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THE INFLUENCE OFf HYDROSTATIC PRESSURE on FRACTURE

D. Francojg»

ABSTRACT

Fracture +n metals 4g conmonly the result of plastie defbrmation, and as q
whole, hydrostatie pPressure does nop Lnfluence maeroscopic plastis Flow.
However, the micraseopic Procegses of'defbrwution and  fractupe are inhomo-
Jeneous and Pressure can thys have axn effect - the effect increasing with
increasing inhomogeneity of the pProcess. Thus, cleavage Fraciure ;g

more influenced by pressure at the stage of grain boundxry Crossing than
It the eariiep stage of nucleation Yy Zenep mechant sm., Beryliiwn 7g an
example of sych o behavioyr, Integranygpy decohesion can be tregteq in
the same manner.  Duetile cerack ncheation, the resyis of strain hardening
of the matria, requires g higher critical Strain undeyp Pressure, 4g for
void growth it seems necessary thags the Specimen necpg Jor pressupe ¢
have an effect. Kxamples Of such behavioyy arz given for 7pp5 alwninim
alloy and ftu*sphepoidal graphite cqse ‘ron. Pressupe Thereases the
fracture toughness through its effect on the microscopic Processes. ..
periments o these materials qpre reported. rhe results qpe compared with
various theroetiogy predictions, relating the Fractuyre toughness to the
mieroseopic Processes at 1p, cerack tip,

INTRODUCT TON

Until a rather ecent time, there were few techno]ogical feasons to ip.
vestigate the mechanical Properties of materials under high Pressure. Ag
it was difficult to create such Pressures, engineers worried about those
conditionsg only when they occured naturally apg geologists were the firse
to deal with the problem of high PTessures due tq their existence wWithin
the earth's cruse, Howevor, With the Progress of high Pressure technolngy,
it becomes advantageouys to increase the working Pressure of such apparatus
4s chemical Synthesis reactors or nuclear Teactors or g Use pressure as a
formi ng tool,

Notwithstanding these Practical applications, our main interest in those
Studies steps from the fundamental understanding they can give us opn the
fracture Phenomenon [1]. As it Proceeds through the nucleation ang growth
of holes, which increase the volume of the fracturing Material, hydro-
Static Pressure has , strong influence on fractyre. It hinders the vari-
ous microscopic fracture Processes in (j¢ erent fashions and thus aljows

a better understanding of the critica] steps. Lineay elastic fracture
Mechanics does not predict any influence Oof pressure on fracture toughness.
However it 4C¢ts through jtg effect on the microscopic events which oceur
in the Process zone. Thus hydrostatic Pressure jg 4 tool to check the
mnodels relating fracture toughness and microscopjc fracture Processes.
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As fracture is always the result of plastic deformation, some studies on
this phenomenon under pressure will first be cited. Then work on the in-
fluence of pressure on microscopic processes such as cleavage or dimples
formation and on fracture toughness will be reviewed. The experimental
studies were carried out at Commissariat 4 1'Energie Atomique, Laboratoir:

de Bruyeéres le Chatel and they were conducted by a team including M. Contre.

D. Carpentier, .J.P. Auger, M. Gauthier and D. Rousseau of the Université s
Technologie de Compiggne.

(3§83

. INFLUENCE OF PRESSURE ON ELASTIC DEFORMATION

it suffices to recall that as pressure brings the atoms closer together,

it increases the influence of repulsive forces, and it leads to an increass
of the elastic moduli. This variation does not exceed a few thousandths
per 100 megapascal as checked many times [2, 3].

