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ABSTRACT

Room temperature dyn amic and static fracture toughness tests were
conducted on the alloy Ti- 6A1-4V in one-inch thick section. Several

conditions of heat treatment were investigated including one in which

the material was severely ove raged. In the dynamic tests, -a simply
supported beam type specimen w aé subjected to i;,mp.a-..ct' 1 ~.jc;>a_di{‘. ng, the force
of whi ch was electronically recorded as a function of time. Dynami .c.
pl ane strain fracture toughness (Kyp) and dynamic tear (DT) energy was
calculated from theszrce-time record. Aﬁcalibratedgenergy absorption
system was used as a secondary means for the determination of DT
energy. Static fracture toughness was obtained from standard K ¢
tests which differed from the dynamic tests by about four orders. of
magnitude in strain rate.

In all cases the dynamic plane strain fracture tough n;é:;s. S Was
=af_p'p?r‘o)'("i€rnnat‘.fe']- y double that for the static case, a trend quite opposite
to that generally observed in steel. It was found that Kjp could be
analytically related to DT energy through strain energy release rate.
Kip Tevels of 90-125 ksi- in? were predicted from DT energy. and tensile
data with an accuracy of approximately 10%. High strain rate yield
fstreﬁgthAofthe-&T]oy'was.approximatedw1thtWUmeYTcaT desgriptioms Qf
temperature and strain rate e ffects on plain carbon steels, which were
experimenitally determined to be general ly applicable to Ti-6A1-4V.
Lcng-time, high-temperature:overageing'signifTCantiy reduced.thé
fracture toughness of this alloys having little effect on its static

yield strength.




INTRODUCTION

{

* The titaniun a Toy 6-aluminum, 4-vanadium is considered to be the
"work-horse" of the titanium allo yS. In 1971, Ti-6AT-4y a.c..‘ce' unted for
96% of the 30 million pounds of titanium and titanium 41loys
commercially produced 1 Its hi gh strength to weight ratio (6. 25 x
10° in. ) makes it most attractwe to the aerospace industry wh1ch 1S
in fact the maJor consumer, A]though equally attractwe to ‘many other
4 areas of application, 4ts h1gh cost has made the aHey non-competitive
with respect to other strong matertals such as the hi gh strength steels
and co pper-nickel alloys. However, the trend in cost reductmn from
$15/ POUHd in 1956 to $5/pound in 1966 to a current cost of $3-$4/pound -
1s expected to continue, making ’th‘-ie.‘ alloy competitive on a first cost
basis '.aa,nj-d superior from a. 1ife cycle standpoint.2 For the past decade
the marine industry in particular has ha d an interest in Ti-6A1-4V
because of its good fati gue properties and co rrosion/erosion
resistance. Poor weldability is also a pri mary obstacle to more
extensive use. ‘

Metallurgically, Ti-6A1-4V is a two: phase precipitation
Strengthened alloy. P recipitation strengthened is me.frf“e deseriptive
than prec1p1tat1on hardened since on]y modest changes in hardness occuy
with heat treatment. The high :tempe-r_-ature; (beta) phase is body-

centered cub:'l, c and s Stabilized by vanadium in this alloy. Alpha is




st ruCture whi ch 1S | stabil 1 zed and soluti on stre ngth ened by aluminum. -
Both of the principle alloying elements form substitutional solid
solutions with titanium;3 A 5.5% Al isopleth of the Ti-Al-V ternary
system 1is $hDan{ﬁ:ngﬂﬁe 1.4 In practice the HWTOy behaves very much

qﬁke.a‘mbeta_igamarphougﬂ system in which normal deVTatiQﬂs from

.eQui]iijumfCOdTTng.resuli in an annealed structure of primary alpha
:pafticles in a beta matrix, 5 :
.Thefﬁhas¢.chan9€sfoceurring duringigbiutién treatment and ageing
.‘are‘qujtgicbmﬁlex and detailed discussion 1sLbey@nd'theispope of this
thesis. Briefly, solution treatment results in two to fouh;metastabTe
L Ctures depending on the temperature from which the all oy is
quenched. From temperatures near the beta transus (TSOOGF);'quahéhiﬂg

