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Abstract—An experimental investigation was carried out to
determine the corrosive impact of oxidizing and non-oxidizing
environments on sensitized welded and unwelded samples of
AISI 304. The selected samples were cut into several sizes. To
induce sensitization, the samples were heated and soaked at
750°C at different soaking time intervals such as 30 minutes, 60
minutes, 180minutes, 300 minutes and 600 minutes followed by
water quenching [1]. The resultant sensitized weldment and
unwelded samples were subjected to immersion duration test
each in oxidizing (H2SOs) and non-oxidizing (HCL) media for
5, 10, 15, 20, 25, 30, 35, 40, 45, & 50 minutes respectively. From
the results obtained, it was concluded that corrosion rate
decreases as soaking time/immersion duration increases, at
constant soaking temperature in non-oxidizing medium of
hydrochloric acid (HCL). However, the corrosion rate decrease
of the unwelded samples of AISI 304 in non-oxidizing medium
is greater than that of their welded counterpart as immersion
duration/soaking time increases. Similarly, the unwelded and
welded samples of AISI 304, in oxidizing medium of H2SO4
have one common characteristic with their corrosion rate
decreasing as soaking time/immersion duration increases; but,
surprisingly, the welded samples are having lower corrosion
rate than that of the unwelded counterpart as the immersion
duration/soaking time increases between 5-15minutes; but
reverses to a higher corrosion rate than their unwelded
counterpart as immersion duration increases between 15-50
minutes. The results showed that each sample reacted
differently in oxidizing and non-oxidizing media; hence
oxidizing and non-oxidizing media impacted the materials’
properties differently. The sensitization differences of the
welded and the unwelded counterpart obtained during soaking
time, significantly affected their reactions in oxidizing and non-
oxidizing media which led to differences in the corrosive
impacts, under the same environment.

Index Terms—Corrosion Rate, Immersion Duration,
Oxidizing (HCL) and Non-Oxidizing (H2SO4) Media,
Sensitization, Soaking Time/Temperature, Welded/Unwelded
AISI 304.

I. INTRODUCTION

The most important failure mechanism in present day
industries is materials’ corrosion [2]. Although polymers
and composites were introduced for improved qualities;
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stainless steels still remain very important in structures;
because of their strength, stiffness, toughness and tolerance
at high temperatures [3]. They are widely used in harsh oil
and gas production environments; for instance, they are
found at Catalytic Reformer Unit, Reactor Scallops,
Vacuum Distillation Unit and Heat Tubes at Port Harcourt
Refinery-Nigeria; process and utility areas of Mobil
producing Nigeria unlimited and Chevron Escravos gas to
liquid plants also in Nigeria [1]. Austenitic stainless steel
(ASS) is widely used in caustic environments [4-8].

It is a known fact that corrosion resistance is the main
reasons why stainless steels are used in our industries today;
but unfortunately, they suffer from certain types of corrosion
in some environments. These facilities structures usually in
welded form in order to achieve the desired design, have
been observed to experience various debilitating forms of
localized corrosion like pitting, crevice and stress corrosion
cracking [9-14], when exposed to chloride containing
solution environments; leading to loss of millions of dollars
each year [16-17]. Austenitic Stainless Steel is sensitivity to
chloride-induced stress-corrosion cracking (SCC) [18-19].

The failure of the passive film is as a result of their micro
structural changes at the grain boundaries, complicated by
environmental factors [20-22]. Environment characterized
by high temperature for instance; can cause some
precipitation of second phase carbides of various sizes in the
microstructure of the stainless steels. Oxidation and non-
oxidation media can result in complex reactions with
undesirable second phase products and consequent decrease
in  corrosion  resistance.  Time, temperature/other
environment factors significantly influences unusual
complex/sensitized microstructure of steels and hence its
properties [23-25]. Care therefore, must be taken for
material selection which would be suitable for certain
application in a given environment.

The harsh acidic environment at the sensitized regions
can be too aggressive to allow passivity to be maintained by;
being too reducing, in some acidic media (e.g. Hydrochloric
acid); so that passivating species cannot form or by being
too oxidizing (e.g. Hot dilute nitric acid or H,SO.) by
making oxidized species that normally affect passivity
unstable. Weld decay has been observed to be common in
sensitized stainless steel structures [26].

