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SECTION I

INTRODUCTION

The objective of this Program was to develop a low cost

fatigue crack growth rate correlation test which can easily
discriminate between material lots whose fatigue crack pro-
pagation rates differ by more than 20%Z. A test has been
developed which more than meets the latter requirement. Further-
more, employing our newly developed test method in a production
support mode, one can easily obtain the desired fatigue crack
propagation rate data at a total cost of less than the equivalent
of two man hours. The test developed is simple enough so that

a quality control laboratory technician can perform it using
approximately one hour of his time to set it up, run the test
and analyze the result. Moreover, the specimen fabrication
costs are low, material usage is small and a relatively inex-

pensive test machine is used.

The test result is the crack growth rate associated with a
specific stress intensity factor. The crack growth rate and
the stress intensity factor are measured independently and a
permanent test record is produced from which the crack growth

rate can be documented at any time. At no time during the test

is a crack length measurement made. Typically only two measurements




are ever made; one is a load measurement and the other is the

slope of a straight line.

Although the primary emphasis in this Program was the develop-
ment of a quality control test method to assess fatigue crack
propagation rates, a number of additional potential uses of the
test developed have been identified. Some of these may prove
to be equally (or more) significant uses of the test. Additional
uses that have been identified include:
. generation of low frequency/low crack growth rate
engineering data;
L the investigation of the effects of variables other
than 4K (e.g., stress ratio, alloy chemistry, environ-

ment, test frequency, temperature, etc.);

. investigations of fatigue crack growth retardation;
. investigations of static stress corrosion;
. the development of fatigue crack growth rate statistical

information.

The Program contained two distinct phases of work. In Phase I
test configuration/procedures were conceived, analyzed and
evaluated. In Phase II the test configuration and test procedure
which emerged as being clearly superior to all the others con-

sidered was tested and evaluated in depth. Additionally, other



applications for our newly developed test method were considered

and in some cases explored experimentally.

The total sum of results obtained during this Program are par-
titioned by subject matter into subsections. In Chapter II we
describe our recommended quality control fatigue crack growth
rate test method in detail. Included in this Chapter is a
basic description of the test, a step by step summary of the
test procedure and a description of the equipment and instru-
mentation used. Details of the analytical basis for the simple

data reduction relatiomsused are given in Appendix A.

Chapter III reports the results of fatigue crack propagation
tests which were conducted on five heat/lots each of 6A1-4V Ti
plate, 7075/7475 aluminum alloy plate and Ph 13-8Mo steel
forgings. Two compact specimens were used to generate the
fatigue crack growth rate data for each heat/lot. Three heat/lots
from each alloy system were then chosen to be used to evaluate
the quality control test procedure. The salt water corrosion
fatigue crack growth rate was established for one heat/lot of
7075 to be used as an additional means of evaluation. Twelve
quality control tests for each of the ten material/environment
conditions selected were conducted and the results compared to
the baseline compact specimen fatigue crack growth rate results.

The resulting correlation has demonstrated the accuracy and




reliability of the G-Rate Test. Appendix B presents a
detailed metallurgical description of each of the 15 heats

of metal employed in this verification test Program.

Chapter IV sketches other applications of the basic G-Rate
Test. Experimental evidence that the basic test method approach
can provide other types of fracture mechanics engineering data

is also presented.

In order to arrive at the G-Rate Test method outlined in

Chapter II, it was necessary to define a set of criteria for

the success of such a test and then evaluate myriad test sample
geometries/test procedures within the framework of that criteria.
A description of the effort expended in performing this task is

presented in Appendix C.



SECTION II
THE G-RATE TEST

A) Basic Description

The quality control fatigue crack propagation test developed

is a displacement controlled constant stress intensity (K)

test. This constant K test accounts for and in fact takes ad-
vantage of the test system compliance (or springiness). A sketch

of the test set up which shows the three point bend specimen used

is shown in Figutre 1. The spring in that Figure represents the
overall test system's compliance. Note that the displacement is

not controlled at the specimen but at a remote point in the test
system. This is done primarily since it is far easier to control

a displacement away from the test specimen. For example, the use

of an offset cam to achieve this is a very inexpensive and con-
venient technique. One of our motivations for using a displacement
controlled test was the fact that this type of test machine is in-
expensive. In our initial work on test development another important
reason for controlling the displacement remotely was that it allowed
us to maintain a constant stress intensity as the crack grew for

a variety of three point bend specimen geometries. That ds K could
be made independent of crack length (a). As will be shown in sub-
sequent analysis the S/W = 8 three point bend specimen finally
adopted has a constant K region, even under direct displacement

control. The way in which the compliance of the test machine can
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aid us in obtaining a constant K region is easily seen by
considering Figure 2. In that Figure the stress intensity

versus crack length for a three point bend specimen is presented
for two loading conditions. One is constant load and the other
constant displacement at the specimen (Referencel ). Note that
under load control as the crack grows, the resistance to bending
diminishes and the stress intensity rises. Under pure displace-
ment control, at short crack lengths, changes in crack length do
not affect the specimen compliance and therefore the load remains
essentially constant and the K versus '"a" curve initially follows
the constant load specimen curve. Eventually changes in crack
length affect the specimen compliance significantly and the load
begins to drop. As the crack continues to grow a point is

reached where the load drop off is sufficiently fast to cause the

stress intensity to decrease with increasing crack length.

If one could control the rate of load drop off one could maintain
a constant K within a significant domain of the test specimen.

By inserting an appropriately sized spring in between a dis-
placement control device and the test specimen the rate of load
drop off can be controlled. Note that the extreme cases of a
rigid spring and an infinitely flexible spring correspond to

pure displacement control and pure load control respectively.
Thus by choosing various spring stiffnesses one can generate a
series of K versus "a" specimen configurations between those

presented in Figure 2.




Detailed analyses for a wide range of spring stiffnesses are
presented in Appendix A for both the S/W = 8, W = 1/2 inch,

three point bend specimen selected as the G-Rate Test specimen

and for an S/W =4 specimen that was at one time considered.

From these analyses we were able to ascertain the ranges of

spring compliances that would optimize the constancy in K. Per-
tinent ranges for the S/W = 8 configuration are presented in

Table I. 1In the Table the spring compliances have all been
normalized by the product of the specimen's Young's modulus and
thickness. One notes in Table I that the crack depth "a" assoc-
iated with the highest K point in the "constant K" section of the
sample (amax) is a function of CEt. The K variation within the
"constant K" region is also a function of CEt (see Table I). For
the compliance range used in this Program (25 to 75), the maximum
K point was always near the specimen center as shown in Table I.
At one point in time we planned on using a very stiff test machine
and controlling the spring stiffness by inserting a matched spring
(perhaps a beam of the same material as the test specimen) into
the load train. However, after some initial compliance measure-
ments were made (see Appendix A), it became apparent that the
stiffness of test machine we were initially using was in the right
range. The slight gain to be obtained by stiffening the test
machine and optimizing the spring stiffness did not warrant the
cost or effort. Therefore, we simply used our test machine as

a compliant element and accounted for variations in relative
specimen stiffness (as specimens with different moduli were tested)
in our analysis and data reduction.

8



TABLE I

VARIATION IN STRESS INTENSITY FACTOR

(S/W =8, W= .5 Remote Displacement Controlled Specimen)

Relative Machine K a
Compliance Variation in (1 Eax)
(CEt) Region Adjacent ARt
to a
max
(+0.050" on either
side of a )
max
400 * 5.5% 5395
300 + §4.3% .345
200 £ 347 + 3310
100 x 217 .300
75 3 187 +.290
50 * luSZ% «275
25 % 1.37 255
10 ¥ 143% 523D
0 ® 1,.3% S 22D
C = Test Machine Compliance
E = Specimen Modulus
t = Specimen Thickness
B & Location of Peak Stress Intensity Factor




Thus the basic test procedure is:
* use a notched three point beam (see Figure 1) as a
test specimen;
* cyclically load the specimen under remote (not at the
specimen) displacement control allowing the crack to

initiate and grow across the specimen.

This results in attaining a constant AK and concomitantly a
constant crack growth rate across the central region of the
specimen. It should be noted here that the attainment of a
constant K (e.g., crack length invariant) region is quite de-
sirable. The constant K approach removes the experimental
error in K determination due to errors in crack length measure-

ment whenever tests are run where gradients in K exist.

For this displacement controlled constant AK specimen the method

for establishing AK is straightforward. Note that we are con-
trolling a displacement and that the value of the stress intensity
at any point in the test sample is determined by and is proportional
to the value of the applied displacement. Similarly the applied
displacement also determines and is proportional to the magnitude

of the resulting initial load. Although the load varies (decreases)

10



throughout the test, a unique linear relationship exists
between the initially applied load and the magnitude of the
stress intensity attained in the constant K region because
the applied displacement remains a constant throughout the
test. Thus, AK is simply determined by measuring the initial

load range (AP_ ) and using the following equation

AK = Dy AP o {1)
The analysis which determines D1 is presented in Appendix A.
D1 varies slightly with test specimen/machine stiffness. For our
test machine (stiffness = 1.05 x lO_5 in/1b) and a «25 inéh thiek

for aluminum, 68.5 in_3/2

specimen, D1 is 65 in_3/2

3/2

for titanium
and 74 in for steel. The stress ratio is simply the initially

set stress ratio, R given by

Po min (2)

R
Po max

Although we maintain a constant displacement amplitude during

the fatigue crack propagation test we set the magnitude of

that displacement by setting the initial loads. These loads

are chosen, of course, by choosing the values of AK and R desired
and using equations 1 and 2 to determine the initial loads.

The setting and determination of the applied stress intensity
factor in this manner takes advantage of the facts that dis-
placements are easy to control but difficult to measure accurately
and that although loads are difficult (expensive) to control they

are relatively easy to measure with high accuracy.

11



It is possible to measure crack growth rates visually as the

crack traverses the center of the specimen. However, the
displacement controlled constant K specimen has certain attributes
which makes a much more advantageous method of obtaining the

crack growth rate available.

Since we are controlling the displacement remotely, we may
consider the three point bend specimen and the entire test
machine as our '"test specimen" and that when the crack is
in the central region of the three point bend specimen our
"test specimen" is a displacement controlled constant stress
intensity specimen. Consider such a specimen where the dis-
placement, A, and the load, P, are related by

A = CP 3)

k

1/cC (4)
where C (the compliance) and k (the stiffness) are functions

of the crack length a.

It is well known that the strain energy release rateaé? 18
related to the stress intensity factor and the compliance by

the relations (Reference 1):

g1
f

2
v %—, plane strain (5)

KE, plane stress
E

& -2l ac (6)

where E is the specimen modulus, V is the specimen Poissons

1. Tada, H. "The Stress Analysis of Cracks Handbook,"
Del Research Corporation, 1973.

12



ratio and t is the crack front length which in our case is the

three point bend specimen thickness.

Substitution of equations (3) and (4) into equation (6) yields

&

2
A" ok
e (7)

a

1

Since A, t and<9 are constant, 0k/9a is constant and negative.
Thus for a displacement controlled constant K specimen the load
decreases linearly with crack length. Here again the load
magnitude at any crack length is proportional to the initial
load setting, P,, due to the constancy of the applied displace-

ment and therefore in the constant K region of the sample

=dFjda = P, /Dy (8)
where the proportionality constant, DZ’ is independent of crack
length. This load:crack length linearity provides a very
convenient method for determining da/dN. Since da/dN is a con-
stant (by virtue of the constancy of AK) and dP/da is constant,

_da _ 22 ar

dN P, dN

(9)

Thus, when P versus N is recorded autographically, da/dN is easily
determined by measuring dP/dN which is the slope of a straight
line. One does not have the difficulties often associated with
generating fatigue crack growth rate data (via conventional

compliance or optical methods) by determining the first derivative

13



of a curved line at a series of points along that line.

Although the G-Rate Test specimen is not a constant K specimen
throughout its width, all the steps leading to equation (9) are
valid and equation (9) can be used to easily evaluate da/dN for
the remote displacement controlled three point bend specimen in
the constant K region. All that is required is a record of peak
load versus cycles as shown schematically in Figure 3. The slope
dP/dN is simply -tanf. Note that since a load term is in both the
numerator and denominator of equation (9), the ordinate of

Figure 3 need not be calibrated, it need only be proportional

to the load. 1In Appendix A we show that the constant D2 is

virtually independent of specimen stiffness and is equal to

_1
.30 (in) 73,

Although the autographic load versus cycles line generated is
typically quite straighf, we have adopted the procedure of
measuring the steepest slope on the load cycle plot; this removes
any variability that would be found from operator to operator

if a visual averaging procedure was used.

The availability of this permanent test record is invaluable. It

affords the opportunity of checking the data at future points in

14
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time. Additionally it allows bad tests to be screened out since
any variability in the linear portion of the test record or
unusual behavior during precracking stages are permanently

recorded.

In our tests using the displacement controlled constant K

specimen, the peak load versus cycles plot is produced by
conditioning the alternating load signal using an analog circuit
which outputs a voltage proportional to the peak load and in-
putting this signal onto the Y axis of a strip chart recorder

moving at constant speed. Various chart speed settings are used

to maintain the angle of the straight line portion of the record

to as close to 45° as possible. In terms of the physical quantities

available during a test, equation (9) becomes

Dis (€ .S.s)
da _ 2
dN = Y, freq. kan © (10)

where YO is the initial value of the ordinate setting (in.)
on the strip chart (recall that T ™ Po)ﬁ.S. is the chart speed

(in/min.) and freq. is the loading frequency (cycles/min.)

