-mode values depend highly on specimen geometry and therefore are not a
constant material property. This dependence occurs because the derivation of equations
defining the K parameter assumes that the stress field can be represented as two di-
mensional and that plasticity effects at the crack tip are negligible; both of these condi-
tions are violated by the plane stress state.



NRL REPORT 6988 3

The significance of these considerations for the use of fracture mechanics for the
characterization of the SCC properties of structural metals is that SCC is usually as-
sociated with regions of plane strain. Such conditions are required across the major
part of the crack front to assure applicability of the fracture mechanics equations for
accurately defining the environmental effects. For this reason, only the SCC characteri-
zation data obtained under conditions of plane strain should be denoted as K1scc values,
Values of K obtained under plane stress or plane stress-mixed mode conditions may not
represent the characteristic value for the materials involved. Such values of K are
designated "apparent Kj..." in this report.

The SCC resistance of a material can be made from a comparison of the K1sce
value with its level of fracture toughness (fast fracture resistance). For example, a
value of K;,.. approaching the level of K;_ fracture toughness signifies a high degree
of SCC resistance; conversely, a low value of K; .. compared to K;_. indicates sensi-
tivity to the environment. The K .. parameter by itself does not denote whether or not
the material is sensitive to the environment. This is because K .. values cannot be
larger than K, _; i.e., materials with low K;. values will always be limited to low val-
ues of Krgees

The thickness requirements of the ASTM recommended practice cited earlier pres-
ently provide the best guidance for valid K; . determinations. In the determination of
minimum B, the value of K; .. is used in place of K. in Eq. 1.

RATIO ANALYSIS DIAGRAM FOR FAST FRACTURE

A simplified procedure for characterizing fracture toughness in terms of the critical
flaw depth for fast fracture has been evolved for steels (2) and applied to titanium alloys
(5) and aluminum alloys (6). The procedure is based on a relationship between two in-
dices of fracture toughness — K  and Dynamic Tear test energy.

The Dynamic Tear (DT) test was developed at NRL to determine the fracture tough-~
ness properties of structural metals over the full range of fracture behavior, i.e., elastic
and plastic fracture. The features of the test are shown schematically in Fig, 2. Dy-
namic loading of the specimen which contains a deep, sharp flaw constitutes the most
severe fracture condition. The indicator of the level of fracture toughness in this test
is the energy required to fracture a standard specimen.
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A diagram showing DT energy (fracture toughness) as a function of yield strength
(ay,s), Fig. 3, is used to display the fracture toughness characteristics of high-strength
steels. The "Technological Limit'" line represents the best obtainable DT fracture
toughness over the entire o, range. The relationship of DT energy and K;. is indi-
cated by the placement of the DT and K;_. scales.
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Fig. 3 - Technological Limit diagram for steels. Data points
relate to 1-in, DT test values. The K;_ and DT scales indicate
the relationship between K ;_ and DT energy.

The fracture mechanics expression

KIc/oys = 1.1(a/ays)Vna/Q, (2)

where a = crack depth, Q = flaw geometry factor, and ¢ = stress level, can be used to
calculate from K;. values the critical flaw depth for surface flaws. This equation can
be conveniently represented in graphical form as shown in Fig. 4. In this chart the criti-
cal crack depth at a given nominal stress level depends on the ratio K;. /oys — a ratio of
two material properties, Note that as the ratio increases the critical flaw size increases
dramatically, especially for lower levels of nominal stress. For general engineering in-
terpretation, the chart can be separated into three general regions according to the size
of the critical flaws:

1. Below ratio 0.5 -- Critical flaw depths at any stress level are extremely small.

2. For increasing ratios from 0.5 to "«='" — Critical flaw depths range from very
small to very large, which makes calculation of the critical flaw size a practical
procedure.

3. Above the ratio "«'' — Plastic deformation of the metal is necessary for fracture
even in the presence of large flaws; thus, the ratio « defines the upper limit for practi-
cal application of linear-elastic fracture mechanics technology.
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Fig. 4 - General relationship of flaw size-stress
requirements for crack instability as a function
of increasing K; /ay ratio

s

The Ratio Analysis Diagram (RAD) for steels, Fig. 5, was evolved by overlaying a
system of lines of constant ratio of Ky /oy on the Technological Limit diagram. This
provided a simple procedure for engineering interpretation of the fracture toughness
characteristics of various families of steels in terms of the expected critical flaw depths
for fast fracture. Interpretation is provided by indexing the location of fracture tough-
ness data (DT or K;_) with respect to the system of ratio lines. The significance of the
ratio lines is derived from linear-elastic fracture mechanics calculations and are es-
sentially those given for Fig. 4,

1. Below Kj, /crys = 0.5 — Materials in this region have characteristically low re-
sistance to elastic fracture, i.e., low levels of fracture toughness. Critical flaw sizes
for these materials are so minute that the flaws can escape detection by even the best
nondestructive testing techniques. The only practical way to use materials in this
region is to periodically proof test the structure for assurance that no critical flaws
exist. Hence, the area below K;./o,, = 0.5 is called the ""Proof Test" region.

