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ABSTRACT INTRODUCTION 

The resistance and susceptibility of austenitic 

stainless steel - Type 304 exposed to strong 

tetraoxosulphate (VI) and 1etraoxophosphate 

(V) acids contaminated with sodium chloride 

at umbicnt temperatures was investigated by 

the weight-loss method. Scanning Electron 

Microscope (SEM) was used to examine and 

characterize the test specimens' surface after 

tmmersion in the corrosive media. Surface 

The desire to gain more knowledge about 

corrosion phenomena and their control and 

hence appropriate and better utilization of 

austenitic stainless steel --- pat1icularly the 

Type 304 - UNS S304 008, has been of 

utmost concern and interest to corrosion 

scientists and engineers world wide. The 

selection of materials in the fabrication of 

equipment, components and m the 

construction of industrial plants for the 

----------------------------------------------- :-
I -· - ----

corrosion deposit composition was analyzed 

with SEM paired with Energy D{spersive 

Spectrometer (EDS). This paper reports the 

• observed severe general - and pitting 

corrosion; and the resistance of the steel to 

con·osion at different concentrations of the 

acid chloride media. 

Key Words: stainless steel, corrosion, acids, 

anodic dissolution, acid chloride. 

manufacture of acids, chemicals and their 

- derivatives, is vital in ensuring the long life, 

dependability, reliability, safety and 

economic viability of the plants and 

industrial components. A considerable 

number of research work has been done in 

this respect. (J · 6) 

The most common method of preventing 

corrosion is the selection of the appropriate 

metal or alloy for a particular corrosion 

ll ' It · 
I . 
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· ~rvice . This is the m ost important method 

.[ preventing or reducing corrosion damage. 

[he austenitic stainless steels comprise a 

·arge a••1d varied group of iron based alloys 

' ·ontaining 18% or more chromium and 

t1ufficient nickel to assume fully austenitic 

~etallurgical structure. The most common 

· .[onn is referred to as " 18 - 8" stainless steel 

~18% Cr and 8% Ni) of which the Type 304 

~~inless steel belongs. These alloys are of 

. ajor importance in the chemical process 

~ndustries . They are the alloys of choice for 

!l'tnany of the application' which require a 
' 

of corrosion resistance than 

:arbon steel. 

IS widely known that the austenitic 

~· ainless steels have a wide spectrum of 

resistance to corrosion by chemical 

~vironrnents . The stainless steels form a ___ ,...,.. .. .... 

While it is known that stainless steels have 

wide spread application m resisting 

- corrosion, it should be remembered that they 

do not resist all corrosives (7). In brief, a 

large number of corrosion failures can be 

directly attributed to the indiscriminate 

selection of stainless steel for construction 

on the basis that they are the best. Stainless 

steel represents a class of highly corrosion­

resistant materials of relatively low cost, 

which should be carefully used. 

Tetraoxosulphate (VI) (sulphuric) and 

tetraoxophosphate (V) (phosphoric) acids 

are the two corrosion media used in this 

work. Clearly more tetraoxosulphate (VI) 

acid is produced than any other chemical in 

the world (S). It is used directly or indirectly 

in nearly all industries. It is principally used 

in the production of chemicals and their 

~ijJm, which protects the underlying metal derivatives, pickling of steel and other 

--..... · .m..attack;;m..mac.y...eJJlliWJJweuts This £.lw. .m~als , manufacture-OL-f.ertilizers, dyes, 

~ V~I.YJhil'lL-~sseptially tran~ar~m.,._an=d::_=...se.:c:l=-f ______ dll,!gs, pigments, explosives, synthetic 

, ,ealing; if it is damaged mechanically or detergents, rayon and other textiles, 

:hemically, it will refonn the protective film petroleum refining, and production of 

. ~eiy rapidly (7). However, in a situation rubbers . In making the acid, the problem of 

here the rate of damage is more than the corrosion is significant in the production 

te of repair, a progressive active corrosion plants . The acid also causes major problem 

caction will occur which may cause in consumers' plants when it is utilized 

:orrosion degradation of the alloy. under a wide variety of conditions. The 

resistance of austenitic stainless steels to 
I 

tetraoxosulphate (VI) acid is complex due to -
89 
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the active-passive nature of the alloys. An ~ 

excellent summary of this phenomenon has 

been made <
9
l. In this work, the acids used 

are further contaminated with sodium 

'chloride (NaCl) to further enhance the 

breakdown of passivity by the chloride ions. 

