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The influences of sulphur and phosphorus
additions on the creep cavitation characteristics
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The effects of impurities on creep cavitation characteristics in type 304 stainless steels with
and without additions of sulphur and/or phosphorus have been studied using four experi-
mental heats. Over a limited range of stress at 1000 K, the change in size distribution of creep
cavities and carbide precipitates, and the level of impurity segregation with the amount of
addition have been investigated. 1t is found that phosphorus accelerates the nucleation of
creep cavities, but retards the growth of them. However, sulphur had little effect on both
nucleation and growth of the cavities. It has also been found that ageing prior to testing
inhibits creep cavitation. The effects of impurities on cavitation are analysed and discussed
from the viewpoint of the change in the segregation of impurities and the precipitation of

carbides due to impurity additions.

1. Introduction

Imputities in metals and alloys are known to influence
the mechanical properties, especially if they segregate
at the grain boundary and free surfaces. Phenomena
such as temper embrittlement [1] intergranular
corrosion cracking [2] and hydrogen embrittlement [3]
are subject to impurity induced or assisted grain
boundary decohesion at relatively low temperature.
Thus one tends to expect deleterious effects by
impurities even on creep and creep fracture. However,
a big difference between the mechanisms of low (tem-
per embrittlement) and high temperature fracture
(creep embrittlement) makes it difficult to take such a
conclusion for granted.

While the findings by various investigators [4-8]
show that creep and cavitation of certain alloy steels
are affected by certain impurities, no consistent
picture has emerged to date. Furthermore, the exact
mechanisms responsible for the effects of impurity
segregation at grain boundaries and cavity surfaces on

creep cavitation are not well understood. And there

have been few direct observations of segregated
impurities in cavitated alloys and the details of
such segregation and its effects on creep cavitation and
high temperature fracture have not been thoroughly
studied. It has only been proposed that such segrega-
tion could affect the degree of cavitation through its
effects on the parameters such as grain boundary
energy, surface energy and diffusivity, which control

the nucleation and growth of creep cavity [9-11]. In
particular, little is known about the interaction
between segregation and grain boundary precipitation
and their combined effects on creep cavitation.

In this investigation, the creep cavitation charac-
teristics of typical type 304 stainless steels, without
and with sulphur and/or phosphorus additions, will be
considered. The reason why austenitic stainless steels
were chosen is the following. Most of the investiga-
tions on the effects of impurity have been concentrated
on low alloy ferritic steels and copper. On the other
hand, few investigations have been conducted for
austenitic stainless steels such as type 304, which are
mainly used under creep conditions. Previous reports
show that segregation of some impurities such as
phosphorus and sulphur at grain boundaries is known
to enhance stress corrosion cracking susceptibility [2]
and to cause temper embrittlement [12, 13], and that
some impurities like phosphorus also segregate at
surfaces and grain boundaries during irradiation
[14, 15].

The principal aim of the present work is to investi-
gate the effect of sulphur and/or phosphorus on the
creep cavitation of the type 304 stainless steels. For
this, we have prepared four different groups of alloys
such as commercial grade type 304 stainless steel,
sulphur and/or phosphorus doped ones. The signifi-
cant role of the impurities for the stages of nucleation
and growth of creep cavity will be discussed.

* Present address: Reactor Materials Department, KAERI, PO Box 7, Daeduk-Danji, Choong-Nam, Korea.
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TABLE I Chemical composition of commercial, sulphur-, phosphorus-, sulphur, phosphorus doped type 304 stainless steels studied

Material Composition (wt %) Composition (p.p.m)
C S P Cr Ni Si Mn Mo \% Cu Co H N 0
C,1 (commercial)  0.057 0.018 0.033 1832 8.64 0.36 0.81 0.16 0.06 0.17 0.13 1.24 454 249
S,2 (S-doped) 0.059 0.055 0032 18.52 832 0.39 0.94 0.15 0.07 0.15 0.13 .13 402 198
SP,3 (S, P-doped) 0.052 0060 0.143 18.25 8.35 0.38 0.89 0.16 0.07 0.17 0.12 1.58 493 134
P.4 (P-doped) 0.058 0.018 0.160 18.25 8.36 0.41 0.82 0.16 0.07 0.15 0.12 1.45 506 129

