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Abstract

Dewatering tube is a crucial equipment used to separate water and solids during papermaking process. The tube made of SS
316L stainless steel, responsible for supplying fresh water, failed during operation. The purpose of this research was to
determine the cause of failure to prevent similar issues in the future. Methods used in this research mainly implements root
cause analysis while considering all possible aspects contributing to the failure. Pitting Resistance Equivalent Number of
23.499 was obtained, indicating acceptable value of SS 316L localized corrosion resistance. However, the results of the
examination indicated that the failure of the dewatering tube was caused by crevice corrosion. The crevice corrosion was
formed due to trapped chlorine-containing water in the gap between the tube and suction box. The chlorine content of 3.36
wt% was confirmed by EDS. The presence of chlorine deposits in the gap between suction box, in combination with
operating temperature (70 — 80°C) and environment (pH 3.5 to 4.5) caused the localized corrosion reaction to occur,
ultimately leading to tube leakage. The study’s results provide valuable insights for industries to mitigate the risk of similar
issues of equipment that operates in corrosive environment in conjuction with elevated temperature.
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1. Introduction

Pulp and paper mills are highly complex facilities that integrate various process areas to convert wood into the final
product. The processing options and type of wood used are often determined by the desired final product. Pulping and
papermaking rely on capital-intensive technical equipment and high-tech, high-speed paper machines that can produce rolls
of paper at speeds of up to 2,000 meters per minute, with a web width exceeding 8 meters [1]. Dewatering is a process used
to separate water and solids during stock preparation and the papermaking stage. If any component of this unit fails, the
system will not function properly [2-4]. In this research, the tube responsible for streaming fresh water during the
dewatering process failed during operation. The tube was clamped to the suction box and, although it was not immersed
during the process, it was exposed to splash water from the surrounding area with a pH of 3.5 to 4.5. The tube corroded
after only three months of operation. The failed tube was then brought to the laboratory for analysis to determine the root
cause of the failure.

2. Material and Methods
The material of the tube investigated is AISI 316L stainless steel, with a diameter of 15.875 mm and a thickness of
1.71 mm. This tube was taken from a part of the dewatering system on a papermaking machine, as shown in Figure 1.

Dewatering
tube,

location 1
and 2

Figure 1.
Location of the tube examined in the laboratory to determine the root cause of the
failure. Tubes on location 1 and 2 are attached on the same suction box.

The operational conditions of the dewatering system from which the tube was taken are listed in Table 1.

Table 1.

Technical Operational Data.
Parameters Remark
Material AISI 316 L
Operational pressure 1 atm
Operational temperature 70-80°C
Environment Wet environment

The examination method employed in this research involves implementing root cause analysis, which includes macro-
fractography, metallography, chemical analysis, hardness testing, scanning electron microscopy, and energy-dispersive X-
ray spectroscopy [5, 6]. The objective of these tests and examinations is to gather valuable information regarding the initial
cause of the failure. The procedure and objective of each test are as follows:

* Visual examination was conducted to identify damage characteristics and determine the preparation steps for further
analysis. This method involved a detailed assessment of the sample's condition, including the location of damage, which
was documented using a digital camera. The failed tube was visually inspected and photographed in its as-received
condition.

» Macrographic examination was performed to identify the initial crack, determine the direction of crack propagation,
assess the fracture mode, and detect any material defects around the fracture area. This test utilized an optical stereo
microscope, and specimens were carefully prepared from the fracture surface, with particular attention given to areas
suspected of containing the initial crack.

« Micrographic (metallographic) examination was carried out to explore finer details of the fracture area, focusing on
microstructure and its evolution, as well as micro defects, micro cracks, and other micro discontinuities that may have
contributed to the fracture. Optical microscopes were used to analyze cross-sections and longitudinal planes of the tube,
allowing for the monitoring of microstructural changes.

« SEM and EDAX analysis were performed to examine the cracks' surface in greater detail and to determine the
elemental composition of the fracture surface. This examination aims to identify elements that might exhibit aggressive
characteristics and contribute to the damage or initial failure.
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e The chemical composition analysis involves examining the elemental content of the base material of the tube using a
spark spectrometer. The results are then compared with the specified composition outlined in the reference standards.

e The hardness test was performed to verify whether the material meets the specified classification. The test was
conducted using a Vickers hardness tester.

« Tensile tests were conducted using universal testing machines to assess the material’'s current strength properties.

