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ABSTRACT

Corrosion behavior of austenitic 316L, 904L alloys and anew type of super
duplex stainlessstedl aloy, namely, Ferralium 255 SD50 was studied in ague-
ous phosphoric acid solution and its mixtures with sulfuric acid and chlo-
rides at different concentrations and temperatures using €lectrochemical
techniques and surface morphology technique, namely, scanning electron
microscopy (SEM). Results showed that the corrosion rate of these alloys
increases with the increase of temperature, Ferralium alloy which contains
chromium, molybdenum and nitrogen in sufficient quantities exhibited lower
corrosion rates than the other alloys at higher temperatures, whereas 904L
losesits stahility at higher temperature. The alloy 316L had the lowest cor-
rosion resistance at all temperatures and concentrations. In addition, phos-
phoric acid showed lower corrosive action than sulfuric acid at all studied
temperatures. Mixing sulfuric acid with phosphoric acid induced an accel-
eration of corrosion reaction of 316L. On the other hand this addition de-
creased the corrosion rates of 904L and Ferralium alloys at all tested tem-
peratures and formed a stable passive layer of corrosion product. Pitting
testsin the presence of chlorides confirmed that Ferralium alloy had the best
performance with highest pitting potential, highest stable passivity, and
highest repassivation ability followed by 904L and 316L. In erosion-corro-
siontests, experimental set up allowed to follow the el ectrochemical behav-
ior of tested samples. Under simulated conditions asin Abo-Zabaal plant for
phosphate fertilizers, also Ferralium was superior to the others aloys. Sur-
face morphology tests confirmed the results obtained by electrochemical
methods. © 2008 Trade Sciencelnc. - INDIA
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1.INTRODUCTION

Phosphoric acid prepared by dihydrate wet pro-
cessesgenerate severe corros on problemsin contain-
ers, pumps and agitators caused by the presence of
impuritiessuch aschloridesand fluoridesinthehot phos-
phoric acid and by erosion phenomend*? . Super du-
plex stainlesssteels (SDSS) havebeenwiddy used as

structural materia sfor chemical plantsin phosphoric
acid production duetotheir excellent corrosionresis-
tancein chloride environments, compared with other
commercid typesof ferriticand augtenitictainlessseds.
Thesealoysa so possess superior weldability and bet-
ter mechanica propertiesthan austenitic tainlessseds.
Corrosion problems occurring in wet phosphoric acid
(WPA) plants have been investigated in many stud-
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ieg®45 to examinethebehavior of stainlessstedlsand
duplex stainless steel sunder aggressive conditions of
dihydrate processat €l evated temperatures but the be-
havior of the new type of super duplex stainlesssted,
namely, Ferralium 225 SD50 dloy has not been stud-
ied before. Thisaloy ischaracterized with itssuperior
mechanical propertieswhich are 5% higher than any
other super duplex currently commercially produced,
and itsresistanceto erosion, abrasion and cavitation-
erosonisextremely good andissuperior to highaloy
audteniticaloysand other duplex stainlesssted saloys
(78, In the present study, the corrosion behavior of three
typesof stainlesssted dloys, namely, austenitic 316L,
Super augenitic 904L and super duplex Ferrdium), were
studied in different concentration of pure phosphoric
acid or mixturewith sulfuric or hydrofluoricacidsand
chloridesusingtwo different e ectrochemica techniques,
namely, the open-circuit potential decay and the
potentiocyclic polarization. Findly, morphologicd study
of the surface using Scanning Electron Microscopy
(SEM) was performed.

2.EXPERIMENTAL

2.1. Sed specimens

TABLE 1, representsthe chemical composition of
thetested alloys. The specimenswere cut from stain-
lessstedlsrodsthen formedintheshapeof circular disc
and connected to the el ectrode by specific chemical
resistant epoxy resin (arddite). Specimen holder, which
was personaly modified, conssted of aglasstube (with
suitable diameter) in which the specimeninserted and
fixed with araldite. Then, theface of each specimen
wasprogressively polished with finer gradesof wet SC
paper No. 600 and then No.1200, rinsed with de-ion-
ized water, degreased with acetoneandfinally dried at
room temperature.