2. Materials and experimental
procedures
2.1. Materials
Four experimental heats based on a commercial grade
type 304 stainless steel have been produced in an
induction furnace with compositions shown in
Table I. The ingots were forged and then hot rolled to
10 mm thickness plate. Prior to machining the steels
were solution annealed at 1373 K for 1h followed by
a water quench. The average grain size of the materials
was 90 + 10 um.

2.2. Creep test

Tensile creep specimens with 3.2mm diameter and
25mm gauge length were machined. To avoid the
gradual carbide precipitation during creep test, the
specimens were aged before test at 1023 K for 100h to
allow well defined grain boundary carbide precipita-
tions that were stable during subsequent creep cavi-
tation experiments. In some cases, specimens were
tested as solution annealed (SA) condition and
observed for the cavitation behaviour in order to be
compared with that of aged samples.

Creep tests were conducted in air in creep testing
machine equipped with an Andrade-Chalmers con-
stant stregs arm. Test temperature was kept constant
within + 1K using a split type furnace and creep
strain was continuously recorded through measuring
by a linear variable differential transducer (LVDT)
with an accuracy of 4 x 10 *sec™'.

Specimens, having mirror-like surfaces are tested in
the temperature range of 1000K (~0.67,) and
under the stress range of 75 ~ 150 MPa (applied
stress normalized with elastic modulus, 6/E = 5 X
107 ~ 1 x 1073). At each test condition, every test
was performed and terminated at various predeter-
mined times or strains by cooling to room tem-
perature, with argon gas, under stress. But some of the
specimens were tested up to fracture.

2.3. Assessment of cavitation damage

The shape, size and the amount of intergranular creep
cavities, which were nucleated and grown during the
creep test, were examined first by the cryogenic impact
fracture technique, which can be widely used to reveal
the shape and size of the creep cavities on the fracture
surface.

The second technique is metallographic observation
of the longitudinally sectioned surface followed by
polishing and etching in a solution of 8 HNQO;, 54 HCI
in water. This technique has an advantage of the
investigation of the inter- and intragranular precipi-
tates simultaneously with the creep cavities. However,
no importance can be attached to the shape or to the

size of these cavities as they may have been distorted
by the sectioning and polishing processes.

Approximately five grains with the boundary area
normal to the stress axis were investigated for each
fractured specimen to determine the size distribution
of the creep cavities with a scanning electron micro-
scope (SEM).

2.4. Microstructural observation

The sizes and density of inter- and intragranular
precipitates were determined by the examination of
polished and etched sections in SEM, and of thin foils
and carbon extraction replicas in transmission electron
microscope (TEM) at 160kV. The precipitates were
identified by the selected area diffraction pattern.

A PHI model 590 scanning Auger microprobe
(SAM) was used for impurity segregation analysis.
Samples for SAM were machined from the middle
section of the crept specimens and fractured at low
temperature under ultrahigh vacuum conditions.
Auger spectra and phosphorus, sulphur Auger maps
were obtained from several grain boundaries and
cavity surfaces.

Quantitative analyses of Auger spectra were based
on relative sensitivity factors from published standard
spectra of pure elements [16]. Impurity segregation
levels were measured as peak-height-ratios (PHR)
using the Fe,, .y peak for normalization and at %.
The following Auger peaks were measured: Py,
Sis2evs Canrevs Crszgey and Nigggey.