3. INFLUENCE OF PRESSURE ON PLASTIC DEFORMATION

in the theory of plasticity the fundamental hypo-
thesis that there is no volume change during plastic deformation is geney
aly accepted. It is well justified by the negligible volume change whic
a dislocation introduces (about one atomic volume per interatomic distar
along the line). For this reason, there is no work done against pressure
when a dislocation is created, or when it moves, and pressure has a neglig-
ible effect on the flow stress [1]. This property has been checked on a
number of metals such as beryllium [4], zinc, magnesium, cadmium, titani
zirconium, cobalt [5] and uranium and some of its alloys 6] (Figure 1).
As for these metals there is some anisotropy of the elastic constants,
the plastic deformation is heterogeneous from grain to grain, at least uf
yield, and this might lead to detectable effects on the yield stress. But
very precise measuring devices would be needed. At most it was noted thit
for beryllium, which exhibits two strain hardening stages, an increase of
the transition strain with pressure is observed. This might be due to i
higher resistance of the grain boundaries at high pressure produced by
the accumalation of dislocations in their vicinity, or more simply to the
occurrence of microcracks above a critical strain. Microcracking must be
the explanation of the anomalous behaviour of spheroidal graphite cast
iron (Figure 2). This material has a strain hardening coefficient which
increases markedly under pressure. Our interpretation is that it is not
connected with plastic deformation in itself but has to do with the open-
ing up of holes at the interface between the graphite spheroids and the
ferritic matrix.

3.2. Single crystals. It seemed appropriate to verify the results
found on polycrys Tine samples on single crystals. On beryllium it wis
observed [7] that pyramidal glide was not noticeably facilitated under
pressure and that the critical shear stress on the basal plane was not
changed, whereas it was slightly reduced on the prism plane. This was
explained by an indirect effect of pressure which, increasing the line
tension through its effect on the elastic constants, makes cross gliding
easier. In spite of the fact that the number of active slip systems is
not increased under pressure, as shown on Figure 1, the ductility becomes
much larger: a polycrystal is thus able to deform a fair amount even the
there are not 5 independent slip systems available.
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4. MICROSCOPIC PROCESSES OF FRACTURE

4.1. (eneral consi i
C Tal sideration Cracks =z ; i
roncensoeral S 3 r S are created in a soli
oy Secondbpxgégh are_the~result of strain heterogeneiég ?yligreis
e Stress‘{:Op:-ll't:lc:le?,...) The applied stress o is %o f andsn
that ncentration factor K_. The fra - e
s - acture stress is such

K. ol = o*
UOF [
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K_o - '
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In a first
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P) and the fracture stre
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ralibiodsie oW e influence of pressure is leas Fo i
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P is loade w i 7 >N a crack in a solic e
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stress on
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As 0. is much larger than p in the usual laboratory experiments, the
cleavage crack nucleation stress remains almost constant under pressure.

4.4. Ductile fracture
B
4.4,1 Yoid nucleats
4l Voic ceation.  Argon, Tm and S
e i ¢ > Imoand Safoglu [10] s ie
St v$;g; zﬁozgg ;Fterf?ce between rigid inc{;§30:EUdl(
Crixe 1ey s 1at the stress g ‘each 3
this interface through strain harde i B

introduce the influence of pressure. One example is the result obtained
for the splitting of a tilt subgrain boundary [Friedel, Stroh, Gilman].

4.2.2. Cleavage crack propagation. Various models can be modified to
d the nuclea-

a critical value g; at

The stress needed for a cleavage crack to propagate within a grain is - s i
h ag propag g - Under a pressure p this 4 ming in order to break the interf.
given by ~ so that a larger d value should be increased by this same ERACE.
‘ 1 ) B - o TG B- %’ eformation is nceded to reach it. [f th“'lmt amount. p,
(T = 7o) o, - P) 2 = (In L/x + &) (73 ‘ to Brea ¢ represented by the relation O = g el ¢ stress-strain
& b & T Bas L break the interface is 0 &7 the elongation £¢ needed
((fi + p ’l/n
In this formula 1y - 7; is the effective shear stress acting on the sub- = S
grain boundary dislocations, Ty is the normal stress on the cleavage plane, 0 (9
Y is the fracture energy, L is the length of the subgrain boundary, x is - and if 0p/00 ;
> splitti istance 4 § = + and B2 are functions of the - ¢ -+ Ug/Op 18 the ratio of 5 Frae
the splitting distance and . 1+ valuy o _ fracture sti of the fracture stress under pressure to the

