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Abstract

It was well known that residual carbon on the inner surface of copper tubes
was a cause of pitting corrosion, and copper tube surfaces with different re-
sidual carbon amount were different corrosion forms. In this study, the rela-
tion between corrosion form and elution of copper in immersion tests by ac-
celerated corrosion test solutions was examined. Generally, pitting corrosion
that occurs in actual machines was reported to observe chloride ion at the
bottom of the pitting corrosion of copper tubes. Energy dispersive X-ray (EDX)
mapping analysis indicated that chlorine was concentrated in the upper layer
of the samples where copper was not detected under conditions of low resi-
dual carbon amount, while chlorine was concentrated under part of the mi-
cromounds (including the bottom of the pits) under conditions of high resi-
dual carbon amount. It was also suggested that the amount of copper eluted
was related to the amount of residual carbon.
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1. Introduction

Leakage of water due to pitting corrosion was a problem in heat-transfer copper
tubes for air handling units used in building facilities. The pitting corrosion process

of copper was affected by the amount of residual carbon on the inner surface of
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the material [1] [2] [3]. Environmental factors, such as water quality, pH [4] [5]
[6], chloride ions [7] [8] [9] [10], sulfate ions [11] [12], and dissolved oxygen [13],
also had effects on this process. It was reported that pitting corrosion tended to
occur when the amount of residual carbon (hereafter referred to as “residual car-
bon amount”) was 2 mg/m? or higher [14] [15], but no standardized test method
for pitting corrosion resistance of copper tubes had been established, and elec-
trochemical tests and water flow tests were generally used [16] [17] [18] [19] [20].
However, these tests were difficult to apply for quality analysis because it took
time to obtain the results of pitting corrosion. Therefore, we evaluated pitting cor-
rosion resistance of copper tubes by a 1 h filling test with a test solution consist-
ing of a mixture of corrosion promoting factors (hydrogen peroxide, chloride
ions, sulfate ions) and a corrosion inhibiting factor (benzotriazole). As a result,
the optimal solution concentration for the test and the measurement range of
micromounds were reported. A relationship between the number of micro-
mounds and the amount of residual carbon was observed, and it was concluded
that this rapid test would be useful to evaluate the pitting corrosion resistance of
copper tubes [21]. In this study, immersion tests were conducted using a rapid
evaluation test solution to approximate the actual environment. The relationship
between the corrosion form of copper tubes and the amount of copper eluted was

examined by cross-sectional observation of corrosion products.

2. Experimental Methods
2.1. Test Materials

Unfortunately, it was not possible to produce copper tubes with a determined
amount of residual carbon. Therefore, JIS H3300 C1220 phosphorus-deoxidized
soft copper tubes with 5 different levels of residual carbon amount in the market
were used as the test material. Residual carbon amount on the inner surfaces of
0.5 mg/m? (hereafter referred to as “C 0.5”), 2.5 mg/m? (hereafter referred to as
“C 2.5”), 5.3 mg/m? (hereafter referred to as “C 5.3”), 6.6 mg/m?* (hereafter re-
ferred to as “C 6.6”), and 13 mg/m? (hereafter referred to as “C 13”). The C 0.5
specimen had an outer diameter of 15.2 mm and a wall thickness of 0.4 mm, and
the C 2.5, C 5.3, C 6.6, and C 13 specimens had an outer diameter of 15.88 mm
and a wall thickness of 0.8 mm. The residual carbon amount of this test material
was measured by the conventional method [15]. The specimens were cut to a
length of 10 cm, and each test material was cut in half. The amount of residual
carbon was determined by the conventional method. The test material was coated
with silicone resin except for a 3 cm? test area on the inner surface and to ensure
testing under the same conditions as experienced in actual machines, no treat-

ments, such as degreasing, were performed.

2.2. Test Solutions

The test solutions used consisted of pure water to which hydrogen peroxide (H,O,:

special grade reagent; Santoku Chemical Industries Co., Ltd., Tokyo, Japan),
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chloride ions (Cl7), sulfate ions (SO ), and benzotriazole (BTA: special grade
reagent; Kanto Chemical Co., Inc. Tokyo, Japan) had been added. The concen-
trations of H,O, and BTA were adjusted to 10 mg/L, while CI- and SO;  were
adjusted to 100 mg/L. For ClI- and SO? , sodium salts (special grade reagent;

Kanto Chemical Co., Inc. Tokyo, Japan) were used.

2.3. Immersion Tests

The test specimens were immersed in 1 L of test solutions for 30 days, after
which the appearance of the specimen was observed. In addition, the amount of
copper eluted and pH was measured every 7 days after the start of the test. The
tests were conducted at room temperature, with the specimens open to the at-
mosphere and the solution stirred at 300 rpm with a magnetic stirrer. Copper
elution was measured by inductively coupled plasma optical emission spectros-
copy (ICP-OES) (ULTIMAZ2; Horiba Jovin Ybon, Ltd., Kyoto, Japan) at a wave-
length of 324.75 nm. Measurements were made for C 0.5, C 6.6, and C 13, and
the results of copper elution analysis are shown as maximum, minimum, and av-
erage values. The results of copper dissolution analysis are shown as the maxi-
mum, minimum, and average values. After the immersion test, the surface of the
test specimen was observed with a digital microscope (DMV5000; Leica Micro-
systems, Wetzlar, Germany) and by scanning electron microscopy (SEM) (S-4300;
Hitachi High-Technologies Co., Tokyo, Japan) equipped with energy dispersive
X-ray analysis (EDX) (EX-220; Horiba, Ltd., Kyoto, Japan) performed under

high-vacuum conditions with an acceleration voltage of 15 kV.