2.2 Solutions

Theaggressive solutionsused weremadewithAR
grade 85% H.PO,- phosphoric acid and 98% H,SO, -
sulfuric acid. Appropriate concentrationsof acid were
prepared using de-ionized water, the solutionswere as
follows
1. Mixed acid solution containing 40%phosphoric

acidand3%sulforicacid.

= Fyf] Paper

2. Different concentration of phosphoric acid 27, 40
and 53%.

3. Mixed acid sol utions containing 40% phosphoric acid
and 1200 and 2000ppm-part per million Cl-chlo-
rides.

4. Tosimulate Abo-Zaabal plant for the production of
phosphoric acid by wet di-hydrate process, tests
were done on phosphate ore under the following
conditions:

Weight of phosphate rock sample was 100gm-
grams, Volume of 98% H,S0,=55 ml-milliliter, Vol-
ume of 25% H,PO,=275 ml, Temperature=85°C-
Celdus, Mixing gpeed=600 rpm-revolution per minute

2.3 Electr ochemical measur ements

A jacketed glass corrosion cell was used with a
capacity of 300ml fitted with 5 necksto accommodate
the el ectrodes, temperature measuring and salt bridge.
Schutzart Modd Din40050-ip20 temperature control-
ler was used to maintain acid temperaturewithin +1-
2°C. A stainless steel mixer head with mixer controller
type SERVODY NE with arotation speed of 150-6000
rpmwere used. Economical Potentiostat radiometer/
Andytica/SAC Voltamaster 4Model Voltdab PGP201
with serial No 642R056 NOO6 France run on com-
puter system. Potentiocyclic polarizationswere done
to determine cathodic and anodic behavior and their
characteristicsand theactua corrosionrates. Thework-
ing electrode was| eft at open circuit until asteady po-
tential wasattained and corrosion potential wasmea-
sured (E_,), after which the electrode wasfirst anodi-
cally polarized and anodic curve recorded. Then,
chathodic potential was subsequently imposed on the
electrode and cathodic curves recorded. Corrosion
current densitieswere determined by extrapol ation of
anodic and cathodic Tafel linesto givecorrosonrates
and the corresponding corrosion potential-E_ Each
experiment wasrepesated using afreshly prepared stain-
less steel specimen and afreshly prepared solution.

2.4.Morphological studies

For morphological studies, surfacefeaturesof the
TABLE 1: Chemical composition of tested alloys

Alloy Cr Ni Mo Cu N S Mn P S C
Austenite316L 17 12 233 - - 0.75 0.14 0.0006 0.004 0.011
Austenite904L 20 25 4.3-515-18 - 04 2 0.02 0.005 0.02

Superduplex  oe 565 36 19 02507 12 004 002 003
Ferralium
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Figure 1: Effect of phosphoric acid concentration on the
corrosionrateof 316L,904L and Ferraliumalloysat 25°C
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Figure 2: Polarization curvesin 3% H,SO,and 40%
H,PO,for al,a2: 316L, b1, b2: 904L and c1, c2: Ferralium
at 25and 85°C respectively

specimenswereexamined after exposed to amixture
of 3% H,SO, and 40%H_PO, for 50 days. Scanning
was performed under magnificationsfrom 750 x to 3500
and 2000x. M easurementswere performed by using
Microscope JSM-410.

