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ABSTRACT

A high strength steel with an austenite-martensite duplex microstructure has
been produced by extruding nickel-coated steel powder. The austenite is
stable and is present as a continuous network surrounding a high strength
martensite. The dual-phase steel exhibits superior resistance to stress
corrosion cracking in 3.5% NaCR solution compared with steels of similar
strength having conventional microstructures.
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INTRODUCTION

The major limitation to the use of high-strength steels in engineering
applications has been their high susceptibility to stress corrosion cracking.
Although several attempts to improve air fracture toughness Kjc, have been
successful, these have not usually resulted in corresponding improvements in
the threshold stress intensity factor KTy. The basic problem is that the
martensite microstructure that is essential for high strength is inherently
susceptible to embrittlement by hydrogen which arises from the corrosive
action of the environment. One of the potential solutions to this problem is
to develop steels having dual-phase microstructures in which separate con-
stituents are responsible for the conflicting property requirements. A
tempered martensite phase must remain as the source of strength. The obvious
choice of constituent for conferring resistance to fracture is austenite.
Being a low strength material with high work hardening capacity, austenite is
inherently tough. More importantly, hydrogen has a high solubility in
austenite but does not give rise to significant embrittiement. Consequently
an appropriate dispersion of austenite has the potential to act as both a
mechanical crack arrestor and a trap for hydrogen.

If austenite is to be effective in a dual-phase microstructure, it must be
stable. Also if it is to act as an efficient barrier to the transport of
hydrogen, it should ideally be present as a continuous phase surrounding the
martensite. Venkatasubramanian and Baker (1980) have shown that such a micro-
structure can be achieved by coating high strength steel powder with a layer
of nickel followed by hot extrusion to produce a fu]ly dense product.
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EXPERIMENTAL

The present investigation is concerned with steels having yield strengths in
the range of 1300 MPa to 1750 MPa. To achieve these strength levels a medium
carbon chromium-vanadium steel was selected conforming to AISI 6150.

In orQer to obtain uniformity of size and shape and to avoid the problem of
the high oxygen content of air-atomized powder, it was decided to produce
clean 'powder'of constant size and shape by chopping bright drawn wire into
short ]engths. Two batches of wire having diameters of 0.6 mm and 0.2 mm
were obtayned, each batch being chopped automatically into 1 mm lengths. The
chopped wire particles were chemically cleaned and then electroplated with
n1ckg1. For each wire size, the coating thickness was adjusted so as to
obtain a nickel volume fraction of nominally 5%. After washing and drying
the plated particles were packed into mild steel cans, evacuated and sea]ea.
The cans were heated for 3 hours at a temperature of 1000°C and extruded to
give ?5 mm by 12.5 mm rectangular section bar.For comparison with the plated
mater1a1,_sim11ar extrusions were produced from unplated wire. Also,in order
to determine whether the use of wire as a starting material would have any
effect on properties, a conventional steel ingot of similar composition to

that of the wire was cast and extruded to produce the same section as the
wire material.

The extrusion ratio of 14 resulted in complete consolidation of the powder
the upp]ated material being indistinguishable from the extruded cast steelf
The microstructure of the plated wire material is illustrated in Fig.1(a)and
1(b). Thg transverse section shows that the nickel has diffused into the
stge] giving rise to a dual-phase microstructure consisting of a continuous
uniform layer of austenite surrounding a medium-carbon martensite. The
longitudinal  section shows that during the extrusion the wire particles
have been drawn out to produce fibres of martensite, each of which is com-
pletely surrounded by austenite.
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Fig. 1a Dual-phase stee]

1 Fig. 1b Dual-phase steel,
transverse section.

longitudinal section.
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Heat treatment of all the extruded material involved austenitisation at 870°C
followed by 0il guenching. Because of the effect of nickel in depressing the
artensite start temperature, the guenched specimens were cooled to -196°C

in order to ensure the transformation of any metastable austenite. Tempering
was carried out at temperatures in the range 150°C to 490°C to produce yield
- atrengths between 1300 MPa and 1750 MPa.

o determine the stress corrosion cracking behaviour, 10mm by 20mm section,
single-edge notched bend specimens were tested in an environment of 3%% NaCg
so0lution. The pre-cracked specimens were tested under conditions of constant
mouth-opening displacement, the rate of crack growth being determined con-
tinuously as a function of stress intensity. The tests were terminated when
the crack growth rate had fallen to less than 10"6mm/sec. The test piece was
‘then broken open in air, thus permitting an accurate determination of the
final crack length. The corresponding stress intensity factor was taken as
the threshold value.