elastic constants. The parenthesis in the right member of equation (7) stress at atmospheric pressure

has a value of approximately 4. The first grain where a cleavage crack
propagates, 1s such that the normal to the cleavage plane makes an angle

o= dp with the tensile axis. This critical value is close to w/6 at low
pressure and it decreases as pressure is increased. The critical propaga-
tion stress Op is given by a parametric ecquation, op being the parameter.

At high pressure it becomes proportional to the pressure p. Figure 3 show:
an example of such a behaviour.

p 0
UHG;=];+pﬂL
i (9bis)
4.4.2 ‘o roi i
:Ofrgép)lij growth. McClintock calcul
esponding to the joining of cylj i

e to tk “ning of cylindrical voids I1rOWi 4 st i
bt ho]egA;;?rd{ng to th}s theory as soopn as a ?ater?% o 9{3511C e
e 18y Stop growing, and on the contrary the; (?5:55?Te fets

AT Y close down.

Fracture coulgd

ctur uld then only ha

cereas - 1appen once the specime s i

decrease of the hydrostatic pressure o sncln s oo o

ated the fracture Strain ep

4.2.3. Crossing the grain bhoundary. When crossing the grain boundary

) . N axis OFf the ©iaas : The maxi 5 . .
the cleavage crack has the size of a grain, 2d and the stress needed at theSHOf]th Specimen is oy, ILn (1 + a/2r), 4 ;{}mum radial stress in the
this stage can be calculated simply by using the Griffith formula; is ;ff.and R the radius’ of the generqt;i% gl the minimum rad;iug of
P 1s larger than this value, fquEurc b 5) and Oy the elastic Limit If
‘racture is no e ;

empirical Bridoms i e Lot Bossil :

s . Ml JeT $sih S

eI Sy ¥Tj?ti;nea1 relation between the rurig 1/>P1?A1 e
e dcture op, a relats : betwean . o

ratio p/on. F. & relation can be de o Ddmy

vz

{H:
i :duced between €p and the

where yp is the fracture energy for crossing the grain boundary. This
energy is larger than v for cleavage crack propagation. At high pressurs
it is this stage which becomes the harder and which controls fracture. i}
fracture stress is now proportional to the pressure. In beryllium, for
some orientations, samples which were deformed under pressure indeed
showed cracks which were stopped at grain boundaries [4].

_ ep/(;\’y
(10)

with k Ep o= a/2R.

McClintock
1i also studied frz
t < Tacture by 3 vt 3
. b Y the growth of she:
= o o e 4 ‘e by 3 th of shear bands bhe e

of proses: e i:r;qpondlng Critical strain is obvjousl;n?:dbbtWCLn
strain hardening co ' Upper bound which would be proportj ) pooant
Pressure tt Lng fuef%1c1@nt. I't is a current ol'l PO?tIOHGJ Conine
Shea;‘ 1¢ specimen necks down and that fract 3§Crth10n o

ing of the reduced section - ietme occur

e B Intergranular decohesion. Inasmuch as the intergranular deco-
hesion is the result of stress concentrations at the head of dislocation
pile ups on grain boundaries, it can be calculated using the model of
Stroh [8]. The results must then be quite similar to those obtained for
cleavage crack propagation. 'the cleavage fracture energy y must be re-
placed by the grain boundary fracture energy yg;. The interaction of dis-
locations pile ups in adjacent grains may have a stabilization effect
which is favourable to the opening of grain boundary cracks. Thus can be
explained the surprising occurrence of intergranular cracks parallel to