3.RESULTSAND DISCUSSION

3.1 Effect phosphoricacid concentration

Open circuit potential and potenticyclic polariza-
tion testswere performed for theaustenitic 316L., 904L
andthesuper duplex Ferrdium stainlesssted sindiffer-
ent concentration of 27%, 40%, 53% and 85% H_PO,
at 25°C as indicated in figure 1 and TABLE 2. Polar-
ization curvesfor the stainless steelsindicated that in-
creasing of phosphoric acid concentration from 27to

TABLE 2: Compar ative OCPand potentiocyclic polarization
for 316L,904L and Ferraliumalloysin 27, 40, 53 and 85%
H_PO,at 25°C

316L 904L Ferralium

Acid Corr. Corr. Corr.
concentration OCP» Rate OCP, Rate. ocpk Rate
) v, )

mm/y mm/y mm/y
27% -1946 0.081 108 0.04086 -117.3 0.01281

40% 85.1 0.00803 292 0.01266 187.8 0.01029

53% -256 0.05701 127.7 0.01573 -82.66 0.0112
85% -132.9 0.03665 133.3 0.009283 -175 0.01128

40% shiftsthe corrosion potentialsto more positive
vauesand lower corrosion current densities. So, pro-
duces passive behavior rather than active dueto the
higher oxidizing power of phosphoricacidwhichin-
ducetheadlloysto passivate. Further more, the strong
protectivelayer which formed and consstsmainly from
Cr-chromium, Mn-manganese, Mo-molybdenum phos-
phates. Thislayer coverstheiron surface with phos-
phateresultinginadecreaseof corrosonratewithtime.
After that, theincrease of phosphoric acid concentra-
tion dosenot affect on the alloys corrosion behavior
especially super austenitic 904L and duplex stainless
steel. Corrosion rate became amost constant and ca-
thodic or anodi c reactionswere not significantly de-
creased which reflectsthe higher thickness of the pro-
tectivelayer formed, solower corrosionrates. That ef-
fect isless pronounced with theaustenitic 316L aloy.
At 27% 316L dloy was spontaneoudy passi vtated un-
til abreakage in the passive layer occurred. But for
904L, it kept inthe active statewith lower corrosion
rate until theend of thetest. At 40%, all tested alloys
exhibited specificlower ratesthan at |ower concentra-
tion. All alloy passed from an activeregion to the pas-
sivedae. Only Ferrdium dloy was pontaneoudly pas-
sivated with out any breakage of the passivelayer. At
85% phosphoricacid, only Ferrdium aloy which passd
from an active stateto thepassivefor long timeat cur-
rent density i=9.754 pA-microampere/cn?. Thepres-
ence of 27% Cr in super duplex Ferralium aloy ac-
companied with molybdenum content expandsthepro-
tection layer at higher potential and givesthealloy the
ability to repassivatethe broken layer and increasesits
resistanceto genera corrosion. Under all conditions
the corrosion layer consists of amixture of CrPO, and
Fe,O, and FePO,. Itissuggested that the variation of
corrosonratewith acid concentrationisassociated with
theamount of FePO, inthe corrosion products.
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Figure3: Polarization curvefor A: 316L, B: 904L and C: Ferraliumalloy in 40 % H,PO,and1200 ppm Cl-at 85°C

TABLE 3: Compar ativeOCPand potentiocyclic polarization
for 316L, 904L and Ferralium alloysin 3% H,SO,and 40%
H,PO,at 25, 85°C

Alloy 316L 904L Ferralium
ocp, €97 ocp, €9 ocp corr. rate,
Temperature rate, rate,
mV mV, mm/y
mm/y mm/y
25°C -267.1 0.246 206 0.01149 2.781 0.01806x10°°
85°C -313.8 2.380 749 0.0654 -16 3.603x10°
3.2 Effect of temperature

Open-circuit decay-OCPwasmonitored during 20
minutesuntil the steady state attained to measurethe
corrosion potentia (E_ ) for 3161, 904L and Ferralium
aloysinamixtureof 3% H,SO,and 40%H_PO, at 25
and 85°C as shown in TABLE 3.

TABLE 3 showsthat increasing temperaturefrom
2510 85°C shifts corrosion potential E__for dl aloys
to morenegative position asanindication of increased
acid activities so, faster kineticsgenerating higher cur-
rent passed. Thisis presented by the decrease of areas
under curvereflecting theactivity of thedloy-acid sys-
tem to behigh at low temperatures. For Ferralium al-
loy, the decay wasvery dow and slower than the other
dloys, dso, it wasclear fromany oscillationsindicating
the stable passivelayer formed in contrary to the be-
havior of other dloys.