An example of a typical test record and data reduction is given
in Figure 4, The straightness of the record is an indication
of the constancy of AK and the accuracy of the slope (rate)
measurement. As a comparison to compact specimen data, we have

shown in Figure 5 twelve constant K test results superimposed
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on data from two compact specimens. These data are discussed
more fully in Chapter III, but it suffices here to point out

that as one would expect the agreement is quite good.
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Precracking

In the discussion so far we have presumed that the precracking

of the notched bar and the fatigue crack propagation test itself
were done at the same applied displacement amplitude. While this is
possible in most cases, in some cases where the AK to be tested is
low the precracking would take too long or crack initiation would
not occur if a single displacement amplitude were used. The simple
expedient of using higher precracking displacements works quite
well. Once the crack advances significantly (load drop v 5-10%) the
displacement is reduced. The new initial load level is usually
chosen so that the overload factor due to the higher final pre-
cracking load, is on the order of 1.5 and never greater than 1.8.
For very low fatigue crack propagation rate tests ('\410_7 in/cycle)
we have reduced the load in two steps. Schematics of two test
records, one with a single precracking stage and one with two pre-
cracking stages are shown in Figures 6 and 7. For test records such
as these, equations (1) and (10) can still be used to determine AK
and da/dN employing values of Y, and APO corresponding to those

that would have existed for the uncracked sample had the actual test
displacement amplitude been imposed on the sample at that time.

This back extrapolation is straight forward and the appropriate
equations are given in the Figures. Note that the scale of the load
voltage need not be the same for precracking and testing stages.

The initial precracking load is set by choosing the AK to be tested,

the allowable overload ratio (0.L.) and using equation (11)
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Precracking
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Load Versus Cycles - One Precracking Stage
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FIGURE 7

Load Versus Cycles - Two Precracking Stages
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Ak,

Pfatigue - 0. )

Whether one or two precracking

D— AK,

one precracking stage

(11
two precracking stages

stages are required must be

determined by experience with the material/load ranges being

tested. For high stress ratio

testing, the precracking stress

ratio would not be kept the same but would be reduced.

A check that the fatigue crack
precracking overload region is
straightness of the load-cycle
check.

As shown in Chapter IV

apparent.
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B) Test Procedure Summary

The following four pages include a step by step description
of the test procedure, for tests with and without precracking,
and charts to determine the data reduction constants D. and D2.

1

The generation of these charts is described fully in Appendix A.

The test procedures described presume that the test machine being
used is a machine in which a cyclic displacement amplitude 1is
held constant and that the compliance of the test system is known.
A simple method of determining the test system compliance is to:
a) Place a relatively rigid spacer between the test
system loading fixtures.
b) Set a typical displacement amplitude on test machine.
¢) Record the load amplitude AP.
d) Remove the rigid spacer.
e) Measure the cyclic displacement amplitude of the loading
fixture Adisp.
f) The compliance of the test system is given with sufficient
accuracy for use with Figures 8 and 9 by

2 e Adisp
AP
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TEST PROCEDURE - NO PRECRACKING

Check and record specimen dimensions.

Set and record test frequency (freq).

Using knowledge of specimen thickness, specimen modulus
and test machine compliance use Figures 8 and 9 to
determine Dl and D2.

Set and record AP0 and R

APO = AK/Dl

Set and record chart speed (C.S.) (Choose C.S. as close as
possible to paper width xfreq/D2 x expected da/dN.
Adjust load voltage scale to start at approximately full
scale.

Start test
At completion of test measure 6 and Yo (See Figure 3).

Reduce data.

AK = D, AP

1 o
da _ 72 €.8. .. o
dN Y0 fre

24



TEST PROCEDURE - PRECRACKING

Check specimen dimensions.
Set test frequency (freq).
Using knowledge of specimen thickness, specimen modulus
and test machine compliance use Figures 8 and 9 to
determine Dl and D2.
a) Set precracking loads

P = (0.L.)" AK/D

precracking = 1

where n is the number of precracking steps and O.L.

is the allowable overload factor (0.L.~v1.5 - 1.8)
b) Begin precracking
c) Reduce loads by 0.L. factor as crack growth (5 - 10%

drop in load) is detected.
Set chart speed (C.S.) - choose C.S. as close as possible to
(paper width) x (0.L.)" x freq/D2 x expected da/dN.
Adjust load voltage scale to start at approximately full scale.
Start test.

. 1 .

At completion of test measure YO, Yla’ Ylb’ etc. (See Figures
6. and 7).

Reduce data.

Y Y Y

AP = Yla AP’ or AP = §li Y2a AP
" s 2 2 ik —2h @

Y Y Y

Y = Yla Y' or Y = ?—3 Ygi Y
- i © “ 1b  '2b

AR =D, AP_

U8 2 BBe un

dN YO freq

2'5



80 —T
8 70 A
™
£
a
60 —
50 T i T T T T T T T T
10 20 30 40 50 60 70 80 920 100
CEt
FIGURE 8 Stress Intensity Evaluation Constant
(s/w =8, w=.5t = .25 specimen)
== 32
£
w
o 31 —

30 44— \\

29 —

.28

20 30 40 50 60 70 80 90 100

CEt

FIGURE 9 Crack Growth Rate Constant
(s/w = 8) w=.5, t=.25 specimen)

26



C) Test Equipment Used

For initial studies during Phase I an MTS servo controlled
electro-hydraulic test machine under stroke control was used.
However, all the '"quality control" testing during Phase II

and much of the Phase I testing was cenducted using a simple

offset cam displacement control test machine. This test machine
was initially designed and used for other purposes at Del West,
simple minor modifications made it acceptable for use in this Pro-
gram. These modifications included the addition of a load cell and
minor changes in the loading frame. A photograph of the load frame
portion of the test system is shown in Figure 10. The displacement
amplitude was adjusted by rotation of an offset cam which in

turn drives the front vertical linkage shown in Figure 10. Dis-
placement mean is set by adjusting the length of the vertical
linkage arm. The output signal from the load cell alternates with
the frequency of loading which was 24 Hz for most of this Program.
This is too high a frequency to run directly to the strip chart
recorder. Therefore, this alternating load signal was conditioned
by an analog circuit to produce a constant d.c. voltage proportional
to the load voltage peak. This signal is fed into the 11 inch
strip chart recorder. The strip chart recorder is run at a con-
stant chart speed (C.S.). In an alternate operating mode we drove

the chart paper by using a signal from the load cell. In that
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FIGURE 10
Offset Cam Displacement Control System
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mode the chart paper advanced a specific distance each time
the load was cycled; thus the chart speed would always be
proportional to frequency. This mode was abandoned when we
were beset by electronics problems, however, it is probably

a desirable testing procedure to be used in the future. When

this latter mode is used the data reduction equation is

da Dl(ADV) tan 6

da _ (12)
dN T,

where ADV is the distance the chart paper advances with each

cycle.
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SECTION III
CORRELATION OF FATIGUE CRACK GROWTH
RATES AS DETERMINED BY CONSTANT LOAD
AMPLITUDE AND G-RATE TESTS

The constant load amplitude fatigue crack growth rate test
employing a compact tension sample geometry has become the
standard engineering test employed by the aerospace community
for material evaluation and design data generation. In order
to verify that our newly developed constant AK test provides
as reliable a measure of fatigue crack growth rate as does
its conventional constant amplitude counterpart, we formulated
and conducted a comprehensive fatigue crack growth rate test
program. The test program employed five heats of metal from
each of the following alloy systems:
(1) Aluminum

Heats A; B, and €3 7075=T651 Plate (3 heats)

Heat D; 7475-T7651 Plate (1 heat)

Heat E; 7475-T7351 Plate (1 heat)

(2) Titanium

Heats F, G, H, J, and K; 6Al1-4V Ti (5 heats)

(3) Steel

Heats L, M, N, O, and P; Ph 13-8Mo (5 heats)
The logic governing the specific alloy selections employed here
and a detailed metallurgical cdescription of each of the selected

materials heat lots can be found in Appendix B.
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A test program sample matrix for the aluminum alloys is given in
Table I1. Similar test sample matrices for the titanium and steel
alloy heats tested here are given in Tables III and IV respectively.
All tests conducted under the condition of constant load amplitude
during this Program employed a compact tension specimen geometry

(B =1/4", W = 5"). All of these constant load amplitude tests

were conducted and the data reduced in accord with the recommenda-
tions for such tests as found in Reference 2. During this evalua-
tion Phase (Phase II) the constant AK or G-Rate Test universally
employed the 1/4" thick bend bar geometry shown in Figure 1.

TABLE IT
ALUMINUM ALLOY TEST PROGRAM
SAMPLE MATRIX
(R = 0.1, v = 24 cps)

Material Alloy Heat Test Test Type Chemical No. of Samples
Designation Orienta- Environment
tion
(per ASTM E-399)
7075-T651 A LT Constant Load lab air 2
Amplitude
7075-T651 B LT u 1 lab air 2
7075-T651 C LT " & lab air 2
7075-T651 A Tl & L 3.5%4NaCcl in HZO 2
7075-T7651 D LT o 1 lab air 2
7075-T7351 E LT " 1 lab air 2
7075-T651 A LT Cons't AK lab air 12
7075-T651 B LT W u lab ‘air 21
7075-T651 D LT u 1 lab air 4
7475-T7351 E LT y o lab air 14
7075-T651 A TL LA L 3.5%NaCl in H20 13

2. Hudak, S. J., R. J. Bucci, " Development of Standard Methods of Testing
and Analyzing Fatigue Crack Growth Rate Data,'" Air Force Materials
Laboratory Contract F33615-75-C-5064.
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TABLE TIITI

TI ALLOY TEST PROGRAM

SAMPLE MATRIX
(R = 0.1, v = 24 cps, LT Orientation, lab air)

Material Alloy Heat Test Type No. of Samples
Designation Tested
6A1-4V Ti F Constant Load Amplitude 2
6A1-4V Ti G Constant Load Amplitude 2
6A1-4V Ti H Constant Load Amplitude 2
6A1-4V Ti J Constant Load Amplitude 2
6A1-4V Ti K Constant Load Amplitude 2
6A1-4V Ti F Constant AK 10
6A1-4V Ti H Constant AK 13
6A1-4V Ti J Constant AK 11
TABLE 1V

STEEL ALLOY TEST PROGRAM
SAMPLE MATRIX

(B = 0.1: » = 2% epsj LT Orientation; lab air)

Material Alloy Heat Test Type No. of Samples
Designation Tested
Ph 13-8Mo L Constant Load Amplitude 2
Ph 13-8Mo M Constant Load Amplitude 2
Ph 13-8Mo N Constant Load Amplitude 2
Ph 13-8Mo 0 Constant Load Amplitude 2
Ph 13-8Mo P Constant Load Amplitude 2
Ph 13-8Mo L Constant AK 13
Ph 13-8Mo M Constant AK 13
Ph 13-8Mo P Constant AK 13
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Turning to the aluminum portion of the Program, one notes

both constant load amplitude and G-Rate Tests were conducted

on four of the five heats. Additionally, in the case of Heat A,
both test types were also employed to generate similar fatigue
crack growth rate information in a highly saline chemical environ-
ment. The results of the aluminum alloy tests conducted in accord
with Table II are presented graphically in Figures 11 through 16.
Additionally, Tables V and VI enumerate the specific aluminum con-
stant AK results obtained during this effort. As one can note in
examining Tables V and VI several constant AK results are labelled
as improper test or data. The reasons for this labelling derive
from irregularities noted in the load drop:cycle records obtained
during the course of running these specific tests. A large major-
ity, if not all, of these test record irregularities are traceable
to mechanical difficulties with the test apparatus*. Whenever the
notation "improper test or data'" appears in the Tables, the result

quoted there is not presented graphically in Figures 11 - 16.

Examination of the constant load amplitude (labelled Heat No. -CT-1
or 2) and constant AK (labelled G-Rate Test) test data shown in
Figures 11-16 demonstrate that the two test methods provide identical
4

results over the da/dN range from 2 x 10._7 inches/cycle to 1 x 10

inches/cycle in both lab air and 3.5% NaCl in HZO'

*Chronologically, the G-Rate Test portion of the aluminum test
matrix (Table II) was run in large part prior to its titanium and
steel counterparts. As such, one could say that we learned about
the vagaries of our experimental test set up during the running of
these samples and thus account for the high sample attrition rate
(v20%Z of the total tested population) experienced here.
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TABLE V
7075/7475 CONS'T AK DATA

Environment: Lab Air; R Factor = 0.1

LT Orientation

Sample No.x da/dN AK Remarks
xLL Ksivin.

inches/cycle

Heat A*
4-A-30 4.72 T3
4-A-31 2.46 6571
4-A-33 2+78 625
4-A-34 Tsgl Ll 8l 7
4-A-36 11535210 1200
4-A-36 3151 1557
4-A-20 150, 23.583
4-A-11 257 1651
4-A-10 134 1281
4-A-12 1346 11576
4-A-14 10,0 1552 Improper Data
4-A-27 4.66 8,77 Improper Data
Heat B*

4-B-44 3.47 6.04
4-B-43 7 I8 8.39
4-B-41 1.36:5 12.5
4-B-42 34.0 177
4-B-40 293 153
4-B-12 2546 16.6
4-B-14 32510 16.4
4-B-13 23.8 16.5
4-B-15 29.8 16.3
4-B-16 33:1 L6 7
4-B-37 11:0 IT w2
4-B-26 130 11.8

*For a metallurgical definition of the various aluminum heats employed
here, see Tables B-I and B-II.
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TABLE V

(Cont)

Sample No da/dN AK Remarks

x10 © Ksivin.