at under
S by macroscopic

4.4.3. Ducil? 7
ros s CECEE fracture of 7075 47 i
4.3, L ure f’, 1 Lron
plg re on the ductility of £M7J72ML
both on cylindric ] >

nium alloy.  The influence of

I' 651 alumini 1] DY Was sty >
) ¥ < ¢ un G i
l Shecimers ) rum .ll() was studied

the tensile axis in beryllium samples which were fractured under pressurs ‘f length, and on 1 mm thick pi: m j? diameter ang with a 26 mm o
[9]. In this case the extrusion texture plays an essential role. As it . WR and Rrw orientations Vit; J”? Strain tensile specimens [11] %;ugfv
comes only from the effective shear stress on the basal glide planes thisx  There was g, differ@nwé ﬁ@ttﬁf?DPOCt t? the rolling direction Qera : W,
type of cracking is hardly modified under pressure. This observation - plain strain ducriii{y whi:;cq-?ho Wiaxial tensile ductility ané :;StEd'
might very well prove that cracking in beryllium is nucleated in grain _ StTess was subtracted out of :fﬁ i d reduced if the averaée tens'f
boundaries and at atmospheric pressure immediately spread as cleavage tensile is 0/3 in the ugg.hygTOStat}c bpressure. Indeed thislajgr
cracks, masking the origin of brittleness. . ht?alp test.  Still the plane %tj:;dlltcn§lf€ test and o/2 in the planérdge
- Uniaxial tensile ductility, A&éu;dyn;ugglélﬁy remained smalley than the
¢ = § ahn ’

and Rosenfield [12]) the
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ratio ou u ima ‘or a ientatiocn:

ta hould be about 1/3 which was approximately true foxl/él orie i
; or ati as ¢ S N

1ptgf the TR specimens where the ratio was closer to

exce speci

. . additional
o1 2 cleated the small addition
[t © od that once the voids are nu : ; =
I Eom ?? ariz;ied ;o break the specimen can be neglcc,ted:i Ihi T:ai;ea
de§01mz;1:29 elongation at fracture ep could then ?S coni;;§i§q ;ﬁclun
elotig tion needed>to break the interface.of Fhe voi fnﬁiowed Zivinv =
e}on%a_~pi ure 4 shows that relation (Obls)—%s.wel} o A ér RW.S;eCimv“R
value % breaking stress o3 of 3000 MNm = for TR an C B speninens
Value'ggvzfe THiS difference must be re}ated Fq Fﬁe ?vgqi :0 breai tﬁe,
r:§P§L1;e e{éngated in the rolling direction: it is easier t
which a 3 ro 1g direct
interface in the short transverse direction o
it 2 ‘ ‘
i ep/ef against Y as in
check lotting ep/cp against e
ati can also be checked by plo g st o as in
Reldtl@g (1?% :ﬂain shows that the critical stress is greater for
Figure ©. ag s s t

specimens than for TR specimens.

sy

3 7 r AT 1 er ha oy - Experi-
Ductile fracture of spheroidized 3@@pnt?? ngg iﬁ?ﬁg . fgrritjc
conducted on spheroidized graphite Ld;F l? n~_l; A ferrit
204 and 704 spheroids using plane strain tensile sy

4.4.4.
ments were
matrix and

i 3 Tac » stress as a function of
i g S the crease of the fracture s 15 unetion -
e rnie bhggiaiggnl?;bis) is again well followed giving a value of the

terfnes Figure 7 shows also that relation

interface breaking stress of 1000 MPa.
{10) is again obeyed.