Potentiocyclic polarization curves (figure 3) for
316L, indicated that the alloy wasin the active state
during thetests. At 25°C, there was an appearance of
an active peak which formed at high current density
i=0.426.5 mA-milliampere/cm? and at ow potential
E=-216 mV-milliVolt. At higher temperatureit exhib-
ited higher current density i =1.253 pA/cm?-microam-
pere per centimeter square. Theincrease of tempera-
ture decreasesthe [c-cathodic Tafel dope, so, it modi-
fiesthe mechanism of the hydrogen reduction. How-
ever, 316L exhibited the highest corrosionrateand an

obvious black surfacewhich can be seenimmediately
afterimmersioninthesolution. Itscorrosion ratewas
increased from 0.2462 to 2.38 mm/y at 25 to 85°C
showingtheactivity of thealloy with temperaturerise.
Tests confirmed that 316L and 904L are not recom-
mended at higher temperatures. For 904L, it was ac-
tiveduring thewholetestswith higher corrosion rate at
higher temperaturewith no passivity, inmost cases, in-
creasing of temperature affectsthe rate of hydrogen
evolution. The corrosion rate of 904L alloy wasin-
creased from 0.01149 to 0.0654 mm/y-millimeter per
year. But for the super duplex Ferralium alloy, results
showed that it had the lowest corrosion rates and a
stablepassivelayer, increasing of temperature had very
low effect and it corrosion ratewas dightly increased.
Thisisduetotheability of Ferrdiumalloy torepassvae
itssdlf and formation of insol ublephosphatelayer which
increasethestability of the protectivelayer. Itscorro-
sionratesarea so lower than other duplexesin same
conditiong®.

Addition of Molybdenum to duplex dloysdecreas-
ing thealloy dissolution rate. Combination of thethree
ma oring e ementsN-nitrogen, Cr, MoinFerrdiumd-
loy in high amounts gavethisalloy adegree of resis-
tanceto uniform and localized corrosion. Mo content
insuper duplex dloy reach to 3.6%ismorethan twice
theleve usudlyfoundinthe316L andit gavetheadloy
higher corrosionresistance by extendingitspassivelayer
to higher potential. Also the addition of copper to
Ferraium The presence of copper inFerralium aloy
hasbeen showntoimpart corros onresisanceimprove-
ments, asthe copper ischemicaly ableto stifleincipi-
ent pit growth alloy so, provides added resistanceto
reducing mediasuch as phosphoric and sulfuric acids.

3.3 Pittingtest in 40% H_PO,and 1200ppm CI-
To measuretheresistance of the austenitic 316L,
ey, P alor iy Science
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Figure4: Polarization curvefor A: 316L, B: 904L and C: Ferraliumalloy in40% H_,PO,and2000 ppm Cl-at 85°C

904L and the super duplex Ferrdium alloysto pitting
caused by chloridesions, addition of 1200 ppm CI-
was made to the 40 %H_PO, solutionto simulate the
slurry of dihydrate phosphoric acid processat 85°C.
Fromfigure3and TABLE 3, addition of chlorideions
decreased pitting potential of 316L to avery low vaue
from 0.9816 in 40% H,PO, t0 -0.3423 V-Voltin the
mixture, so, pitting occurred rapidly. No repassvation
occurred for thisaloy after pittingindicating theinsta-
bility of thedloy in the presence of chlorides. Thesame
behavior was observed with 904L, addition of chlo-
rides decreased pitting potential from 3.087t01.05V
with higher pitting corrosion res stanceand re-passiva-
tion ability than 316L .. For super duplex Ferrdium d-
loy, it exhibited the highest pitting resistance; addition
of chloridedid not affect itspitting potential. Compar-
ingwithitsvaluein 40% H PO, pitting potential de-
creased from 1.064 to 1.054V, indi cating the stability
of thealloy to pitting by chlorideions. Also, it did not
affect therepassivation potential ; however itwasin-
creased which confirmsitshigher re-passvation ability.
Theduplex microgtructureof Ferrdiumaloy improves
stress corrosion cracking resistance. Copper addition
to the super duplex aloy increasesthe stability of the
passive layer formed on the surface. Copper isdis-
solved from the alloy and re-deposit on active corro-
sgongtes, fifling pit growth. Also combination of Chro-
mium and Molybdenum producesanimproved leve of
res stanceto chloridesions preventing pitting corrosion.

