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SYNOPS1S

The stress assisted cracking of high strengfh
steels in aqueous environments is regarded by many to occur
by a hydrogen embrittlement mechanism no matter to what

potential the bulk surface of the material is electrochemically

polarised.

Some data is presented in this work for a-high
sfrength 18Ni maraging steel in aqueous chloride environments
and interpreted in terms_of a dual mechanism of cracking
according to the applied potential relative to the free
corrosion potential. Several eXperiméntai techniques were
employed; including the use of smooth and pre-cracked stress

corrosion specimens, to assess the cracking mechanisms

operative undér given conditions with mixed success. The
electrochemical hydrogen permeation technique whilst fouﬁd
to be useful for the determination of hydrogén diffusivities
during cathodic charging Was found to .be .unsuitable for a
mechanistic experimental approach based on.tﬁe observation
of hydrogen permeating through the steel during anodic
polarisation. However, the detection of acoustic emissions

accompanying environmental cracking of pre-cracked specimens

of the steel and the influence on the stress corrosion

cracking susceptibilit& of chemical poisons or catalysts
of the hydrogen evolution reaction suggested that a dual

cracking mechanism was operative.
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1 Review of the Literature

1.1 The Physical Metallurgy of Maraging Steels
1.1.1 Uses of maraging steels

The Ni-Co-Mo maraging steels are a relatively
new class of high strength steels deriving their strength

from the precipitation hardening of a non-carbon martensite.

These steels have found increasing uses 1in
applications requiring combinations of high strength-and
ductility which, combined With thelr excellent fabrication
and machining properties, makes their use particularly

attractive in situations where normally only low alloy high

stfength steels would be considered. It has been shown1

that the reduced manufacturing costs associated with their
excellent fabricability can more than compensate for the
difference in price between maraging steel and low alloy

steels of equivalent strength.

Uses i1include.:-

i) - In aerospace and marine applications:-
rocket motor cases, load cells capable
of measuring rocket motor thrusts, torsion bar suspension

system for the Lunar Rover vehicle, flexible drive shafts
for helicopters, aircraft landing gear, hinges for swing

wing planes, foils for hydrofoil ships and deep submergence

marine vessels etc.

ii) In structural and machine components:-

pressure vessels, bolts and fasteners,
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barrels for rapid firing guns etc.
iii) In tooling applications:-
die casting dies or theilr components,
moulds for the plastics industry, rams for extrusion of lead

or lead-tin alloy sheaths and cold forming dies.

1.1.2 Compositions

The development of maraging steels proceeded
from the initial alloys eontaining 20% and 25% Ni to tﬁe
present day 18 Ni'maraging steels. Other varieties have been
developed including the 12 Ni-5Cr-3Mo series, a 17% Ni
variety used for_castings and the chremium containing'stain-

less varieties.

This review will be confined to the 18Ni-Co
-Mo variety often classified according to their tensile
strengths in thousands of pounds per square inch i.e. 200,
250, 300 grades. Nominal compositions of the.Ni—Co-Mo maraging
steels are shown in.Teble 1.1. Fracture tougheess properties
of maraging steels are clesely related to the impurity levels
of P,C,S etc and as a consequencemaragihg steels are now
produced by techniques involving at least one vacuum melting
step, the best values of KIC‘being achlieved by vacuum
induction melting alone or followed by vacuum arc remelting.

Typical impurity levels produced by the latter techniques are:-
0.01P, 0.005C, 0©.0058, ©O.01N

1.1.3 Processing and heat treatment

Processing of maraging steels usually involves

homogenisation and hot working at between 1200 and 1260°C

followed by further hot working at temperatures below 1000°cC.



TABLE 1.1

Nominal Yield Str.

Ksi

el

Maraging steell Composition %
Ni Cr Co Mo Ti Fe

18N1i (200) 18 - 8.5 3 0.2 Bal 200
18Ni(250) 18 - 8 5 0.4 Bal 250
18Ni(300) 18 - 9 5 0.6 Bal | 300 °
18N1i (350) 17.5 - 12.5 3.75 1.7 Bal 350
Cast Alloy 17 — 10 4.6 0.3 Bal 230
12-5-3 12 5 - 3 0.2 Bal 180

Prolonged exposure at temperatures between 760°C and 1095°C
after hot working or during annealing are to be avoided since
they induce chemical embrittlement; attributed to TiC(N) or
Ti,S films that form at prior austenite grain boundaries.

The recommended post-working heat treatment consists of
annealing for i hour at 820°C followed by alr cooling. Because
of the high nickel content and the absence of carbon harden-
ability is not a problem and therefore the cooling rate after

annealing is unimportant.

The austenite to martensite phase transformation

occurs 1n the temperature range 143°C to 199°C depending upon
the specific alloy content. The transformation produces a

structure consisting of packets® of parallel lath-like platelets
of martensite which is relatively soft. .(Re 30)untwinned and

has a high dislocation density. The martensitic structure

so formed creates favourable conditions for uniform nucleation

and distribution of precipitates during subsequent ageing.



In the as annealed condition the maraging steels can be readily

machined or fabricated.

The marténsitic structure is aged at 4800 -
520°C for 3 hours to develop the desired strength level. The
precipitates that have been identified in Ni-Co-Mo maraging
steels after ageing include NiSMo and a titanium bgaring
precipitate which may be Eta.NiSTi or sigma titanium.2’3
Ageing at higher temperatures or for longer times causes the

Ni,Mo precipitates to be replaced by the more stable FezMo

3
precipitate., In addition, the martensite matrix partially
reverts‘to austenite; the latter usually fbrming at martensite
lath boundaries and at the prior austenite grain boundaries,
Since large amounts of austenite significantly lowers the

strength of maraging steels, over-ageing is avoided for

commercial applications of the steel.

1.1.4 The role of alloying elements
i) Nickel

It has been shown that alloying ferrite
with nickel not only ensures a martensitic structure whireh
can increase the strength of the matrix but also reduces the
solubility of c¢her elements, e.g. Ti, Mo,Al in o iron.
Furthermore, nickel lowers the resistance of the crystal
lattice to the movement of dislocations and reduces the

energy of interaction of dislocations with interstitial atoms,

Stress relaxation is, thereby, assisted thus reducing the

susceptibility of the steels to brittle failure,

The remaining alloying elements found 1in
the 18N1 maraging steels can be classified according to their

hardening capabilities as 'strong' Be, Ti, moderate Al, Nb,



Mn, Si, Ta, V, W or weak Co, Cu, Zr hardeners.

ii) Titanium

Titanium plays a double role in 1ts. use
in the maraging steels; as a hardener and refining agent to
tie up residual carbon.  According to Castagné and Legendre
during thesolidificationof maraging steels, titanium tends to
segregate or preéipitate in the austénite grain boundaries 1n
the form of titanium carbide or carbon%nitrides causiné-
anisotropy of plasticity and reducing ductility;ghengset al
have also identified the precipitation of titanium compounds

with carbon, nitrogen or oxygen on ageing maraging steels

between 370 and 4800C.

iii) Molybdenum
Molybdenum lowers the diffusion coefficients
of alnumber of elements in the grain boundaries and so restricts
preferential precipitation of secondphase.particles at these
localities during ageing. However, like titanium, molybdenum
also tends to segregate during solidification from the melt

wﬁich contributes to anisotropy of plasticity and ductility.,

iv) Aluminium
Aluminium appears to have only a minor
effect; in that it limits hardening of the martensite and at

concentrations in excess of 0.2 to 0.3% lowers ductility both
P

before and after ageing.

V) Manganese

Manganese additions assist in the formation
of a martensitic structure at low nickel contents but they have
a detrimental effect on the ductility properties after ageing.

vi) Cobalt

~Cobalt appears to have several affects,

- -
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cobalt indirectly increasesjthe degree of hardening that
occurs upon ageing. The decrease in solubility of hardener
elements leads to an increase in the volume per cent of
precipitates formed and reduces the work of formation of
nucleii of the precipitation phase., Consequently the number

of nucleii capable of growth at a given temperature 1is

‘increased and therefore the average distance between particles

is reduced. All of these factors influence the phenomenon

of age hardening.