2. For ratios from 0.5 to ""='" -- An increase from low to high resistance to elastic
fracture is signified for the thicknesses indicated with critical flaw sizes large enough
to be detectable by NDT techniques. Thus, this area is denoted by ""Flaw Size Calcula-
tions Practical."

3. Above K /o . = "«'"—The notation of an infinity ratio simply indicates the
practical upper limit of applicability of linear-elastic fracture mechanics principles.
Even for very thick sections, gross plastic deformation and very large flaws are required
for fracture. This area is denoted as the '"Ductile Fracture' region.

The dashed line noted as the infinity (~) ratio represents the most optimistic esti-
mate that can be made at this time of the limit to which unstable plane strain fracture
toughness can be measured by K;_ tests of large section size. These measurements
would relate to / % ratio 2 0 Yalue or higher and, thus, would require specimens
of section size in excéss of 10 in. The high metallurglcal ductlllty of steels with C_
and 1-in, DT test shelf energy values in excess of this line is amply demonstrated by
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Fig. 5 - Ratio Analysis Diagram (RAD) for high-strength steels

highly ductile fracture for section sizes in the order of 3- to 4-in. thickness. There is
no basis for expectations of developing unstable plane strain fracture as the result of
increasing section size to 12-in. thickness for such ductile metals.

The 1.5 and 2.0 ratio lines must lie in the narrow gap remaining between the -~ and
the 1.0 ratio lines. No attempt is made to define the location of these lines, because the
significance of K;_ values for ratios in excess of 1.0 is subject to question. These in-
volve questions of the significance of K _ instabilities which are followed by rising load,
as well as the procedures for plastic zone corrections of K;_. values. Thick-section
K;. tests will be required to better define the area of uncertainty between the 1.0 ratio
level and the general location of the ~ ratio estimate. Accordingly, the K;. scale has
proper meaning to about the general level of the 1,0 ratio line or slightly higher; it
should not be used for design purposes at higher levels at the present state of knowledge.
The section sizes required for improved definitions of the K; . scale are indicated by
the thickness notations associated with the ratio values, In summary, these relation-
ships indicate that as the valid 1.0 ratio correlation to DT energy is exceeded, there is
a rapid increase in K; /o,  ratio values (7,8).

SCC-DUAL RATIO ANALYSIS DIAGRAM

Considerable data on saltwater SCC of high-strength structural steels are available
from the literature (9-23); however, very little effort has been made to organize these
data into a meaningful approach to structural application. To determine the influence
of a particular environment on steels, it must first be recognized that SCC does not
represent a degradation of the inherent resistance to fast fracture of the material. How-
ever, if fracture toughness parameters and SCC parameters are both expressed in terms
of a common index of structural performance, the effect of an environment on a steel
can be accurately evaluated by comparison of the two terms. Such an index is the
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critical flaw size as determined for initiation of fast fracture and for SCC for the same
level of nominal stress. The RAD provides good engineering approximations of the
flaw size-stress requirements for the occurrence of fast fracture in steels, Incorpora-
tion of the SCC characteristics of the same steels on this diagram provides for direct
comparison of conditions for fast fracture and SCC. This dual SCC-fracture toughness
RAD approach has already been applied to high-strength titanium alloys (24).

The K; .. data obtained from NRL studies and from the literature for a wide va-
riety of steel plate and weld metals in 3.5% salt water with the precracked cantilever
bend (SCC) test are shown in Fig. 6. The diagram is the same as that of Fig. 5 with the
ratio lines and zonal designations eliminated. The data points are coded according to
nominal specimen thickness without consideration of side grooves. (Side grooves are
used to promote a straight crack front and suppress shear-lip formation. Their use
does not modify the thickness requirements for attainment of plane strain conditions.)
The maximum specimen thickness used was 1 in.

60 80 100 120 140 160 180 (KG/MM?)
7 i T T T T T 1 i T v T

TECHNOLOGICAL = 7000

=] 6000

-1 5000

-1 4000

~ 3000

DT ENERGY (FT-LB)

-] 2000

- 1000

~—- 500

80 100 120 140 160 180 200 220 240 260 (KSl)
YIELD STRENGTH

Fig. 6 - Summary of Ky,.. data for spectrum of high-
strength steels using a range of specimen thicknesses (B)

