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Corrosion of TP347H FG stainless steel
in a biomass fired PF utility boiler
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Detailed microscopic examinations have been conducted on two, temperature-regulated
probes which had been exposed to biomass flue gas inside a PF boiler for 3770 h at 600°
and 650°C respectively. The two probes were made from commercial grade heat exchanger
alloy (TP 347H FG). A significant buildup of potassium chloride and sulphate was found on
both probes within the deposits that sinter more strongly on the 650°C probe. Both probes
suffer extensive intergranular corrosion as well as general corrosion. The higher
temperature enhances scale formation which may provide a beneficial effect with respect
to hot corrosion resistance. The intergranular corrosion is linked to the presence of sulphur.
The overall material wastage is almost the same for both probes and for different locations
covered by deposit. © 2001 Kluwer Academic Publishers

1. Introduction materials, causing severe loss in heat transfer efficiency
There is an increasing interest within the electricityand also materials degradation. The primary processes
supply industry for more fuel flexibility and the com- responsible for deposition have been identified as: in-
bustion of non-conventional fuels such as waste anertial impaction, thermophoretic deposition, conden-
biomass instead of coal or oil. This is both to reducesation and chemical reaction. Chlorine released dur-
CO, emissions and to provide an alternative to dump4ng combustion mainly facilitates the mobility of many
ing of waste. In addition, an improvement in electrical species, in particular potassium, and therefore a high
efficiency can be gained by increasing the steam temsoncentration of potassium chloride is often found in
perature, which leads to more economic fuel utilisation deposits. Compared to other fuels (e.g., coal), biomass
Burning of biomass causes widespread superheater cdras a higher concentration of alkalis and therefore se-
rosion, caused by the deposition of alkali chloridesvere slagging and corrosion problems are expected [4].
on superheaters with a metal temperature of&006r  Higher levels of silica and, to a lesser extent alumina,
higher. However, most corrosion testing of boiler tubesare likely to reduce corrosion. The alkali salts becomes
has been performed in coal-fired environments and, ifisticky” because of the increasing temperature gradient
comparison, relatively little is known about the depositsacross the deposits and, as a consequence, more fly ash
or corrosion caused by biomass combustion, either gtarticles are captured. Thermal dissociation and other
conventional steam temperatures of around°&56r  reactions of the ash compounds also occur resulting
higher temperatures as anticipated in the future. in the formation of low melting point slags once the
Atleast nine elements are recognised in the literaturéocal concentration reaches the eutectic points [5, 6].
to contribute to overall deposit chemistry in biomass co-These molten slags are capable of destroying the pro-
fired boilers [1]: O, Si, Al, Fe, Ca, Na, K, Cland S, with tective oxide scales commonly formed on commercial
several others playing minor roles such as Ti, Mg, Pheat exchanger alloys through fluxing reactions leading
and C. They may be present in various chemical formgo catastrophic corrosion [7, 8].
with silicates, oxides, chlorides, and sulphates being As a joint initiative funded by the European Union,
the most common. Alkali metals (K and Na) are knowncollaborative efforts are currently being undertaken to
to promote fouling and slagging [2]. Different mecha- understand the consequence of biomass co-combustion
nisms of alkali metal release have also been identifieen fouling, slagging and corrosion of commercial heat
depending on fuel composition and combustion temperexchanger alloys. The metallurgical study reported here
ature [3], involving potassium/sodium sulphate, chlo-is a part of the programme. Probe samples have been
ride, hydroxide or cyanate. Of the multiple stages thaexposed to biomass flue gas for 3770 h inside a PF
occur during biomass combustion, char combustion idoiler operated at Vattenfall AB; two probe sections
the most relevant stage in alkali metal release. Releaséd the form of tube rings were subsequently selected
alkali metals form deposits on cooler surface of furnacdor examination. The temperatures of the two probes
components made from alloys, ceramics and refractoryvere controlled at 60@ and 650C respectively to
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TABLE Il Analysis of the fly ash from the 100% wood fuel