It is a known fact that these unavoidable circumstances of
corrosion could result in a metal with a dendritic and
inhomogeneous microstructure. Steels naturally have many
micro structural complexities with many constituent
elements and many thermodynamically possible phases.
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Interestingly, none of these phases/structures are necessarily
uniform in their composition; yet, it is the composition of
the alloy in contact with the specific environment at any
microscopic point that determines the corrosion resistance of
that particular point [1]. It is therefore not unusual to find
out that some alloy of a metal is resistant to corrosion in a
particular environment, but the welded section of the same
alloy is not. Welds sometimes may behave in an erratic
manner; displaying both resistance and susceptibility to
corrosive attack.

The disastrous consequences of weld decay are
worrisome and equally disturbing because of uncountable
cases despite numerous researches. This research was
therefore; set out to carry out an experimental study of the
influence of environments on the corrosivity of sensitized
welded and unwelded stainless steels (AISI 304). The
inferences from the experimental results would assist;

To establish relationship as observed from the
experiments on the various factors (oxidizing and non-
oxidizing environment, alloy composition, microstructure,
Temperature, Soaking Time/immersion duration, etc), that
may have significant influence on the corrosivity of the
steel. These understanding would assist in mitigating the
menace as low as reasonably practicable, in a given
susceptible environment.

Il. METHODOLOGY

A. Materials

AISI 304 austenitic stainless steel was selected for this
investigation, because of its commercial value. The sample
is a commercial pure sample and was available in the form
of pipes and was collected from the ware house of Port
Harcourt Refinery Company Ltd, Alese Eleme, Port
Harcourt, Rivers State-Nigeria

B. Equipment

Equipment used for the study are as follows: Welding
machines, Grinding Machines, Cutting Machines, Universal
milling machine, Manual hand Hacksaw with blade, heat
treatment furnace, Oxford instrument XRF spectrometer
model X-Met 7000 with a serial number 711150, Crown
technology inc. CT 1000 corrosion meter (capable of
reading corrosion rate), Epoxy Resin Ring, Emery Paper.

C. Experimentation
1) Chemical Composition

The chemical composition of the welded and unwelded
samples of AISI 304 were determined at Turret Engineering
Services Limited, Port Harcourt using an Oxford
instrument XRF spectrometer model X-Met 7000 with serial
number 711150. The chemical composition details of the
samples are as shown Fig. 1 and Fig. 2 below.
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Name Class Date Time Duration
SILA6 alloy_fp 14/07/2015 17:25:31 1555
Element Fe % Cr% Ni % Mn% Mo% Cu%
7131 1845 8.8 1.32 0.37 0.36

+ 0.594 0.296 0.232 0.231 0.026 0.070
Grades: 5304 (0.00), $5321 (1.15)
Reference:

1500
4]
51000
=

500

0
0.0 5.0 10.0 15.0 25.0 30.0 35.0

Enezggg(kev)
Fig. 1. Chemical composition of unwelded sample of AlISI 304

Name Class Date

SILA4 alloy_fp 14/07/2015

Element Fe% Cr% Ni % Mn% Co% Ti% Cu% Mo%
72.18 18.43 7.88 1.00 0.19 0.13 0.10 0.09

+ 0.251 0.123 0.094 0.0917 0.041 0.031 0.017 0.006

Grades: S5304 (0.16), 55321 (1.42)

Reference:

Time Duration
17:16:18 155s

10000

Counts

5000

0.0 5.0 10.0 15.0 25.0 30.0 35.0

En?l?gg(kew
Fig. 2. Chemical composition of welded sample of AISI 304

2) Heat Treatment

The welded samples which met all necessary welding
requirements (GPs, Codes and Standards) and the unwelded
samples were cut to sizes and subjected to heat treatment
using solution annealing to dissolve precipitated phases, if
any. The treatment was carried out for lhour at 1000°C,
followed by water quenching.