Inches/Cycle

4-B-18 13.0 1148
4-B-17 [ 12:1
4-B-36 4.41 767
4-B-24 10.5 1'+93 Improper Test
4-B-31 25+2 8.02 Improper Test
4-B-39 2,40 6.58
4-B-38 2 .86 6.62 Improper Test
4-B-32 162 607 Improper Test
4-B-33 383 7.04 Improper Test
Heat E
4-E-34 1945 161
4-E-33 2250 16.3
4-E-32 22.0 16.4
4-E-10 103 119
4-E-37 953 1252
4-E-31B 2.66 8.3
4-E-21 10.5 1242
4-E-30 Tt 17
4-E-31A 073 6.4
4L-E-38 246 8i 2
4-E-35 3.1 8.4 Improper Test
4-E-20 12.0 ) O [69Re Improper Test
4L-E-36 T+ 32 63 Improper Test
4-E-39 2:0 6 1l Improper Test
Heat D
4-D-1 0.2 5.2
4-D-2 L+3 6.8
4-D-3 3.6 7.9
h<n=1 3.2 8.1
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TABLE VI
7075 - T651 PLATE A CONS'T AK DATA

Environment - 3.57% NaCl in H90, R Factor = 0.1

Test Frequency - 24 cps; TL Orientation

Sample No. _ga/dN AK Remarks
(x 10 inches/cy (Ksivin)

4-A-TL-12 120 8.30

4-A-TL-13 39 5+70

4-A-TL-10 4.3 6.10

4-A-TL-11 455 6.07

4-A-TL-8 12.5 7+80

4-A-TL-7 120 7.90

4-A-TL-6 310 12.2

4-A-TL-4 32,0 112,70

4-A-TL-2 27:0 122

4-A-TL-3 64.0 1549

4-A-TL-1 72.0 15.8

4-A-TL-5 60.5 16.2

4-A-TL-9 - - Improper Test
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Comparisons of the two test methods abilities' to measure

lab air fatigue crack growth rates in 6A1-4V Ti and Ph 13-8Mo
steel are shown graphically in Figures 17-26. Here again, we

have additionally tabulated our constant AK results in Tables VII
and VIII for titanium and steel respectively*. As one can note in
Figures 17 through 26 both test techniques once again provide
identical results. Thus, one can conclude that the constant AK
test method providesa quantitative measure of da/dN at any AK

with the same accuracy and precision as can be gained employing

the conventional constant load amplitude approach.

Let us now consider an occasion during the above test Program where
the G-Rate Test technique was employed to distinguish one heat
of 6A1-4V Ti from another in a situation where either the metal's
producer or Del West receiving inspection exchanged the marking
designation on a pair of forged plates. Crucible Materials Re-
search Center shipped each of the Ti heats as a series of small
plate segments. This multiplicity of plate segments/heat and
their complex plate/heat numbering system permitted one of us to
interchange one each of the J and K Heat plates. This interchange
was first suspected when the constant load amplitude da/dN data
for pairs of CT samples taken from Heats "J" and "K" turmned out

to be identical. In Appendix B, one notes that Heat J was processed

o,

*The sample attrition 4 in Tables VII and VIII is only 47 reflecting
our growing familiarity with our experimental apparatus. Recent
measurements of aluminum alloy fatigue crack growth rates for NASA-
AMES (NAS 2-9672) show less than 1% attrition due to equipment
malfunctions.
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Sample No.

TABLE VII

6A1-4V TI CONS'T AK DATA

Environment: Lab Air;

R Factor = il

Heat F*
4-F-9
4-F-8
4-F-12
4-F-10
4-F-13
4-F-14
4-F-1
4-F-5
4-F-11
4-F-6

Heat H*
4-H-3
4L-H-6
4-H-5
4-H-1
4-H-2
4-H-9
4-H-4
4-H-7
4-H-8
4-H-11
4-H-13
4-H-12
4-H-14

LT Orientation

54

da/dN AK Remarks
<10 Ra VIR, —
inches/cycle
52 162
14 24.15
shl 32415
/A 159
16 2540
1543 24.15
30 31. 74
32 31.6
5 15.%
3.15 13545
42,7 301,
40.4 31,05
46 32.0
18.7 247
167 24.5
16.4 23.8
45 T30
6.0 13.4
4.6 15ve 3
1.2 102
1.08 8.8 Improper Test
<53 9.7
4.1 1358



Sample No.

Heat J*
4-J-1
4-J-3
4-J-5
4-J3-2
4-J-6
4-J-4
4-J3-7
4-J-11
4-3-13
4-J-14
4-J-15

*For Metallurgical Definition of Heats F, H

B-III and B-IV

See Table

36
37
33
18.
17
17

S H N W
. . . .

da/dN

x10~
inches/cycle

6

O 00 © 00 O VW N N = N

TABLE VIT
(Cont)

99

BK
Ksivin.

3l

0

30.8

325
2.5%
24.
25%
LT
17
.86

08

25
55

13.8

14.

0

2

Remarks

Improper Test

Improper Test



TABLE VIII

PH 13-8 MO STEEL CONS'T AK DATA

Environment: Lab Air; R Factor =

LT Orientation

Sample No. da/dN

inches/cycle

Heat P*

4L-P-5 2,75x10™°
4-P-6 2, 89%16™°
4-P-7 5. 02100
4-P-2 b 7310°°

d=Pai 5.03x10°
4-P-4 5.00x10°
4L-P-8 R 1
4-P-11 1.20%107°
4-P-12 1,08x10 "
4-P-1 L
4=-P-9 4.94x107°
4-P-10 LT
Heat M*

4-M-7 2,84%10°
4-M-14 3, 57x10""
4-M-4 5« 3Tx10"0
4-M-5 k. T2R10
4-M-13 4605108
4-M-3 8.33x10 0
4-M-8 3 % 10

4-M-2 1. 99
Gl 1,88l
4-M-10 1.02x10"°
4-M-1 7. BB
4-M-11 P SO
4-M-12 T

AK
(Ksivin)

1741

7.3

16.8%*%*
21
21
23
34.
33.
325
61.
64.
65

=

©O N O 0 W W +H M=

16«
167
22
21
21
26.
354
34.
33.
33
65
68.
67 s

o U1 L1 &Y O Y W NN H N W



TABLE VIII

(Cont)
Sample No. da/dN AK
inches/cycle (Ksiv/in)

Heat L*

4-L-12 3. 1410~ 1¥.5
4-L-13 3 g0 o 170
4-L-14 %, 27%10 2 16.7
4-L-2 3.82x10° 22.3
4-1L-10 T ) 21.8
4-L-11 4.5 wio ® 21.0
4-L-3 L0510 32.4
Bt 1,07%10™°> 32.2
4-L-9 1 00RI0"" 31.6
T b, 79%10° 63.7
4-1-7 TN 61.7
4-1-8 B ABRLD > 68.8
4-L-5 6. 04z10~° 26.0

*For Metallurgical Definitions of Heats P, M, and L

See Tables B-V and B-VI.

*%* Improper Test
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by beta annealing in order that it exhibit a large prior beta
grain size acicular microstructure wheras Heat K was strictly

a + B processed and mill annealed to exhibit an equiaxed micro-
tructure. Moreover, it is now generally accepted that lab air
da/dN rates at low AK and low stress ratio will be significantly
lower in materials processed as was Heat J than they would be in
metal processed in the manner of Heat K (Ref. 3 & 4). Inspection
of the fracture surfaces and microstructure of the compact tension
samples labelled Heats J and K provided additional evidence that
all four CT samples were from the only beta annealed heat of the
five Ti heats employed here. Thus we never did measure the
fatigue crack growth rate resistance of Heat K under constant load

amplitude conditions.

The Crucible Material Research numbering system was such that there
was only one of the Heat J plates that could have actually been K
material and mismarked. To check on the true identification of this
possibly discrepantly marked plate, a constant AK test (R = 0.1,

LT, v = 24 cps, lab air) was run with the sample marked as 4-"J"-12.
Our G-Rate Test result here was da/dN = 1.3 x 10_6 inches/cycle at
AK = 9.25 Ksiv/in. By contrast, Heat J did not exhibit this crack
growth rate until a AK of 15.0 Ksiy/in. was attained employing either

test technique. The fracture face of 4-"J"-12 was so finely faceted

3. Harrigan, M., M. Kaplan and A. W. Sommer, "Fracture Prevention
and Control Symposium," D. Hoeppner, Editor, ASM, Metals Park,
Ohio, 1974

4. Yoder, G. R., L. A. Cooley and T.W. Crooker; "A Transition to
Enhanced Fatigue Crack Propagation Resistance in a PR-annealed Ti
6A1-4V Alloy of Commercial Purity," Boston, Mass; Aug, 1976.
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so as to preclude this sample's having been beta annealed.
Thus, the G-Rate Test method can be employed to separate
rapidly cracking heats from those whose crack growth rate is

significantly lower at a common AK.

59



SECTION IV
OTHER APPLICATIONS OF THE
G-RATE TEST

The test sample configuration and procedure developed for
fatigue crack propogation quality control purposes also offers
advantages for a number of other applications (with appropriate
minor modifications). Its attributes include:

* The test provides a quantitative measure of crack
growth rate at any stress intensity level.

* The test sample is simple, small and inexpensive.

* The test need not be attended.

* A permanent test record is available.

* The stress intensity and crack growth rate determinations
are independent. (Neither depend on a crack length
measurement) .

* The test is simple to run and the resultant data is easily
reduced.

* The test results are highly reproducible.

A number of additional uses have been considered by Del West

and some experimentation has been done. In the following
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paragraphs we will discuss these applications and cite ex-

perimental results where available.

Stress Corrosion Cracking

The most common fracture mechanics test for stress corrosion
cracking is some form of the KIscc test. Rate data are sometimes
developed, but the difficulty of observing the crack, the need

to monitor the crack for long periods of time and the incon-
sistency of much of the results have mitigated against the
generation of rate data. The G-Rate Test eliminates many

of the problems associated with stress corrosion cracking rate

determination and may prove to be a quite useful tool for examin-

ing this complex phenomenon as well.

The general test procedures would be to: precrack the specimen
to the constant K region, apply a constant static displacement
to the test system, and autographically monitor load versus time.
The slope of the load versus time record will yield the crack

growth rate.

D2(C.S.)
da/dt = —=———— tan 6 14375
Y,
K =D, P,
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Y, and P, are calculated in a manner similar to that for

the precracked fatigue crack growth test. If the crack growth
rate is transient, 6 will vary with time and we will not be
measuring the slope of a straight line. This causes some loss
in precision, but obviously even direct measurements of the
crack length would have the same problem. The abdility to
monitor the crack growth automatically, the fact that the av-
erage crack growth across the whole specimen (not simply the
surface) is measured and, of course, the fact that K is constant
make the measurement of the crack growth rate, whether constant

or transient reasonably convenient and meaningful.

As an example of the utility of the G-Rate Test for stress
corrosion cracking, we have conducted a series of tests on

A/F 1410 steel. The material used for this brief study was
supplied by Rockwell International B-1 Division and is described
in Table IX. The test program has provided crack growth rate
data as a function of stress intensity level and time for A/F

1410 in 3.5% NaCl solution.

The stress corrosion cracking test procedure followed is listed
below:

1. Choose a particular stress intensity K for each specimen.

2. Precrack the specimen in 3.5% NaCl at Kmax = K, stress
ratio = .1.
3. Apply and maintain the appropriate static displacement
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TABLE IX

MATERIAL DESCRIPTION OF A/F 1410

Product - 2" thick rolled plate
Producer - Universal Cyclops Corp.
Heat No. - 1 3550K20

Heat Treat Condition
(1) Austenitize 1650°F/1 hr. + W. Q.
(2) Austenitize 1500°F/1 hr. + W. Q.