Flue Gas c -~
XRD Sample ; omposition
Positions /Type | Depesit (Wt%) SiO, Al,05 CaO FgOs K20 MgO N&O Sppmy Cl
Sq SCA 141 2.9 20.7 2.7 81 40 1.0 15500 1.7
;“’ SEFM Stample Other minor elements analysed but not listegD, TiO and MnG, as
X3 7/ ositions well as those trace elements listed in the fuel analysis (Table II).
\ /
an
T “S2 TABLE IV Average flue gas analysis

Fuel HCI(ppm) S@ (ppm) CO (ppm) C%) Ox(%) NO (ppm)

/ '\
K4 ’/Q\\Type Il Deposit SCA 4 10 10 15 5 101

Fiaure 1 A schematic showind the bositions of the fwo ¢ ¢ denosit clear, even under coal combustion conditions [13]. For
igure schematic showing the positions of the two types of deposits . . . .
on the probes and the positions for subsequent XRD and SEM analysis-l.-ype II"hot corrosion under biomass depOSItS that is

usually rich in alkali chlorides, accelerated ‘active’ ox-
idation by forming volatile metal chlorides has been

simulate 550 and 60C steam. The metal surfaces ProPOSed to be a possible mechanism [14-16], but this
were heated by the flue gases of 800 to “@5@nd remains to be confirmed by both laboratory studies and

cooled internally by pressured air. The temperaturedndustrial trials.
were monitored through three thermocouples inserted
into the middle (120 degree between them) of the tube

wall and were maintained for about 95% of the test pe2: Result and discussion

riod. The tube alloy was commercial grade TP 347HYisually there seems to be two types of deposit: the

FG stainless steel and Table | lists its compositions/I"'St tyPe (Type I) has a dark brown colour, similar to

Detailed information about the biomass fuel (a 1009the colour of the fly ash. It forms on a narrow region of

pulverised wood) and its fly ash/flue gas analysis ardh® Probe surface (directly facing the flue gas passage)
given in Tables IV, respectively. The original probe @1d IS generally thicker (ca. 2 mm at the thickest point,
position inside the flue gas passage is shown in Fig. 1gradually becomlngithlnner) than the second type. This
together with illustrated locations where X-ray diffrac- YP€ (Type I) has alight grey or light brown colour and
tion (XRD) and metallographic (optical and electron) is relatively uniform in thickness (estimated to be about
samples were taken for examination. XRD measured-2—1 mm). It covers about 2/3 of the tube surface. Be-
ments were carried out on the probe surface with thdVeen the areas covered by the two types of deposits

deposit attached, whereas the metallographic examini€re are two bands (along the axis of the probe) on the
tions were mainly on the cross sections of both the tub@"0P€ surface that have very little deposit. The deposits
alloy and the deposit. These locations were chosen tgPPear to be well sintered on the probe, particularly
give a representative overview of the material wastagd'€ TyPe Il deposit. There may be more deposits on
information on the probe. the original p_robes tha_t are less W_eII smtere_d and_there-
Corrosion morphologies found on these retrievedore lost during handling. There is no obvious differ-

corrosion probes (described later) show the characteri€"C€ in &ither the colour or the thickness of the deposit
tics of hot corrosion at relatively iow temperature (the &t the two temperatures by visual inspection. Using op-

so-called Type Il hot corrosion) [9, 10]. This is usu- tical microscopy, the maximum metal loss measured
ally attributed to the formation of low melting point fTom the 600C sample was 75 um and from the
complex salts between sulphates from the deposits arfgP0 C sample it was 88& 5 um. The inner surface of

metal elements from the alloy [9-12]. The detailegthe two probes had a negligible oxidation loss of less

mechanism of this type of hot corrosion remains un-than 10 3 um for both temperatures. Therefore, there
seems to be no significant difference between the two

probes in terms of material wastage.
TABLE | Chemical composition (wt%) of TP 347H FG alloy

Elements C Si Mn P S Cr Ni 2.1. XRD measurement
N Results from the two samples are shown in Fig. 2a and
C 0.0 3 50 0.0 0.00 8. 9 . :
omposition 9 039 150 004 to18s 11 b respectively. For the 60C probe (Fig. 2a), KCl and

