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ABSTRACT

A progress report covering research studies in high
strength hull structural materials, conducted in the
period May 1964 to August 1964, is presented., These
studies include the cevelopment of preliminary relation-
ships of flaw size ani stress for fracture of guenched
and ceup.rec steels, maragirg steels, titanium, and
aluminum. Preliminary informatior has also been developed
in the relationship between the notch tensile test an? the
drop-weight tear test for aluminum alloys., The effects of
corrosion environments on the crack rate propagation in
HY-80 to HY-150 quenched and tempered steels havelbeen ex-
aminecd under low cycle fatigue conditions. Preliminary
results on a study of the directionality effects due t>
cross-rollingy on the fracture toughness of quenched and
tempered steels are presented., The fracture toughness
properties of specially processed Ti-7A1-2Cb-1Ta,
diffusion-bonded Ti-6Al-4V, forged Ti-5Al-2,5Sn, and
titanium welcments are reported. The results of heat-
treatment studies for improving the fracture toughness
at specific levels of yield strength are reported for some
titanium alloys.
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METALLURGICAL CHARACTERISTICS OF
H__ibI_A! SL%ENGW-ST_R_UCTUAA“ L NATERTALS

[Fifth Quarterly Report)

INTRODUCTION

This is the fifth status report covering the Y, 5, Naval
Research Laboratory's long-range program of cdetermining

the performance characteristics of high strength materials,
The program is primarily aimed at determining the fracture
toughness characteristics of these materials using standard
and ncwly developed laboratory test methods and at estabp-~
lishing the csignificance of the laboratory tests for pre-
dicting the service performance of the materials in naval
rull structures, Although the program is aimed at Navy
requirements, the information that is developed is essen-
tially basic to all structural use of these high strength
materials, Quenched and tempered (Q&T) steels, maraging
steels, titanium alloys, and aluminum alloys are the ma-
terials currently under investigation,

The level cf fracture tcughness required in a material is
largely dependent upon the application for which it is
intended, For deep-diving research submersibles, the hull
material will be required tc withstand only small plastic
overloads, ' to 2% placstic strain, such as may occur at
points of complex geometry. Deep-diving combatant sub-
marines may pe subject to explosive depth charge attack;
therefore, they require & hull material with a much

higher level of fracture tcughness. Experience has shown
that preseat day inspection techniques will not cetect all
flaws that are present in a Jarge welded structure, an<
that flaws may cevelop early in the service 1ife of complex
structures, Depencing on the service, the hull material
must be able to withstand various minimum levels of plastic
strain in the preserce of the flaws, Therefore, the pro-
gram includes studies on the effect of tlaw <ize on the
fracture toughness cnaracteristics of these materials
through the use of a structural prototype element test in
vwhich a fla.w of the aculty found in service can be intro-
duced.

The laboratory test methods currently being used to deter-
mine the fracture toughness and w~hich are teinjy evaluated
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for possible use in precdicting service performance are the
Charpy V-notch test, the drop-weight tear test (DWIT), and
the notched-tensile test, The structural prototype element
test is the explosion tear test (ETT) in which the specimen
is of a size large enough to be considered as a segment of
the structure., The studies include the effect of chemistry,
purity, processing variables, and heat treatment on strength
and fracture toughness characteristics. Additional studies
include welding procedures and crack rate propagation studies
in low cycle fatigue, Fractography and metallographic
studies are conducted in support of all these.

In this report, the effect of corrosion environments on
crack rate propagation in HY-80 to HY-150 Q8T steels is
examined under low cycle fatigue conditions. The corrosion
media were distilled and salt water, The effect of the
distilled water was influenced by strain range ani strength
level, As the total strain range increased and the strains
approached the proportional limit for the Q8T steel mater-
ials, the growth of the fatigue cracks was four times that
for air., Greater crack propagation ratec were observed for
all strain values studied in the salt water environment.
These ratec were from five to ten times faster than for air.

Preliminary rela*ionships between the ETT and the DWTT, the
Charpy V (C,) test and yield strength (YS) for aluminum
alloys are presented. ™esults of notched tensile tests are
also comparecd to the performance of these materials in the
DWTT. The results show that aluminum alloys with DWIT
enerqgy values as low as 300 ft-lb are capable of undergoing
3 small amount of plastic strain in the ETT in the presence
of 3 2-in., flaw, This corresponis to a notched strength
ratic of about 1.2,

The directionality effects due to cross-rolling on the
fracture toughness of GET steel plates are being investi-
ated, These materials have been evaluated using the
aboratory test methods and are now in evaluation in the
ETT. For steels, the resul*s obtainec to date indicate
that at any given strength level, an increase in "weak®
direction and a decrease {n ®strong® cdirection fracture
toughness results with increasing degrees cf cross-rolling;
full cross-rolling results in the greatest imorovement of
toughness in the ®weak®™ direction,

The effects of processing variables on the fracture tough-
ness properties as measured by the DWIT on a Ti-7A1-2Cb-1Ta




alloy are reported. The DWIT ener3y values are higher than
any obtained on other 721 alloys tested to date. The frac-
ture toughness properties of a forged Ti-5Al1-2,55n piate,
and diffusion-bondea Ti-6Al~4V plates are2 2lso presented,
Additional ETT data have estanli:zhecd the approximate DWTT
energy limit of 2500 ft-lb for 5-7% piastic strain with an
expected YS of approximately 130 ksi., Welcin3y studies show
that welds of good toughness can be made in Ti-6Al-2Mo
alloys when welding is followec by a post heat treatment 3¢
1200°F, Heat-treatment studies for a number of alloys have
been conducted, The commercizlly-produced Ti-6Al-4.n-1V
and Ti-6Al-2Mo alloys developed relatively high levels of
fracture toughness, as measured by the C,, in the 120-140
YS range, All the heat-treatment data obtained tc Jate are
presented,

LOW CYCLE FATIGUE CRACK PFDPAGAT%N IN
QUENCHED AND RED LS R OORRCSIVE ENVIRONMENTS

{Y.W. Crooker, R.E, lorey, and E.A. Lange)

Tre safe and depenceble application of modern high s*rengtn
materials to large cyclically-loaded :tructures, such as
pressure vessels and submersible vehicles, requires im-
proved knowledge of lcw cycle fatigue. Small flaws and
cracks invariably remain after the facricaticn and manu-
facture «f a large velced structure “espile the carefu!

use of modern processing methods ani the best availatle
noncdestructive testing techniques, Since fabrication cracks
are unavcidable, the only practical recourse is to provide
design criteria for preventing the grouth of such probable
cracks to a critical size from the repeatec application of
service loads,

The aim of this investigation is to cefine and evaluate the
factors ~hich control the growth of cracks under low cycle
fatigue condiiions, The results of the current phase of
this investigation are based cn studies of crack propagation
in center-notched, plate tend specimens, loacdec in canti-
lever fashion, Previocus reports have cdescribec preliminary
evaluations of the low cycle fatigue characteristics of a
variety of Q&T steels and 7074 zluminum alloy (1-2),
Briefly, it has been chscrvec that for s :pecific environ-
ment (air) anc strain ratic, the gro.th rate of a low cycle
fatigque crack is cependent upon appliec total strain range,
as expressed by the empirical relationship




crack growth rate, microinches/cycle

where &L/AN
E:T = total strain range, microinches/cycle
Ken = c.nstants

This relationship remains valid in ‘he presence of mean
strainc other than zero; how~ever, it has been observec
that tensile mean strain accelerates the growth of cracks,
and conversely, compressive mean strain retards the growth
of cracks,

EXFERIMENTAL PROCEDURE AND MATERIALS

This report concerns the effects of selected corrosive
envircnments on the growth of fatigue cracks in steels

~ith nominal HY-BC composition which are heat-treatec to
various strength levels between B0 and 150 ksi YS, Spec-
ifically, the corrosive environments were aerated distillec
water and 2.5% salt vater, The information obtained with
these two aqueous environments will be used for preliminary
studies of fatigue crack growth tor all structural mater-
ials, MNaterials which indicate significant environmentai
sensitivity will be subjected to a more refined examina-
tion,

The same ioading coniditions of strain-controlled, fully-
reversed bendinj at rates of four to eight cycles per
minute were employed as previously describec for specirens
fatigued in air, so as to provide a common basis for
initial comparisons. For the ne. experiments involving an
aquecus eavironment, a portion of the test specimen includ-
ing the fatique crack is coverec by a corro:ion celi as
shown in Fig, 1. The cells are molced poilvurethane . hich
s relatively soft anc flexes with tre specimen, The cor-
rosive solution is circulsted throug: the corrosion cell
from a reservoir where the solution is aerated¢ anc the
composition is monitores. About half ot the 7-1,2-in.
«idth ot tne specimen Is exposec to the agquecus environ-
ment in the cell,

The cremical ccmpositicon and rechanicel properties of tre
raterials empleoyed in this investigation are srcun in
Tables i and 7, respectively., Tus of tie materials,
KY-2O (code Et<) and Q&T 150 YS (code Fu9), have seen :he




subject of previous investigations in an air environmert
(1,2). As a first step in the present study, tne two n=w
QT steelc - 130 YS (code G12) and 150 YS (ccie Gl4) -
were tested for crack propagation resi-tance :n sir, in
cruer to provicde a comparisca with other Q&T cteels and
to provide & base line against which corrosicn data cou.2
be measured. The new data (Fig. Z) are in excecllent
agreement with previously reported data for Q8T steels
(1,7). They lend further support to the validity of th
fourth power relationship between crack growth rate .nc
applied total strain range previously observed for Q8T
steels cyclically lnaded to total strsin values between
0.25% and 1,5%.