(3) Age 950°F/5 hrs/a.c.
Oyield ultimate R/A E KIC
(Ksi) (Ksi) % 7% Ty
Long 228 248 70 16 1831 «3 = L4 8
Transverse 228 248 70 16 131 .4 = 141.9
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to cause the stress intensity K to be applied to the

specimen.
4. Monitor (i.e., permanently record) load versus time.
5. Break the specimen and observe the fracture faces.
6. Measure the crack length change (Aa) and check that the

load implied total Aa is the same.
7. Reduce the load versus time data to crack length and

crack growth rate versus time.
Since dP/da is a constant, the resultant load versus time plot
is, except for a scale factor and an inversion, a plot of crack
length versus time at constant K. This is shown schematically
in Figure 27. Since test times and chart paper used were extensive,
actual data outputs of load versus time are not presented here.
Instead in Figure 28, we have presented a plot of indicated change
in crack length versus time for results of tests at 4 intensity
levels. This, as shown in Figure 27, is equivalent to an inverted,
compressed version of the actual load versus time plots. In
Figures 29 and 30 we have shown the crack growth rate as a

function of total crack growth and time since growth began.
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Load Voltage

Constant Rate Transient Behavior, Increasing Rate
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FIGURE 27

Equivilance Of Load Versus Time And Crack Length Versus Time
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The Table inserted in Figure 28 shows the values of the inter-
section of each curve with the abscissa. A number of interesting
observations can be made from the AF 1410 steel data displayed
in these Figures.
a) The incubation time (i.e., the time it takes for growth
to begin after the static load application) increases
with increasing K.
b) In all cases tested (i.e., K from 30 to 75) the crack
growth jumps discontinuously from 0O to a high rate and
then decreases.
c¢) For K from 45 to 75 the crack growth rate does not con-
tinue to decrease unceasingly but stabilizes and appears
to reach a steady state.
d) The steady state crack growth rate for K from 45 to 75
is independent of K and approximately equal to 6 x 10—4
in/hr.

e) At a K of 30 the crack growth rate continues to decrease
with time. There is no indication of attaining a steady
state rate other than zero. The minimum crack growth rate
measured was 6 x 10_5 in/hr after 120 hours.

f) The total damage accumulated for each specimen after 20 to
70 hours was roughly equal for all K levels tested (30
to 75 Ksivin.)

g) The damage accumulated for time periods after 70 hours
would be the same for K from 45 to 75 but would be

negligible for a K of 30.

69




h) For time periods less than 20 hours, incubation times
play an important role and because of this an applied K
of 30 could cause significantly more damage accumulation

than a K of 75 in this time range.

In Figure 31 we have plotted the results of one additional ex-
periment, Here we have taken a specimen loaded at a K of 45 for
140 hours and suddenly increased the load to a K of 60. We note
that:

a) The incubation time is reduced compared to the original

K = 60 test.
b) Similarly the transient behavior is less pronounced.
c) The same steady state rate as in the original K = 60

test is reached.

The above description of a limited test program shows that the
G - Rate Test can be used effectively to extract a great deal of
information about the stress corrosion cracking process that

is not available from a conventional KIscc test.

Fatigue Crack Growth Rate Retardation Studies

The G-Rate Test, primarily because it is a constant K test,
may prove quite useful for retardation studies. The facts that
measurement of load reduction is more accurate than crack length
measurement and the average crack growth (not simply the surface

growth) is monitored, make the G-Rate Test attraective for
7.0
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Time (hours) Since Change In K

FIGURE 31
Stress Corrosion of AF1410 With Step Loading
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this purpose. As a simple example of the potential offered

by this approach, we present a result obtained with a 7000
series aluminum alloy in Figures 32 and 33. Figure 32 shows

the actual load versus cycle plot generated before and after

1.8 factor overload in 7475-T7351. Figure 33 is simply an
inversion and scaling of Figure 32 and is a plot of crack length
versus cycles. The constancy in K and the ease of the crack
length (via the load) measurement make crack details after the

overload readily apparent.

Low Frequency/Low Crack Growth Rate Studies

The inexpensive test machine used and the fact that the test may
be monitored autographically make the G-Rate Test ideal for
long time fatigue crack growth studies. For low frequency tests
it is not necessary to modify the cyclic load signal; the signal
can be fed directly into a strip chart recorder. Del West

has not conducted low frequency low rate studies using this
method but we have conducted low frequency (.2Hz) moderate

rate tests in Ti-6A1-4V in 3.5% NaCl. A typical test record

is shown in Figure 34. As can be seen the slope of the peak
load versus cycles plot has an extensive constant region which

is readily established.
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Investigation of Effects of Variables Other than AK

For the development of design data, that is da/dN versus AK, a
specimen in which the stress intensity varies with crack
length such as the compact specimen is appropriate. There,
with a single test (plus replications), wide ranges of rate
data can be developed. The only exception to this might be
low frequency/low crack growth rate data where it would be
cost effective to use the G-Rate Test at a number of stress
intensity levels to establish a crack growth rate curve. However,
for investigating variables other than stress intensity, the
G-Rate Test is more efficient than a test such as the compact
specimen test. Within the context of other programs we have
used the G-Rate Test to investigate the effects of stress
ratio, alloy chemistry, heat treatment, chemical environment,

temperature, and frequency.
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Statistical Variations in Crack Growth Rate

Although we have not attempted to develop any statistical
information on crack growth rate it appears to us that for the
first time a viable method of accomplishing this is available.
The G-Rate Test eliminates many of the difficulties of using
compact specimen data for statistical evaluation. Not the least
of these is cost. Although the compact specimen can be used to
generate a number of crack growth rate data points none of them
are independent. Thus each compact specimen test has to be con-
sidered a single test. Alternative schemes may be possible
(certain assumptions about dependence could be made) but in
general the use of only a single point in the compact specimen in
a statistical evaluation makes it prohibitively expensive to
generate sufficient data to be useful for statistical evaluations.
Additionally, the quantities measured in the compact specimen
test are crack lengths and a scheme for differentiation must be
established and accounted for in the statistical evaluation.
Also the specific values of stress intensity for which the crack
growth rate is established in one specimen will usually differ
from that in another specimen and therefore some interpreta-
tion scheme to compare crack growth rates at common stress in-
tensities would have to be used. Lastly we note that both the
crack growth rate and stress intensity evaluation depend on the

measurement of the crack length, thus errors in crack length
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determined simultaneously affect dependent and independent

variables (crack growth rate and stress intensity).

This coupling is not present in the G-Rate Test. A single

specific AK and R can be chosen and each specimen can be tested

at those input values. The crack growth rate is evaluated directly.
No differentiation and no interpolation is required. Errors

in the setting of AK and R are totally independent of the
measurement of the crack growth rate. Above and beyond these
advantages is, of course, the fact that the low cost of the

G-Rate Test allows sufficient data for useful statistical

information to be established economically.
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SECTION V
SUMMARY

The test developed is an inexpensive reliable fatigue

crack growth rate test that supplies the fatigue crack

growth rate at a specific stress intensity level. The

G-Rate Test has been shown to have potential as a quality
control test for fatigue crack propagation and to have many
other potential uses as well. It will not replace the com-
pact specimen test for developing design data but can certainly

be used to augment it.
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APPENDIX A

ANALYSIS OF A REMOTE DISPLACEMENT
CONTROLLED CONSTANT K SPECIMEN

Consider the configuration shown in Figure 1, where a three

point bend specimen with S/B = 8 is loaded by a controlled

remote displacement. By remote we mean that interspersed in
series with the test specimen is a compliant element. This
compliant element could be a helical spring or another bend

bar or the test system or any combination of these. 1In the
ensuing discussion the specimen displacements, loads, compliance,
etc. will be designated by the subscript 1. The physical
quantities associated with the "spring" will be designated by

the subscript 2. The controlling displacement A, and resulting

load, P, will not be subscripted.

Since the spring and specimen are in series

A = Al + A2 A-1
P = Pl = P2 A-2
Also
Al = CIP A-3
A2 = C2P A-4
where C1 and C2 are compliances and C1 is a function of "“a"
the crack depth. Combining these equations gives
= A—
P A/(C; + C)) 5
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For the S/W = 8 three point bend specimen

K = 12P/Wt VYma F(a/W) A-6
where*
F (a/W) = 1.107 =~ 1.552 (a/W) + 7.71 (a/w)>
= 13.55 (a/w® * 14.25 (am® A-7
This expression for F(a/W) is thought to be within .2% for

a/W £ .6.

The compliance Cl(a) can be generated using displacement
equations given by Tada (Ref. A-I). Tada notes that the dis-
placement relations for the S/b = 8 specimen are nearly the
average of the S/b = 4 specimen expressions and the pure
bending expressions. Using this and his expressions for the

pure bending specimen and the S/b = 4 specimen we have

= 96P/Et V(a/W)

1 erack
2 2
v(%) = % lf:ww) [11.51 - 39.26 (%) + 73.96 (%)
a 4 a &N
- 70.78 (W + 25.89 (ﬁ) A-8
where A is the additional displacement due to the

1 crack

presence of the crack.
For a three point bend specimen, simple beam theory gives the
displacement with no crack present as

= A-9
Al no crack 128P/Et

*Modified to correct typographical error in Ref. A-1

A-1 Tada, H. '"The Stress Analysis of Cracks Handbook,"
Del Research Corporation, 1973
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Thus

Oz{a) = L/Ee (128 + 96V (a/W)) A-10
and
B 1
P = AEt (C) + 975 7 9eviarw) ) Al

Equations A-6 and A-11 are the necessary relations to perform
load/displacement/stress intensity analysis of the configuration
of Figure 1. A series of numerical analysis were conducted

in which load/displacement/stress intensity parameters as a
function of crack length were evaluated for various values of
the normalized compliance C,Et. Results for four values of

2

C2Et are given in Tables A-I a, b, ¢, and d. Similar results

for a test specimen with S/W = 4 are presented in Table A-ITI.

Although the maximum stress intensity factor is not always

at a = .25, the second column which gives the ratio of K at

each "a" to the K at a = .25 presents a picture of the variation
in K occurring in the midrange of the three point bend specimen.
Table A-1Id (C2Et = .1) presents results for what is essentially

a direct displacement controlled test.
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ANALYSIS OF REMOTE DISPLACEMENT CONTROLLED

TA

BLE A-Ia

€ .000E-02
£.500F-C2
6.000F=~-C?
6.5C0FE-02
7.00CE-02
7.5C0E-02
P «0C0E-02
8+500E~02
G.000E-02
2.,500F=-02
1.0C0F-01
1.050F=01
1.100E-01
101506'01
1.200E-01
}J 250F=C1
1.30C0F=-01
1.350E-0%L
14400F =01
1.500F=-C1
L+550E=01
1.6C00E-G1
1.,650F-01
1.70GE-C1
i .750F‘C 1
1.800E-01
1.650F-01
1.900E-C1
1.950F-01
2.0C0E-01
Z050F-C)
«100E-01
«LFO0F-01
«200E-01
«250F-01
«3COE-Q1
«250F=01
«400E~-01
«450F=-01
«5C00F-01
«2EQF=0)
«600F=-01
o6 50F=N]}
e (QOE=0 L
«750E-C1L
2«800E-01
< «B5CF=0i1
2.9CCE~O1
2+950E=0)
ZNCOE-N1

NN AN N M) RN R RN

RN PN

THREE POINT BEND SPECIMEN

(S/w = 8,

K(a)
K(.25)

E«R3EE-0}
6.050E-C1
6424CF =01
6 e439F-(1
6 .61GE-C1
64792E-C1
6.958F-01
Tell1E=02
Te2TOE=-0Q)
Te418E-01
T e561F=(:1
7 e¢699FE-C1
TeR32E~-01
F«CREF-01
842CTE-01}
Be325E=01
R 436E-0Y
BS4EF=C1
B 6E4E-C1
B, TEEE-CL
R R5EE -0
£ 95CF-C1
G.042E-01
Ce13CF-01
Ge214F =01
9 29FE=C1
Qe3T2E=01]
Q-"‘*‘E-C)
Ge51E5E-C1
9 ,5E2F=01
CebllLE-0L
Qe TC3E-CX
QG THERF=01
9-?‘(‘°F—(‘1
9+856E-C1
Q,89FE-C}
9.937C-01
QS TIE=C]
1«COCE+OO
1002540 C
1.C04E+C0
1.004F+C0
1.0C7F+00
1.CC7E+CC
1 .007F 400
1.006F+00
1.0C4F+0GC
L.0C2C+00
G.983F=-01

W

=1/2,

K
EA

5e2RGE-02
Be S0 E=02
5700502
BeFROE=(2
6. 06TE-02
6+22TE-02
£d4COFE-0Z
& TR6E~0Z
&e TCEF-C2
6.8ECE-C2
L eGRIF=02
Te124F-02
TeE4E-C2
Te2BCE~C2
Te501E=02
Te6Y19F=02
TeT33E=02
TeRU4F-(2
Te951E-02
8o CSAE=C2
R,154F=C2
8.250E-02
Fe2d2FE=-(2
Let23FE-02
R.E819E-C2
B.602E-G2
ReTSEE=-C2
B8 31E=02
£,900CF=C2
Fe966FE-02
O, (28F=C2
001435—(2
GelG4LE=02
G 242F-02
9, 286E-02
Qe32TE=02
Ce263E~-02
Ce39RE=(2
Qb 22E=C2
Qe bbbE-C2
GebbaFE=-02
Gl TTE-C2
Cj.qpe E—GZ
GeGREE-C2
9« 4LESF=-02
Coe4TEF =02
G LEOE-C2
G 427F=C2
9,40 TE=C2
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F(t—'ZS)

3. PA9E4+0)
4 404 EF+0]
Le216F+01
4 43R2F4+01
4,544F4+01
4L ,TOQ4LE+C]
4L eB862F+C1
£«019E+01
S«1TSE+01]
Ee221E401
5«487F+01
Cebb4SF4+01
EeBCRAE+DY
L e963E4+0]
6e125E401
6e2FSF+0]
6.4E5E+01]
hebt24F4+0]
Gl TESO]
6E.CT73F4+01
T«152E301]
Te2220401
Te52TE401
TeT225+01
T «Q22F4+N)
Rel12PE+C1
BeR41F+01
f,561%+01
feTRGF+NY
0,025F+0C1
Ge27CE+C1
G .h2RE+C]
G, 7CCF+0C1]
1.0C7F+02
1.026F4+02
1.066F+02
1.097E+C2
14120E+02
1.165F+02
1.?201F+0?
1.239F+0?
1.279F+02
1.2215+402
Y365 FS Y2
leb11F+N2
1.460E+C2
] «5EESF+C2
16622F+02
Le6R2E4Q2
1. T45E402