TABLE |l Analysis of the biomass fuel SCA (heating value of 20.549 MJ%g

Composition (wt%) SiQ Al;03 CaO FeOs3 K20 MgO N&O Ash (%) C (%) H (%) O (%)

SCA 0.0465 0.0103 0.126 0.0119 0.0388 0.0231 0.0172 0.38 47.6 6.1 42.9

Other trace elements (in ppm level): As, Ba, Be, Cd, Co, Cr, Cu, Hg, La, Mo, Nb, Ni, Pb, Sc, Sn, Sr, V, W, Y, Zn, Zr.
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@) — T — ! NiFe,0, + species are usually formed beneath the iron or nickel
oxides, and hence their detection is restricted by the

NiO &
T I Aee  Penetration depth of the X-ray source (Cu-Kene-
Kol o trates less than 50m for polycrystalline materials).
! E', 'D ! ! ! Similarly, other reaction products between the deposit
J_ ey @Nd the alloy may also not be detected if they grow
£ y . 5 3 14 X5 deeper into the alloy substrate.
8 ~ A T For the 650C probe (Fig. 2b), the overall trend is
e S Y .30 W NSRS DU quite similar to that observed in Fig. 2a. One clear
. A - - - X1 trend, as compared to the 6@probe, is that the rela-
2 8 4 50 6 o tive intensity of KSQO, to KCl is increased, indicating
2 Theta, deg. a higher concentration of sulphates at higher temper-
®) T T — | NiFe,0, + atures, in particular at the locations from X3 to X5.
— i NiO A In addition, the peaks for NiO and NiE@4 (possibly
T T I T 0T Ty s F&Os, FeChOy) are also stronger, which suggests en-
- I I i — koia hanced oxidation. Again there is the same trend of an
0 increase in KCl intensity when the location is changed
z 00 o_p t Probe alloy from X1 to X4 and a further reduction from X4 to X5.
b5 {1 e St AT xs The only difference between Fig. 2a and b is that at X5
= o) X3 the dominant species seems to be the sulphate for the
ks - - > = > X 650°C probe rather than KCI as on the 6@probe.
2 Theta, deg.

Figure 2 XRD spectra for the 60 (a) and the 65CC probes (b). For . . . .
corresponding position of each spectrum, please refer to Fig. 1. The threg-z-' M ICroscopic exami nation '
strongest peaks for each species are also labelled on the spectra. ~ Typical sections of the probe were cut by hand in or-