The Cobalt-mblybdenum..interaction provides
one of the most éignificant contributions to the strengthening
qf maraging steels. It has been fbund7’8’9 that the hardening
effect obtained when cobalt and molybdenum are present
together'was'much greater than the sum.of the sﬁ%ength

increments produced when these elements are added individually.

1.2 Stress Corrosion Cracking Mechanisms

By definition, stress corrosion cracking 1is
the phenomenon in which a material will fail prematurely when
subjected to both stress and a corrosive environment but ﬂot
when subjected to either alone. This definition is of course
entirely general, describing as it does the basic requirements
of stress corrosion crack propagation ;nd to bé more precise

it is convenient to consider a spectrum of stress corrosion

cracking processes ranging from those systems in which stress

or strain is the predominating influence to those in which

dissolution processes appear to be dominant. Fig. 1.110 shows

some of the metal environment systems in which stress corrosion

cracking 1s observed arranged in such a series.
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FIG, 1.1 Stress Corrosion Spectrum

It is conﬁenient, for discussion purposes,
to divide the spectrum into 3 zones describing the three
principle cracking mechanisms that can operate in the

phenomenon of stress corrosion cracking namely:-

i) DPre-existing active paths
ii) Strain generated active paths
iii) Speciiic adsorption at sub-critically

stressed sites.

Whilst this subdivision is made for the
convenience of discussion, it should be recognised that the
spectrum is, in reality, continuous; in that there is a

continuous change in emphasis in moving from one end of the

spectrum to the other.

- Mechanisms i) and ii) differ from iii) in



that when the former mechanisms are operative crack pro-
pagation is usually considered to take place by a dissolution
process whereas in the case of iii) crack propagation 1is

regarded to be predominantly mechanical in nature,

1.2.1 ' Dissolution mechanisms via Ere-existing or

* L

strain ‘gener ated ‘active paths

Bearing in mind the fact that in order for
the crack morphology to be maintained, . the aﬁodic.curréht
density at the crack tip must be maintained at a much higher
value than on the crack faces; then the crack velocity, V

can be expressed as a function of the anodic current density

at the crack tip as:-

v = 212 M 1.1
ZpF
where ia = anodic current density at the

crack tip

M = atomic weight of metal of valency, Z and.

density, £ undergoing dissolution

and F = Faraday constaﬁt.

The anodic current density at the crack tip
and hence V will depend upon the nature of the phase being
dissolved and also upon the nature and 1ocatioﬁ of any cathodic
processes that occur elsewhere. The question now grises "how

does a tensile stress (or strain) influence the situation to

produce stress corrosion cracking?' It has been demonstrated11

that the dissolution rate of iron in acid solutions undergoes
a marked increase when straining passes from the elastic to
the plastic regimes in dynamic straining experiments and this

effect was due to the exposure of high index planes and edges
|




of slip steps as well as increases in surface roughness
as plastic deformation occurs. Stresses greater than the
yvield stress may therefore produce enhanced local activity

at surfaces intersected by slip planes and sO ia (and'hence

V) are increased as a result of plastic straining.

However, the above phenomenon still does not explain
why the corrosion process proceeds along a narrow front to
maintailn the geometry of a crack implying thét most of-the
exposed surface drea (including the crack sides) must remailn
relatively inactive. It seems most likely thaf this inactivity
results from the formation of a passive layer (usually oxide)
layer at such sites. This implies that, with reference to
equation 1.1 stress.corrosion cracking conditions are met
when ja represents the film free aﬁodic current density. In

this context, the function of stress is to maintain the

crack tip film free in film forming mechanisms.

Two crack propagation mechanisms may now be envisaged

depending upon the presence or otherwise of structural
features (either segregate or precipitate) usually at grain
boundaries which.cause a local galvanic cell to be set up
l1.e. a pre-existing path is involved. In the latter context
the precipitate or segregate may act as the anode in a
local cell or by acting as an efficient cathode may cause

attack to be localised in the immediately adjacent matrix
material (see Fig. 1.2). The function of stress in such a

situation is presumably to prevent the dissolution reaction

from becoming stifled by film formation.

When such pre—-existing paths are non-existant or are

inoperative because of environmental effects, the stress
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may act to disrupt a protective film formed on the metal

surface to expose bare metal and so maintain the relatively
high localised anodic cu;rent density (see Fig. 1.3). The
active path in this case is, thérefore, cyclically generated

as disruptive strain and film build up compete with one another.
" Such strain generated active paths' would be expected to

result in transgranular stress corrosion cracking.

1.2.2 Specific adsorption at sub-critically stressed
sites '(hydrogen embrittlement mechanism)

The fracture streSs, S'TR to pu11 apart two

planes of atoms in a metal lattice is given by the formula:-
— (.:E_:!)% 1.2

where E = Youngs modulus of elastici.ty, ¥ =
surface energy of lattice

b = interatomic spacing;

If, therefore, the surface energy term is
lowered so also will the fracture stress of the solid and this
led Orowan to explain the fractufe of glass by the adsorption
of some 'atmospheric species on -surface Griffith cracks; thereby
lowering the surface energy and so reducing the stress required
to propagate the surface cracks. The same afgument has been

used. by many authors to explain some or all stress corrosion

fallures in metals or alloys.

The adsorbed species may act to embrittle the

material in one of two ways
a) Directly by adsorbing at the crack tip
and lowering ¥ or

b) Indirectly by subsequent diffusion of the.
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adsorbed species to some region in advance of the crdck tip

where the stress or strain conditions are particularly
favourable for the nucleatioﬁ of crécks e.g. at regions of
maximum stress triaxiality usually considered to be located
at the elastic-plastic interface of the plastic zone formed
at the crack tip.

In the case of mechanism b) hydrogen is regarded
to be the only species that can diffuse sufficiently rapidly
to explaln observed crack propagation rates and in this respect
hydrogen embrittlement, with the hydrogen being cathodically
produced at.the metal surface as a result of corrosion reactions
is considered to be a special instance of stress corrosion -

cracking.

The strongest evidence put forward in support

of the adsorption theory is the observed grain size dependancy
of the stress corrosion fracture stress,S.pp scc 28 given

by the Hall-Petch relationship:-

= -3
S FR.ScC TS0 * Kd - 1.3

where S, and kK are constants, d

and k = Cﬁ?;%_)ﬁ

with G = modulus of rigidity, Y. = Poisson's

grain size

ratio.

Using equation 1.3, Y'may be calculated and
has been observed to be less than that determined under
different circumstances where surface energy lowering could
not operate and thus lending support to the adsorption theory.
However, the above arguments have been applied fo metals and

alloys in which cracking is associated with negligible plastic

deformation.
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Where plastic deformation is involved,

equation 1.3 may simply be reflecting the variation of the
work hardened flow stress and yield stress with grain size.
In such cases equation 1.1 must be modified to include a

L

plastic work term Xp.
3
= |EQY, +Y¥,)
Thus SFR = ‘. EB___E] 1.4

wherechR, E, b are as defined previously
and‘Kg is the specific surface energy

Yp is the work required for plastic deform-
atlon.

In general,'xp 1s greater by several orders
of magnitude than‘{g so that any reduction of\{g by adéorption
will have a negligible effect on the fracture stress and SO
fracture is insignificantly easier with adsorption than with-

out.

Furthermore, pléstic deformation associated_
with.S.C.C is important since it allows the cfaCk tip to
ﬁawn whilch results;in crack blunting; In such circumstapces
the adsorption model would not predict an inc?eased crack
propagation rate; yet this is precisely what is observed

with some metals and alloys.