)s supersaturated

results in a hexagonal close-packed martensite (g
beta and vanadium depleted alpha. During ageing, alpha and beta
precipitate from " andidiffusﬁﬁnﬁleads to a more stable anha-beta
mixture.  Quenching from Tower temperatures such as 1550°F vesults in a
faceﬁtentEYEd:CubTC~mﬂrtengjte (@!) rather than théid”-d1$CUSSédfabOve.
Ageing results in the reversion of &' to beta, from which alpha
precipitates. Quenching from 1640°F to 1700°F can result in all four
structures, i.e., o, o', supersaturated beta and depleted alpha.
solution trestrent above the beta transus s not generally practiced
because it results in a significant loss of ductility.5»7

Because of fhe'Qﬁpﬂ}aﬁity’0f the;a]19y,»T1+6AI?4V has been
‘exté“STV€1y tested. The Defense Metals Informatjﬁn;Centeracf the |
Battelle Memorial lnstitutezhasAServed'aé.a:c1earingvhou33'pr«much_.

of the research and has pubTished a=7ﬁrge:serieg 5F vesorts on She

3




IOOO*‘ ‘ _L,

1

900 ’ | ' ! | I B S
O I 2 3 4 5 6 7 8 9 |0

WEIGHT % VANADIUM

i - Figure 1 — Vertical Section of the Ti .£1-V
| Ternary System at 5.5% A1 (fef 4\




alloy over the.past two decades. The Naval Research Laboratory,
Washington, D.C. has also done a considerable amount Of'testing:of
tftaniuméa11qys? inc1uding,;of-cour§e, Ti-6A1_4v;8 Many other regearch
efforts in addition to these have resulted in an abundance of‘data'ﬁor
" the alloy. Still, a great many. questions remain unanswered and
research continues in a1most every aspect of"" the al Té;y- 's ‘b:éh.:avi'p_z’r

It s the fracture.tbﬂghness.ofTT-6A1-4v-thatiS'the focus of
the research resul t1 ng in this thesis. A d1 1emma exists ‘T this area
because there are two widely accepted and equally justifiable fracture
toughness testing methods which do not compare well with each other
from an analytical standpoint. One is the Dynamic Tear (DT) test.Which
involves the me a.;s_;'u:.r.e..fne='n.t of energy expendituré to achieve fracture by
dynamic loading.”? The other is plang'strain fracture toughness, a
static test the result of which is a parameter called stress thEﬁsity
factor:(ch) that indicatéS'theicombiﬂed:effectsiof’the=externa11y
applied load and the inherent crack size required for fracture.l®
Th?’er_'ie‘ are ﬁve significant differences be tween the DT and Kig tests:

I. . Strain Rate: the;statiCiKltthStistrain rate djffers from
“that of the DT test by approximately four;oﬁdeﬁszof
magnitude (107! to 103 in~1). 1!

2. Property Measured: K4 ¢ 1s generally considered to be a
fracture initiation parameter while DT energy includes both
initiation and propagation.

3. Cost: a K¢ test costs aprQXimate1y'$iOO-and‘fs relatively

CompIeXicampafed t0o the“simpie_DT test which costs about

$70,12




4. Testable Range: the Ki¢ test yields a valid number, only
for the higher strength, Tess ductile materials. The DT
fést,isZapplicableeta-the full range of fracture toughhess ;
from fully brittle to fully ductile.

9. Application i n Desi gn: desii gn engineers typically work
Wi th a11owab1e stresses and do not find fracture energy to
be very useful in design ana]ys1s A maximum a]lowab]e
stress can be dbtained from ch if the largest crack size

involved is either known or can be determined.

Figure 2 is a graph of the correlation between DT and K¢ for
a variety of titanium alloys as determined by the Naval Research
Laboratory (NRL).'” The scatter in data is acceptable considering
material and experimental variations as well as the Tack of exactness
inherent in the DT test. The correlation in Figure 2 indicates that a
definite trend exists and that approximate Kic values can be obtained
from DT tests,

T s on the basis of strain energy release rate (6) that Kyg and
DT energy fail to coincide. This parameter is a measure of the strain
energy released to form a unit area of fracture surface and is derived
from the Griffith theory of crack growth. Strainfenérgy release rate

‘can be related to Kl@gmathematicaﬂly*by*the'Equatfon;13

Gic = '*59-(1+u2) . ()
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for 1-in. and 3-in. Thick Titanjun Alloys {Ref. 12V




strain energy release rate, psi-in.

