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ABSTRACT

A progress report covering research studies in high
strength structural materials conducted in the period
May 1965 to July 1965 is presented. The report includes
fracture toughness studies on the 12% Ni maraging and
9Ni-4Co-.XXC steels, a variety of titanium alloy MIG,
EB, and plasmarc weldments, and some aluminum alloys.
The current fracture toughness index diagrams are pre-
sented for steels, titanium alloys, and aluminum alloys.
Results are presented of (1) a study of the plane-
strain fracture toughness of the alloys Ti-6A1-4V and
Ti-6AI-6V-2.5Sn over respective yield strength ranges
of 130-140 ksi and 147-186 ksi; (2) heat-treatment
studies on several titanium alloys; and (3) a low
cycle fatigue crack propagation study of 5Ni-Cr-Mo-V
steel in dry and wet environments in which considerable
microcrack formation and growth was encountered.

PROBLEM STATUS

This is a progress report; work is continuing.
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METALLURGICAL CHARACTERISTI CS

OF HIGH STRENGTH STRUCTURAL MATERIALS

[Eighth Quarterly Report]

I NTRODUCTI ON

This is the eighth status report covering the U.S. Naval
Research Laboratory Metallurgy Division's long-range
program of determining the performance characteristics
of high strength metals. The program is primarily con-
cerned with determining the fracture toughness char-
acteristics of these materials using standard and re-
cently 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. Titanium and aluminum
alloys, quenched and tempered (Q&T) steels, and maraging
steels are the principal high strength metals currently
under investigation.

The fracture toughness index diagram for steel has been
modified to indicate the expected yield strength regions
of high and low fracture toughness for optimized or
nearly optimized material. The yield strength range of
low fracture toughness indicates the region where the
linear elastic fracture mechanics approach to fracture
toughness determination will be required. The fracture
toughness index diagrams for titanium and aluminum alloys
are also presented. All the diagrams reflect the most
recent test results; a comparison of the weak and strong
direction optimum materials trend line for aluminum
indicates considerable anisotropy for all but the highest
strength commercially-produced alloys.

The results of recent fracture toughness investigations
using the drop-weight tear test for 12% Ni maraging and
9Ni-4Co-.XXC steels are reported. The fracture tough-
ness evaluation and control of high strength steel weld
metals are also discussed. The available test results
for the various groups of steels are compared to the
optimum materials trend lines obtained for plate material.
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Preliminary heat-treatment studies on the fracture tough-
ness of two NRL-produced alloys (Ti-6AI-2Mo-2V-2Sn and
Ti-6AI-3Mo-lV-2Sn) are reported. Both alloys were aimed
at the 130-ksi yield strength level. Drop-weight tear
test studies on a Ti-2.5AI-16V all-beta alloy indicate
a very low fracture toughness capability for this material.

Preliminary welding studies on Ti-6AI-2Mo MIG weldments
show that considerable improvement in the fracture tough-
ness can be obtained in the weld by a solution anneal
and aging treatment after welding. For electron beam
welds in the same alloy, it was found that heat treating
the plate to a high fracture toughness prior to welding
more than doubled the toughness of the as-deposited EB
weld.

Plasmarc welds in Ti-7AI-2.5Mo and Ti-6AI-4V were evalu-
ated in the drop-weight tear test. A study of the effect
of heat treatment on i/2-in.-thick Ti-6AI-4V, Ti-5AI-
2.tSn, Ti-7AI-2Cb-lTa, and Ti-6AI-2Mo using EB welds has
been completed. The results of both of these investiga-
tions are reported along with the very favorable drop-
weight tear test results on Ti-7AI-2Cb-lTa short circuit
MIG and spray arc MIG weldments furnished by the U.S.
Naval Applied Science Laboratory. The drop-weight tear
test results on three high strength titanium experimental
alloys, prepared by the New York University, are also
presented.

Heat-treatment studies on Ti-6AI-2Mo and Ti-7A1-2.5Mo
are described. There is some indication from the re-
sults obtained in this study that the fracture tough-
ness properties of Ti-6AI-2Mo might be more sensitive
to the rate of cooling from solution annealing tempera-
tures than the Ti-7AI-2.5Mo alloy. The Charpy V notch
properties for a number of alloys are reported for
specific conditions of heat treatment or in the as-
received condition.

Explosion tear test results are reported for the
aluminum alloys 6061-T651, 5086-H112, and 5083-0.
All of the alloys in the designated tempered conditions
were seen to require high levels of plastic strain for
fracture propagation. The 6061-%651 provided an index
of 12% plastic strain required for fracture propagation
in aluminum alloys of 750 ft-lb drop-weight tear test
energy.
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Low cycle fatigue crack propagation studies on 5Ni-Cr-
Mo-V steels in air and a 3.5% salt water environment
were conducted. These studies have shown that the
intrinsic fatigue crack propagation resistance of the
5Ni-Cr-Mo-V steel at about 130-140 ksi yield strength
is the same as that for HY-80 steel. The results also
indicate that fatigue cracks propagate four to five times
faster in the 5Ni-Cr-Mo-V steel than in the HY-80 steel
at the same percentage of yield strength and that fatigue
performance is not seriously affected by wet environments.
Considerable microcrack formation and growth was experi-
enced in advance of the main fatigue crack tip for both
the wet and dry test conditions. Sequence photographs
of this phenomenon are presented in this report.

The plane-strain fracture toughness of the alloys
Ti-6AI-4V (T-27) and Ti-6AI-6V-2.5Sn (T-21) have been
determined at the yield strength ranges of 132-140 ksi
and 147-186 ksi respectively. Some additional data
concerning the effect of thickness on KIc of heat-
treated Ti-6AI-6V-2.5Sn are also presented.
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HIGH STRENGTH STEELS

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

Since the original development of crack-starter test methods
(1), the Metallurgy Division studies for steels have espe-
cially been aimed at determining the factors which affect
the performance of steels in structural applications. The
test methods used and information developed are basic to
all structural use of steels and particular emphasis has
been given to determining information required to provide
fracture-safe design of complex, welded steel structures.
The NRL-developed drop-weight test (DWT) for determining
nil-ductility transition (NDT) temperatures (2) and the
fracture analysis diagram concept (3, 4) provide the only
available and proven engineering procedure for fracture-
safe design with intermediate and low strength steels,
commonly referenced as the structural grades. This test
method has not been applicable for thin (less than 5/8-in.-
thick) structural steels, or the nonferrous metals and
ultrahigh strength steels which can develop low-energy-
tear fractures via fracture modes not encountered with the
structural grade steels (5).

The present broad scope fracture toughness evaluation
studies for steels have been continuing to provide more
definitive information relative to the fracture-safe de-
sign utilization of the high strength steels. New tests
for determining the fracture toughness characteristics of
high strength steels under a variety of test conditions
were developed at the U.S. Naval Research Laboratory (6, 7).
A two-step performance, using the drop-weight tear test
(DWTT) and the structural prototype explosion tear test
(ETT), was shown to establish criteria for selection,
specification, and quality control of the ultrahigh strength
steels required for new advanced designs (8). Modifications
of the basic DWTT specimen design for steels have also been
evolved and used successfully since 1962 to develop simil-
lar criteria for titanium and aluminum alloys, and more
recently for the thin structural steels.

FRACTURE TOUGHNESS INDEX DIAGRAM

The DWTT procedures are practical and suitable to any labora-
tory and the analysis has been simplified for understanding
in the general engineering field. The DWTT and ETT methods
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allow for determining the resistance to fracture propaga-
tion in a metal at elastic and plastic stress levels.
Interpretation of the data has led to the evolution of
new fracture toughness index diagrams (FTID) of similar
simplicity to that of the fracture analysis diagram but
with the potential of application "across the board" to
all types and thicknesses of metals. The FTID chart
relating specifically to all 1-in.-thick steel pltes
evaluated to date is presented in Fig. 1. The FTID
summarizes the DWTT energy vs yield strength (YS)
values obtained in extensive DWTT studies coupled with
ETT correlations for tests of the steels at 30 0 F.
Correlations with ETT data served to index the strain
levels for fracture propagation to specific DWTT energy
levels, irrespective of YS. Basic guidelines are given
to indicate relative resistance to fracture propagation
for steels characterized by DWTT energy levels above,
between, or below, the strain levels illustrated by the
horizontal cross-hatched lines. The shaded region from
1000 to 1250 ft-lb is used to denote the range of DWTT
energy level separating materials capable of propagating
fractures at elastic stress levels from the materials
that require plastic strain overloads for propagation of
fracture. This change-over point--from above yield to
below yield stress levels for fracture propagation--is
the primary evaluation criteria for suitability of
steels in most large, complex, welded structures at
this present stage of development of the FTID chart.

The curves given in the FTID, Fig. 1, separate the data
into characteristic groups relating to the processing
variables (melting practice and/or cross-rolling) of
the steels. For each characteristic group of steels, a
wide range of fracture toughness may be developed by
different alloy steels of the same YS level. The various
curves indicate that fracture toughness decreases with
increasing strength level for all characteristic groups
of steels. The limiting ceiling curves for each group
have been designated as the "optimum materials trend
lines" (OMTL) for the group. The OMTL may be recognized
as the reference "yardstick" for evaluation of new steels
with respect to the practicable upper limits of fracture
toughness for any given strength level as a function of
conventional or special processing variables.

The FTID data are particularly significant with respect
to general conclusions that may be dflrived for steels
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of 180-ksi and higher yield strengths. Note that the shaded
region denoting the DWTT-ETT correlation index level of
change from elastic to plastic loading requirements for
fracture propagation is also located in the 180/220-ksi
YS range and that "boxes" have been drawn to encompass the
population of steel data points above and below 200-ksi
YS. There are major implications immediately apparent
from consideration of these data:

(1) Above 200-ksi YS, the preponderance of data
for steels reside in regions of the FTID where propagation
of fracture at elastic stress levels should be expected
and are so confirmed by ETT results. It is thus considered
that valid fracture mechanics toughness measurements should
be obtainable for these steels.

(2) In the 180/220-ksi YS range, many of the "old"
steel types (4330 ,4340, etc.) are also characterized by
similar low resistance to fracture propagation so as to
predict valid fracture mechanics determinations.

(3) The upper "box" located in the 200/220-ksi YS
range encompasses many of the "new" steel alloys (maraging
steels, 9Ni-4Co steels, etc.) which are characterized by
high DWTT toughness and as such, these steels should (and
ETT prove) resist propagation of fracture unless subjected
to at least 2% to 5% levels of plastic strain.

The standard method for evaluating fracture toughness avail-
able generally to industry has been the Charpy V (C,) test.
Correlations between the DWTT and C, tests have provided a
means for calibrating the significance of the C. test for
steels. Figure 2 depicts the general relationships between
DWTT and C, data for all of the l-in.-thick steels studied
to date. It should be emphasized that the surprisingly
good correlation of DWTT energy values with C, values ap-
plies to steels involving 100% shear fractures in the C,
test--i.e., the correlation relates to tests at temperatures
of maximum CV upper shelf energy. Investigations of the
effects of temperature on DWTT and C. test energies in
the transition temperature range were shown to indicate
that the C, test can be highly misleading for cases in-
volving mixed fracture of the CQ specimens (9). Apparent-
ly "high" C, energy numbers for test specimens featuring
the presence of even small amounts of cleavage (values in
the transition range) do not signify high fracture tough-
ness as would be the case for shelf-level temperature
(100% shear) C, values.
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The DWTT and ETT index procedures have been used to
evolve a FTID chart for Cv and YS data for all
1-in.-thick steels tested to date, Fig. 3. The
curves in this figure separate these data into char-
acteristic groups relating to the processing varia-
bles of the steels closely similar to those illus-
trated in Fig. 1. It is significant to note from
the "two box" definition described for the data
given in Fig. 1, that the C, test also character-
izes a high population density of steels in the
200/220-ksi YS range as materials capable of sus-
taining propagation of fractures at elastic stress
levels. Also, that many steels of 180/200-ksi YS
range may be expected to exhibit resistance to
fracture propagation at plastic deformation over-
load levels. These data provide for useful appli-
cation of C, tests (within the described limitations)
for high strength steels for fracture-safe design
analysis in terms of simple FTID reference.