Tetraoxophosphate (V) acid is t~e second 

corrosive environment used in this work. It 

was chosen, also, because of its industrial 

applications. Corrosion by tetraoxo­

phosphate (V) acid depends to a large extent 

on the methods of manufacture and the 

impurities present m the commercial 

finished products. Fluorides, chlorides and 

tetraoxosulphate (VI) acid are the main 

impurities present in the manufacturing 

process and in some marketed acid.; (JO). 

Higher alloys of stainless steels are widely 

used in tetraoxophosphate (V) acid systems 

at higher concentrations. 

This present investigation looks at the 
---

corrosive degradation p-henome~~ of Type 

304 austenitic stainless steels in the two 

acids used. It aims at evaluating the 

corrosion resistance of Type 304 austenitic 

stainless steel at different concentrations of 

sodium chloride contaminated strong acids 

to determine its viable usefulness in this 

type of harsh environments which simulate 

many industrial applications/conditions. A 

90 

further objective of this work is that of 

making a contribution to the on-going 

research work in the use of stainless steels in 

simulated industrial environments such as 

the very strong · acids 

investigation. 

Experimental Procedure 

Material 

used m 

The steel used in this work was the Type 

304 austenitic stainless steel of average 

nominal composition: 18.11 %Cr, 8.32%Ni, 

and 68.37%Fe. The energy dispersive 

spectrometer (EDS) analysis of the steel 

composition is presented in Fig.l. The 

material is cylindrical and has a diameter of 

0.65 em (65mm). 

Test media 

i) 9M ·tetraoxosulphate (VI) 

acid 

ii) 18M tetraoxosulphate (VI) 

acid 

iii) 7M tetraoxophosphate (V) 

acid 

iv) 14M tetraoxophosphate (V) 

acid 

All the acids were of Analar grade. Each of 

the above test media was contaminated with 

sodium chloride (NaCl) of 2% 

concentration. 
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reparation of test specimens 

e cylindrical stainless steel (0 .65 em dia.) 

, :'' ,. as cut into a number of test specimens of 

·. J fferent dimensions in length ranging 
'·.; 

.} . etween 1.78 and 1.88 em. The two surface 

ds of each of the specimens were ground 

i!h silicon carbide abrasive papers of 240, 
·· l 

· 10, 400 and 600 grits. They were then 

1Xt' , olished with 1.0 urn diamond paste, washed 

ilh distilled water, rinsed with methyl 

'ohol, dried and stored in a desiccator for 

:ither weight-loss tests and the scanning 

tron microscopy surface examination 

Dispersive Spectrometer 

. :.;JJ · ue EDS _analysis of the steel composition is 

z tf ented in Fig.l as mentioned earlier. A 
•. l. •-:- . 

. , h~r EDS analyses of the test specimens' 

aces after the immersion tests were 

;ormed on the surface film and corrosion 
-~.~.~- . ~ I 

osits. The representative results obtained 

,presented in Figs. 2( a) and 2(b ). 

days, washed with distilled water, rinsed 

with acetone, dried and re-weighed. Plots of 

weight-loss (mg) versus exposure time 

(days) ; and those of corrosion rate 

(calculated) versus exposure time (days) 

were made (Figs. 4 - 15). 

Scanning Electron Microscopy 

Examination 

A polished surface of the steel was etched 

with oxalic acid and the microstructure 

examined in the SEM. The obtained 

micrograph IS presented m Fig.3. 

