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AB STRACT

A multi laboratory blind comparison test ing program was used to evaluate
the accuracy of the short rod method of measuring the fracture toughness of
metall ic materials . Va l i d  comparisons between K it ’ s measured according to
ASTM E 399 and by the short rod method were obtained for several steels ,
aluminum alloys , and titanium . The short rod values were consistently

low , averag ing 6 percent below the measurements according to E 399. A

4 percent adjustment in the short rod calibration constant , which had been

previously evaluated only to ±7 percent , brings the two sets of KIc measure-

ments into very good agreement. The short rod method t h u s  appears to be a

viable alternative for measur ing the fracture t o u g h ne s s  of metallic mate-
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INTRODUCTI ON

The value of fracture mechanics considerations in engineering desi gn i s

now general ly recognized. However , it has been stated that the basic ingre—

dient of such considerations , the fracture toughness , is a material property H

which is difficult and expensive to measure .’5 The recently-proposed short

rod method of measuring plane-strain fracture toughness6’7 has appeared to

offer a simpler , less-expensive alternative to the generally accepted

ASTM E 399 method. 8 A comprehensive study of the short rod specimen geom-

etry by finite element computer anal ysis and by experimental comp liance

measurements has been lacking , howeve r , al though a pre l im i nary comp liance
calibration has been made .9 A compliance study of closely related short bar

specimens with chevron notches has also been recently completed .’° Never-

theless , the short rod calibration has been based primarily on a few tests

of 2014-1651 aluminum in which the short rod calibration constant was Se-

lected to produce the same as measured by E 399. A 7 percent uncer-

tainty in that evaluation of the calibration constant was indicated .6

In addition to the calibration uncertainty , questions have been raised H

concerning the shor t ro d’ s use of a steady-state crack rather than a fatigue

pre-crack. Also , a recentl y-proposed elastic-plastic method of analyzing

short rod data’’ promises to allow the use of much smaller specimens , but

has not yet been conclusivel y tested.

Considerin g the several questions concerning the short rod method ,

notwithstanding the early promising results , it seeme d that an appropriate
way to further test the validity and accuracy of the technique would be to

test its measurements of K1c aga ins t ASTM E 399 measurements for a
number of different metallic materials. Accordingly, a b l i n d comparison
testing program has been accomplished in which ASTM-valid measurements

made by five different l aboratories were compared with short rod mea-

surements. This paper de.~.ribes the test program and reports and discusses

the test results.
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TEST PROGRAM DESCRIPT ION

Six independent laboratori es participated in the St tidy b~ p”&r~ ul

mater i a l in the form of broken halve s of com pa~~ toughness (CT ) specimens
from which va l i d  fracture toughness (K 1 ) data had a l read y been determ ined
in accordance with ASTM test standard £ 3~4Y [he compact toughness halves
were sent to Terra Te k , Inc., where they were machined into short rod spec i-
mens with the same crack or ient a t ion as the or ig inal  CT specimens. Terra
Tek then performed K i~ 

tes ts  us ing the short rod techn i que , and torw a rded
the results to the Army Mater ia l s  and Mech a nics Research Center ( AMMRC ) I -

which served as a repository for daia collection. Onl y after compl etion of

the short rod tests were Ter ra  Tek pel-sonnel allowed to comp are the resu l t s .

Table 1 lists the mat erial , ~.au r~e code , material type , heat treatment
if uncommon , original shape of plat e t h Icknes s  from when the C[ specime n p
originated , and y ie ld strength. As indicated in the table t-he materials

examined were steel , t i tan ium and a luminum. NASA- Lewi s  Laho rat ot- ~ was one
of the s ix  pa r t i c i pan ts , but unto rtu nate l~ their  spe~ imen was i nadv er te nt l~
destroyed~ thus co mpar isons are presented for mater ia ls  suppl ied by f ive
independent laborator ies.

The y ield strengths of the success fu l l y - tes ted  steels ranged from a low
of 503 MPa (75 ks i)  for the Army desi gnated HF-i material developed f o r

mil i tary  appl icat ions to values in excess of 1380 MPa (200 ksi)  for D6AC
material used in a i rcraf t  components. Since the heat treatments f o r  three
of these steels are not common , they are a lso included in Table 1. Three

additional steels were furnished by Westin ghouse Research Laboratories , but.
these are not 1 ist.ed in Table 1 for reasons discussed in the Results and
Discussion sect ion . F

The 6A 1-4V (6-4) t i tanium mater ial included in th is  study is a standard
type which has y ield strengths in ex c ess of 860 MPa (125 ksi) . The aluminum
materials tested were of the standard a l loys and heat treatments indicated
in Table 1. Their y ield strength values range from 393 MPa (57.0 ksi)  to
456 MPa (66 .1 ks i) .

2

L -
~~~-~~~~~~~_—~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~—~~~~~ -- - -~~~~~~~~~~~~~~~~~~ ---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Tab le  1 — -!-~~~~~. 
-~ .z ~~ ~~~ S~ :4.ro~~.

MATERIALS SOURCE MATERIAL HEAT TREATME N T ~~~~ THICKNES S 0.2 % OFFSET

1 HF-i Austenitized at 25 mm 503 (73.0 )
Isothermally 1 700°F , quenched

I Transfo rmed to 1150°F , held
I a t  1l 50~F for

1½ hours , then
air cooled

2 ASTM A470 Standard 1 .27 m dia., 626 (90.8)
STEELS CrMoV 6.73 m lon g

Rotor Steel
3 ASI 4340 Quenched from 152xl27x6 10 mm 1070 (155)

1475 °F , tempered (estimated)
at 950°F 1 hour

4 D6AC~ Aus tenitized , Hol low roi led ( 1407 (204)
s a l t  quench , ring , 1.83 in
dou ble temper dia ., wai l  (

4 D6AC J 76 r n  thick L 1 385 (201)

4 6 -4 Standard anneal Irregular 868 (126)
TiTAN I UM 4 6-4 Standard anneal Ir~~q~1~~ 885 (128 )

__________ _______ ____________ _________________ — 
forg ing 

____________

3 2124 1851 76 mm 393 (57)

5 2124 T85l 140 n~n 406 (59)
A LUM INUM 5 7050 173651 83 inn 456 (66)

5 7475 17351 44 m 450 (65)

a source Code
1. Army Materials and Mechanics Research Center (AMMRC)
2. Westinghouse Research Labora tories
3. George Washington University
4. Ladish Company
5. Al coa Laboratories
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‘-~HORl ROD ST Mi iHcl)

Short Rod 1e-~t Coo t  1 ~L r ~~t 011

One coul ~ ha~ e ho~ en c i t  her t he roun d ~,hort rod •-- pe~ i men L ont i qur dt ion
or the “squared ott ” ers I on o I the short  rod , known he sho r t  bar , ~~~~~

for the tes t  s e r i e — .. However , most ot the p rev ious  e~ p e i 1 e n c e has been with

short rod specimens , ~hi c h  are a l s o  so mewhat eas ier  t o  machi no lhus , s h o r t

rods were u sed  e~~ lus i ~e l~ in thes e t~~st~~. The sho r t  rod spe~ ~men con ? iq u—
rat ion is shown in F iqLJre  1, where i t s  d imens ions  are q ive n in term s 1~~ i t s
diameter , B.

The short rods were 1 oad~ d by a spec i a 1 mo~ ho - ii sm named a ‘f  i o~ j ack
(F ig u r e  ~

) wh ich  w a~. des qno- i  i or conven ience ond acc u r i c ~ in short rod and
short bar test  i rig . ihe qr i p- - on the ioL j ack are ~1 i qh t 1~ c rowne d , such
that they contact the i n~ i de  of the specimen qrip qro oves at o depth o t

1.3 mm for t h  .~5 mm d ia meter  spec imens of t h i s  studs’ . 1 e c o n t o c t  depth is
v er’~ eas i ly and accurate T ~ ~‘e peatat ~le b’~ ~ imp l \  p iac i rig t ho spec men on the

Frac ~ oc k gr ips , where g rav i ty  holds -it  n p lace  un t i l  the ~; ri p- j come in

co ntact wi th the grip groove (Figure ~) .  the s v m m e t r ~ of the crowned gr ips - -

about the lines o~ contact in the q r lp  groo~ e O ssures  that the e f f e c t  i ye
load line does not change , even in the event of a s l iq ht  p last ic de f o rm at ion
of the specimen grip groove by the hardened steel ipHps . F u r t h e r m o r e , t h e

pivot axis of the Fracjack was selected such that the ro ta t ion  of the g r ips
during the test  appro x imate l y  matches the rotat ion of the spec i men qri p
groove surfac es as the spec imen mouth is force d open . This feature min-
imizes any change in the pos i t i on  of the load l ine that may oth erw ise occur
by the crowned grips contact poi n t “w a l k i nq ” tip the insides of the gri p

grooves as the specimen mouth is forced open. Fr i ction between the grips

and the specimen is a l s o  m i n i m i z e d  by the strategically p ivoted grips.

The Nomin al L E F M Short__Rod Test
In this subsection we describe the ldeal ized behavior of a short rod

specimen which obeys the pr inc ip les of linear e l a s t i c  fracture mechanics
(LEFM). The next subsection describes the variations f rom the ideal be-
havior which are commonl y observed.

4
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The short rod t e s t  i s  ondu c t ed by s l o w l y inc reas i rig the spac i ng

between the grips , thus forc ing the mouth of the specimen open tinder Co n -

tro lled displacement (stiff ma c h in e )  ~oinl it ions . A lip gage is attached to

the outside of the spec i men appro ximately at t h e  load  l i n e  to measure  the

mouth opening displacement. A load -displacement plot  is made , yielding a

record similar to that shown in  F igure 3(a). At point A , where the in i t ia l
elast ic  loading first deviates f r om line arity , the cr ac k is in i t ia t ing at
the point of the 1 i gannent in t h e  spec imen (shaded area in F i q u r e  1). How-

ever , the specimen d e s ign  makes the cr ac k growth ini t ia lly  qu ite stab le , and

an ever - increasing load is required to advance the crack until it reac:hes a
cr i t ical  length , a , where the load qot ’—~ through a smooth maximum . There-
after , the crack -advanc ing load decr eases w i t h  further crack growth , but  the

crack growth can still be stable with controlled-disp lacement l oading. Two

or more relaxation and reloading paths may be drawn when the load is near
the maximum value to give an i nd i ca t i on  of the degree t.o which LEFM con-

dit ion s may be violated. For ideal ly  IFI M tests , the unloading slopes V
should point to the or ig i n  of the loa d— d i  spacenlent path.

Because the crack le n g t h , a ,, at the time of the peak load , P~ , is a

property of the specimen geometry and is independent of the specimen mate -
rial for LEFM tests , the peak load is used in the calculation of K it . The

equation for K 1 is~
K = AP B °/~ , ( I )Ic

where A is the short rod calibr ation c o n s t a n t  and  B is the spec i men

diameter. The value of A which was used f o r  thi s study was ?1. ~~. wh ich

was the best estimate based on the calibration in reference 6 and the cur-

rent test configuration.

Variations from Ideal Behavior

Although some materials have been tested whi t h ‘~hnw esse nti a ll y the

ideal behavior of F i gore 3(a) , most t ests c ontain v ary m t 1  deqi-ecs of one or

more of the following nonid ea l characteri stic s .

_ -