3. Experimental results

3.1. The characteristics of cavitation

Typical creep cavities on intergranular surfaces
revealed by fracture at liquid nitrogen temperature,
are shown in Fig. 1. Cavities are predominantly in the
form of round-type, distributed heterogeneously on
the grain boundaries, and located preferentially on
bundaries that are approximately normal to the stress
axis and on twin interfaces, as shown in Fig. la.
Cavities are densely nucleated in the region of triple
points, where extensive cavity coalescences are fre-
quently found in Figs 1a and b, resulting in a wedge-
like cavity. Fig. lc shows the well grown cavities,
which are associated with intergranular precipitates
as in other engineering alloys [17]. Geometry and
position of cavities are clearly shown in the paired
surfaces of Fig. 1d.

Another examination of such cavities by the
metallographic sectioning technique shows that creep
cavities are preferentially nucleated and grown at the
interfaces of the grain boundary precipitates, as
shown in Fig. 2. These may support the idea that the
cavitation characteristics may be influenced by the
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Figure 1 Typical SEM micrographs of creep cavities on intergranular fracture surface: (a) macroscopic view; (b), (c) locally coalesced and
well-grown cavities in crept C,1 steel; (d) cavities on two matching surfaces in crept S,2 steel.

boundary second phase particles. Round-type cavities
are also predominantly found even in the specimen
tested with the condition of high stress of 150 MPa at
1000 K, in which wedge-type cavities are expected to
be formed.

Fig. 3 shows the difference in the extent of creep
cavitation for the solution annealed steels crept
at 1000K and 100MPa for the same creep time of

3.5 x 10°sec. It can be observed that there exists large
amounts of cavities which are relatively large in size
in the phosphorus-free steels such as C,1 and S,2
whereas they are small in size and numerous in
phosphorus-added steels such as SP,3 and P 4.
Cavity size distribution measured by cryogenic frac-
ture technique, averaged over the grain boundary area
normal to the stress axis, is shown in Fig. 4. For C,1

Figure 2 Typical SEM micrographs of longitudinally polished and etched sections of aged and crept (1000K, 150 MPa, 3.5 x 10°sec)
specimens showing cavities formed at the interfaces of the grain boundary precipitates. (a) (b) C,1 (c) SP,3.

3968



Figure 3 Cavities in solution annealed specimens crept at 1000 K, 100 MPa for 3.5 x 10°sec. Left micrograph is obtained by cryogenic
fracture technique, right by metallographic sectioning technique. (a) C,1, (b) S,2, (c) SP.,3, (d) P,4.

and S,2 steels (phosphorus-free steels) cavity density
gradually decreases with cavity diameter. On the other
hand, for SP,3 and P,4 steels (phosphorus-added
steels) cavity size distributions are shifted to the side of
the smaller cavity. Fig. 4 also shows that solution
annealed steels have a slightly higher tendency in
cavitation than that of aged steels.

Figs 5 and 6 show the change in the size distri-
bution of cavities with creep time for aged and solu-
tion annealed steels, respectively. The figures inside
the left corner of the figure represent the cavity density
with the range of 0.25 ~ 0.5 um in diameter for corre-
sponding creep time, respectively. It can be shown that

cavities are continuously nucleated with creep defor-
mation and that cavities grow as creep deformation
proceeds. Impurity effects on nucleation and growth
of creep cavities can be deduced from the basis of the
above mentioned cavity size distribution of Figs 4
to 6.

Generally the number of cavities per unit grain
boundary area is linearly related to the time dependent
creep strain. That is, cavities are believed to be
nucleated continuously with creep strain [18-20].
Accordingly, the extent of cavitation per unit creep
strain can be a measure to assess the cavity nucleation.

Figs 7 and 8 show the cavity size distribution
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normalized by 1% creep strain for aged and solution
annealed steels, respectively. As it would be expected
from Figs 4 to 6, Figs 7 and 8 also indicate the similar
tendency to cavitation due to impurity.