der to minimise damage to the deposits. After mount-

ing with a conductive resin, cross sections of the
K2SOy are the two substances clearly detected at alprobes were prepared for metallographic examination.
most all locations. As the location changes from X1 toScanning electron microscopy equipped with energy-
X4, there is a gradual increase of the intensity of thedispersive X-ray analysis (SEM/EDX) was carried out.
reflection from these compounds and then a decline alypical results for the 60@ probe are summarised
location X5. This suggests that a significant proportionin Fig. 3 on half of the probe. For easier description
of the Type Il deposit is made of KCl and,BROy. An-  and comparison of the material lost through corrosion,
other reasonforthe increased intensity of the reflectionthere characteristic layers are identified in Fig. 3 to-
is that the deposit at the locations X1 to X4 becomegyether with the locations for SEM/EDX analysis. The
denser or more crystalline, which may contribute to arfirst characteristic layer (Layer I) forms the outermost
enhanced degree of sintering from X1 and X4. Like-scale, which is roughly parallel to the remaining metal
wise, the spectrum at X1 has lower counts and this magurface and may be covered with sintered deposits. The
be the result of a loosely sintered deposit. The spectrursecond characteristic layer (Layer 1l) is the interme-
from position X2 also has peaks showing the possiblaliate scale layer, which is often physically separated
presence of NiO and Ni©,. This is expected for X2, from Layer | and has the appearance of general corro-
as it has almost no deposit (Fig. 1) and hence experision. Unreacted alloy can sometimes be found within
ences an environment giving simply oxidation, unlikethis layer. Finally, the third characteristic layer is an in-
the other positions. X5 shows low intensities, similarternal corrosion layer (Layer IIl), which has clearly re-
to that of X1, but with slightly stronger KCI peaks. In sulted from intergranular corrosion. These features are
general, the peakintensity as detected by XRD is a comfound to exist for both the 60C and 650C probes,
bined result of concentration, crystallinity and surfacealthough to a different extent.
roughness. The deposit at X5 appears more porous (e.g.,Detailed micrographs at various locations are shown
than X3 or X4), possibly because it is at the back of then Fig. 3a to f. Apart from Fig. 3f (which is from the
probe, relative to the direction of flue gas, and hencdackside of the probe), the rest of the probe surface
its formation may involve a different deposition mech- suffers a similar extent of corrosion featuring the three
anism. Other possible, but minor species suggested bgharacteristic layers. A complete Layer | is not always
XRDinclude: FeS, FeO(OH), 64, Al,03, CaV 0y, observed for all of the locations; this is shown in Fig. 3¢
P,Os, Wollastonites (CaSi§) CaSiOs, etc.), CaCQ and 3e where the remaining Layer | seems detached
and K;COz. The percentages of these species in thédrom the underlaying scale. Layer | often appears less
deposit, if they are detected, are very small. For ox-dense and mixed with the ash components (Fig. 3c). The
idative corrosion products, iron oxides and NiO (anddominant corrosion reactions in these environments
NiFe,O,) are detected at the location X2 and possiblywould be oxidation, hot corrosion by molten deposits
exist at other locations as well; chromium oxide is not(mainly chlorides and sulphates as shown by the XRD
observed. This however does not imply that chromiummeasurements), plus possible gas-phase sulphidation
oxide is not formed under these conditions (as will beand chlorination. The broken and less adherent Layer |
shown later) as chromium oxide and other chromiumtherefore offers little barrier to the ingress of either
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Layer I: Scale layer

Layer II: General corrosion layer

Layer III: Intergranular corrosion layer
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A

120 pym

Figure 3 SEM micrographs prepared on the cross sections of the@Gpebbe.