Figures 1 to 3 summarize all data developed to date
for 1-in.-thick steel plates, including new data
(to be reported) developed for 1-in.-thick steels
during this reporting period. In addition much
of the work during this past reporting period has
been expended to validate the DWTT energy values
obtained for the different steels with recheck
values of DWTT energy for various steels using
the electron-beam-embrittled weld technique for
the crack-starter portion of the DWTT specimen as
previously described (9). The initiation of a
sharp crack which is directed into the test steel
section for evaluation of fracture propagation
resistance with minimum absorption of energy in
fracture initiation is of critical importance to
the DWTT. Exploratory tests are being conducted
to det3rmine whether prepared DWTT specimens using
the electron-beam-embrittled weld can be subjected
to heat-treatment studies without affecting the
"brittleness" of the weld, i.e. the DWTT results.
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New steels obtained for study during this reporting period
have included materials of the 9-4-.XXC and maraging steels
capable of developing YS levels ranging from 150 to 200-ksi.
DWTT results for these steels will be reported by using
the basic features of the FTID charts (Figs. 1 and 3) to
illustrate comparison of results for these new steels with
previously tested and reported data.

DWTT OF 9-4-. XXC ALLOY HIGH STRENGTH STEELS

For high strength alloy steels conventionally strengthened
by quench and temper (Q&T)heat treatments, the recently
developed Ni-Co family of alloy compositions designated
9-4-.XXC appear very promising for high strength applica-
tions. The proprietary designation of 9-4 may be partly
misleading in that the steels of this alloy family are all
reported to contain 7.0 to 8.5% Ni, 3.5 to 4.5% Co, and
0.06 to 0.12% V. The two basic compositions of this alloy
family, available commercially since 1962, contain approxi-
mately 0.45% C and 0.24% C, and these were designed to
develop approximately 250-ksi and 180-ksi yield strengths
respectively, for appropriate Q&T heat treatments. In all
cases, commercial production of these steels have involved
a special melt practice comprised of vacuum-carbon-deoxi-
dation (VCD) of an electric furnace air-melt heat followed
with a vacuum-consumable-electrode-remelt (CER). Present
facilities for the CER process have limited the size of
production heats of 9-4-.XXC steels from approximately
5 to 15 tons.

In addition to the nominal 180 and 250-ksi yield strengths
of the two commercial alloys, the basic 9-4 composition can
be adjusted or the heat treatment varied to develop YS
levels ranging from approximately 150-ksi to 250-ksi as
required for specific applications. Composition modifi-
cations involving carbon contents ranging from 0.10 to
0.45%, Co contents ranging from 2.0 to 4.0%, and higher
ranges of Cr, Mo, or V than presently specified in the
basic compositions (intended to promote secondary harden-
ing characteristics upon tempering in the range of 1000'F)
have been under intensive research investigation by the
steel producer. The composition adjustments are generally
made to maintain the Co addition in solid solution, to
promote martensite "self-tempering" characteristics by
raising the martensite transformation temperature of the
alloy to above 450 0F, and to decrease the amount of austen-
ite that might be retained at room temperature after
quenching.
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Fracture toughness data for two steels, containing
0.25 and 0.36% C, of the basic 9-4 alloy composition
were presented in previous investigations (10, 11).
Additional l-in.-thick plate sections of 9-4 alloy
steels were received for this study: two of these
steels (Nos. H-81 and H-82) represent lower carbon
content and higher Cr-Mo content modifications of the
basic 9-4-.25 alloy steel; one plate (No. G-99) repre-
sents the basic 9-4-.45 alloy steel; three of the
plates (Nos. H-2, J-14, and J-15) represent the basic
9-4-.25 alloy. Excepting plate No. H-2 which measured
13/16-in., the above plates had been rolled to 1-in.-
thickness. Essentially 1 to 1 cross-rolling was em-
ployed in producing each of the above plates excepting
plate No. J-14 which was deliberately procured in the
straightaway-roiled condition. The chemical composi-
tions of these steels are given in Table 1.

Only two of these 9-4-.XXC alloy steels had been
received in the mill Q&T heat-treatment condition, as
noted in Table 1. The plates received in the annealed
heat-treatment condition were cut into DWTT specimens
and then Q&T heat treated by NRL. A spectrum of strength
levels was developed in these alloys by tempering indi-
vidual DWTT specimens at different temperatures. In
addition to conventional Q&T heat treatments. isothermal
transformation heat treatments at 475'F were conducted
to develop a bainitic microstructure in the 9-4-.45
alloy steel. After DWTT of all plates had been con-
ducted, the fractured specimens were sectioned to pro-
vide the necessary blanks for machining of tensile and
C specimens. The test data developed for this study
for the various 9-4-.XXC steels are given in Tables 2,
3, 4, and 5.

A graphical summary of the changes in strength developed
by these 9-4-.XXC steels as a function of the temperinZ
temperatures employe'd is given in Fig. 4. With in-
creasing tempering temperatures from 400W to 900•F,
both the 9-4-.25 and 9-4-.45 steels display a continual
decrease in ultimate tensile strength (UTS); the YS of
the 9-4-.45 steel also decreases continually, however.
the YS of the 9-4-.25 steel does not vary significantly
with ternpering temperatures of 400' to 900'F. Slightly
higher UTS and YS properties are developed in the various
9-4-.AXXC steels with the 1000'F tempering temperature
treatment than those developed by the respective alloys

12
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Table 2
Test Data for 9-4-.25C Steel-Codes H-2, J-14, J-15

(Normalized 1600'F 1 hr, air-cooled; austenitized 1500OF 1 hr,
oil-quenched; tempered 2 + 2 hr, air-cooled)

Tempering
Temperature

(0 F)

400
400
500
500
600
600

700
700
800
800
900
900

950
950

1000
1000
1050
1050

1100
1100
1150
1150
1200
1200
1250
1250

Mill heat tr.
Str. rolled
Mill heat tr.
1Xi X-rolled

Direction
of

Test

Weak
Strong
Weak
Strong
Weak
Strong

Weak
Strong
Weak
Strong
Weak
Strong

Weak
Strong
Weak
Strong
Weak
Strong

Weak
Strong
Weak
Strong
Weak
Strong
Weak
Strong

Weak
Strong
Weak
Strong

0.505-In. -Diam. Tension Test Data

0.2 %YS
(ksi)

186.7
189.1
189.2
192.5
187.0
186.6

182.6
185.7
181.0
182.5
181.0
181.3

183.8

185.9

179.8
178.4

173.8
175.9
153.1
155.4
108.6
109.5
99.4

101.4

180.3
180.0
183.2

UTS
(ksi)

237.6
238.2
224.3
225.7
212.7
212.6

203.1
204.2
196.5
196.7
194.4
195.0

196.6

194.8

188.7
186.9

185.4
185.6
173.9
174.5
179.0
177.6
201.1
190.8

196.4
196.2
195.0

El. in 2
(%)

in.

14.5
14.8
12.5
13.3
13.0
13.5

13.0
13.0
15.5
15.5
16.0
16.3

16.3

16.5

16.8
18.0

17.5
18.0
19.5
20.0
20.0
21.0
18.8
20.0

15.0
16.8
17.0

R.A.

54.5
56.7
54.0
56.9
55.5
60.5

56.5
56.9
56.3
57.9
58.5
60.0

57.8

61.1

61.5
65.4

61.2
64.1
60.0
64.4
52.6
56.0
43.9
50.0

48.0
61.0
61.0

Charpy V
at 30'F
(ft-lb)

35
36
30
31
32
32

32
33
34
34
39
40

40
41
44
42
49
49

49
53
62
59
55
58
35
32

30
38
40
38

Code

H-2
H-2
H-2
H-2
H-2
H-2

H-2
H-2
H-2
H-2
H-2
H-2

H-2
H-2
H-2
H-2
H-2
H-2

H-2
H-2
H-2
H-2
H-2
H-2
H-2
H-2

J-14
J-14
J-15
J-15

Drop -Weight
Tear at 30 OF

(ft-lb)

870

750

931

1113

1784

1784

1723

1784

1228

1173
1844
1966

*:NOTE: Test direction is defined in terms of fracture path in specimen, i.e.,
"Weak" = specimen fracture parallel to principal (or final) rolling direction;
"Strong" = specimen fracture transverse to principal (or final) rolling direction.
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Table 3
Test Data for 9-4-.23 Steel-Code H-81

(Austenitized 1 hr 1550' F; oil quenched; tempered 2 + 2 hr)
0.505-in. -Diam. Tension Test Data

Tempering Direction ________ Tensio TestDataCharpy V Drop-Weight
Temperature of 0.2% YS T.S. El. in 2 in. R.A. at 30' F Tear at 30' F

(OF) Test, (ksi) (ksi) M M (ft-lb) (ft-lb)

900 Weak 177.9 214.8 15.0 52.2 33 1173
900 Strong 177.8 215.9 16.3 57.6 34 1113

950 Weak - - - - 38 -
950 Strong 181.5 212.2 16.0 60.0 40 1296

1000 Weak 182.9 212.3 16.3 58.7 41 1662
1000 Strong 183.6 212.3 16.0 60.0 42 1812

1050 Weak 179.9 208.2 15.8 57.3 42 1844
1050 Strong 181.6 209.2 16.0 59.3 44 2066

1100 Weak 171.4 196.1 16.5 59.6 47 2780
1100 Strong 166.8 192.4 17.0 60.5 52 3122

1150 Weak 154.8 183.4 17.8 59.4 58 3333
1150 Strong 148.0 179.5 19.3 63.0 63 3910

;'-NOTE: Test direction is defined in terms of fracture path in specimen, i.e.,
"Weak" = specimen fracture parallel to principal (or final) rolling direction;
"Strong" = specimen fracture transverse to principal (or final) rolling direction.

Table 4
Test Data for 9-4-.19 Steel-Code H-82

(Austentized 1 hr. 1550°F; oil quenched; tempered 2+2 hr.)

Tempering Direction 0.505-in.-Diam. Tension Test Data Charpy V Drop-weight
Temperature of 0.2% YS T.S. El. in 2?? R.A. at 30OF tear at 30OF

(0 F) Test* (ksi) (ksi) (%) (%) (ft-lb) (ft-lb)

900 Weak 176.1 210.3 15.1 51.8 33 1356
900 Strong 175.2 209.6 15.5 54.8 33 1326

950 Weak - - - - 38 1478
950 Strong 174.7 210.4 17.5 61.8 40 1601

1000 Weak 181.4 207.8 16.5 59.9 40 1723
1000 Strong 183.4 206.7 15.8 59.2 39 1723

1050 Weak 178.6 201.3 16.5 57.3 39 1933
1050 Strong 181.0 205.3 16.0 58.2 40 1994

1100 Weak 170.8 191.3 18.3 60.9 44 2618
1100 Strong 174.6 190.2 17.5 60.7 45 -

1150 Weak 152.7 174.8 19.0 61.3 54 3383
1150 Strong 153.9 176.4 19.5 64.6 57 -

*NOTE: Test direction is defined in terms of fracture path in
"Weak" - specimen fracture parallel to principal (or

specimen; i.e.,
final) rolling direction;

"Strong" = specimen fracture transverse to principal (or final) rolling direction.
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Table 5
Test Data for Specially Processed CEVM Proprietary Ni-Co Steel - Code G-99

Tempering Direction 0.505-in.-Diam. Tension Test Data Charpy V Drop-Weight
Temperature of 0.2% YS T.S. El. in 2 in. R.A at 30OF Tear at 30OF

(°F) Test_ _ (ksi) (ksi) (%) (%) (ft-lb) (ft-lb)

Weak
Strong

Weak

Weak

Weak

Weak

Weak

Weak

Strong
Weak
Strong

Weak

Weak
Strong

246.4
203.0

234.2

224.0

210.9

200.2

197.5

186.9
187.7
196.9
196.0

179.0

192.0
188.6

298.2
290.8

274.7

252.1

230.8

215.9

210.0

206.7
206.4
207.3
206.1

188.4

234.0
233.2

*Test direction is defined in terms of fracture path in specimen; i.e., "Weak" = specimen
fracture parallel to principal (or final) rolling direction; "Strong" =-specimen fracture
transverse to principal (or final) rolling direction.

