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metal environments . The fracture mode changes from ductile to intergranu lar
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Liquid metal embri ttlement is presently considered to result from

liquid metal “adsorption-induced reduction in cohesion ” of atomic bonds at
regi ons of higi’ stress concentrations in a solid , such as at the tip of cracks
or at the sites of crack nucleation. The prerequisites for embri ttlement are
the same as those for brittle fracture and liquid metal embrittlement is con-
sid ere d a spec ial case of brit tle frac ture rather than a di ffusion or a cor-
rosi on type of phenomena.

This paper presents some theoretical considerations (1) concerning the
reduced-cohesion ” mechanism of embrittlement and (2) embrittlement to be a

special case of brittle fracture , Experimental results utilizing ideal
embrittlement systems In support of the mechanism and also in support of
various bri ttle fracture criteria are presented and discussed.
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The suitability of the resonance-free vibration method and the impact
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f ibreglass-epoxy and boron—epoxy laminates has been studied . In the vibrat ion
method , the concept of equiva l ent length was developed . Using the equ iv ai~ nt
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value of Young ’s modulus noticeably l ower than the static value . The difference
between (F~),, from impact and those from vi bration increases wi th the ratio of
I , F ,, thus showing the effect of the dispersion of stress velocity. In addition
~~ ~~~~ from impact was always lower than those from vibration and was apparently
no~ rela ted to the rat io of F t ’E m, It is concluded that , In the dynami c
characterisation of fibre—reinforced laminate materials , the resonance-free
vibration method is preferable to the Impact method .
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The stabil i ty of a vertical double pendulum w ith elastic joints , mounted
on a platform whose horizontal motion is constrained by an elastic spring and
su bjected to circulato ry force, is exam ined . Attention is focused on the de-
termination of the critical loads of divergence and flutter as functions of
the platform mass and spring stiffness parameters , wh ich characterize the ef-
fects of the support on the stabil ity of the double pendul um . The frequency
equation is derived , and several typical eigencurves are plotted in the load-
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boundary curves of these regions are strongly dependent upon the value s of the
parameters that characterize the support.

22 
___________________________ _____

S ECURITY CLASSIF ICA TION OF THIS PA , ‘ ‘W ’ I

L _ _ _-

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

-—



-~~~~~~~~~~~~~~
-- - ..‘-

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

. - .

~ L A S S , d l C A ’TIOII OF THIS PAGE (Wf,,n D.~s’ Pnt.rt.,i i

DE~~~’0T flfl #91HE0ITATIIIbJ BA f ~~ 
READ INSTRUCTIONS

~~wu i~ I ~~ I I~~~I’~ ‘~ BEFORE COMPLETING FORM
I NIPORT NUMBE R 

~2. GOVT ACCESSION NO. 3. RECIPIENT’ S C A T A L O G  NUMBER

WVT - IR - 77009 I ___________________________
4 i i  T L c  i —ui S~~btu I.) 5 TYP E OF REPORT A PERIOD COVERED

PA RA I1ET RIC RESONANCE IN GUN TUBES
6. PERFORMING ORG. REPORT NUMBER

7- AIJT H OR(.I S. CO N T R A C T  OR GRANT NUMBE N(a)

T. E. SIMKINS

9 P E H F O N M I N G O H C , A N I Z A T I O N NAME A ND A O D R E S S  IS .  P R OG RA M ~~~L E M E NT . I ”ku .IECI . I oSt(

t~enet ~Jeapons Laboratory A R E A  & WORK UNIT  NUMBERS

~:ate rvl iet Arsenal • W a t e r v l i e t , N. Y.  12189 DA Proj . No. M7-7-R0 0146 -0l -M -Mi
SARWV-RT-TP AMCMS No. 662603.H78001 

-— -- - — .  . -. .— — -————-~~~ —.- ---—-.-—
I ’ ’  ~~~

.
~TnI’(I L~ fJ (l 1’~~ ’ I I~~~F ‘ i A A E  AND ADDRESS 12. REPORT D A T E

U.S. Army Armament Command February 1977
~OC p, Island , Ill inois 61201 i~ N U M B E R O F P A G E S

_____________________________________________________ 

63
14 MO N I T ORINI~ A G E N C Y  N AME  & ADOR ESS( I f  dIlf.ront from C’ontrolllnd Off ,’.) IS  S E C U R I T Y  CLASS.  (of thi , repo rt)

UNCLASSIFIED

IS., D E C L A S S I F I C A T I ON  D O W N G R A D I N G
SCHEDULE

lb DI S T R I B u T I O N  S T A T E M E N T  (o f this R.po,t)

Approved for pub ’ic release; distribution unlimi ted.