~~~~~ 

7



_ _  

- --—- -

~~~~~~~~~

-- - -.- - --

~~~~~~

-.. -—

~~

— - - -

~~~~~~~~~~

- -  I

LOA D

_ _ _  

4~7\
M O U T H  O P E N I N G  M O U T H  OP E N I N G

(a) (b)

L OA D

M O U T H  OPE N I N G  
-
~~~~ *~,)“- M O U T H  O PEN ING

(c ) (d)

Fi gure 3. Types of load vs. mouth opening curves observed . (a) Ideal LEFM
curve . (b) Hysteresis in unloadin g/reloading paths. (c) Crack
j umps . (d) E l a s t i c — p l a s t i c  specimen response
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Un load ing/Reload ing h y s t e r e s i s  (F IglIrt’ 3 ( b ) )  - i h i s  r’ t t e e  t i ’ common ,

and I of c on c ern  bec .iu’.e’ I t make — . t he on load i r ig s I 0~~~t’ ct iflt) i (JuLIUS , ctnd t Ire’rt —
by ,lUst ’ s dO (lI lt t’ l ’ t a h i t  ‘y i l l  t ire meas ore of the — .pec I men 

~ 
I as t I I t y I I  , 1 - C -

the ele’q ret’ to whi h III M a’s tim p t i on ’ . m a y  he v i ol at ed . The t ry s t  e’ i C  s i s may be

caused by the presence of ‘ h ’~ u tiqes ” of m~ ter  I.n l whi t  h t II ~~~~~~~ t the two
crack surfaces we’ll beti I nd the actu a l c rat k I runt - 1 he ex i s t e nce  of ~ t i t  ii

br idges s to be’ e x p e c t e d  f rom t i t i s t ’ i V , I t  l o u i s  o f  c rat  ~ h u t  lt’at on’. cihe’atl of
th e crack t ip .  The l as t  o f the mate r i a l  to be ‘.eve l O t I by the’ .10 i i i  I nq lIut

~t1ons may const i t ut e the hr r dqe~. of inter est  here - A l so , i f  mo re than one’

on lo ad i mg/re loading & y -c Ic Is elolle’ at a qi yen m a t  k length , the’ h~ s t  tn t’’ , i s

dec rt’clses w I th eat h sue cc ’ s  s i t- t’ y Ic , a — . w o uld be’ r’ sp ec ted due to t he’ p1 as

tic w o r k i n g  and break i urq of sonic’ ol the br - i  ~h l e— .

1 he hr i dqes acc o unt f o r  the o bse rved try t e u t ~
.. I ‘. as  i t i i i  OW S ou r  1 irq t he

m l  t Ia 1 part .  of t h e on 1 oad I nq , th e ’ re’ s i duet 1 hr i t i t i t ’s u O0t t e l as t  I t  a l i v

mak Ing the spec i men hehav e a’. t bough the t i .it k I eInJ t ii w e ’ re shorter t h~ u r  I t

really i s - Tb i c lo se s t he’ in i t  i a 1 re 1 .e so t  ion pat h t o  be’ rat her steep -

With further ye I ~sat ion anti t I osure’ ot the moot ii of th e ’ s pec i men , howeve r ,
the r’es I dna I bridge’ s y Ic’ 1 d in olnpres — .ion and ont r I hut e a more near 1 y con —

ant r ’es i st a nce to t he c los nq o the spe c i inCh mouth - When t he re’ s i stance
to c losing is con’.t ant , the un load i iiq slope s ign i t  I e~. t he act ual crack
length , although the unloading path i~ of f s e t  by the’ c t ) i l s t c i I i t  re— . i st a nc e ’  to

unload ing . L a t e r , when t he’ on 1 oad i ng k irear’l ~- c omp i et c , a term inal
s teep enin g of the un loading path may occ ur due to  the crac k closure effect -

On reloading , the res i stance o f fe red  by the bridge’ s is in the opposi te
d irect ion since they must now be p l as t  ic a l  ly s t r e t ched  rather than c ompres-
sed . Hence , we have the observed hyst e lm ’ s is -

Si nce both the’ in it i a I and t i n~ l s lope’s on the on I oadi ii path may be

steepened as desc i.i bed above , it. i the’ cent u.i 1 01 i l l  n 01(110 s lope wh i c i i  gives
th e best i n d i ca t Ion  of the cecle k 1 ength through the c onip Ii alic e curI e 1 at  ion -

Therefore , one can t onst rut t a good appr’ox I mat  i on to the idea 11  t ed ~ l a s t l c
unload i ng path by draw l rig a i i  ti e throug h t he’ m l  t Ia 1 on 1 crad log po i lit , and by

choosing the s lope t ’ t  t he’ Ii tie to he equal  to the mini mum s l ope on t he’ 