Micrographs of the surface features of the 

ground and polished test specimens were 

made as well (Fig. 16). Further SEM 

characterizations of the corroded surfaces 

were made after many days of immersion of . 
the test specimens in the different acid 

media. Micrographs of the representative 

areas were made (Figs. 17 - 20). All 

micrographic images were made with JEOL 

840 Scanning Electron Microscope (SEM). 

RESULTS AND DISCUSSION 

e~ght-loss experiments Energy Dispersive Spectrometer analysis. 

J{~. 'eighed test pieces were separately and The energy dispersive spectrometer analysis 

· ·,)f.t lly. immersed in each of the four different of the steel composition, (Fig. l ), gave the 

ncentrations of the test media contained in nominal compositions of the Type - 304 

arate 1 OOml beakers for a period of 21 austenitic stainless steel used. Apart from 

xs at ambient temperatures. Each of the the compositional analysis, the micrographs 

·specimens was taken out every three of the steels' microstructure, Fig.3 made 
·~~------------------------------------------------------

. I 

-
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Crom the polished and etched spec1men 

_surface confirmed the ·stainless steel used. 

The analyses of the corrosion deposit on the 

surface of the sp~cimen after imme1'S.ion are 

presented in Figs.2 (a) and 2(b) for the 9M 

tetraoxosulphate (VI) acid and I 4 M 

tetraoxophosphate (V) acid environments 

respectively. The elemental sulphw·, S; from 

tetraoxosulphate (VI) acid is indicated a s a 
' 

peak in Fig.2 (a). Iron, chromium and nickel 

are also present. In Fig.2 (b), representing 

the analysis of the corrosion deposit ?IJ.:,.fu~_., · 

.S. ic el spec1men surface, i:mm~rsed in 

tetraoxophosphate (V ) acid, th~p~ak ~ignals .. 

include that of sulphur (S) and silicon (Si) , 

in addition to phosphorus, P, from the 

tetraox0phosphate ,. (V) acid. Depending 

~~pon theH!Jifanufacturing:Jmethod ::.of the 

't~traox<h~h.ospt:tateli i b(\by ; acid·,. '~·,:·ldiff,~r.ent: :." . , , , 

·. imptlritie's' · are usually · present including 

.· chlorl.de$, .~ilicon and sulphmic acid (IG) as 

mentioned earlier. 

Weight.:.Joss method 

1. 9M tetraoxosulphate (VI) acid (H2S04) 

environment 

The· (fe8Ults obtained· .for t\le -weigh:t: loss methotl 

and the corrosion rate in 9M H2S04 are 
'_;\ 
' . . 

presented in Figs. 4 & 5. In )? ig.4 there w as a 

signific~t increase in weigh1r}9ss of the . test 

specimen with -time .in the fus(twelve (12) days · 

of the experiment, which got to 400mg. After 

this penod, anc to the end of the experiment, a 

steady state conosion reactions phenomenon . 

was maintained and there was no loss of Weight 

of test specimen observ5d. This observation 

.. ~hk 

chlc 

· sub 

could be explained to be due mainly .to the· 2· · lSr 

· stifling effect of the corrosive medium byihe 

¥orrosion ·deposit, which has weakened the acid 

chloride test environment. In Fig.5, which .islhe 

corresponding curve of 

1 calculated from the data in Fig.4, the cor.ros on · 

rate was high, achieving 5.5 mrnlyr. wit!lln~th -­

first three- (3) days ofthe experiment. From-; 1\'l · 

period, the corrosion rates 

progressively w ith time to 

tetraoxosulphate (VI) acid H2S0.(;)(etmlrun! 

with 2% sodium ch101ide at the str · 

ln . 

Wl 

rec 

so 

P' 
. d: 

c 

r 

f 

be reactive at that concentration or strength;Tilfe " 

r- addition of sodium chloride further enhanced ""' 
. • ]') 3. · the corrosion reactions. The chloride ion ~L< 

would have tnade a contribution in breaking 

down the steel~s passive film for cr to '.react 

with the steel specimen's surface. The resull 

would be that of initiating 

reactions.- This environment is indeed ;:v~q 

corrosive to Type 304 stainless steel. At~ tl! . ~ 

enhanced not only the solubility 



lerirnent, a 

enomenon 

of weight 

bservatioN 

NSE Technical Transaction Vol. 40 No. 1 Jan. -Mar. 2005 

. ~h Iori de in the acid, but also the movement of 

chloride ions to the specimen surface and 

·. subsequent corrosion reactions. 

