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ABSTRACT

A progress report covering research studies in high
strength structural materials, conducted in the period
August 1965 to November 1965, is presented. This
report includes fracture toughness studies on high
strength steels, titanium alloys, and aluminum alloys.
Fracture Toughness Index Diagrams, modified to include
the latest information, are presented for these mater-
ials; the effects of melting practice and processing
variables are reflected in the Fracture Toughness Index
Diagram for steels by the addition of a new optimum
materials trend line for consumable-electrode-vacuum
melting of steels. Results are presented for studies
concerning (1) the use of side-grooved plane-strain
fracture mechanics specimens for valid determination
of fracture toughness, (2) heat-treatment effects on
fracture toughness of several titanium alloys, (3) the
effect of vacuum heat treatment on stress-corrosion-
cracking sensitivity of titanium, and (4) the screen-
ing of a variety of titanium alloy plates for sensi-
tivity to stress-corrosion-cracking. The effects of
mean strain on low-cycle fatigue crack propagation in
S5Ni-Cr-Mo-V steel and 7079-T6 aluminum are presented.
Also described is a newly-developed low-cycle fatigue
crack propagation test employing fracture mechanics
parameters. Results are given for DG6AC steels studied
in this new test.

PROBLEM STATUS

This is a progress report; work is continuing.

AUTHORIZATION

NRL Problem F01-17; Project SP-01426
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METALLURGICAL CHARACTERISTICS OF

HIGH STRENGTH STRUCTURAL MATERIALS

[NINTH QUARTERLY REPORT]

INTRODUCTION

This is the ninth status report covering the U.S. Naval
Research Laboratory Metallurgy Division's long-range
program of determining the performance characteristics
of high strength materials. The program is primarily
aimed at determining the fracture toughness character-
istics of these materials, using standard and recently-
developed laboratory test methods and is directed towards
establishing the significance of the laboratory tests
for predicting the service performance of the materials
in large complex structures. Although the program is
aimed at Navy requirements, the information that is
developed is pertinent to all structural uses of these
high strength materials. Quenched and tempered (Q&T)
steels, maraging steels, titanium alloys, and aluminum
alloys are the principle high strength structural metals
currently under investigation.

The fracture toughness index diagrams for steels, titanium
and aluminum have been modified to reflect the latest
test results. A further "breakout'" on the effects of
melting practice has been made for high strength steels.
This has resulted in the establishment of an additional
optimum materials trend line for two-slag consumable
electrode vacuum melt practice with one-to-one cross-
roll. The effects of process variables on the purity
level, gas and inclusions, and fracture toughness char-
acteristics of high strength steels are discussed in
relation to the fracture toughness index diagram for
steels.

The results of recently-initiated studies on the stress-
corrosion-cracking sensitivity of titanium alloys are
presented for the first time in this Quarterly Report
series. Screening studies are being conducted on all
those previously reported, as well as recently processed,
alloys for which material is available. Also described
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in this report are the results to date on a brief study
of the effects of vacuum annealing compared to gas an-
nealing on stress-corrosion-cracking sensitivity for
several alloys. The results at present indicate that
interstitial hydrogen may be a contributing factor, not
the sole factor, to stress-corrosion-cracking sensiti-
vity in titanium.

Drop-weight tear test results are reported for several
titanium weldments submitted to NRL for evaluation,
Also, the effects of heat treatment on the strength
and fracture toughness properties of Ti-6A1-4V-2S8n
and Ti-7A1-2,.5Mo are presented.

Tensile, Charpy-V, drop-weight tear, and explosion tear
test results are reported for the aluminum alloys 7075-
T7351,2219-T851, 7005-T63, and 7106-T63. The 7075 and
2219 alloys exhibited very low fracture toughness
properties for the indicated temper conditions, whereas
the 7005 and 7106 alloys demonstrated high drop-weight
tear test energy values and correspondingly high plastic
overload capabilities in the explosion tear test.

The effects of mean strain on low-cycle fatigue crack
propagation in 5Ni-Cr-Mo-V steel and 7079-T6 aluminum
are presented, The effects of mean strain on the growth
rate of fatigue cracks in both materials is dependent
upon mean strain level and cyclic total strain range
level. For elastic strain amplitudes, mean strain acts
as an additive increase in strain range for tension
mean strains and a similar decrease in strain range for
compressive mean strains. For the high strength steels
and aluminum alloys, mean strain can have a 10X and
100x effect, respectively, on the structural life of
high performance structures of these materials.

A very interesting low-cycle fatigue crack propagation
test for high strength materials, employing fracture
mechanics parameters, is being developed. The test
uses an edge-notched and side-grooved cantilever speci-
men which is fatigued in a slightly modified version of
the fatigue machine designed for the "Lehigh'" plate bend
specimen. Preliminary test results obtained on a D6AC
steel are presented and discussed. Also, the results
obtained in the new test are compared to those obtained
for the "Lehigh" type specimen of D6AC steel in the
regular low-cycle fatigue test.
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The limits to which linear-elastic fracture mechanics
can be used to determine valid fracture toughness
properties of high strength materials e being in-
vestigated. The use of side-grooved specimens has
extended the capability of determining crack-instability
to the tougher high strength materials. With the ac-
cepted type of specimens (non-side-grooved) crack in-
stability is not sharp, if evident at all, and accurate
measurements are not possible with this type of material.
The final section in this report describes the prelim-
inary comparative results obtained with side-grooved and
smooth-sided specimens of several high strength, low--
toughness titanium and aluminum alloys.



TITANIUM ALLOYS

(R.J. Goode, R.W., Huber, and D.G. Howe)

Fiacture toughness studies of a wide variety of titanium
alloys in the form of l1-in.-thick plate have provided
the only reliable means of weferencing the fracture
toughness characteristics of the spectrum of high
steength titanium alloys in thick sections. A prelim-
inary Fracture Toughness Index Diagram (FTID) has been
developed for titanium which has aided in the develop-
ment of new alloys and in the modification of existing
alloys, through chemistry and processing, that have
shown improved combinations of strength and toughness
over alloys that were available several years ago,., This
diagram correlates the fracture toughness characteris-
tics of the material as measured by the drop-weight tear
test, a laboratory test, with the performance of the
material in the explosion tear test, a structural proto-
type element test, over a wide yield strength range.
These tests have been described for titanium in an ear-
lier report (1). The correlation of the results of
these two tests have provided for the first time the
necessary information for establishing meanfrgful frac-
ture toughness specifications for titanium alloys (2).

THE TITANIUM FRACTURE TOUGHNESS INDEX DIAGRAM

The FTID for l-in.-thick titanium is shown in Fig. 1.
New test results obtained during the reporting period
have been incorporated in the diagram to keep it current.
The "“fracture index™ aspects of the diagram are illustra-
ted by the correlation of explosion tear test (ETT) per-
formance with drop-weight tear test (DWTT) energy for
fracture below yield and for the level of plastic strain
required for fracture propagation above yield. For
example, in the ETT all materials having less than

1500 ft-1b DWTT energy will "break flat' -- elastic
strains are sufficient to cause catastrophic propagation
of fractures. For those materials having DWTT energies
above 1500 ft-b plaatl strains are required to cause
propagation of fractures and the level of plastic strain
in tThe ETT necessary to cause failure is proportional to
the DWTT energy. DWTT energies of 2000-250C ft-1b indi-
cate that a capability of 1 - 2% plastic strain without
failure is assured and 3 - 5% plastic strain is generally
expected. Above 2300 ft-1b plastic strains in the order
of 5-- 7% would be expected. The optimum materials
trend line {OMTL) indicates the highest DWTT
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energy values obtained as a function of yield strength
(YS) for the WR ("weak") fracture direction (3). Con-
trasted to the FTID for steels (discussed in another
section), where a series of OMTL's corresponding to
different melting and rolling practices are established,
the single titanium OMTL represents the only melting
process used in the titanium industry--consumable
electrode, double vacuum arc remelts. This would
correspond to the special melt CEVM process for steels.
The effects of different processing variables, such as
degree of cross-rolling, are unknown for titanium at
the present time. The effects of interstitial elements,
especially oxygen, hydrogen, and strong beta stablizing
elements as impurities in thick titanium plates, are
to decrease the level of fracture toughness and gen-
erally increase the yield strength. Most of our work
has been concerned with material of very low inter-
stitial content (0.08% oxygen maximum) and beta
stablizing impurity elements, therefore the single
OMTL on the titanium FTID represents the "best" that
can be produced by industry at the present time.

The impingement of the ETT elastic-plastic transition
band at 1500-1700 ft-1b DWTT energy on the OMTL in-
dicates that above about 140-ksi YS even the "best"

of the titanium materials would be expected to propa-
gate fracture in the ETT at elastic stress levels.
Fracture mechanics techniques will be required to
determine the fracture toughness characteristics of
these materials. Unless the utmost care is exercised
with regards to maintaining the lowest possible inter-
stitial impurity levels in the starting materials and
during melting and, at the same time, optimum process-
ing procedures are developed and closely followed,
commercially-produced plate material will generally
fall below the OMTL that has been established. The
rectangular box on the FTID indicates that above about
120-ksi YS, most of the plate material produced at the
present time can be expected to propagate fractures at
levels of stress below the yield strength of the
material. Below 120-ksi YS, a large variety of alloys
should be expected to require large plastic overloads
for fracture and should not be analyzable by presently
accepted fracture mechanics techniques.

MECHANICAL PROPERTIES OF SOME NEW
TITANIUM ALLOY PLATES

The discovery by B.F. Brown (4) that the Ti-7A1-2Cb-1Ta
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(7-2-1) alloy was susceptible to stress-corrosion-
cracking (SCC) has resulted in an intensive effort

by the U.S. Bureau of Ships laboratories and industry
to minimize or eliminate this problem by chemistry
modification or processing. The addition of a small
amount of molybdenum to the alloy has been reported
to decrease the stress-corrosion-cracking sensitivity
considerably. Also, decreasing the aluminum content
slightly would tend to minimize the "ordering" re-
action on consequent embrittlement that is thought

by some to be responsible for the environmental sen-
sitivity of the alloy. Specimens have been furnished
to NRL from the U,S. Bureau of Ships program for DWTT
evaluation.

A DWTT specimen of a Ti-7A1-3Cb-8Mo (T-87) alloy,
made from a small laboratory heat and reported to be
insensitive to the aqueous environment, was supplied
by the U.S. Navy Marine Engineering Laboratory. The
DWTT energy value obtained for this material was

810 ft-1bs. Two SCC specimens were obtained from a
section of the broken DWTT specimen and tested in a
3.5% salt water solution using the techniques de-
scribed in the titanium stress-corrosion-cracking
section of this report. Using the step-loading
technique, the air and salt water Ky values were
essentially the same value, 130 ksi/in. The yield
strength of this material was not determined.

A Ti-6A1-2Cb-1Ta-.8Mo alloy, also a product of a
100-1b laboratory heat and reported as being immune
to salt water stress-corrosion-cracking, had DWTT
energy values above 2000 ft-1b at reported yield
strength levels of 106 to 109-ksi. A large commer-
cial heat of this alloy has been made and from it
l-in, and 2-in.-thick plates are to be distributed
to Navy laboratories for evaluation.

