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ABSTRACT

The effects of S5wt. - Al and 10w1.-"" Al on the sulfidation behaviour of the Fe-25Cr
alloy in H.S-H. gas mixtures in the temperature range of 700~900 C has been studied. The

sulfidation resistance of Fe-25Cr was improved and the sulfide scale morphologies . composition

and structure of Fe-23Cr changed remarkably. The sulfidation kinetics of the alloys with alu-

minium obeyed basically the parabolic law after an initial period of reaction time. The sulfida-

tion mechanism of the Fe-Cr-Al alloy has been proposed.
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1 INTRODUCTION

The high temperature sulfidation of
metallic materials is an important ana com-
mon corrosion type in the petrochemistry .,
the liquefaction and gasification of coal and
the power plant. The gas mixture of H.S-H.-
is a typical environment of sulfidation-' .
The sulfidation resistance of the iron-base al-
loys bearing chromium is poor in both the
sulfur vapour and the H.S- H. gas mix-
turest>*),  Whether the aluminium. as a
ternary alloying element. can be able to en-
hance the sulfidation resistance of the iron-
base alloys like the case that the aluminium
acts in their oxidation or not is an interesting
problemt®” '), In the present paper. the in-
fluences of two aluminium contents on the

sulfidation kinetics of Fe- 25Cr in H.S- H,
gas mixtures with the sulfur pressures of
10 *~1Pa at 700~900 C has been stud-
ied. The sulfidation mechanism of the Fe-
Cr-Al alloy is discussed.

2 EXPERIMENTAL

[R]

S Alloys

The nominal composition of experimen-
tal materials were Fe- 20Cr- bAl, Fe- 256Cr-
10Al, and Fe- 25Cr. Their Cr contents
(wt. - 20) were 24. 43, 24. 31, 24. 49, Al
contents 4. 70, 9.60. 0. 00 and C contents
0.014, 0.01. 0. 018, respectively. The in-
gots were hot rolled into bars of diameters of
about 15> mm. The alloys have been an-
nealed at 750 C for | h. The dimensions of
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specimen was d 12 mm X | mm. In order to
suspend the specimen a tiny hole of a diame-
ter of 1. bmm was drilled near its edge. The
specimen surface was abraded to 1000 grit e-
mery paper. Prior to use the specimen was
repolished to remove the thin oxide film pos-
sibly formed on the surface at room tempera-
ture and rinsed in acetone.

2.2 Apparatus

In order to obtain the sulfidation kinet-
ics accurately a quartz spring thermobalance
suitable for the experiments with highly cor-
rosive agents similar to that in ref. 10 was
used.

2.3 Experunental Process

After the sample was suspended under
the spring, the sealed reaction chamber was
vacuumed by a rotary pump and filled with
H. of high purity. This process was repeated
several times. Then the chamber was filled
with the H,S-H. gas mixture of a controlled
partial pressure ratio continuously. The total
1.013 x 10°Pa.
When the furnace reached the reaction tem-

pressure of the gas was

perature. it was lifted up to cnsure the speci-
men located in its center. The elogation of
the spring was recorded after 5min.

The sulfide scales were observed and
analysed by a scanning electron microscopy
(SEM), energy-dispersive X-ray analysis
(EDAX), electron-probe microanalysis ( EP-
MA) and X-ray diffraction( XRD).

3 RESULTS
3.1 Sulfidution KNwetics

Fig. | shows the sulfidation kinetics of
Fe-25Cr-5A] and Fe-25Cr-10Al1 at different
temperatures and different sulfur pressures.
The curves were drawn according to the ful-

lowing parabolic law.

M., . .
(%—)* = N, 4 C
where A, is the parabolic constant. The

weight-gain unit is mgecm °.

It can be concluded from Fig. 1 that the
sulfidation kinetics of the two aluminium
bearing alloys followed basically an incuba-
tion 4 parabolic law. When changing the
temperature at a constant P, . the weight-
gain and the sulfidation rate of both alloys
increased notably with the increase of tem-
perature. In the other hand. when changing
the sulfur pressure at 800 (. the sulfidation
rate of the 10 wt.-% Al alloy increased
So did the 5
wt. - % Al alloy in the initial period of reac-

with the increase of P, .

tion after this period of time the tendency of
some curves changed and the weight- gain
lost its consistence with P, . A turn ap-
pedared on the weight-gain v.s. time curve is
a characteristic of the sulfidation kinetics for
the 5 wt. -%4 Al alloy. cspecially at higher
temperatures and sulfur pressures. this phe-
nomenon s even more prominent ( Fig. |
(a). (b)).