NOTE: All steel normalized 1 hour at 16000F, air-cooled, austenitized 1 hour at 14501F,
oil-quenched, refrigerated 2 hours at -110'F, tempered 2 hours, air-cooled, refrig-
erated 2 hours at -1l0°F, tempered 2 hours, and air-cooled, except:

tAustenitized 1 hour at 1450°F, oil-quenched, tempered 1000 0 F 2+2 hours, air-cooled;
TAustenitized 1 hour 1450'F, oil-quenched, refrigerated 2 hours at -1201F, tempered at

10000F for 2 hours, refrigerated 2-hours at -108'F, tempered 1000*F Zhours, air-cooled;
¶Normalized 1 hour at 1600'F, air-cooled, austenitized 1450'F 1 hour, quenched in salt

bath 4750F, hold 6 hours, air-cooled.
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15

18

18

18

23
23
23
23

36

27
28

16

400
400t

500

600

700

800

900

10001
10001
1000O
10001

1100

4755
4755

20
20

10.5
12.0

10.3

10.5

10.8

12.5

13.5

15.0
14.5
14.5
14.0

16.0

14.0
12.8

42.0
40.5

42.9

43.1

45.0

45.4

48.5

48.2
45.9
49.5
46.5

54.3

55.3
54.4

485

573

309

573

612

811

811
931

1601

1052



9 Ni-4Co-C STEELS

280- W 9-4-.19C-Cr-Mo
19 9-4-23C-Cr-Mo
El 9-4-25C
0 9-4-.45C

TS
260

240-
ON" TS BAINITIC

- "• YS

220- " S NO REFR.

" -YS NO REFR. 1 %
~200-

J QlYS BAINITIC

I-- --.- _ -,

180- %%\R'YS NO REFR. ,"

160\

140'

120 -

I 0 I I I I I i I I I I I I "'F
400 600 800 1000 1200

TEMPERING TEMPERATURE (OF)

Fig. 4 - Yield and tensile strengths of 9Ni-4Co-.XXC steel
plates as a function of tempering temperature
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tempered at 900 0 F. Both UTS and YS values of the various
9-4-.XXC steels decrease continually with increasing
temperatures from 10500 to 11500 F. The slight increase
in UTS and large decrease in YS noted to be developed by
the 9-4-.25 steel upon tempering at 12000 and 1250OF
reflects the development and retention of untempered
martensite as a result of exceeding the lower-equilibrium
transformation temperature (reported to be approximately
11750 to 1200°F by the producer) for this steel..

The producer's recommendations for Q&T heat treatments
of the 9-4-.XXC steels containing more than approximately
0.30% C require the use of refrigeration (to -100°For
lower) after quenching from the austenitizing temperature
in order to achieve the maximum attainable strength levels.
Such refrigeration treatments were employed to develop
the data given in Fig. 4 for Q&T heat treatments of the
9-4-,45 steel. Q&T heat treatments of this steel without
the refrigeration treatment were conducted for tempering
temperatures of 4000 and 1000 0 F. As noted in Fig. 4,
the omission of the refrigeration treatment resulted in
a greater loss in YS (approximately 45 and 10-ksi) than
in UTS (approximately 8 and no change) for the 9-4-.45
steel tempered at 4000 and 1000'F respectively.

For conventional Q&T steels, the maximum attainable as-
quenched hardness (and consequently UTS) is dependent
essentially upon carbon content. This general trend may
also be expected for low tempering temperature conditions
of 4000F, as noted in Fig. 4, where the UTS (and YS as
well) of the basic 9-4-.45C steel exceeds that of the
basic 9-4-.25C steel by approximately 60-ksi. At tem-
pering temperatures ranging from 9000 to 11000 F, however,
the strength values of the basic high carbon 9-4 alloy
are approximately 10-ksi higher than that of the basic
9-4-.25 steel. The general effects of the alloy addi-
tions made to promote secondary hardening characteristics
in the 9-4 steels are noted for the strength values given
in Fig. 4 for the 9-4-.19C-Cr-Mo steels and 9-4-.23C-Cr-Mo
modiffied steels. Tempering of these steels in the range
of 900' to 1100"F resulted in UTS values ranging slightly
higher than that of the basic high carbon content (0.45%)
alloy, however, the 7'S values are noted to !e slightly
lower than -that of the basic low carbon content (0.25%)
composition of the commercially-available 9-4-.XXC
steels.
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Figures 5 and 6 present a summary of the DWTT-YS and
C, -YS data given for the 9-4-.XXC steels in Tables 2
to 5, as referenced to the FTID-OMTL charts for 1-in.-
thick steel plates presented in Figs.l and 3. The
high carbon content (9-4-.45C) alloy steel is noted to
be capable of propagating fractures at elastic stress
levels for all heat treatment conditions studied except
that of Q&T 11000 F. For this heat treatment condition,
however, the YS is noted to be below the 180-ksi mini-
mum YS level developed by the basic 9-4-.25C alloy
tempered as recommended by the producer at 1000'F. The
apparently low DWTT values illustrated in Fig. 5 for the
9-4-.25C basic alloy (H-2) resulted from the thin sec-
tion (13/16-in.) of this steel plate. The DWTT energy
values obtained for this steel (No. H-2) are not in-
cluded in the basic FTID chart for l-in.-thick steels
(Fig. 1). As noted from the C,.-YS data given in Fig. 6,
the lower carbon content (0.19 and 0.23%), higher Cr-Mo
content versions of the basic 9-4-.25C alloy exhibit
slightly lower YS values and slightly lower C., values
than those obtained by the basic 9-4-.25C alloy at tem-
pering temperaturs of 1000°F and higher. The retention
of untempered martensite as a result of tempering the
basic 9-4-.25C alloy at temperatures of 1200"F and
1250OF is noted to result in significantly lower tough-
ness levels as shown by the data given in Figs. 5 and 6.

DWTT OF 12% NICKEL MARAGING STEELS

The 12%Ni-5%Cr-3%Mo maraging steels comprise a new
family of potentially high fracture toughness steel
alloys capable of developing yield strengths ranging
from approximately 150 to 200-ksi. The metallurgical
characteristics of these steels have been described and
test results for numerous l-in.-thick plates, including
exploratory explosion bulge tests of 180-ksi YS weld-
ments, have been given in previous reports (11, 12, 13).
These steels are virtually carbon-free compositions that
may be strengthened by aging at temperatures up to 1000"F.
The YS levels attained depend upon the alloy composition,
aging time, and aging temperature. Additional 1 to 2-in.-
thick maraging steel plates of compositions designed to
develop nominal yield strengths of 160 and 180-ksi upon
aging for 3 hours at 900'F were received for these
studies. Some of these plates (Nos. H-83 and H-84) were
from early air-melt heats of poor melting practice that
resulted in relatively low C. properties. These low
fracture toughness plates were procured for special
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studies of weld metal dilution effects and Robertson type
crack-arrest tests to be conducted in cooperation with
the Naval Construction Research Establishment Laboratories
of the United Kingdom. Other plates (Nos. J-1 to J-10),
expected to develop high fracture toughness properties,
were from special melt practice heats consisting of
vacuum-carbon deoxidation of vacuum-induction melts and
consumable-electrode-remelting practices.

The chemical compositions and the test results obtained
for these 12% Ni maraging steels are given in Tables 6
and 7. Figures 7 and 8 present a summary of the DWTT-YS
and CQ-YS data for the 1-in.-thick maraging steels, as
referenced to the FTID-OMTL charts for 1-in.-thick steels
presented in Figs. 1 and 3. Similar data for the 2-in.-
thick maraging steels are presented in Figs. 9 and 10.
The latter steels were heat treated in full thickness
but DWTT were conducted in 1-in.-thickness. The DWTT
were conducted on material in the mill-aged condition
or on material aged at 900'F for 3 hours at NRL. The
numbered, connected points in Figs. 7 and 10 depict the
changes in C. energy and YS attained in aging these
plates at 900°F for the number of hours shown. A data
point for the recently developed 130/140 YS 5Ni-Cr-Mo-V
steel is also included in Figs. 9 and 10 for comparison.
It is noted that the special practice steels (Nos. J-1
to J-10) exhibit superior strength and toughness proper-
ties than those developed by similar steel compositions
(Nos. H-88, H-94, and H-95) from air-induction melts.
For YS levels ranging from approximately 160 to 185-ksi,
the special melt practice steels develop properties
that equal or exceed the best of the previously tested
steels depicted by the limiting OMTL curve. In addition,
the strength and toughness properties of the 2-in.-thick
special melt practice steels are essentially identical to
those of the best of the 1-in.-thick steels tested to
date. Future tests are planned for full-thickness drop-
weight tear tests of plate and weldments to be fabricated
with these special melt practice maraging steels.

FRACTURE TOUGHNESS EVALUATION AND
CONTROL OF HIGH STRENGTH WELD METALS

The DWTT provides a relatively simple method of assess-
ing fracture toughness characteristics of full-thickness

22
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Table 7
Test Data for 12-5-3 Maraging Steel

Steel No.

H-84 1 in.
Airmelt

H-83 1-1/2 in.
Airmelt

H-88 2 in. (180)
Air IM

H-94 1 in. (150)

H-95 1 in. (170)

J-1 2 in. (180)
VIMCD + CER

J-2 2 in. (180)

J-3

J-4

J-5

2 in. (160)

2 in. (160)

1 in. (180)

J-6 1 in. (180)

J-7 1 in. (180)

J-8 1 in. (160)

J-9 1 in. (160)

J-10 1 in. (160)

Anneal
(0 F)

Mill

Mill
Mill

1500

1600

1600

Mill

Mill

Mill

Mill

Mill

Mill

Mill

Mill

Mill

Mill

Aged
(°F-Hr)

900° - 3

Mill 9000 - 3
Mill+NRL 3-900°

9000 - 1
9000 - 1

9000 - 3
9000 - 3

9000 - 7
9000 - 7

9000 - 15
900° - 15

9000 - 30
9000 - 30

9000 - 50

9000 - 50

9000 - 3

9000 - 7

9000 - 30

9000 - 3
9000 - 3

9000 - 7

9000 - 30

Mill
Mill

Mill

Mill

Mill

Mill

Mill
Mill

Mill
Mill

Mill
Mill

Mill
Mill

Mill
Mill

Mill
Mill

0.505-in.-Diam. Tension TestDirection
of test

Weak
Strong

Weak
Weak

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

Weak

Weak

Weak

Weak
Strong

Weak

Weak

Weak
Strong

Weak

Strong

Weak

Weak

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

Weak
Strong

0.2% YS
(ksi)

177.7

192.2
192.9

158.0
157.7

162.7
162.8

167.4
167.1

172.7
172.2

179.5
177.8

179.2

180.5

145.8

152.5

166.3

173.5
173.2

178.7

187.4

179.0

187.2

170.5

162.8

176.2
176.8

184.4
181.6

181.5
180.0

162.6
161.0

162.5
162.0

167.3
164.4

UTS
(ksi)

183.4

197.0
198.6

164.6
163.8

169.4
169.3

173.4
173.1

177.9
179.1

184.9
184.0

187.2

188.8

151.3

157.8

176.2

183.8
183.6

187.0

193.4

185.1

190.4

175.5

170.9

185.3
184.4

190.0
187.4

188.5
186.6

170.6
168.8

170.9
170.2

173.3
172.1

24

El. in 2 in.R%)

14.3

12.0
12.0

15.5
16.5

15.8
14.5

15.0
14.5

15.0
15.0

15.3
15.0

15.3
15.5

18.0

18.0

18.0

14.0
14.8

14.5

15.3

15.5

15.5

16.3

16.0

13.5
16.0

13.5
15.0

14.5
15.0

15.8
16.8

16.0
17.0

15.0
16.5

R. A.

53.7

51.0
51.9

61.5
63.6

60.4
57.5

61.4
59.3

61.5
61.4

61.4
61.0

60.1
60.0

67.7

65.8

63.4

58.8
60.3

59.6

57.7

64.0

63.5

66.0

64.4

58.3
61.1

55.7
62.2

62.3
64.0

64.1
67.4

64.5
66.5

64.1
65.6

Charpy V
at 30'F
(ft-lb)

28
34

31
29

63
63

56
54

57
57

56
53

49
48

43
44

84

70

56

39
47

39

37

60
67

62
65

72

67

67
70

58
66

66
73

84
99

77
94

72
93

Drop-weight
tear at 30°F

(ft-lb)

I

3228
3228

3964

2384

3436

3122

3866

3729

3633

3041

3843

4478
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weld deposits. Such tests were conducted and reported (8)
for an experimental 1-in.-thick 130-ksi YS MIG weld metal
of the type now used in the BuShips-USS HY-130/150 hull
steel development program. The weld metal DWTT specimen
is cut from a length of weldment prepared with specific
welding procedures and alloys. An enlarged single "V"
or single "U" joint preparation, back-chipped and
rewelded uniformly to remove the root passes and base
metal, is preferred in order to provide a width of
weld metal sufficient to contain all of the fracture
surface in the DWTT specimen. Double "V" joint prepara-
tion welds require a build-up of weld metal on the
thickness faces of the steel plates prior to depositing
the "test" weld to provide a similar width of weld.
The brittle, crack-starter portion of the DWTT specimen,
located on the central axis of the "test" weld, is con-
fined to a narrow, embrittled, through-the-plate elec-
tron-beam weld. as shown in Fig. fl. An unalloyed
titanium wire (1/16-in.-diameter . 2-in.-long), peened
into a shallow groove (Fig. 11. top left), is diffused
through the test weld by a single pass electron-beam
weld, forming a hard and brittle alloy (Fig. 11, top
right). The "V" notch side grooves (Fig. 11, bottom)
are saw-cut along the embrittled weld to reduce initia-
tion energy of the fracture to a reproducible low level
similar to that required for plate DWTT specimens.