CORROSION FATIGUE EFFECTS

The influence of the distilled sater and the salt water
eavironments on the growth rates of fatigue cracks are
shown in Figs. 3 and 4, respectively. T.e effect of the
distilled water environment on the growtnh rate ot low
cycle fatigue cracks was influenced bty ooth strai.- range
and strength level, At strain ranges approximatel, one
half that for the proportional limits of the respective
steels, there appearec to be no significant effect from
the water environment since the fatique cracks grew at

the same rate as they did in air (235-¢%% R, M), The

~ater environment effect tecame significant as strain
range was increased anc at strains aprroaching the prc-
porticnal limit for the respective steels, the grcwsth cf
fatigque cracks urncder water .as four time: that for air,
Lvoking at the tanc in Fig. 3, *this depencence upcn <train
range can be seen ss an increase in -lope of the tdnc over
the fourth power function of the bace i1ine for air., The
influence of the distiiled water sppearec to be reiated tcC
the amount cof plastic strain in the load cycle, and tne
higher <trength materisls, therefore, sere supericr tc tle
low strength moterials on a total strain range basi: at
strain r1anges in exces: of <,00C microinche: inch,

The salt water eaviroarent proved tc ie 4 substantially
mcre hostile environment than di_t:l.ed water, anc greater
cracxk propagaticn rates were observec ftcr all stradin
values stucie  Fig. <. The quantitative effect cf the
salt vater was to facrease the gro.th rates five to ten
times that for alr, This substantial incresa.e in crack
grosth rate suggests the intrcducticn of an acdiitiunal
failure mecran.sm suct as hycdrogen embrittierent,

"




Laboratory observations of the fatigue crack included a
large nsumber of bubbles evolving from the frecture surface
-ithin the corrosion cell during fetigue cycling in salt
water, These otservations indicate that for corrosive
environments hydrogen embrittlement may play an important
rale in fatigue crack propagation at high growth rates as
has beer indicated for low growth rates (5?.

Several general observations and implications can be
stated from a broad view of these corrosion fatique data.
It is apparent that the introduction of & corrosive en-
viraonment can serve to significantly increase the growth
rate of fatigue cracks, four to ten times that for air,
and in addition a corrosive environment increases the
scuiter among the data. These factors tend to reduce the
accuracy with which fatigue performance can be pracdictec.
Previous data on Q3T steels obtained in anair environment
censistently fell within a sufficientliy narrow tand to
assign the plot a single relationship for Q&T steels of
KY-80 composition at all strength levels testec (80-160
¥si YS). Although under corrosion conditions the data
become mor: widely separated and each material is ob-
served to follow a separate plot, the family of crack
growth curves for each environment forms a band. An ex-
amination of these bands shows the curves to be separated
more or less on the basis of strength level, with the
higher strength materiais possessing relatively superior
crack propagation resistance at high strain ranges under
the mild corrosive environment, distilled water, However,
this difference in performance due to streagth level in
the range of 80 to 160 ksi YS was not evident under salt
water and is small compared to the increase in crack growth
rate due to the aqueous environment,

The general observation that the growth rate of fatigue
cracks when comparec on_a total strain range besis is
essentially the same for Q&: steels with Igo ksi YS as ‘or
QAT steels with 80 ksi YS emphasizes the critical impor-
tance of the design of detalls when the use of a high
strength steel is considered for increasing the performaace
oi structures, Details used in current fabrication practice
such as welded ribs or rings fcr stiffening purposes have
caused few problems witnh low strength stez2ls, but the same
details have created many problems with 80-100 ksi YS Q&T
steels, Satisfactory performance of structures with high
strength materials is attained only when the design of
details is refined to minimize strain irtensification since
the nominal elastic strains alone will be high. This pre-
cautionary view is even more pertinent when titanium or




3luminum alloys with their relatively low moduli 1t elas-
ticity are considered as replacement materials for steel.

The results of this seris of tests on QtT steels under
corrosicn fatique conditions offer the possibility that low
cycle fatigue crack propagation in a corrosive environment
is a ipecific process and the hostility of an environment
cannot necessarily be judged on the basis of other corro-
sion criteria, such as surface corrosion, Several obser-
vations support this possibility. For example, the 160 ksi
YS steel rusted and pitted more readily than the 90 ksi YS
steel under the salt water, but there was no corresponding
significant change in fatigue behavior, Previous studies
indicate that cathodic protection which adequately pre-
vents surface corrosion in a salt water environment can
nave little or no effect on the initiation or growth rate
ot cracks in cyclically loaded QT steel. A much broader
study cf low cycle fatigue crack propagation under corro-
sion conditions is needed to examine these observations,

A wider variety of materials must be studied; a quantita-
tive evaluation of the roles of the various fracture
mechanisms, stress corrosicn, hydrogen embrittlement, etc.,
must be made, and the actual service elements of time and
natural seawater must be included.

FRACTURE TOUGHNESS EVALUATION OF
ONE-INCH-THICK ALUNMINUM ALLOY PLATES
(R.W. Judy, C.N., Freed, and R.J. Goode

Aluminum alloys are being usec for a variety of applica-
tions where the fracture toughness characteristics are of
primary importance for the safe use of the materizl.
However, no test has attainec general! acceptability for
comparison of the frecture toughness characteristics of a
particular aluminum alloy tc other aluminum alloys, or to
other materials, The Charpy V-notch test has been used
for this purpose in steels and to some extent in titanium;
however, the Charpy V (Cy) energy values for mcst
aluminum are extremely low and do not show any significant
change with a variation in temperature,

The purpose of this investigation is tc establish the
possible applicability of the drop-weight tear test (DWTT)
and other tests for comparison of the fracture toughness
charactecistics of aluminum alloys in thick sections and
to evaluate the significance of the values in terms of
precicting service performance and structursl] reliability,




CDRRELATION OF TENSILE, CHARPY, DROP-WEIGHT TEAR AXD
FXPLOSION TEAR TEST RESMLTS

A eries of small laboratory fracture toughness tests, in-
cluding the Cy, the DWIT, and the smooth tensile test, have
been conducted on 1100F, 2024-T4, 5456-H321, 6061-T651, and
7075-T6 alloys and have been reported previously (2). The
same tests were conducted on ¢.loys 5086-H112, 2219-187,
and 6061-T651. In addition, DWIT specimens of 2020, 2024,
and 7075 were tested in the 5000 ft-lb pendulum-type impact
machine, The results of these tests for the RW and WR
orientations (7) are listed in Table 3. Neotched and pre-
fatiguecd notch tensile tests have been conducted on a
number of the alloys as well to determine the significance
of t?e notched tensile values obtained in terms of the DWIT
results,

Charpy V-notch tests were conductec on 5086-Hl12, 6061-F651,
and 2219-Tt7 with a variation of temperature between -320°F
and 212°F., The results of these tests are shown in Fig. 5.
The Cy energy values for 5086-H112 were considerzbly higher
than any alloy tested to date due to the lower yield
strength (YS), 25 ksi, and high ductility of this alloy.

The results obtained for the 6061-T651 and 2219-T87 alloys
showed values which did not change with temperature and
were exiremely low in comparison with other structural
materials.

Figure 6 shows the relation between C, energy and DWIT
energy, It indicates that the DWIT is a more sensitive
indicator of changes in fracture toughness thaa is the Cy
notch test since a wide range of DWIT energy values corres-
ponds to only a narrow range of C, values,

The DWYT resuits followecd the general inverse relationship
between fracture touchness and strength as observed for
steels and titanium, The higher YS alloys - 2219 and 7075 -
had DWIT energy values lower than 3CG0 ft-lb, The DWTT
energy for 5086-H112 was in excess of 2000ft~lo with a ¥S

of approximately 2% ksi, Figure 7 shows a comparison of
DWTT and YS for all alloys tested to date. This chart shous
the general trend of decreasing fracture toughness, measured
by the DWIT energy, with increasing ¥YS., The optimum
materials trend line (OMTL) indicates the highest levels of
fracture toughness for any YS based on the materials eval-
uated to date,




The results of limited explosion tear test (ETT) are also
representec in Fi¢., 7. The percent plastic strain limits
were conservatively estimatec to be approximately 300 ft-lb
for fracture below yield, and 750 ft-1lb for 4% plastic
strain before failure when ETT plates o. 2219-T87 (DWTT 281
ft-1b) and 6061-T65 (DWIT 750 ft-lb) were loadec to the
1-3% strain deformation range with 2-in. brittle (electron
beam) weld flaws, The 6061-T651 specimens were loaded to
2.9% plastic strain, The 6061-T651 specimen with the flaw
showed no appreciable crack extension which indicates that
material having a 750 ft-lb DWIT energy could probably
withstand 4% plastic strain before failure. The 2219-T87
specimens were loaded to 1.2% plastic strain and the
specimen with the flaw fractured completely after experi~
eacing a esmall amount of plastic straining.

RESULTS OF NOTCHED TENSILE AND PRECRACKED TENSILE TESTS

The main purpose of this investigaticn is to determine
whether a correlation exists hetween the DWIT and the notch~
strength ratio for aluminum alloys. Since this ratio is
about the only widely-used criterion for the cdetermination
of toughnass of aluminum and considerable dati have been
generated with this test, it would be of considerable
i~rterest if the significance of the notched-tensile test
could be established by correlation with the DWIT and the
ETT. A secondary purpose is to discern if the acuity of

the rotch affects the notch-strength ratio.