3.4 Pitting test in 40% H_PO,and 2000 ppm CI-

Fromfigure4, increasing the concentration of chlo-
ridesfrom 1200 ppm to 2000 ppm lowered the pitting
potential of 316 L aloy to very low potential withthe
samebehavior asat 1200 ppmwith norepassvity. This
behavior indicatestheingability of thisdloyinchloride

Woateriolsy Science  mmm——

and rapid corrosion takes place. It wasrevealed that
Cu-copper had adetrimental effect on stresscorrosion
cracking; hencethe non copper 316L aloy decreases
there-passivity (pitting protection) potentid. For Aus-
tenitic 904L aloy theincrease of chlorideionsto 2000
ppm, induced pitting potentia to morevauesbut witha
very lower re-passivity potential, the current decrease
wasslow inthereversedirectionindicating thelower
corros on resistanceagaingt pitting caused by high chlo-
rides concentration. But higher concentration of chlo-
ridesdid not affect on the behavior of the super duplex
aloy, it had amost the samepitting potentia (1.054-
1.06)V withlower re-passivation ability than at lower
concentrations.

Thisresult confirmsthe effectiveness of super du-
plex aloysagang pitting with chlorides. The super du-
plex aloy comesinthefirst order accordingto higher
content of molybdenum and chromium content which
increase the PREN-pitting index over 40 accompanied
withthepresenceof copper morethan 2% which stifles
incipient pit growth. The presenceof nitrogen hasasyn-
ergistic effect with Cr and Motoimprovepittingresis-
tanceand alloy strength. Also, duplex structure gave
theFerrdiumaloy an excdlent performanceandresis-
tanceto chlorides. Nitrogen has participated to build
up passivefilm. Thedissolution of nitrogen combined
withthe hydrogen ionsin solution to form ammonium
ions, resultinginincreas ng solution pH. Thedloy could
then easily repassivate, hence the corrosion potential
and pitting potential would increase. Also, the presence
of 1.2% Mnin Ferraliumaloy, which stabilized ferrite
inthe matrix and eventually thetensile and corrosion
behaviors, had adetrimental effect to both pitting cor-
rosion and stress corros on cracking propertiesdueto
thesgnificantincreasein contact areabetweentheless-
nobleferritic and noble austenitic phases. Addition of

Au Tudian Yourual
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Figure5: Polarization curvefor A: 3161, b: 904L and C: Ferraliumalloysin simulated slurry at 85°C and 600 rpm
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Figure6: Micrograph showing thethreetested alloysin mixed 3% H,SO,and40%H PO, A: 904L X2000, B: 316L

X1000and C: Ferralium X2000
TABLE 4: Typical mechanical propertiesof Ferralium alloy™

Ultimate
tensile | mpact
strength  Elongation ¢ 0.2% proof
Grade  N/mm*  hardness ZOSC 5. stress
neuten per % oun N/mm?
millimeter joute
square
Ferralium
255.SD50 840 36 250 630

6.2% nickel tothesuper duplex aloy raisesitsability to
withstand corrosion fatigue and stop the propagation
of cracks. Also addition of high chromium content to
the super duplex alloy ismost effective and leadsto
spontaneous passivation in the chloride solution with
immunity to pitting corrosion.

Theaddition of molybdenum or tungstenlowersthe
corrosion rates.

