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same effect. In order to explain how this model works the Ni-Cr-S
isothermal ternary phase diagram for 700°C given as Fig. 3.4(58)
has been converted into a tentative phase diagram of sulphur potential
against alloy composition as a mole fraction. The result is Fig. 6. 2.
The expected composition path for the reaction is shown as the broken
line. From this diagram the expected scale identity is Cr_S, with

374
some Cr_S_, towards the higher sulphur potential at the scale outer

P A
interface.

In the case where the sulphur potential is such that the nickel
may also sulphidize the single layer scale obtained could not be positively
identified by X-ray analysis but is assigned a tentative composition of
Ni Cr_ S_ as given by the microprobe analsis (Fig. 5.17). It seems

25
from this that the scale is probably a solid solution of Cr_ S_ and

nickel as shown by the region where the composition pathzenzs in Fig. 6. 2.
In all cases the external scale observed is grey and compact

except at the lowest sulphur potential when an intermittent dark layer

is observed at the alloy-scale interface as shown in Fig. 5. 8.

Unfortunately, this layer has not been identified and any deductions must

be made from visual observations. The grey compact scales are

thinner in the regions of the darker layers than where the dark layers

do not exist. It is possible that this dark layer that occupies between

10 and 20% of the interfacial area is a porous sulphide. The porosity

could be caused by metal migration and vacancy condensation due to

the slow reaction rate.

The external scale thickness measurements can be used to
calculate an approximate value for the diffusivity of chromium in the
scale. It is assumed that the scale is a semi-infinite single phase and

there is non-steady state diffusion. Under these conditions

xe 2 D*Cr - (6.17)
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where x is scale thickness.
At PS =2.3x 10_10 it was found that D*Cr has an approximate value
of 8 leo’lz cm2 sec“1 which is of the same order as the value calculated

from the slope of Fig. 5.3.

6.3.2 Morphological Breakdown

(79)

Monma et al have found that the diffusivity of chromium

in the Ni-19.9% Cr alloy obeys the following relationship at elevated

temperature.
DAlloy = 1.9 e -—-—————-—67700 cm2 sec-1 (6.18)
Cr e *P RT ’

o at 700°C. Since the experimental

This gives a value of 1.5 x 10~
conditions are such that nickel does not sulphidize and remains in the
alloy then chromium is the only diffusing species. It has been shown
that the diffusivity of chromium in the external scale is several orders
of magnitude greater than its diffusivity in the alloy. As discussed in
section 2. 3. 3 (c) the external scale/alloy interface is likely to be
unstable if the chromium diffuses through the scale faster than it does

through the alloy. By applying the data obtained to equation 2. 24 the

following approximate result is obtained

. » g
XCr (DC r/V)alloy ~ 1 ., 10 =

£ . 9
L= X (Dcr/V) sulphide

<3 (6.19)
9 10-11

which satisfies the Wagner necessary (but not sufficient) condition for
instability of the planar interface. Unfortunately, the more comprehensive
model for interface instability proposed by Coates and Kirkaldy(So)

cannot be tested due to the lack of data obtained.
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The morphological breakdown of the interface under these
experimental conditions can be compared to the planar interface obtained

(5) at the higher sulphur potentials. In their case the

by Romeo et al
nickel was free to diffuse out through the inner chromium sulphide scale
to the outer nickel sulphide layer which acts as a sink. In this case

the alloy interdiffusion coefficient must be greater than the diffusivity

of the nickel inthe inner sulphide layer.

6.3.3 Internal Sulphidation

The formation of subscale is expected to follow parabolic

(81) (30)

kinetics as first proposed by Rhines et al and later Wagner

The mathematical treatments by Wagner are for planar interfaces

and do not apply exactly to cases where morphological breakdown of the
interface occurs, but they do show the importance of the rate of sulphur
diffusion into alloy. A better treatment of the situation has been made

(31)

by Kirkaldy and is relevant to the situation where simultaneous
external scale and subscale is formed with breakdown of the interface.
This has been discussed in section 2. 3. 3. (d) and equation 2. 28 is
particularly relevant in order to establish an approximate value for the
diffusivity of sulphur in the alloy.