Notched-tensile specimens were machined from five aluminum
alloys which were chosen for the wide range of yield
strengths wnich they represent. Half of the notched
specimens were fatiqued using a rotating-beam faticue
machine until a crack was initiated at the tip of the notch,
Both the fatigue-cracked and the unfatigue-cracked specimens
were broken in tensile loading, and the notch-strength
ratios caiculated, The test results are given in Table 4,
Previously obtiined yield strengths {or each alloy in both
the longitudinal and transverse directions were used in the
computations,

Figure & presents a graph of the DWT energy versus both the
notch=streagth ratio and C, values, It is evident that the
DWT enerqy increases rapidly with an increasing notch-
strenqth ratic. The anisotropy of the 2024, 5086, and 5456
alloys is more clearly indicated when they are compared with
the DWT energy than when they are plotted against the notch-




strenqgth ratio; this pertains to both the fatigue-cracked
and unfatigued specimens. The Cy relationships to DWIT
datz are also presented in Fig. 8 for comnrarison,

The DWT enerqgy appears to be 8 more sensitive measurement
of toughness than the notch-strenyth ratio, Whereas the
DWT energy values vary over a wide range, the notch-
stiength ratio is limited to a relatively narrow band,
Specimens which contained a fatigue crack pioduced
slightly lower notch-strength ratios than specimens which
were only notched. This is due to the increasec acuity of
the notch, Both types of specimens seem to be rellable
indicators of anisotropy.

The results of correlations of various fracture toughness
tests to date indicate that aluminum alloys having as low
a DWTIT energy value as 30C ft-lb will have a 1otch-
strength ratin of at least 1.2 and will possess a capabil-
ity of undergoing a small amount of plastic strain in the
presence of 2-in, flaws,

A graphical summary of previously developed correlation
data illustrating the significance of the findings for
quenched and tempered (Q8T) and maraging steels ranging

in vield strength (VYS) from approximately 80 to 295 ksi

is given in Fig. 9. The preliminary guidelines indicating
relative fracture performance in the presence of 2-in,
flaws for steels characterized bty drop-weight tear test
(DWTT) energy levels above, between, or below the strain
levels indicated by the hcrizontal cross-hatched lines are
illustrated by the legend and photographs appended to

Fig. 9, right. The optimun materials trend line (CMTL)
curves in this figure indicate the practicable upper
limits of fracture toughness obtainable for any given
strength level steel as a function of conventional or
special mill processing (i.e., special melting and cross-
rolling practices) var?ables.

Jt should be noted that the summary of the relationships
given in Fig., 9 represents tests of fracture propagation
in the "weak™ direction of a rolled plate, provided such

a direction exists. For plates having isotropic {same
fracture toughness) properties in the two directions, the
indicated values represent this fact. In other areas, ali
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values represent the lowest level of fracture toughness
for the indicated material, One of the earlv important
findings of these studies was the observatiocn of the
significantly wide differences in fracture toughness that
could be obtained for conventionally cross-rolled steel
plate as a function of specimen orientation. In addition,
reheat-treatment studies were conducted with various Q&F
and maraging steels, and all were shown to exhibit de-
creasing levels of fracture toughness with increasing
strength levels. This general effect is such that as the
strength level of a given materhl is increased, a point
i5 reached where the "weak" direction of a poerly cross-
rolled material is characterized by such low toughness
levels that "low-energy absorption tear fractures® may be
developed in the presence of relatively small flaws and
high elastic stress level loads, The OMTIL curves in Fig.
G depict the maximum ®"weak®™ direction fracture toughness
values obtainable for presently de‘.nable stzels of any
given strength level. New data developed during this re-
porting period provide additionai information relating to
directionality effects,

EFFECT OF CROSS-ROLLING ON FRACTURE TOUGHNESS OF HIGH
STRENGTH STEEL PLATE

To investigate the directionality effects that could be

developed by extreme degrees of production cross-rolling,

a series of thirtecn Q&T steel plates were procured,

These steels represent conventionally processed® material

from a single electric furnace production heat conforming
to the chemical composition requirements of ®"high-
chemistry" HY-80, Table 5., Special handlin¢ by the mili

in slab cutting and rolling to l-in, plates was followed

to obtain five degrees of cross-rolling ratios ranging

from 30 tc 1 (straightaway rolling parallel to ingot axis)
tc 1 to 1 (equivalent rolling parallel to and transverse tc
ingot sxis) as shown in Table 5. The principal rolling
irection and "weak™ direction propeitiec in the majority
of these steels were parallel to the original ingot axis,

Two of these plates (G800 and GBi1) were deliberately rolled
toc a 1 to 4 ratio such vthat the principal rolling directicn
and "weak" direction properiic¢s were transverse to the
original ingot axis.

*# Single oxidizing slag, air-melt practice.
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Tension, Charﬁy V (Cy), and DWT tests on these steels were
conducted with specimens in both orientations. The data
are given in Table 6, and » graphical summary of the DWT
and YS relationships for these steels is presented in Fig.
10. The data points labelad "N" in this illustration
represent values obtained with specimens of these steels
heat treated at the U.S, Naval Research Laboratory (NRL).
In these cases, double (2 + 2 hr) temper heat treatments
at 1150°F of the steels previously heat treated by the
mil)l to 130 and 150 YS resulted in lowering the strength
levels of these steels to the 110 to 120 ksi YS range,

At this YS range, the comparatively sm2ll specimen blank
and the significantly longer tempering times used for
Laboratozy heat-treated stesls resulted in the development
of higher fracture toughness levels than those of the
steels heat treated by the mill to the 110 to 120 YS range.
Full Q8T heat treatments were conducted by NRL with DWIT
specimens of ‘he 1 to 1 cross-rolled steels to obtain the
data points that are shown in Fig. 10 at approximately

160 ksi YS.

The top and bottom curves illustrated in Fig., 10 depict
the extreme differences in toughness that may be developed
in the two directions of a given material of any strength
level as a consequence of very large amounts of uni-
directional relling. As depicted by the center curve in
Fig. 10, essentially equivalent (isotropic) fracture
toughness ?xeperties 2re developed in the two directions
of highly {1 to 1) cross-rolled plate. 1In general, the
results given in Fig. 10 indicate that for any given
strength level, an increase in ®"weak" direction and a de-
crease in "strong®™ direction fracture toughness occurs
with increasing degrees of cross-rolling; however, fuill
(1 to 1) cross-rolling is required for a significant im-
provement of toughness in the “weak® direction of rolled
steel plate,

The “weak® directicn data of Fig. 10 have been replotted
as open diamonds in Fig. 11 to highlight the relative
positions of thesespecially rolled steels in relation to
that of the previously established correlation data sum-
marized in Fig. 9. The fully {1 tc 1) cross-rolled steels
ranging from approximately 140 to 160 ksi YS are observed
to be characterizcd by fracture toughness levels that are
essentially equivalent to the maximum level depicted by the
OFTL curve previocusly estatlished fcr conventional melt
practice steels. To correspond with new data presented
herein, a slight adjustment of the previcusly established
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OMTL curve for conventionally processed steels is given

by the dashed portion of this curve in Fig, 11, By ex-
trapolation to the indicated curves given in Fig. 11 for
the presently defined conventionally processed steels,

the maximum YS levels for which the development of 2 to

5% prefracture strains would be possible in the 2-in. flaw
explosion tear test (ETT) is estimated to be approximately
145 ksi YS for straightaway rolled steels and 185 ksi YS
for highly cross-rolled steels.

The correlation of DWIT energy values with Cy energy
values has been previously show.. to be surprisingly good
for steels (8). The range of C, values corresponding to
indicated levels of DWIT values, Figs. 10 and 11 right,
represent the values depicted by the data band which en-
compasses all relatic. ships established to date., The
specific relationships of C, and DWIT energies for these
specially rolled steels are given in Fig., 12, The data
band illustrated in Fig., 12 is shifted slightly to the
left of that given in previous publications depicting
these relationships. ghe first preliminary correlations
of Cy and DWIT energy values were based upon tests in
which the DWIT energy value was determined by "bracketing®
within an increment of 250 ft-lb. DWIT are now condu-ted
with the new 5000 ft-1lb pendulum-type impact machine
resulting in a better definition of the data band as given
in Fig. 12. It should be noted that the high end of the
Cy correlation range must be specified as a minimum value
to insure that a given steel will be characterized by the
corresponding DWIT toughness levels,

The ETT studies with these specially rolled HY-80 steels
are concerned with developing refinements of the prelim-
inary guide®ines established in previous investigations,
and with providing for a more exact definition of flaw
size-stress level for fracture relationships in steels
characterized by DWIT energies ranging from approximately
2200 to 80C ft-1lb. The ETT with these steels are being
conducted with the material in the mill heat-treatment
condition and with fracture propagatiocn only in the ®"weak"
direction., The ®strong® direction DWIT values for the
mill heat-treated plates range from approximately 2500 to
4500 ft-1b and ample demcnstrations have been gliven in
previous reports of the high level of fracture tcughness
of steels that have this range cof DWIT values,
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Although all ETT with these steels have not been completed
at the time of this progress report, some preliminary
results can be described. The 2-in, flaw ETT performances
sre illustrated for four steels that were subjected to
varying explosive load applications aimed at developing
agproximately 1% (Fig. 13 top) and 5% (Fig. 13 bottom)
plastic strains in the respective samples. For either of
the given load applications, the increasecd tear lengths
with decreasing DWIT values are apparent, Two of the
steels shown in Fig, 13 are illustrated in Fig, 14 after
ETT with load applications that resulted in approximately
8% deformation, The following summary may be made of the
ETT results shown in Figs, 13 and la:

(1) Steels that are characterizecd by DWIT values of
approximately 2200 ft-lb require a fracture stress in the
presence of 2-in. flaws that is higher than 8% plastic
strain,

(2) Steeis that are characterizecd by DWIT values of
approximately 1725 ft-lb require a fracture stress in the
presence of 2-in, flaws that is between 5 to 8% plastic
strain.