5 INFLUENCE OF PRESSURE ON FRACTURE TOUGHNESS

i i T study is concerned
vith theossoRs CDHSlderailOn. t;h?1piggigmwﬁgigrtizugieézuigging fluid
i g istanc *Track grow 11 . essuL s
: the resistance Lo cre ases Wi L . g flug
%?th eﬁetrate inside the crack. As the viscosity lgurea.' nl;gig gemure
B asm uestion to know whether it can reach the crack tip. Th eh”f
is a E : ¢ o th ek tip. 3

lﬁ i;ed gy measuring the compliance which should vary as the inver
checke cas ing th
the modulus of elasticity.

a cracke s does t produce
i atic S alone to a cracked body does no

{ ring a hydrostatic pressure a : | F diisR hat Floptant
Applﬁlﬁg s intensification at the crack tip. The stress {n??nS}ty ctos
X4 Strest changé under pressure. G the crack extenSL?n force is mu It
K.does no io E_/E of Young's modulus at atmospheric pressure to -
e e s ot e sure p, if Poisson’'s ratio v is considered constant.
> ' ulus at pres s S -0 ¥ © L o
Young"s mo@on R of ihe plastic zone at the crack tip being p¥op0£F10?}/aﬂ
w d}?enSl a ler pressure, whereas the crack opening displace
(K/0y)? does not vary under j ‘ ’ e B T8
ment, being proportional to G/0y, varies | S5/ B

Thus the b fluence of P ssure on gnness comes from e change i
h main in C resst b} tougl 1 th h % ‘
LhesmlCTOSCOPIC processes which operate 1in the process zone near the cruss

tip.

5.2 Cleavage fracture. Malkin and Tetelman [13] gave a rgﬁififﬁngﬁan;

};;én k and the cleavage stress Oy, the elastic J{Wlt a [; 4 et
farqmetig p, which has to do with the process zone size. ] e
AT al 3 o ;

from the stress distribution in the plastic zone.

. - 12 1
KIC = 2.89 Gy[exp(wf/oy~l)-1] ‘/po
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Under pressure p this relation becomes

KIC = 2.89 oy[exp(of+p)/oy_1]1m [E:‘ —_—

Of itself being a function of p (cf paragraph 4.2.). There is however

one difficulty: the calculation of Of must take into account the influence
of the average stress ahead of the crack tip at the place where the cleav-
age cracks start. At atmospheric pressure it varies between a tensile
value of 1500 to 1850 MPa in the experiments reported by Malkin and Tetelman.
For comparison purposes Of should be measured in like conditions, at the
root of a notch for instance. Although to our knowledge there are no ex-
periments relating Kic to pressure, when cleavage is controlling, it can be
predicted that Kic will increase with pressure and that the transition
temperature will be lowered.

5.8. Ductile fracture

5.3.1. 7075 aluminium alloy. Figure 8 shows the influence of pressure

on Ky for TR specimens of 7075 aluminium alloy [11]. The experiments
were conducted on 3 points bend and CT specimens. The ASTM validity con-
ditions were not fulfilled above Kic = 26 MNm . Nevertheless there is
no doubt that Kyc increased with pressure as the specimens displayed wider
and wider shear lips as pressure was increased. Figure 9 shows a plot of
Ln Kyc as a function of Ln €f. Kyc¢ is approximately proportional to Eflm
(eg¢ being measured in plane strain specimens). This is in keeping with a
proposal of Barsom and Pellegrino [14] and of Hahn and Rosenfield [12].
These authors related the strain at the crack tip to the dimension of the
plastic zone size and deduced

Kie = (0-05 Eoszgf)l& (153

in Sy units n being the strain hardening coefficient.

In Figure 8 the solid line is given by this theory and in view of the
approximations, the fit looks quite satisfactory.