All results from these examinations and tests were rigorously analyzed to identify the primary factor responsible for
the initial crack or leak, as well as any contributing factors that accelerated further degradation of the tube [7, 8]. This
approach includes examining all potential factors that may have contributed to the tube's failure [5]. Typically, major
sources of failure can stem from issues such as incorrect design, manufacturing defects, improper installation, incorrect
operational parameters, and unsuitable material specifications [9, 10]. In this research, design, manufacturing, and
installation aspects were not examined, as the unit's reliability had been confirmed by the owner prior to installation,
affirming the integrity of these factors. Therefore, the research focused exclusively on operational factors. Once the most
dominant factor was identified, further examinations were conducted to uncover additional valuable scientific insights.

3. Results and Discussion
3.1. Result

The results from all tests and examinations provide valuable information that can guide the investigation into the
primary cause of the tube failure.

3.1.1. Visual and Macrographic Examination
The visual examination clearly shows that the investigated tube is heavily corroded by general corrosion on its outer
surface, as depicted in Figure 2.

b b e e 4

Figure 2.
Visual examination of the failed tube (Location 1) reveals that the majority of the outer surface is covered by corrosion products.

Higher magnification of specific areas facing the suction box either at location-1 or location-2 reveals evidence that the
corrosion process has penetrated the tube’s thickness, forming longitudinal notches. These notches are present at multiple
observation locations, as shown in Figure 3.

Figure 3.
Observation of notches on the tube surfaces at different locations facing the suction box: (a) Location 1 and (b) Location 2.

However, no corrosion products or crevices are found on the inner tube surface, which remains clean and in good
condition (Figure 4).
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Figure 4.
Visual examination of the inner tube surface shows no
corrosion products and it remains in good condition.

Macrographic examination of the cross-section at location-1 confirmed that the notches originated from the outer
surface of the tube, as depicted in Figure 5a.

corrosion

Figure 5.
Cross-sectional examination of the tube at Location 1 (a) and longitudinal section at Location 2 (b)
reveal the formation of notches originating from the outer surface.

A similar phenomenon occurred on the longitudinal section of location-2, which was also facing the suction box
(Figure 5b). These observations confirm that the main cause of failure originated from the outer surface of the tube, while
the inner surface remains free from corrosion and in good condition. There is no evidence of thinning or leakage caused by
other mechanisms such as mechanical impact, overloading, erosion, bulging, or thermal deformation. Therefore, the
primary cause of failure appears to be the formation of a crevice on the outer surface [11, 12].

3.1.2. Microstructure Examination

The metallographic examination of the bulk area revealed that the microstructure of the tube is austenitic, which is
typical of 316L stainless steel (Figure 6) [11]. Therefore, the failure of this tube cannot be attributed to incorrect material
selection. Further examination of the microstructure at the leakage area confirms that the notch was formed on the outer
surface of the tube.

AV
Figure 6.
Microstructure of the bulk tube material is austenitic, it is in
accordance with 316 L stainless steel microstructure.
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There is no evidence indicating that the formation of the notch was caused by mechanisms such as erosion or
mechanical impact, other than crevice corrosion. This is supported by the presence of black deposits on the notch surface
and the observation of truncated grain structure along the notch surface (Figure 7).

Corrosion
product

= Zk i
Figure 7.
Higher magnification using metallography technic revealed that the
notch area is covered by corrosion products.

Moreover, the wide and deep dimensions of the notch contour are typical of crevice corrosion attack [7, 12, 13].
Microstructure examination revealed no indications of other contributing factors to the leakage, such as microcracks,
inclusions, or micro defects.

3.1.3. Chemical and Hardness Testing Result

Chemical and hardness tests were conducted on the bulk material to verify conformity to the AISI SS 316L standard as
specified by the factory. The results indicated that the tube material composition is in accordance with the specifications
(Table 2).

Table 2.

Chemical Composition Test Result of Tube Material.
Element Result Wt % Specification Wt%
Cr 16.8 16.00-18.00
Ni 10.8 10.00-14.00
Mo 2.03 2.00-3.00
C 0.016 0.03 max
Mn 1.19 2.00 max
P 0.06 0.045 max
S 0.01 0.03 max
Si 0.41 0.75 max
N NA 0.1 max
Fe Balance Balance

This finding is corroborated by the hardness test, which yielded a maximum value of 155 HV (Table 3).

Table 3.