Kic = plane strain fracture toughness, psi=in~

1

elastic modulus, psi

u = Poisson's ratio

G may also be related to DT by:

UynamiCITéar Energy, in-1bs

>~
.
=
@
| )
-
I

A = area of fracture, in?

The factor of 2 accounts for the formation of two fracture surfaces.
It seems apparent that G;¢ would equal GpT only in the case in
which strain rate did.not-afféct the»ehergy‘required'fOr'fracture.
Even in this unrealistic case the two would probably neot coincide over
the full range of fracture toughness because, as previously mentioned,
chig a fracture Tnitfation-parameterwhi1e-DT‘ehergy<inc1udesboth~(
initiation and:propagatiaﬂ.‘ That is, it may require more dr less
energy to initiate fracture than it'dOGS'for=fractUPe‘tq continue
once propagation has begun. It is reasonable to assume that the ratio
of Gyc to Gpt may be as high as two for brittle materials and as Tow as
( one half for ductile materials. Then at some point in the range of

should be one and DT should be related to K¢ by:

B T 2A

ZA




Figures 3, 4, and 5 are Naval Research Laboratory graphs of G, ¢
versus DT/2A for a variety of titanium, steel, and aluminur alloys,
respectively,® 119 Gi¢ in each case was determined by : modified

form of equation (1), specifically:

T

The (1-u?) term’if‘ihciuded;wouwdzai?er-the graphs only sWightTy-
Superimposed on each graph is a line representing the conditions of
equation (3), with the (1-u?) térm again heglééted, It is obvious that
in thése maferial§, representing a substantial range of fracture :
toughness, Gyc is considerably Tess than?GDTu The ratio of Gi¢ to Gpt
1$ 1in fact .5, . 25, and .2 for titani um, steel and aluminum alloys,
respectively. | |

:Whiie 1t is certainly worthwhile to have experimental correlations
such as that between ch’and DT shown in Figure 2, it is preferable
that an anaTyticaf re]ationship'besestabiished; however approximate.
= In viewﬂof the-significahtdifferenceinStrain rate between the DT and
Kic tests it seems unreasonable to expect the two to be analytically
reTatable'without,incTuding-aStrajniratefactOr,such asnomfha]-strain
rate (é)-or'g%ack tip stress rate;factor“(K), An alternative would be
to establish a dynamic plane strain fraéturé toughness (KID)‘tESt'with |
strain rates on the same order as that of the DT test. It may then be
pgssible‘té-reWaté Kig"t@sKlthhhoughrsdme,strainzrate‘parameter@ An
additional impetus for the development of a Kip test Ties in the

speculation that Kyp may be a better parameter than Ky¢ on which to
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Dyhamﬁc.pTane strain fracture toughness testing has been aftempted:
but it is in the 1nfancy stage and standards ‘have not been established
as they have for the OT- and Ky¢ tests. Preliminary research on mild
m steel 1nd1cates a decreas1ng trend of p1ane stra1n fracture toughness
:-~1th increased 1oad1ng rates Similar work with T1=6A1—4V Jndwcates an
eppgsite:effect, the fracture toughness being neérTy»doubTed}by impact
ies.opﬁosed to static testingil7 Appérehtiy“no'effOPt has’beeh*made’to
pursue the matter for titanium a11oys, part1cu1ar1y in relating DT to
Kip. However, add1t1ona1 work has been done for steels and numer1ca1
descriptions:have'beehsdeveloped fgr'temperature»andrsthajhirate
effects on their plane strain fracture toughness.'® . .