gaseous reactants or molten slag towards the remaiin Layer | has apparently very little influence on ei-
ing tube material. This point may be further illustrated ther the morphology or the thickness of the remaining
by Fig. 3c: the micrograph shows two regions with thelayers formed beneath (Layers Il and Ill). Despite the
right-side Layer | much thicker than the left-side andcare taken during the sample preparation, some loss of
this difference appears not to be caused by broken scaieposits is still inevitable with the only micrograph to
onthe left-side as both have a thick deposit layer formeghow extensive deposits being Fig. 3c. The corrosion
on top. It is interesting to note that this large differencereaction between the deposits and the metal therefore
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bypasses Layer | and continues via grain boundarie$active oxidation” as discussed by Gralddeal.[6]: es-
and leads to the growth of the other two layers.sentially volatile metal chlorides are formed as a result
Completely or partially consumed grains then becomef chlorination and this is followed by re-oxidation on
Layer Il. Fig. 3f is a somewhat exceptional case as itheir way to the surface. The chloride level remained
does not seem to follow the classification of three lay-within the scale is too low to be detected by EDX, in
ers. It has no visible scale layer, although it is likely thatcontrast to the high concentration of KCl in the deposit
the original Layer | may have been lost during sampleas detected by XRD. The EDX analysis on the probe
preparation. The major difference is the appearance ddlloy itself (Point 4) gives the following results (wt%):
the intergranular corrosion layer, which is shallower,68.3 Fe, 11.6 Ni, 17.7 Cr, 1.7 Mn, 0.59 Si, which is
wider and also less concentrated at grain boundariesgery close to the original composition of the probe alloy
hence giving an appearance more like pitting. The over{Table I).
all depth of corrosion (without taking into Layer | into  An averaged composition analysis as shown in Fig. 4
account), however, is similar to the other positions. is less informative when intergranular corrosion has oc-
Fig. 4 shows EDX results across the three characeurred. A more informative analysis is shown in Fig. 5,
teristic layers (the scale) found at a location close towhich is a collection of elemental X-ray maps for the
Fig. 3d (most of the deposit has been lost). As showmmajor elements involved in the intergranular corrosion
in Table V, the clearest trend seems to be the distribureactions. As shown by Fig. 5, the grain boundaries
tion of chromium, which shows a decrease towards thare generally enriched with chromium and partially
outer surface. This is usually associated with its slowwith nickel but depleted in iron. The chromium dis-
diffusion rate relative to iron and nickel, which leads tribution along the grain boundaries is closely matched
to an enrichment of chromium at the inner scale andy oxygen, suggesting the formation of chromium ox-
forms the basis for enhanced corrosion protection. Hoides here. More iron can be found in the general cor-
corrosion at the grain boundaries, as shown in Fig. 3, isosion layer, together with nickel. Sulphur is also seen
more detrimental, because it penetrates this chromiurmalong the grain boundaries, which is closely linked with
rich oxide layer and reduces the possibility of forming the nickel distribution, suggesting that the initial cor-
a continuous protective layer. Higher iron and nickelrosion at the grain boundaries involves the formation
contents in Layer | are also evident, although some irorof nickel-sulphur compounds, possibly4$p, NiS or
may come from the deposit. The highest sulphur leveNiS,. Three characteristic areas are located on the SEM
is at Point 3 and the implication is that sulphur is con-micrograph in Fig. 5, marked by A, B and C, rep-
centrated in Layer Il and its source is the deposit. Detesenting different extents of intergranular corrosion.
spite the high concentration of KCl detected by XRD in The grain boundary at the area A has a clear band of
Fig. 2a, very little chloride is in fact detected within the chromium oxide layer surrounding a nickel and iron
scale. This result may be explained by an acceleratedentre; the nickel centre is also oxygen deficient but
may be enriched with sulphur. Grain boundary corro-
sion at the location B occupies a much wider area as
TABLE V EDX analysis of the 600C sample compared to A and is thus at a more advanced stage
of corrosion. Area B has the highest chromium and

Flements Point 1 Point 2 Point 3 Point4 oxygen intensity and the nickel and iron distribution
o] 20.1 18.7 11.8 1.0 is relatively isolated and patchy. Similar areas like B
Fe 63.8 58.6 33 68.2 can also be identified within Layer Il. This possibly
Na 0 0.7 0 0 represents those areas where there is significant accu-
(K:a %‘?2 %3 %% %‘2 mulation of chromium together with a hi.gh gnough
Mg 0 0.2 0 0.1 oxygen partial pressure to form and maintain a sta-
cr 3.9 7.3 37.1 17.8 ble chromium oxide. Nevertheless, as shown by the
Mn 5.0 4.9 4.9 17 chromium map this chromium oxide layer is far from

Ni 6.1 . S9.4 - coherentand uniform. Area C, which corresponds to the
ﬁ' 8'2 8'1 éz g.f designated general corrosion layer, shows a mixture of
s 01 0.6 4.0 03 phases seen in areas A and B. Some are significantly
Al 0 0.1 0.1 0 depleted in chromium with rather high concentrations

of iron (and oxygen), and others show the opposite.
Combined with the EDX results in Fig. 4, it seems that
the outer scale layer (Layer I) is mainly iron oxides plus
a small quantity of nickel compounds. The general cor-
rosion layer (Layer Il) is a mixture of chromium oxide,
iron oxide and isolated nickel sulphides and oxide, with
clearly segregated boundaries. Finally, the forefront of
the intergranular corrosion occurs through oxidation
and sulphidation of iron and nickel, leaving chromium
to form chromium oxide. The oxide ion concentration
is linked to the oxygen partial pressure, which in turn is
known to be a function of the SEB0; equilibrium that
Figure 4 A typical cross section on the 60D probe and the results of @ISO controls the sulphidation reaction [7]. The chlorine
EDX analysis (Table V) carried on the corresponding positions. map gives a uniform distribution across the region and
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Figure 5 Elemental mapping carried out around the regions where intergranular corrosion takes place ohGheaétlfle. The location is from the
sample shown in Fig. 3a.
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is, hence, omitted here. It seems that the intergranulahere is a chloride or HCI (in the presence of moisture)
corrosion is almost the exclusive result of sulphidationpartial pressure (Table IV) remain to be investigated.
and independent of the strong presence of KClI in the Fig. 6 shows micrographs from the 68D probe at
deposit. Possible roles played by chlorination wheresimilar locations to those on the 6@probe (Fig. 3). It

