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ABSTRACT

Recent evidence that sulfur re-distribution can lead to
brittle behavior in ferritic and austenitic steels which have
been heated to high austenitizing temperatures and rapidly
cooled is reviewed. The brittle behavior can take the form
of either intergranular cavitation or truly brittle intergran-
ular decohesion, the mechanism of which is discussed. Cracking
due to these factors can occur in the heat-affected zones of
welds or in stainless steels in which sigma phase is formed in
service. It appears that these problems can be treated by
sulfur removal or scavenging by rare earths and by not allow-—
ing the creep strength of ferritic steels to be higher than
necessary.
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Introduction

Virtually from the beginning of the modern age of steel it
has been recognized that sulfur is one of the most deleterious
impurities in iron and its alloys. One of the first problems
to be overcome was that of "hot shortness", or the tendency
for intergranular disintegration during hot working, due to
the formation of the low-melting Fe-S eutectic liquid in the
grain boundaries. This was eliminated by the addition of
manganese which forms sulfides of much higher stability than
FeS. However, in recent years as we have looked more care-
fully at high temperature intergranular fractures in steels,
we have found that the effectiveness of sulfur-scavenging by
manganese is inadequate for a number of applications.

Much of the difficulty is caused by the fact that MnS,
although relatively stable, does dissolve appreciably in the
austenitic phase at high temperatures, as indicated in Fig. 1.
Here the effect of manganese content on sulfur solubility in
iron is shown for the manganese contents of two steels that we
will consider in some detail. When a steel is heated to a
temperature significantly greater than 1100°C and then cooled
fairly rapidly, dissolved sulfur can be re-distributed by
segregation to austenite grain boundaries and by reprecipita-
tion. The new grain boundaries sulfides are likely to be
finely distributed, and they do not necessarily have the equi-
librium composition; thus they are likely to be unstable.

Both of these factors can lead to difficulties with ductility.
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In this paper we will consider several recent manifesta-
tions of brittle behavior at elevated temperatures involving
steels which have received a high-temperature austenitizing
treatment and in which redistributed sulfur appears to play an
important role. These effects will be shown to occur in ferri-
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tic steels, particularly when they are treated to simulate the
heat affected zone of a weld, and they may also be important
for the long-time ductility of austenitic steels which are
solution-treated at high temperatures.

Ferritic Steels

Rupture. It is becoming increasingly clear that the primary
nucleation sites for creep cavities in ferritic steels given

a high-temperature austenitizing treatment are re-precipitated
sulfides in the prior austenitic grain boundaries._ This was
made particularly clear in the study by Middleton(2) of a
series of CrMoV laboratory steels which were given a rapid,
high-temperature austenitizing treatment and then tensile
tested in vacuum at 873 K at strain rates in the range 106

to lO‘l/min. Middleton found that fracture in all cases of

low ductility occurred by cavitation initiated at sulfides
along the prior austenite grain boundaries, as indicated in
Fig. 2. He reasoned that the fine sulfides had re-precipitated
during the oil quench which followed the 2 min, 1600 K treat-
ment in which the original sulfides had largely dissolved.

Such a treatment is known(376) to produce intergranular rupture
in room temperature notched-bar tests due to reprecipitated
sulfides, a phenomenon known as the "overheating" effect when
it is found in forgings austenitized at excessively high
temperatures .

Fig. 2 (a) Intergranular cavities after 1% strain in a CrMoV
steel.
(b) Fracture surface of same specimen.
(c) Sulfides found in cavities. After Middleton
(Ref. 2).

Middleton used as his primary measure of the effects of
impurities on ductility the "maximum local elongation" between
fiducial marks placed at 1 mm intervals. He found that boron
was necessary for low-ductility behavior and that the embrit-
tlement could be eliminated by an addition of 0.06% cerium.
The latter stabilized the sulfur and eliminated the dissolu-
tion and re-precipitation of sulfides; it als> veduced the
total amount of sulfur retained in the steel. The boron was
found by autoradiography to have segregated to austenite ?rain
boundaries. The role that it plays is unclear; Middleton 2)
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has speculated that it acts somehow as a nucleating agent for
grain boundary sulfides.