7 - I . . ~ ~~~ ‘ AT:UL.’47 ;,1r t !,o ~bsiracl  colered g.-. f lock 20, II dIfferent Iron Rep o r t )

19 S u P P L E M E N T A R Y  N O T E S

*.,, -~~03 , L.II i I ISIUO .4, tc , ’c’,..u ,s dc if ne c e s s ar y  end identity by bu i c k r’ ,imbcrl

Vibrations , Gun Tube Pa rametric Resonance

Dynamics , Gun Tube

20 A B S T R A C T  (Contl n.,e or. rererse aid. if necaea.ry _td Identify by block numb.,)

Thi s wor k exam ines the li kel ihood of encounter i ng parametric

resonance in gun tubes. The resonance is induced conceptually by

the periodic changes in transverse stiffness induced by

(i) the axial vibrations resulting from a single application of
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20.
ball i sti c pressure - “s ingle round parametric resonance ” .

(ii) the periodic applicati ons of ballistic pressure such as

encountered in an automatic weapon - “multiple round

parametric resonance ” .

Results show that ballistic Ly . ’es currently employed in the 60mm

MCAAA C semi automatic cannon are not likely to excite single round

resonance. Unusuall y brief cycles , however , are shown to be ca pab le

of producing resonance amplifications of three orders of magnitude in

less than twenty cycles of axial vibration . By proper design of the

pressure cycle and/or the fundamental ax ial frequency of the tube , this

type of resonance is rather easily avoided .

Further results show that for the 20mm Ml 39 machine gun , ampl i-

fications in excess of f i fty can be reached in under f i ve secon ds of

continuous firing. A special appl ication of the work of Krajcinovic

and Herrmann lea ds to a se t of instabi lity contours from whic h the

growth (characteristic) exponent can be determined as a function of the

r a t io  of natural and excitat ion frequencies and the product of the

ball ist ic impulse and the tube slenderness ratio. Control or

elimination of multi-round resonance can be maintained either through

control of the initial conditions or by designing for mismatch

between the transverse frequencies and integral mu litples of one-half

the excitation frequency, i.e., the firing rate.
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A method ha s been developed which permits the use of an insoluble anode
to e lectrodeposit  cobalt  by the addit ion of a suff ic ient amou nt of an electro -
chemical ly ac t i ve  substance such as vanadiu m pentoxide to the cobalt sulfate
pla t inq solut ion . In the absence of such addi t ions , formation of Co 3

~ ions and
cobalt oxide (Co203) at the platinum anode results during plating. The effects
of the add i t ion of vanadium pentoxide on the electrode process dur ing p lat ing
have been inv est igated through the analyses uf var iuIus e l ec t ro l ys i s  products
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20.

as a function of addit ive concentration and plat inq t ime . The results show t” at
be s i - ~es coba lt deposi t ion , vanadium ions of lower oxidat ion state (V++ , V 4 ’ u E ,
VQ ÷~ ) are formed at the cathode and these ions seem to be responsible far tne
r Ol) ct ion and suppression of Co3+ ions and the oxide at the platinum anode . ‘~t
~s also been observed that the concentration of the added electro-ch eri cal~~-ic t i- i c substance chang ed ve ry little indicating no incorporation of vanadiuri-

w i t h  the depo sit during plating. The mechanical properties of the deposits
prenared using an insoluble anode are compared wi th those obta i ned using a
soluble anode .
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The effect of hi gh current pul ses on the mechanical properties of electro-
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over conven tionally prepared deposits. The Improvement in mechanical
properties is attributed to the refinement in grain structure and the
enhancement of Al 203 codeposit~on associa ted with the use of current
pulses .
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Ultrasonic and acoustic hologra phic imag ing has been shown to be an effec-
tive procedure for the nondestructive inspection of flaws and voids in composite