Cavity nucleation factors per unit grain boundary
area per 1% creep strain, P, which correspond to the
area under cavity size distribution curve of Figs 7 and
8, are summarized in Table II. It is seen that those
steels with phosphorus have a markedly increased
number of cavities, i.e. the cavity nucleation factors of
the phosphorus-added steels are 4 to 5 times larger
compared with those of the phosphorus-free steels. It
is also found that the factor is slightly increased for
solution annealed steels than for aged steels.

In order to assess cavity growth rate, the ith largest
cavity diameter method described elsewhere [18] is
used. In the present work, the growth rate is estimated

on the basis of the diameter of the 2500th largest
cavity per mm? in brain boundary area normal to the
stress axis.

By checking the variation of the diameter of the ith
largest cavities, d;, with creep time, ¢, at 1000K and
100 MPa, as shown in Fig. 9, it was found that the
cavity diameter is increased linearly with creep time
during secondary creep.

Measured growth rates of creep cavities are shown
in Table III. In contrast to cavity nucleation, the
growth rates of creep cavities in the phosphorus-
added aged steels become 4 to 5 times smaller than
those in the phosphorus-free aged steels. The increase
of 2 to 3 times in growth rates of solution annealed
steels is also observed.

From the above investigations, the following effects
of impurity on nucleation and growth of creep cavities
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can be deduced. Phosphorus-added steels show the
higher nucleation rate and the lower growth rate of
creep cavities than in phosphorus-free steels. Accord-
ingly, it can be evaluated that small amounts of phos-
phorus addition are very effective in accelerating
cavity nucleation, and in retarding cavity growth.
However, there is no big difference in cavitation
between C,1 and S,2 steel and SP,3 and P,4 steel. This
fact reflects that sulphur has a little effect on the
cavitation characteristics. On the other hand, solution
annealing prior to creep testing causes a greater
increase in the rates of nucleation and growth of creep
cavities than ageing does.

These effects of impurities may be attributed to the
difference in the level of segregation at the grain
boundaries and cavity surfaces and in the precipi-
tation behaviour of intergranular carbides.

3.2. Microstructural observation
TEM micrographs taken from thin foils of crept speci-
mens tested at 1000 K and 100 MPa for 3.5 x 10°sec
are shown is Fig. 10. It can be observed that more
precipitates are finely distributed in the matrix in the
phosphorus-added steels than in the phosphorus-free
steels. The precipitates were identified as M,;Cq-type
carbide, which contains mainly chromium, iron and
nickel, by analysis of selected area diffraction pat-
terns. Fig. 10 also shows the dislocation morphology
which is formed during creep deformation.

The carbides are more clearly illustrated by TEM

TABLE II Cavity nucleation factor per unit grain boundary
area per 1% creep strain

photographs taken from carbon extraction replicas of
the same specimens as in Fig. 11. It was found that
there is a difference in the extent of the intragranular
carbides, which have been related to the phosporus
addition (not to the sulphur addition), and that
addition of phosphorus affects the size, spacing and
density of carbides.

Table IV summarizes the information about the
inter- and intragranular carbides obtained from TEM
and SEM observations. It can be found that the
presence of phosphorus affects the precipitation of
carbides, which is consistent with other papers
[21-23], and that there is a difference in carbides
between solution annealed and aged steels.

Impurity segregration at grain boundary and cavity
surface of crept specimen is illustrated in Fig. 12. The
left column of Fig. 12 shows the secondary electron
image of the grain boundary facet obtained while the
specimen was still in the Auger electron Spectroscopy
(AES) chamber. The sample was for SP,3 steel aged
and crept at 1000K and 100 MPa for 3.5 x 10°sec.

Fig. 12 also shows the Auger maps for phosphorus
and sulphur over the same field of view as in second-
ary electron image. The maps indicate that phos-
phorus and/or sulphur were segregated at grain
boundaries and cavity surfaces, and that the sulphur-
enriched areas on the surface were generally located at
MnS inclusions which are precipitated at the grain
boundaries prior to cavitation.