(3) Steels that are characterized by DWIT values of
approximately 1020 ft-1b can withstand load applications
that develop approximately 1¥ prefracture strain but
fracture is expected in the presence of 2-in, flaws for
load applications that develop approximately 2 to 3% pre-
fracture strains.

Additional ETT with these steels that are to be com-
pieted during the next progress report period cre ex-
pected to provide further refinements of the preliminary
guidelines to fracture performance illustrated by the
correlation data given in Fig. 9.
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EVALUATION OF TITANIUM ALLOYS

R.W. Huber, D.G. Howe, and R.J. Goode
Drop-weight tear tests have been conducted on 3 series of
Ti-7A1-2Cb-1Ta alloy plates supplied by Reactive Mctals
Inc, (RMI); these tests included both the longitudinal and
transverse rolling directions. These samples represented
three processing variations in the forging and rolling
schedules followed by three differiny heat treatments, The
heat treatments consisted of an a + g anneal for one hour
and air-cooled, a B anneal for one hour and air-cooled,
anc a B anneal for one hour and water quench. The drop-
weight tear test (DWIT) results, along with the Charpy V
(Cv? data at 30°F and the 0.7% yield strength (YS) fur-
nished by RMI, are listed in Table 7, All of these data
were intended to provide guidelines for the titanium

processing study being conducted by RMI under a Bureau of
Ships contract,

The DWIT energy values obtainec for these specially pro-
cessed plates are all higher than those sbtained on any
other 721 alloys tested to date. The agreement between
the DWIT and Cy is not consistent, particularly in the
case of the as-rolled plate and the a + B anneal at
1650%F. A better combination of toughness and yield
strength is afforded by the P anneal of 1940°F followed
by air-cooling (2700 ft-lb at 106-110 ksi YS). Tough-
ness levels above 2000 ft-1b are developed by the B anneal
and water guench to a higher YS of 109-122 ksi., A com-
parison of the DWTIT energy values with the optimum
materials trend line (CMTL) established at ihe U.S, Naval
Research Laboratory (NRL) for l-in, thick titanium plates
ts shown in Fig. i5.

A forged piecc of 2.5-in. thick Ti-5A1-2.5Sn alloy was
supplie¢ by Wyman-Gordon Co. for DWIT studies, Drop-
weight tear test of a 1 x 2-1/2 in. section cut from a
surface of the slab gave low energy absorption values of
339 ft-1b in the BW and WR orlentaticns (7). The full
section (2-1/2 x ¢-5/8 in.,) DWIT energy value was 1506 ft-
lb. DWTT energy absorption values cbtained for other 2-in,
thick titanium alloy plates are listed in Table 8. The
interstitial content of these alloys with the excepticn of
1-950 are representative of commercj>'! production for the
pOD sheet rolling program. The oxygen content of T-50 is
0.08 wt-X,

1%




The first DWIT on 2-in, T-50 resulted in only cracking the
brittle weld a2t 3000 ft-1b (the present maximum capacity

of the impactor). A subsequent DWIT, using a drop-weight
machine, broke the 2 x 6-1/2 in. test section at 7500 ft-lb;
however, it is estimated that a 7000 ft-lb blow would not
have completely fractured the test specimen, Tabs of un-
alloyed titanium are being welded onto one half of the
broken test specimen in order to retest this plate at the
7000 ft-1lb DWTT energy level,

North American Aviation Inc, supplied a small plece of
diffusion-bonded Ti-6Al-4V plate for examination, The
specimen was prepared by hot pressing forty-five pleces of
0.063 in, sheet at 1700°F for four houiss with an overall
reduction in thickness of 33%, The C, data obtained with
a2 limited number of specimens are comparable to the low
interstitial T-5 (6A1-4V) alloy (9). The ultimate tensile
strength UTS) determined from a single 1/4-in. specimen
was 140 ksi, YS 130 ksi. The oxygen content as znaiyzed
at NRL was 0,136 wt-%X. Specimens wit! the notch parallel
to the plane laminates gave slightly higher Cy values than
those where the notch was perpendicular to the plane of the
laminates. The Cy curves for this material are shown in
Fig. 16. The specimens tested at 75°F experienced de-
lamination. This probably accounts for the high Cy energy
value obtained at that temperature for the specimen with
the notch parallel to the laminant.

Aside from the delamination, there is a ®"layered structure®
appearance on the fracture s. faces of the spaecimens in
which the noich was parallel to the laminates (Fig. 17).
This is not evident in the other orentation, A cross-
section of the fracture surface of a specimen with the
notch parallel to the laminate is shown in Fig. 18.
Metallographic studies showed the diffusion-bonded plate

to consist of egul xed a and B with only a few areas
showing any evidence of the "layered®™ structure of the
plate, Figure 1§ shows the general appearance of the
microstructure (Fig. 19a) as well as an area in which the
diffusion-bonded regions are easily seen {Fig. 19b). Pre-
liminary work 1s now under way at NRL on preparing large
diffusion-bonded DWTT specimens from titanium alley sheet.

Incomplete explosion tear test (ETT) resuits were reported
for cn annealed and aged Ti-6Al-2Mo plate (T-22), The
plate, which had a energy value of 566 ft-lb, had
withstood an estimated 6-7X plastic strain in the oresence
of 2 2-1in. flaw without complete fractiuring. Further
testing of the material in the "no flaw condition® has
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shown that 6% plastic strain was develored. Based on this
new information, the preliminary correlation between Cy,
DWTT, ETT, and YS presented in the last Quarterly Report (2),
has be2n further modified and is shown in Fig, 2C, It is
estimated that approximately 130 ksi is the maximum strength
level that can be attained for which it is estimated to be
possible to develop plastic strains in the order of 5-7% in
the presence of 2-in, flaws, This is considered a high
level of fracture toughness in any high strength structural
material,

WELDING TITANIUM ALLOY PLATE

Metal inert gas welding of some of the titanium alloys is
being conducted in a dry box (vacuum evacuated and inert
gas backfilled) to insure freedem from atmospheric con-
tamination, Joint design in the l-in, plate consists of

a double ®v® 30® bevel having a 1/8-in. face and allowing

a 0,045-in, root gap. Single pass welds are made across
the 5-in, dimension of a standard DWIT specimen., Ti-6Al-2Mo
alloy welds using wire prepared from the plate have been
tested and reported previously as having about 1500 ft-lb
absorbed enerqgy (2). Using the same welding procedures and
vacuum annealing, the weldments at 1800*F for one hour in-
creased the DWIT values to 1540 and 1600 ft-1lb on duplicate
speci ens, This same type of weldment vacuum annealed at
1750°r for one hour and inert gas-cooled te room tempera-
ture fcllowed by a two hour aging at 1100°F increasec the
DWTT value to 1784 ft-lb, T“ncreasing t.e vacuum anneal-
ing or solution temperature to 180C°F for one hour, inert
ges cocoling, followed by aging at 1200°F for two hours,
gave a DWTT value of 2874 ft-1lb for the same type of alloy
weldment, The large shear lip: develcped on this fracture
surface coincided with the heat-affectec-:one (HAZ) of the
~veld., This last heat treatment cof weldment is teing re-
peated in crder to verify these re ults,

Simple annealing treatments empioyed with the bAl-4Sn-lV
3lloy weldments have lowered the 1500 ft-ib DWIT of the as-
~elced material tc below 1000 ft-~lb, Results from other
heat-treating studiies of this alloy indicate that a water
quench from the soluticn anneal fcllowed by 11C0-120C°F
aging :hould improve the fracture tcoughness of this alloy.




HEAT-TREATMENT STUDIES

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

The alloys under study include commercially produced
Ti-8Al1-1Mo-1V (T-19), Ti-6A1-4Sn-1V (T-20), and Ti-6Al-2%
(T-22) with approximately 0.07 wt-% 33- WMRL produced and
INFAB forged and rolled Ti-8Al-1Mo-1V {T-28) and Ti-7Al-2Mo
(T-29) with approximately 0.04 wt-)s Oo; and a commercially
froduced Ti-6.5A1-5Zr-1V (T-36), and a Ti-6Al1-2Sn-1Mo-1V
T~37) with 0,08 wt-¥ O,

The titanium alloys were solution annealed and aged in an
atmosphere of argon, The effect of the heat treatments on
the Cv and YS properties are shown in Tables 9-15 and in
earlier reports (1,2)., The variation of fracture toughness
with heat treatment was determined using the Cy test. The
specimens were tested at -80°F and +32°F in the RW and WR
orientation respective to the principal rolling direction
of the "as-received® plate, The C, and tensile (0,313 in,
diam) specimens were prepared from the "as-received"
material prior “- heat treating and the tensile spocimens
were tested at o strain rate of 0,002 in,/in,/min.