3.5Erosion-corrosion study

Erosion- corrosion study was made by smulating
thewet dihydrate processfor the production of phos-
phoric acid, the presence of both phosphate ore and
mixingincreased thecorrosonrateof al sudieddloys.
OCP results showed that increasing mixing rate from
200 rpm to 600 rpm inducesashift of corros on poten-
tid (E_,,) tolessvaues, for 316L aloy (from-124.2to-
200 mV), for the austenitic 904L from 207.9to 189
mV, and for the super duplex Ferrdium alloy from 400

t0 359.8 mV. The decay for the austenitic alloyswas

very fast indicating theinstability of thesedloys; other-
wise, for Ferralium alloy it wasvery slow with some
fluctuations dueto instability of the passivelayer. All
aloyswere shifted into more activeregionwith are-
ductioninthenumber of fluctuationsand adecreasein
theareaunder curves. Transforming theflow from lami-
nar into turbulent, increased the erosive action of the
phosphate ore. These results are in good agreement
with that has been reported by other authors®. From
figure5, Potentiocyclic polarization results showed that
Ferralium aloy had acorrosion rateof 1.172 mmy at
mixing rate of 600rpm which was|ower than that for
the other alloys (9.152, 12.27 mm/y for 904L, 316L
respectively). Thesuper duplex Ferrdiumdloy only had
astability of itspassivelayer at very lower current den-
Sity because of itshigher chromium and molybdenum
content. Thecorrosion ressanceof high Ni-nickd con-
taining austenitic sainlesssuch as316L islesseffective
against erosion-corrosion, correspondingtotheactive
date. Also, theeffect of erasonismuchlesspronounced
with Ferralium alloy dueto the effective mechanical
properties(TABLE 4) and higher hardnessof thealloy
in addition to the presence of 0.6 % siliconwhichin-
creasesitserosion resistance.

3.6 Morphological study

Figure6 showstheeffect of mixing 3% H,SO, with
40%H,PO, on the austenitic 316L, 904L, and super
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duplex Ferralium aloy. Therewasanincreasein the
destruction of the protectivelayer and dsoanincrease
inthenumber of pitsformed thaninplain acid which
madeadramatic effect onthesedloys. Therewassome
destruction of filmformed on 904L dloy and formation
of somepits. Fromthefigure, itisobviousthat mixing
sulfuric acid with phosphoric acid did not affect onthe
continuousbandsof Ferralium dloy withnoformation
of globulesor any pitswhich confirmsthe e ectrochemi-
ca test results.

4. CONCLUSIONS

1. Industria phosphoric acid solutions are more ag-
gressvethan plainacid duetoimpuritiescomingfrom
thedigestion of phosphateorewithsulfuricacid. Sul-
furic and hydrofluoric acidslead to corrosion pro-
cesswhich activatesthe ordinary 316L aloy and
depassivatethe austenitic 904L and duplex stainless
stedl aloy. Also, the presence of solid particles of
slicaand gypsum accompanied with fluoridesand
chlorideslead to erosion-corros on processeswhich
destroy the stainlessstedl equipmentsespecidly agi-
tatorsand pumps.

2. Ferradium aloy exhibited the best behavior and low-
est corrosonratesinall tested acid concentrations
and temperaturesfollowed by the austenitic 904L
and at last 316L which had theworst behavior.

3. Higher amountsof copper and chromiuminFerrdium
alloysexpandits passive layersinto higher poten-
tials, 50, increasing the stability of the passivelayer
formed onthesurface.

4. At higher temperatures 904L losesitsstability which
reflectsthesuperiority of theFerrdiumaloy inserve
conditions such ashigh temperaturesand lower acid
concentrations. Ferraium aloysat al tested tem-
peratures canform agablepassvelayer which acted
asaprotective surface which lowersitscorrosion
ratein serveconditions.

5. Ferrdiumaloy canresist theeffect of pitting corro-
sion caused by chloridesions; it had thelowest cor-
rosion rate with astable value and stable passive
state which inducesthe stability of theduplex aloy
in aggressive chloride environment. Itsaddition of
1.2%Mn gabilizesferriteinthematrix, increasingits
pitting and stress corrosion resistance, also, itsdu-

plex structureincreasesits hardness so higher me-
chanicd propertiesaganst eroson effect at hightem-
peratures.
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