Auger spectra from points 1, 2 and 3 of the secondary

TABLE III Measured growth rate of creep cavity

Material Cavity nucleation factor, P(m~? per 1% &,) Material Cavity growth rate G(msec™")

Aged SA ' Aged SA
G, 1.29 x 1¢° 1.97 x 10° C,1 3.33 x 10712 7.34 x 10712
S,2 1.23 x 1¢° 1.62 x 10° S,2 3.27 x 10712 7.16 x 10~
SP,3 4.64 x 10° 5.60 x 10° SP,3 0.90 x 1072 3.54 x 10712
P4 6.24 x 10° 7.96 x 10° P4 0.67 x 10712 2.36 x 10~12
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electron image are also shown in Fig. 12. Faceted flat
grain boundary area of point 1 shows the large peak
for phosphorus, which indicates that phosphorus is
segregated at the grain boundary. The large sulphur
signal from the cavity surface containing MnS inclusion
of point 2 is observed, whereas, general segregation of
phosphorus and sulphur at the cavity surface is also
obtained.

Auger peak height ratio normalized by Fe,;.y peak
and at % for phosphorus and sulphur are summarized
in Table V. Phosphorus segregation at grain boundary
and sulphur and rather slight phosphorus segregation
at cavity surface can be characterized.

Such impurity segregations to grain boundary and
cavity surface will directly influence the cavity
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Figure 8 Dependence of the cavity density per 1% creep strain on
the cavity diameter in solution annealed and crept (1000K,
100 MPa) specimens. (——) C,1; (—--) 5,2; (---) SP,3; (---) P,4.

nucleation and growth kinetics through- their effects
on the interfacial energy and diffusivity.

Although Fig. 12 shows only the AES result of SP,3
steel, other steels showed similar impurity segregation
behaviour.

4. Discussion

4.1. Impurity effects on cavity nucleation

A study of cavity nucleation has been conducted by
observing the effect of impurities on the nucleation in
a commercial grade type 304 stainless steel. The criti-
cal cavity size is far smaller than the limit of resolution
of our experimental technique. Therefore, it has to be
borne in mind that initial stage of growth may be
involved in evaluating nucleation of creep cavities. In

TABLE 1V The size (d), spacing (A) and density (IV,) of carbide on the grain boundary and grain matrix

Material Intergranular carbide Intragranular carbide
d A djx N, d A N,
(um) (pm) (m~2 x 10%) (um) (pm) (m~% x 10')
SA + aged* C,1 0.51 0.66 0.77 2.51 0.10 116 1.09
S,2 0.47 0.72 0.65 2.63 0.11 120 0.96
SP.,3 0.54 0.71 0.76 220 0.12 398 2.66
P4 0.55 0.77 0.71 2.04 0.10 29.9 4.25
Aged* + crept** C,1 0.63 0.94 0.67 1.48 0.12 52.8 1.98
S,2 0.60 0.93 0.65 1.59 0.11 759 1.51
SP,3 0.80 0.97 0.82 1.06 0.12 27.0 3.82
P4 0.75 0.90 0.83 1.21 0.11 19.2 5.81
SA + crept** C1 0.45 0.73 0.62 2.74 0.07 58.8 3.09
S,2 0.42 0.71 0.59 3.06 0.07 51.5 3.53
SP.3 0.55 0.70 0.79 2.18 0.05 343 7.41
P4 0.55 0.77 0.71 2.03 0.06 31.0 6.75

*Aged = 1023K, 3.6 x 10°sec.

**Crept = 1000K, 100 MPa, 3.5 x 10°sec.
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the present work, the extent of cavity nucleation is
evaluated as a cavity nucleation factor, P, cavity den-
sity on unit grain boundary area per 1% creep strain,
which is considered only in the range of measurable
cavity size, say =0.2 um.