The commercially produced Ti~6Al=4Sn-1V and Ti-6Al-2Mo
alloys developed the highest levels of toughness when heat
treated to 120-140 ksi YS. The Cy and YS values for some
of the better heat treatments are shown in Fig., 21, The
Ti-6Al=4Sn-1V allcy developed Cy energy values of over

55 ft-lb and a YS of about 120 ksi on annealing at about
40°F below the B transus followed by a water quench,
Further aging at 1100¢F for two hours then air cooling
increased the YS to 128.5 ksi with C,, values between

40-45 ft-1b. Other solution annealing and aging treatments
which resultea in about the same YS and Cy levels are shown,

The Ti-0Al-2Mo alloy annealec .t approximately 40¢F beiow
the P transus followec by a water quench had a YS of about
135 ksi and corresponding C, energy value ¢{ about 25 ft-lb,
Subsequent aging at 1200°F for two hours then air cooling
increased the YS to about 149 ksi with only a very slight
dacrease in the Cy energy. If the 1800°F anneal is fol-
lowed by an air cool instead of a water quench, then the

18
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YS is about 115 ksi with a corresponding C, energy of
45-55. ft-1b for the annealed material. Subsequent aging
of this material at 1200°F for one or two hours followec
by & water quench increases the YS to 121-126 ksi. The
Cv energy does not seem to be affected by the one hour
aging treatment but is decrzased to about 40 ft-lb on
aging an additional hour. Solution annealing treatments
at 1700 and 1750°F for one hour, then air cool, followed
by aging at 1200 and 1100°F respectively for two hours
ani water quench, resulted in equally good strength and
toughness properties.

These heat-treatment studies have shown that the low
interstitial commercially produced Ti-6Al-4Sn-1V (T-20)
and Ti-6Al1-2Mo (T-22) alloys develop the best combina-
tions of strength and toughness of the alloys investigated
to date. These materials are being tested in the DWIT in
the more promising heat-treated conditions and on the
basis of these tests will be evaluated in the ETT.
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Chemical Composition of Quenched and Tempered Steels (HY-80)

Table 1

Test direction is detined in terims ot the

tracture orientation with respect 1o the

principal (or finaly rolling Jdirection, "weak” indicates 4 fractare pagrallel to the

relling direction, “strong”™ indicatesa fracture perpendicu

direction.
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Chemical Composition wt-% |
Material — : - T 1
C Mn Si P S Ni Cr Mo
e R e - T T SR T
HY-80 (E84) .19 .20 ' .23 007 1 .007 2.1¢8 1.29 .30
Q4T 130 YS(G13) | .14 | .37 | .27 | .003 | .009 | 3.03 | L72 | .52
Q&T 150 YS (F65) .19 32 .33 .006 | .013 3.28 1.69 .70
QLT 150 ¥S (G14) | .16 | .37 i 29 | .005 |.010 | 3.03 | 1.69 | .55
Table 2
Mechanical Properties of Quenched and Tempered Steels (HY-80)
r E 1; | 0.505 in. diam Tension Test T !
| Direc- t———— 71— 1 c. . Dpwr
! Material C!‘OlSS- tion of f (6.27) ' UTS ' _Elon_g i RA (30}';') | (30°F)
| | Roll  Test” (ki) (ksi) %“‘(,2-)"“ | @) | gy )
#:‘ T iy - *Ar . - l" N - £ oo T ‘.£ . r“ o7 L. LT .T'TL TIIT TSI
| ! ! 4 ! i
- HY-80 Highly . Weak | 86 103 23 . 68 93 5000
. (E84) Cross- i e i SR S —-
| Folled swong 91 106 24 T 115 6200 _
' Q&T ? | Weak 133 142 18 . 58 62 2789
. 130YS | 41 o . . . .
- (G13) Strong - - - - 88 4160
- + - + + R - - —— e ——
T | Weak 158 176 13 41 23 1000
150 YS 6.2:1 - . . —
~ (F65) | _ Strong 157 175 17 55 48 3250
Q&T Weak 152 165 17 54 42 2364
: 150 YS 231 —. -
L (Gl‘é) - Strong - .- - 63 4107




Table 3

Properties of Aluminum Alloys

Alloy Direction (ési) &’gf) g;VF) 8:‘_’;13
= t-l—"li)—_ﬁﬁm‘?
2020 RW - . i 107

WR - : . 107
2219-T8T RW | 57.9 | 72.0 5 281
. WR 552 | 120 | 5 | 281 |
2024-T4 = RW - - - | s
| ____WR % - - ; - 281
| 5086-H112 RW 265  43.6 35 |-3000
B  WR_ 242 43.0 22 [-2000
| 5456-H321  RW 378 561 15 1900
. WR 340 550 _ 8 _ 990
. 6086-H112 RW 263  43.6 34 3013
WR 24.2  43.0 22 2026
T6061-T651  RW  38.0 415 10 1201
o WR 38.3 443 10 750
- 7075-T6 RW : : : 167
2 WR | - - - 83
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Table 4
Results of Tensile.” Drop-Weight Tear, and Charpy V Tests
on Some Aluminum Alloys

T T " Notch Strength Notch Strength Ratio h ﬁ
' Fracture Ys o . -1 . DWTT = Charpy V
Alloy - Direciion (psi) Fatig. Cracked Uncracked Fatig. Cracked ﬁ Uncracked | (ft-ib) ft-ib)
i Specimens Specimens ) ‘ N ‘
! (psi) (psi) Specimens + Specimens * |
e 1 . [ i L i
T R S S 4 Y N —
6681 ik ! RW ; 41,700 37.400 # 73,750 1.61 _ 1.77 1418 11
8061 K _ WR 40,000 56,000 85,000 1.40 | 1.62 7 8
' e061G | RW | 41,700 74,860 73,560 1.79 1.76 1418 11
. 6061 G _ WR ' 49,000 62,400 [ 68,500 1.56 1.71 750 8
! t »
, . ! | _
2219 M RW 57,900 | 14,800 i 80,800 1.29 1.40 281 5
2219 M WR 55,200 _ 69,000 75,900 1.25 1.37 281 5
_ i
. 54567 RW | 37,800 67,800  66.200 1.80 1.75 1905 s
M 5456 WR 54,600 34,600 . 63.400 1.61 1.87 991 8
F 5086 L RW 26,300 ~ 52,300 ‘ 56,400 1.99 2.14 3013 34
_ 5086 L . WR 24,200 51,600 52,800 2.13 2.18 2026 22
| 2024H | RW | 48,000 75,200 82,400 1.57 1.71 668 10
2024 H \by WR | 47,750 g 73,000 78,000 1..3 » 1.63 ;38T 7 \

*(Smooth, notched, precracked)

st




-
}
i

|3

NRL ! Ingot
Steel &

No. | Slab

I r

F-60 5A
F-63 1AC
F-66 1AB
F-62 5B
F-65 IBC
F-68 1BB
F-61 5C
F-64 1CC
F-67 1CB
G-80 3AB
G-81  3AA
G-82 3J
G-83

JK

Rollin: Ratio:

LT c
3071 .20
301 .18
301 .19
13-17471 .19
13-1 41 .19
13-1 41 .18
7-1 21 .19
7-1'2 1 .21
7-17271 .21
14 .19
1/4 .19
11 .19
11 .19
/D (W /Wpi2

1
‘ Mn

35

.35

32

.35
.32
.32

.35
32
.32

.33
.33

33

.33

I] / IP whe re “.l
Plate, ! 1 35 thuckness of Inwot, and I'pis Thickness of Plate.

Table 5
Chemical Compositions of Specially Rolled and Heat Treated
Type Ni-Cr-Mo Steel Plates

Composition - Wt. 7

.
. Si
|

|2
.33
.33

31
.33
.35

31
.33
.34

.33
23

.32
.34

! P [ S ST Ni

o T P
007 1.010 = 3.20
.006 .010 3.16
006  .012  3.20
008 .011 3.16
006 .013 3.28
.006 .010 3.12
006 .011 3.
006 .011 3.20
006 .014 J.28
.003 014 3.24
006 .04 3.12
006 .015 3.12
.008 W15 3.12

i

T -Z‘::__’:q
1.69 { 10
1.62 | .70 -
1.66 .70
1.64 71
1.69 70
1.62 71
1.65 70
1.65 75
1.67 70
1.54 .12
1.59 .72
1.56 .73

1.56 .73

i Wadth of Invot, Wp 1s Width of

ittt Tt ™ T W PP




Table 6
Test Data for Specially Rolled and Heat Treated HY -80 Type NI-CR-MO Steel Plau-a_s

) NRL ‘ T D . 0.5¢5-1n. dia. tension test data Charpy V Drog-weight
Steer  TEMRT LT :;,9;2‘;:" 0.2; Y.5. T.S. ELwn2:m RA  at30F at 30 F
No (ks1) (ks1) %) () {ft-1b) (ft-10)
F-60 1150 30 1 Weak 113.0 128.3 19.7 53.7 45 2000
F-60 1150 30 | Strong 118.8 138.7 217 69.0 102 575C
F-64 1N 30 1 Weak 131.8 151.€ 14.5 45.8 30 1173
F-60 1100 30 1 Strong 132.0 151.2 19.0 66.8 82 4i20
F-61 1150 7-1 21 Weak 114.6 129.8 20.0 58.2 56 2750
F-6] 1150 7-1 21 Stroug 120.4 136.0 21.7 64.1 86 4750
F-61 1100 7-121 Weak 133.1 150.2 16.3 54.7 42 1662
F-61 1100 7-1 21 Strong 134.3 014 18.3 63 9 71 3438
F-62 1150 13-1 41 Weak 114.0 129.8 19.5 57.0 50 2250
F-62 1150 13-1 41 Strong 1i8.4 134.5 22.0 65.8 92 5250
F-62 1103 13141 Weak 134.0 i52.1 14.5 46.0 3¢ 1418
F-62 1100 13141 Strong 134.0 152.2 18.% 64.5 76 3775
F-63 1150 30 1 Weak 110.7 126.4 19.5 57.6 47 2506
F-63 1150 30 1 Strong 115 7 130.1 22.0 70.0 102 5750
F-63 105G 30 1 Weak 151.0 166.4 14.0 42.2 28 991
F-63 1050 0 1 Strong 150.1 165.3 17.3 64.3 60 3122
F-64 1150 7121 Weak 118.2 134.C0 17.0 47.6 41 2500
64 1150 7-1 21 Strony 121.0 135.8 21.5 655.2 6 4250
F-54 1050 121 Weak 155.9 172.8 13.3 43.7 24 1173
F-64 1050 7121 Strong 155.6 1728 15.8 53.3 45 2498
F-85 1150 13-1 41 Wedk 114.9 1317 17.5 4.0 i 2500
F-65 1150 13-1 41 Strong 121.4 135.3 22,0 65.3 82 4500
63 1030 13-1 41 Weak 158.9 175.6 12.5 41.3 23 811
F-ud 1050 13-1 41 Strony 1366 175.2 7.0 54.6 4N 2498
F-85 1150 o] Weak 112.6 134.9 16.5 8.3 42 1723
B-RR 1150 1 Stroa 111.9 130.6 21.5 T3 HK 4414
PoET 1150 121 Wi 1200 138.2 17.¢ 31.4 40 2206
| e T2 Ntrow 117.9 1375 218 S | A 3910
| 1150 131 41 Vo dh 1128 1379 . 51.9 41 TR 4L
Bor Lise HREE I I Strecw . HRESR M0 5.0 75 37T
Coont 1120 14 W an HREW R 158 47 .6 : 1596
oA Y 14 Sty Lk x N2 R K14 X e
eoat lw 14 Woean 142 » 1795 14n 477 (] 12238
[ Liow 4 SN 143 4 P 3 Hgd (O 87 1547
o Do ) Wyoaa AT 1hs 4 140 o 2% LS
RN N N Woan R HE 1T w2 52 BALTS