Still another alternative would be to sl ow down the DT test to
strain rates equ1va1ent to Ky test1ng This condition has been
approached by s]ew bend pre-cracked Charpy tests on titanium a]]oys 19
These tests have.yae]dedfrather;geodvresults in terms of equation (3),
but it ahbears that the excellent correlation may be attributed to the
fact that the tests very much approach the stahdard bend test for

0 A simple test such as the DT test still appears des1rab1e fyoin

Kic-
an economic standpoint, if its results can be translated into a design
stress. |

The primary o bjective on this research was to detemine if, on the
basis of strain energy release rate, DT values could be related to the
| dynamlc plane strain fracture toughness of the alloy Ti-6A1-4V. If
this Felat10n3h1piweﬁezﬁoumdito.exnst,.mowé;extehsiveﬂuse~of'theﬁsﬂmp1e
~and economical DT test may be possible. Of nearly equal importance was-

verification of the fa ct that for this alloy, the en ergy requi rements




for dynamic fFéCtUre.arg'muthfhigher”than thos61f6r7the-statit Case
Also of interest were correlations between Ky¢, K;p, yield strength,

elastic modulus and combinations thereof.

it}
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TEST MATERIAL

Characterization

The mater1a1 tested was a commercial grade T9-6A1 -4\ alloy with

the chemical ana]ys1s shown in Table I. It should be noted that the

[ELEMENT | CONTENT (Wt %))

'Aiumﬁnum: ;. | 6.5
Carbon I 002
N trogen 0.012
Iron | 0.18
Oxygen j 0.18
Hydrogen | <100 PPM

Table T — Chemical Analysis of Test Material

oxygen content is 0.18%. An ELI (extra Tow interstitial) grade:of this
alloy with oxygen contents between 0.10% and 0.13% is also commercially
‘aVafﬁabie, The ELI gradélhas;beeﬁ.shown to exhibit superior fracture
tQUthess compared to the standard commercial grade which has oxygen
contents of 0,15% to 0.20%. Oxygen is contained in the alloy for
.inﬁreased;streﬁgth'but.tends to cause embrittlement when it is present
in excess of approximately 0.13%.2!

The test material was produced by React1ve Meta]s Incorporated
(HT #304147) in the form of mil1 annealed plate with a nominal |

thickness of one inch. The Naval Research Laboratory provided the

15




naterial for this investigation, precut nto 18 n. by 4.75 in, blanks,
the size required for the 1 inthTitesf, The 4.75 in. dimension was’

‘the direction of primary rolling although the composite photomicrograph
shown in Figure 6 suggests that the material was cross-rolled. Figure
7, a photomicrograph of the as-received material t high mégntFleation
reveals a structyre of éldﬂgated alpha grains in a beta matrix, typical
of the énnealed aiiey;zz
préTTmihahy te5t9fWEFé-Conducte&‘fOr characterization of the as-

received material. The results of these tests are shown in Table 1T.

“wgv,f E_ST _ b'rmR EfC T o fQ

Longitudinal | -Transverse

Yield Strength (kéi) | 128.8 : % 147.1
- Tensile Strength (ksi) ﬁ 137.2 | 148.5
- Total Elongation (%) | 14,1 ? 14
Elastic Modulus (msi) |  16.7 | 184

Table II — Tensile Properties df As+Recefved‘Materia1

Note that superior tensile properties in thettransverse~dﬁrectiOﬂ,)_
though not the usual case, has been reported by previous investigators

In order to make the desired correlation; 1t Wa&-ﬂeCeSSaﬁ¥t0
obtain a range in the fracture toughness behavior of the alloy. The
first impulse was to conduct tests at a variety of low temperatures

4

16
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Since this is known to &i gnificently affect the fracture tough ness of

most materials. However, previous researchers had found that while the
yield strength of this alloy was quite temperature sensitive, its
fracture toughness is only ‘m;o;_c;ie-fri.*rateiiy* affected by Tow temperatures.?®
fracture toughness was through heat treatment.  The-fracture toughness
of titanium alloys generally decreases with increasing yield strength

6.8 . e
0y It was therefore assumed

although the corvelation is quite inexact.
that some variation in ﬁra}7ure.tdughnesscoqufberbtained by heat
treating the alloy to var 1ous Tevels of yiel d s trength. It has also
been found that long time, high tEmperature.agéﬁng of this alloy
reduced its fracture toughness by approximatel y 40%. > This offered a
means for achieving'minima1 fracture toughness values. ’