DWTT data for high strength steel welds are very limited
at present because the weld wires have not been com-
mercially available until very recently. Optimization
studies (by the prod,,cers) of weld composition and
procedures have invariably been based on results ob-
tained with numerous small (approximately 30 to 100 lb)
heats of different alloys that were produced in wire
form only in quantities sufficient to evaluate conven-
tional mechanical, toughness (C,), and bend test ductil-
ity properties of the weld deposits. Large tonnage heats
of the optimized composition for MIG wire and stick elec-
trodes developed for welding the 5Ni-Cr-Mo-V steel are
reportedly available now as weld wire, and welding wire
for the TIG process is being produced from 1/2-ton
vacuum-melt heats of two new alloys developed for weld-
ing the 160-ksi and 180-ksi YS grades of the 12Ni-5Cr-
3Mo maraging steels. Extensive drop-weight tear tests
of weldments produced with these new electrodes are
planned to evolve fracture toughness index diagrams
(FTID) for the various weld metals in order to character-
ize the merits or disadvantages of different welding
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Fig. 11 - Electron-beam weld techniques for DWTT crack-starter
intest TIGwelds: above right, Ti wire peened into shaper groove;
above left, electron-beam welded; lower, weld with sawed notches.
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processes and procedures. The FTID charts for weld
metals will then provide a frame-of-reference, or "yard-
stick", to evaluate the significance of Cv tests for
welds in terms of whether elastic, or plastic, deforma-
tion is required for fracture propagation.

From limited DWTT data and fairly extensive CV deter-
minations for 1/2 to 1-in.-thick welds, it is possible
to project preliminary weld metal FTID charts for the
family of alloy compositions used for welding the 5Ni-
Cr-Mo-V and the maraging steels. Figure 12 presents a
summary of C, energy values and YS relationships re-
ported for the family of Ni-Cr-Mo and maraging weld
metals (14,15,16) deposited in 1/2 to 1-in.-thick plates,
as referenced to the FTID-OMTL chart for 1-in.-thick,
high strength steel plates described in Fig. 3. The
shaded areas in this figure were drawn to encompass the
range of values developed by the best of the experimental
weld metal compositions produced in each of the respec-
tively designated families of weld metal alloys.

Generally, the data summarized in Fig. 12 indicate de-
creasing weld metal toughness with increasing weld metal
strength. However; the sýrength level at which a given
weld metal can be expected to sustain propagation of
fracture at elastic stress levels is noted to vary for
each characteristic family of weld metals within a generic
alloy group. For example, the development of Ni-Cr-Mo
MIG weld metals is noted to have progressed to a point
where "as-deposited" weld with 130 to 140-ksi YS and high
C. values (approximately 100 ft-lb) at 30OF can be pro-
duced under laboratory conditions. A sharp change in
fracture toughness with increasing strength level, de-
noted by the large arrow, for this weld metal family is
indicated by the fact that "as-deposited" MIG welds of
150tksi and higher YS values are reported to be highly
brittle and highly susceptible to weld metal cracking.
The "as-deposited" welds of the best of the covered
"stick" electrode family of alloys are noted to be char-
acterized by considerably lower C. values at the 130 to
140-ksi YS level than that of the MIG process welds
developed at this stage for joining the 5Ni-Cr-Mo-V steel
plate. However, they are equally brittle and suscepti-
ble to weld cracking above 150-ksi YS. From the C, data
reported for "as-aged" TIG and MIG welds for the alloy com-
positions developed for welding the 12% Ni maraging steels,
it is expected that 180 to 200+ ksi may prove to be the
critical YS range in which these welds will change from a
plastic to an elastic stress requirement for propagation of
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fractures. The "as-aged" MIG and TIG welds developed
for welding the higher strength level 18% Ni maraging
steels apparently are all expected to sustain propaga-
tion of fractures at elastic stress levels.

The available C. data for the 9-4-.XXC welds are not
nearly as extensive as those reported above for the
5Ni-Cr-Mo-V and maraging steels, and projections of
preliminary weld metal FTID charts for the 9-4-.XXC
weld family are not considered warranted at this time.
Intensive weld metal development studies for this alloy
family are stated (by the producer) to involve evalua-
tions principally of TIG process welds with wires pro-
duced from small (50 to 350-1b) vacuum-melt heats of
alloys equivalent to or slightly modified from that
of the basic 9-4-.25C alloy composition. Limited MIG
process welds are stated to have shown lower strengths
and C, values than those obtained with the same wire
compositions used for TIG welds. A summary of pertinent
data reported for 9-4-.XXC welds by the producer (17)
and the U.S. Naval Applied Science Laboratory (18). who
received a small section (4 X 8 x 1-5/8-in.) of a
producer-fabricated weldment of 2-1/4-in. thickness.
is given Jin Table 8.

Producer-fabricated TIG process weldments of 1-in.-
thick 9-4-.20C + Cr-Mo modified plates were received
by NRL for preliminary evaluation of DWTT, C, . tensile,
and stress-corrosion cracking (to be reported separately
by Dr. B.F. Brown) tests. Details of the welding proce-
dures and results obtained in this investigation are
summarized in Table 9. The weld wire used for both
weldments was stated to be the product of a 350-lb
laboratory vacuum-melt heat of one of the more recently
developed 9-4 weld metal compositions. As shown in
Table 9, these welds were made with a large (37 to 38)
number of passes. Although essentially identical con-
ditions were reportedly used for all weld passes, signi-
ficant differences were found between the hardness of
the top surface (cover) beads from that of the center
(filler) and bottom (back) weld passes. The lower hard-
ness of the top surface passes (42/44 Rc compared to
46/47 Rc for filler and bottom weld beads) resulted in
significantly higher C, values (see Table 9) of specimens
cut and prepared to evaluate C•, properties of the top and
bottom sections of these welds. In essence, the lower
hardness (and concommitantly lower strength) surface weld
beads serve to act effectively as a high toughness
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"cladding" on a lower toughness, higher hardness
"core" material. The all-weld metal tensile data in
Table 9 for weld No. J-17 are representative of the
high hardness filler bead weld material. The rela-
tively high DWTT values given for these welds in
Table 9 depict an integrated energy absorption value
for the full-thickness, "composite" weld metals.
The enhanced toughness of the low hardness top
surface weld beads are reflected in the DWTT frac-
tures, Fig. 13, by the development of significantly
wider shear lips than that developed by the higher
hardness bottom (back) surface weld beads.

Figure i4 presents a summary of the C, energy values
and YS relationships given for 9-4-.XXC welds in
Tables 8 and 9, as referenced to the FTID-OMTL chart
for l-in.-thick steel plates. The NRL data for weld
Nos. J-17 and J-18 have been plotted to indicate the
approximate C,-YS relationships expected for the high
hardness weld beads discussed above. Generally. the
indicated properties of the more recently developed
9-4-.20C-Cr-Mo welds appear to be more promising for
utilization in complex structures of the 9-4-.XXC
high strength steels than is the case for the weld
.metals of the basic 9-4-.25C alloy composition.

It should be emphasized that essentially all of the
data summarized in Figs. 12 and 14 represent properties
developed for "experimental" weld wires in "laboratory"
produced welds deposited in the most favorable "down-
hand" position. These data should not be taken as
necessarily representative of the expected properties
in "out-of-position" (vertical or overhead) or "shop"
produced welds. Weld metal properties are determined
during the "act of welding" and retention of optimum
characteristics of "laboratory" welds is expected to
require a more exact duplication of controls and labora-
tory conditions for the high strength welds than has
proved to be required in the past for low strength,
structural steel welds. Such requirements point direct-
ly to the need for more rigorous control of welding
procedures. This in turn points toward increased use
of fully-automatic, positioned down-hand welding techniques
for the high and ultrahigh strength steels. Additional
tests to determine suitability and reproducibility with
production lots of electrodes are required to establish
fabrication confidence.
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Fig. 13 - DWTT fracture faces of 9-4-.20C-Cr-Mo
weld s p e c i m e n illustrating significantly different
amounts of shear lips developed on top (inside) and
bottom (outside) surfaces of weld No. J-17
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TITANIUM ALLOYS

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

The broad scope investigation of titanium alloys in thick
sections has included a wide variety of alloys. The pro-
gram was begun in late 1962 and during this time the frac-
ture toughness characteristics of thirsty-one different
alloys in l-in.-thick plate have been determined. Many of
them were studied in a variety of heat-treated conditions,
interstitial levels (0.04-0.15+ oxygen), and in a few
instances, under different conditions of processing. Also,
a number of NRL special laboratory heats were studied in
the "as-cast" condition as well as in the forged and
rolled plate form. From these fracture toughness studies,
a fracture toughness index diagram (FTID) for titanium
has been developed which indexes the drop-weight tear
test (DWTT) fracture toughness characteristics of the
material in terms of the explosion tear test (ETT) per-
formance. The ETT uses a large plate specimen incorpor-
ating a flaw, and as such, is considered a structural
prototype element test. These tests are described in
detail for titanium in reference 19.

FRACTURE TOUGHNESS INDEX DIAGRAM FOR TTTAYIUM

The FTID for titanium is shown in Fig. 15. The spectrum
of DWTT datawhich has been the principle fracture tough-
ness test used in evaluating titanium alloys, is presented
for b•oth the RW ("strong") and WR ("weak") fracture direc-
tions. Significance has been given to the DWTT energy
values by indexing them to the ETT performance as indi-
cated on the left side of the chart. As shown by the
shaded band at 1500-1700 ft-lb DWTT energy, materials
having DWTT energies below this level of fracture tough-
ness are characterized by "flat breaks" and shattering
in the ITT and thus would be expected to propagate frac-
tures through elastic load regions. Above 1500-1700 ft-lb
DWTT energy, plastic overloads are required for fractures
to propagate; the relative level of DWTT energy is in-
dicative of the relative level of plastic strain required
to propagate fracture in the ETT. For example, above
2500 ft-lb DWTT energy over 5% plastic strain would be
reqv±mc' and between 2000 and 2500 ft-lb DWTT energy,
3-5% plastic strain would be required.
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The spectrum of DWTT data that has been obtained from
the wide variety of titanium alloys in l-in.-thick plate
listed in Fig. 15, has also provided information concern-
ing the expected maximum levels of toughness for different
levels of yield strength (YS). This is shown by the opti-
mum materials trend line (OMTL) in the FTID (Fig. 15) which
is defined by both the RW and WR orientations. It is re-
cognized that for titanium, processing variables play a
very important role in developing whatever loilgitudinal
and transverse properties the alloy plate may possess.
For example, the FTID for steels (Fig. 1) clearly shows
the significant movement of the OMTL to higher strength
and toughness levels when 1 to 1 cross-rolling is employed
instead of straightaway-rolling. The information necessary
to "break out" effects of processing variables on the FTID
chart have not generally been available: here we are con-
cerned principally with ingot breakdown and rolling pro-
cedures since a special melt practice (vacuum-arc melting)
is employed by the entire industry. Such a "break out"
is needed if for no other reason than to provide a basis
for determining the relative degree of improvement that
new and different processing procedures may offer.