- - -~~~~~~ - - - - -  ~~— - - ~~~ -- --— -- _ --- ~~ -- --- --
~~~



actual un l oading path. Art i tici al unload ing paths dr a w n  accord i ng to t h i s

rule were used to evaluate the plasticity of specimens which produces a

hysteresis in the unloading/r eloading paths.

The hysteresis was largest to r the A4/O and the HF-i steel spec imens.
It was small to almost nil for the other materials of this study .

Crack Jumps (Figure 3(c) ) :  ihis behavior is character ized by nearly
linear l oading until the crack suddenly jumps forward with an audible “pop ” .
The fast-moving crack arrests at a l owe r- load level alter propagat ing a

short distance. When the load is again increased , l i t t l e  further crack
growth  takes pl ac e u n t il t h e next sudden jump , etc. Each time the crack

begins a forward jump , it can be assumed t h a t  the s t ress  intensi ty factor’ is
K it . Thus , a smooth curve drawn through the points at whi ch the jumps
started will have maximum , P , from which K j~ 

can be calculated by equa-

tion (1). Similarly, one can obtain the value of the stress intensity

factor which allows the fast-mov i ng crack to arrest , K 13 , by drawing a

smooth curve through the points at which the crack arrested. In this study ,

the A470 and the HF-i steels displayed the crack j ump b e h a v i o r .

Elast ic -Plast ic  Specimen Response (Fi gure 3(d)): If the specimen

behaves purely e las t i ca l l y ,  the unloading path should lead to the origin of
the load vs. mouth opening curve , since the specimen mouth should close

complete ly at zero load in the absence of any plasticity . However , the
material within the plastic zone at the crack ti p tends to prop the spec i men

mouth open such that it does not close completely unless the specimen is

very large compared to the plastic zone size. Thus , the measure of the

residual specimen mouth opening after relaxation zero load can be taken as

an indication of the degree to which LEFM assumptions are violated.

A recent paper 1 ’ has treated elastic-plastic spec i men behavior in

detai l , and a method was derived for recovering the LEFM K ic value from such

spec i mens , provided the crack-tip plastic zone is still relatively small

compared to the spec i men size. The method defines the specimen plasticity ,

10
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p. as the increase in residual mouth opening between two relaxations divided

by the increase in mouth opening at the average crack-advanc i ng load between

the two relaxations (Figure 3(d)) :

Ax
p~~~~~

2 . ( 2 )

It is then shown that Ki~ 
for such a short rod specimen is given by ’’

K !~_ (~~~
\\1/2

Ic 
8:3/2 \5 1-pJ

Notice that equation (3) reduces to equation (1) when the p lasticity is
zero.

The measured plasticities of the short rod specimens of this study

ranged from zero to almost unity . The larger plasticities prec l uded mean-

i ngful  short rod K i~ 
resu l ts .

RESULTS AND DISCUSSION

Three steels which were provided by Westinghouse for the K j~ 
comparison

test ing program do not appear in Table 1 because the attempts to test them
with the 25 mm diameter short rod specimens used in this study were unsuc-

cessful. The steels were ASTM A47]. NiCrMoV rotor steel , AISI 403 modified

12 Cr stainless rotor steel , and ASTM A217 2-1/4 CR-i Mo cast steel. The

approximate values of 
~~~ 

= 2 .5(K i~
/o
~~
)2 for these steels were 50 mm ,

150 mm , and 570 mm , respectively .13 Based on earlier experience t’ it had

been anticipated that the 25 mm diameter short rod specimens should be

capable of testing mater ia ls  wi th Bmj,, values up to about 70 mm . Thus , it
is not surprising that the two steels with Bmjn ’ S of 150 and 570 mm could

not be tested because of very large plasticities. The A471 steel with a

Bmin of about 50 mm displayed a very large crack jump behavior (Fig-

ure 3(c)), which , when combined with the somewhat marginal Bmjn value ,

precluded a successful Ki~ 
test. 
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Table .‘ shows the tes t  r e s t i l t s  for t h~. -,,’ m , I t m ’ n ’ i a l s  wh ich  were c u t e  -

ce s s tu l ly tested by the ~h 0101 di ,init’ter 01’ s uiia 11c r ‘,hort. r(Icl ‘.pcc !Ifl0t1~ - Iii
1 ab l e  ‘ arid the re s t of thIs paper . K~ r e f  en’ ’. t o  t i’ac to re toughness mea—
suremerrt s made b~- the s hurt rod met hod , wh i i  t’ K 1 re ’  I e u ’ , t u InCas urement c
made according to 1 3 .  Not es  c . e , ar i d t of Iabh’ ~

‘ wh ich e s p n - e ’ s s  r e s e t ’ —

vat ions about some of the dot a we’re out ,ii ned a 1 — .~ u ui t Nt’ le t ter ’ ~ w h i c h

ori g inally reported the short rod u- e — .u 1 t to AMMR(: hence , these notes have
not been added w i t h  the herie f i t  of hi nds I qht - in part i cci I a r , w i th referen ce ’
to Note  f , the fo l low i ng qilt i t at i On I rum the report i ng let t e’ u~ s of i n t m’i ~

es t .  ~

“I have s ed the act no 1 CI  u - ,ic urt ace s of the three A l t  oa
mater ia Is ti~~ saw ing the m o f t  j ut  .rc t he I O re ’ liov i nq the ’ u- c ’ st  of  the
ma ter ia l  mach i ne d  i n to  sho rt  n~~c i— ~. On the ’ No 3 ma t u r i a  1 i t  can be?
seen t h a t  the  fa t  1 c l u e’ pre ’ - c r ock  had a r it  her unti s cia 1 ‘.hape , i nasmuch as
the cen te r—th icknes s  pou t o f  t ht ’ p ro - c r o c k  W a ’ - 1 i~jht ly retarded w i t h
re spect to the rest of the c r i c k  h-uni t , ~hei’o,i the? u1UI ’e’ cls ua 1 ta t  i que
p re— t rac k take s on .r sl i ght “th umb—nail ’’ - -hop e ’ iii wh 1 h the cent er

thickness req u~ t e u i~1s to  ~-e’o~l the ’ i-est u~ the ’ pre—c rac k (see F i g—

ure [4) - The retardat ion ot t iit’ euit or - - t hi c k uu r— .s region of the pre—

crac k might be interpreted as an in di ca t i on of an i n c r e a s e  i n  t oughnes s

toward the center ot the or ig ina l p late from wh ich  the CT specimen was
made , This hypothesis seems to be supported by the somewhat rougher

fr acture surface t es tu r e  neau - the center of the ’ spe cimen , b o t h  on

f atigue crack surface and on the n’untl i nq crack surt a c e ’ . . . ,  The point
of this d iscuss ion is that the 1—inch diamet er ’ short rod spec imens were

cut from the center th ickness of the suppl ed 1 3 ’4  inch thick CT
spec imen. Moreover , the width of the crack front between the slots in

the short rod spec imen i s onl y about 0 .3 3  inch at the time of the Kj ~
measurement . Thus , the  short rod res u l t s  r’e po rtc ’d for spec imens A3 — .~
and A3 -3 represent the toughness almost pre~ ise ly .it the mid-thickness

p lane of the CT spec im e n , where the mater ia l  appears to have been
substantially tougher than closer’ to the lateral surfaces. The CT

* ‘The No. 3 material and sprc imens A3 — .’ and A3- 3 of the quotat ion were
made of the 14/5-1/351 aluminum to which Note I applies.

1
- 

-‘~~~~

- -- -



- - - -

I
— 

~1

S.- - .. - -.

C.) . - : ->

I ‘1 (‘4 N, ¼~:’
., ’ ‘5 . ’~ _ •

_ 5 - & - & ‘¼ 5¼
C&. C) - - -

SJ ‘I • 5  -& &~ _~ ~ f 1- - -

-

- 

S I S I I I -
C— - -. ,

UI

- 
.
~~~ 

— 
-o

i_
C_  - .. .— .. - - -—-.- - - —  — ‘— --‘. ,- -,— - - - - - 5— ——’ i¼~~~C C 

,~~ 
c, ‘¼ ¼ - .‘ 4-a c’ - (‘-.1. - C) ‘. ~~ 0

‘ ‘ 
— ~~-‘ -~~~ ~~~. 

‘
~~ -~~~ —

1 — — - - .— .--— ‘ S

- .~~~~~ ~~~~~ ~~ 

-

~~ t S5) . - ,t~- - - ¼ ’ - ~. ~& S  ‘~~~& t S  NJ C. 5- ’ t~ ¼ ’ ¼ -- S - - 0
0 a’ r— r ,— .- , .5 ~,. ¼~~ I — ,  — t  ,— --- .&~ ‘

c- & ‘ - ‘.1 -- - u_ - ,— - - - S. - ‘C’ S-¼ I ¼~

C ¼ 5 L UI
— - 1 a - ~~ --i 0

C — —‘- - - - - ‘~~~ ¼~~~”
St ‘3 -5 s, . .5 s r (~ 5 ¼ - • S S

- - .    J t ’L,  4,
fl ~- r- ~c’ S. - 5 .  . r- (‘a I’ - - iTS C - t

5/i iS. St F -~~ - C— N- ‘a) & ‘ r -  .‘ S  fl - S C •
C - -

• ,1 5

L :  

:~~~~ 

—

tL:~~~~~ ;~~;

N.j NJ 5-CS U to 4) SC’ 5, 5 . 5 SC I i C I  5 / I tt’ ‘a - - ‘ ~ E C. ¼. ~(‘4 (‘.4 (‘4 (‘4 (‘a (“.4 (‘a (‘4 (‘.4 C’,, ¼’- s~4 NJ 5’. , -.a ‘. ‘ ‘0 0 0 ‘0.

~

C’,, ~~~~~~~~
(‘4 ~

, - S.,
.5 ‘ 5 ’, 0

- -‘ ‘~‘ ‘ -  . ~0 ‘0 ‘L¼J ~~ C CX) C’ CO SC’ US to to ta-S 5 ’ 51’ Ct’ t~~ ~ r— V
—. . C-CS C’ N.J ,‘a (‘a NJ (Ca (‘a s c S  Cs r— ¼. 33 3) C” 3) —
L) ‘— . . - - . - Q)L~~~~ -. ~~~~~~Ui . — . — ,— ,— ,- (“4 • t~ UI V ‘U
0. -_‘ ‘-.- - .. -,, ~~~ _~~~~~~~~~ - ~~ , ¼.

043 UI - -

(‘4 ~t C (0 CC) C- O ” s C )  U) L L’VS ~~~~
C.) ~“ C-Ca to (‘.& ,— .— •— ‘5-’ ¼5~ ~~ .‘-‘ ~~. CS U’

(‘,J (‘a (“5 (“I 5’ (“S CS (“S ‘~ •5/’ St ‘0 ‘ _~~~~ _ _  ( f l U’  S.’ 33
C C . -  ~~~C— 3 3 3 3 -.-- -. 4-’ ¼ . ~3~~E C N-’

-5-. .--- —.---- .- - - —.- --‘. - -  - -, - - -- - ..‘ ..- ~.. c, ~~~~~~~~~H >, C (0 (‘.4 ‘-_ (75 ‘¼~ .3 C) N, 555 -‘ -5 0 4-’ UI 4-~ 0
‘
~~ ~~~~~~ 

‘
~~~