A quantity of 1-in., 2-1/2-in., and 4-in. Ti-7A1-2Cb-
1Ta ,plate (T-89), purchased by MEL from Titanium Metals
Corporation of America and processed at the Sparrows
Point Mill of Bethlehem Steel Corporation, was re-
cently received. This material was water-spray
quenched after rolling from above the beta transus
temperature. The DWTT energy values of the as-re-
ceived 1-in. plate are 1900 and 2140 ft-1b in the WR
and RW fracture directions, respectively, with the
corresponding measured yield strengths of 109.5 and
112.8-ksi.



A low interstitial, commercial heat of Ti-7A1-1Mo-1V
(T-88), ordered the first quarter of 1965, was received
in October as 1/2-in. and 1-in.-thick plate. This
plate was rolled from 1800°F with water quenching after
the last pass. The as-received 1/2-in.-thick plate had
the following properties as reported by the producer:
146-150-ksi UTS, 138-143-ksi YS, 10-15% elongation
(1-in.) and Charpy V (C,) notch energy values of 19 and
26.5 ft-1b at 32°F. Solution annealing at 1800°F for
one hour and air cooling gave a minimum yield strength
of 112-ksi and C, energy value of 45 ft-1b at 32°F.
Aging for two hours at 1200°F increased the yield
strength to about 120-ksi while the C, energy decreased
to 40 ft-1b. Incomplete tests indicate that the 1/2-in.
thick plate in the as-received condition is immune to
salt water stress-corrosion-cracking.

The 1-in.-thick plate of the same material in the as-
received condition has DWTT energy values of 1326 and
1540 ft-1b in the WR and RW fracture directions, re-
spectively, at a reported yield strength level of
126~ksi. Annealing for one hour at 1800°F in a cold
wall vacuum furnace, followed by helium gas cooling
(equivalent to air cooling), gave DWTT values of 2000
and 2100 ft-1b at 110-114-ksi YS.

Five titanium alloys, also ordered early in 1965,

have been received as l-in., 2-in., and 3-in.-thick
circular-rolled plates. The nominal compositions of
these alloys are shown in Table 1 along with the DWTT
values and tensile properties for the 1l-in.-thick
as-received plates. The effects of preliminary vacuum
annealing treatments on DWTT properties are also listed.
The DWTT values have not been corrected for variations
in thickness in the nominally l-in.-thick plate which
varied from 1l-in. to 1.25-in. for the different alloys.
Test specimens (1-1/8-in. and l-in. thick) will be
prepared by machining equal amounts from both surfaces
of the 1.25-in. T-94 plate and this data will be used
to determine the corrections to be applied to off-gage
plate. These alloys will be used quite extensively
for weldment studies. Evaluation of the weldments
will be performed by the Metallurgy Division and the
Mechanics Division of NRL,

WELDING STUDIES
Drop-weight tear tests of a Ti-6A1-4V and a Ti-7A1-2.5Mo
8
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specimen, MIG welded at Titanium Metals Corporation
of America, have been completed. The specimens were
3-in.-wide as supplied, whereas the standard DWTT
specimen has a 5-in.-width. This necessitated weld-
ing a crack-starter strip along the side of each
specimen, thus leaving a net fracture test section
of only 2.8-in. as compared to the usual 3.5-in.

in the standard specimen.

The DWTT energy required to fracture the Ti-6A1-4V
weld was 1200 ft-1b and for the Ti-7A1-2.5Mo weld,
1000 ft-1b. The fracture surface of the Ti-6A1-4V
weld sample showed a lack of fusion of 1/8-in. all
along the root face of the plate. Assuming a linear
correction of the DWTT on a cross-sectional area
basis, this would increase the DWTT energy value for
the Ti-6A1-4V specimen to 1500 ft-1lb and the Ti-7Al-
2.5Mo to 1250 ft-1b. These corrected values for the
Ti-6A1-4V MIG welded specimen are comparable to simi-
lar NRL MIG welds. However, the corrected DWTIT energy
value for the Ti-7A1-2.5Mo MIG weld is considerably
less than the 1400-1500 ft-1b usually obtained on as-
welded samples prepared at NRL, Annealing an NRL

MIG weld in Ti-7A1-2.5Mo alloy at 1800°F for one hour
and gas cooling further increases the DWTT energy
value to 2200 ft-1b.

HEAT-TREATMENT STUDIES

Heat-treatment studies on a number of titanium alloys
have been continued in order to develop information
on the stability of the alloys and to determine the
heat treatments which will produce an optimum com-
bination of strength and toughness.

The effects of heat treatments on the mechanical
properties of the alloys Ti-6A1-4V-2Sn (T-67) and
Ti-7A1-2.5Mo (T-71) are shown in Tables 2 and 3
respectively. The alloy Ti-6A1-4V-2Sn (T-67) shows
poor fracture toughness as measured by the Charpy V
(C,) test, even at the lowest yield strength levels,
regardless of the heat treatments that were given it.
However, as shown in Fig. 2, the variation of heat
treatments did produce a significant change in the
yield strength of the material. A solution anneal-
ing treatment at a temperature just below the beta
transus of the alloy increased the yield strength
to over 150,000 psi.
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TABLE 2

TEST DATA FOR SOLUTION ANNEALING AND AGING TREATMENTS ON THE ALLOY Ti-6A1-4V-2Sn (T-67)

Alloy No. and Solution Aging Cy Notch Energy (ft-1bs) .2% YS UTS Elong. RA
Nominal Heat Heat RW "R° R

Composition Treatment Treatment -80°F -80°F +32°F +32°F (ksi) (ksi) %) (%)

Ti-6A1-4V-2Sn As received condition As received 17.5 18.5 21.0 20.5 115.8(L) 127.6(L) 13.1 35.3

(T-67) condition 123.4(T) 133.2(T) 12.1 24.6

1750°F/1 hr/WQ 16.0 14.5 i7.0 16.0 129,.8(L) 154.5(L) 9.3 25.7

129.3(T) 153.5(T) 7.1 25.7

1750°F/1 hr/wQ 1100°F/2 hr/AC 13.0 14.0 15.0 16.0 150.5(L) 161.1(L) 5.0 11.8

153.8(T) 161.5(T) 9.7 13.0

1750°F/1 hr/wQ 1200°F/2 hr/AC 16.0 17.5 19.0 17.5 143.9(L) 152.2(L) 6.4 13.6

140.9(T) 150.5(T) 6.4 14.9

1700°F/1 hr/WQ 20.0 17.5 23.0 19.5 125.2(L) 154.2(L) 10.0 23.6

123.3(T) 151.5(T) 10.0 28.5

1700°F/1 br/¥Q 1100°F/2 hr/AC 16.5 16.0 18.5 20.0 152.2(L) 161.8(L) 7.1 19.0

148.2(T) 159.2(T) 6.4 15.0

1700°F/1 hr/wQ 1200°F/2 hr/AC 19.0 18.0 21.0 23.0 142.6(L) 154.2(L) 10.0 25.7

145.9(T) 156.2(T) 9.3 19.6

1650°F/1 hr/wWQ 17.5 18.0 20.0 18.5 99, 8(L) 135.8(L) 13.6 36.6

108.4(T) 138.3(T) 12.9 36.4

1650°F/1 hr/WQ 1100°F/2 hr/AC 15.5 14.0 17.5 16.0 134.8(1) 145.6(L) 7.9 20.0

138.6(T) 148.5(T) 7.9 14.2

1650°F/1 hr/WQ 1200°F/2 hr/AC 17.5 16.0 19.0 19.0 130.3(L) 139.6(L) 12.1 22.4

130.6(T) 139.9(T) 10.0 22,9

1550°F/1 hr/wQ 93.5(L) 135.5(L) 13.6 36.0

92.1(T) 136.5(T) 14.3 39.7

1550°F/1 hr/wQ 1100°F/2 hr/AC 18.0 15.5 23.0 19.0 134.8(L) 143.5(L) 10.0 11.2

133.8(T) 141.9(T) 12.1 23.1

1550°F/1 hr/WQ 1200°F/2 bhr/AC 21.0 16.0 22,0 20.0 125.7(L) 134.6(L) 11.4 30.6

131.2(T) 139.5(T) 12.9 28.86

1750°F/1 hr/AC 19.5 18.5 25.0 26.5 113.7(L) 130.0(L) 10.7 24.7

112,7(T) 128.6(T) 10.0 26.8

1750°F/1 hr/AC 1100°F/2 hr/WQ 19.00 18.5 24.5 24.5 119.5(L) 129.5(L) 10.7 34.4

120.6(T) 130.4(T) 11.4 31.6

1750°F/1 hr/AC 1200°F/2 hr/WQ 17.5 17.0 24.5 23.0 118.6(L) 126.5(L) 10.7 26.7

125,0(T) 131.0(T) 11.4 24.3

1700°F/1 hr/AC 20.0 19.5 25.0 24.5 110.1(L) 128.0(L) 12.1 30.2

115.4(T) 131.3(T) 12,1 27.5

1700°F/1 hr/AC 1100°F/2 hr/WQ 23.0 22.0 26.5 24.5 119.2(L) 129.5(L) 12,1 33.5

121.4(T) 130.3(T) 11.4 28.0

1700°F/1 hr/AC 1200°F/2 hr/¥Q 17.5 17.0 22.5 21.5 120.2(L) 128.2(L) 14.3 34.6

121.7(T) 129.0(T) 11.4 39.7

1650°F/1 hr/AC 22,0 20.0 28.5 25.0 109.4(L) 127.1(L) 12.9 31.8

113.1(T) 130.0(T) 12.0 32.9

1650°F/1 hr/AC 1100°F/2 br/WQ 23.0 21.0 26.5 24.5 117.8(L) 128.5(L) 10.7 24.2

123.7(T) 132.3(T) 11.4 33.4

1650°F/1 hr/AC 1200°F/2 hr/wQ 19.5 17,5 23.0 21.0 121.4(L) 129.0(L) 12.1 28.0

121.8(T) 130.5(T) 12.1 33.5

1550°F/1 hr/AC 17.5 19.5 23,0 23.0 111.8(L) 127.5(L) 14.3 26.4

116.4(T) 130.0(T) 11.4 32.4

1550°F/1 hr/AC 1100°F/2 hr/wQ 20.0 18.5 23.0 23,0 123.3(L) 131.0(L) 14.3 39.7

127.2(T) 134.8(T) 11.4 30.3

.550°F/1 hr/AC 1200°F/2 hr/¥Q 16.0 16.0 21.5 21.0 123.8(L) 130.8(L) 11.4 25.9

125.7(T) 132.0(T) 10.0 29.7
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Fig. 2 - Effect of solution annealing temperature on the yield strength
of the alloy Ti-6Al1-4V-2Sn (T-67) with aging treatment
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The alloy Ti-7A1-2.5Mo (T-71) shows the capability of
developing an excellent combination of high strength
and good fracture toughness. Some excellent combina-
tions have already been obtained as can be seen from
Table 3. One of the best treatments obtained to date
is a solution anneal at 1700°F for one hour and water
quenching followed by an 1100°F age for two hours with
an air cool. (Both treatments were conducted in an
argon atmosphere and inconel muffle.) This treatment
results in a combination of 138-ksi YS and approxi-
mately 40 ft-1b C, energy at 32°F. Figure 3 shows the
effect of variations in solution annealing temperatures
on the yield strength of the alloy Ti-7A1-2,5Mo (T-71)
with aging treatment. The yield strength of the alloy
is relatively insensitive to heat treatment if air
cooled after the solution anneal. However, by water
quenching after a solution anneal near the beta transus,
yield strengths in excess of 150-ksi are obtained.