ESULTS

For all the strength conditions tested, the stress corrosion crack growth
‘behaviour exhibited similar characteristics. Initially the growth rate
tended to be independent of the stress intensity, i.e.conventional stage II
_behaviour. As the stress intensity decreased, a transition occurred to stage
I behaviour where the growth rate rapidly decreased towards a threshold
stress intensity value, KTH. An interesting difference between the con-
yentional and dual-phase microstructures was that in the case of the former,
the load decreased smoothly to the threshold state whereas in the dual-phase
material, the load decreased in a series of discontinuous steps. The latter
implies that crack growth is discontinuous in the dual-phase structures.

In Fig. 2, Kty is plotted against yield strength and it is immediately
_apparent that the dual-phase structures have superior stress corrosion
performance. The improvement in KTy increases with increasing strength and

t a yield strength of 1750 MPa the dual-phase structure shows a 75% increase
in KTy as compared to the conventional steel. The results from both wire
5izes are plotted in Fig. 2 and there would appear to be no significant effect
of martensite 'grain' size or boundary layer thickness for a given volume
fraction of austenite. As far as the conventional microstructures are

' , the cast-extruded and wire-extruded materials exhibit similar

In Fig. 3 the stage II crack growth rate is plotted against yield strength

for all of the conditions tested. At very high strength levels the crack
‘growth rate in the dual-phase steel is considerably less than in the con-
ventional steel. However, the surprising difference between the conventional
and dual-phase steels is the variation of crack growth rate with yield
strength. Whereas the conventional steel shows the well-recorded behaviour of
decreasing growth rate with decreasing strength, in the dual-phase steel the
crack growth rate tends to decrease as the strength increases.

In the steel having a conventional tempered martensite structure, the micro-
mechanism of stress corrosion cracking was intergranular separation, this
 being the usual mode of hydrogen-assisted fracture in high strength steels.In
 the dual-phase structures the tempered martensite fractured in a predominantly
_intergranular manner whilst the austenite separated by a ductile mechanism
(Fig. 4). 1In all cases the stress corrosion crack terminated at the
austenite. This is clearly illustrated in Fig. 5 which provides a sectioned
view of an arrested stress corrosion crack. It is important to note that a
number of isolated cracks have formed in the martensite phase ahead of the
main crack with the surrounding austenite phase remaining intact. This
offers an explanation for the observed discontinuous nature of crack advance
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DISCUSSION

The present investigation has demonstrated that dual-phase micr

of augten1te.and martensite can exhibit very high strgngth CO;b?;;Su§$g;egut-
stand1ng resistance to stress corrosion cracking. The austenite phase is
obviously much softer than the martensite and it has been found that the
strength of_the "composite" obeys a rule of mixtures relationship. Con-
sequently, in order to achieve comparable strengths between the dual-phase
and conventional microstructures, the former has to be tempered at a Tower
temperature. It follows that when comparing the microstructures at the same
nominal strength, the martensite in the dual-phase steel must be harder than
that in Fhe conven?iona] steel. Usually an increase in hardness is
accompanied by an increased susceptibility to hydrogen-assisted cracking. The
fact that the dual-phase steels exhibit enhanced resistance to cracking i
demonstrates the dominant influence of the austenite phase.