‘-
.“~ 

‘
~ ~~~5t ~~~~~~~~~~~~~~

— 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~ — , - -- — - ‘ - “ -- - U I ’ U ’ 0
V 4-’~~~~ •-‘ V 1 3 3

‘CI ¼. ~ - ¼. r
05 CO C) it ’ (“5 0, NJ .55 .— U’S 

~~ 
0 41 ~S UI I) 4-’ 0

U’S E . . - . . 5fl ¼ . U 0 4 0  -‘ - ‘CE a, in ,-‘l ,— c’s .-s ta, ~-s ‘s s—. •,— C UI C ~.‘ ~~ -.--
NJ .— ‘— . — _— (-‘J •—. .— 554 (‘5 .-— 4-’ ~ 33 C

¼. ‘0 C- - 3 3 0~~~.~~~-’ ~4 0 ’ - O

‘0 (51 .”- ~~ (j - (#5
Li’I —. ,~.J a c--- ¼.) L) _J -~J .J S.- - ...J i—- I,, , ..- ~ (#7

S ‘ I I 5 I I 33 V 33 C~ V C 0 ~S.— L’ _i _.c —‘ I-- c-— c -- .i c-- ._i 
~~ 5 t, ~~ .~~

‘. t’ ~~ 

7 - — E ‘ U E  •V
— .—, 33W” U I ¼ . , .’ S f l

u’s — 4-’ ~~ 4-’ 5 33 4-’ UI
C) .. .. .‘- ,— (0 (0 (51 .i > 551 33

_ _ _ _  

:~ IL~ hH ~

13

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _  -~~~.-- _ _ _



- - 

—N- ‘~~~ -“‘“ “ “ ~~~~~“,‘_‘ ‘ —

USUAL FAT IGUE
PRECRA CK
CONFI GURAT ION

— 
— — — —
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Figure 4. Fatigue pre-crack conf iguration on the CT spec imen half which
supplied the 7475-17351 mater ial from Alcoa .
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spec imen K
ic result  , on the  other hand , shou 1(1 be mon-c u-epres entat i ye

of the average toughness over the’ l- 3 ’ 4  inch thi kniess ot the specimen ,

which may include less- toug h mater ia l  more d is tan t  from the centra l

reg ion . Thus , I would exp ec t that the short rod toughne ss measurement

on the Alcoa #3 material may be somewhat higher t h a n  the toughness
• reported by Alcoa. ”

The letter goes on to  s t a t e  that previous short  rod measureme nts have

shown Kj ~ 
v ar ia t ions of as much as ~ percent betwee n the 1,4 - th ickness

point and the mid-thickness po int in a !~ mm thick p la t e  of aluminum , which
incidental ly , was .i Iso 415— ~351 - I hus , .i 1 though the short rod measure—

ments of the 74/ 5 - 1 73~ 1 alum i nium of this st inly are c o r ns ide u ’e d  meaningful , no

va l i d  comparison w i th  the A~ T M mt & .n~ uu’ement 5 a n  he’ made , ~then’ tha n that .-

KIc is larger than K 1 ,  as predicted.

It would seem that the ahi ii t v  of  the s il I T ’t u’ocI t o  measuu ’ e the local

toughness in a ma te r ia l  should pu-ove ’ to be q u i te  tuso t t i l , e s p e c i a l l y con-
sidering t hat such measurements accord ing to F 399 can be prec luded  by the
Bm i n  requirement .

Although the short rod data n’epon-ted in lab le  ~
‘ were obtained using the

elastic-p lastic data ana ly s is method , k t  the present results do not consti-

tute a conclusive test of the utility of the elastic-pl astic theory . The

reason is that the specimen p la st u cities were all small in those specimens

for which valid K ic comparisons were obtained , such that the elastic-plastic

treatment of the data af fected Kjc by only 0 to 4 percent . except for the —

2124-T851 L-T test , where the effect was about 7 percent. The application

of the elastic-plastic data analysis qer nt’ ral ly decreased the percent dif-

ference between K ic and Kj~ . and for the most part produced a tighter group-

ing of the percent differences.

The percent differences listed in Table ‘ ind ica te  that the short rod

Kj~ 
measurements averaged 6.0 percent lower than the E 399 Kic values. Nine

of the eleven Kj~ 
measurements were within ± 4 percent of the average 6 

~~~~~~~~~~~~~~~ . .  -__
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.
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~ -



- —5-- -—-~~~~~~~~~~ ——~~~~~—-.--‘-—- -. -

percent low figure. Recal l  that one of the ob jec t i v es  of the  present test
series was to check the short rod ca l ibrat ion constant , c ons ide r ing the

ori ginal 7 percent uncertainty attached to its eva 1uat ion ,~ and considering ¶
tha t  the test c o n f i guration has changed somewhat since that time. There -
fore , in view of the rather tight grouping of most of the Kj ~ 

values at
around 6 percent below the corresponding K j~ 

v a l u e s , it would seem that an ‘

upward adjustment of the short rod calibration constant , A , of at least 4

percent is justified. Such an increase would also be consistent with a

recent preliminary complian ce calibration of the short rod specimen . ~‘ If
the Kj~ 

values are recalculated with the 4 percent increase in A , i.e. ,
using

A~~~22.0 (4)

in equation 3 , each percent difference listed in Table 2 is increased alge- C

braically by approximately 4 percent. The ~~ values then average onl y 2
percent less than the ~~~~~ and the average magnitude of the percent dif-

ference is only 4 percent. It seems quite possible that interlaboratory K i~ I-’ -
tests using only the E 399 method may show a similar scatter of results.

Therefore , the present comparison test series suggests that the short rod

method can be used for toughness measurements of a wide range of metallic

materials , and that the Kjc results should be essentially the same as those

obtained by the E 399 method. Perhaps the next step in providin g the needed

background for the short rod method should be an accurate three-dimensional

finite element study to eva l uate the stress state and stress i ntens ity
factor in the vicinity of the crack tip. 

—

SUMMARY AND CONCLUSI ONS

The vali dity and accuracy of the short rod method of measuring plane-

strain fracture toughness was tested by comparing short rod KIc measuremen ts
with Kj~ measurements made according to ASTM method E 399. Comparisons were

made for several steels and aluminum alloys , and for titan i um , using a b lind

testing procedure to elimi nate bias. The short rod measurements averaged

6 percent lower than the E 399 K ic measuremen ts , i ndi cating that the short
rod calibration constant , previously evaluated to ±7 percent , shoul d be
Increased . By increas i ng the cons tant by 4 percen t, the short rod results

16
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averaged onl y 2 percent ~~~~ th~.- L ~~~~~~~~~~ autd the average magni-

tude of the percent d i t t e r e n i e in K 1 s is oru iy 4 percent for this study .

It is therefore concluded that the  short rod calibration constant , A ,
for the test configuration used in this study should be increased from its

• previously estimated value by 4 percent to A 2 2 . 0 .  The comparison tests
of th is study indicate that the short rod test method will produce essen-
tiall y the same toughness values as would be measured by ASTM method E 399 L

f or many met al l ic materials. However , when the toughness varies with posi-
tion in the bulk material , the short rod method has the capability of mea-

suring much more l oca l i zed  toughness va lu es  than the E 399 method.

A three—dimensional stress analysi s of the short rod specimen con-
fi guration is recommended to provide accurate anal ytical information on the

state of stress and the stress intens ity factor at the crack tip.

ACKNOWLEDGMENT

The authors are grateful to Dr. W. A. Logsdon , Westinghouse; Prof. D . L.
Jones , Geo rge W ashi ngton  Un iv e r s i t y ; Mr . David Chasco , Ladish Co. ; Mr. F . G.
Nelson and Mr. J . G. K a u f m a n , A lcoa ;  and Dr . J. E. Sraw ley , NASA - Lewis , fo r

their participation and encouragem ent in this work by supp lying the test

materials and the previousl y-measured ASTM-va l id  K j~ 
test results for those

materials.

ii

17



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — ~~~~~~~~~~~~~~~~~~~ 
--—

1
~l ’~~s t N —  ‘ ‘--

I “Rapid lnie ’n~. u~ t’ 1~~,ts  ~c r ei~’’ -
~ ’ n u i u  th t i n e’ L .~U~Mt ’5’, , ~t’f i r I o ’

the Com nu 1 t t e’t~ on F’ap i d i t . - 
~ ~ t - s  ‘. ‘u’ d o t e - -nu n n nr3 .i~ U

J a u g n r ’ t . - - , J ~ L — ~., J r , - - i u r -n’ 4 - . N - u t  1 - - u  ~‘at t ’r LulS AJ~ sor ~
Board , Nat u - n a l  A. n O t i- , u~ ~~ u o r i ~ o -  - ~~ e - - h u ’ i~~t o ’ r  , D . C .  ,
p. m i

.~~. lete lman , A s. , ~~ ‘ t ’ - i- .o r r , , u~~~ -
~ - n u i , I , ‘ l ’ e  U~~’ ut SuuaIl

P re— C u - a _ Led -h ii ’i u w i r s  ‘ or - 
~, . .u I n  - ~- - r ~~r- n l  ~urpost’s ,

‘ in i n -  o
~ 1lt ’ L In

‘~~~~~ t u’~ P’~’. ra ’~u e _~ , - H, 
- 

~—‘i ‘ , H. C - V i i i  ls t , a rid
O B ‘ n t ’ k , N m ’  ~~~~ • I - e r  - ona 1 “ut 1 ~. no , ~~~ ~,‘fl . ~ 4 .
p- 5o.~

3. Hamstad • M -. , “ A Cu’ ‘ - ‘ ‘ l .u ¶ on ~~ , ‘ ~~~~~ i A . o~~~ t I C  1 -. ~. 100 and the F u-ac
ture T uqhrie..- , 0’  .‘l. - - 1  h5 A l -i - - i  ‘ .~~~

- ,
‘ 1 neon’ ’ ~~ I n i l  ture Me-

c~ hn 1 L • ‘ I - , ( i- I ‘

4. Pook , L. P. , “ A r ,  .~~~ ‘ r ’ ,L t~ 0 a ~~. a  Ii t C~- n I  no I ~ 1 en t~’ u c c c , ’ Inter-
nat una 1 ,f(i~~ i ral ~ ‘ Fr .e, f u r - M,C -h~ n1~ Cn , 9 , p I0.~ ( 19 ’~ ) -

5. , inkham , R. F - . l iii i~ ~d ’ i - ’  , ~
- J. , ‘‘