Y N L =~ L4 HI LT AR
oo . W JER HVIR 14 4 it F 1 AR Y]
Sl N M Aas LI HER 14 o 2" 144
- T s~ el 7 HER 145 49 4 ] [t
) i We e EETI (R i WA 45 Tomit
s ~ 40 Tt R -1 Y
25




R

[T

Table 7

Mechnical Propertles of Specnally Processed T1-7AL-2Ch-1Ta Alloy Plate

Mechanical Properiies

P"‘"’“"" .

' As Forged & Hot Rolled
DWTT

F Heat Treatmem and

Average

Cy at 30°F (ft-1b)~
0.2% Y5 (ksi)*

-—

Annealed 1650 F/1hr AC
DWTT

Average

Cy at 3C°F {f1-1b)"
0.2% YS (ksi)-

Annealed 1940°F 1hr AC
DWTT

Average

Cy at 30 F (ft-1b)
0.27 YS (ksi)

Annealed 1940 F inr wQ

DWTT
Average

Cyv at 30 F {ft-1b)-
0.29 YS (ksi)*

‘Date furished by Re ET

e

;

! Specimen A
7

| Specimen B
R i

& Long. E{Trans.i Long. iTrans. | Long.
: o {

- 2958
3105
3032

39.8
102

3228
2674
2950

43.5
102.8

2676
2780
2728

48.5
110

2676
2733
2705

4]
112.5

NMetars In,

t

. 2325
L2498
2410 2676
3.7 38.7
105 107.5
2780
3150
2965 3148
38.5 39.7
114.5 1047
2846
2733
2190 2733
45 47.8
111.2 105.7
2958
2526
2742 2325
44.6 45
120.5 108.7
26

Specimen C
pecim :
! Trans.
! ’ ‘
2498 2560 2353
43.7 48.0 41.5
112 106 113.5
2526 3150 2705
37.5 48.5  46.5
114.2 108.7  111.2
27133 2733 2566
4.8 4.0 485
106.7 106.5  108.7
2266 2266 2026
3y 31.5 IH0
15.7 1205 122
.




Table 8
Drop Weight Tear Test of 2-inch Titanium Plate

1 T Yy T A S
. Test Section | DWTT

Alloy |  Composition | (in.) | (ft-1b)

T-7B  Ti-5A1-2.58n 6-9 1€ - 2-1'8 1784
(BuShips)

T-8B  Ti-6Al-4V 6-12 -2 a875

| (BuShips)

!

T-9B  Ti-1ivV-13Cr-3A1 6-58 2-18 1324
(BuShips)

T-51 Ti-5A1-2.58n 6-58 -2-12 1506

(Wyman-Gordon)

T-50 Ti-7TAl1-2Cb-1Ta 6-12 2 1500
(Reactive Metals)

To be retested ar TO00 2l DWIT D ereroy ten el

[$%)
-1
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Table 9
Test Data for Solution Annealing and Aging Treatments on the Alloy Ti-8Al-1Mo-1V (T-19)

— y . H
w Long. (RW) “ Tians. (WR) » v
mchm....“w: ﬁwﬁ.« | OW:H%Z _ Cy Impact <m: UTS . , RA
gy Fiergy (0.27) (k1) Elong. "
Treatment Treatment | {ft-1b) . (ft-1b) C (ksh) i _
L .80°F | .32°F 80 F | .32 F , | *
] ! ! :
As Received w _ 19.0 ; 23.0 19.0 24.5 - 122.2(L) 132.6(L) 12.1 20.0
. ' . . . ; . 122.1(T)  130.9(T) 10,7 21,2
1850 F. lhr/'AC - 30.5 40.5 32.0 45.0
1850 F 1hr/AC 1100 F/2hr 'WQ 31.0 37.0 30.0 40.0
__1850°F, lhr/AC | 1200 F/2hr,/WQ , 315 340  28.0 315 4
1800°F/1hr/AC | - 29.0 40.0 32.5 46.9 110.9(1.) 126.3(L) 10.7 25.1
) _111.6(T)  127.6(T) . 143 26.7
1800°F/1hr/AC | 1100°F/2hr /WQ 27.5 30 31.5  36.5 116.8(L) 128.3(1) 12.9 21.2
O LITL8(T) . 129.9(T) . 1) 18,3
1800°F. 1hr 'AC 1200°F 2hr/wQ 28.0 36.0 27.5 34.0 120.2(L)  129.1(L) 11.4 21.9
o ] _ L . | . 120.9(T)  130.4(T) = 10.7 18.3
1750 ¥/1hr. AC ._ - 32.0 | 48.5 110.6(L}  127.3(L.) 14.3 251
. | C108.7(T) _ 125.2(T) _ 10.7  29.0
1750°F/1hr/AC | 1100° F/2nr/WQ  30.5 3 . 30.0 36.C 117.9(L) ~ 129.4(i.) 10.7 21.2
; : _118.2(T)  129.4(T) . 136  21.2
1750° ¥/1hr/AC | 120C°F/2hr, WQ 28.0 41.5 120.4(L) 129.3().) 8.6 16.6
M 119.6(T) 128.8(T) 9.3 22,4
175¢°F '1hr/AC | 1100°F ‘2hr/AC ; 127.8(L) 135.8(L) 8.6 11.1
C Ut M) 136.1(T) 5.0 11.8
1750°F lhr/AC | 1200°F/2hr/AC 128.4(LY  138,2(L) 5.7 10.0
e . . 129.8(T) _ 137.0(T) 5.0 10.0
1706°F/1hr/AC . ) ' 111.3(L)  127.0{L) 11.4 22.9
C1iLL6(T)  127.3(T) 11.4 22.9
1700°F/1hr/AC 1100° F/2hr/WQ , 115.2(L) ~ 127.6(1.) 14.3 74.0
! . :m;vd 127..(T) 107 229
i 1700°F/1hr/AC 1200°F/2hr/WQ : , 120.17L)  129.6(L) 12.1 211
I g ol | o L 120.4(T) 130 9(T) 121 212

* transus 1885°F 3 15°F.




Solution
Heat
Treatmen:

As received

1700
1700
1700°
T1150
1750

1750

1800°
1800
1800
1825°
1325
1825
1750
1730
1750
1800

1800

F

F

Ihr AC
thr AC
lhr AC
ihr AC
Ihr AT
Ihr AC
Thr WQ
Inr AC
Ihnr AC
thr AC
Ihr AC
Thr WQ
Ihkr AC
thr WQ
thr WQ
thr WQ

ihr WYQ

Aging
Heat

Treatment

1100°F 2hr
1200 F 2hs

1100° F 2nr

i200°F 2hr

11007 F 28r

1100° F 2hr

1200 F 2nr

1100 F 2ar

1200° % 2n

1100 F 2nr

1200 F 2hr AC

PIOGTF Ihr

1200 F Inr At

At

Tavie 10
Test Data for Sclution Annealing and Axing Treatmeats on the Alloy Ti-6AL-48n-iV (T-20)*

Long. {RW)
7y lmpact
Energy
L ureib)

-80°F .32
15.0 21.0
3.0 49.0
i8.0 J2.0
21.0 3s5.0
47.0
25.0 40
280 18.0
9.0 44.0
48.0 55.0
34.0 6G.C
3.0 45.0
38.0 62.0
47.0 56.5
9.0 4.0
6.0 50
46 G 37.0
2).5 L)
240 490
Th8 .0

¥ .

29

Trans. (WR)
Cy Impact
Energy
{i1-1b)
-$0'F  .32'F
25.5 29.0
3.0 44.0
2:.0 8.0
21.0 35.0
2%.0 51.0
22.0 39,0
24.0 36.0
99 $4.0
240 316.0
rL B 419
3205 59.5
3.0 445
8.5 3T s
%5 43.°

hE Y

13-}
0.27)
(ks1}

132.0(L)
128.4(T;
11621
113.8(T)
118 3L
115.8(T)
116.8iL)
117.8(T)
114.5(L)
$15.0iT:
118.2(Ly
119.9(T.
T17.8{L)
116.(T)
121.4(L;
124.2(T)
113.0(L)
112.6(T)

114.5/0)

115.8(T)
114.90L)
118.8(T}
L&
110 9T
1i4.041)
118.5(T)
114.3(L)
116.36T)
RIXIS
114.941:
121400
124. 47
119.8(11
129 1)
119 2(L
119.0(T}
131 O THO
128 . 4iT:
125041

.d,.n..h.._~

e [P X ]
eAZ2RSR
bl A et o

LTS
kyt)

134.201.;

1R3AUT)

1:8.5(L)
118.7(T)
116.3(L}
7. 1T
118.8(0L)

120.7(T)

118 8(L)
130.8(T)

128.2(L)

121.2(T)
130,301
1T
124.3(L)

(28.0(T) .

