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FOREWORD

The work described in this report is part of the continuing ef-
fort in the study of fracture properties of high strength materials.
The authors wish to thank Dr. Paul C. Paris, of Lehigh University,
for his assistance during the investigation and review of the final
paper, and Miss Marie Dougherty and Mrs. Mary Schuler, of Frankford
Arsenal, for their work in conducting the mechanical tests and elec-

tron microscopy.
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ABSTRACT

The fatigue crack growth properties of various high strength
steels, including the 250 and 300 grades of the 18Ni-Co-Mo maraging
steel, Hll steel, and D6A steel, have been studied using a center-
cracked specimen. Experiments were conducted by cycling either at
a4 constant stress or at a constant value of the stress intensity
parameter, K.

A log-log plot of da/dN as a function of K for these steels re-
sulted in a straight line having a slope of four. The data exhibited
normal scatter zbout this straight line. These data are in agree-
ment with the relationship da/dN = (AK)4/M as proposed by Paris. A
departure frcm this relation to higher rates was observed at values
of cyclic K equal to 0.7 to 0.8 of static K.

Electrcn microfractographs taken along the path of fatigue crack
extension in the 250 grade maraging steel showed the growth ring pat-
tern characteristic of fatigue. Measurement of the growth ring spac-
ings and knowledge of the crack length permit calculation of the rate
of crack extension as a function of K. The rates of crack extension,
as determired by fractography and actual measurement on the specimen,
are in gcod agreement.

A technique for calculating the cyclic life of structures in-
velving a numerical integration of K as a function of c¢rack length
and stress was prcogrammed for computer operation. This calculation
allows for the change in slope of the K vs da/dN at higher values
of cyclic K. The results of these calculations are compared with the
life predicticn made by simple mathematical integration of the fourth
pcwer relaticaship for an infinite plate.
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GLOSSARY

a = one-half crack length

= half crack length at instability
a, = Initial half crack length

B = gpecimen thickness

c = constant

C1 = constant = 2mW/M

=
]

parameter describing the local elevation of the elastic stress
field ahead of the crack

K. = fracture toughness of a material

Kic = plane strain fracture toughness of a material
m = exponent

M = material constant

n = exponent

N = number of cycles

NF = number of cycles to failure

W = gpecimen width
Y = exponent in crack propagation law
A K = range of K
o = gross section stress
‘ Oys = 0.20 percent yield strength
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INTRODUCTION

The development of lightweight high strength structures has di-
rected attention toward the utilization of steels having yield strengths
in excess of 200,000 psi. These materials exhibit tendencies toward low
stress failures in the presence of defects. To efficiently use these
steels, the size of defects which will cause failure should be known.

In the case of most high strength materials, the defect size for
instability at a given stress level may be estimated by the methods of
fracture mechanics. Fatigue is responsible for a high percentage of
structural failures; therefore, there is considerable interest in this
area, However, these calculations give little insight into either the
rate of fatigue crack propagation or the mechanism involved. Mcre de-
tailed information concerning the rate of crack propagation is naces-
sary to estimate the cyclic life of a structure.

The fracture toughness of the material defines the size of the
defect which will cause failure under a given stress, and this defect
can usually be detected by careful use of nondestructive techniques.

In certain structures, however, the rate of fatigue crack extension may
be the limiting factor in decign, rather than the fracture toughness,
per se, of the material. If the cyclic stress to which a structure may
be subjected is relatively high (approximately one-half the yield
strength) , then the rate of growth of subcritical size defects to a
critical size can be so rapid that either the operating stress must be
reduced or a limit set on the useful cyclic life of the structure.

Although considerable fatigue data have been accumulated for this
class of materials, most of these data are of the rotating beam en-
durance limit type and are not interpretable in terms of the crack
propagation characteristics of the material. This study was undertaken,
therefore, to investigate the low cycle, or early stages, of fatigue
crack propagation characteristics of these materials in order tc supply
the needed data in this area.

PROCEDURE, RESULTS, AND DISCUSSION

The high strength steels selected for this investigation were:
Hll steel, D6Ac steel, 250 grade maraging and 300 grade maraging steels.
These steels were heat treated by conventional techniques to the strength
levels normally employed in high strength-to-density structural appli-
cations.