K_
EA

1 e3267F=-03
1.260F=-02
1.352E-03
1e344F=02
1 e335F=-02
1.226F=-C3
1.216F-02
1.206F-03
1.294E-C2
1.285F~(C3
1.274E-(C3
1.2£2F-C3
1.250E=03
1.238F=C3
1.725E-C3
1.212F=-C3
1.198F=03
1.1R4F=-C2
1.170E-C3
1.1565F=0C3
1.140F-03
1.124E-C2
1.108E-C2
1.062c=013
1.,078E-02
1.088F=07%
1.041E-02
lon23F"03
1.0N5E=07
0,62F=-0¢
QeHT2E-C4
0,4T79F-C4
Q.282F=04
CeNR2F=C4
R RTOF =04
R AT2F=04
FebbLF-C4
Re252F=-C4
FCOQPE-C"‘
TeR22FE-C4
7.60%E'0‘0
Te2R85F=04
TeV65F=04
€ eQ43FE-04
6eT21E-04
£ JLARF=04
b2 T6F=C4
6or53p‘04
5.221F-04
EeA10E-C4
5 e390E=04
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TABLE A-Ib

a

5000F-02
5 +800E=-GC2
6.000E=02
6.500F=-02
T0C0E-C2
T.E00E-02
8 ,000E-02
8 SCO0F-02
°.C00E-02
9+5C0E-C2
1.000E=01
1.C50F=01
1.100{“01
1.i50F-01
1.200E-C1
1.250E-01
1.3C00F-C1
1.250E-01
1.4005=-01
1.450F=01
1.500E=-01
L.550E-01
1.600F=-01
1.65CE=C}
1+700E-01
Le75CE-O1
1.ROOF=01
1,85CE=C1
1+900E=C1
1.950E-C1
<«(00F=01
2.050E-01
2¢Y00F-C
Z2+150E-C1l
Z42005-01
2+250E=G1
Z2+300E=0]
2.35CE-QL
72 e400E-C1
2e4S0E-01
2+500E=C1
ceiB0E=0%
2.6C0E=-G1
2.650E-01
2.70CE-C1
Ze TE0E=C}
< «800FE-C1
Z.8%0F=C1
7«QCCF =01
2« 95CF=01
BOOCOF-O:

THREE POINT BEND SPECIMEN

(s/w = 8,

K(a)
K(:25)
helC2F-01
6¢34CE-CL
66562E-01
6,771F-01
€ 96TF=-01
70153E‘01
Te330F=-0C1
T LCEE=D]
T658E-01
7.811E-Cl
Te9570=01
FGOCTE=C]
8,221E=-C]
e35GF-C1
R,481E~-01
B,ROCFE~C1
R,711FE-C1
84R1IRE-(C]
RB,92CF=-C1
QQOIFE-C]
G I98F -}
9.281FE=01
0,36C5=0]
Qe u34F =01
Q+5C3F-C1)
G.56FF-01
9e62G6F=-N1
G e6RL4E~(]
GeT2HE~-0)
S« TR3E =N}
G R2FF =]
9.363E“Cl
Q,RGHE-C1
Ge925E~01
Q,040F=~C}
Q,9¢€9F =01
QORLE-C}
9.,994F =01
G ,999F~(1
T1CCCE+CC
Q,9GEEF=-0)
9.98LF-C}
Q,971F-01
Q0.951F=01
Ge925E~-01}
G «B92E~C1
O REEF=( )
9.81CF=-01
Q.7ECE=-C]
GeTOCE-=(F

Ww=1/2,

K
EA
t.327ﬁ’02
Ee5TLE-C2
EeE0LE-C2
T02CE=C2
Te224F-02
Te417E-02
Te600E=-02
TTT4E-C2
TC4CE =02
POCQQF-CZ
B4250E-02
B+ 295E=02
0 4224E-02
EebLTE-02
0, TG4F-C2
F.Q)bf-(Z
9.,032E-C2
Geld3F-(C2
Qe 24CFE=(C2
G 2RQE=02
Q.4465—02
e ATE=0C2
Ge622E-C2
Q'7CCE-62
G.7P2E-C2
C RELE-(2
9e9521E~C2
G.9P4FE=(2
e CC4F-0C1
}o((oﬁ’ol
1eCl4FE=(1
1.C19E=01
1.C23E~-G1
1.026E-CGl
1.029E=C1
1. 022F-01
toﬁBAF“CI
10C35E-CI
1.026E-01
1.037F =01
i«02T7E-C]
Lo C2LE -0}
T N2B5E=0]
1.034E-01
1.032E-C1
1+029E=01
1.026%=C1
1.022F-C1
01 7E=C}
Le CX2F=C1
1.CCOE-C1
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3,869F+01 1.635E=-02
4eCLEE+O] 1.A25F=-03
4 e216F+01 1e614E-C2
43F2F+01 1.602F-0C3
Lo544F4+0] 1.590E-03
L TOLE+C] 1.577F-03
40962F*01 1.563E“03
§.C19F+01 1.549F=03
E«175E+0} 1.534F=-03
5¢321F+01 1.519€-03
5¢487F+01 1.504F-03
FebbLEF+01 1.487E-03
£ «BO02F+01 1.471E-03
S e963F+Nn] 1.452F=C3
661255401 1.436E-03
&e229E+0} 1.418E-03
6 .455F+0] 1.,399F=013
EJ624E401 1.280F=C?2
6.797F¢01 1.361E-03
€6 .9T3E+0] 1.341F-03
Te153E4+01 1.320E-C3
7.339F+01 1.?COF-C3
Te52TF201 1.279E=-02
Tel22F20] 1.257€E-03
Te¢922E401] 1.235F-0N2
R,12RF+01 1.212F=-03
Ee3410401 1.189F=-C2
F4S61E+C1Y 1.166F-C3
R4 7TRAE+C) 1.142E-02
quZSF*Ol lc119F°0?
Cq2TCE+(01 1.0945-03
GeS25E+0] 1.070FE=-03
Q9.790F+01 1.045E-03
1.007E+02 1.01°F=-03
1.036F+02 9.937E-04
1e0FCEF+02 G.6ROF-04
1.C97E+02 0.42CE-04
1.,13CE+02 Q,159E=~04
l.leF‘O? Q0996E-04
1.201F+02 Re633F-04
1.21°F+02 9.16?F—ﬂ4
’.270:{02 “.IOBF—Ok
1.3215+02 7.R36E-04
1365F+02 TeSTLE=C4
1e411E+02 T210E=-04
1.460CFE+02 TeN4LBF=04
1.511F+0C2 6.78TE-C4
1.FECF+02 E527TF=04
Y6228 402 6.2T70E=04
1.,AR2F402  AN15F=04
1.745F402 5e¢7T63E-C4
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£« COCE=G2
Ee500E=02
6 e500F=02
7.0CCE-G2
T«500F=02
F.QOCF=-C?2
E«D0QE=02
C.00CF=-02
G.5C0E=-02
1.0008-01
1.650F-C1
1} IC0E=-C1
115060}
1.200F-C1
1.250E=-01
1 «300FE-N}
135CF=01
1.400E-01
1e450E-C1
1.500F-01
1 «550E-01
1.6C0F=01
1e650E-C1
3 «7T00CF-C1
1.750E=01
1.800F-01}
AQFSOF-OX
1+90CCGE-01
1¢950F=01
«NCOE-C]
?«05C0F-01
2020CE-01
2¢]150F=01
Z4200F=-N)
24250E-01
Z2+300E=-01
2e250FE-C1
2.4CCF=01
2.45CF-01
¢«S00E-C1
?«55CE-C1
2.6COF-C1
z «650F=01
247T00F-C)
e (SO0F=-01
2.8CCF=C1
24850F-01
«9CCE-GL
«95CE=-01
2.000F=C1

=X )

N ]

THREE POINT BEND SPECIMEN

(s/w = 8,

Ki(a)
Ki(«25)
€.311E-01
6e554E-01
6 TROE=C]
66992E~C1
7.191E-Cl
T7e3769E-01
15 STE=0]
7072(?-01
T «RBEE-CX
8.038F-01
B+l E3E-01
ReB32iF=0xi
R,LE2E-0]
E«5TBE=0]
B6GT7E-C1
ge8131E=C1
f,01RFE=C1
G402 E—C1
9 +210FE=C]
Q.296E~C}
Ce378e=01
G 454F =0}
QE26E-01
FeB92E=C]
9.653E-01
C.T10E=C]
QeT62E=C1
9«ROEE=C]
9.881E=C1?
98 6RE-C]
9e920% =01
G CLELR=C L
9.ST71E=01
Q,G0CFE=-(1
1.00CE+CC
1.001E+CO
TO0CZE+GC
1:,0C2FE+CC
I.OCZF*FC
1.C0CF+CC
9 «985F (1
Q,064F -1
G «939E=0(v]
S 9C T =G}
QRTYE=-C
9. R2ZOE =)
SeTECE=C}
Qe T 2EE=G)
Q664F-(1

G FCLE=)

W=1/2, C,Et = 10)

P

Eiwi L TCE=02
Te(G21E=(2
T 2T3=02
Te501E-02
TetiS5E~-C2
Te91EF=02
BeIOTE=(2
Be28FF=(2
Reutb(F=-(2
Be 623 =(2
F e TTRE=02
EeG92bE—-02
CaGETE=(2
Ge202FE=02
Ge23CE=-02
Q45 2E-02
QeFETF=C2
Ge6TTE=02
“.7“15—02
GLRBOE-(C2
CaCT73E~(2
Yo GCEF=C]
1.Clar =01
1eC22F=C1
Le C2GE-C1
1.G36%=01
1.("42E=C]
l1eCLTFE-C1
1.0C52E=C}
? 0(197r‘U]
1. C61F=-0)
e CE4T —=(]
Lo UETE-CL
1e0CTOF =01
1o UT72F=C1
l.07?F-Gl
} C74E-C1L
1.075E-01
Ve CT4E=(1]
} e CTLF=(C)
1eCT2E-01
16 CTYE=C]
leTECE=(1
Ve CELERE=(]
LeCE2E=-C)
Ve (EQ9FE=C1
Y (R4F=0(]
1 (4SF =01
leCl3E-C1}
1.0237F ()
Y 025 FE=0]
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P(t «25) i
2L,PEQF 0] 1.75CE=-02
4 04LEF4N] 1.738F=-C72
4,216+ 1.725€E=-03
4 ,3R2F 401 1.712F=03
L,S5L4F 401 1.69R8F=C2
L,TCLF 4] 1.6F2E=-C3
LePE2F+01 1e66T7F=C3
€.019F+01 1.£51E=-03
£ el 15F+01 1.635F=(2
Fe33]1F4N] 1.618F=02
E LPTF+01] 1.6C0F=03

Eeb&5F4+01
EePO2E4C1
5¢963F401
6125F4+01
€ .2RCGT 401
EJLEERLC]
beb24F4+0
6.797F+N]
£ ,QT72F+ 0]
T.152F401
Te238F4 0]
Te527E4+01
e T22E+0Y
TeSG22F+0]
Fel28F4+01
fe341E+01
K EEIES(]
FeTROE+C1
G Q25F+0]
0,27CE4+N]
9L E 25 4]
G,7¢CF+(C1
1.CC7R4C2
1.036F+02
1 eCEEESC?
1.,007F4+02
1al20Es0?
1. 16RF4+072
Lo YT HO2
10?10‘7402
162797+07?
1e32YC+02
16265 F+02
1e411F4002
1 4&CE4ND
1«511F402
1e565FE402
1le622E+402
1AR2F407
],745E402

1.:91F—F?
1s562F=03
10:4?5‘0?
1523F=032
1.503E-02
1.4R2F-C3
164€1E-02
].LBQF-OR
1.417E-C3
1.,204F=-02
1+271E=02
1.323E~-C3
1.209F=-03
1e274F-02
1.24GF=02
1223E=03
1.197F=0"
10,71E-C3
l.144F =023
1 117E=04
1.09CF=02
1s063E~C2
1+0356=03
1.007F=0%
Q,7ROF =04
9.507E-04
QL O25E=C4
P L,O0LYIE=C4
R, E58F=0¢4
Pe2TSE=04
PeNA2E=—(4
7.91)E-C4
7.521F=0¢
T7e252E-C4
6 QTEF-CH
he702E=04
(\.411‘:-04
6.1(“»2E-C"
€ ePOGF=-(4
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a

5eCCOF-02
F «SCOF=02
cNCOE-C2
EECOF=-G2
TCOCF =7
TeS5COF=C2
QUOCCF-OZ
C«ECGCE—~C2
CNO0F =02
CHC0E-02
i dGOCE=01
i-0505-01
1¢1COE=-0?
1.150F~C1
1e200E-01
A e28CE=-OY
1e300F =01
1.35CF=-"1
» el CCE-CY
L e&50F=-01
1 «S00E-01
1.550F=C1
1 «&COF=N
i 6BO0F ~( J
e TOCE=-CT
«75CF =01
«80CE =01
«8ECE-C1}
«PQ0F=-C1
G ECF=01
QCOF-C1
oCEGF=C1
«1COE=-N?
'« 150F~01
«200F=01
«28CE=-0OY}
«3CO0F =01
.3qOF‘(]
«4CCF =0}
45 0E-C1L
«2C0E=-01
FSCF=01
«&6GOE-02
«650F-01
« T00F =0
« T50F-01
«fCCE-D1
BECF-C1
"« QC0E=01]
? «9H0F=C1
50 CGCE-01
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THREE POINT BEND SPECIMEN