The cross-over of the elastic to plastic performance band
with the OMTL indicates that above about 140-ksi YS, all
materials should be expected to propagate fractures
through elastic stress regions. However, as more data
is obtained for materials above the 140-ksi YS and the
OMTL established for the highest possible strengths,
the YS limitation for fracture propagation requiring
plastic overloads as presented in the FTID, may shift
to a higher strength than the 140-ksi shown. Below 120-
125-ksi YS, most alloys should be expected to require
plastic overloads for fractures to propagate--provided
they are of low interstitial content. Between 120-125-ksi
and 140-ksi YS, the degree of optimization will determine
whether elastic or plastic loads are required to propagate
fractures.

ALLOY DEVELOPMENT STUDI ES

Two double vacuum-arc melted titanium alloy ingots
(9-in.-diameter X 12-in.-long, weight 115-1b) prepared
at NRL using electro-refined titanium were forged and
rolled into l-in.-plate at a commercial concern. The
alloy compositions 6AI-2Mo-2V-2Sn (T-80) and 6AI-3Mo-IV-
2Sn (T-81) were aimed at the 130-ksi YS level in the
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heat-treated condition. Forging breakdown temperatures
were 2100-2200'F. The hot-rolling temperatures were
1900°F at the start of rolling and in the order of
1650°F for finishing at 1-in. gage.

The DWTT energy values of the as-rolled T-80 and T-81
plates were 1418 and 1326 ft-lb respectively. Water-
quenching from 1625 0 F (approximately 150'F below ý
transus)followed by aging at 1400OF for 1-hr., then air-
cooling, increased the respective DWTT energy values to
1540 and 1356 ft-lb. A solution heat treatment at a
temperature just below the 3 transus, followed by oil-
quenching and aging at 1200°F, resulted in severe em-
brittlement of both of these alloys as indicated by
the low DWTT energy values of 455 (T-80) and 339 ft-lbs
(T-81). Additional solution anneals and aging treat-
ments will be conducted with these alloys in order to
determine the heat treatments required to produce the
optimum combinations of strength and toughness. Tensile
properties resulting from the above heat treatments are
in the process of being obtained and will be reported
in a future report.

Drop-weight tear tests of a Ti-2.5AI-16V, all 8 alloy,
in the as-received forged condition, showed tiiis material
to be of low fracture toughness (573 ft-lb DWTT energy).
A 1400'F anneal followed by air-cooling resulted in an
even lower DWTT energy value (310 ft-lb). Furnace-
cooling instead of air-cooling from 1400°F did little
to improve the DWTT energy (600 ft-lb) over that ob-
tained for the as-received material. At these levels of
DWTT energy, this material would be expected to propagate
fractures through elastic stress regions; as such they
would be considered of little use for heavy-wall structures.

WELDING STUDIES

As previously reported, the DWTT energy values obtained
for two MIG welds in as-received Ti-6A1-2Mo (T-22) plate
were 1500 and 1662 ft-lb (9). The fracture toughness of
these welds were increased to 1966 ft-lb DWTT energy by
a solution-anneal and aging treatment. This is compara-
ble to the 2000 ft-lb DWTT energy of the as-received
base plate. A similar heat treatment of the base plate
increases its DWTT energy value to 2800 ft-lb, and an
electron-beam weld in this plate had a DWTT energy of
2026 ft-lb. Previous electron-beam welds in the as-
received Ti-6AI-2Mo plate had less than half this DWTT
value.
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The response of l-in.-thick Ti-7AI-2.5Mo alloy to
heat treatment and welding is being investigated.
The as-received DWTT energy of 1800 ft-lb can be in-
creased by a solution heat treatment below the 3 transus
temperature. DWTT energy values between 2800 and
3000 ft-lb have been measured for plates heat treated
between 1700-1800 0 F, followed by aging for 2 hrs. at
11000F. Electron beam weldments of the as-received
plate give DWTT energy values of 1400 ft-lb, indicating
a slightly embrittled weld zone.

Through the cooperation and courtesy of the Linde,
Newark Laboratories, "Plasmarc" welds were made in
l-in.-plate samples of the 7A1-2.5Mo and the 6AI-4V
titanium alloys. A fusion pass through a 7/16-in. butt
joint was followed by a filler pass in the remaining
60' included angle "V" joint. The bottom surface of
the weld--shown in Fig. 16--is 3/16-in.-wide, has a
slight crown, and displays excellent fusion character-
istics. The top of the weld--Fig. 17--is quite smooth.
has no undercutting at the edges, and also has a slight
crown. DWTT energy values of 1540 and 1418 ft-lb were
measured respectively for the 7A1-2.5Mo and the 6AI-4V
titanium alloys as welded. Similar weld sections of
both alloys annealed for 1 hr. at 1600"F and air-cooled
resulted in a slight decrease in fracture toughness.

A systematic approach to study the effect of heat treat-
ment towards improving the fracture toughness of welds
in four titanium alloys of interest was completed.
Through penetration electron beam welds 10-in.-long
into back-up strips were prepared in the following
i/2-in.-thick titanium alloy plates: 6AI-4V, 5Al-
2.5Sn, 7AI-2Cb-lTa, and 6AI-2Mo. These plates were
then sectioned and Charpy V (C,) specimens were pre-
pared with the weld bead transverse to the bar and with
the V-notch being centered along the top surface of the
weld. Typical weld cross-sections are shown in Fig. 18.
C•, test data at -80OF and +32"F are shown for the welds
in Table 10 along with the C, energy values for the
base plate and the heat treatments given each alloy.
The fracture toughness of the 6AI-4V weld section is
improved by a short term annealing treatment at 1600'F,
however, it does no- -respond as well as the base plate.
The all alpha 5AI-2.5Sn alloy shows better weld frac-
ture toughness properties than the base plate for the
heat treatments employed.
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Fig. 16 - "Plasmarc" weld in a I x 11 x 17-in. Ti-7AI-2.5 Mo
alloy plate; bottom view of fusion pass of the weld

44



Fig. 17 - "Plasmarc" weld in a 1-in.-thick Ti-7AI-2.5Mo
alloy plate; top view of surface of the weld

45

'04 , ftli



Fig. 18 - Examples of notch location in Charpy V specimen for
determining the fracture toughness of electron-beam welds

Table 10
Charpy V Data for 1/2-in. Titanium Alloy Electron Beam Welds

Nominal E.B. Welds Base Plate
Alloy Composition Heat Treat Condition (ft-lb) (ft-lb)

_-80°Fj +32-F -80°F +32 0F

T-56 Ti-6AI-4V As-received plate 18 25 22 25
T-56 Ti-6A1-4V Annealed 15000F/1 hr/AC 17 22 22 28
T-56 Ti-6A1-4V Annealed 16000F/i hr/AC 20 28 26 35
T-56 Ti-6A1-4V Annealed 16500F/i hr/AC 20 28 - -

T-57 Ti-5Al-2.5Sn As received plate 34 44 20 28
T-57 Ti-5A1-2.5Sn Annealed 1400°F/i hr/AC 30 38 20 35
T-57 Ti-5A1-2.5Sn Annealed 1400*F/I hr/WQ 32 40 - -
T-57 Ti-5A1-2.5Sn Annealed 1500°F/I hr/AC 30 41 25 27

T-58 Ti-7AI-2Cb-ITa As-received plate 36 46 45 58
T-58 Ti-7A1-2Cb-ITa Annealed 1500°F/1 hr/AC 22 33 47 64
T-58 Ti-7Al-2Cb-lTa Annealed 1600°F/i hr/AC 25 36 65 77
T-58 Ti-7A1-2Cb-ITa Annealed 1600°F/1 hr/AC &

aged 2 hr/1100°F 18 28 - -

T-59 Ti-6A1-2Mo As-received plate 30 38 26 32
T-59 Ti-6A1-2Mo Annealed 16000 F/i hr/AC 34 40 32 46
T-59 Ti-6A1-2Mo Annealed 1750'F/1 hr/AC 31 36 - -
T-59 Ti-6Al-2Mo Annealed 17500F/1 hr/AC &

aged 2 hr/11000 F 27 32
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The properties of the 7A1-2Cb-lTa alloy welds are de-
graded by the selected heat treatments; however, the
base plate shows some improvement.

Comparative weld and base plate improvements were noted
for the 6A1-2Mo alloy.

Both of the last two alloys show a decrease in fracture
toughness associated with the aging reaction at 1100'F.

Specimens of MIG spray and MIG short-circuit butt welds
in l-in.-thick Ti-7A1-2Cb-lTa alloy plate, welded at
the U.S. Naval Applied Science Laboratory, were sub-
jected to the NRL DWTT. Energy absorption values of
fractures runlning through the weld metal were as follows:

Spec. No. DWTT

Short Circuit MIG Weld... SCW T-1l . . 2958 ft-lb
SCW T-2 . . . 3013 ft-lb

Spray Arc MIG Weld.......SAW T-1 . . . 2958 ft-lb
SAW T-2 . .. 2930 ft-lb

These values are equivalent to the 2800-3200 ft-lb DWTT of
the base plate in the WR and RW directions. The fracture
shear lips were within the weld metal but approach the
area between the fusion and heat-affected-zones. Only
scattered minor defects were discernible on the fracture
surfaces.

Three high strength titanium experimental alloys (>135-ksi
YS), prepared by New York University and submitted through
the U.S. Naval Marine Engineering Laboratory, were tested
at NRL for notch fracture toughness. The DWTT energy
values, composition, heat treatments., and yield strengths,
are listed in Table 11.

HEAT TREATMENT STUDIES ON SOME TITANIUM ALLOYS

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

The effects of the heat treatments studied to date on the
tensile and fracture toughness (as measured by the C. and
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DWTT) properties of the alloys Ti-6AI-2Mo (T-22) and
Ti-7AI-2.5Mo (T-71) are shown in Table 12. The Ti-6AI-2Mo
alloy is capable of developing a high level of fracture
toug-hness, around 120-ksi YS. This is seen in Table 12

:from both the CV and DWTT data obtained for the 1750OF
solution anneal and 1100lF aging treatment on the DWTT
specimens. The DWTT energies of well over 3000-ft-lb
indicate that a plastic strain of over 5% would be ex-
pected for fracture propagation (9). It can also be seen
that the properties obtained for the Ti-6AI-2Mo alloy are
somewhat dependent upon specimen size. The tensile and
C, specimens are considerably smaller than the DWTT
specimens (I / 5 ' 17-in.) and the lower C, energy ac-
companied by the slightly higher YS values obtained
for the smaller heat-treated specimens, compared to
the properties obtained for the heat-treated DWTT speci-
mens, could possibly be the result of faster cooling
during quenching.

The CV data indicate that the same level of fracture
toughness that was developed in the Ti-6AI-2Mo alloy
can also be developed in the Ti-7AI-2.5Mo alloy, using
similar heat treatments. Also, it appears that the
Ti-7A1-2.5Mo alloy may be relatively insensitive to
section size compared to the Ti-6AI-2Mo alloy. This
is indicated by the 1700 0 F/I hr/AC solution anneal,
1100OF/2 hr/WQ data.

An effect common to both the Ti-6AI-2Mo and Ti-7A1-2.5Mo
alloys is the considerably lower fracture toughness
which develops when given a solution anneal above the
beta transition temperature. The severity of this ef-
fect can be seen for the Ti-7AI-2.5Mo alloy by compar-
ing the C, values obtained for solution anneals above
the 3 transus temperature (1850'F) against those values
obtained for the solution anneals approximately 50OF
below the transus. 3Data for the Ti-6A1-2Mo (T-22)
alloy was presented in an earlier report (20).] The
DWTT energy values increased about 100% when the alloy
was heat treated 50°F or more below the .3 transus.