Figure 4 shows the effect of solution annealing tempera-
ture on the C, energy of the alloy Ti-7A1-2.5Mo (T-71)
with aging treatment. It was intended that 1850°F be
the highest annealing temperature to correspond with
the 1850°F heat treatment on the tensile specimens,
but due to an instrument malfunction, the specimens
overheated to 1870°F for a short time. The much lower
fracture toughness values for the 1870°F temperature
excursion shows how sensitive the material is to heat
treatment above the beta transus. It is very inter-
esting to note the significant increase in C, values
exhibited by specimens given a water quench after the
solution anneal. The excellent combination of yield
strength and fracture toughness obtained through the
1700°F/1 hr/wQ, 1100°F/2 hr/AC heat treatment might
possibly be improved upon by a treatment at some lower
solution annealing temperature. A further heat treat-
ment to study, which is indicated by the trends estab-
lished in the heat treatments shown in Figs. 3 and 4,
would be a solution anneal at 1600°F-1650°F for one hour
and water quench. A slightly lower aging temperature
might also be used, such as 900°F or 1000°F for two to
four hours and air cool.

The effect of heat treatment on the C, energy of

several titanium alloys in the 120-145-ksi ¥S range
is shown in Fig. 5. The bar graph illustrates that by
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selective heat treatment it is possible to develop
these alloys to a good fracture toughness level while
still maintaining a yield strength of 120-ksi or more.
The alloys Ti-6A1-4Sn-1V (T-20), Ti-6A1-2Mo (T-22),
and Ti-7A1-2.5Mo (T-71) have shown the best combina-
tions of strength and fracture toughness through
selective heat treatment of all the alloys investi-
gated to date.

The effects of heat-treatment environments and cooling
conditions on the resistance of the alloy Ti-8Al-1Mo-
1V (T-28 and T-19) to stress-corrosion-cracking were
studied. The SCC test used was that developed by

B.F. Brown (4). The bar-type specimens were notched,
fatigued, and side-grooved prior to heat treatment
with the exception of those of T-28 that were vacuum
heat treated. For those, the machining was performed
after heat treatment.

Due to a limited quantity of material available for
stress-corrosion-cracking tests, it was not possible
to use a separate specimen to determine the dry-break
load value. Thus an attempt was made to utilize the
specimens broken in the 3.5% salt water solution for
this purpose. The specimens listed in Table 4 were
all examined under the microscope and measurements
were taken which included the mill-cut depth Cj, the
fatigue-crack depth Co, and the depth of the corrosion
into the parent material Cz. This total measurement
- Cy+Co+C3 - was called Cp, and was inserted into the
stress intensity formulat+ in order to calculate a
KiA which could be comparable to a dry-break load.
This calculation was very dependent on the accurate
determination of the depth at which stress-corrosion-
cracking ended and the onset of fast fracture began.
This depth was extremely difficult to pinpoint in
most cases, Therefore, the validity of the Kja
values are questionable. However, the difference
between Ky and KIs c does provide an indication of
the degree of sens1%1vity.

See section in this report on "Stress-Corrosion-
Cracking of Titanium"
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A drastic change is evident in the resistance to stress-
corrosion-cracking of the extra low interstitial alloy
Ti-8A1-1Mo-1V (T-28), which was made at NRL and INFAB
processed (5). To a large part, the change seems de-
pendent upon the environmental conditions associated
with the heat treatment of the material. The heat
treatment, consisting of a 1700°F/1 hr solution anneal
in an argon atmosphere, followed by air cooling and

aged at 1200°F/2 hr/wQ, results in a material which

is only slightly susceptible to stress-corrosion- crack-
ing. However, this same alloy is very susceptible to
stress-corrosion~cracking when heat treated for one
hour at 1950°F in an argon atmosphere, air cooled,

then aged at 1200°F for two hours and water quenched.
The 1700°F solution anneal was below the beta transus
(1885°F + 15°F) of the alloy while the 1950°F treatment
was above the beta transus. This resulted in the 1700°F
solution anneal still retaining its original fine grained
microstructure. The 1950°F solution anneal produced a
coarse beta grain microstructure. The large grain
structure was retained on subsequent cooling. Under
this type of treatment, it appears the large grain
microstructure leaves a structure that has a well
defined path of attack for stress-corrosion-cracking

to occur. One might suspect this path to be along the
network of large.connecting grain boundaries which
generally are high in impurity concentrations. However,
the large prior beta grain structure with its well
defined grain boundaries is not in itself conducive

to lowering the alloy's resistance to stress-corrosion-
cracking. This can be readily seen when looking at

the two specimens which were heat treated at 1950°F

for two hours in a "cold wall" vacuum furnace (1 X
10-5mm,Hg) and helium cooled (Table 4). No evidence

of failure by stress-corrosion-cracking was observed

in either specimen's fracture surface after breaking

in a 3.5% NaCl solution. The KIgcec values, which were
equal to those of dry-break loading for both of these
specimens would confirm this (121.2 and 117.4—ksi/in.,
respectively, or an average for the two of 119.3-ksi
/in.). The microstructure of these specimens appeared
under the microscope to be very similar to that of the
specimen given the 1950°F for one hour solution anneal-
ing treatment in an argon atmosphere, followed by an air
cooling and aging treatment. If the large beta grain
type structure by itself can be made insensitive to
stress-corrosion-cracking in the extra low intersti-
tial T-28 material by controlling environmental con-
ditions during the heat treatment, the condition that
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existed in the T-28 sample, heat treated in argon at
1950°F, which made it susceptible to stress-corrosion-
cracking was either not precipitated or it was elimin-
ated by the vacuum treatment. The removal of inter-
stitial hydrogen contamination by the vacuum heat treat-
ment is, of course, a prime possibility.

Further data from the extra low interstitial Ti-8Al-
1Mo-1V alloy (T-28) was not possible due to a lack of
material. The low interstitial alloy Ti-8Al-1Mo-1V
(T-19) was used as a substitute to see if the same
trends would develop if heat treatments similar to
those used on T-28 were employed. The microstructure
of the T-19 plate in the "as-received'" condition was
quite different from that of the T-28 plate. The T-28
alloy had a fine grained type microstructure in the
"as-received" condition, whereas the T-19 material had
a large grained beta structure resulting from a final
processing temperature above its beta transus. The
interstitial contents were higher in most instances,
as can be seen from Table 5.

It can be seen from the data presented in Table 4 that
the T-19 specimens that were solution annealed in
vacuum were slightly more resistant to attack by stress-
corrosion-cracking than those solution annealed in an
argon atmosphere and air cooled for similar heat treat-
ments.

The T-19 and T-28 data also show that the 1700°F solu-
tion anneal in all instances (both solution annealing

in an argon atmosphere with air cooling and solution
annealing in vacuum with helium cooling) with dupli-
cate aging treatments were more resistant to attack

by stress-corrosion-cracking than those with 1950°F
solution annealing treatments. Even though the "as-
received" T-19 alloy material had a large grain struc-
ture, the heat treatment at 1950°F contributed to an
additional beta grain growth. As indicated by the T-19
data this large prior beta grain structure could still
have a detrimental effect on the stress-corrosion-creck-
ing resistance of the material if the solution annealing
treatment in vacuum was not sufficiently long enough

to remove nearly all the hydrogen. This is not to say
that interstitial hydrogen, in the amounts we are con-
cerned with in T-19 and T-28, is responsible for the
stress-corrosion-cracking behavior of these materials,
The best interpretation of the data at present is that
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the hydrogen may be involved in one of several possible
competing mechanisms that can cause the material to be
environmental sensitive and that the combination of
fine grain size and vacuum annealing decreases or
eliminates the additive effect of hydrogen in that

one mechanism.

Further work is in progress to determine through chemi-
cal analysis how the interstitial contents of T-19 and
T-28 were changed by the heat treatments indicated in
Table 4. Additional work is also in progress on a low
interstitial Ti-7A1-1Mo-1V alloy (T-88). This alloy in
the "as-received" condition has a more desirable fine
grained structure. Duplicite heat treatments to those
investigated in the T-19 and T-28 alloys will be used
to determine if the same trends are reproducible in
this alloy. Confirmation of this would then indicate
one means of improving to some degree the aqueous stress-
corrosion-cracking sensitivity of commercially produced
plates of this alloy.

STRESS-CORROSION-CRACKING

OF TITANIUM ALLOYS

(R.W. Judy, Jr., and R.J. Goode)

Tests have been initiated to determine the degree of
stress-corrosion-cracking sensitivity of a wide variety
of titanium alloy plates and welds. The test procedures
and equipment used are those developed by B.F. Brown (4).
Briefly, the specimen used is a bar of rectangular cross-
section containing a fatigue crack flaw. Shallow side
grooves are ctut into the specimen to insure plane strain
loading conditions. The specimen is loaded in cantilever
fashion in air or in the presence of a 3.5% salt water
solution. Time to failure at a given load is recorded
with the primary objective of the test being to find a
threshold value which denotes the lowest stress inten-
sity factor which will cause crack extension and failure
due to the environmental effects.

Loading conditions are expressed in terms of the stress
intensity factor:

Ky = 4.12M / ('I??))—as
BD':+® (4)
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where M = moment applied at the test section,
B = specimen width,
D = specimen depth, and
a= 1-a/D (a = flaw depth).

A specimen broken in the normal air environment serves

as a baseline value which is denoted as Kyx. The thres-
hold value, above which stress-corrosion-cracking is
certain to occur, is denoted as Kjygee- Thus, KIscc/KIX
is an indicator of the relative sensitivity of a material
to the aqueous environment.

RESULTS

The alloys studied are listed in Table 6 along with some
of the mechanical properties, and the stress-corrosion-
cracking data. . The Ti-5A1-2.58n (T-7) and Ti-13V-11Cr-
3A1 (T-9) alloys were obtained from the Department of
Defense sheet rolling program and had high interstitial
contents. The remainder of the alloys were of low in-
terstitial content (0.08 oxygen maximum).

The results of the tests are shown for the various
alloys as stress intensity - time curves in Figures 6
through 13. The limits shown on the points in these
charts indicate a non-uniform fatigue crack front and
the 1limit values were obtained using the shallowest
and the deepest portions of the fatigue crack depth.