The welded and the unwelded samples were then cut into
several equal pieces; properly numbered for easy
identification. To induce sensitization into the samples; they
were heated and soaked at 750°C for different time intervals
such as 30 minutes, 60 minutes, 180minutes, 300 minutes,
500 minutes, 400 minutes and 600minutes followed by
water quenching. This type of heat treatment schedule was
done by varying the holding times suggested in Ghosh et
al.

Corrosion study was therefore carried out on the
sensitized welded and unwelded samples of AISI 304 steels;
by immersion of the treated samples each at different time
intervals of 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 minutes,
respectively; in non-oxidizing (HCL) and oxidizing (
H»SO4) corrosive media. The tabulated results/ graphical
representations and analysis, are as shown below.

I1l. RESULTS AND DISCUSSIONS

A. Tablel and Fig. 3

From Table I and Fig. 3 below; sample 4A has the highest
corrosion rate (18.45mpy) at five minutes of immersion
duration in the non-oxidizing medium of hydrochloric acid
(HCL); but decreased sharply to 2.72mpy as immersion
duration increased to 15 minutes; then fluctuates downwards
as immersion duration increases. Corrosion rate of 4A, 5A,
6A, 7A, have initial sharp decreases; but fluctuates
gradually downwards at lower corrosion rate as immersion
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duration increases. 5A has the lowest corrosion rate at
30minutes immersion duration.

Careful study showed that corrosion rate of 1A, 2A and
3A are more stable and at a lower corrosion rates, as
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TABLE |I: CORROSION RATE(COR) OF WELDED AISI 304 SAMPLES (1AW,
2AW, 3AW, 4AW, 5AW, 6AW, 7AW), SOAKED AT 750°C AT VARIABLE
SOAKING TIME OF 30, 60, 180, 300, 400, 500 AND 600 MINUTES
RESPECTIVELY AND IMMERSED IN NON-OXIDIZING AGENT (HCL) AT
VARIABLE IMMERSION DURATION

immersion duration/soaking time increases in HCL. Immersion 1AW 2AW  3AW AAW SAW 6AW 7AW
However; in all the samples, the resistance to corrosion tend duration - COR - COR " COR " COR = COR  COR  COR
owever, € samples, : SIon X (Minutes) (mpy) (mpy)  (mpy) (mpy) (mpy) (mpy) (mpy)
to increase as immersion duration and soaklng time 5 10.51 16.57 10.25 8.30 5.68 5.66 5.34
increases at constant soaking temperature. 10 956 965 962 566 545 553 540
15 8.79 9.06 9.46 5.95 5.33 5.28 5.65
TABLE I: CORROSION RATE(COR) OF UNWELDED AISI 304 SAMPLES (1A, 20 877 866 754 572 544 576 495
2A, 3A, 4A, 5A, 6A, TA), SOAKED AT 750°C AT VARIABLE SOAKING TIME 25 752 767 889 496 480 463 232
oF 30, 60, 180, 300, 400, 500 AND 600 MINUTES RESPECTIVELY AND 30 7.51 7.59 671 485 485 565 434
IMMERSED IN NON-OXIDIZING AGENT (HCL) AT VARIABLE IMMERSION 35 6.85 5.25 6.95 382 385 445 3.95
DURATION 40 6.52 6.90 5.98 3.71 3.64 3.76 3.82
Immersion 1A 2A 3A 4A 5A 6A 7A 45 593 597 586 356 350 361 333
duration COR COR COR COR COR COR COR 50 5.59 5.01 482 350 346 388 367
(Minutes)  (mpy)  (mpy) (mpy) (mpy) (mpy) (mpy) (mpy)
5 4.20 3.93 3.50 18.45 10.50 7.94 7.92 18
10 3.50 3.70 3.47 8.90 7.18 7.05 3.71
15 480 296 276 282 365 326 355 e
20 3.53 3.01 3.00 4,14 3.60 3.29 3.77 14
25 3.28 3.19 3.42 3.33 3.43 3.24 3.34
30 3.07 2.92 3.30 4.70 1.58 4.48 3.65 12 T awcon
35 3.02 2.83 3.07 3.64 3.98 243 2.59 AW eor
40 258 281 316 300 249 287 230 o 2w con
45 240 233 284 275 287 354 301 S N aawcon
50 219 276 296 338 273 230 244 e | g T et
6 (mpy)
2 S5 \’k“‘v; "
q \b\ w— .
18 ——
16
14 o 10 20 30 40 50 80
g e 1acOR (mpy Fig. 4. Graph_icgl repres_entation of Table Il (Immersion duration in non-
9% oxidizing medium (HCL) versus corrosion rate (COR)