It is reasonable to suggest therefore that
specific adsorption is only likely to be of any significance
in the cracking of the less ductile materials where plastic

deformation is negligible and \d’p is not® Xs'

In view of this it is hardly surprising there-

fore,.that hydrogén embrittlement is widely regarded to be
the principle cause of stress corrosion cracking in the high

strength steels.
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1.3 A Review of the Stress Corrosion Cracking of High
Strength Steels (With Particular Reference to 18Ni
Maraging Steels) '

Since stress corrosion cracking resistance
is a material property often restricting the use of high
strength steels in certalin applications it is, perhaps, under-
standéble that a large amount of research work has been carried
out for particular alloys when exposed to selected environments.
As a consequence the mechanisms operating in

the environmental cracking of the high strength steels are less

well understood.

1.3.1 The influence of comgosition on the S.C.C.
susceEtibilitz of high strength steels

Although no systematic investigation appears

tOo have been carried out concerning the influence of composition

on the stress corrosion cracking susceptibility of high strength
steels; the results of several comprehensive investigatiéié13’14
carried out on several compositionally different steels tends

to suggest that the stress corrosion cracking susceptibility of
high strength steels is more dependant on the yield strength of
the material than any other single factor. As such, the influence

of compositional changes may be associated with their influence

on material strength properties by their influence on, for
example, solid solution hardening or precipitation reactions

during tempering or ageing.

Of all the different types of maraging steel

it has been established that the 18Ni varieties offer the

sivess
best all rounchorrosion resistance. However there is only a

1imit¢d amount of published work concerning the effects of
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composition on-the stress corrosion cracking resistance of
maraging steels. The influence of various residual elements

on stress corrosion cracking behaviour have been extensively

15,16

investigated, however, and with somewhat. conflicting

results.

-

Stavros and Paxton15 investigated the effects
of various residual elements on the Ky scce values of anilsNi
(300) grade maraging steel tested in 3.5 wt % ‘sodium chioride
solution. The residual elements were varied in the following
composition ranges S,003-,031%, P.002-,03, C.005-.062%, Cr.0l-

.24%, Si + Mn .036 - .29%.

Their results.indicated that all of the alloys
studled had similar stress corrosion resistances with KI SCC
varying between 8 and 13 KSI.JTﬁt They concluded that C and
P may be beneficial at the higher levels, Cr was slightly
detrimental, whilst S, Si and Mn had no effect on the stress
corrosion cracking resistance. Looking at their results,
however, (Table 1.;2)15 1t would appear that they canlbe ﬁore
readily explained by experimental scatter than .any compositional

differences assoclated with the residual element content.

Table 1.3 taken from Dautovitch and Floreens
paper, lists the compositions, yield strengths and KI SCC data
for an 18N1 maraging steel basis material tested in 3.5%NaCl

solution. The investigation was carried out in order to

determine the influence of the residual elements C, S, P, N
and O on the stress corrosion cracking resistance of maraging
steels. They concluded that KI SCC had no correlation with
the P and N content but was strongly correlated with the S and

to a lesser extent with the C content. A regression equation

was derived relating KI scc to yield strength,s&y and the C,S
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residual element contents.

Thus K = 363 - 2.48x10° + 4.01x107
T SCC —
Sy Sy
+ 80.9 + b42
C S
where KI SCC is in units of KS1 ¢y IN,

&y is in Ksi and C, S contents in p.p.m.

The final column in the above table was
added by the author and, as indicated, represents the total
concentration of the principal strengthening element elements
Co, Mo and Ti. It'canbelséen that although the correlation
is not perfect, the KI SCC data can be jusf as easily explained
by the effects of the total concentration of these elements
in the steels as by any effect of differences in the concen-

trations of the residual alloying elements.

1.3.2 The influence of structure on the stress

corrosion cracking suscegtibilitz of the

high strength steels

1) High Strength Steels

Phelps and Loginowl7

investigated a wide range

of commercial high strength steels in marine and 'semi-industrial
atmospheres, using cantilever beam specimens. Their results
indicated that martensitic and alloy steels when heat treated

to yield strengths in excess of 200,000 psi were susceptible

to stress corrosion cracking in both of these environments.

Semi-austenitic precipitation hardenable steels, however, though
susceptible in marine atmospheres were not so in semi-industrial

ones. Tempering of the latter steels above 590°C conferred a

resistance to cracking which was, however, probably a consequence
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of an associated reduction in the yield strength of the
material.

Davis (et'al)l8 found a similar yield
strength dependancy of stress corrosion cracking resistance
in A1S1 4330M, 4340 and hot work die steels tested in aqueous
chloride environments. At yield strengths below 200,000 psi
these steels were resistant to cracking, but above this
stress level stress corrogion cracking was observed. Further-
more, the failure times 1in these tests correlated reasonably
well with notch sensitivites measured on circumferentially

notched tensile specimens.

19 shows the results of cantilever

Figure 1.4
beam tests performed on AlS]l 4340 steel in flowing sea water.
The results 1ndicate that the difference between KIC and KI SCC
is more marked at the higher yield strength levels above about

17

150 Ksi, thus confirming the trends observed by Phelps and

Davis.

Similarly, Figure 1.520 reflects the dependance
of stress corrosion cracking resistance on yield strength for
five high strength steels exposed to a natural marine environ-
ment.

Very little work appears to have been done
on the effects of cold working on the resistance to stress

corrosion cracking of high strength steels other than maraging

steels however Davis18 found that cold worked and stress
relieved austenitic stainless steels were found to have excellent

resistance to stress corrosion cracking despite high yield

strength levels developed of 215 - 264 Ksi.

Procter and Paxton21 and Websterzz have

investigated the influence of prior austenite grain size on
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the stress corrosion cracking susceptibilities of A.I.S.I,
4340 and 14Cr - 13Co - 5Mo precipitation hardening steels
respectively On agueous chloride environments. In both cases,
a decrease in the prior austenite graiﬁ size was found to
increase both fracture toughness values (K ,) and thréshold

stress intensities for stress corrosion cracking (K SCC).

ii). Maraging Steels in Particular
The influence of heat treatment on the
resistance to stress corrosion éracking of maraging steels

has been the subject of several investigations.,

Parkins and Haney23 investigated the influence
of austenitising temperature in the fange 760-1000°C on the
stress corfosion cracking susceptibility of 18Ni(250) gradé'
maraging steel., They found that in the rangé 800-100060,
the influence of austenitising temperature was negligible but
that material austeﬁitised at 760°C'was_significant1ymore
resistant to stress corrosion cracking., There was an insigni-
ficant change 1n strength'levei with austenitising temperature
and the controlling factor appea?ed to be the variation 1in

austenite grain size which increased considerably with austeni-
tising temperature as Table 1.4, taken from their results

shows.

24

Castagne compared the influence of annealing

temperatures of 850°C and 1088°C (which produced grain sizes
of ASTM Nos. 10 and 1 respectively. i.e. 512 and 1 grains/in2

respectively ) On the stress-corrosion'cracking resistance of
an 18Ni(250) maraging steel tested as smooth cantilever bend
specimens in 5% NaCl solution He found that the lower annealing

temperature with its smaller grain size produced the greater
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resistance to cracking.

. TABLE 1.4

The influence of austenitising temperature on the grain size

of an 18Ni maraging stee}.

AUSTENITISING TEMP. No. of Grains/IN 2 at MAGx100

As redeived
760°C
799°C
899°C
2099°C

e

in his review paper reports of

Dautovitchl6

unpublished Work of a similar nature carried out on 18Ni(270)
grédé and 18Ni(200) grade maraging steels. He investigéted the
influenece of austenitising temperatufe, in the range 760°-
1210°C, on the stress corrosion cracking résistance of these
steels presumably (though he does not say so) in agqueous
chloride solutions. In the case of the 270 grade maraging steel
austenitising temperatures of 760, 816° and 1210°C had no effect

on the K values (45-50 KSI JIN) nor did hot rolling at

I SCC
927°C. The crack path was found to be intergranular after the
1210°C heat treatment and transgranular after the other heat

treatments. The 200 grade maraging steel, however, suffered a

reduction in KI SCC from 120 KSI-JIN to 90 KSI JIN when the

austenitising temperature was 1increased from 816°C to 121000.