The engineering tensile properties of the steels considered were
determined, using a pin-loaded strip type tensile specimen having a
0.500 inch wide gage section and a two-inch gage length. The tensile
properties of these steels were given in Table I.

TABLE I. Tensile Properties of Steels Investigated

Strength (psi)

Yield Elongation
Material Direction 0.20% Offset Tensile (%)
H1ll Longitudinal 242,500 305,500 7.4
Transverse 242,300 307,200 7.3
D6Ac Longitudinal 241,500 271,500 7.0
250 Maraging
0.075 Longitudinal 267,900 275,000 3.2
0.075 Transverse 278,300 285,000 2.6
0.250 Longitudinal 252,000 266,000 7.6
300 Maraging
0.075 Longitudinal 285,800 290,300 3.2
0.250 Longitudinal 295,000 302,600 4.1

The center-cracked specimen shown in Figure 1 was used to deter-
mine the fracture toughness properties of the material and to study
the fatigue crack propagation rates., The plane strain fracture tough-
ness was determined uging the "pop-in" technique, described by Boyle,
Sullivan, and Krafft.l* These data are summarized in Table II.

The fracture toughness was considerably higher for the thinner
plates of DbAc steel and the 250 and 300 grade maraging steels, than
for the thicker specimens. This type of behavior is in accord with the
fracture mode transition analysis as proposed by Irwin.2 He found that
the fracture toughness of very thick specimens is relatively low and
corresponds to the plane strain fracture toughness. Moreover, the
fracture toughness. increases as the plate thickness decreases, until a
maximum of fracture toughness is obtained. This behavior has been
correlated with the size of the plastic zone reiative to the plate
thickness, with the maximum occurring when the plastic zone size is
approximately equal to the plate thickness.

Since 1953, considerable attention has been directed toward the
development of crack propagation laws. Based on earlier work of Head,3
Frost and Dugdale,™ and Liu,5 it was found that these laws are often
expressed in the general form shown in the following equation.

*See REFERENCES.
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m
25
where a = one-half crack length
C = constant
m = exponent
1 n = exponent
N = number of cycles
0 = gross section stress,

The expression for the stress intensity parameter, K, in a uni-
formly stressed infinite plate is given in

K = o/ma (2)

By combining Equations 1 and 2, one may express the rate of fa-
tigue crack propagation as a function of K, and this is advantageous
since K reflects the effect of external load and configuration on the
intensity of the stress field around a crack tip. Since the crack tip
stress field has the same form for various configurations, a correla-
tion of fatigue crack growth between various specimen geometries is
possible,

Crack growth rate determinations were made using two load-program-
ing techniques: (1) cycling at a constant value of K by appropriately
varying the stress with changes in crack length; and (2) cycling at a
constant stress with accompanying variations of K due to increasing
crack length, The constant K technique was used for evaluating crack
growth rates in the high K level area (above 0.7 K¢), and the constant
stress technique was used for tests which started in the low K area.
Sufficient overlap of data was provided in the range where the K levels
were similar to insure a smooth transition between the two methods of
testing.

The high stress fatigue tests conducted at a constant value of K
were performed on a universal testing machine. The initial crack length
(notch length plus fatigue crack) in the specimen was measured with a
traveling micrcscope. The precision of the microscope was +0.0001 inch,
and the accuracy of measurement of the total crack length was approxi-
mately #0.002 inch., The value of load required to produce a given K
value was ccmputed by solving the following equation6 for o.

" K2
K=j02Wtan Ta K- ) 3
(W 2W0'ys ( )

The specimen was loaded in uniaxial tension to the calculated value
of load, held for three minutes, the surface crack length measured, and
then the load released. The measured crack length was used in Equation 3
to compute the new value of load which would reproduce the same value of
K in the next cycle., The cycle was then repeated,




The low stress fatigue tests were conducted using an Amsler
tension-tension hydraulic machine. In these experiments, the maximum
load for each specimen was held constant and the minimum tensile lcad
was maintained as low as possible with the equipment, but never less
than 1000 pounds. Crack lengths were measured periodically, using a
traveling microscope. Typical crack growth curves for the various
materials are shown in Figures 2 to 7, incl.