As it is shown in Table II, phosphorus has been
found to promote the nucleation of cavities in type 304
stainless steel: the cavity nucleation factors in the
phosphorus-added steels were 4 to 5 times larger than
those in the phosphorus-free steels. However, there
was little difference in cavity nucleation between the
sulphur-added steels and sulphur-free steels (C,1:8§,2
or SP,3 : P,4) It has also been found that prior solution
annealing accelerates the cavity nucleation rate.

The effect of impurity on the cavity nucleation
could be evaluated by the two different points of view.
The first view is assumed to be due to the change in the
size and spacing of intergranular carbides with impur-
ity addition, which in turn alter the level of stress
concentration, that is needed for cavity nucleation,
through grain boundary sliding. The second is con-
sidered to be due to the impurity segregation at grain
boundaries and/or cavity surfaces, which affects the
interfacial energy and diffusivity, consequently,
nucleation kinetics of creep cavition.

Little difference in the experimental observations
for intergranular carbides with impurity addition,
shown in Table IV, implies that the first view of impur-
ity effect may be negligible in cavity nucleation.
Therefore, observed impurity effect may be thought to
be due to the segregation effect under the test con-
ditions studied.

TABLE V Auger peak height ratio and at % from AES results

Observed effects of impurity segregation on nuclea-
tion of cavities may be explained by referring to the
cavity size distribution histogram normalized by 1%
creep strain as shown in Figs 7 and 8. The experi-
mental data could be best curve fitted as

n, = A/d> m~?per 1% creep strain (1)

where n, is the cavity density on grain boundary
normal to the stress axis, A is a constant which is
dependent on material and d is the cavity diameter in
micrometres.

On the other hand, it is generally accepted [24] that
only those cavities can be stable and grow whose size
exceeds the critical diameter, d,

d, = 4,/a, @

where 7, is the surface energy and o, is the local stress
normal to the grain boundary. Cavities smaller than
critical size sinter up.

It is assumed that the impurity segregation at
grain boundary and cavity surfaces may influence
nucleation of creep cavity in the one or all of the the
following three ways.

The first is that the segregation at the creep cavities
reduces the surface energy, y,, in Equation 2. Such a
reduction in surface energy of the cavity would allow
a smaller stable cavity size so it is expected that the
cavities would be nucleated at a higher rate than that
of the alloys with lower level of segregating impurities.
In the present work, however, consideration of this
effect could be excluded, because those cavities whose
sizes were measurable have been considered only in
obtaining cavity nucleation factors.

The second is that the segregation at grain bound-
aries reduces the intergranular cohesion to make
easier mechanical generation of cavities so that more
cavities are nucleated per unit strain in the segregated
boundaries. This effect is thought to result in raising
cavity size distribution histogram to the higher level as
it can be seen in Figs 7 and 8.

The third influence of impurity segregation arises
from the segregation at the grain boundaries, which in
turn reduces grain boundary diffusivity through reduc-
tion in free volume of grain boundary [25]. A slower
stress relaxation rate due to a slower grain boundary
diffusion, and therefore a longer duration of high
stress concentration, is therefore expected to lead to a
high cavity nucleation.

The AES results of crept specimen provide direct
evidence for such segregation effects. Impurity effects
can be deduced from the fact that phosphorus and
sulphur segregation occur at both grain boundaries
and cavity surfaces. Segregation of phosphorus at

Specimen Description Peak height ratio at %
P/Fe S/Fe P S
SP,3* (S, P-doped 304 s/s) 1. Flat grain boundary 0.15 0.02 3.89 0.26
2. Cavity surface containing MnS inclusion 0.09 0.33 2.43 5.54
3. Cavity surface 0.10 0.05 2.78 0.85

*Aged (1023K, 3.6 x 10%°sec) + Crept (1000K, 100 MPa, 3.5 x 10°sec).
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Figure 10 TEM micrograph of thin foils from aged and crept (1000K, 100 MPa, 3.5 x 10°sec) samples.