3. Results and Discussion

3.1. Progressive Observation of Copper Corrosion Form

Figure 1 shows the results of corrosion after immersion tests. The surfaces of the
test specimens after the immersion test are shown in the upper row of Figure 1.
Corrosion products were observed throughout the specimens regardless of the
residual carbon amount. Cross-sectional observations at the locations where cor-
rosion products were detected are shown in the second row of Figure 1. C 0.5
and C 2.5 showed corrosion with a wide front, while C 5.3, C 6.6, and C 13
showed corrosion with a narrow front that progressed in the depth direction. In
SEM observation of the cross-sections shown in the third row of Figure 1, dif-
ferences in the form of corrosion products were observed according to the resi-
dual carbon amount, similar to the cross-section observations shown in the second
row. In addition, EDX mapping analysis of copper and chlorine (hereafter re-
ferred to as Cu and Cl) shown in the fourth and fifth rows of Figure 1 indicated
that Cl was concentrated in the upper layer of the sample where Cu was not de-
tected at C 0.5 and C 2.5, while CI was concentrated under part of the micro-
mounds (including the bottom of the pits) in C 5.3, C 6.6, and C 13. From the
above results, it was inferred that the form of the corrosion products and the

progression of corrosion were affected by differences in residual carbon amount.
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Figure 2 shows the area per corrosion product. At C 0.5, the area of corrosion
products is approximately 200,000 um?. As the residual carbon amount increas-
es, the area becomes smaller, and the area per corrosion product is about 50,000
pum?. It seems that the relationship between the width of the frontage and the
corrosion form, as shown in the cross-section observation in Figure 1, is related

to the area per corrosion product.

C0.5 €25 C53 Co6.6 C13

Figure 1. Observations of the inner surfaces and results of EDX analy-
sis for the cross sections of the copper tubes.
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Figure 2. Relationship between area of corrosion products and amount

of residual carbon.
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3.2. Evaluation of Corrosion Resistance

The upper panel of Figure 3 shows the amount of copper eluted every 7 days in
three types of specimens: C 0.5 with low residual carbon amount, C 6.6 with in-
termediate residual carbon amount, and C 13 with high residual carbon amount.
C 0.5 showed copper elution of 0.42 mg/L after 7 days and 0.64 mg/L after 1
month. C 6.6 showed copper elution of 0.51 mg/L after 7 days and 0.87 mg/L af-
ter 1 month. C 13 showed copper elution of 0.50 mg/L after 7 days and 0.86
mg/L after 1 month. The increase in amount of copper eluted from 7 days to 1
month was 0.22 mg/L for C 0.5, while it was 0.36 mg/L for C 6.6 and C 13. It was
inferred that the difference in the amount of elution was related to the amount
of carbon film that acts as an accelerator of the anodic reaction. Therefore, it was
considered that copper tubes with high residual carbon amount would have a
pitting corrosion form due to the localized anodic reaction, resulting in an in-
crease in the amount of copper elution. The variation of pH with time is shown
in the lower panel of Figure 3. C 0.5 showed an increase in pH after 14 days, and
was around pH 7 after 1 month. C 6.6 transitioned near pH 5.7 from the start of
the test to 21 days, and was close to pH 6.5 after 1 month. C 13 tended to transi-
tion between pH 5.5 and pH 6.0 from the start of the test to 1 month later. The
above results showed that copper forms a stable film at pH 6.5 or higher [22]
[23], and only C 0.5 shown in the lower part of Figure 3 reached the neutral re-

gion above pH 6.5, suggesting that corrosion was less likely to progress under
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Figure 3. Copper concentration eluted from copper tube and
pH conditions of immersion time.
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these conditions. Therefore, it was inferred that C 0.5 with low residual carbon
amount, in which Cl was concentrated in the upper layer of the specimen, had

good corrosion resistance.

4. Conclusions

The results of this study can be summarized as follows.

1) Cross-sections at the location where corrosion products occurred showed
full corrosion for C 0.5 and C 2.5, while C 5.3, C 6.6, and C 13 showed pitting
corrosion.

2) Cross-sectional EDX mapping analysis showed that Cl was concentrated in
the upper layers of C 0.5 and C 2.5, and CI was concentrated under part of the
micromounds (including the bottom of the pits) in C 5.3, C 6.6, and C 13.

3) We speculated that the difference in the corrosion form of copper tubes was
related to the amount of carbon film that acts as an accelerator of the anodic
reaction, and we considered the amount of leaching elution with the pitting corro-

sion form.
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