The rate of crack growth, da/dN, under constant stress conditions
was determined by halving the slope of the 2a vs N curve at a given
point. The value of "a" at that point and the stress were used to
calculate K. For cracks equal to or less than W/2, Equation 3 was
used to calculate K,

The tangent equation (Equation 3) developed by Irwin, althcugh
containing a plastic zone correction, tends to become inaccurate at
relativel; long cracks (2a 2 W/2). The equation developed by
Greenspan/ is felt to be a better approximation for K for longer
cracks, even though it does not incorporate the plastic zone correc-
tion. Therefore, the values of K for longer cracks were calculated
using

K=0/ma (4)

where E + 2(%6-1) 4]1/2
a =

NG

In Figure 8, the rate of crack extension in Hll steel is plotted
as a function of K. Similar data for D6Ac are shown in Figure 9, and
the data for the maraging steels are shown in Figures 10 through 13.
Examination of these data shows that, at low values of cyclic K, the
data conform to a straight line plot. This would suggest that the rate
of crack extension may be expressed as a function of K and is shown in
the following equation (proposed by Paris and Erdogan).8

dN M .

Comparison of the slopes of the experimental curves with calcu-
lated values shows that a value of the exponent, ¥, equal to four gave
best agreement over the range of experimental data. For comparison
purposes, lines having ¥ values of four (slope = 1/4) are shown on

Figures 8 to 13.
In order to gain further insight into the mechanism of crack propa-

gation, and to provide additional information on the rate cf crack propa-
gation, electron microfractographs were prepared at selected positions
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along the path of fatigue crack extension. Two-stage faxfilm replicas,
shadowed with carbon, were used for this phase of the investigation.
Typical fractographs for the 250 grade maraging steel are shown in
Figures 14 and 15.

These fracture surfaces exhibited fatigue growth rings (striations)
similar to those reported by Pelloux’ for high strength aluminum alloys.
Recent work by Hertzberg and ParislO and Schuler and Carmanll have shown
that a quantitative relationship exists between the rates of fatigue
crack propagation observed microscopically and macroscopically. There-
fore, measurement of the spacing from one growth ring to the next repre-
sents the extent of crack growth per cycle of loading. (Typical growth
rings are indicated by the arrows on Figures 14, 15, and 16.) These data
are summarized in Table III. It will be observed that the crack growth
rates determined by these two methods are in close agreement.

TABLE III. Ccmparison of Crack Growth Rates as Determined
Macroscopically and Microscopically

K da/dN (in./cycle)
ggsizin.l Macroscopic Microscopic
38,000 1.11 x 10-3 1.12 x 10-5
41,000 1.49 x 10-3 1.41 x 103
44,200 1.68 x 10-3 1.41 x 10-5
47,400 2,15 x 10-3 2.18 x 10-3
48,000 2.20 x 103 1.80 x 10-5
50,200 2.55 x 103 1.78 x 10-5
51,200 2.62 x 10-5 1.90 x 10-5
52,800 3,20 x 10-5 2.52 x 10-5

Again referring to Figures 8 through 13, it will be observed that
the plot of the experimental data approximates the fourth power rela-
tionship until the value of cyclic K reaches 0.7 to 0.8 of the K. of
the material. At this point, the linear plot of ¥ = 4 predicts a very
rapid rate of crack growth. However, the experimental curves show a
rate of crack growth even greater than that predicted by Equation 5.
This behavior is very important in that it predicts an extremely rapid
growth of the fatigue crack toward the end of the life of the structure,

To further study this behavior, a fractographic examination was
conducted on the 1/4 inch thick specimen of 250 grade maraging steel
cycled at a constant value of K. Typical fractographs taken from this
specimen are shown in Figures 16 and 17.

It was observed that the fracture surface was predominately
covered with ductile rupture dimples and, to a much smaller degree,
with a few fatigue striations. This seems to indicate that "pop-in"
or unstable crack propagation ahead of the fatigue crack front may be



responsible for the observed acceleration in the fatigue crack propa-
gation rate, which is greater than that predicted by Equation 5.

All of the experimental data for the high strength steels tested
are summarized in Figure 18. 1In this figure, the line for a ¥ = 4
value is also shown. At the lower values of cyclic K, the data fall
into a small scatter band around this line. This indicates that, in
the steels investigated, the rate of crack propagation is relatively
insensitive to alloying and processing, as well as to mean load, fre-
quency, etc,12 The deviation from the fourth power relationship was
greatest at high K values, as discussed for each individual material.