In summary, therefore it would appear that

high annealing temperatures may cause some loss of cracking

resistance in maraging steels; howewver, the results are by no
means consistent particularly with respect to the grain size

dependency of cracking resistance.
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Investigations of the influence of ageing
temperature on the cracking resistance of maraging steels
have usually been confined to testing the material heat
treated to optimum strenéth conditions i.e. ageing temperatures
in the range 420-580°C. Consequently, only slightly over and

under aged'cqnditions héve been investigated.

There is general agreement that the"sténdard
ageing temperature of 31 hours at 480°C produces better.stress
corrosion cracking resistance than slightly underaged heat
treatments (i.e. between 425° and 450°C) ; hoﬁever,-'oveyageing
caﬁprove‘beneficial but.with the loss of considerable
strength, Thus upderageing was found to increase the crack

24,25,26,27

propagation rate and in some cases reduce K, soclf1249

26
whilst overageing decreased the crack propagation ratezs’ -

and slightly increased Ky SCClG at the loss of considerable.

strength,

Ha.:i’.ghz8 investigated abrbader range of ageing
temperatures (300-60000) and found that the thresholﬂ stresses
determiﬁed on smooth-tehsile specimens for ageing heat treatménts
of 3 hours at 400, 450 and 480°C were approximately half those
for ageing treatments of 350, 530 and 600°C, Furthermore, he
found a close correlation between times of failure at a given
stress level for different ageing temperatures and corresponding
ultimate tensile strengths., Maximum susceptiblility to stress'
corrosion cracking corresponded almost exactly with maximum

tensile strengths attained at ageing temperatures of between

400 and 5000C.

Cold work before or after ageing has been

28,29, 30 to have a beneficial effect on the stress corrosion

: . . 29
cracking resistance of maraging steels. Copsen and Van Rooyen

f ound
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investigated the effect of cold working before aging on the
resistance to stréss corrosion cracking of U-bend specimens
of an 18Ni(250) grade alloy in 3.5% NaCl. A 30% reduction
caused only slight improvement whilst reductions of 40 and
50% produced increasingly greater resistances to cracking,
Similarly Setturlundao found that cold working before ageing
improved the cracking resistance of smooth tensile specimens
of 18Ni and 20Ni maraging steels stressed to 75% of their
yield strengths in distilled water. The beneficial influence
of cold working is probably a.consequence of the‘elongation
of the prior austenite grain boundaries produced by'working |
and/or to an increase on the dislocation density of the
material which, by providing more numerous sites for the
nucleation of precipitate particles during subsequent ageing,
produces a more uniform microstructure. Prestressing above the
subsequent service load has been successfully applied to

increase the air fracture stress in a number of structural

materials. The resistance to fracture conferred by prestressing
may be due to blunting of pre-—-existing crack like defects in
the structure by local yieldihg or to residual compressive

stresses at defects after prestressing. -

The effect of prestressing on the stress
corrosion cracking resistance has been the subject of a number

31, 32,33, 34

of studies. Navaks%ound that prestraining 1-5%

before machining precracked specimens from the material was
detrimental to HY130 steel but had no effect on a 12Ni-5Cr-

3Mo maraging steel.

The effect of prestressing already precracked

2,33 4

bars has been investigated by Carter® and Dautovitch® :

Carter investigated the effect of prestressing precracked bars



295

of a 200 KSI yeild stréngth 4340 steel and an 18Ni1i(300)

maraging steel He found that prestressing of the 4340 steel
at stress intensities of hp to 90% of KIC was effective 1n
improving the stress corrosion cracking resistance raising

K from 9 to about 25 KSI JIN. Prestressing of the I8N1

I SCC
300 alloy was not as efféctive, however, raising KI SCC from

7.5 to about 10 KSI /IN.

Dautovitch34studied the effect of both room

temperature and 260°C prestressing of precracked bars- and
260°C prestressing_of notched tensile specimens (KT = 10)

on the resistance to cracking of an 18Ni(270) grade maraging
steel tested in artificial sea water. Fig. 1.6 shows the
results obtained by Dautovitch plotted in terms of critical
stress intensity for stress corrosion cracking (KI SCC) as‘

a function of prestressing stress intensity (KIP)' It is
apparent from Fig. 1.6 that room temperature prestressing was
only efféctive after the prestressing stress intensity exceeded

K The 260°C prestress was much more effective than

I SCC°
the room temperatufe prestress, though iﬁ both cases a sub-
stantial improvement in Ky goc Was effected. The improvement
in KI SCC observed in the case of the 2GOOC'prestress could
not be attributed to the formation of a protective oxide film

formed at these temperatures since KI gcc Was determined in

these tests after a slight extension of the initial crack.

The reason why prestressing improves the stress
corrosion cracking resistance of specimens containing a dis-

continuity appears to be associated with the nature of the
plastic zone formed at the tip of the discontinuity upon pre-

stressing. Thus, the plane stress plastic zone size, b increases

3

with applied stress intensity factor K, according to

I
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Fig. 1.6 The influence of pre-~stressing on the stress
corrosion cracking index of an 18 Ni (270) 44
grade maraging steel tested in 3.5 wt % NaCl.’

\

whereé§y== vield stress of the material,
E =Youngs modulus of elasticity.
Now for reasons which are not fully understood stress corrosion
cracks are disinclined to prOpagaté through piane stress plastic
zones so that the higher the prestressing stress intensity
factor the more important becomes the effects of plane stress
plasticity and the cracks are unlikely to propagate.
Alternatively, residual compressive stresses (the magnitude
of which are proportional to KIP) may be formed within the

plastic zones on unloading the specimen £ rom KIP so that on

reloading in the corrosive environment crack propagation can
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only occur when the stress level 1is éufficient to overcome

these residual compressive stresses hence KI SCC is

effectively raised.

In summary then; the results of a large
number of investigation$ on several high strength steels
strengthened by heat treatment have shown that steels with

yield strengths above about 200,000 psi are susceptible to
stress corrosion cracking in natural environments. Furthermore,.
this behaviour appears to be more dependant on yield strength

than any other single factor such as alloy type structure or

heat treatment, etc,

The maraging steels however have been show30’36’37

to exhibit longer failure times than martensitic alloy and
stainless steels tested at the same strength level, Furthermore,

a comparison of fatigue precracked specimen data has shown

that maraging steels in general show higher K values and

I SCC
slower crack'growth rates that many other high strength steels

of similar strength. Thus, Fig. 1.716 shows that 18Ni maraging

steels compare favourably with other high strength steels

offering as good or better KI SCC values over a wide strength

range. Fig, 1.826

shows a comparison of region II crack
growth rates of 18Ni maraging steels with thosé for 4340,
SOdM, H-11, 9Ni-4Co-.45C, 9Ni-4Co-.25C and D6AC steels as a
function of yield strength., Clearly, the crack growth rates
of 18Ni maraging steel at the 250 ksi yield strength level
were comparable with those for 9Ni-4Co-.25C and H-11 steels

of yield strength 200 ksi but two orders of magnitude slower

—_— —r— -

than the crack growth rates of 4340 and 300M steels also of

yield strength 200 ksi.
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1.3.3 The influence of environment on the stress

corrosion cracking behaviour of high strength

steels

a) AQUEOUS ENVIRONMENTS

(i) High Strength Steels

One of the characteristic features of the stress
corroéion cracking of high strength steels is the wide variety
of environments, some of which at first sight appear to be

totally innocuous, in which cracking has been observed to occur.

Phelps and Mears38 investigated the effects.

different anions had on the resistance to cracking of a 12Mo-V
stainless. steel heat treated to a high strength level. Their
results are summarised 1n Table 1.9, Which indicate that a large
number of anions other than chloride cause cracking and that

the anion present has a pronounced effect on cracking times.