The test results show the alloys Ti~5A1-2.5Sn, Ti-8Al1-
2Cb-1Ta, Ti-6A1-4%r-2Mo, and Ti-6Al1-4Zr-2Sn-.5Mo~.5V
to be sensitive to the 3.5% salt water solution in

the condition tested. This is indicated by the low
KIscc/KIX ratios (Table 6). The other alloys had
Kisco/Kix ratios from .79 to .92 indicating a relative
insensitivity to the aqueous environment.

An important point to note in all these charts is that
when the specimens are stressed even slightly above

the threshold value, stress-corrosion-cracking occurs
and failure results in a matter of only a few minutes.
At stresses slightly below Kjg.., there is no indica-
tion of stress-corrosion-cracking and subsequent failure
even after very long times. For purposes of screening
titanium materials, it would appear that in this test
60-minutes would be a sufficient amount of time to
determine reasonably accurate Kigec values.
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Fig. 6 - Environmental cracking characteristics of T-7 alloy
in 3.5% salt water solution
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Fig. 7 - Environmental cracking characteristics of T-9 alloy
in 3.5% salt water solution
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Fig. 8 - Environmental cracking characteristics of T-23 alloy
in 3.5% salt water solution
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Fig. 9 - Environmental cracking characteristics of T-37 alloy
in 3.5% salt water solution

29



IN.)

KI ( Ksi

T-55
Ti-6Al -4Zr-2Mo
YS 121.4
DWTT 1478

o+ 3700
[ g
NO BREAK
20 I N N N N N B
0 5 10 15 20 25 30 35 40

TIME (MIN)

Fig. 10 - Environmental cracking characteristics of T-55 alloy
in 3.5% salt water solution
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Fig. 11 - Environmental cracking characteristics of T-67 alloy
in 3.5% salt water solution
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Fig. 12 - Environmental cracking characteristics of T-68
alloy in 3.5% salt water solution
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Fig. 13 - Envoronmental cracking characteristics of T-71
alloy in 3.5% salt water solution
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HIGH STRENGTH STEELS

(P.P. Puzak and K.B. Lloyd)

The present broad scope investigation of steels in
thick sections has continued to develop new informa-
tion relative to the fracture toughness characteriza-
tion of the high strength steels and welds. The prin-
ciple fracture toughness test employed in these studies
has been the drop-weight tear test (DWTT) as correlated
with results obtained in the large structural prototype
element explosion tear test (ETT). These tests and the
correlation procedure have previously been described in
detail (6). From these studies, a simplified Fracture
Toughness Index Diagram (FTID) which indexes the DWTT
fracture toughness characteristics of the steel in
terms of ETT performance of the material has been
developed. Interpretation of the FTID data is aimed

at providing more definitive information relative to
the fracture-safe design utilization of the high
strength steels in thick sections of complex welded
structures.

Work completed during this reporting period has pri-
marily been concerned with special melt practice HY-80
steels that were procured to develop more detailed

data on the effects of process variables for the various
types of steels. The fracture toughness characteristics
of conventional melt and special melt SAE 4340 and 4140
steels were also evaluated by drop-~weight tear tests.

DROP-WEIGHT TEAR TESTS OF SPECIAL
MELT PRACTICE HY-80 STEELS

One of the major contributions of these studies for
steels has been the development of a better understand-
ing of the significant role that mill processing vari-
ables perform in developing toughness properties of the
alloy steels. It is now clear that the relative frac-
ture toughness quality for a particular steel composi-
tion cannot be fully characterized unless the test
directions with respect to rolling direction and the
processing history are simultaneously defined (7). It
is not possible to '"index" the quality of a particular
steel with respect to other steels without the above
information. This is because the fracture toughness

of steels at a given strength level varies not only
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with compositions and process history, but also with
the relative amounts of certain critical residual
elements that must be maintained at very low levels
to obtain the optimum strength-toughness properties
in the steels.

NRL investigations of the brittle (cleavage) fracture
problem encountered with conventional structural steels
were particularly concerned with the evaluation of the
significance of laboratory test specimen data as related
to service performance correlations (8-12). Generally,
these studies showed that the transition-temperature
range, as indicated by the Charpy V (C,) curve, was
always found to characterize the temperatures at which
brittle fractures could initiate or propagate in the
structural grade steels. Brittle fractures could not
develop in the structural steels at temperatures cor-
responding to the maximum-energy, upper-shelf positions
on the C curve. Ruptures could be developed under
high overload conditions in the structural steels at
the C, shelf temperatures, but generally these ruptures
were expected to be stable, 100% shear fractures which
would propagate slowly. The possibility of developing
unstable, "low-energy tear" shear ruptures in some
plate metals or similar catastrophic ruptures via
unique fracture paths in a weldment was recognized

and predicted for some high strength steels (11).

This possibility was subsequently corroborated by
analysis of catastrophic service failures of heavy
steel forgings at elevated temperatures in structures
of normal design involving high stresses with mater-
ials that displayed unusually low (20 to 25 ft-lb)Cv
shelf values (13). Thus, it has been documented that
the height of the maximum shelf-energy, shear-toughness
level also must be considered to provide fracture
safety even for structures of normal design.

From the beginning of the high strength steel studies,
careful attention has been directed to the identifica-
tion and separation of the processing and composition
variables which affect fracture toughness. The transi-
tion-range problem of decreased toughness with decreased
temperature was eliminated from consideration as the
tests employed for evaluation of fracture toughness were
limited to temperatures involving full-shear fractures
in the steels being studied. NRL investigations showed
the deleterious effects of increased carbon content on
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maximum-shear-energy absorption values in SAE 4300
type steels containing five levels of carbon content
ranging from 0.22 to 0.56% (14). Other studies (15)
completed in the Bureau of Ships - United States

Steel Corporation contract investigations showed a
decrease in the maximum-shear-energy absorption of

the HY-130/150 (5Ni-Cr-Mo-V) steel of approximately

3 ft-1b Cv per 0.01% increase in carbon content over
the range of 0.05 to 0.25% carbon. These data coupled
with the relatively high Cv shelf values generally
noted for Armco ingot iron (nominally 0.01% C) and the
recent experience developed with the essentially
"carbon-free'" maraging steels indicate that signifi-
cant increases in maximum-energy-shelf values can be
expected for additional decreases in carbon content
below 0.05%. Because the strength level of quenched
and tempered (Q&T) steels depends upon carbon content,
the recommended level to maintain high toughness in
Q&T steels appears to be the minimum carbon content
necessary to develop the desired yield strength.

The effects of sulphur content on maximum-energy-

shelf values were studied by other investigators with
the SAE 4330 type steels which ranged from 0.005 to
0.179% sulphur (16). It was shown that with increasing
sulphur content, the maximum C energy shelf values
decrease; however, the transition-range temperatures

of the C, curve are not markedly affected by the sul-
phur con*ent. Other studies on the effects of sulphur
content on the maximum-energy-shelf values of the S5Ni-
Cr-Mo-V steel, when it was systematically varied from
0.003 to 0.027% sulphur, showed an improved toughness
at an increasing rate as sulphur is lowered within

the range investigated (17). The improvement developed
at the low end of the sulphur range investigated was
shown to be about 10 ft-1b for each 0.001% decrease in
sulphur.

Because the transition temperature problem had been
eliminated from consideration in these studies, it was
apparent that the attainment of optimum strength-
toughness relationships in steels required consideration
of the factors controlling the amount of the critical
elements which affected the maximum-energy-shelf level
toughness of steels. Since control of the carbon and
sulphur contents in steel resides in the melt-shop,
melting practice was the first processing variable
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considered in these studies to separate the steels into
characteristic groups that might be expected to exhibit
different levels of fracture toughness. To date, this
separation has involved "conventional melt" practice
steels (defined as open-hearth or electric furnace,
single oxidizing slag process with final deoxidation
and alloy additions in the ladle) and '"special melt"
practice steels (all other practices including multiple-
slag air-melt, and the various vacuum processes --
degassing, melting, or remelting). The general cate-
gory of "special melt" practices was established be-
cause it was not possible to estimate the degree to
which the various special processes would affect the
level of carbon or sulphur contents, the concommitant
residual gas content (oxygen, nitrogen, and hydrogen),
or the cleanliness (inclusions), which might also
affect the overall toughness performance of the steel.

Because of availability and Navy interest, most of the
early studies of high strength steels were conducted
with conventionally produced HY-80 sgteels. These

were also studied in reheat-treated conditions to develop
a spectrum of strength levels. A special heat of HY-80
steel produced with various degrees of prescribed cross-
rolling ratios was procured to develop the data reported
for anisotropy effects as a function of rolling variables
(6, 18). Additional steel plates of the high chemistry
(thick section) HY-80 composition, similar to that used
for the cross-rolling variable studies, have been pro-
cured to develop more detailed data on the effects of
special melt practices on fracture toughness properties
of the HY-80 steel. The 1l-in.-thick steel plates were
rolled from material produced in a 20-ton, multiple-

slag (one oxidizing plus one reducing) electric furnace,
air-melt heat that was split to provide electrode ingots
for vacuum remelting and the rolling of additional plates
representing consumable-electrode-vacuum melt (CEVM)
practice. The various plates were furnished with differ-
ent degrees of cross-rolling ranging from straightaway-
rolled to 1 to 1 cross-rolled, and in the mill quenched
and tempered (Q&T) condition involving tempering tempera-
tures of 950°, 1000°, 1060°, and 1125°F. Sections of

the various plates were additionally retempered at 1160°
and 1200°F by NRL. A comparison of the average chemical
compositions of the steel heats used in these studies is
given in Table 7.
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Tension, Cv’ and DWT tests on these special melt prac-
tice steels were conducted with the specimens in the
"weak'" (WR) fracture direction (3). The data are given
in Table 8, and a graphical summary of the DWTT-YS
relationships for these steels is presented in Fig. 14.
The DWTT were conducted with the 5000 ft-1b capacity
pendulum-type impact machine described in a previous
report (19). For three of the steels which exceeded
the 5000 ft-1b capacity of the machine, the tip of the
vertical arrow in Fig. 14 indicates the estimated DWTT
energy value as determined by the correlation data
developed to date for DWTT-C results for steels (to
be described). Relatively 14w DWTT toughness values
were obtained for the tests at 30°F for all steels
involving heat-treatment conditions with tempering at
950°F, because the transition temperature range had
been raised to higher temperatures by this heat treat-
ment, i.e., 30°F fracture surfaces involved mixed
fracture modes. The data for the steels tempered at
950°F are not included in the summary of data given
for steels in the FTIP charts (to be described) which
relate to optimum, maximum-energy-shelf level tough-
ness data.