Vickers Hardness Test Result on the Cross-Section of the Tube.

Point No. HV Specification
1 130

2 139

3 134 155 HV

4 138 Max.

5 137

Average 135.6

3.1.4.SEM and EDX Testing Result

Crevice evidence was also observed using Scanning Electron Microscopy (SEM), which revealed a wide and deep
notch characteristic of crevice failure and the crevice wall is covered by corrosion product (Figure 8 a and b). Energy
Dispersive X-Ray (EDX) analysis of the black deposits on the notch surface indicated high oxygen content and identified
the presence of corrosive chlorine (Cl) on the surface. It is confirmed that the deposit on the notch surface is a corrosion
product (Figure 9 and Table 4).
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Figure 8.
Scanning Electron Microscopy (SEM) examination of the notch area shows that the notch is characteristic of crevice corrosion (a) and the
crevice wall is covered by corrosion product (b).
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Figure 9 Energy Dispersive X-Ray (EDX) analysis of the notch surface indicates high oxygen content, representing
corrosion products, and reveals the presence of the corrosive element chlorine (CI).

Table 4.

EDX analysis results at the notch surface.

Element Mass %
C 22.46
O 29.19
Si 0.50
S 0.64
Cl 3.36
Cr 4.72
Fe 29.04
Ni 10.10

3.2. Discussion
3.2.1.Failure Initiation Analysis

Stainless steel SS 316L is a common material used in the paper manufacturing industry due to its high resistance to
general corrosion in corrosive environments and its strength to support high loads. However, passive alloys, particularly
those in the stainless steels group, are more susceptible to crevice corrosion under specific conditions compared to
materials that exhibit more active behaviour [14, 15]. Crevice corrosion is a type of localized corrosion that occurs within
confined spaces or crevices formed between two surfaces. It can affect various alloys, including stainless steel, aluminium,
titanium, and copper. The resistance to crevice corrosion can vary among alloys depending on environmental parameters
such as temperature, chloride concentration, pH, and oxygen content [3, 16]. The metallographic examination of the tube’s
cross-section reveals that the damage is characteristic of crevice corrosion failure (Figures 5 and 7). Considering all the
evidence obtained, it is obvious that the notch is a result of crevice corrosion [11, 17].
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In this research, the failed tube was clamped to the suction box with an approximate 2 mm gap in between (Figure 1).
The presence of such narrow gaps between the suction box and the tube can lead to localized corrosion at this site (Figure
10) [11].

Fluid which is
trapped between
suction box and
tube cause crevice
corrosion

The fluid spreads
around the surface
of the tube

Figure 10.
Fluid trapped between the tube and the suction box promote localized corrosion reaction.

Crevice corrosion can occur when water splashed from the dewatering process, along with dirt, becomes trapped in
these narrow gaps, leading to the breakdown of the passive surface layer within the crevices or shielded areas. The common
mechanism behind all types of crevice corrosion is the development of a localized environment that can differ significantly
from the bulk environment, often resulting from the establishment of oxygen differential cells. Oxygen ingress in the
process and production system can be detrimental to corrosion-resistant alloys. This occurs when oxygen within the crevice
electrolyte is consumed, while the surrounding exposed surface has ready access to oxygen and becomes cathodic relative
to the crevice area (Figure 11) [18, 19].

stagnant
electrolyte
inside crevice

Suction Box

O R

Figure 11.
The role of oxygen in the initiation of crevice corrosion on the tube.

3.2.2. Effect of Atmospheric Hydrogen Potential (pH)

It is well known that a low pH level can reduce the stability of the passive layer on stainless steel, which serves as the
corrosion-resistant component. This passive layer is composed of chromium oxide, formed by the oxidation of chromium in
the atmosphere. It has a regenerative characteristic, allowing it to automatically recover when scratched. As a result of the
reduced stability of this passive layer, stainless steel becomes prone to crevice corrosion, particularly in areas where the
electrolyte solution is trapped. When the passive layer is damaged, it is difficult to regenerate a new layer because it cannot
come into contact with atmospheric oxygen due to obstruction by the solution. This condition is exacerbated by the fact
that the pH decreases further due to the dissolution of chromium in the electrolyte at the crevice location when the passive
layer is damaged [20]. Given that the operational pH is between 3.5 and 4.5, it can be confirmed that the passive layer of
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SS 316L is in an unstable condition. The Pourbaix diagram for chromium (Figure 12) indicates that, under these
conditions, it is difficult to regenerate the passive layer. As a result, crevice corrosion may continue to progress [11].
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Figure 12.
The Chromium Pourbaix diagram shows that the passive layer (Cr20s)
becomes ionized to Cr** under pH 3.5 conditions Kain [11].