17,30,33 have been

Several other investigations
carried out in natural environments with the principle alm of
selecting the most suitable alloys for a given job in a given
environment and in general the results indicate that marine
and simulated marine atmospheres are more aggresive than
industrial atmospheres and that natural marine:environments

are more severe than artificial ones. Possibly the worst

possible environment as far as the stress corrosion cracking
of high strength steels is concerned is one containing hydrogen

sulphide. Naturally, this particular aspect of stress corrosion

cracking is of particular interest to the oil and gas industries

since a large proportion of the crude oil and gas found in
various parts of thewrld contains hydrogen sulphide and

consequently the steels used for drilling and recovery of these

Pl aamn e g e e Ay T i e —

e e S )
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TABLE 1.5

Stress Corrosion Behaviour of VSS 12MoV Stainless in various

Salt Solutions

Material tempered at 425°C to give a yield strength
- of 207 Ksi '

e

Average

‘Initial pH . Failure Time

‘Environment

NaF (1.0M) 7.7 22 min
NaCl (1.0M) 6.2 _ 28 min
NaBr (1.0M) 6.7 11 min
Nal (1.0M) 8.9 _ -~ 6 min
NaH2P04(1.OM) : 3.6 . 6 min
Na,HPO, (1.0M) 8.9 _ NF 620 hr
Na3PO4 (Sat) 12.3 | 60 min
Na2804(1.0M) 7.0 ' ' S5 min
NaNO,(1.0M) 5.7 j 18 hr
Na2804(1.0M) 9.4 49 hr
NaClO3 (1.0M) 7.8 205 hr
NaC,H;0,(1.0M) 8.2 520 hr
NaOH (1.0M) 12.0 NF 840 hr
NaNO4(1.0M) 8.1 NF 840 hr
NaHCO, (Sat) 8.9 NF 840 hr
Na2CO3 (1.0M) 11.95 NF 840 hr
NaCN (1.0M) 11.8 NF 840 hr
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products must have inherent resistance to cracking or else

be appropriately protected. As a result, a great deal of

literature40_43 is available on the performance of different

steels in sulphide containing environments.

The stress corrosion cracking of high strength
steels in sulphide contaihing environments is regarded to be

a special case of hydrogen embrittlement cracking. Several

44 ,45
workers

have shown, for example, that hydrogen sulphide
promotes hydrogen entry into the steel by poisoning the hydrogen
- adatom recombination reaction and thereby decreasing the

S.C.C. resistance in these environments. The embrittling

45

tendency-is most pronbunced.in acid solutions where hydrogén

sulphide is thermodynamically stable and particularly so when
acetic acid is also present in the solution.46

47

Bhatt and Phelps investigated the effect of

solution pH in the range 1-13 on thé stress corrosion cracking
susceptibility of a léMo—V stainless steel in 3% by wt sodium
chloride solutions. They found that the times to failure
increased and the corrosion rate decreased as thé PH was

increased from 3 to 1l1l. At pH values greater than 11.0 stress

corrosion cracking did not occur and the rate of corrosion was
- 48 - . :

negligible. Green and Haney, "however, found minima in the

times to failure versus pH curves of tensile foil specimens

of 4340, H-11 and maraging Steels at a pg of between 11.0 and

12.0, The minimum was observed to be more pronounced for the

maraging steel.

An interesting feature of the stress corrosion
cracking of high strength steels is the fact that many environ-
ments which under most circumstances would be considered to be

fairly innocuous have been found to induce cracking or slow




32

crack propagation in the high strength steels when the latter

"are heat treated to very high yield strength levels.

Thus, Steigerwa1d49 investigated the stress

corrosion cracking susceptibility of fatigue precracked tensile
specimens of 300M steel, hedt treated to a yield strength of
245 ksi, in various liquid environments, The specimens were
stressed to 75 ksi or 84% of the strength obtained in the
absence of a liquid environment. His results are shown in
Table 1.6 and indicate that even apparently innocuous environ-
ments such as lubricating oil and acetone;can induce slow
crack propagiation in this steel although the failure times

in these envifonments were always longer than in aqueous
environments., Similarly, fatigue precracked tensile specimens

of a 12% Cr stainless steel tested in the martensitic condition

o0

have recently been observed to show slow crack proPagation

in organically based crack detecting fluids,

Steels heat treated to high yield strengths

have also been observed to exhibit slow crack growth in gaseous
environments containing various amounts of water vapour as
well as in distilled water. Hanna,51 et al found that air
with a dew point of 35°F and moist argon with a dew point of
45°F were as effective in promoting crack propagation of pre-

cracked tensile s pecimens of 4340 steel of yield strength 214

ksl as was exposufe to distilled water, The critical dew point
to initiate failure in moist argon was estimated to be -5°F
corresponding to moisture content of only 1 grain per cubic

foot of gss. The authors attributed cracking to embrittlement

by hydrogen absorbed as a result of corrosion processes occurring

on the specimen surface.

In work of a similar nature, Jehnson and Willner52
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TABLE 1.6

Influence of Various Environments

on Failure Time of 300M Steel

Material tempered at 315 °Cc to give a yield strength

of 245 KSI

. Environment

Failure Time (MIN)

Recording Ink | 0.5
Distilled Water 6.5
Amyl Alcohol 39.8
Butyl Alcohol - | 28.0
Butyl Acetate . 18.0
Acetone 120"
Lubricating Oil 150
Benzene | 2247
CCl, N.F. 1280

Air

N.F. 6000
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found that the étress intensity for crack initiation in

precracked specimens of H-11l steel (Y.S., 230 KSI) decreased

fromt he air fracture value (40 KSIJIN) at 0.1% R.H 80°F

to half that value at 100% R.H 80°F., For relative humidities
in excess of 60%, crack_initiation and growth characteristics
were identical to those in distilled water. The authors
suggested that at such high humidities water vapour condenses 
at the crack tip. At lower relative humidities cracking was

attributed to a lowering of surface energy by adsorption.

(ii) Maraging Steals in Particular

In general those environments found to cause
cracking in the other high strength steels, and the respective
differences in severity observed between them, are also found
to produce stress corrosion cracking of maraging steels and

wth similar differences in their severity. Thus, as was found

to be the case for other high strength steels, Kenyon,53 et al

04

and Leckie and Loginow both found that natural sea'water

tended to be more severe than 3.5% sodium chloride solution
with the proviso that, as has already been seen, crack

velocities of maraging steel were generally lower and KI SCC

values higher than other high strength steels heat treated

to the same yield strength.

The effects of pH and chloride ion concen-

tration on the cracking resistance of maraging steels have

been investigated using both smooth28’55

27,56-59

and precracked

specimens, In smooth specimen tests pH and chloride

ion concentration have both been found to influence cracking

0S5

times. Green and Haney working with .002 thick foil

tensile specimens of an 18Ni maraging steel found that a

reduction in chloride ion concentration increased the resistance
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to stress corrosion cracking. pH changes 1n the range 9 to
13 produced a prounced minimum in the time to failure,the

position of which varied as the chloride ion concentration was

changed (in general to higher pH's asCI™ concentration was

59

increased). Leckie observed a similar minimum in the time

to failure of precracked specimens of a 12Ni-5Cr-3Mo maraging

steel at a pH of 12.

27

Stavros and Paxton, however,'found nosﬁstem—

‘atic effect of pH changes in the range 0.5 to 11 on the KI SCC

values or cracking times of precracked specimens of an 18Ni
(300)*grade‘maraging steel tested in a 3% (by-weight) sodium
chloride solution. Furthermore they found no differences in
KI SCC values or crack growth rates between tests carried out
in 3% NaCl or disfilled water, Freedman56 observed no effect
on KI SCC data of tests cérried out in 20% NaCl solutions as
compared to marine atmospheres, whilst Carter58 and Mostovy

97

et al found no consistent effect of chloride ion concentration

on crack growth rates in 9Ni~-4Co-0.45C, 9Ni-4Co-.25C, H-11

and 300M steels.