Figure 1] TEM micrograph of carbon extraction replicas from aged and crept (1000K, 100MPa, 3.5 x 10°sec) samples.
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crept at 1000K, 100 MPa for 3.5 x 10°sec.

grain boundary is more intense than that of sulphur,
while sulphur, while sulphur segregates at cavity
surfaces more intensely than at grain boundaries as
indicated in Fig. 12.

In this work, however, the experimental evidence
shows that the above mentioned impurity effects are
only applicable to phosphorus. Sulphur is observed to

be an impurity which gives little effect on cavity
nucleation. Although more MnS inclusions have also
been observed on grain boundaries in sulphur-added
steels than in sulphur-free steels, the effects of sulphur
on cavitation have not been detected.

Generally, sulphur is known to be the overwhelm-
ing segregation element, which acts through selective
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segregation at internal free surface where it can play a

‘key role on cavitation in nickel, nickel-base super-
alloys [26, 27] and ferritic steels [5]. In the steels
studied, on the contrary, the effects of sulphur may be
scavanged by relatively high manganese contents of
~ 0.9%. Further research is needed to determine what
is the significance of sulphur with respect to cavi-
tation.

On the other hand, slight acceleration in nucleation
for prior solution annealed steels can be explained as
the following. For steels in solution annealed con-
dition prior to testing, intergranular carbides form
continuously during creep, thereby providing a con-
tinuous supply of sites at which cavities can nucleate.
High tendency to cavitation can be expected in the
solution annealed steels from high stress concentra-
tion by grain boundary sliding due to the small and
non-continuous carbides precipitated at boundaries as
shown in Table I'V.

With the information available it is not fair to
decide which of the mechanisms is responsible for the
observed cavitation in the present work. However, it
would appear that vacancy condensation mechanism
can explain impurity effects on nucleation of cavity.
Therefore vacancy condensation mechanism can be
assumed to be significant under the test conditions
studied.

4.2. Impurity effects on cavity growth

Asis shown in Fig. 9 and Table II1, phosphorus shows
apparent effect in retarding the growth rate of creep
cavities by 4 to 5 times. Sulphur, on the other hand,
has little effect. Solution annealing prior to testing also
causes an increase in the cavity growth rate by 2 to 3
times more than ageing does.

As is discussed in Section 4.1 of cavity nucleation,
almost the same analysis can be applied for impurity
effects on cavity growth.

Phosphorus effects on cavity growth could be
assessed by considering segregation at grain bound-
aries, and thereby reducing grain boundary diffusivity.
The AES results of Fig. 12 confirm that phosphorus
segregates strongly at grain boundaries. Reduction in
grain boundary diffusivity due to impurity segregation
can be also analogized from the limited data on other
alloys [28] and from the phenomenological relation-
ship of Borisov et al. [29]. The greater reduction of
grain boundary diffusivity, due to a higher phos-
phorus segregation level in phosphorus-added steels,
makes the cavities grow slowly under the assumption
of grain boundary diffusion controlled cavity growth.
Good agreement between measured and calculated
growth rates supports the assumption.

On the other hand, sulphur and prior ageing effects
can be explained by similar ways as discussed in
nucleation of cavities. Acceleration in growth rate for
prior solution annealifig can be attributed to the easy
cavity nucleation, thereby shortening cavity spacing,
due to the condition of intergranular carbides.

5. Conclusions
1. The segregation of phosphorus and sulphur
at grain boundaries and creep cavities have been
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observed in crept specimens. Segregation of phos-
phorus was more extensive at grain boundaries than
at cavity surfaces, whereas sulphur was vice versa.

2. Phosphorus accelerates the nucleation of creep
cavities, but retards the growth of them.

3. Sulphur has little effect on creep cavitation.

4. Ageing prior to testing inhibits the nucleation
and growth of creep cavities.
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