Figures 19-25 illustrate the CV notch properties of
RS-70--unalloyed titanium (T-17)--and the alloys Ti-5Al-
2.5Sn (T-18), Ti-6A1-4Sn-IV (T-20), Ti-6AI-6V-2.5Sn
(T-21), Ti-SAI-2Cb-lTa (T-23), Ti-6AI-4V (T-27), and
Ti-7AI-2.Cb-lTa (T-74) in the conditions specified. It
should be noted that the data for several of these alloys
are for heat treatments that resulted in very high
yield strengths.
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Fig. 19 - Charpy V curves for 1-in.-thick RS-70 unalloyed
titanium (T17) plate in the as-received condition
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Fig. 20 - Charpy V curves for 1-in.-thick Ti-5AI-2.5Sn (T-18)
alloy plate in the as-received condition
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AVG. YS 112,600 psi
HEAT TREATMENT: 1825°F/ I HR/WQ

900 OF/2 HR/tC

+50 +100
TEST TEMPERATURE (OF)

Fig. 21 - Charpy V curves for
Ti-6AI-4Sn-IV (T-20) all

I -in. -thick
Dy plate
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50 AVG. YS 182,800 psi
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Fig. 22 - Charpy V curves for l-in.-thick
Ti-6A1-6V-2.5Sn (T-21) alloy plate
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Charpy V curves for l-in.-thick Ti-8AI-ZCb-ITa (T-23)
alloy plate in the as-received condition
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Fig. 24 - Charpy V curves for l-in.-thick
Ti-6A1-4V (T-27) alloy plate
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Charpy V curves for l-in.-thick Ti-7AI-2Cb-ITa (T-74)
alloy plate in the as-received condition

57

60

50 r-

40t-

-J

I-
U-

CD

LU
z
LU

0

301-

AVG. YS 114,000 psi

RW

WR

I0 I-

20 --

0 1
-100

Fig. 25 -

I I



Tables 13 and 14 show the data obtained to date for the
alloys Ti-6A1-4V-2Sn (T-67) and Ti-6A1-6V-2.5Sn (T-21).
It can be seen in Table 14 that by selected heat treat-
ments, a very high YS can be obtained in the Ti-6A1-6V-
2.5Sn alloy. The fracture toughness properties of these
types of materials are being determined by plane-strain
fracture toughness (KIc) techniques.

Of all the alloys investigated to date in the heat-treat-
ment studies, the alloys Ti-8Al-lMo-lV (T-19), Ti-6A1-
4Sn-lV (T-20), Ti-6A1-2Mo (T-22), Ti-6A1-4Zr-2Mo (T-55),
Ti-6Al-4Zr-2Sn-.5Mo-.5V (T-68), and Ti-7A1-2.5Mo (T-71),
have shown the best combinations of strength and tough-
ness. However, the matching of plate and weld metal
properties of some of these alloys may be difficult:
further work will be required to determine if reasonable
post-weld heat treatments can provide satisfactory weld-
ment performance of the particular problem alloys which
may be of interest.

ALUMINUM ALLOYS

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

Aluminum alloys are being studied to determine their
fracture toughness characteristics and to determine the
significance of small laboratory fracture toughness tests
in providing engineering criteria to predict service per-
formance of the material in large, complex structures. A
major portion of the work to date has been concerned with
indexing the drop-weight tear test (DWTT) results in terms
of explosion tear test (ETT) performance. From these
studies, a very preliminary fracture toughness index
diagram (FTID) for l-in.-thick, commercially-produced,
aluminum plate has been developed. As for the steels
and titanium alloys, the diagram relates DWTT energy to
ETT performance over a wide range of yield strength ('YS).

EXPLOSION TEAR TEST RESULTS

A previous ETT test demonstrated that the alloy 6061-T651
could develop 8.2% plastic strain in the ETT with only
limited fracture propagation (13). Since the YS and
fracture toughness of this alloy were reasonably high (YS
38-ksi, DWTT 750 ft-lb), ETT studies were continued at
higher strain levels to determine its maximum level of
plastic strain capability. In this manner, an ETT per-
formance index of 12%o plastic strain was determined for
a DWTT energy of 750 ft-lbs.
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Table 13
Test Data for Solution Annealing and Aging Treatments

on the Alloy Ti-6A1-4V-2Sn (T-67)
Solution Aging Charpy V Notch Energy YS

Solt ag (ft-lb) UTS Elong, R.A.

Treatment Treatment (800 F) (+320 F) (ksi) (ksi) (0) (0/)

RW WR RW] WR
As-received 17.5 18.5 21.0 20.5 115.8(L) 127.6(L) 13.1 35.3
As-received 123.4(T) 133.2(T) 12.1 24.6

1750'F/1 hr/WQ 16.0 14.5 17.0 16.0 129.8(L) 154.5(L) 9.3 25.7
1750'F/1 hr/WQ 129.3(T) 153.5(T) 7.1 25.7
1750 0 F/1 hr/WQ 1100'F/2 hr/AC 150.5(L) 161.1(L) 5.0 11.8
1750°F/1 hr/WQ 1100°F/2 hr/AC 153.8(T) 161.5(T) 5.7 13.0
17500F/1 hr/WQ 1200 0 F/2 hr/AC 143.9(L) 152.2(L) 6.4 13.6
1750'F/1 hr/WQ 1200'F/2 hr/AC 140.9(T) 150.5(T) 6.4 14.9

1700°F/I hr/WQ 125.2(L) 154.2(L) 10.0 23.6
1700°F/1 hr/WQ 123.3(T) 151.5(T) 10.0 28.5
1700'F/1 hr/WQ l100 0 F/2 hr/AC 152.2(L) 161.8(L) 7.1 19.0
1700 0 F/1 hr/WQ 1100 0 F/2 hr/AC 148.2(T) 159.2(T) 6.4 15.0
1700'F/1 hr/WQ 1200'F/2 hr/AC 142.6(L) 154.2(L) 10.0 25.7
1700°F/1 hr/WQ 12000F/2 hr/AC 145.9(T) 156.2(T) 9.3 19.6

16500F/1 hr/WQ 99.8(L) 135.8(L) 13.6 36.6
1650 0 F/1 hr/WQ 108.4(T) 138.3(T) 12.9 36.4
1650 0 F/1 hr/WQ 1100'F/2 hr/AC 134.8(L) 145.6(L) 7.9 20.0
1650'F/1 hr/WQ 1100 0 F/2 hr/AC 138.6(T) 148.5(T) 7.9 14.2
1650 0 F/1 hr/WQ 1200'F/2 hr/AC 130.3(L) 139.6(L) 12.1 22.4
1650'F/1 hr/WQ 1200'F/2 hr/AC 130.6(T) 139.9(T) 10.0 22.9

1550°F/I hr/WQ 93.5(L) 135.5(L) 13.6 36.0
1550 0 F/1 hr/WQ 92.1(T) 136.5(T) 14.3 39.7
1550 0 F/1 hr/WQ 1100 0 F/2 hr/AC 134.8(L) 143.5(L) 10.0 11.2
1550 0 F/1 hr/WQ 1100 0 F/2 hr/AC 133.8(T) 141.9(T) 12.1 23.1
1550 0 F/1 hr/WQ 1200 0 F/2 hr/AC 125.7(L) 134.6(L) 11.4 30.6
1550 0 F/1 hr/WQ 1200'F/2 hr/AC 131.2(T) 139.5(T) 12.9 28.6

17500F/1 hr/AC 19.5 18.5 25.0 26.5 113.7(L) 130.0(L) 10.7 24.7
1750°F/I hr/AC 112.7(T) 128.6(T) 10.0 26.8
1750'F/1 hr/AC 11000F/2 hr/WQ 19.0 18.5 24.5 24.5 119.5(L) 129.5(L) 10.7 34.4
17500F/1 hr/AC I100°F/2 hr/WQ 120.6(T) 130.4(T) 11.4 31.6
1750'F/1 hr/AC 12000F/2 hr/WQ 17.5 17.0 24.5 23.0 118.6(L) 126.5(L) 10.7 26.7
1750'F/1 hr/AC 1200'F/2 hr/WQ 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
1700 0 F/1 hr/AC 115.4(T) 131.3(T) 12.1 27.5
1700 0 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
1700 0 f/1 hr/AC 1100'F/2 hr/WQ 121.4(T) 130.3(T) 11.4 28.0
1700°F/1 hr/AC 1200 0 F/2 hr/WQ 17.5 17.0 22.5 21.5 120.2(L) 128.2(L) 14.3 34.6
1700°F/1 hr/AC 1200 0 F/2 hr/WQ 121.7(T) 129.0(T) 11.4 39.7

1650 0 F/1 hr/AC 22.0 20.0 28.5 25.0 109.4(L) 127.1(L) 12.9 31.8
16500 F/1 hr/AC 113.1(T) 130.0(T) 12.9 32.9
16500 F/1 hr/AC 11000 F/2 hr/WQ 117.8(L) 128.5(L) 10.7 24.2
,1650 0 F/1 hr/AC 1100 0 F/2' hr/WQ 123.7(T) 132.3(T) 11.4 33.4
1650 0 F/1 hr/AC 1200 0 F/2 hr/WQ 19.5 17.5 23.0 21.0 121.4(L) 129.0(L) 12.1 28.0
1650 0 F/1 hr/AC 1200°F/2 hr/WQ 121.8(T) 130.5(T) 12.1 33.5

1550 0 F/1 hr/AC 111.8(L) 127.5(L) 14.3 26.4
1550'F/1 hr/AC 116.4(T) 130.0(T) 11.4 32.4
1550'F/1 hr/AC 1100°F/2 hr/WQ 123.3(L) 131.0(L) 14.3 39.7
1550'F/1 hr/AC 1100 0 F/2 hr/WQ 127.2(T) 134.8(T) 11.4 30.3
1550'F/1 hr/AC 1200 0 F/2 hr/WQ 123.8(L) 130.8(L) 11.4 25.9
1550'F/1 hr/AC 1200°F/2 hr/WQ 125.7(T) 132.0(T) 10.0 29.7
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Table 14
Test Data for Solution Annealing and Aging Treatments

on the Alloy Ti-6A1-6V-2.5Sn (T-21)

Solution Aging YS UTS Elong. R.A.
Heat Heat (0.2%o) (ksi) (%) (%0)

Treatment Treatment (ksi) (k I -(_) __)

As-received 147.5(L) 150.5(L) 10.0 42.0
As-received 152.0(T) 154.5(T) 9.5 41.5

1700 0 F/I hr/WQ 1100°F/2 hr/AC 194.9(L) 201.3(L) 3.6 6.9
17000 F/I hr/WQ 1I00 0 F/2 hr/AC 188.7(T) 194.3(T) 3.6 3.8
17000 F/I hr/WQ 1200 0 F/2 hr/AC 175.4(L) 181.7(L) 3.6 10.6
17000 F/i hr/WQ 1200 0 F/2 hr/AC 172.9(T) 179.2(T) 3.6 6.9

1550 0 F/1 hr/WQ 1100 0 F/2 hr/AC 171.4(L) 173.4(L) 7.9 22.9
15500 F/i hr/WQ I100 0 F/2 hr/AC 166.9(T) 168.2(T) 8.6 21.9
15500 F/I hr/WQ 1200 0 F/2 hr/AC 154.8(L) 155.8(L) 12.1 37.7

17000 F/1 hr/AC 1100 0 F/2 hr/WQ 149.9(L) 156.8(L) 6.4 10.6
17000 F/I hr/AC 1100 0 F/2 hr/WQ 145.9(T) 154.8(T) 10.7 25.2
17000 F/I hr/AC 1200 0 F/2 hr/WQ 146.2(L) 154.5(L) 9.3 24.1

16500 F/I hr/AC 1100 0 F/2 hr/WQ 153.8(L) 157.8(L) 10.7 30.2
16500 F/1 hr/AC 1100 0 F/2 hr/WQ 151.9(T) 155.2(T) 12.1 31.3
16500 F/i hr/AC 1200 0 F/2 hr/WQ 148.6(L) 151.2(L) 11.4 36.4
16500 F/1 hr/AC 1200 0 F/2 hr/WQ 145.5(T) 148.5(T) 12.1 36.6

15500 F/1 hr/AC 1100 0 F/2 hr/WQ 154.8(L) 158.4(L) 12.9 44.7
15500 F/1 hr/AC 1200°F/2 hr/WQ 147.6(T) 149.9(T) 13.6 40.1
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Explosion tear test specimens of the 6061-T651 alloy
were tested at 12% and 14% plastic strain. The specimen
tested at 12% plastic strain propagated a fracture com-
pletely across the test section (Fig. 26). The change
in the shear fracture from that of 450 to the plate
surface in the center portion of the specimen to a plane
normal to the plate surface near the cut slots indicates
that the explosive load intensity was barely enough to
cause the specimen to fail. This is also indicated by
the lack of separation of the fracture surfaces at the
cut slots of the specimen. The specimen tested at a
14% plastic strain level failed with the fracture
surface limited exclusively to the 45' shear plane
and with considerable separation of the fracture sur-
faces at the cut slots (Fig. 27). This is indicative
of an explosive load intensity considerably in excess
of that necessary for failure.