It would appear therefore that pH and ClT ion

concentration have a definite effect on the cracking resistance
of smooth tensile specimens where pre-existing cracks are
absent and this probably reflects the influence of these

variables on the crack initiation through their effects on

pitting chracteristics.

Finally, as was found to be the case in other

high strength steels, the stress corrosion cracking suscept-

ibility of maraging steels tested at high stress levels 1n
saline solutions saturated with hydrogen sulphide (pH5°*0) is

described as large.
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b GASEOUS HYDROGEN ENVIRONMENTS *

(i) " High Strength Steels in General

Although'previous studies had indicated that

high strength steels were susceptible to cracking in high

pressures of hydrogen gas it was only in 1966 that Johnson and

61

Hancock demonstrated that atmospheric pressures of hydrogen

could induce embrittlement of high strength steel (actually
H-11 steel heat treated to a yield strength of 230 ksi),
Their results on precracked tensile specimens of H-11l steel |
indicated that crack velocities in one atmosphere of hydrogen
were greater than ih water or moist argon environments. The

addition of 0.7 volume % of oxygen terminated crack growth

in dry hydrogen gas or humid argon environments,

Similar behaviour to the latter has been

62

observed by other workers. Thus Sawicki reports 0,4 volume

% 02 prevented cracking in gaseous hydrogen environments at
temperatures between -28 and 100°C. McIntyre (et al)63 found

1% 02 was sufficient to stop crack growth in dry hydrogen gas

64

whilst Kerno suggests that the oxygen level is more significant

than the oxygen/hydrogen ratio. This inhibiting effect of
oxygen is probably related to its preferential adsorption at

the crack tip thus providing a barrier to the ‘adsorption of

the embrittling hydrogen species.

The pressure dependance of crack growth 1in

hydrogen gas has been reported62_64 as ranging frompH2i to

sz2 depending upon temperature62 and applied stress intensity.

1

64

Sawicki reports that at 27 and 47°C H-11 steel shows a sz

dependance of crack velocity but at 80°C a szs/2 dependence

3

was observed whereas McIntyre observed a pH2 dependence of
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crack velocity fbf high strength 835M30 steel in sub-

atmosphere pressures of hydrogen gas at ambient temperatures,

(ii) ' Maraging Steels in Particular

The cracking behavior of maraging steels in

gaseous hydrogen has beén the subject of several recent
investigations. Thus, Walter‘(et a1)65 noted a severe loss
in ductility in 18Ni(250) gréde smooth tensile specimens 1in

10 ksi of hydrogen gas. Hudak and-Wei66 have shown that the

activation energies for crack growth and crack growth rates
in the temperature range -60°C to +23°C for an 18Ni(250)
grade steel agreed quite well with those found in similar

tests on a 4130 steel by Williams and Nelson?7 This agreement

suggests that composition and structural differences between

maraging and high strength low'alloy steels play a minor role

in influencing cracking behaviour of high strength steels in
gaseous hydrogen which, in turn, implies that it is reactions
at the specimen surface rather than within the alloy that

control the cracking behaviour of high strength steels in

these environments.

Oriani and Joseph1068 have investigated. the
hydrogen gas pressures required to start and stop slow crack

growth in fatigue precracked 18Ni (250) grade ﬁaraging steel

specimens. Hydrogen gas pressures as low as 10-20 cm of

mercury were found to be sufficient to induce slow crack
growth; the pressure required decreasing slowing with increasing

stress intensity. Arrested cracks generally required about

a 30% increase in hydrogen pressure to restart them, which

was attributed to preferential adsorption of impurities,

probably oxygen, at the crack tip providing a barrier to the

adsorption of hydrogen,
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More significantly, however, it was observed

that an increase or decrease of hydrogen pressure of about

4 TORR produced a noticeable change in crack velocity within

a fracton of a éecond'which implies that the distance over
which the hydrogen atoms must diffuse to affect embrittlement

is small and of the order of a few atomic diameters from the

surface of the crack tip.

The influence of hydrogen precharging on the

bracking susceptibility of maraging and other high strength

steels has been the subject of a number Ofstudies.69_73

These studies, in general have shown that whilst maraging

steels are subjJect to embrittlement, the degree of embrittlement

is much less than that observed in other high strength steels.

70 found that underxr conditions

For example, Gray and Troiano
of either equal charging times or equal hydrogeﬂ contents
the degree of embrittlement (as indicated by % RIA) in
tensile tests was much less for an 18Ni(200) grade maraging

steel than for a 4340 steel quenched and tempered to a similar

strength level,

More recently Dautovitch and Fioreen72 measured
the critical stress intensities required to p;pduce slow
crack growth in hydrogeﬁ precharged fracfure toughness samples
of 18Ni(250), (270) and (290) grades of maraging steel and
quenched and tempered 300M steel. Their results shown in
Fig. 1.9 demonstrate that the 3 grades of maraging steel

display a significantly greater resistance to hydrogen

embrittlement than the quenched and tempered 300M steel.
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Fig. 1.9 The relationship between the critical stress
intensity for cracking and the average hydrogen
concentration for hydrogen precharged maraging
steels and quenched and tempered 300M steel.’

The greater resistance to hydrogen embrittle-
ment of the maraging steels comparéd with high strength low
alloy steels may be associated with the fine scale dislocation
and pfecipitate microstructure of the former e.g. in view of
the significant hydrogen-dislocation interaction energies
observed in the iron base alloys it is_likely that dislocatioﬁs

and precipitate interfaces would act as effective traps for

absorbed hydrogen in maraging steels. If such sites are

innocuous with respect to the cracking processes then the
concentration of hydrogen available to produce cracking would
be reduced. The results of Dautovitch and Floreen, for

example, would appear to confirm this hypothesis., At a stress
intensity of 30 KSI/IN (Fig. 1.9) the 300M steel would start
to crack when the average hydrogen concentration has reached

approximately 0.7 ppm whereas at this stress intensity 2.7 ppm
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of hydrogen would be required to cause crack growth in the

18Ni(250) grade maraging steel. Furthermore, measurements

of the diffusion coefficient of hydrogen in maraging'steel

have shown74’75.that the values of between 10"8 aﬁd 10_9 cm2

s™1 observed are 3 to 4 orders of magnitude lower than those

76 The much higher density

of hydrogen in iron or mild steel.
of trapping sites in the microstructure of the maraging steels
is considered to be the reason for the abnormally low diffusion

coefficients observed in these steels.

In summary, therefore, a combination of the
lower rate of hydrogen diffusion ﬁnd the higher concentration
of hydrogen needed to induce cracking (both as a reéult,of
the higher density of trapping sités for hydrogen compared
with other steels) 1s probably responsible for the lower crack
growth rates and higher critical stress intensities for étress*
corrosion cracking observed for maraging steels compared with

other high strength steels subjected to the same hydrogen

embrittling environments.

1.3.4 Microstructural aspects of SCC in the high
strength steels - the crack path
(i) High Strength Steels in General

The crack path in high strength steels has been
observed to be .either intergranular or transgranular with
respect to the prior austenite grain boundaries depending upon

microstructure, environment and the level of applied stress.

.Most investigations38’41’46’77 have found that

the crack path in hydrogen sulphide saturated environments

is transgranular with respect to the prior austenite grain

boundaries.

However, intergranular cracking in hydrogen
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containing environments has also been observed. Thus,

Prange78 observed intergranular cracking in a 9% Ni tube
steel which had failed in a sour condensate well. 1In gaseous
hydrogen environments and environments not containing hydrogen
sulphide, however, intergranular stress corrosion cracking is
the rule rather than the exception.._Phelps and Loginow,_l7

18,79 and Dean and Copson36

Davis, all report predominantly
intergranular cracking in their investigations on several high

strength steels.