The bottom curve illustrated in Fig. 14 for conventional
melt (one slag, electric furnace) straightaway-rolled
HY-80 steels was established in previous studies of
anisotropy effects (18). The sharp drop in, toughness
illustrated by the dashed portions of the various

curves for the special melt HY-80 steels reflects the
embrittlement (at 30°F) involving the transition-
temperature range problem that is developed by temper-
ing treatments of these steels at 950°F, as described
above. Comparison of the various curves in Fig. 14 for
straightaway-rolled materials provides an approximate
evaluation of the improvements in toughness over that of
conventional melt practice that may be developed by the
use of the '"special melt" practices. However, the double
slag, air-melt practice plate steels differed in carbon
and sulphur contents from those of the CEVM practice
plate steels from this heat. The pronounced effect
established (17) of a marked increase in the maximum-
energy-shelf level toughness of the 5Ni-Cr-Mo-V steel

by decreasing the sulphur content below approximately
0.010% was discussed earlier. Because of their differ-
ent chemical compositions, a direct quantitative evalua-
tion of the merits of the double-slag, air-melt and CEVM
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Fig. 14 - Drop-weight tear test (DWTT) energy absorption as a function of
yield strength for 1-in. plates of specially melted and heat treated HY-80
type steels

41



practices for the illustrated HY-80 steels cannot be
deduced from the data given in Fig. 14.

A graphical summary of the C ~-YS relationships for
these special melt HY-80 steéls is presented in Fig. 15.
The lowest curve, shown in this chart for comparison
purposes, is based upon previously developed data for
conventional melt practice HY-80 steels. The other
curves in Fig. 15 have been drawn to separate the data
into characteristic groups relating to the special
melting and rolling practice variables as described
for the DWTT data given in Fig. 14. Generally, the
observations, comments, and deductions given for the
data in Fig. 14 are found to be closely similar to
those developed by analysis of the C data given in
Fig. 15.

In addition to the special melt HY-80 steels described
herein, a considerable number of previously tested
maraging and Q&T steels have involved CEVM practices.
A review and analysis of the DWTT-YS data for all CEVM
steels tested to date was made in order to establish
the apparent limiting position of an OMTL for the CEVM
steels. Generally, these steels were all found to be
highly cross-rolled (essentially 1 to 1), and in the
case of the 12% Ni and 18% Ni maraging steels, several
different producers were involved. A summary of the
DWTT-YS data for CEVM steels tested to date is pre-
sented in Fig. 16 in relation to the basic curves and
correlation index features of the FTID chart. Several
of the previously tested CEVM steels which are plotted
above the CEVM curve illustrated in Fig. 16 represent
materials which were tested early in this program when
the "high" DWTT values were based upon '"bracketing"
the DWTT values within an increment of 250 (sometimes
500) ft-1b. In the 110 to 160-ksi YS range, the
illustrated OMTL curve for all CEVM, 1 to 1 roll-prac-
tice steels is noted to agree quite closely with the
solid portion of the curve given in Fig. 14 for the
CEVM, 1 to l:rolled HY-80 steels.

'DROP-WEIGHT TEAR TESTS OF "OLD"
ALLOY HIGH STRENGTH STEELS

The pronounced effects of processing variables on
fracture toughness properties for some "old" and 'new"
high strength steel alloys in the 100+ ksi YS range
have been described in an earlier quarterly progress
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“2-slag CEVM 1-1 roll” OMTL derived is shown in addition to
the OMTL of the FTID.
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report (7). The "old" steel types that have already
been evaluated are generally characterized as the HY-80
compositions, heat-treated to a range of high strength
levels, and the various 4330-4340, H-11], D-6, etc.,
steels. The "new" steel types are characterized by
the "family" of 12% Ni and 18% Ni maraging, the 9Ni-
4Co, and the 5% Ni-Cr-Mo-V varieties. During the
past reporting period, additional '"old" alloy steels
of the SAE 4340 and 4140 types were evaluated to
develop more detailed data on the effects of process-
ing variables for the various types of steels. These
steels represent conventionally-processed material,
an open-hearth furnace heat of 4140 steel (No. H-56),
an electric furnace heat of 4340 steel (No. H-59),
and a special melt practice (CEVM) heat of 4340 steel
(No. G-84). Both the conventional and the special
melt practice 4340 steels were highly cross-rolled;
however, the 4140 steel was spread-rolled to a 9 to

1 rolling ratio. The steels were received in the
hot-rolled condition and evaluated at a spectrum of
strength levels developed by Q&T heat treatments
conducted by NRL., All of the steels contained
vanadium which was used to deoxidize the steels
instead of aluminum. The chemical compositions of
these steels are given in Table 9.

Tension, C and DWT tests were conducted on these
steels with’specimens in the "weak" (WR) fracture
direction. The data are given in Tables 10-12, and

a graphical summary of the DWTT and YS values for

these steels is presented in Fig. 17 in relation to

the basic curves and correlation index features of

the FTID chart. As expected for the conventional melt
(open-hearth) practice, poorly cross-rolled 4140 steel,
very low DWTT fracture toughness values are developed
in all heat-treatment conditions studied. The slightly
better DWTT values noted for the conventional melt
(electric furnace) practice 4340 steel are considered
to result from the high degree of cross-rolling applied
to this steel. The moderately better toughness valwes
generally noted for the cross-rolled CEVM 4340 steel,
over that of the cross-rolled electric furnace steel,
are considered to reflect the improvement resulting
from the melting practice (double slag plus vacuum-
consumable remelt) which was used to develop lower
levels of residual elements (sulphur and phosphorus).
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FRACTURE TOUGHNESS INDEX
DIAGRAM FOR STEELS

The FTID chart relating specifically to all 1l-in.-thick
steel plates evaluated to date is presented in Fig. 18.
Each of the curves in this figure is designated an
"optimum materials trend line" (OMTL) which separates
the data into characteristic groups relating to the
mill processing variables (melting practice and/or
cross-rolling) of the steels. The OMTL illustrated
for 1 to 1 cross-rolled consumable-electrode-vacuum
melt (CEVM) practice represents a new addition to
previously published FTID charts for the steels. All
maraging steel data relating to the limiting ceiling
OMTL curve for special melt practice steels have in-
volved vacuum-induction-melt practices as contrasted
to the electric furnace air-melt heats which were
poured into electrode configurations suitable for
consumable-vacuum-remelt practices that have charac-~
terized the CEVM practice steels. Evaluation of
additional vacuum-induction-melt practice steels
capable of developing yield strength levels in ex-
cess of 200-ksi are required for better definition

of the dashed portion of the presently depicted
limiting ceiling OMTL curve.

It should be emphasized that the spectrum of DWTT data
given in Fig. 18 relates to tests of the steels that
exhibited "upper-shelf" (i.e., fully-ductile mode
fractures) properties at 30°F in the "weak" (WR) frac-
ture direction providing such a direction existed.

The effects of testing temperature (within the tran-
sition range) and cross-rolling have previously been
described in detail (14, 19). The horizontal cross-
hatched lines and shaded region indicated on the left
side of the FTID depict the significance of the DWTT
energy values presently established by indexing them
to the ETT performance of the steels. Materials
having DWTT energy values below the 1000-1250 ft-1b
range' shown by the shaded region have been character-
ized by the "flat breaks'" and shattering in the ETT
and thus would be expected to propagate fractures at
high levels of elastic stress. Above the 1000-1250 ft-1b
DWTT energy range, the relative level of DWTT energy is
proportional to the expected level of plastic strain
overload required to propagate fracture in the ETT as
shown by the strain level values indicated above,
between, or below the horizontal cross-hatched lines
given on the left side of the FTID,
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The various OMTL curves given in Fig. 18 indicate a
general decrease in fracture toughness with increasing
strength level for all characteristic groups of steel.
Reheat-treatment studies of any given alloy steel have
consistently shown a decrease in toughness concomitant
with increased strength. This generally accepted phenom-
enon does not conflict with the more recently developed
realization that improvements in fracture toughness can
be obtained in a steel alloy at a given strength level

by the use of special processing (melting and/or cross-
rolling) practices. These studies have shown that the
development of optimum strength-toughness relationships
in steels requires the use of maximum (1 to 1) cross-
rolling to eliminate directionality effects and the use
of special melting practices that result in significantly
lowering the levels of critical elements (particularly
carbon and sulphur) that affect fracture toughness in
steel.

The DWTT-ETT correlation index level of change from
plastic to elastic loading requirements for fracture
propagation (shaded region in Fig. 18) is the primary
evaluation criterion for suitability of materials in
complex welded structures at this stage of development

of the FTID charts. Consideration of new alloys, or
special processing, would be required to improve the
fracture toughness of a characteristic group of steels

at strengths higher than the maximum yield strength

level at which the various OMTL curves cross-over this
elastic-to-plastic performance transition band. For
example, current HY-80 (80-ksi minimum YS) Yconventional"
production material does not require special processing
considerations because even poorly cross-rolled HY-80

is highly resistant to fracture propagation. The "weak"
direction for fracture in conventional HY-80 that is
straightaway-rolled becomes potentially susceptible to
fracture propagation at elastic stress levels for heat-
treated conditions of approximately 120-130 ksi YS

(OMTL for straightaway-rolled conventional melt prac-
tice steels not shown in Fig. 18). 1In heat-treatment
conditions ranging from 120-130 ksi to approximately
150-160 ksi YS, special cross-rolling or melting prac-
tices with the conventional HY-80 steel would be required
to develop "weak'" direction fracture toughness properties
equivalent to that of conventional production HY-80
material at lower yield strength levels. The tempering
temperatures required to develop yield strength levels
exceeding 150-160 ksi YS in HY-80 steels result in
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embrittlement (at 30°F) due to the transition temperature
range increase, and thus, new alloy compositions and
special processing techniques are required to develop
fracture tough steels exceeding approximately 160-170 ksi
YS. Similarly, the cross-over of the plastic to elastic
performance band for the 'best" presently defined alloy
steels indicates that all materials above about 200-

210 ksi YS for CEVM practice and about 220-230 ksi YS

for special melt vacuum-induction practice should be
expected to propagate fractures through elastic stress
regions.

The standard industry '"small specimen'" test for evalu-
ating fracture toughness has been the C test. The cor-
relation of the DWTT and the C, tests, ¥ig. 19, have

been surprisingly good, providlng only the steels in-
volving 100% shear fractures in the C test are consi-
sidered -- i.e., the illustrated corrélation relates

to tests at temperatures of maximum C, upper-shelf
energies. Previous investigations have emphasized the
fact that the C test can be highly misleading for cases
involving mixed' fractures that feature even small amounts
of cleavage (values in the transition range), When this
condition exists, apparently "high'" C  energy numbers
(60-80 ft-1b) are meaningless when compared to fracture
toughness values signified by moderately low (40-50 ft-
1b) upper-shelf level temperature (100% shear) C values.
Within the described limitations, the DWTT correlations
and ETT index procedures have been used to evolve the
FTID chart for C and yield strength data given in Fig.20
for all l-in.-thick steels tested to date. Generally,
the OMTL curves in this figure separate these data into
characteristic groups relating to the processing vari-
ables of the steels similar to those shown in Fig. 18.
These data provide for useful application of the Cv

test for fracture-safe design analysis for high strength
steels in terms of the simple FTID reference.
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Fig. 19 - Correlation of DWTT and Cy data for all high strength
steels tested. The data is for “shelf energies,” i.e., at test tem-
peratures where the fractures are fully ductile.
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ALUMINUM ALLOYS

(R.W. Judy, Jr. and R.J. Goode)

Fracture toughness studies of aluminum alloys have been
directed toward correlation of the explosion tear test
(ETT), a large structural prototype test, with the
smaller drop-weight tear test (DWTT), a laboratory
test, over a wide yield strength (YS) range. From
these studies a very preliminary Fracture Toughness
Index Diagram (FTID) for aluminum has been developed.
Modifications of the FTID have been made which incor-
porate early test results in some recently received
plate material.