1_30 yum

Figure 6 SEM micrographs prepared on the cross sections of the@®pfbbe.The position for each photo on the probe surface is given in Fig. 3.
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can be seen that the deposits on thee€5firobe appear TABLE VI EDX analysis of the deposit on the 68Dsample
to be more adherent, possibly because of the increased

sintering at the higher temperature. Fig. 6a shows thakements T(leoicnutri; T:;;Egiliitazs)h L@i:n(rl]airnisg)
at the location directly facing the flue gas, a thick and

dense deposit layer is formed. In particular, it seems t® 25.6 335 36.8
have a “crusted cover” on the outer surface. Figiga F¢ 0 16 0
a higher magnification of this deposit/scale interface " 3 ot bavt
which reveals the extent of scale growth and intergranc, 372 13.7 138
ular corrosion. It also confirms the well-sintered naturemg 3.3 2.2 1.6
of the deposit. The enhanced sintering of the deposit offi 0.9 31 0.3
the 650C probe is also obvious by examining micro- ¢/ 0 0.3 0.2
graphs from the other locations (Fig. 6¢ to €), as almost; " 3'0 3'2 02'7
all show a thick ash layer. Fig. 6b comes from the lo- 14 1.0 14
cation between the two types of deposits where therei 5.0 0.9 0.8
is almost no deposit. Comparison between Figs 3b and 1.2 0.9 0.7
6b shows that the oxidation layer (Layer 1) at 650s S 0.6 0.2 0.2
much denser and more adherent. Layer Il in Fig. 6 i 0.1 01 01

nearly identical to Fig. 3 and the extent of intergranular
corrosion seems less. There is also very little variation
between the different locations at 6&Deven at the ) ) ) )
back location (Fig. 6f). XRD (Fig. 2b). EDX mapping of this area was carried
Fig. 7 shows the EDX analysis from different points Ut and the results are shown in Fig. 8. Fig. 8 reveals
of the deposit layer shown in Fig. 6a. A significant en-the enrichment of calcium, magnesium and phosphorus
richment of calcium and silicon at the outer depositat the outer crust, accompanied by a slight increase of
(the crust) is clearly visible, and this is accompaniedsilicon and possibly sulphur. Sodium is enriched at the
by marked decrease of sodium within this layer. Com-deposit/metal interface. However, EDX does not reveal
pared to the original fly ash composition (Table I11), the the presence of chloride at this cross section. Using
Ca/K ratio is roughly the same for the crust (Point 1)dry grinding to minimise the loss of the deposit, Fig. 9
but significantly less for the deposit within it (Points 2 Shows a cross section on the 660probe at the loca-
and 3) (Table VI). This indicates that the crust is com-tion of Fig. 6e together with EDX mapping of the main
posed mainly of fly ash particles, which subsequently2sh and scale elements. Comparing Fig. 9 with Fig. 8
undergo chemical reactions themselves and with théeveals entirely different trends of the ash elements:
underlying oxide scale. The overall result is that thethere is no obvious preferential distribution of the ash
deposit beneath the crust may be molten at operatin@'emems in Fig. 9. Calcium, potassium and sulp_hur are
temperatures and solidify upon cooling. Aluminium is &/l seen over the whole deposit. Broadly speaking, the
fairly constant throughout the deposit layer. From Pointcléar presence of chloride (mainly as KCI) agrees well
1 to 3, a slight increase of iron and sulphur is also deWwith the XRD results shown earlier. More specifically,

tected which may coincide with the;®0y picked upby  itseems that that the chloride is accumulated next to the
scale but hardly any within the scale. The scale consists

essentially of iron oxide on top of chromium oxide. The
main conclusion here is that the composition of the de-
posit formed on the probe ring depends on their relative
location to the flue gas direction.