Middleton found by varying the austenitization temperature
that the reduction in ductility due to sulfide re-precipitation
was separate from the effect of grain coarsening. He also
found in interrupted tests that the sulfide particles lying in
cavities tended to disappear with time at 983 K after cracking
had occurred and that carbides tended to become visible,
presumably by a thermal etching effect.

A contemporaneous study of MnMoNiCr (A508-2 type) labora-
tory steels given a similar austenitizing treatment was car-
ried out by Fujii et al(7), They employed both constant-1load,
short-time (<18 h) rupture tests and tixed displacement
stress-relaxation tests at 823 to 883 K. Fujii et al observed
in their rupture tests the intergranular cavitation mode of
fracture. Additions of 0.02 to 0.09% cerium or 0.06% zirconium
were found to eliminate the low-ductility, and additions of
10 to 20 ppm boron were found to exacerbate it significantly.
Observations with a scanning Auger microprobe on UHV fractures
of partly-cracked specimens showed that the cavity surfaces
contained elemental segregated sulfur, as well as some segre-
gated nitrogen, and that surrounding grain boundary regions
fractured in UHV contained some segregated phosphorus. They
concluded that the sulfur and nitrogen had segregated after
the cavities had formed and that the phosphorus came from
intergranular segregation during austenitizing.

Fujii et al, like Middleton, connected the low ductilty
to dissolution of MnS during the austenitization (at 1510 K);
however, rather than ascribe it to cavitation around re-
precipitated sulfides (which they apparently did not find in
the cavities), they concluded that the sulfur remained in the
elemental state during cooling from austenitization. They
proposed that the low ductility was the result of rapid growth
of cavities (nucleated in an unspecified manner) due to the
presence of segregated sulfur on the cavity surfaces. They
considered that this would reduce the surface free energy
enough to sharpen the cavities significantly, so that less
mass transport would be required for diffusive cavity growth.

An alternative interpretation of these results(41l) would
be that the cavities had been nucleated on re-precipitated
sulfides which had then shrunk to below-detectable size, serv-
ing as sources of the sulfur which was later found on the
cavity surfaces. This would bring their results and those of
Middleton completely into consonnance and would eliminate the
need to invoke an effect of sulfur on equilibrium cavity shape,
which in any case would be rather small. For example, if we
allow the solid/vapor surface free energy to be reduced by 50%
and the grain boundary free eneryy by only 20% by segregated
sulfur, the equilibrium dihedral angle at the cavity tip
decreases only by about 18°.

A series of papers by Pope and coworkers(8-12) reporting
results of creep-rupture and slow-strain-rate tensile tests on
2 1/4 Cr-1 Mo and CrMoV steels containing various combinations
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of manganese, phosphorus, and silicon have shown that ductility
varies with austenitizing temperature in a way depending on
composition. For example, Fig. 3 shows that a high-purity

(HP) CrMoV steel lost ductility in a slow tensile test at 773

K as the austenitizing temperature was raised above 1175 K,
whereas when manganese and phosphorus were added, the ductil-
ity was relatively unaffected. The heat containing only phos-
phorus was intermediate in behavior. Since grain size varied
similarly in all three steels, the explanation must lie else-
where. Observations by SEM and AES on cavitated fracture
surfaces showed sulfide particles in only some of the
cavities and a high sulfur concentration in cavitated areas.
This would be consistent with cavity nucleation by sulfides
which later shrank as they supplied sulfur to the newly-created
surfaces.
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CrMoV laboratory steels, cracking rate
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P-doped, and Mn+P doped. steel. (Ref.
After Chen et al. (Ref. 12). 25).

The effect of manganese shown in Fig. 3 was interpreted(lz) i
as one of sulfide stabilization, or raising of the "overheating"
temperature. The effect of phosphorus in those steels has not
yet been determined; suggested possibilities include: site
competition with sulfur on austenite grain boundaries ’
and a reduction in the grain boundary diffusion coefficient,
leading to a retardation of diffusive cavity growth ). There
does not seem to be any published information on the relative
segregating tendencies of sulfur and phosphorus in austenite.
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However, it may be noted that in nickel, which is also
"austenitic", the presence of phosphorus has been found (13) to
retard the segregation of sulfur to grain boundaries.