120.2(L)

119.207)

117 1LY
118.20T)
118,51
113.97}
117.5(L)
9. 1{T)
118.6(L)
118.5(T}
i1 80L)
Ve 6T}
126.810)
127.6(T)
124.3(L5
1ML
122,200
123 T
135041
1T

132,360 7

13 T

Eiong.

i7)

il 4
14.3
16.4
171
14.3
17.9
i5.0
14.3
157
6.4
14.3
16.4
18.0
i8.4

123
1

P

RA

7y

IUSD‘U&O
N ) vt S e

<

BasEEA5ES5588s

o O I T R R Iy O e

'J‘b‘lhmhﬂbh‘l.

™

. ba




Table 13

Tent Data For Solution Annealing and Aging Treatments on the Alloy Ti-8Al-2Mo(T-22) +

g

L g

e ‘ Leng. (RW) ' Trans. (WR) ,
: Solution CvImpact | Cy Impact Ys
:’ Heat ?{‘e‘:t‘ ]’ r.‘l:e:'_) i ?;;ell'g)' (g.‘zq;) ({:‘s) El&n)g.
Treatment Treatment ! N si k
mer restment |- ““ri 32‘?* -80°F | 32°F
———— oy - § . - '-w — + b m i e—————
As Raceived J - 16.0 . 18,0 19.5  130.3(L) = 131.8(L) 12.2
e e b ‘ ; . 125.8(T) . 129.4(T) 12,8
RLL 74Ty ; P o 'os00 1 225 | osns Con7e(L) 1836(L) | 107
' l ‘- v R2L2AT) |, 36UT) . 100
18%0°F/1hr/AC : 1100°F/3hr/AC Tzeo i 3190 | 22.0 ; 24.5 124.0(L)  136.5(L) 9.3
'* I 4 ‘ | | 136.7(T) , 138.8(T) , 9.3
| 180" F/1hr/AC - o5 1 se0 | @3 43 I nseL) b oa2san) 129
! . , - . 1 . , M4AYUT) | 126.5(T) | 143
| 1800°F/1he/AC  1100°F/2hr/AC | 31.5 | 42.5 | 25.0 34.0 124.3(L)  130.6(L) 12.9
] ! N . 120.2(T) . 129.(T) . 121
1 1800°F/1hr/AC  1100°F/1thr/WQ Tz:o [ 38.0 | 24.5 49.0 118.6(L)  128.8(L) 13.3
i ' 119.9(T)  127.8(T 13.6
B - 4 = 4 < - .. . 2
| 1800°F/1re/AC  1100°F/2hr/WQ | 28.5 & 32.5 | 28.5 36.5 125.5(L) 132.4}13 1.4
; I S . 115.8(T) , 126.0(T) . 12,9
' 1800°F/1hr/AC  1100°F/4nr/WQ | 25.0 | 445 T 200 ° 360  124.5(L)  .29.1L) 129
. { s 131.X(T 15.7
S S Y e vi h . L1
1800°F/1hr/AC  1200°F/Inr/WQ '~ 29.0 & 5557 34.b 45.5 123.2(L) 121.4?1.; 132
| , e e 120.8(T) | 126,1(T) | 12.9
| 1800°F/1hr/AC  1200°F/2nr/WQ = 29.5 39.5 28.0 40.5 123.2(L)  128.7(L) 11.4
ST e L 1248(T)  130.0(T) 114
1800°F/the/AC  1300°F/shr/WQ | 3.0 = 975 310 415 125.7(L)  127.8(L) 129
sy et : . O NAYT) | 122.5(T) | 121
1780 F "1hr/AC - 7.5 ' 460 | 3225 360  121.0(L) ~ 128.6(L)  15.0
e e 14T | 126,6(T) | 129
1780°F/1hr/AC  110C°F/hr/WQ = 21.0 34.0 22.0 s 128.7(L)  131.8(L) 13.6
— . o - . leAT) . 135.(T) . 13.8
i750°F/Tar/AC  1100"F/2hr/WQ  36.0 40.0 .5 35.5 125.(L)  131.7(L) 12.5
L o . 123.00T)  13L.XT ; o129
1750°F/lhr/AC  1100° r/«u-/wq 28.0 1.5 7 260 35.0 127.3(L) m L 129
e e e e e - . .. 122.4(T) 13.2
1750°F/1nhr/FC , 28 o k _ 119, zgr , ms 14.6
. 1750°F/1hr/FC _ 1100° r/ wg i%”o LK B N 13Ty | 187 7 14.6
ITE)°F/1hr/AC ~ 1200" F/1hr 34.0 126.2(L) ~ 131.1(L 1.4
o . . L0A(T) . m&m . 138
1750° F/ 1h1. A 1200°F. $hr/WQ  26.0 37.0 26.5 34.0 123.5(L)  126.1(L} 13.6
R . 125.8(T) . 10.4T) | 13.8
T1700"F 'thr/AC - 28.0 %0 23.0 34.0 125.0(L) ~ 131.2(L) 12.1
; . . 122,%(T) . 132.6(T) 107
1700° F lhr/AC 1100°F 2 /WQ 20,5 25.0 21.0 33.0 128.8(L)  132.2(1) 12.9
.o . C122,5(T) . 129.8(1) 131
1700°F 'lhr 'AC  1200°F/2hr'WQ  27.0 45,0 27.0 56.0 124.5(L)  128..{L) 1%.0
o . C125.3(T) . 130.2(T) . 128
1700 ' F/1hr /WQ - 19.0 30.0 23.0 35.0 100.8(L)  130.%L) 15.0
‘ C105.4(T) . 133.(T) | 164
1700°F ' lar 'WQ  1100°F/2hr . AC 1.5 15.5 10.5 18,0 137.7(L) © 148.5(L) 79
o . C138.1(T)  152.8(T) 5.7
1700 F lhr WQ  1200°F 2nr AC 1.0 23.0 20.0 25.0 m.s}u uo.:(ng 11.4
. o 133.4(T) . 142.3(T) . 107
1750°F “ Ihr / WQ - 24.0 .4 26.0 37.0 1L.OL)  135.7(L} 14.3
) C115.2(T)  136.8(T}  .5.0
1750°F lhr WQ  1100°F. 2hr AC 15.0 18.5 14.5 14.5 137.8{L) uo.l?u 8.8
19T 148.8(T) 93
17%°F. Ihr- Wy 1200°F bz AC €9 22.% 17.8 23.0 195.5(L)  144.0{L) 10.0
137.4(T T) 9.3
1809 'F ‘thr 'WQ 21.0 23.% 23.0 21.0 136 { $6.1(L) 9.3
135,0{T) . 195.5(T) . 9.
1800°F Ihr WQ 1100 F 2hr AC 16.0 1.0 18.0 19.0 132.5(L)  182.0{L) 8.4
. 15, UT) . 184,3{T) . 3.6
1800°F lhy WQ  L200°F Thr AC 17.0 FIR 20.0 22.0 148.2(L) ~ 1%6.1(L) 1.1
140.0(T)  IST.4T) 86
*  ransus 1B4C°F o 1%

% Mxalfurction of equipment prevented deterrunation of yreld posne

2 i

u\u G D
oo N
o anO N

]
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q.mﬂ Data For Solution .»5:9..;2- Ing Ag g lreaime”

[

! Solution
_ Heat
~ Treatment
*.. =

As Received
TJ:

' 1850°F/1hr/AC
- 1850°F/1hr/AC

| 1850° F/ 1hr/AC

- 1800°F/1hr/AC
- 1800°F/1hr/AC

_1800°F/1hr/AC

—— ey

1750°F/1hr/AC
1750° F/1hr/AC

1750° F/1hr/AC
1750°F/1hr/AC

_1820°F/2hr/AC
1700° F/ 1hr/AC

1700°F/ 1hr, AC
,1700°F/1hr/AC
"1750° F/lhr/wQ
1750°F/1hr 'WQ

1750° F/ 1hr/ WQ
"1800°F/1hr/WQ

1800°F/1hr/WQ
1800°F/1hr/WQ

Y

Aging
Heat
Treatment

1100° F/2hr/WQ
120G°F/2hr/WQ

" 1100° m\s:.\io

1200°F/2hr/WQ

1100° F/2hr/WQ

1200°F/2hr/WQ

" 1200°F/4hr/WQ

1200°F/2hr/WQ

1100° F/2hr /' WQ

1100°F/2hr 'AC

1200°F/2hr/AC

—

“." *rrarnsus ]885°F

1100° m\:.:: /AC
1200° F/2hr/AC

+ 15°F.

T-hla ¥4

ro.am ;&5

.,.\Q FNENY.VA‘N

Enprpey

 {ft-1b)
-80°F | +32°F

1
37.0 _ 46.0
'

66.0 . 67.0
69.0 66.5
36.0 ' 41.0
58.5 = 63.0
67.0 59.C
33.0 | 38.0
29.0 31.5
48.0  56.5
30.0 | 37.5
26.5 33.0
26.5  30.0
27.0 31.0
3. 32.0
30.0 30.0

(3
‘

!