80 studied the micro-

structural factors'influencing the SCC of several martensitic
stainless steels exposed at the free corrosion potential in

! - I.illys and Nehrenberg
| 5% NaCl solution and also as cathodes in a cell containing
|
i

.1NHZSQ4p1us 3mg df arsenic/litre as electroly%e. The former
was chosen to be representative of a true stress corrosion
system whereas the latter was considered to be representative
of hydroéen embrittlement. It was observed that SCC was
minimiSed when 5-10% delta ferrite'wés pfesent in the structure;
the cracks being deflected around the ferrite phase and so
interfering with crack propagation. Exclusively intergranular
cracking was only observed after tempering at 510°C for

specimens subjected to 'stress corrosion conditions':and after

tempering at - 538°C for specimens exposed to 'hydrogen embrittle
~ment conditions' despite the fact that precipitates could be

detected in grain boundaries after tempering at 454°cC,

Trozzo and McCartney81 using electron microscopy

and diffraction techniques investigated three heats of AISI410

stainless steel exhibiting degrees of susceptibility to stress

corrosion cracking in a high temperature water environments,

It was found that in two heats which were susceptible to inter-

. .
i ligmie' ot ke e ey e
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granular cracking, a continuous constituent was observed

in the prior austenite grain boundaries after quenching. This
constituent was later fognd to consist of enriched austenite
and martensite. 'Temperiﬁg at 3459C resulted in the retained
austenite transforming to martensite, so creating a brittle
grain boundary network of untempered martensite which thereby

provided an easy path for intergranular crack propagation.

The influence of microstructure on the nature
Oof the microscopic crack paths observed in the stress corrosion

cracking of the high strength steels can be most easily

rationalised on the basis of the presence or otherwise of

grain boundary precipitates located at the ﬁrior austenite

grain boundaries, Thus, if an active path dissolution cracking

mechanism is considered to be operative then the grain boundary

precipitate may have sufficiently different electrochemical

characteristics from the surrounding alloy matrix to either

be preferentially anodically dissolved or by acting as a

particularly efficient cathode the matrix material immediately

adjacent to the ppte may be preferentially dissolved. In

either case, the net result is the same (i.e.

cracking). Alternatively, 1f the cracking mechanism operative

1s considered to be hydrogen embrittlement then the precipitate

interface may be a preferential site for the location of

]

| i
absorbed hydrogen atoms which lower the cohesive forces [
I
P

!

between atoms of precipitate and matrix.

The macroscopic details of crack propagation |

Thus cracks can propagate either as a

are also of interest.

single crack in the plane of the precrack or as branched

cracks inclined to the plane of the precrack. The different

crack morphologies have been referred to as Types 1 and 2
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respectively.83 Attempts have been made to quantify the

conditions under which crack branching will occur.

In generai crack branching is observed in
Region II (Fig. 1.10) for slow crack growth in aqueous environ-

ments 1.e. where crack velocity is independent of stress

intensity. In Fig. 1.10 in region I, which maybe ‘absent in

some materials, crack velocity is strongly dependant upon
stress intensity. In regidn II, crack velocity is independent

of stress intensity; the constant crack velocity in this region

o8

is thought to be a consequence of a limiting mass transport

or diffusion controlled mechanism operating. In fegion I1I,

where crack velocity is again strongly dependent upon stress

58,84, 85

intensity, mechanical failure is regarded to be playing

an increasingly important role in crack propagation. Speidel,
for example, has observed crack branching in an AFC 77 quenched

and tempered high strength steel tested in distilled water as
the results in Fig. 1l.1l1 show. Crack microbranching with branch
separations of fhe order of one grain diameter was observed at

stress intensities 1.4 times the K; 5.~ value (or greater).

Macro-branching was only observed at stress intensities 1.4

| : : : *
times the minimum K value observed in region II (i.e. KI in

Fig. 1.10). Carter?7 however, observed crack macrobranching
in high strength steels to occur at a value of stress intensity

KBT = n KI SCC where n varlies from 2 to 4. Another important

requirement that must be satisfied before macrobranching is
observed is that the velocity of the branched cracks must not
be significantly less than the velocity of the main crack from

which they grow otherwise the main crack may continue to gTOW

to the point where the branched cracks are unloaded.




- O N e, gyt k. E

44

CRACK BR&NCHI NG. I

CRACK VELOCITY —>

KISGC
STRESS INTENSITY —>

i — — . inln-

s =le-smls — - m =

Fig. 1,10 The schematic relationship, between crack growth
rate and stress intensity factor during stress

corrosion cracking of a typical steel.
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(ii) Maraging Steels in Particular

Stress corrosion crack paths in maraging steels

. 23,25,27, 36

are generally intergranular along prior austenite

grain boundaries though transgranular cracking has been

reported.16

observed16’23

TiZS or TiC{(N) precipitates which have been
at prior austenite grain boundaries may provide a
favourable path for cracking in a manner as outlined above.

Where transgranular cracking has been observed the martensite

platelet boundaries have been suggested as being preferential

sites for attack.16’88

" Fracture paths observed in hydrogen precharged
maraging steels are usually-intergranular or transgranular

quasi-cleavage type fractures or mixtures of both. Tritium

89,90, 91

autoradiography or the formation of neodynium surface

92

films that form hydrides have been used to demonstrate that

the hydrogen tends to accumulate at the prior austenite grain
boundaries and along martensite-platelet.boundaries. The quasi-
cleavage fracture mode observed on some fracture surfaces of
hydrogen charged maraging steel épecimens may thus be indicative
of fracture alohg the martensite platelet boundaries.

As was observed to be the case in the other
high strength steels? cracks in maraging steels, have been
observed to propagate either as a single crack in the plane

of the precrack or as branched cracks inclined to the plane

of the precrack and the requirements for macrobranching appear

to be identical to those for other high strength steels.87

" An explanation of the crack branching

phenomenon in high strength steels has been given by Clark

and Irwin93 and Syrett and Trudeau.94
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They point out.that the stress distribution

around the tip of a propagating crack is such that extensional
stresses along plagps inclined at 60° .to the precrack is
- greater than along the plane of the precrack. These planes
are referred to as 'zero isoclinies' by Syrett and Trudeau
since they are characterised by zero shear and separation
may occur along these planes purely in the direction of
loading. - )

1}3.5"Thé;influence‘of stress on the S.C.C.

| ”B‘e'ﬁ'éVfo‘u‘r‘ of high strength steels

In general the effect of increasing the stress

level in stress corrosion tests on smooth specimens of any
metal in any environment is to shorten the cracking times.,
Furthérmore,-for_many”metal-environment éystems a distinct
threshold stress is observed below which cracking does not*
occur in the maximum time allowed for the test e.g.'Phelps

and Loginow17 showed that for a number of high strength stéels
exposed to a marine environment the failure times generally
decreased as the stress leveliwas increased and a threshold
stress of between 50 and 75% of the yield strength was

observed for some of the steels.,

The above refers to tests Carried out on smooth

tensile specimens and it is as well to point out at this stage
that stress corrosion data from different sources may be
obtained using widelyldifferent specimeq types and employing
significantly different loading modes. As such, caution should

be observed at all fimes in comparing data from different

laboratories. An example of the effect that various modes of
loading can have on failure times of a given material in a

given environment; is given in a recent paper by Hayden and
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Floreen.95 They investigated the effect of various modes

of loading on the failure times of an 18Ni maraging steel

in 3.5 wt % NaCl solution. 1In order_of increasing severity
the loading modes investigated were shear loading By torsion
no failures, plane stress bending (@pproximated by U-bend

or thin bent beam specimens), tensile loading of smooth

specimens, and fatigue precracked plane strain beﬁding. It

was observed that the threshold stress increased from 40 to

275 ksi as the loading was changed from the most severe-to‘

the least severe case (Fig. 1.12).