(S/w = 8,

K(a)
Ki(:25)
feSULRE=TY
64 TITE-0]
Te0285=01
Te243F~C1]
704‘?5’01
Teb35F=01
TeR14E-01)
TeQRZE=C)
P.l‘?F’n]
P 2CHE~C]
RG&437E=01
R, &2k =0}
FeTCIF=01
¥ o8 23F =0
249 3RE=C]
Q.047C-C ik
Fel50F=01
C,24¢er=01)
G2 AT~}
Qeb2ZE-C1
eH02ZE=0T
G ET6E=-1T
of 4TFE=C1
GeTOHRE=C}
t7ﬁFf-ﬂ]
% 0 R e |
QJREEE=01L
Ce90 7L~}
©C Q44—
GG TEE=TD]
LeOGCE 400
1.0CZE+CC
1.004E4(.C
1.("0‘;*0(‘
1 eCCAEEACC
1JO0CEE+(C
l1eNOEFE(C
1.0GEE40(
1eQC4E4r
1COZE+CC
1.0CGOF 400
Q,073F=0]
0,941E~C]
Q. GCLE-( ]
GeB6ZE-CT
GeR14F=(1
GSeT61IE-N]
OeTO2F=-01}
Geb29FE=C1
QBETE=01
Ge489E-C1

&

(g IIN

We=1/2, C,Et = o)

K K P

EA 5'(t +25) EA
T 2T4E=Q2 2 RECEHO] 1 .RROF=C2
Te55CE=02 4, 046F4+01 1. RELE=CT
TeFOTE=(Q2 Lo216F40T 1.252E-C3
Sy CLEE=(Q2 L42R2F401 1.R26F=02
fe?271E=C2 Lo5u4T 4] 1.220E-03
f,LF2F =012 4,704F4+01 1.P03F=-03
S ARCE=(2 4,862F4C1 1. 788F=02
S o REFE=(2Z S.C19F+01 1. 76TF=02
C g (LBE=(2 £el7E5F401 1.748E-03
CeZ13F=N2 £ ,331F4N1 1.728F=03
Ce37:F=C2 5 e4R7F40] 1.70RE=-03%
O,F2AE=(2 € JALRF+01 1.687F=03
9.5669-03 5.RO?F40] 10666F-03
CYefC1F=C2 5 GCLAFHC] 1 e544F=03
G G2GE =02 6£e125F4+01 1e621E-03

Ls GCEF-01
1eCGYT&F-C1
T« C2TE-01
LaC2TE=GY
1.047E-C1
}.(56;-0!
Yo (6LE-01
s CTLIE=C)
lcCTPE_Ll
Y9 CEEE=CY
1.0G1F=0}
1eC96F=-01
Je LCLE-C1
1.1C35=0)
1ot (FE=C]
¥ 11E=01
Led 12E=Cl
TeY18CE=C1
1.1 7E=G1
Je217L =01
lo}}RF’Ol
1e117FE =0
lol’?F‘(l
1.3156=01
l.ll?F-OI
1.111F-C1
1.10RE=G]
16 104E-C1
Ls 1COF-0)
1« CQ6E=-01
} o CQCF=(1
LeCRAF-(1]
1LeC78E-C1
1. C62F=(1
1.054FE-C1
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€ 289F4+C1
hedBEFL0]
E624LF4N]
CeTOTE+DY
£E49T723F4+0C1
Tl153FE+01
7 .23RF 401
Te527F4+01
TeT22E201
TeS22F4+01
PelZEE+CY
Ra2L1F4C1
ReERLIF+C]
£ ,TE9F+N]
GQZ2FF40]
G, 27CF+(1
CE25E401
Q. 79CF+01
1.007F4+02
1.036F4+02
1.064F4+C?2
1 0975402
1013FF+0?
1165F402
1.201F+02
!'239F+0?
1e279F+Nn?2
13210 +02
1265F4+02
lehllF‘O?
1 L4ECF4N2
1.511FE+02
Le565E402
1e622F4+02
1.6F2F+02
1e745F+02

1.59RF=(2
ltF?SE-C?
1.551E=03
1.526F=03
I.QOIF—O?
1.476E-03
1.45NF=03
1.423F-03
1.297F=C?3
1.269E-C2
1.342F-03
1.2R6F=-03
1 e257E=(3
1.22PF=C3
119GE-03
1.169F=-023
10”05‘0?
1.109E-02
1.NT79E-C2
1.0409F=C3
1.018E-03
OOE7QF-04
C,ET4E=-C4
G.2T0F=-04
ReGHES5FE-04
R 662F-04
ReRECE=04
B N60F=-C4
Te762E-04
Tl 6TF=(C4
Te174F =04
68R5F~-04
6 59GE~-04
6.317F=C4
£ JPLOE-04
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L CO0E=O2?
£ «500F=-02
6000E-02
64500F-02
7.000F-02
T+5CCF=02
R «0CCF-G2
£.500E~02
9 .CO00E=-N2
FS5O0F-G2
$1e000E-01
LeOSCE-CL
1100501
1.15CF-01
1.200E-01
1.250E-C1
1.300E-C1
1.35CE-01
1e4C0E-01
L.4E5CE-O}
«S500F=01
«550E-01
«6COE-C1
«6S0E-CL
o 1 DOE-D ],
«BCOE-01
«850E-01
«9C0F =01
«950F=-01
«000F=01
«0F0F-01
«100F-01
«150F=C1
«20CE-C1
«250F=-01
«300E-0)
«35CF=C1
«4SNE—Q1
«5CO0F-C1
«550F=01}
«5CO0F-01
«&S0F=C]
ZeTO0E=(1Y
2,75CE=C]
2.800F=-01
2.850E-01
£e9C0F-01
2.95NE=01
240CO0E=01
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THREE POINT BEND SPECIMEN

(S/w = 4,

K(a)
K(:25)
5¢913E-01
6.138E-C1}
£ e34T7E-C1
£ SLLE-CYL
6+T29FE =01
6 .CCSE=(]
TeCT2E=-01
T+232E=01
T«285F=01
Te531E=01]
Te&T2E=01L
T«B07E=-C1
Te937E=-01
£ 063E=01
Qe lB4E-0]
8,301E-C1
Eoe& 1LE=C]
8+5235=01
8 ,628E-01
R,729E-C)
B,RZTE-01
8,221F=-C1
G0Y1E=01
909 EE~=C)
9¢181E-C?
Q,2605=01
Qe336E-G1
G LOFPF—-(C 4
Qe4T77E-01
G.542F-0C1
9.603F-Ci
9e661E-C1L
9«715E-01
9.T65=C1
O.,RYI1E-C?
9.891E-01
9.925E=0]
9 9EBE~C}
G 9RCE~-C1)
1 000F +00
1.0025+0C0
1 .003FE+0C
1.0C2E4CO
1.0C2E+(0
1.CO0ZE+QC
IUCCLF*‘O('
9,992E~-01
Q,966E-C1
Fe932E=01
9+.890E~C}?

W

=1/2,

K _

EA
1e261E=C1
1e3089F=C1
1.254E-C1
1396E-C)
1«435E-01
1. 473F=C1
1«508E-0]
LeB42E~C]
1.575€=01
1.6065-01
1e636E-C1
Le bESE-CL
1693E-C1
1.72CE-01
le746E-C1
L+ 7T7TXE~=C1
Le195E~QY
1.2)8E=C]
ieR4CE-01
}903E-C1
1¢922E-C1
leQ4CE-CL
1e950E-C1
1.975E-01
1,991E-0C1
2.007E-CL
2.021E-01
2+035E=0)
200T2E-C1
2s0R3AE-0G1
Z2+CO3E~01
23020
2 110E=01
2e¢1I1TE-0)
26 123E-01
2.X29E=C1
2+133E-01
?.1367-'—(‘1
2+ 128E=01
2¢ X4CE-C1
Ze«12GE-C1
2« 138FE=01
:’o ::SF'C}
24123)E-01
~,012()E‘(1'1
2e¢11E8F=C1
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C,Et

= 20)

%(t=.25)

I.8755+401
1.950F+01
2.C30F+0]
2.1]7':0-01
2.196"_‘4‘01

e 269F4+01
2 «R4L2E401
2e417F+0]
2e491F+01
2e565F+01
2¢6209F4+01
2e714F4+01
27895401
2.86FF+0}
24042F 401
2,020F+01
3¢1R1F+(C1
2,264F+01
2 249E+0]
3,426F4+01
A:526E+01
2,616E401
3,710FE4+01
Z e 8NTF4+(]
3,9C8F+N7
4,011F+01
4e11RE+C]
L2295+ 01
443458401
4 L4ES5F+N]
4 4,EQCF+01
4oT2CFE4+01
4 JEBREF+0Y
4,5Q7F 4N
Sell4éF401
5¢201FE+01
F QI’EBCQ-(\]
EeE24F4+(0]
S.R12F+N]
6 +001F5+01
612PF40]
€ JLOAF+0T
Leb24F4+01
6. EEL0]
T OQ9EELN]
Te250E+01
T «61RE+0C1
7 «90CE+0]
2.,197F+01
2a511-407)

K

EA
6e725E-C3
be6RLF-03
6E.640F=03
6059?F-0?
6e543E-02
6,491F~-C3
£ 43TE=-03
6e3R1F=-03
6.1?_75"(’
6.263F-03
642CNE=-02
e 126F=03
6.070E-02
6.,003F-03
5e2RA3E~03
5eRE625=03 _
S«789E=03
Se714F=03
FeA3RE=-03
EeEACF=-02
€ e480E-03
539RE~-03
S5e218E=03
5e230F=-03
5¢143E-C3
E«054F=C3
4,964E-02
4,R72F-03
4,7T79E-03
4, 6RGLE=C3
4,"R8E-C3
4 J4LOCF=02
5.’90!5-0’3
4,28CE=-013
4,1RT7E-02
4 ,NRLE=(2
2.980E-02
3,R75F-03
2,7696-03
3 662F=C2
1.554F=-C3
3, 44TF=03
2,22RE-C3
2,230F-C3
3.122E-0%3
2.013E-03
2.905E-C3
2 79RF=02
2eh91E-C2
2.5R4F-03
2eL4T9E-03



TABLE A-IIb

ANALYSIS OF REMOTE DISPLACEMENT CONTROLLED

FOCOE=02
C «5CCE=-02
€. 0C0F-02
EJSCOF=(2
7C00E=C2
Te500E-02
R.CCOE-C2
B 5CGO0FE=-02
G000F=-N2
QeS50CE-N2
LeOCOE=-0)
1.C50E-C1
1.100F=C}
1el15CF-C1
4e20CE-0]
1250E=01
1.2CCF=01
2¢350E-01
Le4COrF=0]
1e450F=C1
1.500F=-C1
1e550FE=01
Le6CCE~Q]
Ye65CF=01
1. 700F~-01
1eTSCE-C]
2 eBCCE-OL
T1J&E0E-01
1.900F-N1
ie950FE~01
< e(COE=0]
«050F=01
+1CCE=C
«IS0E-01
«ZCCE=0}
«250F=01
Ze3C0F=N1
?e350CE-01
2oL (COE=0]
2¢450F=-01
c«ECOF=-N1
2e¢550FE=-01
«&CCGE-CL
«650E=-01
«TCCE=NY
e 7TSQF=01
«BCCF=C1}
«35CE-01
«ICCF-01
«95NF=01
QOCOF-C1
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THREE POINT BEND SPECIMEN

(S/w = 4,

K(a)
K(.:25)

9 «125E="]
G.4Q5F-0;
Geb652E-G1
Q874E =01
1.CC7=+00
1.025E+0CC
1 040CF +CO
1 ¢054FE 400
1.066F+0C
1.077E+CC
LeCREF+CC
1.094E 400
1.101E+00
1e1CTE+CC
1e112FE+0C
10116E+OC
1.119E+C0C
1.121E+00
1.122F4C¢C
1.123F+GC
1.123F+00
1122F4C0O
Lel20E+0C
1.116E+CC
1:215E+00
JelllE+0C
LJl0TE4CC
1.102F+00
1.097F+00
1.09 E+CC
L.CREE4CO
1.078F +C0O
1.CT71F+CH
1e062E+0C0
LOESE4OC
1.04TE4+CO
1.038E+4¢06
1 eNZGFE+CC
10020F+C(
10YICF 400
1.CO00F+0C
G eE9T7E-C1
S+ TOAE-CL
G.682%-01
QG.B5T71F=-C1
Q4B56F=C1
G,3236F~-C1
CNOLF ="}
R,G66F-(C1
Re.835E-01

W 112, B BE = 1)
K_
EA
P TILE=01 1.,2758401
2.797E=C1 1.SSOF+01
2.&TLE=CY Ze0N20F4(]
2.937E=C1 2.117F401
2e906F=0] 2.194F+07
3.04TE=01  2,269F+M)
Je0GLE=CL  24242F+01
3.128E=-C1 2.417E401

