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A Study on Ant-Nest Corrosion of Copper
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Tubes Occurring in Carboxylic Acid and
Carboxylate Environments
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ABSTRACT

The heating, ventilation, and air conditioning (HVAC) systems failed prematurely



due to leaks in copper tubes caused by localized corrosion, usually known as “ant-—
nest corrosion.” The complex processes behind this phenomenon remain unexplained,
motivating the author to conduct the following studies: (1) Effect of phosphorus
on the ant—nest corrosion mechanism; (2) Unveiling the complex morphology of ant-—
nest corrosion in oxygen—free copper tubes through nano X-ray CT examination; and
(3) A comparison of the corrosion behavior of copper tubes induced by formic acid

and acetic acid. All may be summarized as follows:

1. Ant—nest corrosion is a unique premature failure of phosphorus—deoxidized
copper tubes in the HVAC industry. This study aimed to investigate the
effect of phosphorus on ant—nest corrosion by immersing oxygen—free copper
tube (P 0%), phosphorus—deoxidized copper tubes (P 0.02%), and copper tubes
with 0.21% and 0.29% phosphorus in 103 ppm HCOOH solutions for 80 days.
Under microscopic examination, the surfaces of all the copper tubes changed
from purple, orange to purple, gray/brown after immersion for 60 days,
indicating residual solid formation caused by redox reactions, identified
as the Cu,0 layer by XRD. Using FESEM/EDX, more branched tunnels were found
in oxygen—free copper tubes than in the phosphorus—deoxidized copper tubes
(P 0.02%), where only Cu and O were present inside the copper wall. Copper
tubes with 0.21% and 0.29% phosphorus suffered several micro—pitting
corrosions. MP-AES results showed that P 0% samples had a lower mean of Cu
concentration than copper tubes (P 0.02%), and acid-base reactions played
a role in early—stage corrosion. The results showed that the addition of a
phosphorus solid to the copper tube had no effect on the accelerated
progression of ant—nest corrosion. Electrochemical analysis demonstrated
that phosphorus was rapidly dissolved in the copper tubes upon immersion in
the HCOOH solution during the early—stage of corrosion, leading to
significant consumption of oxygen during the anodic reaction of the ant-—
nest corrosion mechanism. Therefore, it can be concluded that ant—-nest
corrosion can occur on high—purity copper tubes, which require moisture,
oxygen, and formic acid simultaneously.

2. An unusual type of corrosion, referred to as “ant-nest corrosion” , was

identified in copper tubes used in heat exchangers, leading to premature



failure. This corrosion was characterized by intricate morphological
patterns resembling microscopic interconnecting tunnels observed in cross—
sectional analyses, like an ant’ s nest. However, the exact pathways of
dissolved oxygen involved in corrosion process remain unclear based on
cross—sectional observations, likely due to the preparation of methods,
such as cutting and polishing, used before examination. In this study,
oxygen—free copper tubes (10.99 cm?) were immersed in formic acid and copper
(IT) formate solutions (concentrations of 10, 100, and 1000 ppm) for 80
days, respectively. LOM showed ant—nest corrosion, which was clearly visible
in copper tubes immersed in 100 ppm formic acid and 100 and 1000 ppm copper
(I1) formate solution. The mean corrosion rates for formic acid were
1.2 x 1073 (nm/s) at 10 ppm, 1.9 x 1073 (nm/s) at 100 ppm, and 0.6 X 1072 (nm/
s) at 1000 ppm. Copper (II) formate showed rates of 1.4 x 10™* (nm/s) at 10
ppm, 8.1 x 10™* (nm/s) at 100 ppm, and 1.3 x 1072 (nm/s) at 1000 ppm. SEM
revealed that the branching tunnel walls were coated with an oxide layer,
which EPMA confirmed to be primarily composed of oxygen and copper elements
Furthermore, nano X-ray computed tomography (CT) indicated that corrosion
initiates on the copper surface and progresses to localized corrosion
characterized by branching tunnels that subsequently penetrate the wall.
Carboxylic acids, particularly formic and acetic acids, have been related
to the premature failure of heating, ventilation, and air—-conditioning
systems due to localized corrosion known as “ant-nest corrosion.” This
study investigates the corrosion behavior of oxygen—free copper tubes
subjected to different concentrations (5, 10, 50, and 100 ppm) of formic
acid and acetic acid for 20, 40, 60, and 80 days. The comparison
investigation shows significant variations in how each acid affects copper
corrosion. The results show that formic acid causes a larger average weight
loss in copper tubes than acetic acid, indicating a more aggressive
corrosive impact. Surface examinations back up this claim, since copper
samples exposed to formic acid exhibit more extensive surface corrosion,

with both acids forming crystalline corrosion products on the copper surface.



X-ray diffraction (XRD) study revealed that the crystalline products of
formic acid corrosion are cuprous oxide (Cu,0) and copper formate hydroxide,
whereas acetic acid exposure produces cuprous oxide (Cu,0) and copper
acetate hydroxide. Cross—sectional research reveals a significant variation
in corrosion morphology between the acids: formic acid creates intricate

deeply penetrating “ant-nest” corrosion structures, whereas acetic acid

mostly forms shallow pits on the copper surface
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