Brittle Fracture. Over the past ten years there have been a
number of studies(l14726) of the fracture of steels given a high
temperature austenitizing treatment in which notched or pre-
cracked specimens were used and in which brittle intergranular
fracture, as distinct from rupture by cavitation, was observed.
Initially, this was considered to be related to temper embrit-
tlement and to be caused by the same im?urities, 8rincipally
phosphorus, tin, antimony, and arsenic(14,15,17,13)  However,
later it was recognized that, since the crack growth rate was
many orders of magnitude slower than that of the brittle inter-
granular fracture associated with temper embrittlement, there
must be some stress—induced, diffusion-controlled re-distribu-
tion of impurities during the cracking process 20-23,27
Recently, it was found (25/26) that the brittle mode, instead

of being a lower-temperature alternative to rupture, is actual-
ly the higher—-stress alternative and that it can occur at

least over the temperature range 400 to 650°C (673-923 K).

The recent study(25'26) dealt with MnMoNiCr and MnMoNi
steels (A508-2 and A533-B), and measurements of the growth
rate of brittle cracks indicated a power law dependence on the
stress intensity factor K, as shown in Fig. 4. The growth
rates in the temperature interval 823 to 923 K ranged from
10-8m/sec to almost lU‘Sm/sec. High resolution TEM replica
observations showed that the cracking occurred by interygranular
decohesion, with virtually no sign of cavitation (Fig. 5).
Thus, it now agpears well established from the recent work at
Pennsylvania(2 +26)-and at Cambridge and Harwell (20-22,24)
that we have here a quasi-static form of true brittle cracking
by intergranular decohesion , which occurs at speeds at least
eight orders of magnitude slower that the kinds of brittle
fracture normally observed in metals. The rate of this crack-
ing is highly stress and temperature dependent.

Since only a few measurements of crack growth rate_have
been made, and these on four different types of steel(18'24'26),
the form of the K dependence is still open to guestion.
Hippsley(24) has shown that the rate can be plotted as propor-
tional to exp K; however, his data also appear to fit a power
law plot. Some of the measurements on the several types of
steels are compared in Fig. 6.

The early stages of cracking during stress relaxation of
notched specimens at a fixed temperature and displacement in
the MnMoNiCr and MnMoNi steels were shown to occur, first, by
the formation of isolated intergranular microcracks ahead of
the notch, followed by the development of patches of cracking,
and finally the coalescence of these patches into a macroscopic
crack(zsrzg). As the level of initial stress in the relaxation
test was raised, the mode of microcracking shifted from rupture,
presumabl¥ sulfide-nucleated, toward the brittle mode, as shown
in Fig. 7(25,2

*no doubt accompanied by crack tip plasticity.

Macrocrack extending from notch and TEM replica of high temperature

Fig. 5

brittle fracture surface of same steel as Fig. 4, showing absence

of cavitation.
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Fig. 7 Examples of load-relaxation curves for notched bars

of a MnMoNiCr steel loaded to a fixed displacement

at 873 K showing that mode of microcracking (ahead of
notch) chanyes from cavitation to a brittle mode as the
initial load is increased. (Ref. 25).

Since the initial microcracks were not contiguous with the
notch tip, they were uncontaminated by the external environment.
Hence, samples for Auger electron spectroscopy containing these
buried microcracks could be machined from notched specimens
whose load relaxation was interrupted after a few minutes.

When such samples containing mostly-brittle-mode microcracks
were fractured in UHV and Auger analysed, it was found that
the microcracks contained large amounts of segregated sulfur
and nitrogen and small amounts of phosphorus, tin, and anti-
mo ny 25,26)  an example of one such Auger spectrum is shown
in Fig. 8. From surface segregation experiments on the same
steels it was deduced that the sulfur had been present in the
grain boundaries before the microcrack formed and that the
nitrogen probably segregated afterwards to the new (internal)
surface.