~nd other material  structures. Techni ques for quanti tat ively imag i n g  the s i ze ,
sha pe and dustribution of flaws in composites and conventional materials are
discussed . Additionally a number of test results representing applications of
ultrasonic and holographic imaging and their adaptation to typical material
festi nq problems are presented .
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cut from autofrettaged cyl i nders , NASTRAN was used to determine the stress
intensity factors for this loading geometry. The experimentally observed
results show that autofrettage increases the crack growth rate in externall y
flawed cyl inders , but the test did not supply sufficient data to mathematic’
ally model the increase . The faster crack growth rate is believed to be
caused by the local relaxation of the tensile autofrettage residual stresses
due to large plastic zones accompanying crack growth.
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Analys is of the data indicated that , under the test conditions applied , the
topcoats contributed li ttle to the overall abrasion resistance of the two
c o a t i n g  systems ; rather , the anodic layer of each appeared to be the most im-
portant parameter. Further , the rate of abrasion of the anodic layer was
relatively constant in each case and could be approximated by a straight
line relationship. The anodic film on the 2014 aluminum demonstrated
sign ificantly better resistance to abrasion than that on the ZK6OA magnesium.
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-\ pr~bab i 1istic model of gun tube f a t i gue i s  cons t ruc t ed  by casting existing
Lrack initiation , growth and failure theories into a probabilistic framei~.ork .
I n  the model , tube fa t igue life is given as a function of random material and
. l e s i~~n p a r a m e t e r s .  The fatigue test r e s u l t s  for  the 1OSM~’l M1 37 .-\1 and 1~~~1M
M 1 1 5 l . i  t u b e s  are used as a base to e s t i m a t e  and va r i ances  of t h e  model par a-

et e r~~. M o n t e  C a r l o  S i m u l a t i o n  s t u d i e s  are then  conducted  by a s suming  v a r i o u s
p r o b ab i  l i t - - di stributions for the model parameters and comput ing  the  s t a t i s t i c s

(See flthor Sjaipl
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20.
of the dist ribution of fa t i gue lif e.

Resul ts  of the Monte Carlo studies indicate that (1) the best f i t
theoret ical  d is t r ibut ions  of fati gue l ives are the 2- and 3-parameter
lognormal ; (2) the greatest va r iab il i ty  in fat igue life results from
var iab i l i ty in residua l stresses followed by va r i ab i l i ty  in in i t ia l  crack
and fracture toug bn ess ;  and (3) an effect ive  means of increasing safe
l i f e  mi ght be throug h better  contro l of the autofret tage residual stresses.
Fi n a l l y ,  use of the probabi l i s t ic  mode l of gun tube fa t igue  mi ght lead to
( 1) improved method s for s t a t i s t i c a l  computation of safe l i f e  from test
data  and (2) improvement in the initial desi gn approach for proposed gun
tubes.
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Temper ing  lu cy S t ee l
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As pact 01 an i t  t eui pt  to d e t e rm i n e  the  opt l inum t e m p e r i n g  cyc le  for gun tubes ,
- T r e c h a n i L a l  p~- ) ) n c r t i e s  of an - \ 1SI 4337 m o d i f i e d  s te c l , i .e .  gun steel , were de te r—
n in e d  fc t ’  v a r i o u s  t e m p e r i n g  ( v C l e S .  A u s t c n i t i : a t i o n  t empera tures  of 845 °C (15530: )
and 0~ :~~i . ( V u O O F )  i~erc u sed , w i t h  tempe r ing  tempera tures  rang ing from 425°C
(T i r Or )  t~~ .)9C 01. (1103 °F) and t e m p e r in g  t i m e s  rang i n g  from 15 mi nutes  to 240
m i n u t e s .  This f -  i t , w h i c h  a l l o w s  t l : C  s e l e c t io n  of t emper ing  parameters  from
one p ls u t t - s  achiev e d e si r e d  p ropert i es . was developed . The mechan ica l  property

(Sec Other Side)
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20. -

resul t s  for the mater i a l  au s ten i t iz ed  at 845°C are presented Li thA. form of
th ree dimensiona l  p lot~; and contour maps which inte r re la te  the mechanical
property of in te res t  and tempering temperature and time . Examples showing thIl
use of the plots arc p ese nted .
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sv st e r ( s  ~isi n~ rounds w i t h  t a i l  f ins . h u e  to the  use of newly  designed ammu ni —
tion . t h e  service life of 81MM mortar tubes has  been reduced to approximatel y one

t h i r d  of i t s  o r i g i n a l  l i f e  as the  r e su l t  of the  fo rma t ion  of three r ings  on annu-
l ar  ,~r/1o ve e r o s i o n  formed i n  the  bore . P r e l i m i n a r y  e f f o r t s  to app ly  wear  res is-
t a n t  h o N -  cI - .l~~ings - m d  t e s t  f i r e  t h e m  in t h e  f i e l d  have been ex t r eme l y  c o s t l y  a~ d
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ti ~~- c on su m i n g  bccau~~ of the large number of rounds r equ i r ed  ( a p p r o x i m a t e l y