~~~~ ‘ e - i’i~ ror  F i a ~ tu re Iouqhnies~Us u ng ~ Ii, n r r , u r -p N1rt ~ h 1e’ns ~~~ 1 
~~~~ , 

“ E r f i - o c i  i n~ u - i c t u r e  Mechan-
u cs  , Vi i ‘~ j 4  ‘ 1 ~‘ -

6. Barker , L. N , A S r ’ ~~l I i~ -o Met hod I or - M~ as u ri i~ Pl ant ’ ~‘t r - a i  ru ua c t u r e
Tou ghness . ’ £rim J irr e ’t’’rr’g r u c t u i t ’ M,t h 1 r j cS \~~l . 

~~. p ~‘1 77 ~

7 . Barker , L N nd 1 , -s He . ~~~ - C . ‘‘ ‘. ‘u ’ ~ ~ou 
~‘, 

T e s t s  ~ t St ’i.,’r al
Steels at  ~~~~~ u t u e - . Ii’ ‘C~~ ,” ra~ t m ’’ ~~ ~ , Vo~ .

‘
, C’I -4 ,

Wate ,-leo , La n a d a , p ~ I-~
;,’) .

8. A ST M E 39~i— 74 , “S t _ i r a n ’  -
- k h t n , . r u 01 1~ -.t r u n - P l a n e — s t r a i n  F u’acture

Toughne ss or Met o i l  i “ it t ’r 1 a l  .

9. Barkeu ’, L. N id ~;iit —~t , —~ , “Comp l io ’~ t ’ r a l i b u ’a t  ion ul the shon’t
Rod Fu -ac tu re mag ~

- ;9’n~. ‘-~~ t ’c ‘ii , ’  • ~~‘ r ’  a 1 Ck Rt ’p~ ’ t  I R  ~‘S .‘O ( 1~17~ ).

10. Mung , 0. , Budse ’v , R. I , ,irrJ s r - mi~l~ y , ) . “Compli ance and St u- es s
Inten s 1 ty  Coef F i c ient s f u r  s l io ’ - t  6ar spec ~m enu s ~i th Chevron
Notches , NA SA Pr~~pu-.ed , nm ’- i.i l A r t  ~c le , pre ’p_ r’ t’d fo u - Int e uma —
ti onal Jouruua 1 01 F u- .c  I in n - n’ , Nu\ ‘1 ~ 5 -

11. Barker , 1. N , ” 1heur~ f un- De t e u- nu i nu~ rug f rom Smal I , Non—L IEN \pe’O 1-
men s 

* Suppo rted by Exper i nrents on unu i num ,” Icera  1 t’L Report
TR 78—6R . 19’9\ , a c c e p t e d  or puhl i ca t  ~o r 1  1 ui the 1’ t  ~‘“~at ional
Journal of F rac tu re .

12. Barker , L. M . , “ S h o r t  Bar 5pt ’~ incu is 
p c ’ -  K - Measurements ,“ Presented at

the Eleventh Nation al 451M S~ nupo~~ um On F racture Mechan ics ,
Blacksburg , V i rq u nin a , ,L r e  1.i’- i A , 19.~9. (~ u he published in ASTM
STP 679 , 1~~-’9.

19

L ~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



w ~~~~~~~~~~~~ --- -

- 

-

13 Logsdon . ‘
~~ A , a - ’ a  r~~q 1 ‘~ , J - A ~~~~~~~~~~~~~~~~~ ‘‘‘ i - i  i T e m po ;  at i n c  Dependenceof F r a- t u , t ’ - ., ; ‘ i ’e ~ .~~ ‘ a ’  n ou r - O ~n t t u - r i r t - d ia te Strength Fer-r n t r c  S t e e l s ,’ E r ~1i e r u , ~ I’ ‘

~~~~ ‘ ~ M e i h a n ic ~, V o l  - 9 , p. 461( 1977).

14 . BarKer , L. N. , 1 et tn” to  F . EHrj t  , nt ’ . ,‘nt e’ ~~ •
‘
. 1978.

Ri/C

- - - -- - . ~~. -- .  ~~~~~~~~~~~~~~~~~~~ 
_



•
~-~ ~~~~ir-

•~ ~~ G

~ ~~ ~~i?~ç~ I
~ ~ ; ~~

~~~ ~~~I ~ ~ 
z~ -h~ 

I

~~~~~~~~~~~~~ I

~~~~~~~~~~ I
a a ;~~~ ;~~!~~~ z;~~ J ,,, .

- 
‘-? F~~~~~~z

~~ 
;H;i~~ I ~ ~~

- n’-’ ~~~~~ ~~ - u” V~~~1!~~~~ -

~~~~ :~ -~?~ k F .~~~~~~-. ~~~~~~

~~~~ ‘~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~ ‘~~ ~~~~~~~
~~~ 1 ~~~~~~~~~~~~~~~ ~ !-~ ~~~~~~~~~~~~~~~~~

• ~~~ - ~ 
0$  U ~~~~~~~ —

~~~~~~~ ~~~~~~~~~~ !~~4~~~U~ ~~~$

~~ 
I 

~~ ~~~~~
~~~~ ~; ~~~~ I :

~~!~~~~~~~~~j  ~~ ~~~~~~~I ~~~~ ~~~~]1 I ~~~~ ~~~~~~~~~~ ~~Rt1

I ~~

‘ 

i 
.