PFEWimﬁnany'heattreatmentsandﬁtensilé~tests:wEre-QQnducted to
;déférmfne”the:maximum:r@hge:Of‘yTeldfstrength"abtafhab1ey 'The~éffecf
of heat treatment variables on the yield strength of Ti-6A1-4V has been
well documented so that a minimum of guesswork was requiredgég’nggﬂ
The finaﬂlheat‘treatmeﬁts selected and ‘the @eresponding_yiéTd

§treﬂgths.obtained§aFE:ShOWﬂfiniTébTeAITI¢'.It~ShQUJd5befemphasted

Solution Treatment Ageing 'Treatmenttj_' | Yield S trength

7650°Ff5hP/WQ” o None - fA 126 ksi
1650°F/Thr/WQ | 1300°F/shr/AC | 142 ksi
1650°F/Thr/WQ | 1000°F/8hr/AC | 154 ksi
1750°F/Thr/WQ | 925°F/2hr/AC | 162 ksi
1650°F/Thr/WQ | 1100°F/96hr/AC | 153 ks

19




that the preliminary heat treatments were conducted on tensile specimen

bTanks with«%Afni square cross-sections. As will be seen later, the

full thickness (1 in.) pTateS:de not5have'theisamEVregansé to heat -

treatment. |

Twenty 1 in. thick DT blanks were provided by the Naval Research
Laboratory. Eighteen of these were heat treated to the yield strength
TeveispindicatediinTabTG:III. The specirien identification numbers for

each level is shown in Table IV. Solution treatments were given in a

ZiineId,Stréngth.Leve] (ksi) | Specﬁmén=#~g m

142 | 5,6,7,8

154 f :Q,TO,TiQT?
162 | 13,14,15
153 (overaged) - 16,17,18

lable IV — Identification of 1 ‘in. DT-K;p Specimens
and Yield Strength Levels to which Heat Treated
\ ; ‘

Lucifer Model 3027 F furnace which had a capacity for a maximum of five
.specimen,b1aﬂks._ An. argon atmosphere was prOvjdéd-at‘a flow rate of

30 ft*/min. After solution treatment the blanks were given an agitated
quench in a 70 galloh tank of water at room temperature, the delay time
from furnace to tank being Tess than two seconds. Heat-up of the water
by SUCCessive.quénching resulted in the fifth specimen being quenched
in tepid water, Agéing'tﬁeatmentS*wgre~QiVeh in a-Hevi—Duty?Type
RD-122412-CUA furnace with no protec£fvé atmosphere provided. Only

mild discolorization and flaking were noted after heat treatment.

20




Specimen Orientation

Except for characterization tests of the as-received material,

a1 testing was done with specimens oriented such that the plane of
. fracture was normal to the long transverse di rection. This is commonly

referred to as the WR orientation and is iTlustrated in Fi gure 8.




| 1IN. DT-Kp
2 COMPACT TENSION K¢

3 TRANSVERSE TENSILE

tigure 8 — 2 Specimen Orientation
: _.




Schedule

Each of the eighteen 1 9n. DT specimens was subjected to a
combined DT-K;p test. One half of the broken specimen from this test
was cut into twe compact tension (Ki¢) and two tensile blanks which
were subsequently machiheddaﬂﬁftested@ The manner in which the compact
'tension=ahditensile:speCimens were cut from the broken half of the
.§T~KID_5pecimen»is showniin Figure 9. A1l tests were conducted at room
temperature. '

In add1t1on to the major test program, tensi]e tests at various

strain rates were conducted in order to determ1ne the sensitivity of

the alloy's yield strength to rate of loadi ng.

