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Abstract

We performed corrosion case study and corrosion tests to assess the corrosion
resistance of stainless steel type 304 pipes in tap water and hot water facilities.
Circulating test equipment used for corrosion tests and two types of sample,
plates and straight pipe specimens, were examined under different conditions
of residual chlorine concentration in the test water. The results of case study
analysis indicated that high degrees of pitting corrosion occurred on straight
pipes with inner diameter < 50 mm. The results of corrosion tests showed that
the residual chlorine concentration around the pitting corrosion of stainless
steel type 304 was greater than 0.3 mg/L in the plate, regardless of the re-
maining chlorine concentration in the straight pipe specimens. These results
suggest that straight pipes have higher corrosion susceptibility because of
bending during production.
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1. Introduction

Due to their superior corrosion resistance, stainless steel type 304 pipe began to
be used in building facilities from the early 1980s, and the demand for use in
water and hot water supply facilities has since increased several fold. However,
the increased demand was accompanied by many problems associated with cor-
rosion. Many reports in the 1990s presented examples of stress corrosion crack-
ing (SCC) of stainless steel type 304 used as hot water pipes [1] and corrosion
resistant of the weld [2]-[10], a thing about is a representative memoir.
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Since the early 2000s, however, there have been increasing reports of pitting
corrosion in straight stainless steel pipes [11] [12] [13] [14]. This corrosion was
suggested to be due to residual chlorine, produced from sodium hypochlorite
used as a disinfectant in water treatment plants. The corrosion study that paid its
attention to the straight pipe (non-weld) is a report about SCC until now. For
example, it is a report “Effects of P and Cu on SCC Resistance of Austenitic
Stainless Steel in Dilute NaCl Solution” [15]. There have been few studies re-
garding pitting corrosion of straight pipes in tap water environments.

This study was performed to investigate the factors involved in pitting corro-
sion of straight pipes. Here, we report the results of corrosion testing under con-
ditions simulating the actual tap water environment to obtain basic knowledge
regarding the effects of tap water on stainless steel pipes. We used plate speci-

mens and straight pipes as test materials in this study.

2. Corrosion Case Study
2.1. Method

We investigated 18 cases [16] in the company and 10 cases [11] [12] [13] [14] of
stainless steel type 304 reported during the 16-years period from 2000 through
2015 (28 cases in total). All 28 buildings have water supply and hot water supply
facilities. A Study was classified the corrosion behavior, the occurrence part (a
straight pipe and others) and the in inside diameter (more than 50 mm or less
and 60 mm). Residual chlorine concentration was classified as <0.4 mg/L or >0.4
mg/L, as the mean residual chlorine concentration in Japan lies within the range

of 0.3 - 0.4 mg/L according to water service quality data.

2.2. Result and Discussion

Figure 1(a) shows classified facilities use. About facilities use, 21 of 28 corrosion
cases were the cases of hot water supply facilities, and there was much number of
occurrence parts of the pitting corrosion water supply and hot water supply fa-
cilities together. Figure 1(b) shows the parts with corrosion. About occurrence
part, 21 cases were the cases of the straight pipe, and there was much occurrence
number of pitting corrosion with 14. Figure 1(c) shows classified inside diame-
ter. With the hot water supply facilities, there were many occurrence cases less
than 50 mm. With one water supply facilities did not understand the clear ten-
dency for a lot of ignorance in study case. In addition, it is thought that cases less
than 50 mm inside diameter were often found because corrosion produced less
than 50 mm in the system even an case which it classified more than 60 mm.
Figure 1(d) shows residual chlorine concentrations. It was the use environment
where about half was within 0.4 mg/L with the hot water supply facilities and
about half of the case more than 0.4 mg/L with the water supply facilities.