Based on the Auger studies, on the gradual transition from
rupture to the brittle mode with increasing stress, and on
recent work on creep cavity growth, particularly the effect of
plasticitg and the transition from equilibrium to crack-like
cavities(29-35) 3 new model was proposed to explain the quasi-
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static brittle cracking phenomenon(zs). As outlined schemati- | CONCENTRATION X—
cally in Fig. 9, it begins with a crack-like cavity whose

surfaces contain adsorbed sulfur, supplied by the fine re- fa)
precipitated intergranular sulfides. As in the classical € X

mechanism of cavity growth, atoms from the surfaces of the 8

cavity are drawn into the surrounding grain boudnary, the ; X

driving force being the work done by the tensile stress normal X

to the boundary. In this case, of course, many of these atoms A

are sulfur. B A DISTANCE —»

Because of the high stresses involved glasticity must be Fig. 9 Schematic representgtion of hypothetical transition
taken into account, and this can be done(35' 4) py employing a from crack-like cavity growth (a) to decohesion (b,c)
plasticity-modified effective diffusion distance due to increase in stress, which shrinks the charac—

teristic diffusion length L and causes the impurity
(e.g., sulfur) concentration at the cavity tig to
D890 1/3 (1) ;ncrease. (d) Represents cohesive strenqgth o vs
L= <’ w‘) impurity concentration X, and (e) the impurity profile
. ahead of the "peeling" crack tip. (c) Is drawn for
© the case where the stress at point A ,ahr 1d of the
which is the effective distance ahead of the cavity tip into fE:fk §i§ (which is at B) is below ¢ .o: X,.

which the diffusing atoms from the cavity surface are deposited.
Here, D6 is the grain boundary diffusion coefficient, & the
atomic volume of the diffusing atom, and o¢,, § the far—-field
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stress and strain rate. The latter can be considered propor-—
tional to the stress raised to some power, but this power is
probabl{ greater than the steady state value 7 usually used for
iron(36 , because of the short times involved. Thus, L must be
inversely proportional to ow raised to a power higher than two.
Hence, as the stress is raised, L decreases, and the atoms from
the cavity surface are deposited into an increasingly smaller
region ahead of the cavity. This means that the sulfur concen-
tration in this region must increase with 0w.

The essence of the model is that, since grain boundary
cohesion in iron is known to decrease with increasing sulfur
concentration 37'38), there must be a tensile stress at which L
has decreased sufficiently to allow decohesion to occur at the
cavity tip. The cavity then becomes a sharp crack which grows
at a rate depending on the concentration of intergranular
sulfur, the surface and grain boundary diffusion rates, and the
values of o, and £,.

While this model was being proposed, Hippsley and co-
workers (39:40) were reporting on observations made by high-
resolution Auger electron spectroscopy in the near—-tip regions
of intergranular brittle stress-relief cracks. An example is
shown in Fig. 10. Although there may be some question about
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Fig. 10 Auger analysis at tip of intergranular brittle crack in P-doped
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% PEAK HEIGHT RATIO TO Fesqs

E |

155

the exact location of the tip of the high-temperature crack and
the interpretation of the Auger data 40, there is no doubt
that there exists a region of increased sulfur concentration
very near to the tip, as envisioned in the model.

A number of investigations have observed effects of the
temper embrittlement impurities as well as of copper and even
aluminum on the tendency for stress relief cracking by both the
cavitation(2s4 and brittle(15,19-22) podes. FExamples of each
are gyiven in Figs. 11 and 12. As noted above, these elements
can be found on some brittle intergranular facets (Fig. 8).
whether they were present originally in the grain boundary or
segregated to the new surface after the crack had formed, they
could play the same role as that described above for sulfur.
Antimony and tin should have a large tendency to enter the
grain boundary under stress from the cavity surface because
of their large atomic volumes. However, antimony, the most
potent embrittling element of this group, has been shown to be
significantly less potent than sulfur in the embrittlement of
nickel(42)  and this is probably true also for iron. When
cracking is carried out in air, oxygen should also be drawn
into the crack tip in a similar way. This seems to have
occurred in the specimens studied by Hippsley et a1(39,40)

(Fig. 10), and it could very well act as an additional factor
in the grain boundary embrittlement.
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The recent study(25r26) of the two pressure vessel steels
succeeded in explaining why the MnMoNiCr (A508-2) is so much
more susceptible to stress relief cracking then the MnMoNi
(A533-B), as is well-known(44), There are two factors super-—
imposed. The first is that the latter steel has 2 1/2 times
the manganese content of the A508-2 and therefore its sulfides
are more stable (Fig. 1). Hence, there should be less dissolu-
tion and re-precipitation of sulfur during the high-temperature
austenitization in the A533-B steel. The second factor is the
chromium content in the A508-2 steel. This provides additional