An ETT plate of the alloy 5086-H112, having a YS of
24-ksi and DWTT energy of 2000 ft-lb, had previously
been tested to 10.4% plastic strain with practically
no crack e;rtension (13). The same plate was subjected
to a second explosive loading using the same test con-
ditions. The total plastic strain in the plate was not
measured but was estimated to be 16-18%. Even at this
high level of plastic strain, the total crack extension
was about 1-in. on either side of the brittle weld
flaw. A second ETT plate of the same alloy was tested
at 16.8% plastic strain and developed a short tear
of about 2-in. on each side of the flaw (Fig. 28).
These results demonstrate not only the high fracture
toughness of the 5068 alloy in the H112 temper,but then
also indicate that alloys having similarly high DWTT
energy values,will probably require plastic strains in
the ETT of 20% or more for fracture propagation: i.e..
the material literally has to be pulled apart to cause
failure.

A plate specimen of the alloy 5083 was also tested in
the ETT. This material had a YS of ll-ksi and a DWTT
energy value of 2200 ft-lb. It was subjected to 10%
plastic strain and, as can be seen in Fig. 29, only
short tears developed at each end of the brittle weld flaw.

FRACTURE TOUGHNESS INDEX DIAGRAM

The FTID for aluminum is shown in Fig. 30. The ETT results
obtained with the alloy 6061-T651 have provided a modifi-
cation of the ETT performance i.d,ý'!x of the DWTT energy at
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Fig. 26 - Explosion tear test of alloy 6061-T651 at l2-percent
plastic strain. The crack which extends completely across test
section was almost arrested, as indicated by the change of orien-
tation of the fracture plane relative to the plate surface. Also,
near -arrest is indic ated by the absence of fracture surface
separation near the cut slot.
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Fig. 27 - Explosion tear test of alloy 6061-T651 at 14.3-percent
plastic strain. The complete separation of the fracture surface
indicates that the explosion load intensity of the plastic overload
was in excess of that necessary for fracture propagation through
the test plate.
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Fig. 28 - Explosion tear test of alloy 5086-HI12 at 16.8-percent
plastic strain. Arrows indicate limits of crack extension.
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Fig. 29 - Explosion tear test of alloy 5083-0 at 10-percent
plastic strain. Arrows indicate limits of crack extension.
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750 ft-lb. This is shown by the hashed line on the left
side of the chart. It indicates that materials having
DWTT energies above 750 ft-lb will require over 12%
plastic strain for fracture propagation. The shaded
band at 200-300 ft-lb DWTT energy indicates the transi-
tion from elastic strains required for crack propagation
-- less than 200-300 ft-lb DWTT energy--to plastic over-
loads required for fractures to propagate--above 200-
300 ft-lb DWTT energy. The optimum materials trend lines
(OMTL) are shown for both the RW ("strong") and the WR
("weak") fracture directions (21). Comparison of the

OMTL for both fracture directions indicate considerable
anisotropy in the commercially-produced l-in.-thick
aluminum alloy plates at all but the highest strengths.
The cross-over point of the elastic to plastic perform-
ance band for fracture propagation with the "weak"
direction OMTL indicates that alloys above 50-ksi YS
should propagate fracture at elastic stress levels.
Below this strength level, practically all alloys should
require plastic deformation overload for fracture propa-
gation. The cross-over of the elastic-to-plastic per-
formance band with the "strong" direction OMTL indicates
that above the range of 60-ksi YS most alloys should be
expected to propagate fracture at elastic stress levels,
and below 60-ksi YS plastic deformation overload will be
required for fracture propagation. However, it must be
remembered that in practically all large complex struc-
tures, the "weak" direction fracture toughness properties
are the most critical. Unless the material is optimized
-- highly cross-rolled--so that the "weak" direction frac-
ture toughness properties approach those obtained in the
"strong" direction, the limitations indicated for the
"weak" direction OMTL are the most significant.

A COMPARATIVE EVALUATION OF LOW CYCLE

FATIGUE CRACK PROPAGATION IN 5Ni-Cr-Mo-V STEELS

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

The determination of the low cycle fatigue characteristics
of a wide variety of high strength metals is part of the
Metallurgy Division's high strength structural materials
program. Recently, a series of tests were conducted on
two 130-140-ksi yield strength (YS) 5Ni-Cr-Mo-V quenched
and tempered (Q&T) steels (22) to determine their resistance
to the slow growth of cracks firom low cycle fatigue. These
steels are currently under evaluation for application in
large welded Naval structures. One necessary character-
istic of a high strength structural material is the ability
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to resist the growth of crack-like flaws under cyclic
loading. Small flaws invariably are formed during
fabrication and manufacture of a large welded structure,
despite the use of the best current processing and
inspection techniques. Since fabrication flaws are
unavoidable, the only available recourse is to provide
design criteria for preventing the growth of flaws to
a critical size from repeated service loads.

This investigation evaluated the low cycle fatigue
performance of 5Ni-Cr-Mo-V steels in relation to
similarly measured performance of HY-80 steel--the
current Naval hull material. The results of these
tests were obtained from studies of fatigue crack
propagation in center-notched plate bend specimens.
This testing procedure has been previously employed
on a wide variety of materials, both ferrous and
nonferrous (10, 11, 13, 14, 20, 23-28).

Specific studies of HY-80 (10, 11,20, 24) provide a
broad background for comparison ol the effects of the
various factors which control the growth rate of
fatigue cracks.

Analytical procedures are based on the observation
that, in the plate bend fatigue specimen, the growth
rate of a low cycle fatigue crack is a function of the
applied total strain range, as expressed by the
relationship

dL mC ( T m

dN

where L = total length of fatigue crack, N = cycle of
load application, cr = total strain range, and C and
m are constants. This relationship has been found to
exist for all materials tested to date. It provides a
common basis for comparing the fatigue performance of
materials of various YS levels and elastic moduli. In
addition, it serves as a basis for estimating the effect
of mean strain and environment on fatigue performance.

MATERIALS AND EXPERIMENTAL PROCEDURE

Tests were conducted on two samples of 5Ni-Cr-Mo-V steel
which differed slightly in chemical composition and yield
strength (YS) level, as indicated in Tables ]5 and 16
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respectively. Although these two steels possess important
differences in fracture toughness properties for struc-
tural applications involving welded joints, no significant
difference was found to exist in their respective fatigue
crack propagation properties. Hence this report will con-
sider the effects of strain range and environment on
their common fatigue properties, except with regard to
certain observations of crack initiation where signifi-
cant differences were observed. These differences are
discussed in a later section under the subheading
"Microcrack Formation and Growth".

The strain range-deflection characteristics of these
materials in the plate bend specimen are shown in Fig. 31.
The total strain range at which the plastic strain range
reaches 500 gin./in. is arbitrarily defined as the pr-opor-
tional limit in the plate bend specimen and this propor-
tional limit is indicated on Fig. 31 for each material.
The plastic strain level of 500 gin./in. is the smallest
value of plastic strain which can be measured with con-
sistent accuracy and is employed as the "benchmark"
for indicating the onset of nominal plastic loading.
For the two 5Ni-Cr-Mo-V steels tested, the measured
proportional limits were 11,500 and 12,000 gin./in.,
and an average value of 11,750 is used for purposes of
discussion. The amplitude of this average proportional
limit strain range equals approximately 90% of the strain
at the 0.2% offset yield strength for these materials.

Plate bend test specimens were machined from l-in.-thick
rolled plate stock. Specimen orientations were chosen
so that the fatigue crack propagation was either per-
pendicular (i) or parallel (P) to the principal rolling
direction. These orientations are respectively equiva-
lent to the ASTM designated RW and WR orientations (21).

The experimental procedure employed for this series of
tests is the same as that described in references 10, 11,
13, 14, 20, 23-28. Experimental data are based on the
observed macroscopic growth of fatigue cracks across the
surface of center-notched plate bend specimens. The
specimens are cantilever loaded in full-reverse strain
cycling. Specimens were tested in three environments:
room-temperature air, distilled water, and 3.5% salt
water. Nominal surface strains across the test section
are measured with electrical resistance strain gages.
Constant total strain range loading conditions are main-
tained by adjusting specimen deflection, and the resulting
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20,000 1 I I I
PLATE BEND FATIGUE SPECIMENS
5 Ni-Cr -Mo - V STEELS
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Fig. 31 - Strain-range deflection characteristics of 5Ni-Cr-Mo-V
steel plate bend fatigue specimens at two strength levels - 134-ksi
and 145-ksi YS. The proportional limits corresponding to 500 ,uin./
in. plastic strain range are indicated for each steel.
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crack growth rate is recorded. Each specimen is tested
at a specific total strain range value for an interval
of several hundred to several thousand cycles until the
crack growth rate can be established; then it is suc-
cessively loaded to a higher strain level and the proce-
dure repeated. In this manner, a series of crack growth
rate versus total strain range data points are obtained
from each specimen. For tests conducted under a wet
environment, a corrosion cell is added to the specimen,
allowing the controlled aqueous solutions to flow over
the fatigue-cracked surface from a reservoir during
testing.

TEST RESULTS

Crack Growth Rates in Air

Fatigue crack growth rates in air as a function of total
strain range are shown plotted on log-log coordinates in
Fig. 32. Data points from both samples of 5Ni-Cr-Mo-V.
steel are plotted together. The resulting best fit
curve is linear when plotted on log-log coordinates and
has a 4:1 slope. Both the slope and intercept values
of this crack growth rate-straixn range curve are in
very close agreement with the slope and intercept values
of the crack growth rate-strain range curve generated
from HY-80 steel data (10, 11, 20).

The curve shown in Fig. 32 for the 5Ni-Cr-Mo-V steels
describes the intrinsic resistance of this material to
the slow growth of fatigue cracks under cyclic loading.
Previous studies on HY-80 have shown that this basic
relationship for a given steel chemistry is not signifi-
cantly affected by changes in YS or fracture toughness
resulting from heat treatment or specimen orientation
with respect to rolling direction. The data summarized
in Fig. 32 support such observations. In addition, the
data on which this curve is based are highly reproducible,
as evidenced in the data summary (Table 17) and in refer-
ences 11, 14, and 20 on the HY-80, and are presented with
a high degree of confidence.

Consequently, Fig. 32 serves as a starting point from
which comparison with other materials and estimates of
the effect of environment and mean strain can be made
in engineering terms which are of direct significance
to structural applications.
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Fig. 32 - Log-log plot of fatigue crack growth rate data vs total
strain range for 5Ni-Cr-Mo-V steels in an air environment
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Table 17
Data Summary - Air Environment

dL/dN (,iin./cycle)
ET

(pin./in.) Specimen Specimen Specimen Specimen Specimen Average
H131-2 H131-5 H13P-2 H981-3 H981-5

4,850 3.33 - 6.50 - 4.92

5,850 10.0 - 15.7 - 12.8

6,800 21.0 - - 29.0 - 25.0

7,800 34.5 45.0 - 48.7 - 42.7

8,800 62.5 - - 75.5 - 69.0

9,800 108. 96.0 - - - 102.

10,700 150. - - 148. - 149.

11,700 220. 193. 169. 261. 210. 211.

12,600 270. - - 330. - 300.

13,600 - 310. 286. - 315. 304.

15,600 518. 520. 484. 507.

17,600 915. 1080. 1033. 1010.
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Wet Fatigue

Fatigue crack growth rate versus total strain range data
in a 3.5% salt water environment are shown plotted on
log-log coordinates in Fig. 33. The best fit curve is
denoted by the solid line and the plot of similar data
obtained in air from Fig. 32 is shown in dashed lines
for comparison.

The introduction of a salt water environment causes an
increase in the rate of fatigue crack growth, as in-
dicated by the vertical displacement of the two curves.
This displacement varies over the range of cyclic strain
values examined and, at the maximum displacement, shows
an approximate fivefold increase in crack growth rate
due to the salt water environment. An examination of
the experimental data (Table 18) from which the best fit
curve is derived reveals that the spi-ead of all the data
points lie below an order of magnitude increase. The
steel was most sensitive to the salt water environment
at a strain range corresponding to 50% of the YS.