The results in Figs 5, 8 and 9 seem to agree
with the theoretical phase stability diagrams of nickel,
chromium and iron in the gaseous mixture of oxy-
gen/sulphur and oxygen/chlorine, as shown in Fig. 10
(using 600C as an example). In Fig. 10a, the area
marked as A gives the gas partial pressures where it
is thermodynamically possible to form nickel sulphide
mixed with chromium oxide and iron oxide. Similarly
asshowninFig. 10b, unless a quite large chlorine partial
pressure exists there would be very little possibility for
the formation of chromium and iron chlorides. All these
situations could represent the local environment at area
Ain Fig. 5, which is responsible for the initiation of in-
tergranular corrosion. The areas B and C in both Figs 5
and 10 correspond to an increased oxygen partial pres-
sure, therefore favouring the formation of oxides for
all three elements. The outer, general corrosion layer
Figure 7 A cross section on the 65Q probe directly facing the flue gas (Layer I) sees the environment marked as D in Fig. 10

and the EDX results (Table VI). Point 4 was not included in the table asWith the highe_St oxygen, sulphur and chlorine partial
the region consists of both deposit and scale. pressure and is directly in contact with molten deposit,
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Figure 8 Elemental mapping of main ash elements across the thickness of the deposit shown in Fig. 7 formed cCtipecbe0
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which was in turn in equilibrium with the flue gas chromium depletion atthe outer general corrosion layer
(Table IV). Therefore, fluxing reactions are most likely with the presence of moisture through the formation of
to dominate at these locations. A recent study by Astevolatile CrG,.H,O gas under similar situations. Area D
man et al. [8] also suggests a possible link betweenin both Fig. 10a and b overlaps with the Gr@omain,

Figure 9 Elemental mapping of main ash as well as alloy elements across the deposit and the scale otGhed@&®located roughly position
Fig. 6e. Continued
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Figure 9 (Continued.
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Figure 10 Theoretical phase stability diagram of nickel, chromium and

tering tendency of the deposits. It is very likely that
this makes the deposits more “sticky” at the operating
temperature, thus reflecting the aggravated problems of
slagging. Secondly, oxidation of the alloy increases at
the same time and this helps to develop a denser and
more adherent oxide scale and thus minimise the extent
of intergranular corrosion. The fact that this more pro-
tective oxide layer remains under the sintered deposits
will offer enhanced corrosion protection. Despite dif-
ferent locations at 65C (Fig. 6a to f), there is very
little difference in the thickness of either the outer cor-
rosion layer (Layer I) or the other two layers (Layer I
and III).

3. Summary

The only variable between the two probes is the temper-
ature. Increased temperature seems to cause a higher
degree of sintering of the deposit, hence promoting
slagging. The effect on the corrosion of the tube can
be judged on the average material wastage over the
test period (3770 h). The results suggest that increased
temperature is important in determining the ash chem-
istry, the sintering behaviour and the alloy’s ability to
grow and repair its oxide layer under the deposit. These
parameters will affect both the operational procedures
and the service life of the tube metal. Experiments as a
function of the reaction time and a wider temperature
range are currently being undertaken.

As the thickness of the deposits around the tube is
not constant, this may imply a variable temperature
gradient across the deposit, which may influence the
sintering tendency and possibly corrosion. In practice,
there may also be a temperature difference between
upstream side and downstream side. For laboratory hot
corrosion tests utilising synthetic ashes, the observed
accumulation of potassium chloride in the deposits, far
exceeding the level in its original fly ash, will be very
important. To simulate accurately deposit induced hot
corrosion, the synthetic ash composition must contain a
substantially higher amount of potassium chloride than
that in the fly ash.
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