Standards for the 1 in Dynamic Tear test haVe been promulgated by
the Naval Research Laboratory (NRL) 31 While no standards exist ?or': "
dYﬁamIQIpl&nesgtrain,fraeture toughness testing, what appears to be an ’
acceptable procedure has been estabTishedfat the Fritz Engineering
Laboratory, Lehigh University.''" The two tests have very much in
common, both consisting primarily of impacting a simbTy supported beam
type specimer havfng:a crack starter notch on the tension side. From

each test a load versus time oscilloscope trace is. used for calculation

of the test result. 1In the DT test & calibrated en ergy absorption
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system»maylbeiu&ed as an alternate method for the determmination Q?"the‘
test result.
The DTaKlD:spécimen geometry is. shown in Figure 10. Table V¥

defines the symbols and ‘indicates theadiménsians of each. The specimen

| SymboT ;i Parameter ; Dimension

Thickness | 1 in,

Width | 4.75 4in.
Length | 18.0 in.

Crack Length ~1.75 in. nom.

s = W

W-a | Ligament Length | 3.0 in.
S | Span Length | 16.0 in.

TabTe V — Symbol Description and Specimen
Dimensions for Combined DT-K,p Test

was somewhat larger than that normally used at Fritz Engineering

Laboratory fo F Kip testing, but it had the same ratios of S/W and a/W.
Two major differences between the DT and K tests afE~dnop?height

and the nature-of”thg crack starter notch. NRL specifies a 4 ft. to

7 ft. drOPs;eight to insure the maximum strain rate effect. Strain

rate is a test var iable in the KiD test anddrp heights of as Tow as

I ft. are commonly used. The CfaCk;starter=not¢hffgr’th61K1DteSt.is'a

fatigue pre-crack chevron notch while that of the DT test is a brittle

electron beam weld which is supposedly equivalent under dynamic loading

conditions. The crack starter notch for the combined DT-K;p test
Was a chevron V-notch which was pre-cracked to a depth at which the

remaining Tigament had a nominal length of 3 in. An illustration of
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the fracture plane depictin g this configuration is shown in Figure 11.

Pre-cracki ng was done on a 10 ton capacity AmsTer High Frequency
Vib%aphé?ﬁ at maximum loads of less than 50% of the loads expected for
fracture. The fi n,é'Tf 6% of the erack length was fati gue Tp.l-'P".e;'—'-C racked at
Tbads of less than 30% of those expected for fracture. This reduction
of maximum load during pre- c racki ng was intended to reduce strain
hardem ng effects in the vicini ty of the crack tip and accounts for the
two: fatiqgue zones shown in Figure 11.

The pre-cracked bend specimens were teste d‘; using the drop weight
festfngtmaChThe shown 1in Figure 12. This machine featured a 400 Tb.
weight which was allowed to f%ee fall by the actuation of an
'?eTe@teragnetic:re]ease:meghanism; The weight was equipped with an
1ns trumented tup from which Toads were recorded dum ng testing. The
testing arrangement is Shown in Figure 13, The loading cushions ‘shown
in this figure were used to spread out the loading time and reduce
inertial -e'ffe_fc:t s which have been shown to obscure the actual test
record. These cushions, made of % in. drill rod, are not used in the

standard DI test as prescribed by NRL.. The'aTumjnUm'bJockszshowh:Tn
JFTQUPE 13 served as the calibrated energy absorption system previously
mentioned as an alternative method for thé-determfnati@n-of DT energy.

When a test was co n‘d‘u:c,:jte'd , @ photoelectric cell actuated by the
falling weight triggéred a Taktronix Type 549 storage oséi]]ascape'ihto
wh Ch the signal from the load dynamometer (instrumented tup) was
transferred. This resulted in a continuous load -time trace on the

oscilloscope screen, a photograph of which served as the'test'recerﬁ;_
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Figure 11~ Crack Starter Configuration
for l1--n. DT-K.p Speciimen
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Kinetic energy remaining after fracture of the specimen was absorbed

by compression of the~31UmTHUm blocks., fér'whfchfan energy absorption

:calﬁbratignigurve had been*davé1Qped;

Static plane strain fracture toughness tests were ¢onducted in

- accordance with the procedures proposed by the ASTM E-24 committee.’®

Afcompact't8ﬁéiah Speéimen'egnfﬁguration:was used, as was a double “
cantilever CTTp+in;dﬁsplacﬁment~gage, Figuﬁe'?@ 1llustrates the

Specimen QEOMEtTy and.dimenéiens, The.diSpTacementgage=used;andthe
method of mountfng is shown in Figure 15. dThé;SpECimenSIWETefchéern
V-notched and pre-cracked in a manper similar to that described for the
combined 1 in. DT Kyp specimens. The tests were conducted on aﬁlZ0,0iQ
pound Baldwin Un iversal Testing Machine using 1 Oadmg rates of 5000 to

10,000 1b/min.