C. A. Loto & A. I. Mohammed 

lly to th~ 2. · 18M tetraoxosulpb ate (VI) acid (H2S04) 

negligible throughout the experimental 

period. In Fig.5, the difference in 

corrosion rate for the steel specimens in 

the two different acid concentrations is 

also very significant. In 18M H2S04, the 

corrosion rate was very insignificant. 
Im by the 

d the acid · 

on 

. 
vi thin the · 

From'this 

decrease 

i of 'the 

:ions that 

:am,imate1 

strength ~.· 

~ to Type 

ion (Cr) 

breaking -

to react 

he result 

:::orrosive 

:ed ver'j 

At thi~ 

·· environment 

· ln .general, weight-loss of test specimen in this 

·test environment was minimal when compared 

with the 9M H 2S04. The very little weight-loss 

rec.orded . might be due to the influence of the 

sodium chloride addition. It was a relatively 

· passive environment. In the first eighteen- (18) 

. days of the experiment, t~e weight-loss recorded 

was 6mg; though this jumped to 1 Omg as at 

twenty-one (21) days. On the average, the 

corrosion rate of the steel specimen in this test 

medium is about 0.045 mm/yr. The test 

. environment -18M lhS04 can therefore he 

regarded as safe f(rr the ··use of Type 304 

stainless steel.. 

3. · Comparing the two different acid\II~ -

concentrations 

A very good compariSQD. of the weight­

loss and corrosion rate's f6r the steel 

specimens in both the 9M and 18M 

H2S04 [tetraoxosulpha:te (VI)] acid 

concentrations are indicated in Figs. 4 

an~ 5 respectively. It is apparent in Fig.5 

that the steel corroded very significantly 

in the 9M · H2S04 , while in the 18M 

H2S04, the corrosion can be descnbed as 

Q1 

4. 7M tetraoxophosphate (V) acid (H3P04) 

environment 

The resUlts for the variation of weight 

loss with exposure time for the stainless 

steel specimen immersed in 7M H3P04 

are presented in Fig.6. Also presented in 

Fig.7, are the results of the 

corresponding corrosion rate for the steel 

specimen immersed in the same acidic 

environment. Weight loss of the 

-specimen in this acid concentration is 

low, achieving.,· a m~imum of 0.7mg in 

the ·last fifteen- ( 15} to twenty-one (21) 

days of the experiment. The addition of 

2% sodium .chloride (NaCl) did not 

indicate any appreciable influence. This 

environment can therefore be regarded 

as· relatively safe for the Type 304 

stainless steel. The corrosion rate, as 

shown in .Fig.6, did not show any 

increasing trend during the period of the 

experiment. The overall trend, to the end 

of the experiment was that of a slow or 

gradual decreasing corrosion rate 1.o 
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about 0.00.)6 mm/yr. This conosion rate 

is negligibl~,. 

5. 14M tetraoxophosphate (V) acid (H3P04) 

environment 

In this environment, weight loss is very 

significant as shown in Fig.6, achieving 

a weight loss of 190mg in twentY:.-one 

(21) days of the experiment. This result 

was observed to be in opposite to what 

was obtained in the tetraoxosulphate 

(VI) acid environment, in which the 

higher strength of 18M was just only 

very slightly corrosive. It is, however, 

very difficult to explain the differential 

corrosiOn behaviour. The reacting 

species of this acid, the P04 = and cr 
ions from the added sodium chloride at 

the strength of 14M has been able to 

depassivate and penetrate (by film 

rupture) the stainless steel's chromium 

protective film and initiate active 

corrosion re~c-tl.on-by anooic oissolution.----­

The corresponding c orrosion rate to the 

weight loss, presented in Fig. 7 shows 

initial drastic decreasing corrosion rate 

with time. It was about 7 mm/yr. as at 

three days of the experiment. It further 

decreased to about 3 mm/yr. as at six 

days of the experiment. The corros1on 

rate, thereafter, decreased very slowly to 

1 m m/yr. at the end o f twenty-one (21) 