It can be found from Fig. | (¢) and |
(d) by careful observation that the parbaolic
law of the 10wrt. - ¥, Al alloy after the incu-
bation was not a single one. Two or three
different parabolic laws appecared and the
parabolic constant incrcased with time. A
similar phenomenon was observed in the sul-
fidation process for the Fe-25Cr alloy under
In Table | the two
parabolic constants of the 10 wit. - ¥ Al alloy

the same conditions "/,

at 800 C and different sulfur pressures are
listed.

To compare the sulfidation rates of all
tested alloys. their second parabolic con-
stants at 700~900 ¢ and 2. =10 " Pa are
listed in Table 2.
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Fig. 1

3.2 Sulfule Morphologies, Structure und Comn-
positon

Fig. 2 shows the typical sulfide surface
morphologies of Fe-25Cr- Al and - | 0Al
Their feature is that the flake sulfide grain
grew vertically or by a little angle of inclina-
tion from the sample surface. The surface
morphologies are dependent on temperature.
The higher the temperature, the larger the
grain and the more smooth the sulfide sur-

0. 20 10 ho x5
Time/min

The sulfidation parabolic curves for Fe-25Cr-0Al and Fe-25Cr-10Al

[ace. It can be found from EDAX that the
surlace sulfide scale was mainly composcd
of S. Fe and some Cr and Al. The contents
of Cr and Al decreased with increases of the
temperature. the sulfur pressure and reac-
tion time. respectively.

XRD result indicated that the sulfide
phases of Fe-25Cr-3A1 and - 10Al could be
.5, Cr-Ss. Fe-
In cvery phase

concluded as follows. Fe |

Cr-S, and some trace Al.Sq.

there were some other doping elements.
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Table I Two parabolic constants A', of nal sulfidation zone. was much thicker than
Fe-2b6Cr-10Al at 800 C and different sulfur that on the Fe- 25Cr- 5Al1 or - 10Al alloy.
pressures

The exteranl sulfide on Fe-25Cr was com-
prised of Fe ,—, S and FeCr.S,.

A, /giecm ™ tes !

P, /Pa
Ist parab. const.  2nd parab. const.
3.3 EPMA Results
2.29x10°® 2.92x10- 1" 3.55x 10 v
9. 81% 10-? 9. 14 %10 ¢ 2.98% 10 ¢ Fig. 4 shows the elemental distribution
2 295 10 ° o 135 10— 155 10 images of the cross section of sulfide scale or
L 7 e 7.35% 107"
the Fe-25Cr-10A1 alloy. It can be seen tha:
1. 01X 10° 9. 71 x107°? .21 107"

there were three sub-layers in the sulfide

scale. The outer one was of the flake shape

Table 2 The sulfidation parabolic constants and contained S. Cr and Fe (from high to

A, of the tested alloys low). The intermediate layer contained S,
Alloys Ay 7gieem e Al. Cr and trace Fe. The inner layer was
700C 800C 800 ¢ very thin. its composition was S and Al. be
Fe-25Cr-5A1  3.64> 107% 2.01> 10 * 7.71~ 107" ing the same as that ol the internal sulfide.
Fe-25Cr-10AL  1.20% 107" 2,98~ 10 * 187> (="
) 4 DISCUSSION
Fe-25Cr 103> 10 % 2,89~ 10 - .32~ 10—
[ Sulfule Stroactire wad  Sul fulatwnc Hecka
To compare with Fe- 25Cr. Fig. 3 WIS
shows the SEl of the surface morphologies
and the cross section of sulfide scale on the A sulfide scale model (Fig. 5) of the
Fe-25Cr alloy. It can be seen from Fig. 3 Fe-Cr-Al alloy is proposed on the basis of
that the surface sulfide on Fe-25Cr was com-  analysis of XRD. EDAX and EPMA. Ac
posed of large equiaxed grains. It contained cording to the model in Fig. 5 the basic sulfi-
predomianntly S and Fe. The Cr content dation process of the Fe-25Cr- vAl alloy is
was very low. The sulfide scale on Fe-25Cr concluded as follows. In the initial period of
consisted of two uniform lavers and an inter sulfidation AL is sullidized preferentially. In

Fig. 2 The surface morphologlies of sulfide scales on the Fe-25Cr-5Al and - 10Al alloys
corroded at 800 C and | Pa sulfur pressurce for 120 min
- (a)—Fe-25Cr-5Al; (b)—Fe-25Cr-10Al



Fig. 1 The clemental distribution images by EPMA of the sullide scale on
Fe-25Cr-10Al corroded at 900 (" and 7., =107 Pa for 120 min

I —outer-layer; [ —inner layer; Il — internal sulfidation zone; N —intcrmediate-layer
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FeCl',zS4