~ 
~~~~~ilI I

.: 
~ I ; ~~~~~~~~~~~~~

~~~~~~~~~~~~~~~ I ,

~~~~~
.._

- 
~~~~~~~~~~~~~~~~ ~ 

-
~~~~~

-_
‘,a— ., ~ ~~~ ~ —

~ ~~-!.. ~~~~~~~~~~ ~ ~t •_ ~~$ ~~~~~~f•c q .... ,d, ~~ t t 4
2 U~~t • .‘~‘t. fl.” U~~X •~~~~J L S  •

~
~ t~~ .,! $~ ~~~~~U., ~~~~~~~~~~~~ ~~~~~~~~ ~~~

‘

~~~ i
$s~ !~ .~~~~~ 

—

~~~~~ 
(

,~ ~
} •

~‘8 ~~~~~~~~~~~~~~ 
- g~g

~ ~‘~i ~~~~~~~~~~~~~~ ~~ ~~~~~~~ 
~~~~~~~~~~~~~~

~ c~~~. ~~~~~~~~~~~~~~~~ ~~j~~~~H

I ~~~ ~~~~~~~~

• ~~~~~ ~~d ~~~~~~~~~~~~~~~~ ~~d ~~~~~~~
~~~~~ ~~ ~~~~ I ~~~~~~~~~~ ~~~~~~~

I i~.~fl1 ~~~ I ~~~~ ~~~~~~~~~ f ~~~~
. 

~~~~
$
1~~~

L
~’r 

~~ J ?‘ ~ ~
i ~J

~~~~~~~ 
I 

,~



— -----.-. —5-.--—- -  ‘—.5- — -.--.

~~ 
5-—,- -—

F - - - - — -  - -

~~~~~~~~~

-

I - .

~- o  ~~~~~~~ • • - -:‘

~
j  

~~~~~~~~~~~ ~~~~~~~ -
- ~~~~~~~~~~~

~~~~~
., ~~~~~~~~~~ ,- 

• , ,~~ 
v _ r . i 4 . .

~ ~ ~~~~~~~~ 4 -~~ 4,
I ~~ ~ .~ 4, 4

J ~a ~~
‘ 

~~~~~~~~~~ 
~~~~~~~~~~~~~~~ 

- 4, - ~~~~~~~ I

I 5- ,-
~~— 

}

~~~~~-I-
‘-‘- ‘.4. .. -‘ -, ,. ., ‘,

~~~~~~~~~~~ U:,~ ~; I 
~~~~~~~~~~~~~~~~~~

~~~ ~~~~~::- ! ~~~~~~~ ~~~~~• ~~., r~~ ~ ~~“ e - - -  ~, ~~ ~~
‘- : ~u”~ -’ - -

~~~~~ I ~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~

— $ I 
~, - - 4, ~

,

~ I j{fl~!~

~~~~~ I ~~~~~~~~~~~~ ~~~~~~~~ 2z
~~I~1 -~~~

,~ 
I 

~~

‘ 

~~~ J

I •,
~~~ ~ ;~

;
~iQ ‘

~~ ~~~~~~~~~~~~~~~~~~~~ i,’;  ~~~~~~~~~~~~
t~~~~ ~~~~~~~~~~~~~ :;a ~rt ~,i ...

I ~~~° •‘ “‘ ~~~ 
~~~~~~~~~~~~~~~~~~~~

t’ ~~
I ’ ” ’

~~
- 

~ i~r - 
~~~~~

~ ‘
~‘ !i}1!~i~ I ~~~~~

‘-:‘- .“
~~~~~ ~., ‘

~~~~
_‘ •

~~$~~~ .~.

a 
~~~~~~~~~~ I

I 
~~~~~~~ ~~~,,

~~~ ~~~~L~~~ 2t , .’ t ~~~~~~~~~ . ,,,~~• ~~~~~~~~~~~~~~~ ~~~~~~~~~~ It~~~~~’~~~~$ _-, 
~~~~~

~~~~~~~~ 
I ~~~~~~~~~~

‘
_~~~ ~~~~

~~~~~ t.~~ $ 
znI _ 1.~.j .~ ~~~~~~~~~~~~~~ ~~U~F~$

~ 4’~ ~~~ ~~~~~~~~ I ~~~~~ ~~~I ~~~~~~~~~~ ~~ ~~~~~~ 
( ~~~~~~~~~~~~ ~~

I - -
, I f ~ ;:iU

L . _

- r n’- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __ _ _



- ‘  ~~~~~ 
- 

-

L ’ ’ kJ i u .T~~~o, L 7 ’

No . of ‘n- - - i
Copies To a— : r e s  To

I Office of the Under Secretary of 0. -ti-is , fcr lie ,,-arj ~~~ -~ - ‘ - , r-n ~ ,tr .,-, Ar en ,I • Dover . New Jersey 07801
Engineering, The Penta gon . Wa sh ir- 1t- ’- , CJ. .~~~ 03C r ~T TN -i- - . - .

i c . Pant .- , - .— I ,-h, si
12 Cmmnander . Defense D o c u m e n t a t i on  ,-, t . - r . ,- c i -  T o t i j 1 , - P.’, A , i.a’. ‘. ‘

Bu i lding ~. 5010 Duke Street , A nc- .ar i-i ri a , ,i r J lnr., 7 . 3 1 4  I

M et a l s  and Ceramics !nforr -at~ - i, c !. r , b i ;t e i i .-  ioljr’ b. . - r~~~, ~, :- r- ;i’n,- : -  ‘ r ’  ‘i.~ Inf ormation Center , U. S. A rmy
Labo ratories. 505 King Aiesoe -5- ,’.. Ohio 0r . , M i - s u e ii.- ’ - O n ’ an d  “v .-ls~ -”ent Coennand . Redstone A rsenal .

A lab ama -

Deputy C h ief of Staff , Re’.~arc s, Lnve i -oSt . and A ,. s ’  -~ ‘ , 1 A V I s:
Headquarters Departm ent of the A.,: , d , Y i  r : r ’ :,,- • 0. - .?Ii I I

1 A T TN : DN4A —ARL - - -v - - - - 1 — , , •~~ ‘- - .  O r  f-rs.-n~ i , Watervn ret . New York 12189
;- ‘ ‘.- 7— . 7 . -

~~~ J- - -~
Coeriander . Army Research ~)f~ i ,  0. ~~ 1:71 ; , i- ,-~.- 1- “ . . .
Triangle Park . North Carol ‘a .:l7~ -4 Mr . J. F . ~f -n

1 A1TN : lnform,ation Processing - If:, o
Dr. F. U. Schmiede shoff - i - r n - n , Ii . o.-n . I -  r,~i’i Science and Technology Center .

7 1 - ’ , ,-, • ‘. - , Tha rU-ttos-. ’fll e , Virg inia 22901
Coaaeander. U. S. A rmy Materiel cnn p i mn d Re -l i , € - ~~ . - .V ’i: I’- - Mo’- ’ ,- 1 , “ itvrj Till
Coennand , 500 1 Eisenhower Avenue . A 1 C , O n 1 r  5 , V ’r ’Jini a 22333

1 ATTN : DRCLDC . Mr. R. Zentner ~~‘ f  U I l  -~~ ~o b i -st ’ny ,  C u d  , JSA APRA OCOM .
‘ i -  .- ‘- i , -, lat.-’- , i i - t . New ‘on 12189

Coninander , U. S . A rmy Mate riel Sy s t e i r - : . a i y s m s  l l i - .’ ’ t y .  .V~~s : :~ - : ; p _ m a _ r L
Aberdeen Proving Ground , Maryland 21005

1 ATTN: DRXSV—MP . H. Cohen Din - . t - ’  , Lm t : s  — inr- ~~~’a 1e , U, S. A rmy A ’r Mobility
P.o .  i ’ ’- ’: a’O J- . , , ,cc”t ~ho”atOry. Port [ust;s ,

Coninander , U. S. Army Comin’:u,:i~~a t  :15  ilm:S,~ i,-nh iOl ,:r ; , l - . 36 C -

Development CoeTnand , Port ‘lonnvo-ot rr , ‘Sno, 7 - m n .ey 07703 1 ‘u rn . r-o-~ J. R’ mbrn ~~ s . $ iO)L-l-MOS (AV RA DC OM)
I ATT N : DE LS D—L r
1 DELSD—E . 7 .  , t, v i - m :i ra - n ’ n g r - , - o r ~~, b r ?  Ruiker ,

n i n e  3C~~-:-
Coelnander , U, S. Ar my Mis s i le  Research and unv ,’ ir- n--n- nt 9 1114 :  Do - O n ;  5° - n - S - m n ’
Coennand , Redstone Arsenal , Alaba ma 35809

I AflN : DRDMI—RKK . Mr. C. Martens , Bn1 9 . 7120 —v-- - - : — , ii. 7 . I c y  0 q : c y  for A , i o t i o n  Safety,  Fort
Puckyr . - n : ’hlV.