The subscale penetration data for specimens sulphidized at
a potential of 6.5 x 10—11 atm. plotted in Fig. 5.12 is replotted in Fig. 6.3
as a function of Jtime in hours. This shows that the subscale formation

does in fact obey parabolic kinetics. Now equation 2.28 can be rewritten

as follows:
Alloy Alloy k
s Cr
£ o
Alloy Gy T /5 Alloy (. 20)
Cr -

D

Plx,t) = N



SCALE THICKNESS (microns)

117

T T

o} .
9f —_
81— =
7 J
6 -
5 |- -
Y - o
3 -
o _
| — =
o |l rlz 3

~ TIME (hours)

Fig. 6.3 DPlot of subscale penetration against the square root of time for
specimens sulphidized at a sulphur potential of 6.5 x 10 atm.



118

where P(x, t) is volume fraction occupied by subscale sulphide at
penetration depth x after time t.
DS, DCr are diffusivities of S and Cr in the alloy resp.
Cs is solubility of sulphur in pure nickel

k. is parabolic rate constant for subscale formation and is equal

1
to x/ Jt

The following parameters are known or have been approximately calculated:
' Alloy ;

? £ ] T i
P(x, t) DCr CS and k1 hus on introducing these known parameters
into equation 6.20 it has been found that the diffusivity of sulphur in the

alloy has an approximate value of 1 x 10-12 cm2 sec-l. A test for the

Kirkaldy treatment using the relationship for penetration depth Xp =2 D%ljoyt

yields a value for Déiloy in the order of 10-11 c:m2 sec-l. The Wagner
treatment given as equation 2. 29 yields a value for nglloy = 1_()—11 cm2 sec-l.
This treatment considers the sulphur diffusivity as the centrolling factor

for subscale penetration and since the alloy throughout the subscale region

is chromium depleted the latter treatment is probably more valid.

The value of sulphur diffusivity in the alloy can be compared with
the value for chromium diffusivity calculated previously as approximately
1.5 % 10-15. Thus, the diffusivity of sulphur into the alloy is several
orders of magnitude faster than the counter diffusion of chromium. This
is a necessary condition for the 'in situ' precipitation of internal sulphide.
The following model is proposed to explain the mechanism of the subscale
formation obtained. Since the subscale has a vague dendritic appearance
with the formation of large irregular sulphide particles the sulphur is
believed to diffuse into the alloy via preferred paths such as grain
boundaries, dislocations and subgrain boundaries to a greater extent than
through the grains as a whole. These preferred diffusion paths also
act as preferred sites for nucleation and growth of the sulphide particles
so a majority of the sulphide will precipitate at these points by chromium

diffusion towards them. The solubility product of chromium and sulphur

in the alloy is expected to be very low and the precipitated sulphide to be
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fairly unstable so that the particles will grow by an Ostwald ripening
effect thus creating the vague dendritic appearance.

In an effort to satisfy the thermodynamics for internal sulphidation
a tentative composition path has been plotted on the ternary phase
diagram for the Ni-Cr-S system at 700°C and is represented in
Fig. 6.4. Since the composition path cuts the tie lines in the region
. that represents the CrS/Alloy interface the conditions for internal
precipitation of sulphide are satisfied. The point at which the traverse is

made represents the volume fraction of internal precipitate.

6.3.4 External Scale Stringers

It has been noted that stringers appear in the external scales
after long periods of growth. Although these stringers have not been
identified they are believed to be almost pure nickel as they emanate
from the alloy peaks of the broken-down external scale/alloy interface.
Since these stringers appear to be associated with the scale grain
boundaries it is proposed that they are formed by a 'squeeze' mechanism.
It is felt that as the break-down of the interface proceeds with time
the alloy is forced down low resistance paths such as grain boundaries by
sulphide formation which occupies a greater volume than the consumed

chromium from the alloy.
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CHAPTER VI

SUMMARY

At sulphur potentials below 5 x 10-10 atmospheres the reaction
kinetics are parabolic with rates approximately 1/20 of those

observed for pure chromium at similar potentials.

The reaction appears to be controlled by the rates of diffusion

of chromium through both the external scale and the alloy.