As a result of having investigated 28 corrosion cases, there were many ratios
of pitting corrosion of straight pipe with less than 50 mm inner diameter in the

water supply and hot water supply facilities together. 50 mm inner diameter or
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Figure 1. Comparison of (a) tap water and hot water facilities; (b) corrosion position; (c)
inner diameter of pipe and (d) residual chlorine concentration by research of corrosion in
tap water and hot water supply facilities used stainless steel type 304 pipes [11] [12] [13]
[14] [16].

less may be pipe causes to be used as a branch pipe and a hot water pipe of the
hot water supply pipe, and there is much consumption. In addition, as the inner
diameter became small with 13 mm from 50 mm increased the consumption,
and in fact it was expected to be larger than the number of this study.
Deformation-induced martensite is produced by cold work in stainless steel
type 304. This deformation-induced martensite increases general corrosion
amount in the active region as compared with austenite stainless steel type 304,
and pitting corrosion occurs [17]-[24]. Straight pipe is produced by welding af-
ter bending of the raw plate material. Therefore, as the radius of curvature be-
came small with decreasing inside diameter, the production of deforma-
tion-induced martensite increased due to severe bending. The large number of
corrosion cases in pipes <50 mm in inside diameter may have been due to the
effect of deformation-induced martensite on corrosion resistance [20] [21].
Furthermore, water temperature and residual chlorine concentration were
suggested to influence corrosion resistance. The reason occurs with the water
supply having high concentration and occurs even if concentration is low with

the hot water supply facilities.
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3. Study of Influence on Corrosion Resistant by Inner
Diameter and Residual Chlorine

Corrosion tests were performed with addition of sodium hypochlorite to the test
water to simulate residual chlorine in the tap water actual environment. Here,
we refer to the sodium hypochlorite concentration in test water as the residual

chlorine concentration.

3.1. Method

3.1.1. Test Materials

The test materials consisted of stainless steel type 304 produced from cold-rolled
stainless steel plate sheet (“JIS G 4305, hereafter referred to as plate”) 50 mm in
length x 30 mm in width x 0.8 mm wall thickness, and stainless steel type 304 of
light gauge stainless steel tubes for ordinary piping (“JIS G 3448, hereafter re-
ferred to as straight pipe”) 13 mm in inner diameter x 15.88 mm in outside di-
ameter X 0.8 mm wall thickness x 150 mm in length. Table 1 shows the chemi-
cal compositions of the specimens used. The test materials were obtained from
commercial sources. All test materials were subjected to degreasing only without
surface scrubbing prior to use in the experiments. In addition, the straight pipe
specimens worked to coat only the outside, and the plate specimens left a 1 cm?

corner as an effective area and coating processed the whole.

3.1.2. Circulating Corrosion Test Equipment

Figure 2 shows a schematic drawing of the circulating corrosion test equipment
used in this study. The equipment consisted of a 10-L test water preparation
tank, 1-L test beaker, the circulation piping during a preparation tank and the
test beaker, residual chlorine concentration control unit, circulation piping dur-
ing chlorine concentration control unit and a preparation tank and a carbon
dioxide supply device. Test water was passed through the circulation corrosion
test equipment using a circulation pump. The plate specimens were installed in
the test beaker, while the straight pipe specimens were installed between the cir-

culation pump of test beaker exit side and preparation tanks.

3.1.3. Corrosion Test Condition

Table 2 shows corrosion test condition. Table 3 shows chemical analysis of raw
water for test water. The test water prepared residual chlorine concentration to
0.0, 0.3, 0.4, 0.5 and 1.0 mg/L and circulated. The test water was exchanged 3 L/3

Table 1. Chemical composition of the specimens used. [wt%]

Specimen C Si Mn P S Ni Cr Mo Cu N

Plate 0.057  0.34 1.06  0.032 0.004 8.09 18.07 0.15 0.36  0.035
Pipe 13 mm 0.036 0.37 1.05 0.033 0.005 8.07 1822 0.14 0.31  0.039
Pipe 25mm 0.051 0.46 1.04 0.032 0.002 8.06 1828 0.12 0.31  0.036

Pipe 50 mm 0.043  0.39 1.04 0.029 0.002 8.05 18.02 0.07 0.21  0.041
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Table 2. Corrosion test condition.