—_— separated
(outer) needles +
{CrFe)AlS, plates
B AR » ___porous
(AICrFe);S;—=— s ez —Compact
(inner) //—_compact

///a[loy,‘
G. B. sulfidation
Fig. 5 A sulfide scale structure model of
the Fe-Cr-Al alloy

the meantime Cr and Fe enrich and diffuse
outwards. The affinity to S of Cr is larger
than Fe, so Cr.S5; forms in advance of the
iron sulfide. Meanwhile, the AlS; scale is
destroyed and become the doped phase (Al-
CrFe ).S;.  Subsequently. Fe
through Cr»S; and
phase. With the going on of the reaction.

ditfuses
forms FeCr-S, spinel

Al also diftuses outwards and S transpotts in-
wards through crevices, pores and the sul-
fide phase. thus resulting in the continuous
formation of AIl.S; through the reaction of
Al with S.

4. 2 Sulfidation Nueties

The results in Fig. | indicate that the
sulfidation kinetics of both 5Al and 10Al
bearing alloys obey an incubation -+ parabol-
ic law. This is consistent with the result by
other authors on the sulfidation of the Fe-
Cr-Al alloy!®*). The only difference is that
the sulfide rate of Fe- 25Cr- 10Al becomes
larger with time. Through the study on the
sulfide morphologies and structure for a
short reaction time, it is considered that this
difference relies on the growth of the sultide
scale. In the incubation period a thin and
compact AlS; scale forms on the allov sur-
face. Afterwards, Cr and Fe diffuse
through it leading 1o the corrosion kinetics
enters the first parabolic law. As a result.
the compactness and the protection of Al-S;
are destroyed. The formation of Cr.Sy phase

occurs, and thereby the diffusion of Fe and
Cr in Cr»S; becomes the controlling step. Be-
cause of Cr.S: is of a higher defect concentra-
tion than Al.S;, the resistance of sulfide to
the diffusion of metal ions becomes smaller
and the parabolic constant increases. So the
curve ecnters the second parabolic law. At
this time the outer sulfide is FeCr.S,. It can
be inferred that along with the increase of
temperature and the extension of time the
third parabolic law may be appears. This
will reflect the growth of Fe ,_, S. The reac-
tion kinetics curve for 900 C in Fig. 1 (¢)
proves this. Only S and Fe are’ detected by
EDAX on the corresponding sample.

The sulfidation kinetics of the b Al bear-
ing alloy at high sulfur pressures and high
temperatures Is not very regular. An impor-
tant reason is that the sulfide scale detaches
from the alloy base and cracks during sulfi-
dation. Under the experimental conditions
the growth stress and the thermo- stress of
the sulfide scale on Fe-25Cr- 0Al are very
high. The cracking and the separating of the
outer sullide from the alloy base occur in the
{urnace cooling process, This reason results
in that the weight-gain curves of Fe-25Cr-
S5Al is not so regular as those of Fe-25Cr-
10Al. In one hand the sulfidation kinetics
deviate from the parabolic law. In the other
hand. the sulfidation rate is no longer consis-
tent with P, . Besides. the sulfides formed
at different steps are of different levels of de-
fect concentration also affects the deviation
of sulfidation kinetics.

It can be seen from Table 2 thar the
sceond parabolic constants of Fe-25Cr are de-
creased by one to two orders of magnitude
bv the addition of aluminium. The higher
the temperature. the larger the difference.
The thin Al.S; scale formed in the initial pe-
riod of sulfidation is rather protective. Al-
though destroved at last. a (CrFe)AlLS, in-
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termediate layer forms by the outward diffu-
sion of Al. The doping of AlI*~ can decrease
the defect concentration of FeCr.S, and in-
crease the diffusion resistance of Cr*" , espe-
cially Fe* . A .5 wt.-% Al is relativey
small and the amount of Al-S; phase is very
little. No complete protective scale forms on
the 5 Al containing alloyv.

5 CONCLUSIONS

(1) The sulfidation of Fe- 25Cr- 5A]
and - 10Al alloys follow basically the
parabolic law . The addition of aluminium
to Fe- 25Cr decreases its sulfidation rate by
one to two orders of magnitude. The elfect
of 10 Al is larger than that of 5 Al.

(2) Two or more parabolic laws ap-
pear in the sulfidation kinzatics of the 10Al
bearing alloy and the parabolic constant in-
creases with time. It has a close relationship
to the formation process and order ot sulfide

layers in the scale.

(3 ) The addition of aluminium
changes the structure and the nature of sul-
fide scale for Fe- 25Cr. The lormation of
AlLS; in the early period ol reaction and the
decreasing of the defect concentration of sul-
fide by the doping of Al' to {r.S, or
(CrFe )-S5, reduce the sulfidation rates of Fe-
25Cr.
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