(b)
o 100 : === _:'_‘::5:‘_'::-9:'7_0_
w / 7
X - a
(&} b '
é B \ |
O 50 D B :g
n - ET P .
& s A
< v ‘M?/
& 2 | :g:ga__"_o-l.&_.___&_r._.__ N
o 10 [e) 30 70

LOAD AT 650K

Fig. 12 The final percentage of the cross sectional area of
the specimen cracked on heating to 975 K as a function
of the applied load neasured at 650 K in notched bars
of 2 1/2 Cr-1 Mo steel: D-commercial, B and C-doped
with phosphorus and tin, respectively, A-high purity,
Hippsley et al. (Ref. 21)

creep strength and causes the stress to remain higher than in
the AS533-B steel during the stress relief process. Both these
effects are illustrated in Fig. 13, which shows the effects on
stress-relief cracking (13a) of the higher grain boundary sulfur
(13c) and slower stress relaxation (13b) in the two A508-2
steels (BA and BC), compared with the A533-B steel (CC). The
effect of chromium on the stress relaxation rate has been
demonstrated also by Kanazawa et al

Thus, there are at least two requisites for the brittle
cracking phenomenon which causes the high susceptibility to
stress relief cracking. One is that the creep strength be
high enough; this is generally provided by the presence of
strong carbide-forming alloy elements. The other is the
presence of unscavenged sulfur, liberated by the high-
temperature austenitization. This factor can be eliminated
by rare-earth additions. The presence of boron may also be
required, for the cavitation node 2) as well as the brittle
mode . Of course, the applied stress must also be high
enough; this usually requires the presence of a notch or pre-
crack, although a large, weakly-bonded inclusion may be just
as effective.
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A recent survey(28'45) of a large number of heats of these
two types of pressure vessel steels has confirmed the large
difference in susceptibility to stress relief cracking, as
shown in Fig. 14. This should provide convincing evidence for
the need for attention to creep strength and sulfur scavenging
in the design of steels intended for welding in thick sections.

Austenitic Steels

It has been known for many years that austenitic steels
are subject to stress relief cracking and that this is exacer-
bated by the presence of strong carbide-forming elements, like
tantalum, titanium, and niobium, which promote high temperature
strength . It does not appear that mechanistic studies have
been made recently in these steels in the manner discussed
above for ferritic steels. However, two factors concerning
austenitic steels should be noted. First, they usually contain
about 16 to 20 pct chromium and about one pct manganese. This
makes it likely that some of the sulfur in these steels will be
present in the form of the less-stable chromium sulfide,
especially of the steel is not close to equilibrium. Secondly,
these steels are commonly solution-treated at high temperatures
and rapidly cooled to prevent carbide precipitation. This
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Fig. 14 Survey of stress relief cracking susceptibility of 26
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mens after HAZ simulation. Stress relief temperature
873 K. (Ref. 45)

should have the effect of redistributing sulfur to the grain
boundaries, as in the case of the ferritic steels. For these
reasons, it would not be surprising if stress-relief cracking
in these steels were also sulfur—induced.

It has recently been shown(48) that, while creep cavita-
tion in type 316 stainless steel which has been exposed for
long times at elevated temperatures is associated with sigma-
phase particles in the grain boundaries, not all steels with
sigma phase are subject to this cavitation. This is fairly
strong circumstantial evidence for an impurity effect. Still
more recently, cavitated fracture surfaces of type 316 speci-
mens which had been in service at 610 to 650°C for about
1.5x105 h were examined by Auger electron spectroscopy, and
adsorbed sulfur was found, presumably on the surfaces of the
creep cavities ’ A re-examination ) of the Lai and
Wickens (48) results showed that the one out of three sigma-
containing steels which exhibited substantial caviation (in the
sigma/austenite interfaces) contained the highest amount of
sulfur and the lowest amount of manganese.
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It was suggested(SU) that, in a steel containing suffi-
cient free, or chromium-precipitated, sulfur in the grain bound-
aries, the formation of chromium-rich sigma phase would result
in sulfur rejection and non-equilibrium concentration in the
sigma/austenite interface. This should reduce the cohesive
strength of this interface between the plastic austenite and
the relatively rigid sigma phase. Thus, there is reason to
explore further the role of sulfur in the creep ductility of
such austenitic steels.
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