It is significant to note that the salt water curve is
nonlinear and deflects toward the air curve at high
strain values near the proportional limit. Such be-
havior is in sharp contrast to materials that are sus-
ceptible to stress corrosion cracking. Stress corrosion
cracking sensitive materials, such as the alloy Ti-7AI-
2Cb-lTa (14, 25) or 4335 steel (13), exhibit distinctly
different behavior under the same test conditions in
that the wet fatigue data diverge from corresponding
air data at high strain levels.

In addition to tests in salt water, one specimen was
tested in distilled water. The results of this test
were very similar to distilled water tests on HY-80,
shown in Fig. 33 of reference 20. At strain levels
below 50% of yield strength, distilled water is a less
hostile environment than salt water, and the data
approach the air curve. However, at high strain levels,
the deleterious effect of the distilled water environ-
ment increases, and at strain levels near the propor-
tional limit the data approach the salt water curve.
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Fig. 33 - Log-log plot of fatigue crack growth rate data vs total
strain range for 5Ni-Cr-Mo-V steels in a 3.5-percent salt water
environment. The plot of similar data in an air environment is
shown in dashed lines for comparison.
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Data Summary
Table 18

- 3.5 Percent Salt Water Environment

77

CT dL/dN (microinches/cycle)

(uin./in.) Specimen Specimen Specimen Specimen
H131-3 H13P-1 H981-4 H981-6 Average

2,925 3.60 - - - 3.60

3,400 - 5.50 3.50 - 4.50

3,900 12.0 15.5 11.6 - 13.0

4,850 34.5 40.7 30.0 - 35.1

5,850 72.5 83.5 57.5 - 71.2

6,800 132. 132. 120. - 128.

7,800 179. 206. 164. - 183.

8,800 259. 332. 262. - 284.

9,750 340. 375. 352. 301. 342.

10,700 423. 436. 431. - 430.

11,600 444. - - 425. 435.

13,600 843. 565. 704.

15,500 - 1000. 1000.



Microcrack Formation and Growth

The formation and growth of microcracks along the test
surface was an important side effect noted while making
measurements of the main fatigue crack in the 5Ni-Cr-Mo-V
steel. Observations of these microcracks are limited to
qualitative photographs such as shown in Figs. 34-36.
The occurrence of the microcracks was considered impor-
tant because they were not observed during extensive
fatigue testing of HY-80 composition steels which had
been heat treated to comparable 130-150 ksi YS levels
(10, 11, 20, 24). Extensive quantitative studies of
fatigue crack initiation in smooth (unnotched) plate
bend specimens have been carried out by Gross (28);
however, it is of interest here to note the appearance
of the 5Ni-Cr-Mo-V steel specinens with the microcracks,
and to discuss the interaction of the microcracks with
the main fatigue crack.

Microcracks appeared to form more easily in the 5Ni-Cr-
Mo-V steel sample having the lower (135-ksi) YS--NRL
Code H-98--than in the higher (145-ksi) YS sample--
NRL Code H-13. The introduction of a wet environment
hastened the initiation process and reduced the strain
level necessary to produce the microcracks. Micro-
crack formation occurred in both samples within a few
thousand cycles, regardless of environment, at cyclic
strain levels near YS, as might occur at points of
strain intensification in a large welded structure.

Under the test conditions employed (a small crack in a
bending plate), the initial effect of microcrack forma-
tion was to retard the fatigue crack growth rate of the
primary crack. This phenomenon is attributed to the
inability to maintain a high strain concentration at
the crack tip as the material becomes honeycombed with
a multitude of tiny surface microcracks. However, as
these microcracks grow and link up with the advancing
main fatigue crack, a rapid jump in the overall fatigue
crack growth rate occurs and rapid weakening of the test
specimen results.

Although the formation of microcracks can no doubt in-
fluence the performance of a structure, their occurrence
is a separate phenomenon, and the fatigue crack growth
data reported in Figs. 32 and 33 were obtained prior to
the appearance and influence of microcracks.
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Fig. 34 - Sequence of photos showing microcrack growth ahead of
advancing fatigue crack in 140-ksi YS 5Ni-Cr-Mo-V steel (Code H-13).
Total strain range equals 18,000Otin./in. (approximately 150 percent
of yield strength). Air environment (14x).
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• (1) 6745 Cycles9

Fig. 35 - Sequence of photos showing microcrack growth ahead
of advancing fatigue crack in 140-ksi YS 5Ni-Cr-Mo-V steel
(Code H-13). Total strain range equals 1Z,000 •in.-in. (approxi-
mately 90 percent of yield strength). Distilled water environ-
ment (14x).
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COMPARATIVE FATIGUE PERFORMANCE

A comparison of low cycle fatigue crack growth rates in
5Ni-Cr-Mo-V steel (135-145 ksi YS) versus crack growth
rates in HY-80 steel (88-ksi YS) is illustrated in Fig. 37.
This figure is a log-log plot of fatigue crack growth
rates versus the ratio of applied total strain range to
proportional limit strain range for each material in an
aii' environment. These curves are derived from the data
in Fig. 32 and a similar plot for HY-80.

The comparison in Fig. 37 is based on the fatigue crack
growth rates measured in the two materials at cyclic
strain levels which are a fixed percentage of their
respective elastic strengths. Under these conditions
the higher strength 5Ni-Cr-Mo-V steel will propagate
fatigue cracks at a rate 4 to 5 times faster than the
lower strength HY-80 steel.

This brings to light a very important fact: increasing
the elastic YS of a Q&T structural steel through alloy
composition and heat treatment does not automatically re-
sult in a corresponding increase in fatigue crack propaga-
tion resistance, even though the high strength material may
possess a high degree of fracture toughness. The intrinsic
resistance of 5Ni-Cr-Mo-V steel to fatigue crack propaga-
tion is about the same as it is for HY-80 steel. There-
fore, when the new, higher strength material is used at
higher design stresses, there will be corresponding
increase in fatigue crack growth rates which will be
proportional to the fourth power of the increase in
applied cyclic strain.

CONCLUS IONS

1. The intrinsic fatigue crack propagation resistance of
130-140 ksi YS 5Ni-Cr-Mo-V steel, as measured on a strain
range basis, is essentially the same as that of lower
strength HY-80 steel.

2. Fatigue cracks propagate 4 to 5 times faster in
5Ni-Cr-Mo-V steel than in HY-80 steel when the steels
are cycled at load levels corresponding to identical
percentages of their respective elastic strengths, i.e.,
80% YS.
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3. The fatigue performance of 5Ni-Cr-Mo-V steel was not
seriously impaired by the presence of distilled water or
salt water environments. No evidence of instability due
to stress corrosion cracking under cyclic loading was
observed.

4. The formation and growth of microcracks in advance
of the main fatigue crack tip was of sufficient severity
to recommend additional study of this phenomenon.

PLANE-STRAIN FRACTURE TOUGHNESS OF THE HIGH

STRENGTH TITANIUM ALLOYS Ti-6AI-4V AND Ti-6AI-6V-2.5Sn

(C.N. Freed and R.J. Goode)

The plane-strain fraoture toughness has been determined
for the titanium alloys Ti-6AI-4V (T-27) and Ti-6AI-6V-
2.5Sn (T-21). The Ti-6AI-4V alloy was studied in a single
heat-treated condition. Specimens of the alloy Ti-6AI-6V-
2.5Snwereheat treated to several different strength levels
to determine the effect of yield strength (YS) on the plane-
strain fracture toughness (Kic). Single-edge-notch (SEN)
specimens were used throughout the tests; a detailed de-
scription of the specimen dimensions is presented in the
Seventh Quarterly Report (13). All of the test results
tabulated in Tables 19 and 20 were obtained with "smooth"
specimens, i.e., side-grooving was not employed. Detec-
tion of the load at which plane-strain instability oc-
curred was made with a beam displacement gage instrumented
with a strain gage circuit. This crack instability de-
tection technique is described in reference 29.

TEST RESULTS ON I-IN.-THICK Ti-6AI-4V PLATE

Test data for the Ti-6A1-4V alloy are given in Table 19.
Three l-in.-thick specimens were solution annealed at
1700°F for one hour, water-quenched, and then aged at
900'F for two hours, followed by an air-cool. Two speci-
mens were tested at room temperature in the WR direction
and one in the RW direction (Fig. 38). No significant
difference in the KIc was found for either fracture direc-
tion (KIc = 104,500 and 106,000 psiJin., for WR and RW
respectively). The tensile and Charpy V data in Table 19
indicates a higher yield strength and slightly lower frac-
ture toughness in the WR direction compared to the RW values.
The plastic zone was well contained within the specimen
and met the criteria necessary for a valid KIc test (13).
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TEST RESULTS ON 1-IN.-THICK Ti-6A1-6V-2.5Sn

The test data for the Ti-6AI-6V-2.5Sn alloy are pre-
sented in Table 20. One-inch-thick specimens were
tested in five different heat-treated conditions and
in the "as-received" condition. All KIc tests were
performed at the indicated room temperature.

Two specimens were tested in the "as-received" condi-
tion with the fracture propagating in the WR direc-
tion. The KIc values obtained were 59,000 and
63,000 psiv in. at 152.0-ksi YS.

A RW specimen was solution-annealed at 1550OF for
one hour, followed by a water-quench (heat-treatment
"A"). The KIc value for this heat-treatment was deter-
mined to be 81,000 psi/in. The tensile properties
have yet to be determined. A second RW specimen was
given the same solution anneal but was aged at 900'F
for four hours and air-cooled (heat-treatment "B").
This treatment resulted in a low KIc of 32,000 psi
f'in. at 186.0-ksi YS.

Heat treatments "C" and "D" consisted of a solution
anneal at 1550'F for one hour, followed by an air-cool,
then aging for two hours at 1100' and 1200'F respectively.
The purpose was to determine the effect of different aging
temperatures on KIc. Specimens for each aging treat-
ment were tested in both the RW and WR fracture direc-
tions. The KIc values for a given fracture direction
were essentially the same for the two aging temperatures
studied. The KIc values for the RW fracture direction
were 88,000 and 84,000 psi/in, for "C" and "D" heat
treatments respectively. For the WR fracture direction,
they were 91,000 and 95,000 psiv/in, for the same re-
spective heat treatments. The YS values which have been
determined only for the RW specimens were 154.8 and
147.6-ksi for the "C" and "D" heat treatments respectively.

In order to produce strength and toughness properties
between those obtained for heat treatments "B" and "C"
or "D", a RW specimen was solution-annealed at 1625 0 F
for one hour and water-quenched, followed by aging at
1200°F for two hours and air-cooled (heat-treatment
"E"). This heat treatment produced a KIc of 62,000 psi
f/in. The yield strength has not yet been determined
but it is expected to be between that produced by the
"B" and "C" or "D" heat treatments.
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EFFECT OF THICKNESS ON KIc

An additional experiment was conducted to determine the
effect of thickness on the plane-strain fracture tough-
ness. The test data and results are shown in Table 21.

A l-in.-thick Ti-6AI-6V-2.5Sn plate was sawed into three
equal thicknesses, identified, and machined into specimens
i/4-in.-thick. These three specimens were given heat
treatment "B" and tested to determine the respective KIc
values. These values, which represented the properties
of two surface-cut specimens and one center-section
specimen, were compared with the plane-strain fracture
toughness of a l-in.-thick (full-plate-thickness) speci-
men that had received heat treatment "B". The full-
thickness specimen had a KIc value of 32,000 psi/in.,
Table 20, as compared to an average KIc value of
28,000 psi/in. for the i/4-in.-thick specimens, Table 21.
The slight difference in Ki values is probably due to
the faster cooling rate of ihe thinner specimens.

A second set of three specimens was cut in the same man-
ner as those mentioned above, and given heat treatment
"F". Whereas in the first case the specimen from the
center of the plate indicated a slightly lower KIc value
(26,000 psi/-in.) than the surface specimens (an average
of 29,000 psi/in.), these specimens displayed no signi-
ficant difference in KIc values across the thickness.
An interesting sidelight, however, is that although the
YS of the specimens given heat treatment "F" (194.9-ksi)
is higher than the YS obtained from similar specimens
given heat treatment "B" (186.0-ksi), the "B" treatment
results in material of appreciably lower fracture tough-
ness than that of the "F" treatment.
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