SMALL LABORATORY TESTS

Four new aluminum alloy plates were furnished to NRL
for the purpose of fracture toughness characterization
and further FTID development. These materials were
subjected to initial small laboratory tests, which
included tensile, Charpy V (C ), and DWTT tests. The
standard alloy designations ahd mechanical properties
of these materials are shown in Table 13.

Two of the new plates represent different temper
conditions of alloys previously tested. The yield
strength (YS) of the 7075-T7351 alloy (Al4) was about
65-ksi, approximately 13-ksi less than the 7075-T6
alloy (A5), A small increase in DWTT energy was also
noted for the T7351 temper, compared to T6 temper for
the 7075 alloy. The alloy 2219-T851 (Al15) compared
to 2219-T87 (A9), showed a small increase in yield
strength and a disproportionately high increase in
DWTT in the RW ("strong') fracture direction, while
the WR ("weak') fracture direction (3) DWTT remained
the same. The two remaining alloys -- 7005-T63 (Al6)
and 7106-T63 (Al17) -- were in the 45-55 ksi YS range
with "weak" direction DWTT energy values of 1022 and
573, respectively. Both of these alloys showed con=
siderable directionality of fracture toughness properties.

Charpy V-notch tests, Fig. 21, of these four alloys did
not yield much useful information. For the most part,
the results showed very little change in C, energy with
changing temperature, and, as would be expected, the
values were low.
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Fig. 21 - Charpy V notch curves of some aluminum alloys
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EXPLOSION TEAR TESTS

Sixteen ETT plates -- all with 2-in. through-thickness
brittle electron beam weld flaws -- were tested.
Specimens of 2219-T871 (A15) and 7075-T7351 (Al4)
fractured completely at or below yield strength load-
ing (Fig. 22), indicating practically no resistance to
ETT crack propagation. Specimens of 7106-T63 (Al7)
contained the moving crack to a short tear approxi-
mately 3-in. long at each end of the flaw at 3-5%
permanent strain while fracturing completely at 7-9%
strain (Fig. 23). This indicates the probable ETT
capability of this alloy would be limited to 5-7%
plastic strain overloads. Alloy 7005-T63 (A16)
demonstrated a plastic overload capability in the
presence of a flaw of approximately 7-9% strain.
Specimens of this alloy fractured completely at 10-
12% plastic strain while limiting the crack to a

short tear at 5-7% plastic strain (Fig. 24).

In tests of other alloys, 5083-0 (Al12), 5086-H112 (A7),
and 5456-H321 (A3), (Fig 25) demonstrated an ability
to withstand 15-20% plastic strain in the presence of
a sharp flaw. In successive tests of four specimens
of 5456-H321 (A3), crack extensions at each end of
the flaw were 2-1/2-in. at 7-9% plastic strain, 3-in.
at 10-15%, 4-1/2-in. at 12-15%, and 5-1/2-in., at 15-
20% plastic strain (Fig. 25 top). Alloys 5083-0
(A12) and 5086-H112 (A7) had previously been tested
to plastic strain levels in excess of 12% and 16%,
respectively (20, 21). 1In this series of tests,
specimens of each alloy were extended to plastic
strain levels approaching 20%; none of the specimens
fractured completely (Fig. 25, middle and bottom).

FRACTURE TOUGHNESS INDEX DIAGRAM

The Fracture Toughness Index Diagram (FTID), (Fig. 26)
reflects the correlation of the DWTT and ETT fracture
toughness test with yield strength. The most impor-
tant factor in these studies is the DWTT energy values,
which are plotted against yield strength (YS). The
optimum materials trend line (OMTL) shows the limit-
ing or optimum values in the WR fracture orientation
with respect to principal rolling direction seen in
tests conducted to date on commercially-produced plate.
Since the WR direction of fracture propagation is the
"weak" fracture direction, the primary concern for
users of the data is the properties in this direction.
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Fig. 22 - ETT specimens of 2219-T871 (top) and 7075-T7351 (bottom)
which fractured at or below yield strength loading
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Fig. 23 - ETT specimens of 7106-T63. Top specimen loaded to 3-5%
plastic strain; bottom specimen loaded to 7-9% plastic strain.
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Fig. 24 - ETT specimens of 7005-T63. Top specimen loaded to 7-9%
plastic strain;bottom specimen loaded to 10-12% plastic strain. Rem-
nants of experimental strain gates can be seen on the plate surface
adjacent to the cut slots.
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Fig. 25 - ETT specimens of 5456-H321 (top), 5083-0 (middle), and
5086-H112 (bottom) alloys. All specimens loaded to 15-20% plas-
tic strain.
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ALUMINUM ALLOYS
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Fig. 26 - Fracture Toughness Index Diagram for l-in.-thick
aluminum alloy plates
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Correlations of ETT performance with DWTT energy values
are shown at the left of the diagram. High strength,
low toughness alloys break flat and/or shatter at DWTT
values in or below the cross-hatched band. The other
ETT performance levels indicate the expected capabili-
ties of the specific alloys in the ETT according to
DWTT energies.

As in the diagrams for steel and titanium, the elastic-
to-plastic transition band separates the brittle mater-
ials, where fracture toughness is best determined by
fracture mechanics techniques, from those which can
withstand high levels of plastic strain in the presence
of a flaw. Above about 60-ksi YS all alloys would be
expected to propagate fractures through elastic stress
regions. Below 50-ksi YS, a wide variety of alloys
should be available that would require high plastic
overloads for fracture. 1In fact, all the alloys
studied with yield strength below 50-ksi have demon-
strated "weak'" direction elastic overload capabilities
in the ETT.

THE EFFECT OF MEAN STRAIN ON
LOW-CYCLE FATIGUE CRACK PROPAGATION

IN S5Ni-Cr-Mo-V STEEL AND 7079-T6 ALUMINUM

(T.W. Crooker, R.E, Morey, and E,A. Lange)

Current interest in higher performance materials for
Naval structures has focused attention on a wide vari-
ety of potential metals and alloys. J3Ni-Cr-Mo-V
quenched and tempered (Q&T) steel (134-ksi yield
strength (YS)), and 7079-T6 aluminum alloy (77-ksi

¥S) are among the many materials presently under
evaluation for future structural requiremements.

One vital characteristic of a structural material for
many applications is the ability to resist the growth
of crack-like flaws during cyclic loading. Small flaws
invariably are formed during fabrication and manufac-
ture of a large structure, despite the use of the best
processing and inspection techniques. Since fabrica-
tion flaws are unavoidable, the only practice recourse
is to provide fracture-safe design criteria for pre-
venting the growth of flaws to a critical size from
repeated service loads.
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Previous reports have dealt with the role of cyclic
strain as a parameter in determining the rate of fatigue
crack growth in structural materials. However, cyclic
strain alone is not sufficient to fully describe the
loading which materials undergo in many structures

when placed under actual service conditions. Static
preload and/or residual stresses exist in most struc-
tures, creating a mean strain upon which cyclic strain
is then superimposed.

This report describes a series of laboratory tests in
which various mean strains, both tensile and compressive,
were introduced under cyclic loading conditions to de-
termine their influence on the rate of fatigue crack
growth.

MATERIALS AND EMPERIMENTAL PROCEDURE

The two materials employed in this series of tests have
been the subject of previous fatigue testing by the
authors, as described in Reference 21 for the SNi-Cr-
Mo-V steel and Reference 22 for the 7079-T6 aluminum
alloy. The fatigue crack propagation characteristics
for these two materials are shown in Fig. 27, which

is a log-log plot of fatigue crack growth rate versus
total strain range for each material under balanced
cycle (zero mean strain) loading. The respective pro-
portional limit for each material in the plate bend
specimen is indicated in Fig. 27. A summary of the
tensile properties of both materials is given in the
upper left hand corner of Fig. 27 for reference in
this report.

Lehigh-type plate bend fatigue test specimens were
machined from l-in.-thick rolled plate stock. Speci-
men orientation was chosen so that the measured fatigue
crack propagation was perpendicular to the principal
rolling direction.

Experimental data are based on the optically measured
macroscopic growth of fatigue cracks across the sur-
face of the center-notched Lehigh-type plate bend
fatigue specimens cycled in cantilever loading. All
tests described in this report were conducted in a
room temperature air environment. Nominal surface
strains across the test section were measured with an
electrical resistance strain gage. Strain gage signals
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r1g. 27 - Log-log plot of fatigue crack growth rate versus total strain
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were combined on an X-Y recorder with signals from a
load cell placed in series with the actuating hydraulic
cylinder to generate load-strain charts.

The loading cycle employed in the present series of
tests, shown schematically in the lower left corners
of Figs. 28 and 29, differs from that described in
References 21 and 22 in that the full-reversed balanced
(tension-compression) cycle is not used throughout.
Instead, the loading cycle is unbalanced so as to pro-
vide a known mean strain for study. Each specimen was
tested at a specific constant value of cyclic strain
range, to which various known mean strains were added.
Usually, the lowest desired value of mean strain was
applied first and the specimen was cycled for an in-
terval of several hundred to several thousand cycles
until the crack growth rate could be established.
Then, holding the cyclic strain range constant, mean
strain was increased to the next highest desired

value and cycling was resumed for another interval.

In this manner, a series of fatigue crack growth rate
versus mean strain data points for a constant cyclic
strain were obtained from each specimen.

Care was taken to keep maximum strain amplitudes with-
in the elastic limit of the material. This permitted
relaxation of the bend specimen to the initial zero
strain at zero load, and thus enabled accurate measure-
ment of mean strains.

DISCUSSION OF TEST RESULTS

The experimental data are shown plotted in Fig. 28 for
S5Ni-Cr-Mo-V steel and in Fig. 29 for 7079-T6 aluminum
alloy. These figures are semilogarithmic plots of
fatigue crack growth rate (log scale) versus mean
strain (linear scale). The solid lines represent the
response of the fatigue crack growth rate to the ap-
plication of mean strain for a constant value of
cyclic strain, indicated by the symbol €T (total
cyclic strain range). The dashed lines represent
contours of constant maximum strain amplitude, as
indicated by the symbol GMAX'

These test results are an extension of the results
from previous mean strain studies conducted by the
authors on HY-80 composition Q&T steels (5). The
former tests were conducted using a zero-tension
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deflection cycle with loads extending into the plastic
strain region. A variety of cyclic total strain range
values were examined and at each value the mean strain
was assumed to be 50% of the total strain range. Re-~
sults from those tests indicated that the tensile mean
strain caused an approximate threefold increase in
fatigue crack growth rates at all levels of cyclic
strain tested, compared to the crack growth rates ob-
tained from a full-reverse, balanced cycle with a mean
strain value of zero.