Tensile tests were conducted with a 10,000 pound capacity Instron
Testing Machine using shouldered 4 in. long specimens with a 1 in, gage

length and 0.250 in. nominal diameter. A cross-head speed of 0.05 in/

. min. was used, corresponding to a nominal strain rate of 107> sec™t.

An InStY‘On Type G 51-12 strain gage ex tensometer was used unt1 I after
yielding occurred. A Toad-extensometer record was obtained for each
test. | | |

The strain rate sensitivity tests were conducted with cross-head

speeds of 0.002 to 2.0 in/min. corresponding to strain rates of
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Zf;ilﬂfs to Z:XITQEZaSECfIf The specimens uséd'WEPe-STmflarﬁto:thOSé:
described above except that their gage diameter was reduced to
;appraximaiely'o.lz in. so that the'capacﬁty of the Tnstron would not
be exceeded at the high strain rates. Likewise, an extensometer was

not usedfbegausé-rapid fracture;wasfexpectad at the high strain rates.

The test'renﬁﬁd-consﬁstéﬁrof a 1oédﬁdispﬂacément-récordfbased,on~Chart
and cross-head speed. It was assumed.that the full 1.75 in. reduced
sectfan'unﬁerwent_unifﬂfm:elongationibefare yielding occurred: Though
approximate, this assumption was cohsidétedAsﬁﬁtabie for the purposes

of these tests.
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SPECIMEN ANALYSIS

Dynamic Plane Strain Fracture Toughness

The dynamjcfpléne~strain fracture toughness was calculated using

the following expression: ™

1.5p5(a)* o (s)
BW*

;KQD

where a = crack length, in.

B = thickness, in.

ti

depth, in.

i

maximum load recorded on load-time trace, Ibs.

1)

span length, 1in.

Y = f(a/W) given by the following power series for
S/W = 3.33

H

25, 9:'<fa-__/wi).:f _ ‘ (6)

A plastic zone correction was | applied to account for the fact that the
crack length is effectively lenghtned by plas tic yiel ding in front of

the crack tip. The plastic zone size (rp) is given by the expression:

2

R | : |
rp = 20 GYDJ | %(7)
\ !




where Kqp is determined from equation (5) and oyp is the dynamic yield

‘strength, The corrected crack length (a,) is then:

A corrected Kgp is then calculated with equat1 on (5) using a, and its
Cerespoding'Y’function;

.'_If n a»ca,c_;or:d*a;nce with th e procedures used in reference 11, a
plasticity correction is ‘then applied to the corvected KQD to arrive
at Kip. Kgp is related to Kip by the expression:

| 2:

ST R e (9)

where g is a dimensionless parameter determined by:

2

r | | |
il (10)

YD

™
i "
UJ’ —

A sample calculation of K1D is shown in Appendix A.

Dynamic tear ene rgy was determined f rom the same test as the
dynamic plane strain f racture toughness. Two methods were used to
dete rmi n e DT energy, bz@.-th of Whic h are recommended b y NRL. The first.
;a:ih:d', most s 1mp1 € was -an energy summation method using the calibrated
_enn;.efr..gy absorption system. The energy a;b,'s-'o~“r'b-1e.:d in fracture of the

specimen (DTyj) Was determined by:.
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Ur - U¢c - Ug )

where Ur total energy applied, ft-1lbs

U
Up

energy absorbed by leading cushions, ft-1bs

energy absorbed by aluminum blocks, ft=1bs

Ur was determined from the potential energy Of the weight before T
released and is simply the product of the weight and the drop height.

Energy absorbed in the loading cushions and aluminum blocks was
determined from calibration curves developed by a co-worker conduc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>