)
—e—2ACOR (mpy)
3ACOR (mpy)

)

o

—e—4ACOR (mpy,

Corrosien Rate

o

—a—=5ACOR (mpy)
GACOR (mpy)
7ACOR (mpy)

o]

0 10 20, 30 . 40 . 50
Immersion (Soaking) Duration in HCL Time (Mins)

Fig. 3. Graphical representation of Table | (Immersion duration in non-
oxidizing medium (HCL) versus corrosion rate (COR)

B. Table Il and Fig. 4

From Table 1l and Fig. 4 below, sample 2AW has the
highest corrosion rate (16.57mpy) within five minutes of
immersion duration in the non-oxidizing medium of
hydrochloric acid (HCL); but decreased sharply (9.65mpy)
as immersion duration increases up to 10 minutes; then
gradually decreases as immersion duration increases.

Careful study of the Table Il and Fig. 4 below showed
that sample 7A fluctuates unusually at lower corrosion rate
between 20 and 30 minutes of immersion duration;
decreasing and increasing sharply at lower corrosion rates.
In all the immersion durations, corrosion rates of samples
4A, 5A, 6A, 7A are smaller than that of 1A, 2A and 3A.
Characteristically from the table and the graph, corrosion
rates of all the samples tend to decrease as immersion
duration/soaking time increases in the non-oxidizing
medium.
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C. Tablelll and Fig. 5

From Table Il and Fig. 5 below, samples 11A, 12A, 13A
and 14A have very sharp drop in corrosion rate (from very
high to very low corrosion rate), as immersion duration
increases in oxidizing medium of sulphoric acid (H2SOs).
Samples 8A, 9A, 10A have relatively initial lower corrosion
rate than 11A, 12A, 13A and 14A in the oxidizing medium
(H2S04), as immersion duration/soaking time increases, but
fluctuates relatively at higher corrosion rate than 11A, 12A,
13A and 14A, as immersion duration/soaking time
increases.

Careful study of the Table Ill and Fig. 5, showed that
corrosion rate of samples 11A, 12A, 13A and 14A, have
lower corrosion rate than samples 8A, 9A, 10A, as
immersion duration/soaking time increases. Sample 13A has
the lowest corrosion rate among the samples at 30minutes of
immersion duration.

181


http://dx.doi.org/10.24018/ejers.2019.4.10.1531

TABLE I11: CORROSION RATE (COR) OF UNWELDED AISI 304 SAMPLES
(8A, 9A, 10A, 11A, 12A, 13A, 14A), SOAKED AT 750°C AT VARIABLE
SOAKING TIME OF 30, 60, 180, 300, 400, 500 AND 600 MINUTES
RESPECTIVELY AND IMMERSED IN OXIDIZING AGENT (H2SO4) AT VARIABLE
IMMERSION DURATION

Immersion 8A 9A 10A 11A 12A 13A 14A

duration COR COR COR COR COR COR COR

(Minutes)  (mpy) (mpy) (mpy) (mpy) (mpy) (mpy) (mpy)
5 298 182 196 1210 9.65 854 845
10 345 265 302 818 854 734 762
15 255 292 276 767 698 691 654
20 245 267 308 148 145 121 432
25 3.96 360 299 255 266 264 243
30 365 245 265 142 168 146  1.28
35 225 267 277 167 125 105  0.98
40 269 253 280 122 089 095 0.6
45 294 243 238 125 057 084 072
50 275 269 234 099 029 299 305

Immersion durationvs corrosion rate (COR) Graph -Unwelded Samples

—+—35ACOR (mpy}
~—9A COR (mpy}

—&—10A COR (mpy)