————— -

I'rans. (WR)
“y Impact
Energy
(ft-1b)
-80°F | +32°F
30.0  36.5
35.5 . 51.0
47.0  69.0
450  57.0
20.0  45.0
40.0 40.5
25.5 _ 38.0
34.0 40.5
25.0 450
27.5  39.5
21.0 27.0
260 315
32.0 " 45.0

1

.

.

.

YS
(0.2%)
(ksi)

109, 4(L)
112,9(T)
104.7(T)
107.9(L)
107.3(T)
110.2(T)
106.0(T)
113.8(L)
111.8(T)
112.6(T)
113.5(L)
112.9(T)
114.1(L)
119.3(T) .
111, N2.3
116.8(L)
127.3(T)

114.0(L)
115.5(T)

102.7(T)
115.4(L)
122.1(T)
113.9(L)
121.2(T)
:a.NMj
126.2(T)
122.7(L)
133.8(T)

UTS
{ksi)

123.8{L)
126.3(T)
117.7(T)
117.0(L)
116.8(T)
122.2(T)
116,7(T)
123.9(L)
120.9(T)
127,6(T)
124.7{L)
120.4(T)
123.8(L)

128.75(T)

124.7(T)
123.4(L)
133.8(T)

122.9(L.)
123.0(T)

129.6(T)
124.3(L)
133.5(T)
125.7(L)
130.8(T)
138.4(T)
143.6(T)
135.5(L)
149.5(T)

fitg on the Alloy Ti- w>_- IMo-1V 3. 28) "

Elcng.

()

— — e
NIV OXT N -~ QO

— AN N C O WA DO R LD

P bt Dk Pl Pt ek Bt b s

—

11.9
14.3

vt L
NNO = 200N
CUV I AE2DE OO

—

28,4
23 4
26.4
17.7
10.5
27.9
16.0
15.4
1.8

e

Y - - -
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Test Dat2 for Solution Annealing and Aging Treatments on the Alloy Ti- TAl- 2Mo (T-29)*

Table 13

Solution
Heat
Treatment

v
Asg Received

—

1850° F/1hr/AC

1825° F/1hr/AC
1825° F/1hr/AC
1825° F/1hr/AC
1800° F/1hr/AC
1800°F/1hr/AC

1800° F/1hr/AC

1800° F/1hr/AC
1800° F/ l1hr/AC

-

1750° F/1hr /AC
1750° F/thr/AC
1750°F/1hr/AC

1750° F/lhr/AC
1750° F/1hr/AC

1750° F/ 1hr/WQ
1700° F/ 1hr/AC
1700° F/1hr/AC

1700° F/ihr/AC

[ W

-

Aging
Heat
Treatment

" 1i00°F/ lhr/WQ

1200° F/1hr/WQ
1100°F/1hr/WQ
1160° F/4hr/WQ

1200° F/4hr/WQ
1200° F/1hr/ WQ

1100° F/ 1hr/WQ

" 11007 F/4hr/WQ

L

1200° F/1hr/WQ
1200° F/4nr/WQ

1100° F/2hr/AC

C1100°F/2hr/WQ
1200°F/2hr/WQ

* Atransus 1860°F t 15°F.
ss Broke at index mark .

-

- 4

Long. (RW)
(J< —amuvﬂ.ﬁ
Energy
(1t-1p
| -80°F | .32°F

¢ 43,0

+
55.0 . 6.5
39.5 48.0
46.0 ' 58.5
51.0 56.0
50.5 = 54.0
460 510
52.5 55.0

[P

.

—_———

Trans. (WR)
C, Impact
Energy
{ft-1b)
-80°F | +32°F
H
m
31.5 51.0
43,90 , %40
410 _ 49,5
53.5 . 58.5
83.0 , 53.0
61.5 57.5
41.0 ' 5.0
49.0 . 510
54.5 | %1%
+
48.9 57.0
52.5 | 54.0
52.9 57.5
45, €0.0
|
S
i
[

i

4

-~

+

-

YS
0.2%)
(ksi)

i
|

104.0(L) -
118.0(T) .

114.2(T)
96.9(L)
115.2(T)
96.2(L)
112.2(T)
98,.5(L.)

104,7(L) .

104.8(L)

115.3(T) .

105.3(L)

11L.9(T)

108.9(T)
111.8(L)
108.3(L)
111.3(T)

123.5(T)

102.1(L)
112.3(T)
100.1(L)
111, %(T)
107.1(L)
114.6(T)

UTS
{ksi)

118.5(L)
129.4(T)

126.6(T)
114.8(L)
121.6(T)
117.9(L)
125.5(T)
115,1(L)
123.0(L)
120.8(T)
119.3(L)
125.4T)
121,8(T)
122.2(L)
118.%(L)
119.8(T)

137.7UT)

120.7(L)
136.3(T)
115.4(L)
123.4(T)
119.7(L)
124.5(T)

12.1
11.4
11.4
10.7
o8

13.9
1.4

7.1
”N.c
11.4
1.1

1.4

11.4
10.0
12.9

.

i
00 =

s s
o
FO =D

23.4
34.8

. e
. 3.8
14.9

e
. 43.0

3.1
2.9
34.2

18.0

21.9
. 32
21.9
18.4
3.2

i ot

6.2

39,5

Pinwa g




£e

Test g n.d.. moE:c: EQEEN and

e
w Solution
Heat :...u»
,_ Treatment ; Treatment
‘ T
T |
>u Received -
T,»
1750°F/1hr/AC | .
_ 1750° ¥/1hr/AC ﬁ 1100° _...\.E\to
| 1800°F/1hr/AC |
1800° F/thr/AC :8....,\.&53
1800° F/1hr/AC k, 1100° F/4hr/WQ

*5 transus 1835°F ¢ 15°F.

e
|
“
!

Table 14

s,.m (RW) w

Cy Impact
Energy
5 -1b)

,,
P

Trans. (WR)
OC sghn

M:a rgy

-80°F 13 °F

13.0 _ 17.0
|

13.5 H 20.5

15.0 % 2.0

PR N,

B P

—— .

YS
(0.2%)
(ksi)

109.9(L)
113.2(T)

108.3(T)
112.9(L)

106.9(T)
114.3(L)
115.2(T)
115.5(L)

UTS
(ks1y

117.4(L)

120.7(T)

120.9(T)

121. (L)

121.3(T)
123.8(L)

124.0(T) .

124.3(L)

Aging Treatments on the Alloy Ti-6, m>_ 5Zr-1v S, -38)*

Elong.
(%}

= pra
oM O~
W aa

L el T
»©5S
@ (d ~3 -3




Table 15
Test Data for Solution Annealing and Aging Treatments on the Alloy Ti-6Al-2Sn-1Mo-1V (T-37)

FE

T w T Long. (RW) M Trans. (WR) | “,, q
Solution m, Agin i C, Impact C, Impact YS ,
Heat :...wm ﬁ Energy w Energy | ©.2%) Mﬁww i mwmdn. Mw.w
Treatment Treatment . {ft-lb) (ft-1b) (ksi) » !
+ 4 Ay - -t
) ; | -80°F | +32°F -803 +32°F | ) |
: , | 4 M |
As Received - M + % 27.0 M
- ) 4 + .
1800° F/thr/AC rl:ooom\?nmip . : | 340 | 355 | 110.3(L) , 123.4L) . 107 23.4
| 1800°F/1hr/AC ~ 1100°F/2hr/WQ N , ' 115.9(L)  127.8(L) 11.4 20.2
) . : : . L 1225(T) | B25(T) . L4, 24
1800°F '1hr/AC ~ 1200°F/l1hr/WQ ) ' 315 | 3.0 | 119.4T) = 128.6(T) , 10.0 28.0
1800°F/1hr/AC ' 1200°F/2hr/WQ 116.6(L) = 126.5(L) 12.1 22.9
1800° F/1h og s . . ; ‘ : 119.1(T) . 128.3(T) . 1l 20.5
/lhr/AC  1200°F/thr/WQ | 28.0 , 35.0 ﬂ
- o - - 4 + . ¢ *
!
1750°F lhr 'AC  1100°F/1lhr/WQ | C3L5 D 4L0 4 . .
1750° F/ lhr/AC 1100°F: 2hr/WQ ; | " 112.0(L) = 126.2(L) 11.4 25.2
W.Ngc 1 \ﬂg I a / - . ? P + M MO- @”ﬂ-w " Nuo- ‘h.H.w - ﬁpo NO?N
F/ r/AC | :.o.oom.\,»:..\s \ , 215 | 3.8 . , o
1750°F/1hr/AC ~ 1206°F/1hr/WQ | , Jw.m% ”wwwwww m.w wm.w
! .- . ‘ ’ + ' M A4 * » +
1750°F/1hr/AC  1200°F/2hr/WQ | ' 28,5 ' 40.0 A,:,rzs 126.8(L) 12,1  26.0
w i M w i \ | j21.2(T) | 132.8(T) . 114 20.8

®: transus 1835°F 4 15°F.
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Fig. 13 - Explosion tear test specimens of specially processed steel
plates illustrating increased change in fracture toughne ss with
decreasing drop-weight tear test energies
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Fig. 16 - Fracture toughness of diffusion-bonde:d Ti-6Al1-4V plate material
as measured by the Charpy V-noich impact test
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Fig. 18 - Fracture surface of diffusion-bonded Ti-6Al-4V plate
tested in the Charpy V-notch impact test with the notch parallel
to the layers. Fracture propagated from left to right. Etchant:
3HF, 6HNO,, 99H,0. Magnification: 250X.
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