Residual 0.0 - 1.0 me/L
.0-1.0m
Chlorine conc. &
pH 7.2 £ 0.4 (by CO, gas: 0.2 mL/min
Wat
Test ater 25.0°C+10°C
Water Temperature
Electric
o 20.0 - 30.0 mS/m
Conductivity
Raw Water Service Water (Miyoshi-machi, Iruma-gun, Saitama, Japan)
Circulating Water Volume 8.0 £ 0.5 L/min
Retained Water Volume 11L
Plate SUS304: 30 x 50 x 8 mmt (Effective area 1.0 cm?)
Specimens
Pipe SUS304TPD: ¢ 13 mm X 150 mmL
Test Duration 30 days
Immersion
i HZ5000 and HE-104A (HOKUTO DENKO)
Potential
Residual

. RM-52-PC-B3 (TACMINA)
Chlorine conc.

AQ-101 (SIBATA SCIENTIFIC TECHNOLOGY)
Measurement Items

pH D-52 (HORIBA)
Electric
Conductivity CM-31P (DKK/TOA)
Water
Temperature D-52, CM-31P
Analysis of Water Quality 2 times (before and after test)
Analysis of Specimens Microscopic Examination, SEM, EPMA
Table 3. Chemical analysis of test water.
Quality of Water Item Results
pH [-] 7.6
Electric Conductivity [mS/m] 21.9
Acid Consumption (pH 4.8) [mgCaCO,/L] 51
Cl- [mg/L] 16
SO* [mg/L] 23
Total Hardness [mgCaCO,/L] 77
Calcium Hardness [mgCaCO,/L] 56
Sio, [mg/L] 25
Fe [mg/L] <0.1
Cu [mg/L] <0.1
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Figure 2. Schematic drawing of circulating corrosion test equipment.

days with the upper limit of 30 mS/m while monitoring the electric conductivity
of the preparation tank. It supplied test water to a residual chlorine concentra-
tion control unit and controlled a chemicals feed pump to become the predeter-
mined concentration while monitoring concentration. pH supplied carbon dio-
xide gas with constant flow quantity and stabilized it in 7.2 + 0.1. The test per-
formed the test water temperature degree at room temperature during 30 days.
The test materials after test observed the corrosion condition by energy disper-
sive X-ray spectrometer (write it down with EDX.), digital microscope and a
scanning electron microscope (write it down with SEM). The test water per-
formed the water quality analysis at the time of a test start and the end. During
the test measured about residual chlorine concentration, pH, electric conductiv-

ity, water temperature and immersion potential.
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3.2. Result and Discussion

3.2.1. Inner Diameter and Corrosion Resistance

Figure 3 shows a comparison of immersion potential between plate and straight
pipe specimens for a residual chlorine concentration of 0 mg/L over a period of
5 days. The plate specimen is rose from 0.1 V vs. SCE at test start time to 0.15 V
vs. SCE at 1/3 days and changed in 0.2 V vs. SCE at 5 days. In contrast, the
straight pipe specimen is descended from 0.5 V vs. SCE at test start time to 0.32
V vs. SCE at 1/3 day and remained as it was equivalent until5days. The result
showed a conflicting tendency which the plate specimen is rose and the straight
pipe specimen is descend.

Super microhardness measurements of plate and straight pipe specimens 13
mm, 25 mm, and 50 mm in inner diameter were performed to investigate the in-
fluence of processing on the immersion potential. Figure 4 shows a comparison
of Vickers hardness equivalent between plate and straight pipe specimens. It was
shown with 281 at 13 mm, 265 at 25 mm and 251 at 50 mm of the straight pipe
specimen in comparison with a plate specimen being 245 generally that a direct
pipe was harder. Straight pipe is produced by bending the raw materials of plate,
and this bending is expected to affect the surface [21] [22]. As a firm tendency
was seen so that the inner diameter was small, it was thought that there was
much processing deformation-induced martensite production so that the inner
diameter was small [21] [22]. It was thought that the final test result came under
this influence, and a difference occurred for the immersion potential behavior. It
is thought that corrosion behavior varies according to this influence with a plate

specimen and the straight pipe specimen.
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Figure 3. Comparison of immersion potential between plate specimen and pipe specimen
in the case 0 mg/L of residual chlorine concentration.
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Figure 4. Comparison of vickers hardness between plate specimen and pipe specimen.