94 

days of the experiment. In general , the ., 

decreasing rates of conosJOn with 

exposure time, can be explained to be 

due to the reduction in the strength of the 

acid corrosiOn medium by the 

contamination of corrosiOn deposits 

which came from the corroding metal 

spec1men. 

6. Comparing the two different H3P04 

concentrations 

A comparison of weight loss for the two f 

specimens immersed in 7M and 14M· 

H3P04 is given in Fig.6. The 7M H3P04 

medium did not give any appreciable 

corrosion while in 14M H3P04, the 

weight loss, which is an indication ofthe . 

magnitude, 1s very 

presented in Fig.6. 

significant as 

In Fig.7, the, 

corrosion rates for the steel specimens in . 

the two different concentrations of the 

sodium chloride contaminated acids are. 

compared. No appreciable corrosion rat.e 

was observed in 7M H3P04 medium; this 

is unlike the 14M H3P04 where the 

corrosion rate decreases with the time .of 

exposure. 

Scanning electron microscopy (SEM) 

examination and characterization 

1. Specimen examination before 

cross-sec 

(length-• 

taken ' 

specun 
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cross-section surface and the side view 

(length-wise) of the cylindrical test 

specimens were examined in the SEM 

before the immersion test for the weight 

loss method. Two micrographs were 

taken Figs.8 (a) and (b) to show the 

specimens surface appearance before the 

· corrosion test. 

Steel specimen immersed in 9M 

H 2S04• The SEM micrographs made for 

the steel test specimen immersed in 9M 

HzS04 are presented in Figs.9 (a), (b) 

and (c). Fig.9 (a) shows the cross-section 

surface after the weight loss immersion 

test at a low magnification of X 15. Fig.9 

(b) is a portion of Fig.9 (a) but at a 

higher magnification of X300. Fig.9 (a) 

shows the topographic image of the 

corroded surface. The very severe 

corrosive degradation of the acid test 

surface (film mpture) . This is achieved 

by penetrating through the passive film 

to begin a process of active interfacial 

corrosion reactions at the specimen's 

surface. Pit formation then results from 

the anodic dissolution of the steel alloy's 

specimen. The SEM micrographs of the 

side view of the steel specimen after the 

immersion test are shown in F1g.l 0 (a) 

and (b) respectively. The corrosiOn 

damage here was immense. It was a 

complete corrosive degradation with just 

very few discernible number of pits. Due 

to the negligible magnitude of corrosion 

observed in the 18M H2S0 4 as indicated 

by weight loss method, the SEM 

examination and characterization were 

not performed. 

3. Steel specimen immersed in 14M 

H3P04• Fig.ll (a) and (b) shows SEM 
~ 

' ; 
I 
i 

! 
I 

i 
I 

I 
medium is very apparent. The corrosion 

mode was that 0f severe general 

corrosion '*'hich was accompanied with 

micrographs of the steel specimen cross- ! 

pitting as evidence in Fig.9( c) . In this 

test medium, the corrosion reaction 

species are sulphate ions (S04 =) from the 

tetraoxosulphate (VI) acid and chloride 

ions (Cr) from the added sodium 

chloride. Mechanistically, these ions are 

section surface immersed in 14M H3P04 

at the low (X 15) and high (X 1 000) 

magnifications respectively. The 

corrosion damage here was also tense. It 

was a severe general corrosion damage 

together with pitting conos1on. The 

corrosion mechanism here 1s as 

discussed above for the H2S04 test 

;, .1own to depassivate the chromium media. The reacting species here arc 

I 

____..... .... protective film on the stainless steel' ~ however, phosphate ions and chloride 
----------------------~~-------------------
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1ons: The impurities like tetraoxo­

sulphate (VI) acid in tetraoxophosphate 

(V) acid medium such as indiQated by· 

sulphur peak in Fig.2 (b), could also 

make a contribution to the adverse 

corrosion effect. 