3¢171E-C1
ol DAR=0Y
221 E=G1
«ZHEE=01
« 2T6F-01
s £938=0]}
«3C8E-0)
e319E-C1
o« 3AEE~01
«328E~C1
e 24CE=C1
«339FE~01}
e 336E~C]
«331E-01
OBZAF-OI
«215E=01
e30EE-C1
2G2E -0}
e 278E=01
36262E =01
2, 245E-01
5o 2 26E=C1
B.Z(bF-CI
3¢ 186E-}
e 362F=C1
s X 59E=0)
2e1l6E =01
30( 9;C—(1
o NEIE=GL
¢ N22E-CL
«COLE=(CTY
OTLF =]
204450}
2e9Lcb -0l
2eLTE-CY
2:813F-01
26 T7RE=C}
2eT4LE-GE
e TOEF=C1
ebETE=C]
Ze5R28E-C)
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K(t=.25 K
P( ) EA

2s491F+0Y
2.565F+01
2¢£2GQF401
2eTl14F 401
Ce lIRCF4CY
2ePES5F40Y
2eC42F+ 01
2,020%401
31005401
3.,181F+N]
2,2A4LE401
21,2497 40
3e436F401
24525F+0?
3.616F+01
3.710F4+01
3,8CT7F+0]
3, 90FC+01
4 eCYIE+C]
4LallPF401
4 4220F4+01
L4 o345 400
Lo LESEACT
L G45GCE+0]
Lo T20F4N
LoFRERE4QOY
Lo QG T7F4+01
Selbb6F4+07
Fe301F+01)
Se&h2F+01
Ceb24F+01
Sef12F+C1
6.CO01F+NY
€.19PE4+0C)
E et CEF4+0Y
beb24%401
bFEICH0Y
TeQQEE40T
Te2FCE+0]
TebIRE+CT
T CNNEL0Y
2.,1C7E4+01
feF11E+01

1.447F=C2
1.428F=-02
l.4CRF=-02
1.387€=-02
1e366F=-02
1,342E=0C2
1.320F=02
14297E-C2
1.273E=-C2

e J4SE=02
1e224F=02
1.20CE-C2
J.178E=02
1. 150FE=02
1.124F=-02
1.099E-02
lon7AF-O?
1.N4RE=Q2
1.023F=C2
9.273E-03
Q,719€~-C3
G LbEF-03
Ce212F-C1A
8 .959E-03
R,TCRPE=C3
R L5TE=073
Pe20RE=C3
7.q60E-0%
7.713F=03
T4 69E-02
Te226E-03
6.9FHE-03
6., T4LRE=-03
6.513F-03
6281F-02
6.051F-03
5 eR25E~C3
5.602E=-03
Se3R4F=C?2
5168F=C3
4,°087C=C3
4,750E-03
4,5475-03
4 ¢34RE-CZ
2,G84F=-073
3e779F-03
2 ,599E=-C>
3.424F-C2
2.253E=03
2,088F=02



The above described analysis can easily be used to determine
the constants D1 and D2 of Chapter II. Although our specimen
initially has a .05 deep notch and not a .05 crack, the cal-

culated compliance of the notched specimen using the crack

equations is thought to be quite accurate. The compliance of
an uncracked .5 inch deep, S/W = 8 beam is increased by less than
47 by the presence of a .05 inch crack. The additional com-

pliance due to opening the crack to a 60° included angle notch
would certainly be negligible. The constant Dl = K/PO, is
determined simply by reviewing the analysis tables; finding the

maximum value of K/EA; and dividing this value by P/EA at

a = .05 inches.

A plot of the result versus normalized spring compliance is
given in Figure A-1. The result is almost but not quite linear
in CzEt. In Figure A-1, we have provided two ordinate scales,

one for the test specimen used throughout most of this program

(S/W =8, W= .5 1in., t = .25 in.) and a non-dimensional scale
valid for all S/W = 8 specimens with a 60° notch extending to
10% of W.
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The constant D2 relating da/dN and dP/dN, i.e.

da/dN = D,/P_ dP/dN A-12
or

da = D2/Po dp A-13

is also easily evaluated from the above described load/dis-

placement/stress intensity analysis.

From equations 5 and 6 of the text we have

A= 2w = -02/2¢ k/2a A-14
where k is the overall specimen/spring stiffness. i.e
k = P/A

for a constant A we have
dP/da = Adk/da A-15
substituting this into A-14 and rearranging yields

(1/ED)

1
da =7 dP
2t (K/EA)2
multiplying and dividing by PO yields
B
da =§% L_QLEA% X % dPp d=ii
(K/EA) o
and therefore
P
D2 = Z—i O—/—EAZ A-17
(K/EAD)
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Therefore, D, is generated for each value of C

9 Et by

2
reviewing the numerical results noting the maximum value

of K/EA; setting PO/EAto P/EA for a = .05; and substituting

into A-17. The results are presented in Table A-III. The
constant D2 is independent of specimen thickness, but will vary
with the specimen width W. The non dimensional parameter

l/P0 d(a/W)/dP is also presented in Table A-III. This non dimen-
sional parameter is valid for all S/W = 8 specimens with 60°
notch extending to 107 of W. Note that D2 is constant over a

wide range of spring stiffnesses.

The compliance of the test system used was measured by the simple
expedient of setting a displacement on the control cam and
measuring the displacement amplitude without a specimen present
or the loading fixtures in contact (i.e., with zero load in the
system). The loading fixtures were then placed in contact and
the cyclic displacement applied. The maximum and minimum loads
were recorded and the compliance evaluated by dividing the
displacement range by the load range. The resulting measurements
gave an average value of 1.05 x 10_5 in/1lb. Using this value

the values of D, and D, to be used in this program were generated

1 2
using Figure A-1 and Table A-IIT and are shown in Table A-IV

9.2



TABLE A-ITI
CONSTANTS FOR EVALUATING CRACK GROWTH RATE

A

C,Et D, P, i!ﬁi
(W=.5) dF

o) .300 . 600
1050 « 302 .604
12.5 .304 . 608
20.0 . 304 .608
25.0 . 304 . 608
353 .304 . 608
50 .304 . 608

75 .300 .6

100 .298 .596
150 .282 .564
200 . 286 .572
250 .280 .560
300 .278 .556
350 274 548
400 278 544
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TABLE A-1IV

CONSTANTS USED IN TEST PROGRAM

Material Aluminum Titanium Steel
E 10.5x106 psi 17.0x106 psi 28.5x106 psi
C2Et 27 .6 44 .6 74.8
D1 65 68.5 74
D2 .304 . 304 .300
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APPENDIX B

PROGRAM MATERIAL SELECTION
PHILOSOPHY

The logic which governed our material choices derived

from a need to obtain relatively small quantities of aluminum,
titanium and steel alloys which span the extremes of specifi-
cation requirements in order to validate the sensitivity of

our newly developed fatigue crack growth quality control test.
Additional factors considered in making our choice included
extensiveness of alloy usage by the USAF on current and

planned air vehicle systems as well as the breadth of current
knowledge of the relationship between an alloy's fatigue crack
growth rate and its alloy chemistry and thermomechanical working
conditions. The latter involves a rather practical consideration
in that we wish to span the specification extremes of any given
alloy by purchasing small quantities from five distinct heats

of each of the chosen alloys.

Aluminum

The two most prominently employed airframe alloy types are the
2000 and 7000 series. Primary aluminum suppliers refuse to

sell their product if one attempts to specify an alloy chemistry
range tighter than the range that the Aluminum Industries Assoc-
iation has decided will be associated with a given alloy designa-

tion. For example, if one wishes to purchase 2219 Al with a
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restricted call out on copper, say 5.3%Z by wt. to 5.6%Z by

wt. in place of the normal 5.1%7 - 6.1% range designated by the
ATA, the various primary aluminum vendors will simply reject
your purchase order on the basis that they do not make that
modification of 2219 Al. In attempting to select a material
system for this Program which would allow one to interrogate
specification extremes with respect to their role in deter-
mining fatigue crack growth rate, one must take this problem
into account. One means of accomplishing our '"specification
extremes interrogation'" goal along with satisfying a desire

to study an extensively used material can be obtained by
selecting 7075/7475 as the alloy system of interest. Recogniz-
ing that all material purchased to the 7475 composition will
satisfy the QQ - 250/12 plate product specification chemistry
for 7075, one then has the opportunity here to study conventional
7075 along with a low silicon plus iron grade 7075, namely 7475.
Alternatively one could have chosen 2024/2048 as the combination
of interest since the latter composition provides us with a

low tramp element version of the 2024 alloy along with a re-
stricted copper range. The 7000 series pair was chosen on the
basis that 7475 is currently used more extensively and is more
easily obtained than 2048. The aluminum alloy heats which were

employed in this Program are described in Tables B-I and B-II.
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Titanium

In this metallic system, the material choice is clear-cut and
our selected alloy is 6A1-4V Ti in 1/2" thick plate product form.
This alloy and product form are probably the most widely

used of all titanium products on USAF emerging and operational
systems. Small quantities from various heats are also available
both from producers and warehouses. Extensive studies have been
made in various laboratories on the role specification variables
such as alloy chemistry, microstructure and heat treatment play
in controlling its fatigue crack growth rate in dry air. For
example, Harrigan, Kaplan and Summer (Ref. 1) have described

the role these variables play in determining fatigue crack
growth rate in dry air across the specification extremes per-

mitted by Mil-T-9046 G.

Material lots of this alloy for the Program were produced by
the Crucible Materials Research Center and are described in

Tables B-III and B-1V.

Steel _
Steel airframe materials selections for primary structure
have been moving from the 4000 series of AISI compositions

to such high nickel constituent steels as the 9Ni-4 Co series

or HY 180. In the stainless steel category, the most often
1. Harrigan, M., M. Kaplan and A. W. Sommer, "Fracture Prevention
and Control Symposium," D. Hoeppner,Editor, ASM, Metals Park,
Ohio, 1974.
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Del West

TABLE B-1V

TENSILE PROPERTIES OF TI ALLOYvHEATS

Direction

Tensile Properties

UTS

(ksi)

126
1.2:8',

150
139.

141
134.

140.
139,

148.
13135

101

0
2

YS

(ksi)

1,10
106.

138.
1,213,

126
120

126.
125

13185
141.

8
4

EL
(%)

1L'55
165

16.
164

16.
16,

12
1.3

14,
14.

(= (=)

o

(%)

38
37 s

36.
33.

41.
37%

26 .
27

34.
)8 IR




recent choice has been Ph 13 - 8Mo, with the exception of

some currently unpublished data obtained by Rockwell Inter-
national on the B-1 RDT-E program, there is little known con-
cerning the dry air da/dN heat to heat variations to be expected
in these newer high nickel and Ph stainless grade steels. B-1
data would indicate that the heat to heat variation of convention-
ally processed metal in dry air for 9Ni-4Co-0.20C steel

forgings and Ph 13 - 8 Mo bar is minimal. Since stainless steel
is melted in smaller ingots than 9Ni-4Co, obtaining lots from
multiple heats will be easier. For this reason, Ph 13-Mo was
selected as the steel alloy for this Program. The required

alloy lots have been purchased from Armco Steel. They are
described in Tables B-V and B-VI. 1In an attempt to force
different da/dN vs. AK results among the five heats, three heats
of identical chemistgy were forged at distinctly different
temperatures. The highest temperature forging should result

in a substantial amount of residual delta ferrite and the lowest
forge temperature should provide a tough finely divided austenite.
In addition the role of aluminum chemistry in conventionally

forged metal was also ascertained.
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APPENDIX C

CONSIDERATION OF CANDIDATE QUALITY
CONTROL TEST SPECIMENS/PROCEDURES

A successful quality control test for fatigue crack propagation
will have a number of characteristics. The criteria for success
are simple: (a) the test will discern desirable material from un-
desirable material and (b) that the test will be inexpensive.
The test will have to:
1. Use a small amount of material. This will insure
that specimens can be prepared from sources for which
there is little material (e.g., small forgings).
25 Require the use of an inexpensive test machine. The
test machine must be inexpensive to buy, run and

maintain.

3. Be easily set up and run.
4. Run in a short time
5is Be relatively universal - that is, it must be applicable

to a wide range of materials and forms and should probably
be capable of being run in a variety of environments.

6 Be quantitatively related to an engineering design
curve for da/dN versus AK. This quantitative relation-
ship could be empirical but an analytic relationship
which is universal would be preferred.

7. Provide highly reproducible results (very reliable).
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In our review of the problem of developing a quality control
fatigue crack propagation test, we have come to the conclusion
that there are two distinct approaches which may be utilized.