The parabolic reaction rate varies semilogarithmically
with sulphur potential the positive slope of which yields a constant

value for chromium diffusivity in the order of 1.5 x 10-11 cm2 sec“1

At a sulphur potential above 5 x 10_10 atmospheres the reaction
kinetics are linear but since the reaction product is compact
the kinetics are expected to become parabolic.

/
At all sulphur potentials the reaction product consists of a grey,
compact, pore-free external scale and a subscale with

morphological break-down of the external scale/alloy interface.

At sulphur potentials below 5 x 10-'10 atmospheres the external
scale is identified as mainly Cr3S4 with traces of dissolved
nickel up to 5% and higher and lower sulphides to a lesser degree.

The dissolved nickel in the external scale appears to stabilize
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the chromium sulphides i.e., lower their dissociation pressures.

The diffusivity of chromium in the external scale (in the order

of 10-11 cm2 sec_l) is several orders of magnitude greater than

the diffusivity of chromium in the alloy (10-'15 cm2 sec_l)
which satisfies the Wagner conditions for morphological break-

down.

Volume fraction measurements of the region occupied by
subscale when applied to theoretical predictions for internal
sulphidation yield a value of sulphur diffusivity in the alloy
in the order of 10-11 cm2 sec"1 which, since it is faster

than the diffusivity of chromium in the alloy and its solubility

is very low, satisfies conditions for subscale formation.

At a sulphur potential above 5 x 10-10 atmospheres the external
scale has an apparent composition of NiCr‘?‘S5 and this is more
dense than the chromium sulphides obtained at lower sulphur

potentials.



CHAPTER VIII

FUTURE WORK

A comprehensive study of the kinetics and morphology for
the sulphidation of the 80% Ni - 20% Cr alloy at elevated temperature
(700°C) over a wide range of sulphur potentials is now fairly complete.
Although the mechanisms of this reaction are still uncertain work on
basic thermodynamic, diffusion and defect data as well as structural
studies are in progress. |

The formation of subscale at the low sulphur potentials where
nickel behaves as an essentially noble alloy element eliminates any
benefit gained from the slow formation of a compact, protective external
scale of chromium sulphide. It appears that the next step is to study
the effect of adding a third element to the alloy in an attempt to obtain
improved sulphidation resistance either by selective sulphidation of the
third element or by forming an external scale with the third element in
solid solution.

Aluminium is certainly one element that should be considered
as this is already in use for some turbine blade appliéations. Molybdenum
and vanadium are also elements that have the potential of giving added

(56)

resistance as reported by Strafford and Hampton Once again
basic information for these systems is expected to be sparse and

initial studies will only report kinetic and basic morphological information.
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APPENDIX

X-RAY ANALYSIS DATA

Typical measurements of the Debye-Scherrer powder
photograph lines are listed in the table below and are compared with
the standard A.S.T.M. data card information for Cr354 and trigonal
CrZS3. The relative intensities of the lines are given as s (strong),

m (medium) and blank (weak). The data for the lower sulphur potential

is very close to Cr_S, whereas the high potential data, although close

374
to Cr384, possesses some CrzS3 characteristics.
SAMPLE| DATA FOR ASTM FILE d (&) STANDARD | ASTM
DATA
-12 -10 )
LINE 5.5 x 10 atm.| 2.3 x 10 atm. Cr?’S4 CJ:ZS3 (trig.)
1 5.62 m 5.57 m 5,64 m 5. 56
2 ) b. 47T 5.18 5.27 5. 17
3 2.97 s 3. 26 5.21 m 3.01
4 2.63 =8 2.96 m 2.97s m 2.97
5 2.60 s 2.63 s 2.642 s 2.62 =
6 2. 52 2.58 s 2.606 m 2. 505
7 2.20 2.51 2:531 2. 12
8 2.07 m 2.18 2.198 2.052 m
9 2.05 s 2.04 s 2.076 m 2.036 s
10 2.03 s 2.01 s 2.059 s 1.714 m
11 2:02 m 1.71 s 2.032 s 1.579 m
12 1.72 m 1.57 m 2:021 m 1.311 m
13 + 1.31 m 1.718 m
14 very + ; 1.713 m
weak lines many weak
lines
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