3.2.3. Effect of Atmospheric Hydrogen Potential (pH)

Temperature is a crucial factor in corrosion reactions, with the corrosion rate typically doubling for every 10°C
increase in temperature. For specific stainless steels, localized corrosion can initiate only above a critical temperature;
however, this critical temperature can be lower in environments with high chlorine concentration [21, 22]. As shown in

Figure 13, SS316L material with approximately 2.8 weight % molybdenum (Mo) has a critical temperature of only 13°C in
a chlorine-containing environment [13, 23].

% T
254SMOR /
80 / =175
AL-6X
g / ¢ ¢
g 1% £
2 o 19/25HMO 2
g / ¢ g
§ J57008 /334N Ji5 §
S 50 . % 20Mo-6 e
g 1.4439 g
£ s o/ & C19/25 £
3 b\l H20MES 7Res a
E Nitronic 50 904L 10 §
= $3a 2
< 20Cb3 <
o 30 3 o
4
20 $317L
z 6L
10 L 50
2 a5 6 7

Molybdenum content, wt%

Figure 13.
The effect of molybdenum (Mo) on various stainless steels types
in an Fe Cls environment with critical pitting or crevice Kain [11].

It can be confirmed that the tube investigated, with a 2.03% Mo content and operated at temperatures around 70-80°C,
is prone to localized corrosion attacks. Additionally, another approach to assess corrosion resistance is through the Pitting

Resistance Equivalent Number (PREN), which depends on the chemical alloy content of the material. The PREN can be
calculated using the following equation [11]:

PREN = %Cr + 3.3 (%Mo) + X(%N) 1)
where x is typically given as either 16 or 30

Although this relationship was developed to rank pitting resistance, it also provides a relative ranking of a stainless
steel’s crevice corrosion resistance. The calculation from the chemical composition test of the tube indicates a PREN of
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approximately 23.499 which indicates the acceptable value of SS316L pitting resistance. When this data is compared to the
critical pitting temperature (CPT) and critical crevice corrosion temperature (CCT), as shown in Figure 14, it is evident that
SS316L has low CCT (-10°C). It confirms that crevice corrosion is likely to occur when operating temperature is above
CCT. It is important to remember that crevice corrosion can occur at lower temperatures than pitting corrosion because
less effort is required to initiate a pit within the geometric crevice [24].

90
80 6-6.5 9% Mo
70 Austenitic SS
c
~ 60
& 50
@ 40 4-5% Mo Duplex SS
-
1 3-4% Mo
g 30
& 20
£ 2-3% Mo
3 10
0
-10
-20 316L 317L 317LMN 904L 6Mo 2304 2205 255 2507

Crmcal Pitting Temperature Critical Crevice Temperature

Figure 14.
Critical pitting temperature (CPT) and critical crevice corrosion temperature (CCT) for various austenitic and duplex stainless steels, measured according
to ASTM G48 in 10% ferric chloride Wei, et al. [4].

3.2.4. Effect of of Chlorine Content

The presence of chloride ions significantly promotes crevice corrosion. Higher chlorine content in the area creates a
chemically aggressive environment where corrosion-causing ions cannot readily diffuse out of the crevice. In such
conditions, the entire surface within the crevice can corrode at an accelerated rate [25]. As shown in Figure 15, crevice
corrosion of 316L stainless steel begins to occur in water with chloride content as low as 2000 ppm.
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Crevice corrosion resistance

Chloride level, ppm

Figure 15.
Probability of crevice corrosion occurring in water containing chlorine Yang, et al. [26].

It is important to consider that the watering system in the pulp industry contains chlorine concentrations and operates
at temperatures above the critical passive layer strength of stainless steel. Therefore, crevice corrosion is readily initiated
[26-28].

4. Conclusions
Based on the results of all tests and examinations, it can be concluded that the failure of the dewatering tube was
caused by crevice corrosion. This corrosion was initiated by water splashed from the dewatering process, combined with
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dirt, and trapped in the narrow gaps between the suction box and the tube. The crevice corrosion was further accelerated by
the presence of chlorine and the low pH of the environment.
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