In conventional tempered martensites the most widely- Vi

mechanism of stress corrosion cracking is that it 1§ gelgrgggfc8:t:2$1ed
br1tt1e.fracture phenomenon caused by the presence of dissolved hydrogen in
thg region Qf s?ress concentration ahead of the crack tip. (Support for
this mech§n1sm 1s provided by Fig. 5 which shows isolated micro-cracks ahead
of the main crack tip). In order to permit crack advance it has been
suggested that a certain critical stress must be achieved over some micro-
stru;tura]]y significant distance ahead of the crack tip. The value of the
cr1t1ca1 fracture stress depends on two main factors; the composition and
microstructure of the steel, and the local concentration of dissolved
hydrogen. The 1§tter is controlled by the hydrogen activity of the environ-
ment, the permeability of the steel, the magnitude of the stress triaxiality
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Fig. 5 Dual-phase steel, arrested
stress corrosion crack.

‘{g.4 Dual-phase steel, stress
corrosion fracture.

ahead of the crack tip and the distance of the fracture initiation site

ahead of the crack tip.In the case of the dual-phase microstructures, th
presence of the continuous austenite phase can influence the susceptibility
to cracking by modifying both the local hydrogen concentration and the stress
distribution ahead of the crack tip.

The permeability of hydrogen in austenite is much less than in ferr1te..How—
ever, the fact that the dual-phase microstructures exhibit hydrogen-assisted
crack growth demonstrates that hydrogen transport can occur through thg
_austenite phase, presumably by a dislocation-assisted traqsport mechanism.
At high stress intensities, the region of stress intensification ahgad of the
crack tip is extensive and the conditions necessary for the nucleation of a
micro-crack can be satisfied at low hydrogen concentrations. Under.these
conditions, microcracks develop in the isolated 'grains' of martensite ahead
of the main crack. A consequence of the crack development and the high stress
intensity is that there is a relatively large disp1acgment of.the grack faces
at the original crack tip position. This causes the intervening 11g§ment of
austenite to separate by a strain-controlled ductile fractgre mechanism. In
this way the crack is able to advance, albeit in a discontinuous manner.

As the stress intensity decreases, it becomes progressively more difficg1t
 to satisfy both the critical stress requirement for the nucleation of micro-
cracks and the local strain requirement necessary to cause rgpture of the
remaining bridges of austenite. The situation at thrgsho]d is most.clearly
illustrated by reference to Fig. 5. At this stage, microcracks haye.formed
in the martensite ahead of the crack tip but are prevented from joining by
the intervening bridges of austenite.

Having considered the nature of crack advance in the QUa17phase steel, it is
appropriate to examine the mechanisms by which_austen1te improves the KTH of
the dual-phase microstructure. The unbroken ligaments of austenite which are
highly stressed, exert a closing force on the crack flanks. The effect of
this closing force on the crack tip stress intensity can be evaluated as

follows.
Consider a crack of length 'a' with a point force 'F' ac?ing at a dis?ance
'c' from the crack tip. If_c<<a, then the stress intensity due to F is

Ko = J2 LE . 1973
F v/ﬁ‘/f (Tada et al )
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If, instead of the point force, a unif
. : . orm stress 'p' i
C, then the stress intensity due to p is given gy:p RETS Duer e g
¢
K a2, pda = &2 p/c i (1)
b £ : L

Assuming that all the austenite 1i i
t gaments have yielded, the clo
§;§€§ﬁ?t2yaﬁgecun?gotﬁg 1;gam§qts }$ fcy where f is the volume ?5£§t?§383?
g » erfective flow “stress in th i
negative K exerted by the ligaments is then given bye e

220
KL = 7?7' foy/% .............. (2)

For a crack of length a, subj i i
0 a, jected to a stress intensity K, t
displacement u at a distance ¢ from the crack tip s gi{en’by?e L

&2
: u = Vﬁ 1 K‘;/C
or the stress corrosion crack in the dual i
i "1 -phase steel which ar
degress1ng.K conditions, the crack tip restraining force is exe?iggsb;ngﬁg
ug.rg en Tigaments up to a di§tance Ccrit behind the crack tip, at which
p 12 U = Ucprits wherg Ucrit s the critical displacement necessary for the
rupture of the austenite ligaments. Therefore from equations (2) and (3):
2/2 '
KL= 7n ny Veerit