As thick plate sections of new, higher strength alloys
became available, it was apparent that new information
concerning the effect of mean strain was required for
these materials. For the higher strength metals, such
as HY-150 steel, cyclic loads in the elastic strain
region are adequate to l1limit their structural lives

to less than 10,000 cycles of loading. This is in
contrast to HY-80 steel which requires plastic strain
loading for fatigue lives in this range.

Qualitatively, it can be seen that tensile mean strain
accelerates the growth of fatigue cracks and compressive
mean strain retards the growth of fatigue cracks. The
magnitude of the effect of mean strain on fatigue crack
growth rate depends upon the level of the cyclic strain
and the low-cycle fatigue characteristics of the material.

The threefold increase in fatigue crack growth rates
observed in previous tests in HY-80 steels under zero-
tension plastic strain loading appears to be a lower
bound estimate. The data obtained in this study

(Fig. 28 and 28) show that accelerations in fatigue
crack growth under elastic loading conditions can ap-
proach an order of magnitude in 5Ni-Cr-Mo-V steel and
two orders of magnitude in 7079-T6 aluminum from the
combined effect of a relatively small cyclic strain
range and a relatively large static tensile mean strain.
In terms of structural life, this suggests that mean
strains in high strength materials should not be ig-
nored at elastic strain levels normally considered safe
from danger of low-cycle fatigue failure. It is at
these strain levels that tensile mean strain can reduce
fatigue life by a factor of ten, and in some cases, by
a factor of one hundred, below calculated estimates of
life based only on cyclic strain. At higher cyclic strain
levels, with tensile strain amplitudes in the plastic
region, the maximum reduction in fatigue life due to
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tensile mean strain appears to be approximately a factor
of three for both of the new materials tested, as was
determined in the previous tests with HY-80 steel.

These preliminary data appear to indicate that the sen-
sitivity of the fatigue crack propagation characteris-
tics of metals to mean strain corresponds with their
sensitivity to cyclic strain. For example, fatigue
crack propagation in 7079-T6 aluminum alloy was found
to be highly sensitive to cyclic strain in previous
tests (22), as indicated by the slope of its curve in
Fig. 27, and this material also exhibits great sensi-
tivity to mean strain in the current series of tests.

Whereas cyclic strain range provides a simple denomina-
tor for describing fatigue crack growth rates in the
absence of mean strain (21, 22), no such single para-
meter exists in the presence of mean strain. Under
this condition, crack growth rates become a more com-
plex function involving both cyclic strain and mean
strain. In the basic fatigue crack growth rate rela-

tionship for plate bend specimens, dL _ € .m
an - cCm
where %% = growth rate in microinches/cycle,
c = constant,
€r = total strain in range in microinches/inch,
m = exponent,

mean strain acts similar to an additive in strain range
at elastic strain amplitudes, i.e., dL _ c(Cp + €H) m

) —_— =

dN
-- but at plastic strain levels the effect is limited to

a factor of approximately three, i.e., dL
cto PP y three, ’-d-¥=3c (Smy™,

Thus, for a low strength material mean strain would ap-
pear to have a relatively limited effect on the growth
rate of fatigue cracks in the low-cycle range, but in
higher strength materials mean strain becomes a much
more critical parameter.

SUMMARY

1. Mean strain acts as a complex parameter on the growth
rate of low-cycle fatigue cracks, and its effect is de-
pendent upon mean strain level and cyclic total strain
range level.

2., When the strain amplitude remains in the elastic
range, mean strain acts as an additive increase in strain
range for tension mean strains and a similar decrease in
strain range for compressive mean strains.

73



3. When maximum strain amplitude levels are in the
plastic range, the effect of increasing mean strain is
limited to an approximate threefold increase in fatigue
crack growth rates.

4. The limiting effect of mean strain, when plastic
strains are involved, results in a limited effect of
mean strain on the low-cycle fatigue life of structures
constructed of low strength materials.

5. ¥For steels with yield strengths in the 135-ksi range
and aluminum alloys with yield strengths in the 75-ksi
range, mean strain can have a 10X and 100X effect, re-
spectively, on the structural life of high performance
structures constructed with these materials.

DEVELOPMENT OF A LOW-CYCLE

FATIGUE CRACK PROPAGATION TEST

EMPLOYING FRACTURE MECHANICS PARAMETERS

(T.W. Crooker, R.E, Morey, and E.,A, Lange)

Development work is currently underway on specimen de-
sign and experimental procedure for a fatigue crack
propagation test for high strength materials employing
fracture mechanics parameters. Test methods have pre-
viously been developed for studying low-cycle fatigue
crack propagation in Lehigh-type cantilever plate fa-
tigue specimens. These previous test methods have been
applied to a wide variety of structural materials and a
considerable background of information has been estab-
lished. However, a fracture mechanics analysis of the
surface-cracked Lehigh specimen is beyond present capa-
bilities. The work described in this report represents
an extension of the Lehigh specimen studies in an at-
tempt to broaden the significance of the fatigue data
in terms of fracture mechanics parameters,

It has been shown that in many structural materials

the rate of growth of a fatigue crack across the sur-
face of a center-notched Lehigh fatigue specimen is pro-
portional to the fourth power of the total strain range,

d(2a 4
—éﬁ—l = constant (®7) , in full-reverse or zero-tension
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cycling (5, 7, 18, 19, 20, 21, 23). Paris and
Erdogan have shown that an empirical correlation
exists between the rate of fatigue crack growth and
the maximum stress intensity factor raised to the
fourth power, g% constant (K)4’ for many materials
under zero-tension cycling (24). The similarity
between these two relationships suggests that the
Lehigh specimen fatigue crack propagation data

could be interpreted in terms of fracture mechanics
parameters, even though a rigorous analysis of the
specimen is not available.

This experiment consists of testing several edge-
notched cantilever specimens of materials which
have previously undergone fatigue crack propagation
tests in the Lehigh specimen. The geometry of the
edge-notched cantilever specimen is one which can
be analyzed by fracture mechanics procedures. The
resulting data thereby establishes an empirical
correlation between €7 and K for these materials

in relation to rates of fatigue crack propagation.

TEST SPECIMEN DESIGN AND MATERIALS

The test specimen is basically a 2-1/2-in.-wide
cantilever plate specimen placed on edge. The
three specimens tested to date were machined to
the edge-notched configuration from existing Lehigh
specimens prepared from l-in.-thick plates. Fig-
ure 30 is a dimensioned sketch of the resulting
edge-notched cantilever specimen., Figures 31 and
32 are photos of the specimen and test set-up.
These specimens were cycled in a fatigue machine
designed for the Lehigh specimen with only minor
modifications to the machine.

The first specimen was tested without side-grooves
with the result that shear 1lip formation hampered
optical observation of the fatigue crack along the
surface. Consequently, the second and third speci-
mens were side-grooved before fatigue testing. The
dimensions of the side-grooves are as follows:
depth 0.025 inches (5% of gross test section thick-
ness), included groove angle 60°, and root radius
of groove 0.010 inches. The remaining met section
thickness was 0.45 inches. These dimensions were
checked on an optical comparator for accuracy.
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Fig. 31 - Photo of edge-notched cantilever fatigue specimen
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Materials chosen for this experiment were D6AC (G85)
and 4335 (G98) steels which underwent previous testing
destribed in Reference 20. The yield strengths of
these two steels were 212 and 215-ksi, respectively,
which qualifies them as "fracture mechanics materials",
i.e., fracture can be self-propagating at elastic
stress levels., The fracture toughness of these mater-
ials as measured by the drop-weight tear test was well
under 1000 ft-1b of energy for the 'weak" (WR) frac-
ture direction.(3). Fatigue crack propagation measure-
ments were in the "strong" (RW) fracture direction.

EXPERIMENTAL PROCEDURE

The experimental procedure applied to this series of
tests is of interest due to its simplicity. Specimens
were cycled zero-to-tension at constant load. Nominal
stresses were kept well below the elastic limit of the
materials, thus preventing any measurable hysteresis
in the loading cycle. Fatigue crack length was mea-
sured optically at the surface at one side of the
specimen. As the fatigue crack length increased

under constant load, the intensity factor, K, in-
creased and the rate of fatigue crack growth also
increased, thus providing a spectrum of fatigue crack
growth rates for examination.

Optical fatigue crack observations were made at 14X
magnification. With the side-grooved specimens, it
was found necessary to hand-polish grinding marks at
the root of the groove. However, once this was accom-
plished, the fatigue crack could be observed without
difficulty at the cycling rate of six cycles per
minute.

The formula for calculating the stress intensity factors,
after Kies, is as follows: (25)

1

4.12M /5 _ s
o o
KI = BD 1,8
= - 2
1 D

bending moment

net section thickness

section depth

total crack length (machined notch plus
fatigue crack)

YPOW=E R
W an
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Previous low-cycle fatigue crack propagation studies
on high strength steels using a fracture mechanics
analysis have been made by Carman, et al. (26). These
data provided a reference for the range of stress in-
tensity values relevant to low-cycle fatigue crack
propagation in this class of materials. With this
information at hand, the tests were started at the
lowest stress intensity value desired and cycled at
constant load until the specimen failed in fracture
or until the crack could no longer be observed with
sufficient accuracy.

Experimental data were plotted on a chart of total

crack length versus cycles of applied load, Fig. 33.
From this chart of experimental data, the two para-
da
dn

Under constant load cycling conditions, K is a func-
tion of the total crack length and $2 is directly
proportional to the slope of the curve.

meters of interest,lK and , can be calculated.

PRELIMINARY TEST RESULTS

Three specimens were tested in the initial experiment.
As previously mentioned, the first test involved a
specimen without side-grooving (D6AC) and yielded no
quantitative information because shear-l1lip formation
prevented accurate observation of the crack front.
The second test used a specimen (4335) that was side-
grooved to eliminate this problem, but yielded only
meager fatigue data. This was due to the failure of
the specimen after only a few thousand cycles of re-
peated load because of the low fracture toughness of
the material.

With these lessons in mind, the third specimen (D6AC)
was somewhat more successful. This specimen was side-
grooved and cycling was begun at a very conservative
stress intensity level (K = 22,400 psi/in.). The data
from this test are shown in Fig. 33, and are tabulated
in detail in Table 14.