3.2.2. Residual Chlorine Concentration and Corrosion Resistance

Figure 5 shows the changes in immersion potential of (a) plate specimens and
(b) straight pipe specimens at different residual chloride concentrations to 5
days pass. The immersion potential of straight pipe specimens was 0.5 V vs. SCE
at the start of the test for all residual chloride concentrations examined. The
value for the straight pipe specimen decreased by 1/3 days from 0.5 V vs. SCE to
0.32 V vs. SCE at 0.0 mg/L, 0.2 V vs. SCE at 0.3 mg/L, 0.25 V vs. SCE at 0.5 mg/L
and 0.1 V vs. SCE at 1.0 mg/L.0.3 mg/L decreased to 0.15 V vs. SCE by 1 day,
then it rapidly rose to 0.25 V vs. SCE and remained as it was until 5 days. After 1
day overall the immersion potential was almost stable but 1.0 mg/L continued
gently descent even after 5 days. The immersion potential after 5 days was 0.32 V
vs. SCE at 0.0 mg/L, 0.2 V vs. SCE at 0.4 and 0.5 mg/L, 0.25 V vs. SCE at 0.3and
0.1 V vs. SCE at 1.0 mg/L. The immersion potential with residual chlorine con-
centration of 0.3 mg/L or more showed a behavior to descend after starting as
similar to 0.0 mg/L. A dependent tendency of the residual chlorine concentra-
tion was seen in the straight pipe specimen conspicuously. However, 0.3, 0.4, 0.5
and 1.0 mg/L of plate specimen showed conflicting behavior of immersion po-
tential on the plate specimen. The immersion potential sharply increased from
0.1 V vs. SCE at the start of the test to 0.3 - 0.4 V vs. SCE at 1/12 days and then
continued to gently increase until 5 days. 0.3 mg/L rapidly decreased from 0.4 to
0.3 at 1 day and then continued to gently rise. On the other hand, the immersion
potential of 0.0 mg/L remained at 0.2 V vs. SCE of the thing which showed simi-
lar behavior. At all residual chlorine concentrations, the straight pipe specimens
and plate specimens showed conflicting immersion potential behaviors. Figure 6
shows a comparison of the maximum immersion potential value as a function of
residual chlorine concentration between the results of the present study and
those reported previously [25] [26]. Since the sign of corrosion observed to test
materials after the test is thought that reached the destruction of passive state

film, plotted a maximum value of the immersion potential. The result evaluated
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made based on the approximation straight line created using the others report
data. Good agreement of the maximum immersion potential of straight pipe
specimens was seen between this study and previous reports for all residual
chlorine concentration conditions except 0.0 mg/L. In addition, it is thought that
as a result, the pitting corrosion potential of stainless steel type 304 is to around
0.4 V vs. SCE more. About the plate specimen, the tendency that it was 0.1 V vs.
SCE higher in than the others report was seen in 0.3, 0.4, and 0.5 mg/L. Howev-
er, good agreement was seen at 0.0 and 1.0 mg/L.

Table 4 presents a summary of the test results. Changes in color indicating
corrosion were observed on the surfaces of the test materials under all condition
except for plate specimen with a residual chlorine concentration of 0.0 mg/L.
Figure 7 shows examples of SEM and EDX analysis results regarding changes in
color of the specimens. Changes in color to dark brown corresponding to iron
rust were seen in the photographs obtained with the digital microscope shown in
Figure 7(a)). In addition, the trace that the accretion of thought to be the corro-
sion product was exfoliated at the center of the changedin color department, it
was seen than a SEM photograph to show in Figure 7(b). The area surrounded
by a square in Figure 7(c) indicates the region subjected to EDX analysis. The
Cr that 18% - 20% of content was standards decreased to 2.95% than EDX anal-
ysis for analysis point (D to show in Figure 7(d) and was suggested with the
corrosion product of iron oxide consisting than content of Fe and O. As Cl was
included in this corrosion product, corrosion influence with the CI was thought
about. O was undetected even though Cr 21.25%, Fe 70.39%, Ni 6.28% were de-
tected in one analysis point (2. As an extreme difference was seen in content of
Cr and O in analysis point ) and @), it is thought that a surface state changes

by progress of the corrosion. The passive state film is destroyed under the influence

Table 4. Inner surface condition and immersion potential of specimens for residual chlo-
rine concentration.