Con,nander . U. S. Army Na t nc i  h e - on ’ and Devi-IO ij ~ t - -- i- mi ; - ~ D V .  i— ’~,ini o’i . l-~ 43A5
Nutic k , Massachusetts 01760

I ATTbI : Technical Library - - - •  - ‘AVC 7C V i i-  0~~fens ~ C~esc 1 , c 0,-1 Bliss .
Or . E. U. Ross ‘ L
DRONA-Ut , Dr. L. A. M cCl ,n y 1 P7

~’, ~.- --- ~m 0 Library

Connnander , ii . S. P.m 1 Sate lli te ores - ‘ c at- mi s - 
~~
, F - , - - 7.~? m r i r , 7 . 7 .  C- m y Engine er Scflo cm l , Fort Be lv oi r .

Monmouth , New Jersey 0770) Vi ~- 1u, :,, 22051
1 ATTN: Technical Doctanent Center 1i ’~. L mb r ~ rv

Coninander . U. S. Army T an k -Aut o r mot ive  ni-ni -ar cS and D-,roc ’ ’ i — o m i t  inc rd.’ ,- , U. S. Di- i - v  Engineer Waterways Exper imen t  S t a t i o n .
Coennand , Warren , Michigan 4809-3 .1 - - ‘ l i-n , ~- P i s s r s~~~1 r i  3 180

1 AT IN: DRDTA — RKA I Al I n .  kiSi-a rnS ent ’ r  Library
DROTA— UL , Technical Library

S . Annoy Mobility Equipment Research and
Co,nnand— r, U, S. Army A rma ment Research and De.”- i prmo~ t . - my1 mco . m:i Cnnri- r , Port Belvoir , Virginia 22060
Coninand , Dover, New Jersey 07001 Al l: S°I)ML-N%~, Dr. 3. W. Bond2 ATIN: Technical Library

DRDAR—SCM, J. 0, Corrie k in, ,,, J r . Naval Air Engineering Center . Lakehurst ,
Or. J. Fraiser Net, Jersey 08733
Mr . Harry E. Pebly, Jr ., PLASTE C , Director 1 A ll ’S : Technica l Library, Code 1115

Coeiiiander, White Sands M i ssile Range , New Mexico 88002 Director , Stru ctur ol Mechanics Research , Office of Naval
1 P.1114: STEWS—US—VT Research , 800 North  Quincy Street . Arlington , Virg inia 22203

1 ATTN: Or . N . Perrone
Coeinander , Aberdeen Proving Ground , Maryland 21005

1 AIIM: STEAP—IL , Bldg. 305 Saval Air Development Center , Aern Materials Department ,
Warminst vr , Pennsylvania 18974

Coennander , U. S. Army Armament Research and Development 1 ATTN : 3. Vi gl ione
Coelnand , Aberdeen Proving Ground , Maryland 21010

1 ATTN: DRDAR—QAC .E David laylor Naval Ship Research and Development Laborat ory .
Annapo lis , Ma ry land 21402

Coa,nander, U. S. Army Ballistic Research Laboratory . 1 A TTN:  Dr. H. P~ Th u
Aberdeen Proving Ground , Maryland 21005

I ATIN: Dr. P. Vit ali Naval Resea rch Laboratory , Wash ington , D.C. 20375
Dr. C. 1. Fllbey 1 ATTN: C. 0. Beavhem , lead , Adv. Mat ’ls Tech Br . (Cede 6310>

I Dr. hi, Gill ic li 1 Or, 3. M. Krafft — Code 8430
DRDAR—TSB-S (STINFO) 1 E. A. Lange

Dr. P. P. Pupal,
Coamiander, Harry Diamond Laboratories , 2800 Powder M i ’ i  Road. 1 8 . J. Sanford . Code 8436
Adelphi , Maryland 20783 1 A . 14. Sull ivan

1 ATl’N: Technical Information Office I R. W. Rice
I S. hi. Freinia n
1 Dr. Jim C. I. Chang



-~~~~ - - - - - 
~~~~~~~~~~~~~~~~ 

- - — —  —

~~~~

-. — - 
- _______

- - - - —a— —--- -- - - -

No. of No -i
Copies to t,.~- ,, -- -

Chief of Naval Research , Ar lin gton , Virgini a ‘ 7711 Panic11, ’ iolu, ’l-’ ,s lat’oratnr )es . 50’ f - in n Aernue . Columbus ,
1 AIIM : Code 471 ‘ ‘  I i  a s - I ’ :

/1115 - Mi- 1 . Campbel l
-Naval Weapons laboratory. Washington , l i i .  70340 1 t ’ , 5. 1 . Hahn

1 ATTN H. hi. Roetne , Mail Stop 1(11 Ii . 1 ‘oaqlv ,,d, Metal St i enc,’ C.roup
1 Pr . I. Op tic , ,

1 Ship Research Conrittee , Maritime Transpor tvn ton Research
Board . National Research Coun cil , 2101 Co ns titut Ion Avenue , dere ’-sl Ilectil , m m ’ p o , - y ,  Schenectady . New York 17010
N. hi., Washington , D.C. 20418 1 li r l ’S ~n . 4. .1. ‘ir , 1v ,.m c , Materials Procectec Labcmv-etn rv

Air Force Materials Laboratory, Wr iq ht .Patterson Air For te C.eneral I l e c t n i r  , ‘m n >mi .- , Schenectady, New York 12309
Base , Ohio 45433 1 A T t N ~ 14’- Yokawa , ‘4’- n~~11u r~ y Unit

2 ATTN : AY’Pt (M O E) .  I. Morrl~ sey Mr . 5 . 5 .  w lnky . Jr .
1 AF~ IC)

AFMi. LIP . 0. 14. Forney, ,lr . Gen er a l Fle c!n ’c ‘l’i~~i’m 5 . Knoflt Atceim Power Laboratory,
AI M I  INk • 1. 3. Reinisart C . 11 . 1F,- n I ~m ’’ , n Pu ’,,,- la y, New Vo rk 711’l

1 A F*. (NRC , Nr . Stanley S,hulma n I A ’ ’. - a,- 
- I - , “,-i,rlnilpr

1 AFFBI. (P8), Dr. 3. C. Halp in
1 ic C F . Cof fi n . Rn,>,, lC 4l -K l , Corp. 861), C~pneral Hp ,l r im

Air Force Flight Dynamics Laboratory, Wright-Patterson iii -l~A~m v . 1’. 57. l~i’ o 
1 , Schenectady, New ‘fork 12101

Air Force Base, Ohio 45433
I ATTN : AFFOL (F8S> . C. Wallace UnIted ‘nates ‘led , nini r alior , . Monroe v l l l e ,
I AFFOL (FF1), 1. 0. Send,- f - i l  Pennsy l v a n i a  l c l 4 ,

1 4115: Mr . 5 Ii . 5,~~
Nation al Aeronautics and Spars’ A,u -- ii ,lstrut ion , 1 ui- . u - ‘ n y-n, k,-r , Research Laborator y ,
Washington , D.C . 70546 Mull ‘.11’- 78 4

1 P.1114: Mr. 9. 0. Rcfnhanr,er
Mr. 0. C, Deutsc f, - Codi’ RU bfsnl n nhn u se ‘I , -- In Company, Petti s Atomic Power

Labc ’rulor~ . P. 
Il . ~~~ 109 , West Miffl in ,

National Aeronautics and Spare #ml m i n i ntra ni o’u , Marshall Pennsy l v anfv : 1 ’ .’
Space Flight Center , Hunt Svi l l e , Alat.ar’s 1~~F 1 ’  1 1115: Mr . a I - Parrish

1 ATIN: R , 3. Schwinqhamer , 514(11 , DIr . • 1481’ ta l ’
1 Mr . hi . A. Wil son . Ff14 1 , R l,I~ . 4 512 7 e n V r - , h’ u~ e Rysp,mrch and Development Center , 131(1 Peulab

‘‘ t’.liur, ,4- . >‘,,,cs ~svnia 15~ 1c
National Aeron autics and Space Adm in i stration , L anol,’,- I A l ’ S: P-’, I - 1 W,’-..,. l
Research Center , flump ton . V irg in ia :‘~sii!- 1 F-I n U . .‘ . Man joiny

1 ATTh: Mr . H. F . Hardruth , Mall Stop lvRM
1 Mr . 8. Foyc , Mail Stop 1SRA 1 N- . SIa n Tetel,nar . )ail ur ~ An a l yslo As sociate s , Suit ,’ 4,

11’ 7 ’ Misn i s~ ipi ’i Av e ., Lo s Anneles , CalIfornia 90025
National Acronauti ct and Space Administr ation , Lew is
Research Center , 21000 Rrookpvrk Road, Cleveland , i~~imt,I1 - 1s, -rsltv , ‘,-mn videncv’ , Rhode Island 02412
OP~-’ 44115 I A~~N Inn ’ . 3. 5’ P 1 , ’