- Notwithstanding, the necessity for caution in

comparing dafa from different sources,  the results of many

investigations suggests that in general, the maraging steels
show superior threshold stresses, higher threshold stress

intensities and longer times to failure than other high
strength steels heat treated to the same or similar strength

levels.

1.3.6 The influence of EleCtrochemical Polarization

The influence of applied electrochemical

polarization and in particular the influence of applied

. current, on the stress corrosion cracking susceptibility of
high 8trength steels has been used to provide information
enabling a distinctign to be made between anodic dissolution

and hydrogen embrittlement as the cracking mechanism operating
at the free corrosion potential in a given environment. As
such, the influence of electrochemical polarization will be

discussed Iully in the following section.
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1.4 The Mechanism of Stress Corrosion Cracking

The mechanism of stress corrosion cracking of
high strength steels in aqueous environments has been the
subject of much controv?rsial debate in recent years and it
is fair to say that most systems of metal and environment
that exhibit stress corrosion cracking have at one time or
another been explained in terms of a hydrogen embrittlement
mechanism. The evidence adduced in favour of a hydrogen
embrittlement mechanism is often based on such factors as
the oﬁservation of hydrogen bubbles emanating from cracks,
fractrographic evidence suggesting a quasi-cleavage crack
propagation process, the demonstration of fhe presence of

hydrogen in the metal or to measurements indicating that

conditions are favourable for hydrogen discharge.

Evidence of an indirect nature which has been

cited as evidence of 'a hydrogen embrittlement cracking

mechanism concerns the change in cracking response to various

modes of loading. Hayden and Floreen95 suggest that the

variation in fallure times with the state of stress they
observed 1n an 18Ni‘maraging steel could not be explained

on the basis of an active path corrosion mechanism and was
more consistent with an explanation of cracking via hydrogen
embrittlement. Fig. 1.12 taken from their paper, indicates
that the severity of stress corrosion cracking of unnotched
samples decreased in the sequence plane strain bending -
tension - plane stress bending. The significant difference
in the apparent threshold stresses between fatigue precracked

plane strain bending and essentially smooth plane strain

bending samplés can be readily explained in terms o0f electro-
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Fig. 1.12 The influence of specimen type on the
resistance to stress corrosion cracking

of an 18Ni (280) grade maraging steel
corroded in 3.5 wt % NaCl.90

chemical changes taking place more readily in the former
case within the confines of the precrack than in the latter
case. Although electrochemical changes result in potential—
and pH changes such that conditions become condﬁcive to
hydrégen discharge within the cracks it should be recognised
that a reduction in pH can also result in enhanced metal

dissolution so that enhanced cracking in such circumstances
is just as likely to be a consequence of enhanced metal
dissolution as it is to hydrogen absorption. Alternatively

the explanation may lie in the greater amount of plastic

deformation that is produced at the tip of a sharp fatigue
precrack as compared with that produced at the tip of a

relatively blunt machined starter notch.
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The differences between the results of

plane strain and plane stress bending are a little more
difficult to explain. One possible explanation has already
been mentioned, i.e. thevfact that stress corrosion cracks,
for reasons that are not fully understood, are disinclined
to propagate‘through fegions of plane stress, Another
explanation, not totally unconnected, may be associated with
the differences in specimen size necessitated by plane strain
bending and plane stress bending. Thus, by definition, plane
stress specimens (for a given material) are considerably
thinner than plane strain specimens and if one assumes that
the probability of cracking is reduced as the exposed area 1s
reduced96 then one might anticipate that at a given stresé
level the plaﬂe stress specimen would exhibit a correspondingly
greater time to failure than the plane strain specimen.

97 used to

One of the earliest techniques
dstinguish between an active path corrosion and hydrogen
embrittlement.mechanism.operating'ﬁnder fréely corroding
conditions is based upon the influence of applied anodic and
cathodic currents (or potentials) upon the times to failure
of specimens tested in the environments under consideration.
Bhatt and Phelps98 have described in.detail the different
types of curves which could be obtained using this electro-

chemical polarisation technique. These curves are reproduced

in Fig. 1.13.

In Fig. 1.13(A) it is suggested that‘since
the time to failure are decreased by the application of small
cathodic currents and increased by the1application of anodic
currents, the cracking mechanism at the free corrosioh

potential is one involving hydrogen embrittlement., In Fig.
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Fig. 1.13 The several possible effects of anodic and
cathodic polarisation on the failure times

of high strength steels, 98

1.13(B), since the times to failure are increased by the
application of small: cathodic currents - a situation .
presumed to result in an increase in the rate of protoh i
discharge - the cracking mechanism at the free corrosion
potential is assumed to involve anodic dissolution. Figs.

1.13(C), (D), (F) and (G) represent different combinations

of the above described cases in which the cracking mechanisms

at the free corrosion potential are salid to be.active path

corrosion and- hydrogen embrittlement respectively. Where

both anodic and cathodic polarization shortens the cracking

times, as in curve (E) it is not possible to determine the

cracking mechanism operating at the free corrosion potential
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by this method. In the case of a curve such as (H) neither
anodic er cathodic polarization influence the cracking

time and it has been suggested that a possible explanation
is that a hydrogen embrittlement mechanism is operating but
that the mechanism.by which hydrogen enters the steel is not

electrochemical,

Several investigationsl7’19’47!98:99:100“103

have been carried out in which the polarization technique

was employed to try to determine the cpackiﬁg'mechanism at

the free‘corrosion_potential of several different steels in
different environments. Brownlo1 working with heat treated
AISI 410 stainiess steel found that in aqueous chloride
environments times to failure were shortened by the application:
0f anodic currents and greatly lengthened by the application

of small cathodic currents; behaviour characteristic of an
active path corrosion mechanism operating at the free corrosion‘
potential i.e., Type (C). In aqueous solutions containing

0.5% acetic acid + 0.1%iNH4S however, small cathodic currents
decreased fracture times whereas anodie currents greatly
 increased failure times, Brown was led to the conclusion

that in this enviroﬁment AlS1l 410 stainless steel cracked

via a hydrogen embrittlement process at the free corrosion

potential i.e. Type (A).

Bhatt and Phelps47 found that in polarization
tests on a high strength 12% Cr stainless steel containing

Mo and V (12 MoV stainless) in aqueous chloride environments,

the mechanism of cracking at the free corrosion potential

was dependant upon the initial pH of the solution. In neutral

solutions the failure times were shortened by.anOdic currents.,
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Fig. 1.14 The equilibrium pH - potential diagram for
iron showing the stress corrosion results
obtained in a 12% Cr stalniess steel in

3% NaCl solution. 47

and lengthened by small cathodic currents indicative of an

active path dissolution mechanism Opergting at the free corrosion
potential. In a solution acidified to pH 1 both anodic and
cathodic polarization shortened the failure time with respect

to the failufe time observed at the free corrosion potential.

Consequently, the mechanism of cracking at the free corrosion

potential could not be deduced from the polarization data

but other evidence suggested it to be hydrogen embrittlement.

In a solution of pH 12.5 no crackinglwas observed under

freely corroding conditions which was attributed to the
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onset of passivity. Their results could be interpreted in

terms of the potential - pH diagram for iron. Fig. 1l.14; it

beiﬁg noteworthy that the cracking mechanism was diagnosed

to be hydrogen embrittlement for experiments in which the

potential was equal to or more ‘active than the reversible

hydrogen potential and active path corrosion for all experiments
in which the potential was noble to the reversible hydrogen

potential. The above observations were supported by hydrogen
permeation exﬁeriments in which it was observed that hydroéeh |

permeated the steel only in conditions diagnosed.to be

hydrogen embrittlement in electrochemical polarization tests.

Parkins anﬁ Haneyf?3 found a relationship of
the type 1llustrated in Fig. 1.13(c) in smboth tensile tests
performed on an 1l8Ni maraging steel in acidified 3.5wtt%_
éodium-chloride solu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>