However Rice and Johnson [15] proposed that the critical crack opening
displacement Sc should be equal to the average distance between the void
nucleating inclusions. Using micrographs taken on various directions with
respect to the rolling direction we evaluated the mean distance d between
inclusions along the most probable crack path. We calculated §. using the
formulae

) .2 - .
8, = ¥Z /2 Ko, (14)
At atmospheric pressure the plot of 8. versus d as shown in Figure 10 yields
8c=0.6d. The agreement with the theory is quite good. From the measured
values of Kye under pressure 8¢ can then be calculated and using the above
relation with d, the mean distance between void nucleating inclusions can

be found as a function of pressure. This distance increases, reaching for
instance, 0.6 mm for RW specimens and 0.25 mm for TW specimens at 400 MPa.
According to Argon et al. [10], the critical stress to break the interface
is not a function of the radius of the particles, unless their distribution
is heterogeneous. This is indeed what is observed in our specimens. The
most closely spaced large particles are then the ones which create the

first voids, because of the interaction between their plastic zones. The
smaller particles act only at a later stage in the deformation. This would
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then explain why under pressure those smaller particles would not nucleuat:

voids, leading to a higher d.

For this materials a phenom-
However .

5.3.2. Spheroidized graphite cast iron.
enon of stable crack growth complicated the measurement of Kyc.
using the potential drop technique Ky; at initiation of cracking could be

determined at various pressures. The results are given in Table 1.
T

It turns out that there was some dispersion in the results but that there
was no noticeable change of Kyj under pressure. At least in that case

the proportionality with gf‘ was not observed and the theory of Hahn and
Rosenfield was not the one to take into account. Now the critical COD at

initiation was much smaller than the average distance between the graphite

spheroids. Looking at Figure 11 which is a micrograph taken at the crack
tip at the initiation stage, we propose that the crack initiation is re-
lated to the necking of the ligament between two closely spaced spheroids
and a relation of the type

8§ ~ ® . n (15:

<

is expected ¢ being the diameter of the spheroids and n the strain hard-
ening coefficient of the ferritic matrix.
of magnitude for §., and it explains why pressure has no effect at least
until the breaking of the particle matrix interface is not too much in-
creased.

CONCLUSION

We have confirmed that hydrostatic pressure in most cases affects only
the ductility of metals, and the more so, the less heterogeneous is the
deformation process which nucleates the cracks. It is the retardation
of these processes which increases the fracture toughness under pressurc.
The study of these variations gives some clue as to the way the fracturs
toughness is related to the microscopic processes. The increases of
fracture toughness with pressure is rather reassuring in the building of
pressure vessels. On the other hand, there are some parts in structures
where the average stress can be highly tensile. A back extrapolation
might then show that the fracture toughness could decrease below the
usual plane strain value [16].

It gives indeed the right oridwy
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Table 1

) Kis
P MPa a mm MPa VTﬁ" § meas. u § calc. p

0.1 7.50 26.4

6.4 4

0.1 9.69 16.4 3 2.5
250 8.87 27.3 8 6
500 7.42 26.5 13.5 6
500 7.59 22.1 3 4
500 9.65 16.2 3.5 2
500 7.41 21.1 0 4
750 7.47 25.4 7.5 5.5
750 7.81 23.0 8 1s
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Figure 3 Evolution of the cleavage fracture $tress as a function of

pressure for beryllium [4].
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Figure 4 Plot of the ratio of the fracture stress under pressure to

fracture stress at atmospheric pressure versus pressure for
specimens of 7075 having various oreintations with respect
to the rolling direction.

815




D. Francois

Fracture 1977, Volume 1

-9k
L7+
o
b o
~
w5
131 °
20
g 70p
o
i
o : . :
(8] 200 400 600

PRESSURE (MPa)

Figure 5 Plot of the ratio of the fracture stress und?%
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pressure versus pressure for specimens of sphe
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Figure 6 Plot of the ratio of the fracture strain under pressure

to _the fracture strain at atmospheric pressure versus
e P/o_ for specimens of 7075 having various orientations
with respect to the rolling direction.
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Plot of the ratio of the frature strain under pressure

to the fracture strain at atmospheric pressure versus

e

p/ﬁv for specimens of spheroidized cast iron.
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Figure 11 Micrograph of a crack in spheroidized graphite cast iron
showing necking between the closest spheroids
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