I ATTN ; Mr . S . S. Menson 1 ri - f ~~. 5. F i n d ley , l l s - , c i c m n of Fnglne~-ninq , Ac”
1 Pr. 3. C. Srawley , Mal l S l y  1 0 - - I  1 Prof . ~‘ C. P a r i s

Mr . hi . F , Brown , Jr .
Mc. M. H . Hirschhprq. )4,’i,i , l utiqu, ’ R,’seansh l., i -n e q lv - -N ’ , ’ l l , -,, ‘n i ven- c i ty . Department of Mechanical

Section . Ma il Stop 49-I Ingineeriron . Schen ley Park , Pittsburgh , Pennsylvania 15213
I Al It : lii’. .1 . 1. \wedl~wI Nati ona l Bureau of Standards . U. S . Departm ent of C nn,’,er,,-,

Washington , D.C. 211234 1 c’rot . .1. II. Iut’~hn , Col orado School of Minet , Golden ,
1 ATTN: Mr . J. A . Bennett Coloradm ’ 4,14111

1 Mechanical Properties Data Center , Relfour Stulen In, ., 1 Pro f . .1 . ‘vona k . m i n i ) Engineerin g Department , Puk e
1)917 hi. Ray Shore Drive . Trave rse City , Michigan 49684 ti n l ve nsltv , im i,rh ai” , North Cvrolina 21706

I Mr. W. F. Anderson , Atonnics Internatio nal , Cunoga r i— k George lais hinston n im5 ’ ,’,lt y , School of Fnciineerimq and
California 91303 App liy d cctenco~ . Was hin gton , D.C. 20057

1 AT TN : Or. Ii . I i,-t ’c’wit:
Midwest Research Institute , 425 Coker Boulevard . Pansas
City, Missouri 641111 leh Igh l’v ive rc i ty ,  fb ethln.hem. Pennsy lvania 18(115

1 *1114: Mr. G. Gross 1 ATTN : Prof . 0 . C, Sih
Prof . 5. Rober ts

1 Mr. J. 6. Kaufma n , Alcoa Research Laboratories , I Prof . 5. P. Wel
New Kensingt on , Pennsylvan ia 151168 1 F’rof . C . Irodgan

I Mr. P. N. Randall . TRW Systems Group 0-1/2210 , M,sss achu cetts Institute of Technology, I anibridqe,
One Space Park , Redon,io Beach , California 40278 Masnachi,settn 02139

1 8315: Prof . 8 . 5 . Averbach , Ma tpnials Center, 13-51182
1 Dr. F. A. Steigerwald, TRW Metals Div ision , P. 0. Bus 250 , 1 Prof. P. P.. McClintoct , Room 1—3 04

Minerva , Ohio 44657 1 Prof. R . M. Pelloun
Prpf . T. H. H. Plan . Department of Aeronautics

1 Dr. George R. Irwin . Department of Mechanical Fnqineerin g, and Astron autics
klniveysity of Maryland , College Park , Maryland 70742 1 Prof . A. S. Argon, Rome 1-306

1 Mr. hi. A . Van der Sluys. Research Center , Babcock and Syracuse univer sity. Department of Chemical Fnqineprinq
Wllcov, All iance , Ohio 44601 and Metallur gy, 4119 lInk Hall , Syracuce~ 11mw YcrI 1121(1

1 ATIN: Mr . H. hi. Iiu
1 Mr. 0. 14. Wundt , 2346 Sh irl la ne, Schenec tady, 1 Dr. V . Weiss , Metallurgical Research tabs., Bldg . P-P

New York 12309

--

~~~..~0 ~~~~~~~ - ~~ ~~~~~~ 

-~~~~-- .-~~~~- ~~~~~~~~~~~~ --



-~~~~~~~~~~~~~~~~~~ --~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1

• .
‘ ‘- I 

-

Co pies T i  - - - , i-s ‘ -

1 Prof. 1. 8. Parker , Department F a ,~ ,, , 
‘~~‘ “c ‘,-m - ,n ’ 1 I’. • f-f I ‘ , - : - ‘ - - - , ‘ - - ‘  P a - - , - -i i’ ’.’s .- -

Ingtineerlnq, Univers ity ~f C .,li ’- , . - - ~, . 
‘ - - - ,  ~ ,. ,- , - - I s in , I I 

— ‘  - .  - ~ , ~~ - s  - -

Cal ifornia 94700
- . ‘ ‘~~~~

_
~, ‘ . ,  ,. •.   ‘ ; ‘, ‘ In ,,

I Pro? . W. C,ol,isi’ilIh. ‘ci’.,’ n—e l ~,P a,., , - ~, , -   - ‘‘ .‘- ‘ ‘ - , I ’ - , - , .  - ~- f • ‘ I _ m n -n , ° --“ A S - .  ,
LIn lv ~rs i ty  ~f o a l f f ’ r n f a , Rerk i - I ,’,, , - - a - . I - .- i - i  -,
En i vers I ly ,‘ Ca l I P0,., I a • I ms *1 ames S - - - .  ‘ ‘  - L i  : - -  - ,: ‘ , - 

- - a • - ‘ ,, .- - 
,. , -- ‘ - - - S 5.-n ,- ‘ , ~ - ‘ , ‘ I ,

Los Ala,no s , ‘few TMcs I,,’ l4~’’- 4-I - . ‘ i- ‘ . . - - •~~ i- - - ‘ . ~~~~~~~ , , -, -

1 51114 P. . 8 . K ,ir pp - -
- - ‘  - ‘  . -n .,-n - .- ‘  ,o - n . e . n ’ ’ - ’ - ’ “-: i , -

I Prof - 4 3 -  M , 1 .1  v. ~~~~ IL, ’ in c i - , ’  ,‘‘ I (I _ i  I’ - m u ,, I  , ‘ ‘ ‘ . 
- . . 1 ’ , , .,‘ .- ‘ , ‘ , ‘ ~~~

‘ , , - ‘ - , - m  ‘‘  I
of C,inin~m t i ,,, t . ‘ 1 on - i-s . m m ’’’’, - Ii . ’ ’’’ - I

‘ W V ’ S  ~~~ ‘ ‘ ‘a ! ‘ - - - , ‘ ‘ - - I , ‘ t , , ~ - ‘ u - , - 4 ,
I Prof. D. P’,,m ~er • (l~.j, ’ , P ‘ , ‘,, , , - I - ‘ > ~~ ‘, - , - , .. i - u  - - I ’ - - ’ , - -  — - - 4 i ‘a -

of Ill Inoi s , ;hampa lgn , I l l ‘ - - - I s i -i: - I A l ’ ’ , ~~~~~ ‘ mm . - - . 1  ‘ a,. ~,, -

lI,,Ivers I ty of II’’ , , ,’ is , I nt’ai’,, - I l l  ‘ ‘- c -s i i - ’  ‘‘ 1 - , - ‘  ,- .‘ ‘ , ,  - - i - , ,- • 
- ‘ ,, , -

1 ATTN Prof , H . 1’ 5 ,rnC n . ‘~ m - n - - n  - ‘ ‘‘ - , - - ‘ - ,- ‘  ni i’ ‘ - - a , - ‘ ,- ‘ - ‘ . - , ‘ .. , . - - - ‘ . ‘7 ‘71’ .’
AppI Pc.’ at., 5n~i I, S • - - - ‘ ~ l - I . I- ~~i! -‘

Prof 1..’ b l i p , , I’ n- 4- ,n, - I-- n- ’- f t ’ 1 , , r ,~~~I , ~~~ ’ p ‘~~~ - , , C,,, ‘- . ‘ .. ~, ‘ ç , - , ‘ , ‘ I - ’ ,- mn , n ’ ’ v - - t i - ’ ,
5ri’ ’ Ic ,! MV, v i i ,  I ,  s ~~~~~~ 

. ,. a ,,  , ,. ‘ ‘ ~~ 
1 1 ’ ’.’ ‘ -

- 1~ a,,,-,— ,,, , I .’! I L  I I n1 -— . , ‘ ,- ‘  , -
, : - - ‘, p . ‘

Mr . 1. . C ~fr - 
~ i ’ , ‘ -I- !il’- ~-i ’ ‘ ‘ ‘ I , , - ’ ,- ‘ , ‘ , ‘ I -

. a no 4

Ai’~’1 Ic - ’ C,,, ~
- > , p , , ., m’ : .

1 Pro f . 8 . 1, Sn, ’,-ben s , M an,’. Isi s  4 ’ - :’ ‘- m u 74, s i - , , I -1- ’’ . ’
l in iversi t a ‘‘ ‘wa , ‘an - I I - , , ‘ - -,. , ‘-2 ‘ -3 , 

~~ .. ,_
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _  ________