From a design standpoint, it is of primary interest to develop
a concept for predicting the low cycle fatigue behavior of structures
fabricated from these steels. The functional form followed by the
data presented, including the deviations discussed, is represented by

— = f (K or AK) (6)

where K is a function of 0 and the geometrical configuration of the
body, including the crack a. Equation 5 is a more limited represen-
tation of the form of Equation 6 not including the deviations.

By rearranging terms, it is possible to integrate either Equation
5 or Equation 6 as follows:

dcr d Nf
a -
f f(K or AK) 'f o )
0

45

The right hand side of this equation becomes Np, but the left hand
side requires either a numerical integration using the experimental
data in the form of Equation 6 (as on Figures 8 through 13 and Figure
18), or an analytical integration making use of Equation 5,

The numerical integrations were performed by programing the data
for computer calculations. Also, an analytical integration was carried
out for a small crack in an infinite membrane using Equation 5, the
simple fourth power relation., The resulting expression is given as

1
Np = 5 (= - ) @)
C]_(J’ZKc ag

The effect upon the number of cycles to failure after adjusting
for the deviation from the fourth power relationship through numerical
integration is illustrated in Table IV, The sample calculations were
performed using data for the 0.250 inch thick 250 grade maraging steel.

7
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TABLE IV. Theoretical Cyclic Life of 250 Grade Maraging Steel

Initial Number of
Stress Crack Length Cycles to Failure Percent
(psi) (in,) Model 12  Model 2P Differential
180,000 0.06 1,000 500 50
180,000 0.18 230 50 78
100,000 0.06 13,000 5,600 57
100,000 0.18 3,900 2,200 44

8Model 1 - Analytical integration
odel 2 - Numerical integration

These calculations show that it is possible to induce relatively
large errors in the predicted life of a structure by not allowing for

the deviation from the fourth power relationship, even at relatively
low operating stresses.

CONCLUSIONS

It may be concluded that

1. At high values of cyclic K, the rate of crack propagation de-
viates from the fourth power relationship and shows a higher rate of
crack propagation than would be predicted.

2. Both the tempered martensitic and the maraging type of steels
conform to this behavior.

3. Electron microfractographs taken along the path of fatigue

crack growth show essentially the same rate of crack extension as that
determined macroscopically.

RECOMMENDAT IONS

It is recommended that

1. Additional low cycle fatigue work be conducted, using a single
material and specimen thickness, in an effort to minimize scatter by
refining the techniques used in this investigation,

8
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2. Additional work be performed to determine the effects of fre-
quency, mean load, temperature, and environment on the low cycle fatigue
properties of various materials.

3. Further studies be conducted on the technique of numerical in-
tegration for predicting the life of structures.
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Figure 3. Crack Length vs Cycle Curves for D6Ac Steel (0.077 inch),
Cycled at a Constant Value of K
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Neg: 36.231.52324/AMC. 64
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Figure 7. Typical Crack Length vs Cycle Curve for 250 grade
Maraging Steel (0.250 inch), Cycled at Constant Stress
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Neg: 36.231.82568/AMC. 64

= RING B
— RIING C

Two-stage replica 9250 X

Figure 14. Electron microfractograph showing Fatigue Growth Rings
corresponding to a Crack Growth Rate of 1.77 x 10-3 inch
per cycle at a K level of 50,200 psi Vin.
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Neg: 36.231.52569/AMC.64

9250 X

Two-stage replioca

Figure 15. Electron microfractograph showing Fatigue Growth Rings
corresponding to a Crack Growth Rate of 2.38 x 103 inch

per cycle at a K level of 52,800 psi vin.

25



Neg: 36.231.50301/AMC.66

RING A

RING B

RING C

\ -‘I.‘ i

6130 X

Figure 16. Electron microfractograph showing Fatigue Growth Striations
observed in Specimen of 250 grade Maraging Steel Cycled
at Constant K
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Figure 17.

Neg: 36.231.50302/AMC.66

4430 X

Electron microfractograph showing Ductile Rupture Dimples
observed in Specimen of 250 grade Maraging Steel Cycled

at Constant K
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