I’he l a l o r a t o r v  erosion tester has been desi gned to ig n i t e  the actual  t a i l
t I n  .I- ;semhl y (which causes t h e  e r o s i o n )  in a chamber which holds ei ght test

—
~~~~ ~- i r n e r t s  t o  be e v a l u a t e d  at t he  same t i m e . The erosion rate of the test mater-
i al can be i ncr e a s e d  so t h a t  less rounds are requ i red , by m e r e ly  r educ ing  t h e

St ance of the j e t  s t ream and m o v i n g  the  spec imens  closer to  the  t a i l  f i n  assem-
F l - . ~sh i c h  uporm igni t ion , radiall y discharges the mixture of hot gases and assoc i-

I t  cli b u r n i n g  p~i r t  ic les onto the  specimen s u r f a c e .

i s  p rogre ss  report  p r e sen t s  t h e  e ros ive  behav io r  of ei ght  c a n d i d a t e  coat  -
~~~ ~h i ch h a v e  been t e s t e d  in  t he  labo ra to ry  eros ion t e s t e r .  Labora to ry  r e s u l t s

L1\ ’ 1~ sbo ~ n t h a t  a f i  s e  n i l  t h i c k  c o ba l t  or coba l t  a l l o y  depos i t  shou ld  be s u i t —
n~~.- to re sist eros i on and increase the  s e rv i ce  l i f e  of the  81MM mortar system.

~ . v e r l .~v of 2/10 of a nil of chrom i um over cobalt further increases the erosion
st ance . F u r t h e r  t e s t  ing  is  n e c e s sa ry  to  s p e c i f i c a l l y  d e t e r m i n e  t h e  best  c o—
svstt -~i and chromium conhinatjon . The next e f f o r t  wou ld  he to f i e l d  t e s t  t h e

- n i n  t h e  iL ~~ ual mortar sy s t e m  to  v e r i fy  the  laboratory results.
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This report details the engineering design , development and application
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This report describes testing and analysis of 105mm M68 Gun tube wear and
its infl uence on discarding sabot (OS) ammunition performance . Tests , con-
ducted to identify gun tube wear parameters which influence DS projectile
flight stability , are described. Models are developed to characterize gun tube
wear in the fielded population and estimate outcomes of wear life reductions to

a exclude undesirable wear conditions. Impacts of tube wear life reductions are
discussed , with consideration given changes in ammunition usage .
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A co mposite o f 0. 42 V f W - 2 - ThU2 filament reinforced cobalt base alloy has been
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This study was perfo rmed to determine the cause (s)  of the recurring bolt
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nrie t ) - J e il v,-i th problems associ,it~d w ith noncans ervotiv e forces , coupling eff-
ects ~,nu , 11 tyor~ of boundary ronditions in a routine fashion; and it appears
pro i’-,lrl ) in ~r i v in g the vibration and dyn anic stability problems associated
with the con p li cated cquatio ns of helicopter rotor blade. This paper presents
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the first app lication of the general method of the vibration problem of such
¶ ‘;tor bh~de.