One involves testing over a wide range of stress intensities.
Typical here is a determination of the cycles to failure of an
initially cracked specimen of constant crossection subjected

to constant amplitude cyclic load. The other approach involves
testing over a narrow range of stress intensities. In this
situation, ideally, one is running a test on a constant stress
intensity specimen for a specific number of cycles and determining
the change in crack length. Superficially, one might think these
two approaches (tests over a wide variation in stress intensity
versus tests at constant AK) are quite separate and offer various
advantages and disadvantages with respect to one another when
compared to the intended hardware use. This is, in fact, not

the case because in a non spectrum load test it is only the low
stress intensities a specimen sees during its life which govern
its overall life. Thus, if a crack encounters stress intensities

. to 10_3 in/cycle,

from 20 to 100 and corresponding rates of 10
> : . i -6 :
variations in the rate at 20 Ksivin (10 in/cycle) will have a

large impact on life and variations in the rate at 100 Ksiv/in

(10-'3 in/cycle) will have little effect on life. Thus testing
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at either 20 Ksivin or through the whole range would produce
essentially the same conclusions as to material acceptance

or rejection. We believe that there is an increased ease of
interpretation in a quality control test that tests at a single
stress intensity level, but we recognize the fact that differences
in test cost between a single K test and a range in K test could
easily outweigh this advantage. We therefore considered both

classes of tests.

The following is a summary of the candidate control tests which

were considered.

Three Point Bend Tests.

Del West has evaluated four concepts utilizing a relatively small
three point bend specimen in addition to the procedure we finally
adopted. See Figure 1. Most prominently considered planform
dimensions were 2 in. x 1/2 in. and 4 in. x 1/2 in. We had fixed
on the .5 inch depth as a result of some preliminary tests per-
formed on 2 x .35 inch planform specimens. This size was arbitrarily
chosen, the primary purpose of the test was to check out our test
Tixture. In running these tests on .35 inch specimens we found
that reasonably accurate crack length changes were difficult to
measure in all cases. Once the starter notch and precrack are
put into the specimen and a reasonable remaining ligament is

left on the backside, less than .150 is left for a maximum crack
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growth region. In the design of a rational quality test
one would design a test in which the expected amount of crack
growth was much less than the maximum allowable region. For
the .35 inch specimen .1 inch would be a reasonable choice.
This would imply crack growth as low as .05 inches in some
tests. Our experience in measuring crack growth distances
on these preliminary specimens indicate that this is too small
a distance to measure reliably and easily. Part of the problem
is the crack front curvature. In a .5 inch thick specimen, one
can easily use .2 inches for a typical crack growth range and
this results in a far more readily measured crack growth. The
three point bend tests initially evaluated included:

a) Constant Load (increasing K).

b) Constant Displacement.

c) Constant K using "Spring Loaded Specimen" with

two crack length measurements.
d) Constant K using "Spring Loaded Specimen" with
two load measurements.

Note that we did not initially consider the measurement of the
slope of a load-cycle plot to determine crack growth rate.
In the first three tests, the procedure would require crack length
measurements. In the constant load test, it is possible to simply
run the test to failure, then a measurement of only the initial
crack length would be required. A number of ways of measuring

crack length and crack length changes are available. We
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assumed that scribe marks placed on the surface of the

specimen at the crack tip before and after the test is run

would be used for crack

length and crack length change deter-

mination. Other techniques such as the changing of loads to

mark the surface, or direct observation and recording of crack

lengths could also be used.

Testing of the constant

load specimen would entail:

1) precracking to a predetermined depth.

This depth will at some point have to be

precisely known. Moreover, for the reasons

to be described below 1little latitude in

crack starting position would be acceptable.

2a) A predetermined number of cycles would be put

on the specimen

or

2b) the specimen will be cycled to failure.

3a) The amount of

3b) the number of
4a) The amount of

the amount of

growth is measured
or
cycles is counted.
growth obtained is compared to

growth acceptable for the specific

initial crack length tested. If the growth is
too large - the material is rejected.
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4b) The number of cycles obtained is compared to
the acceptable number of cycles for the specific
initial crack length tested. If the number
of cycles is too small the material is rejected.
Note the important role the initial crack length plays in material

acceptance or rejection.

The constant load specimen has a large positive stress intensity
variation with respect to crack length. 1In fact for the small
specimens considered here the gradient is sufficiently large

to cause major variations in stress intensity for relatively
minor variations in geometry. For example, in a typical case
considered, it was found that for each .001 error in initial
crack length reading the amount of crack growth predicted would
vary by approximately 27%. This combined with the relatively
high cost of constant load (i.e., closed loop) test equipment
led us to conclude that this test type was an unlikely candidate

for a successful quality control test.

The constant displacement three point bend specimen has portions
of increasing and decreasing stress intensity with changing
crack length. This is shown schematically in Figure 2. In
that Figure both a constant load and a constant displacement
specimen is displayed. Note that for the constant displacement

specimen at short crack lengths, changes in crack length do not
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affect the specimen compliance and therefore the load remains
essentially constant and the K versus "a" curve initially
follows the constant load specimen curve. Eventually changes

in crack length affect the specimen compliance significantly

and the load begins to drop. As the crack continues to grow

a point is reached where the load drop off is sufficiently

fast to cause the stress intensity to decrease with increasing
crack length. For most configurations of the three point bend
specimen the peak stress intensity occurs in a location such
that there is a relatively large negative gradient in stress
intensity with respect to crack length throughout the major
portion of the specimen. The test procedure would therefore
have to correspond to the "a" procedure described above. The
large negative gradient produces similar sources of error as do
the large positive gradients in the load controlled specimen.
However, the fact that displacement controlled test machines are
less costly than load control test machines, makes this class of
displacement control specimens more desirable than the load
controlled specimens. In addition, there are configurations

in which the peak stress intensity factor is more favorably
located and stress intensity gradients in the specimen center
remain low. These configurations fall within the general classi-

fication of the displacement controlled constant K test finally

adopted.
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The three point bend configuration for a test specimen is

very appealing due to its small size, simple shape and the low
bending load requirements. However, the sensitivity problems
which may arise due to the large gradients in stress inteansity
under constant amplitude cyclic displacement in some specimens
or under constant amplitude load could detract from its value
for quality control. It is for this reason that we developed
an approach which minimizes the otherwise large variation in
stress intensity with crack length experienced with this
simple geometry. This specimen is discussed in the main body

of the text.

Throughoaut the initial studies both a 4 x .5 inch specimen and

a 2 x .5 inch specimen with "spring loading" were considered

as quality control test specimens. Note that for these specimens
the test procedure would follow the "a" procedure described in
conjunction with the constant load test; with one significant
exception. When the amount of crack growth obtained at a
specific number of cycles is compared to the allowable amount

of crack growth, the initial crack length no longer plays a
role. Thus the acceptance/rejection test is not only more
accurate, but simpler as well. Moreover, due to the fact that
the test is run for a specific well defined stress intensity the

interpretation of the relevance of the quality control test is

simpler also.
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We will now discuss an early test concept for the three point
bend specimen in which a technique to avoid crack length
measurements had been developed. The motivation for this is

that crack length measurements are time consuming, prone to
error, and compared to other physical measurements (e.g., forces)
less accurate. This approach depends on the fact that we can
test a specimen (or specimen-spring combination) under constant
displacement control and have the stress intensity (and hence

the crack growth rate) remain constant.

In this early concept our approach was to measure loads, cycles
and the applied displacement (not slopes and initial loads).
The resulting rate equation is

da _ 1 Py “F¢

dN ~ QA AN
where Q 1is a constant determined from analysis Pi and Pf are
loads measured at intervals of AN cycles while the crack is in
the constant K region, and A is the applied displacement.
Since Q can be determined by analysis, and A and AN are test
input quantities, the crack growth rate is determined by the
relatively simple measurement of the loads (at the beginning
and end of the test that occur as result of imposing a dis-

placement A.) Note that the loads and displacements used in

this equation must be compatable. That is: if A is the range
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in displacement applies, Pi and Pf must be load ranges, or if

A is the maximum displacement Pi and P_ must be maximum loads.

f
Measurement of the latter would be the more accurate procedure.
It should be noted that the load change during a test is sub-

stantial and that over the .2 inches of growth discussed pre-

viously, the load decreases by over 70%.

The above procedure was appealing for a number of reasons: the
load measurement is faster and more accurate than crack length
measurements; a permanent test record in the form of an
audiographic recording of data could be made available; the
test and data recording has the possibility of being easily

automated.

Note that this concept of measuring load at two points eventually

led to the procedure of the test.

Similar approaches using constant K and varying K specimens
under load control have been discussed in the literature and
utilized in a number of laboratories. The compliance, however,
is usually measured as opposed to simply measuring the displace-
ment. To the best of our knowledge a constant K, displacement
controlled specimen has not been considered for fatigue crack
growth testing prior to this Program. Due to the facts that

it is easy to control displacement amplitudes accurately but
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difficult to measure displacements accurately and that loads

may be evaluated very accurately, it appears that the use of a
constant K displacement controlled specimen and load measurement
will prove to be significantly more accurate than previous
methods in which direct crack length measurements have been

avoided.

An interesting alternative use of the above load monitoring
concept is also possible. In many respects the value of AK at

a specific crack growth is more useful than the value of the rate
at a specific K. This is because the relative values of the K's
at a common value of crack growth rate in two different materials
indicate the increased loads (or decreased weight) that the
higher K material can tolerate. Using the concept of measuring

P to get the crack growth rate in a constant K specimen; a pro-
cedure which measures the crack growth rate and modifies the
applied displacement until a desired rate is achieved will enable
the K for a specific crack growth rate to be established as a
material property and/or for use in a quality control test. The

following describes such a test.
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Test Scheme for Determining

K for a Specific Crack Growth Rate

Task

Starting with a properly fatigue precracked three point bend
sample and a given (da/dN)O, determine the associated AK at

a specific stress ratio.

Method

For constant K, constant displacement specimen we have

il o QA %% at a given da/dN

and for (da/dN)o.
AP =(Pi—Pf)o = Q4 (da/dN), AN
The following test sequence where loads are sampled every
A N cycles will yield AK.
13 Pick displacement such that da/dN will be less than

(da/dN)o (to avoid retardation).

2. Measure P
3. Put AN cycles on specimen
4, Measure new P

5. Calculate AP, TIf AP = AP by chance, then the K

0’
associated with the initial constant displacement

can be found from the appropriate equations.
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6. Should APO> AP then the entire test

measured’

method (steps 1-5) is repeated using a new dis-

placement which is obtained as follows:

1/n
A = A Fe ]
= B &

e iz
. hA measured J

where n > slope of log da/dN vs log AK curve (e.g.,

n = 10).
1 So long as each succeeding test yield a AP
measured
< APO, one continues to reset displacements per step

6 and repeats the test.
8. When a displacement is found where AP = AP _,
measured o

one can then use step 5 to determine the AK associated

with the desired (da/dN)o.

Notched Round Bar Tests

Other tests evaluated included the notched round bar under a

variety of loading conditions. Under constant load conditions,

the stress intensity gradients are more severe for the notched

round bar than they are for the three point bend specimen, there-
fore most of our attention was focused on some form of displacement
control. Bending (rotating beam), axial displacement, and a combina-
tion of both were considered. Preliminary analytic results

indicated that the fact that practical limitations on load
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requirements require reasonably small specimens and the fact
that crack growth proceeds from all sides at once may cause
relatively large errors in crack growth rate characterization

due to relatively small errors in crack length measurement.

In addition to the high loads required, the tensile load
notched round bar has significant technical and cost problems
in terms of required alignment precision and uniform advance

of the crack front. The rotating beam specimen overcomes these
problems, but introduces the additional problem of loading at
stress ratios of minus one. Stress ratios of minus one are
undesirable in that they do not reproduce the normal condition
of usage or da/dN determination. It is possible however to
construct an apparatus that applies a static tensile axial dis-
placement to a notched round bar and then allows the eyelie
displacements to be applied in the manner of a rotating beam
test by offsetting the bar at points along its length by a
fixed amount. It is possible then to obtain a variation in
stress intensity factor range that is low, but there would

also be a variation in stress ratio.‘ The stress ratio varies
because the stress intensity due to the fixed axial tensile
displacement and the stress intensity due to bending vary
differently as the crack grows. However, it is possible to
load such a specimen such that the a major portion of the

crack depth, the stress ratio is close to zero. Since minor
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variations in stress ratio will not have a major impact on
crack growth rate, crack growth in this region will mime crack
growth from a da/dN test, run at nominal stress ratios in

the vicinity of zero.

Using a test specimen loaded in the above fashion, a test pro-
cedure in which the amount of crack growth for a specific number
of cycles serves as the quality control parameter could be estab-
lished. A procedure which had some potential to be inexpensive

and reliable is the following: (1) A notched round bar is

inserted in the test machine and precracked at a constant amplitude

displacement in rotating bending to an approximate pre-determined
depth. Since the crack depth cannot be seen, the depth will have
to be approximately inferred by load drop off at the fixed off-
set. (2) A tensile deformation would then be placed on the
specimen, the bending displacement adjusted, and the test run

for a prescribed number of cycles. (3) The specimen would then

be broken.

Since the precracking was done at a stress ratio of minus one and
the test loading was performed at higher stress ratios, there
should be a marking band at the crack length corresponding to the
test initiation. The end of the fatigue cracking will also be
readily apparent. For the specific number of cycles run there
will be a specific allowable crack growth for each initial

crack length. If the crack growth is exceeded, then the material

would be rejected.
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Although a test method using a notched round bar is reasonable,
the following considerations made us focus most of our attention
on the bend specimen configuration.
(1) The notched round bar could not be used for
sheet and light plate.
(2) Alignment problems were expected to be significant.
(3) Loads would have to be large.
(4) Advance of crack from all sides would require
a larger test specimen.
(5) Control of stress ratio would be difficult.
(6) Test apparatus would be more complex than that

required for three point bend specimen.
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