Immersion Potential [V vs. SCE]

R-Cl, conc. [mg/L] Pitting
0 [day] 2 [day] Difference
0.0 No 0.08 0.16 0.08
0.3 Occurred 0.27 0.38 0.11
Plate 0.4 Occurred 0.10 0.40 0.30
0.5 Occurred 0.13 0.39 0.26
1.0 Occurred 0.13 0.40 0.27
0.0 Occurred 0.48 0.34 —-0.14
0.3 Occurred 0.35 0.23 —-0.12
Pipe 0.4 Occurred 0.46 0.22 —-0.24
0.5 Occurred 0.42 0.22 —-0.20
1.0 Occurred 0.45 0.07 -0.38

R-Cl,: Residual Chlorine.
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Atoms [%]

EDX analysis Cr Fe [6) Cl Si Al Ni C
0} 2.95 18.99 59.6 1.03 2.92 = = 7.09
@ 21.25 70.39 = = = 2.09 6.28 =

Figure 7. Picture of (a) digital microscopic observation; (b) SEM analysis; (c) and (d)
EDX analysis for pipe specimen in 1.0 mg/L of residual chlorine concentration. For com-
parison, the content ratio of elements by EDX analysis are shown in this figure.

of Cl than these SEM observation and EDX analysis in the change of color de-
partment, and corrosion progresses, and it is thought that the corrosion product
mainly composed of iron oxide deposits. As a change of color department was
extremely local, I did not come to evaluate the progress of the pitting corrosion
by the section observation definitely. However, it is thought that this change of
color department becomes the starting point of the pitting corrosion than the
existence of the corrosion product.

On the other hand, the immersion potential showed behavior to disagree with
like 0.0 mg/L in residual chlorine concentration 0.3 mg/L, 0.4 mg/L, 0.5 mg/L,
and 1.0 mg/L with a plate specimen and the straight pipe specimen. In addition,
immersion potential of a plate specimen and the straight pipe specimen behavior
disagreed, but was admitted dependence of the residual chlorine concentration
by a time change.

Since the pitting corrosion potential of stainless steel type 304 has been consi-
dered to be around 0.4 V vs. SCE in this study, electrochemical inspection is now
carried out by the polarization method and constant potential method, and a

detailed investigation of corrosion form is underway.

4. Conclusions

This study was performed to examine the corrosion of stainless steel type 304

pipes used in water supply and hot water supply facilities. The results can be
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summarized as follows.

1) There was more corrosion of pipe parts <50 mm in inner diameter used for
hot water supply facilities with residual chlorine concentration less than 0.4
mg/L as use environment than a case investigation.

2) The changes in immersion potential of plate and straight pipe specimens
over time were dependent on residual chlorine concentration. The residual chlo-
rine concentration dependence was remarkable in the straight pipe specimen,
and the higher the residual chlorine concentration was, the larger the drop width
of the immersion potential was.

3) In a corrosion test, changes of color departments thought to be a sign of the
corrosion in all test conditions to remove 0.0 mg/L of the plate specimen were
observed. It was thought that a change of color department became the starting
point of the pitting corrosion than SEM observation and EDX analysis.

4) As the straight pipe specimens were harder than the plate specimens, cor-
rosion sensitivity appeared to increase with deformation-induced martensite
production.

5) As a tendency to be tense so that the inner diameter became small was seen
in the straight pipe specimen, production of deformation-induced martensite
increased so that the inner diameter became small, and it was thought that cor-

rosion sensitivity became higher.
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