The "Apparent K, sec Limit" is analogous to the Technological Limit in that it de-
picts the highest K;__. values reported. The same types of steels were used to estab-
lish the location of both limit lines. The effects of the lack of constraint due to insuf-
ficient specimen thickness can be shown by the relative positions of the Technological
Limit and the Apparent K  __ Limit lines. At o, levels of 220 to 240 ksi or greater,
the lines effectively coincide. At this o,  level, even the best materials have a low
level of fast fracture toughness so that valid Ki. numbers can be determined from
1-in.-thick plate; hence, the K; .. values for environmentally insensitive materials
approach the K;. values, Separation of the two limit lines below 220 to 240 ksi indi-
cates the inability of the 1-in.-thick specimens to define fast fracture and SCC resistance
for the best materials in terms of fracture mechanics parameters. For example, the
thickness requirements for steels are such that materials at the highest part of the
Technological Limit line do not manifest plane strain fast fracture at thicknesses of 6
to 12 in. Thus, high K; .. values reported for SCC specimens of 1-in. thickness or
less must be v1ewed with suspicion when obtained for tough high-strength steels.
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The SCC-Dual RAD resistance of high-strength steels to saltwater SCC is shown in
Fig. 7. The upper limit of strictly valid K1,.. measurements are indicated for B
thickness of 0.25, 0.5, and 1.0 in. as Limit-SCC Plane Strain lines. The position of
these limit lines was determined from Eq. 1 for a range of oys levels, and they corre-
spond to constant ratios of KIscc/"ys- For the 1-in.-thick specimens, the Limit-SCC
Plane Strain line corresponds to a K./, ratio of 0.63; for thinner specimens, the
lines correspond to smaller ratios.
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Fig. 7 - Dual Ratio Analysis Diagram (RAD)
showing fast fracture and SCC aspects for
steels of 1-in.-thick sections

The Limit-SCC Plane Strain line for a given specimen thickness, in conjunction
with the Apparent K;,.. Limit line, defines a region where subcritical crack growth
and fast fracture conditions are either plane stress or plane stress-mixed mode. This
is the SCC tunneling (plane stress) region noted in Fig, 7 for 1-in.-thick sections, in
which SCC occurs by advancing in the plane strain ligament in the central portion of the
specimen. Although the tunneling action is indicative of SCC and apparent K;, . values
can be obtained, the accuracy of the values cannot be determined. Critical flaw depth-
stress level requirements for SCC cannot be inferred for materials falling in this re-
gion of the diagram. Specimens of thickness greater than B are required to accurately
define the conditions for SCC for such materials. Increased specimen thickness might
move the tunneling region of the SCC-Dual RAD to higher K; /o ys ratios — additional
studies are needed to determine this, In any event, the function of the tunneling region
of the diagram is primarily to assure that a material's resistance to subcritical crack
growth due to SCC in salt water is accurately represented by SCC test methods. Ap-
parent K; . values which fall into the tunneling region can only be considered to give,
at best, rough qualitative assessments of environmental sensitivity. Use of such values
might result in a highly conservative estimate of capabilities of a highly SCC resistant
steel, whereas overly optimistic estimations might result for sensitive materials.

The degree of degradation of a steel's resistance to the presence of flaws due to
SCC sensitivity is indicated by comparing the location of the fast fracture and SCC data
points on this diagram. For this purpose, the K, _. /4, ratio is compared to the
ch/gys ratio. If a metal of characteristically high fracture toughness (above K, c/ays
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ratio 2.0) has a low Krscc//ys ratio (approximately 0.6 or less for 1-in.-thick speci-
mens), extreme sensitivity to the environment is inferred. In this case, considerable
SCC crack extension would occur before fast fracture because of the high fracture tough-
ness of the material. Materials with a low level of inherent fracture toughness (below
ratio 1.0) could withstand only a small amount of crack extension by SCC before the
onset of fast fracture. SCC of very low toughness materials (below ratio 0.5) is not
really important for general design consideration, since the critical flaw size for fast
fracture in these metals is minute.

SUMMARY

An investigation of the spectrum of high-strength structural steels available for
structural applications reveals a wide range of SCC behavior in salt water. Tests based
on linear-elastic fracture mechanics theory provide the best definition of SCC resistance
in terms of a crack tip stress-intensity parameter K;. The minimum (threshold) value
of K1 for SCC to occur is termed K;,... Essentially any plane strain fracture mechan-
ics test can be used to determine Kjs..; however, for this report, only precracked
cantilever bend data are considered. Regardless of which fracture mechanics test is
used, the thickness, B, requirement is critical for valid K1scc measurements. Flaw
size- stress condltlons for subcritical crack growth due to SCC can be calculated from
the K1scc value.

Recently evolved RAD procedures for characterization of resistance to fast fracture
and for interpretation to failure-safe design were extended to cover the case for SCC in
high-strength titanium alloys. A similar extension can be made for high-strength steels
to provide dual engineering definitions of flaw size~stress level requirements for failure
of the material by fast fracture and by SCC. The dual RAD features K; /cr ratio lines
which index the general flaw size-stress conditions for failure, It also features an Ap-
parent Ky .. Limit line that defines the highest Krs.. values obtained with 1-in.-thick
precracked cantilever bend specimens., Finally, it features plane strain (maximum con-
straint) limit lines which indicate the upper limit of valid Ki .. measurement as well
as accurate K /ay ratio interpretation to flaw size-stress ‘conditions for SCC with
B of 0.25, 0.5, and 1.0 in. A region of full and mixed-mode plane stress is defined by
the Apparent K scc and Limit-SCC Plane Strain lines for which SCC occurs by tunneling
in the plane stram (central) portion of the specimen. Accurate K, /a ratio interpreta-
tions to flaw size-siress conditions for SCC cannot be made for this reglon The Plane
Strain SCC Limit lines canbe raised to higher KI/oys ratios with specimens of in-
creased B (possibly requiring material of increased thickness), permitting the engineer-
ing interpretations to extend to higher K; Jo vs ratios.
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