Like the second test, the third test was of limited
duration as a result of the low fracture toughness of
the material. The test was terminated short of terminal
fracture due to an apparent change in fracture mode
which made the crack extremely difficult to observe
optically. This occurred at a stress intensity level

of approximately 33,000 psi/in., which corresponded to

a nominal net section bending stress of 39,000 psi.
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Fig. 33 - A plot of total crack length versus cycles of repeated load
for D6AC steel edge-notched cantilever fatigue specimen
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FATIGUE CRACK GROWTH DATA FOR D6AC STEEL

TABLE 14

(G85)

Cycles Total Crack Length Cycles Total Crack Length
(inches) (inches)
2,000 0.4566 11,500 0.5681
2,500 0,4608 12,000 0.5781
3,000 0.4619 12,500 0.5876
3,500 0.4622 13,000 0.5982
4,000 0.4651 13,500 0.6081
4,500 0.4668 14,000 0.6188
5,000 0.4688 14,500 0.6291
5,500 0.4751 15,000 0.6428
6,000 0.4793 15,500 0.6521
6,500 0.4881 16,000 0.6673
7,000 0.4933 16,500 0.6793
7,500 0.5011 17,000 0.6893
8,000 0.5109 17,500 0.7040
8,500 0.5186 18,000 0.7159
9,000 0.5267 18,500 0.7348
9,500 0.5388 19,000 0.7507
10,000 0.5417 19,300 0.7663
10,500 0.5515 20,000 0.7836
11,000 0.5596 20,500 0.8032
21,000 0.8221
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At lower stress intensity levels, the fatigue crack
appeared jagged and easily visible at 14X magnifica-
tion. However, at the 33,000 psi/1in. stress intensity
level the fatigue crack changed to an extremely sharp
hairline crack which could not be followed with ac-
curacy. This specimen will be tested under static
load to determine its critical stress intensity value.

Stress intensity and fatigue crack growth rate values
calculated from the results of the third specimen are
tabulated in Table 15 and are plotted on a log-log
scale in Fig. 34. 1In addition, Fig. 34 also shows
comparable data obtained from previous Lehigh speci-
men tests of this material.

DISCUSSION

The results of this preliminary experimentation are
limited but encouraging. Specimen design, adaption of
existing fatigue machines, and experimental techniques
have presented minimal difficulties. Preliminary data
displayed in Fig. 5 parallel the data obtained from
previous Lehigh specimen tests. These limited results
suggest confirmation of the underlying assumption that
for high strength materials and equivalence can be
established between the two methods of analysis.

The results of these preliminary tests also point

out the limitations of the cantilever edge-notched
specimen for low-cycle fatigue crack propagation
studies. The first limitation is the requirement for
nominally elastic loading conditions in order that
the fracture mechanics analysis be valid. The second
limitation is the requirement for sufficient fracture
toughness to permit fatigue crack propagation rates
in the low-cycle range (10 to 1000 microinches/cycle).
This requirement is illustrated by the brief span of
the edge-notched specimen data in Fig. 5. Since rela-
tively few materials presently possess both high
strength and high fracture toughness, it is doubtful
that this test has potential for widespread applica-
tion. Further, even with the adaption of electronic
sensing devices to follow the crack tip and elimina-
tion of the side-grooves, thus permitting shear-lip
formation, the useful range of the specimen will
remain limited.
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TABLE 15

CRACK GROWTH RATE AND STRESS INTENSITY DATA FOR D6AC STEEL (G85)

Cycle Interval Average Total Average Crack Average Stress
Crack Length Growth Rate Intensity Factor
(inches) (microinches/cycle) (psi/In.)
2,500--4,500 0.4638 3.0 22,450
5,000--6,000 0.4740 10.5 22,800
6,500--9,500 0.5109 15.2 23,900
10,000-11, 500 0.5549 17.6 25,300
12,500-14,500 0.6083 20.7 26,900
15,000~16, 500 0.6610 24.3 28,600
17,500-19,000 0.7273 31.1 30,750
19,500-21,000 0.7942 37.2 33,000
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Fig. 34 - Comparative log-log plot of total strain range
(lower scale) and stress intensity factor (upper scale)
versus fatigue crack growth rate in D6AC steel for two
specimen designs
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Fortunately, many of the newest materials currently
undergoing evaluation, such as steels with 160 to
180-ksi yield strength and titanium alloys with 100
to 120-ksi yield strength, do possess an excellent
combination of strength and fracture toughness.
Future experimentation on these materials with the
cantilever edge-notched specimen is planned.

EFFECT OF SIDE-GROOVES ON

PLANE-STRAIN FRACTURE TOUGHNESS MEASUREMENTS

(C.N. Freed)

Linear elastic fracture mechanics techniques are used
to measure the resistance of a material to crack ini-
tiation and propagation under an applied load. This
method of measuring fracture toughness is especially
useful in determining the stress intensity required to
initiate and propagate fractures from flaws in ultra-
high strength materials of typically low fracture
toughness. However, as the toughness of the material
increases, the detection of initial crack instability
with fracture mechanics methods becomes more difficult
until, with sufficient toughness, the detection of
crack instability is impossible. Thus for the higher
toughness, low strength materials, valid fracture
toughness measurements cannot be made using the
presently accepted fracture mechanics techniques.

Experimenters have found that the modification of a
single-edge-notch tensile specimen with side-grooves
will sharpen the indication of crack instability (27).
This permits the measurement of plane-strain fracture
toughness, K., in cases which would not have been
possible with a standard, smooth-sided specimen of
the same thickness. The effect of side-grooves on
the stress intensity factor, K, is dependent on the
toughness anisotropy of the material--information
that is not generally available. It has been pro-
posed, however, that if shallow side-grooves are
used, 5 or 10% deep on each flank, an accurate value
of Kyc may be obtained regardless of the toughness
anisotropy relative to the fracture plane.

86



The plane-strain fracture toughness data reported here
are preliminary results from an investigation to deter-
mine the maximum toughness of various 1l-in.-thick
materials for which Kyec can be obtained. Since it is
believed that side-grooved specimens will enable valid
Kic values to be determined for materials of higher
toughness than is possible for the smooth specimens,

it is necessary to demonstrate that side-grooved
specimens will produce valid Kjg¢ values.

EXPERIMENTAL DETAILS AND MATERIALS

Plane-strain fracture toughness values were determined
with single-edge-notch (SEN) specimens; a detailed
description of these specimens, both smooth and side-
grooved, is presented in the Seventh Quarterly Report
(20). Side-grooves were machined with an included
angle of 60° and with a notch root radius of 0.010-in.
The symmetrical grooves, which were machined across the
width of the specimen parallel to the edge-notch, are
described by the ratio of the unbroken thickness, BN,
to the thickness prior to grooving, B. The Kj. for
side-grooved specimens was determined by calculating
KNominal (KN) as though no sSide-grooves were present
and then correcting the result by multiplying it by
(B/BN)° -® which is a thickness correction.

Kic = KN(B/BN)®:‘°

A simple calculation will demonstrate that although

the exponent may theoretically vary betwen 0.5 and 1.0,
depending on the toughness anisotropy, the employment

of shallow side-grooves will prevent K¢ from being sig-
nificantly affected by the use of the 0.5 exponent (27).

In Table 16, the mechanical properties of one titanium
allay, Ti-6A1-4V (T-27), and two aluminum alloys,
7075-T6 and 2219-T87, are presented. Mechanical proper-
ty data for two other titanium alloys investigated,
Ti-8A1-1Mo-1V (T-19) and Ti-6Al1-4Zr-2Sn-0,5Mo-0.5V
(T-68), are being obtained.

A number of specimens of Ti-6A1-4V (T-27) were solution
annealed at 1700°F for one hour,water quenched, then
aged at 900°F for two hours and air cooled. Many of the

specimens were side-grooved so that BN/B varied from
0.9 to 0.5 while others were left with "smooth'"flanks.
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All specimens were fatigued (at a stress less than 0.5
yield strength) until an 0.1-in. crack was formed at the

tip of the edge notch.
RESULTS AND DISCUSSION

The results for the Ti-6A1-4V alloy are tabulated in
Table 17. Two smooth specimens were tested in the RW

(3) fracture direction and Kyc values of 106,000 and
111,000 psi/in. were recorded at 132.5-ksi yield strength
(YS). 8Six side-grooved RW specimens produced Kyc values
from 101,000 to 114,000 psi/in., which is within 7% of
the average value of the smooth RW specimens (108,500
psi/in.). One RW side-grooved specimen gave a Kyc of
123,000 psi/in.

Two smooth WR specimens indicated Ky, values of 104,000
and 105,000 psi/in. at 140-ksi YS. Two other WR speci-
mens were side-grooved so that BN/B equaled 0.7 and 0.6.
The Kjc numbers obtained were 108,000 and 114,000
psi/in., respectively. The bar graph in Fig. 35 gives

a graphic portrayal of the Kjc¢ values for smooth and
side-grooved specimens,.

The fracture toughness results on T-27 indicate that
both shallow and deep (By/B = 0.5) side-grooves re-
sulted in Kic values equivalent to those determined
with specimens which were not side-grooved. However,
it should be restated that the use of deep side-grooves
may cause invalid values in other instances and is not
recommended. Of additional interest is the fact that
the nominal stress to yield stress ratio as high as

1.1 gave valid Klc¢ results.

Plane-strain fracture toughness data for the two alumi-
num alloys are reported in Table 18. Six specimens of
7075-T6 were prepared so that the fracture would propa-
gate in the RW direction (78.5-ksi YS). Three specimens
were not side-grooved while three were grooved 5% on
each flank (BN/B = 0.9). The smooth specimens produced
Kic values of 32,000, 33,000, and 34,000 psi/in., while
all of the side-grooved specimens recorded a Kje of
32,000 psi/in. One smooth WR specimen (77.8-ksi YS)
indicates a Ky, of 24,000 psi/in.

Four specimens of 2219-T87 were tested. Two RW specimens

(57.9-ksi YS) produced Ky, values of 32,000 and 34,000
psi/in., while two WR specimens (55.2-ksi YS) indicated
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Kic numbers of 29,000 and 30,000 psi/in. Both the
7075-T6 and the 2219-TB7 were tested in the "as-
received" condition.

Table 19 is a tabulation of the plane-strain fracture
toughness data determined to date for the Ti-8A1-1Mo-1V
(T-19) and Ti-6Al1-4Zr-2Sn-0.5Mo-0.5V (T-68) alloys.

The four smooth T-19 specimens were solution annealed
at 1800°F for one hour, water quenched, then aged at
1100°F for two hours and air cooled. Two specimens
were given a second aging treatment of 1100°F for two
hours and air cooled. No significant difference was
found in the Kjc values between the two heat treatments.

Four RW specimens of T-68 were solution annealed at
1800°F for one hour, water quenched, then aged at 1100°F
for two hours and air cooled. Two specimens were tested
without side-grooves while two were grooved so that

BN/B = 0.9. The smooth specimens resulted in Kjc¢

values of 117,000 and 124,000 psi/in., while the side-
grooved specimens produced Kj. values of 118,000 and
117,000 psi/in.

For the toughness levels of T-27, T-68, and 7075-T6,
side-grooving appears to provide valid Kjc data. The
validity of the Kjc¢ determinations for T-19 and T-68
will depend upon the tensile properties presently being
determined. This will be reported in a future report.

Further experiments are being conducted to assess the
value of shallow side-grooving at higher toughness
levels on a variety of materials. Additioral informa-
tion will also be obtained regarding the relationship
between the nominal-to-yield stress ratio and valid
Kic values for smooth and side-grooved SEN specimens.
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