—<—11ACOR {mpy)

—#—12A COR (mpy)

. CorrosionRate (COR)}

134 COR (mpy)
14A COR {mpy)

o 10 20 30 40 50 60
Immersion durationin HCLTime {Mins)

Fig. 5. Graphical relationship of immersion duration(minutes) in oxidizing
medium (H,SOy) versus corrosion rate (COR) for various samples in Table
11

D. Table IV and Fig. 6

From Table 1V and Fig. 6 below, samples 8AW has the
highest corrosion rate at 5minutes of immersion duration,
followed by samples 9AW. Sample 11AW has sharp
decrease in corrosion rate between 5 and 10 minutes at
immersion duration.

Careful observations showed that all the samples (8AW,
9AW, 10AW 11AW, 12AW, 13AW and 14AW), have
corrosion rate averagely decreasing as immersion duration
/soaking time increases. Samples 11AW, 12AW, 13AW,
14AW, have lower corrosion rates than samples 8AW,
9AW, 10AW, as immersion duration /soaking time
increases, at constant soaking temperature.

TABLE IV: CORROSION RATE (COR) OF UNWELDED AISI 304 SAMPLES
(BAW, 9AW, 10AW, 11AW, 12AW, 13AW, 14AW), SOAKED AT 750°C AT
VARIABLE SOAKING TIME OF 30, 60, 180, 300, 400, 500 AND 600 MINUTES
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12

10

—+—BAW COR (mpy)
—m—9AW COR (mpy)
—i— LOAW COR (mpy)
—=—11AW COR (mpy)

12AW COR (mpy)
13AW COR (mpy)
1AW COR (mpy)

o
o 10 20 30 40 50 60

Fig. 6. Graphical relationship of immersion duration in oxidizing agent
(H2S0,) versus corrosion rate (COR) for various samples in Table IV

E. TableVand Fig. 7

Careful study of Table V and Fig. 7 below, showed that
average corrosion rate of the unwelded samples 1A-7A and
welded samples 1AW-7AW, decreases with increase in
immersion duration/soaking time in non-oxidizing agent of
HCL,; but the rate of decrease is higher in the unwelded
samples than that of the welded samples, as immersion
duration and soaking time increases.

TABLE V: AVERAGE CORROSION RATE OF AISI 304 SAMPLES OF
UNWELDED (1A, 2A, 3A, 4A, 5A, 6A, 7A) AND WELDED (1AW, 2AW,
3AW, 4AW, 5AW, 6AW, 7AW), SOAKED AT 750°C AT VARIABLE SOAKING
TIME OF 30, 60, 180, 300, 400, 500 AND 600 MINUTES RESPECTIVELY AND
IMMERSED IN NON-OXIDIZING AGENT (HCL) AT VARIABLE IMMERSION TIME

Unwelded 1A-7A Welded 1AW-7AW

Immersion duration ~ COR (mpy) Immersion duration ~ COR (mpy)
(Minutes) (Average) in HCL Time (Mins) (Average)

5 6.93 5 8.90
10 5.34 10 7.27
15 3.40 15 5.19
20 3.50 20 6.69
25 3.40 25 5.83
30 3.40 30 5.93
35 3.08 35 5.02
40 2.74 40 5.02
45 2.95 45 4.54
50 2.68 50 4.28

8 10

W\ :
. NN
6 —¢=Unwelded 1A-7A
COR (mpy)
4 5 {Average}
V]