CONCLUSION 

Austenitic stainless steel - Type 304, at 

ambient temperature can resist corrosion in 

tetraoxosulphate (VI) acid contaminated 

with sodium chloride (2%) at very high 

strength concentration (18M H2S04). The 

steel, under the same temperature condition, 

is also very susceptible to corrosion as it can 

undergo severe general corrosion and pitting 

in the same acid-chloride environment but at 

a lower strength concentration of 9M 

H2S04. 

The tetraoxophosphate (V) acid and 2% 

sodium chloride environment used can also 

resist corrosion, but at a lower concentration 

of 7M H3P04 . At the higher concentration u~~ 

~-enitic stainless s!eel Type-

304 is very much susceptible to corrosion. 
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Fig.l The energy dispersive spectrometer (EDS) analysis of the steel specimen 
composition. 

2 
rn,,.Ti1 ---------11---------~. ~ 

. it', 
. 1111 

5 

J: : . ... ;, .; .•. . . 

Fig.2 (a) Energy dispersive spectrometer (EDS) analysis of th.e surface film 
and corrosion deposit on the steel specimen surface after the immersion 
test in tetraoxosulphate (VI) acid. 1 

00 
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Fig. 2(o}'Energy disnersive spectrometer (EDS) analysis of the surface film 
and corros-ion deposit on the steel specimen surface after the immersion 
testjn tetraoxophosphate (V) ·add. 

Fig. 3 Micrographs of Type 304 austenitic stainiess steel. Etched in oxalic acid . 
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Fig 4: Variation of weight loss with exposure time for stainless steel specimens immersed 
in 9M and 18M sulphuric acid. 
+ =9MH2S04 
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Fig 5: Variation of corro~ion rate with exposure time for the stainless steel specimens 
immersed in 9M and 18M sulphuric acid (tetraoxosulphate (VI) acid) 
+ =9MH2S04 
• = l8MH2S0 4 
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Fig 6:;Variation of weight loss with expoaure time for stainless steel speedeis immersed 
m 9M and 18M sulphuric acid. · 
+ = 7MH~4 
• = 14M _fi3P)U.-
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Fig 7: Variation of corrosion rate with exposure time for the stainless steel specimens 
immersed in 9M and 18M sulphuric acid (tetraoxosulphate (VI) acid) 
+ = 7MH:Jl04 
• = 14MH3P04 
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(b) 

Fig. 8 SEM micrographs of the steel test specimen before immersion in test .media 
(a) Polished cut surface (b) side view of the cylindrical specimen. 
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.(a) 

(h) 

(c) 

Fig. 9 SEM micrographs of the stetile~t specimen Immersed in 9M tetraoxosulphate 
{VI) acid. 
(a) Cut surface after immersion (b) ~ts in (a) alt(igher magnirication 
(c) topographic image of the pitted surface. (~3o0) 
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(h) 

Fig.l 0 SEM micrographs of the steel test specimen immersed in ~M tetraoxosulphate 
(VI) acid. 

· (a) Side view of the cylindrical test specimen. Magnification. (x! 5) 
(b) As in (a) at higher magnification. (x200) 

1 A A 
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(a) 

(b) 

Fig. II SEM micrographs of the steel specimen immersed in 14M tetraoxophosphate (V) 

acid. 
(a) Cut surface after immersion (b) as in (a) at higher magnification. (x 1000). 



' .' 

NSE Technical Transaction Vol. 40 No. 1 Jan. - Mar. 2005 

.. (a) 

Fig.:12 SEM micrographs of the steel specimen immersed in 14M tetraoxophosphate (V) 
acid. 
(a) Side view of the cylindrical test specimen (x 15). 
(b) As in (a) at higher magnification (x200) . 
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