Ucrit = 4/E. Kt vCerit
e

Here Kt is the eff i i : .
AT ective stress intensity e :
Eliminating vccrit from equations (4) ang (ég?r1ence by ‘the crack tip,

bt fox Uerit E'
L= BR el etk i ST RS R S i (6)
If the externally applied K is Kp, then
KA = KT + KL -
.............. (7)
f‘ £ 1
s i K Oy Uerit B
A ZKT .............. (8)
At crack arrest, K, is the measured thre
; K rest, shold of the dual-phas
is the intrinsic threshold of the martensite phase. The igpligai$§§]o$nd ]

equation 8 is that as the Kty of the martensit

) T e decreases, the restraini
giﬁrted bg the austenite bridges should become increasingly signifigg;QTngIﬁ
consgn¥?2n21tggeg}fgﬁge?ge_between the KTy of the dual-phase steel and the
conv uld increase i lisqd i
e e o as the yield strength is increased. This

It is instructive to appl i

i f Yy the above equations to the crack tip sit i
:ggﬁg %80F1g, 5. Cerit, the qwstance over which the unbroken ]?gaéeg§§1ggt is
80" di-tentte ‘ot T be or the wane orein b Teeocshy, fon Hhe il e f

stern ame order as the thickness of t i
Eﬂd thws]1s around 6um. The volume fraction of austenite is 202? aﬁ:$§g1te
Zzeaﬁm!g/ges in equat1op (5) the KTy of the martensite is found to be

- From equation (8) the value of o, is found to be 950 MPa which

1s a reasonable val i
gl -y ue for the constrained flow stress of a work-hardened
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The martensite in the dual-phase steel has to be significantly harder than
that in the conventional steel in order to obtain the same overall yield
strength. The Kyy value of 22 MNm™3/2 for the martensite in the dual-phase
steel is considerably higher than would be expected from the results of the
conventional steel. This improvement in KTy arises from two sources. First
the crack tip is physically shielded from the environment by the austenite
ligaments. As the hydrogen generated by the corrosion reaction has to diffuse
over a longer distance, the effective hydrogen concentration at the crack tip
is reduced and this must result in an increased KTH. Secondly, as shown in
Fig. 5., the microcracks in the martensite invariably arrested fin the
austenite phase. This implies that the austenite has an additional crack
arresting role.

The explanation for the unusual variation of stage II crack growth rate with
strength is similar to that proposed for the threshold behaviour. In steels
with conventional microstructures, the crack growth rate decreases with de-
creasing strength because of the need for increased hydrogen concentrations
at the crack tip where the stresses are correspondingly less. In the case of
the dual-phase steel,the shielding effect of the unbroken austenite ligaments
reduces the hydrogen concentration in proportion to the distance over which
hydrogen has to diffuse. This is related to ccrit, the distance over which
the unbroken austenite ligaments extend. At high strength levels, ccrit 13
large and so the crack growth rates in the dual-phase steel will be
correspondingly less than in the conventional steel. As the strength is de-
creased, ccrit decreases and the crack growth rate increases. Eventually,the
growth rate in the dual-phase steel is expected to exceed that in the con-
ventional steel because for a given yield strength, the strength of the
martensite phase must be higher in the dual-phase steel. Such a cross-over
in growth rate is indicated in Fig. 3.

CONCLUSIONS

A dual-phase steel in which islands of high strength martensite are surround-
ed by a network of stable austenite has been produced by extruding nickel-
plated steel powder. It has been shown that with the dual-phase micro-
structure, it is possible to obtain very high strength combined with out-
standing resistance to stress corrosion cracking in 3.5% NaC& solution. The
superior stress corrosion performance is due primarily to the presence of the
tough austenite, which when present in a continuous network is able to reduce
both the effective stress intensity and the hydrogen concentration at the
crack tip.
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