RESPECTIVELY AND IMMERSED IN OXIDIZING AGENT (H,SO,) AT VARIABLE N \ 4 —mwelded 1AW-7AW
IMMERSION TIME NN COR (mpy)
Immersion 8AW _ 9AW  10AW 11AW 12AW 13AW 14AW -3 {Average}
duration COR COR COR COR COR COR COR 2
(Minutes)  (mpy)  (mpy)  (mpy)  (mpy) (mpy) (mpy) (mpy) -2
5 956  8.47 7.85 7.95 5.65 4.54 5.65 L
10 6.85 7.57 6.92 3.45 3.54 3.85 4.20 Pl
15 6.45 6.54 6.05 3.32 3.60 3.55 5.02
20 6.25 5.93 5.54 3.18 3.57 3.95 4.16 0 0
25 555 567 4.99 2.92 2.79 3.66 3.03 0 10 20 30 40 0 60
30 526 556  4.65 275 4.62 3.45 3.28 Fig. 7 Graphical relationship of immersion duration in non-oxidizing
35 438 445 3.09 266 292 2909 324 medium (HCL) versus average corrosion rate (COR) for various samples of
40 4.90 3.99 3.65 260 260 2385 209 welded and unwelded as shown in Table V
45 463 325 3.40 2.40 2.70 2.86 3.61
50 357 314 4,02 2.32 2.43 2.60 3.05
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F. Table VI and Fig. 8

Careful study of Table VI and Fig. 8 below showed that
average corrosion rate of the unwelded samples 8A-14A and
welded samples 8AW-14AW decreases with increase in
immersion duration/soaking time in oxidizing agent
(H2S0.). However, surprisingly between 5-15 minutes of
immersion duration, the rate of corrosion rate decrease is
lower in welded samples; but reverses to higher rate relative
to 8A-14A between15-50 minutes of immersion duration in
the oxidizing medium (H2SOy).

TABLE VI: AVERAGE CORROSION RATE OF AlSI 304 SAMPLES OF
UNWELDED (8A, 9A, 10A, 11A, 12A, 13A, 14A) AND WELDED (8AW, 9AW,
10AW, 11AW, 12AW, 13AW, 14AW), SOAKED AT 750°C AT VARIABLE
SOAKING TIME OF 30, 60, 180, 300, 400, 500 AND 600 MINUTES
RESPECTIVELY AND IMMERSED IN OXIDIZING AGENT (H,SO;) AT VARIABLE
IMMERSION TIME

Unwelded (8A-14A) Welded (BAW-14AW)

Immersion

- - COR Immersion(Soaking) COR
(?r??ﬁlgé(;u{?;zn (mpy) duration in (H,SOy) (mpy)
29~ (Average) Time (Mins) (Average)
(Mins)
5 6.50 5 7.10
10 5.83 10 5.20
15 5.19 15 4.93
20 2.38 20 4.65
25 2.98 25 4.09
30 2.08 30 4.22
35 1.81 35 3.52
40 1.72 40 3.37
45 1.59 45 3.26
50 2.16 50 3.02
7 8
(=3
4 '\.,_,I\1 ; +?8;T;L?;:;’[8A—14A;
) /\ .__-‘\ll 3 —m—welded (8AW-14
COR (mpr
2 N ..\/' , {Avc(rﬂﬂ}c‘)”
1 1
o o
o 10 20 30 40 50 60

Fig. 8. Graphical relationship of immersion time in oxidizing agent(H,SO,)
versus average corrosion rate (COR) for various samples of welded and
unwelded as shown in Table VI

IV. CONCLUSIONS

Based on the above experimental results/analysis, the

following may be concluded:

1. The corrosion rate of unwelded and welded samples
of AISI 304 in non-oxidizing environment of HCL
decreases as immersion duration/soaking time
increases at constant soaking temperature.

2. Corrosion rate decrease in unwelded samples of AlSI
304 is greater than that of the welded samples as
immersion duration and soaking time increases in
oxidizing agent of HCL.

3. Average corrosion rate of the unwelded samples and
welded samples of AISI 304 decreases with increase
in immersion duration/soaking time in oxidizing
medium (H2SOa).
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The unequilibrium heat cycles during welding, which
resulted in complex reactions/phase transformation,
could have led to different degree of sensitization in
the welded and unwelded steel samples.

The degree of sensitization in the steel weldment and
the unwelded counterpart are different in both
oxidizing agent (H.SO4) and non-oxidizing agent
(HCL).

Each experimental sample reacted differently in the
oxidizing and non-oxidizing media and hence its
corrosive properties were impacted differently.

The microstructural differences of the welded and the
unwelded counterpart significantly affected their
reaction in oxidizing and non-oxidizing media which
led to differences in the corrosive impacts, under the
same environment/condition.
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