Tne basic differ ortial equations in this paper are taken from the linear ,
~ul1 y coup led set developed by Houbolt and Brooks in 1956- . The se equations

~~~‘~~‘ further reduced to a simplest possible case and yet still contain the
:.f..o’~~ng of f l a p and root torsion modes. An unconstrained , adjoint variational

= ~t ~
ejp
~-nt has been est~i lished which is both the necessary and sufficient con-

- ti.~ ion fo~- the coupled differential equations and some general , but physical
‘e~ni ng fui boundary conditions. The finite element matrix equations are then
uL’I-ived from this variati onal statement illustrating the way that coupling terms

I t~ •l 1’ ’RlleJ in gener al

The ri j -- ’~!’i cal re~ults from sor e demonstrative examples show that instability
‘f i u t ~~t- ’  can occur in the range of operational rotor speed due to the coupled

, ! t i a in ‘ t i apping al1 l~ roo
b tcr sion without any aerodynamic force , if the tor —

;~ ~~~~~ sir i i (olo the ~m t ch control link ) is not- sufficiently stiff . This in—
-~~~1~~t Joe~ not. appea o to have been reported previously.
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T~ u p robab i l i s t i c  models of gur tube fatigue (those of Racicot and of
~
(‘USC~~Jr and Sethura man) have been recently developed by adding probabil-

i stic elenents to a deterministic model of fati gue fa ilure . These probab i’l -
i s t i c  odels are exa rr ined to determine if they give ad”quate representations
when certain questionable assumptions are l i fted. In ,Icldition , the dete rriin-
istic r-u de l is cast into a more general probabilistic iramework , and the el-
fects of certain stat ist ical  assumptions are exami ned.
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Continued from b io ck 20.

1-lonte Carlo simulation studies are conducted to approximate possible
distributions for gun tube fatigue lives. These generated distributions are
compared to various theoretical distributions to determine their adequacy in
represent ing fati gue data. A randomizing method of selectin g distribut i ons
t 1~~

- ma teri al properties of the gun tube is used to give some independence from
unwarranted assumptions.

Re sult- - of the sim ulation studies indica te that the lognorma l distribution
Rane ral ly gives the best fit to tie fati gue lives , but in most cases the log—

I1f )I’ (’i ,I l distribution can be re ,jected by goodness — o f - f i t  tests .
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Diock 20 (cont)

nients are imp l emented in NASTRAN as duniiiy (user) elements. The method eliminates
the use of special crack tip elements and in addition , these elements satisfy the
constant strain and ri gid body modes required for convergence . The stability of
two-d imensional elements is also investigated.
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yield stress of the steel. Specimens wi th machined notches and with a fat-
igue crack at the root of the notch tested in l1~~1d lead failed at thestress Intensity values of 35 KslvlW and 7 Ksl vli static fatigue and cyclic
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sharpness of the root radii. These and other results are discussed In terms
of the prevalent “reduction In cohesion” mechanism of liquid metal embrittle-
ment proposed by Westwood and Kamdar. The cri tical conditions and prerequis-
Ites for the occurrence of embri ttlement of gun steel In liquid lead are
also duscussed.
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quarter points in the vicinity of the crack ti p for the quadratic , isopara—
n e t r i  c element.

The advanitdye of this method are that the displacement compatib ility is

~~t isf ied throug hout the region and that there is no need of special crack tip
elements. The stress intensity factors can be accurately obtained by using
general purpose programs having isoparametric elements such as NASTRAN. The
use of 12 -node isoparan ietric element program APES may be simplified by
el im indt ing the specia l  crac k t ip elements .
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o t h e r four  p r o t o n s  ( t h o s e  f rom the four H atoms ) form a tetra hedra l arra nge_
p it  around the N nucleus. This tetrahedral arrangement is then approximated

a spherical shell at a radius determi ned by a variational calculation fo r
t Ot ’ total energy of the tetrahedra l ion . (The result ing radius l ies wel l
out in the ion electron cloud.) Since a Wigner-Seitz polyhedra approach is
used no specific lattice structure is considered . We coment on the earlier
ca lculation of f3ernal and Massey (BM) and the ore recent calculation of

~t,’veI1so n. Emph asis is on the Bt-1 metallic calculation which we have essen—
t i a l l v repeated.

The concept of exchange is described , derivation of the Foc k equations
is iivi ’n , and the prin ci pal equation of BM (one electron outside a closed

‘ cl 1) is the derived from the Fock equations.

The EM equat ion is then solved by computer for both the no-exc hange and
change- included cases .  Our (unsuccessful) attempts to reproduce the EM ro-

. .il ~ for the no-exchange case are described briefly. Our calculation for the
I i . oiq r ’-include d case is then described in some detail. For this case we

f in i  tie internal energy at the equilibrium volume to he about 0.5 ev higher
tn . In  tn~it obtained hy 3~ (our va l ue is very close to Stevenson ’ s —5.36 ev).
Steven son ’ s eq u i l i Cnium radius is 5.35 a .u., E11 1 s is 4.23 a .u .; we obta in
4 . .~~ a.u ., i.e., shiftcd cons iderably towa rd Stevenson ’ s value. In spite of
~ h n c p  I i f f er enc e~ in U vs V between our results and PM’ s , our Gibbs energy.y
~ ~~~~ ir ’ curva is c’ibO~it l ike theirs .

If t i e Sr.evenso n ri xture curve for U vs V is accepted , the EM and the
. -re~ent ne t all ic cil culation i’~aLe a transition to ‘ funny sod ium ’ NH 4 u n l i k e l y
a t least beloc tie . Par re:~ion ). Acceptance of the Stevenson metallic U vs

V curve woul d ni -iC e ~uca a t r~nsi t ion unli ke ly  at  any pressure . We consi der
tna lsi  Lion to t:12 funy sooiJm form to be unlikely; transition to other
n~et~ l 1 ic  for~-~s ar~ pro ,ahl y in the c~~r (and above ) range .
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