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Evaluating the corrosion resistance of
different materials used in friction rock
stabilisers in different underground
environments

by T.P. Chidakwa, T.R. Stacey

Abstract

This study investigated the corrosion rates of various steel types and coatings used for friction
rock stabilisers in a deep-level gold mine under diverse underground environmental conditions.
Testing was conducted in situ within ramps, intake airways, and exhaust airways, and through
simulated laboratory experiments. Results revealed that environmental variations significantly
influence the corrosion performance of different materials and coatings. Duplex coatings,
made up of galvanised steel with an organic paint layer, demonstrated the highest corrosion
resistance. Zinc-based coatings provided moderate protection, while 3CR12 stainless steel and
uncoated $420 carbon steel exhibited comparatively poor resistance under both aqueous and
atmospheric conditions.
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Introduction

Ground stabilisation support elements used in most deep underground mines are susceptible to
corrosion due to the harsh environmental conditions. These harsh conditions are a result of the wet
conditions due to groundwater, the presence of corrosive ions such as chloride (Cl) and sulphate (SO42),
and the high temperatures and high humidity due to mining depth and high virgin rock temperatures.
According to Preston, et al. (2019), the high atmospheric temperatures, combined with the presence of
pollutants and high humidity, promote the corrosion of exposed ground support elements.

Corrosion of ground stabilisers is of great concern as it causes deterioration of ground support
elements, which may cause support failure. Support failure contributes significantly to falls of ground,
which then adversely impact the mining operations. Dorion, et al. (2009), described the corrosion of
support systems as a major safety and economic concern in underground hard rock mines. According
to Potvin, et al. (2001), corrosion is responsible for 25% of all cable bolt failures and 29% of all rock bolt
failures in the Australian mining industry. Potvin, et al. (2001) also discovered that 27% of the rockfalls
where support had been installed, were supported using friction stabilisers. The corrosion resistance of
ground stabilisers plays a crucial role in determining support regimes for mining operations.

This study was conducted at a South African underground gold mine where friction rock stabilisers
and yielding mechanical hybrid rockbolts serve as primary ground reinforcement. The friction rock
stabilisers being used are susceptible to corrosion due to their design and support mechanism. According
to Tilman, et al. (1984), the large surface area, thin tube wall, full column contact with the rock mass,
and lack of protective grouting make friction rock stabilisers prone to corrosion failure. This corrosion
compromises the structural integrity of rock bolts, leading to loss of support capacity, bolt failure, and
rock falls. The mine faces challenges with falls of ground, some of which have been attributed to localised
corrosion of ground support. Of the five falls recorded in 2018, one was attributed to support element
failure due to corrosion.

The importance of determining the corrosion rates for various metals and coatings has long been
recognised in the mining industry. Preston, et al. (2019), evaluated the effectiveness of several coatings,
carbon steel alternatives, barrier protection, and combinations of these in different mining environments.
Chen, et al. (2022), have also evaluated the impact of different coatings in protecting rock bolts from
stress corrosion cracking in underground mines. Hadjigeorgiou, et al. (2023), focused on the impact
of rock bolt properties such as chemical composition, configuration, and material hardness on the
corrosion resistance of friction rock stabilisers. It is recognised that different coatings lead to different
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corrosion in different conditions, as established by Hadjigeorgiou,
et al. (2019), when investigating the corrosion resistance of six
proprietary coatings used for expandable bolts.

In South Africa, several materials, including $420 carbon
steel, 3CR12 stainless steel, and galvanised steel are used in the
manufacture of friction rock stabilisers. $420 carbon steel is one
of the most common materials, but it suffers from poor corrosion
resistance. S420 steel is a high-strength low-carbon steel that
contains small amounts of alloying elements such as manganese
(1.6%), silicon (0.5%), carbon (0.12%), phosphorus (0.025%),
and sulphur (0.015%), which improve its strength and other
mechanical properties (Thomas, 2013). As pointed out by Pedeferri
(2018), the porous and non-protective rust layer formed on the
surface of $420, owing to its carbon steel composition, makes it
susceptible to atmospheric corrosion. In contrast, 3CR12 stainless
steel is a preferable choice for challenging acidic environments
due to the chromium content, which reacts with oxygen to
establish a protective oxide layer (Pedeferri, 2018). The 3CR12 was
originally developed by Columbus Stainless, which designated
the registered trademark ‘3CR12. Official designations of this
grade include UNS S40977/541003 and 1.4003, ASME SA240
grades, ASTM A240/A240M grades and EN 10088.2. According
to Azo Materials (2014), 3CR12 stainless steel is a low-cost grade
chromium-containing corrosion resisting ferritic steel fabricated
by modifying the properties of grade 409 steel. Its composition
typically includes chromium (11.6%), titanium (0.2%), nickel
(0.6%), carbon (0.025%), silicon (0.4%), manganese (0.5%),
phosphorus (0.025%), and sulphur (0.020%) (Thomas, 1981).
Some compositions of 3CR12 have molybdenum, which further
enhances corrosion resistance due to molybdenum effectiveness
in improving pitting and crevice corrosion resistance, (Schweitzer,
2007). However, this stainless-steel variant is susceptible to pitting
corrosion in the presence of chloride solutions and oxidising agents
(Mursalo, et al., 1988). To mitigate corrosion, zinc-based coatings
are increasingly being used on friction rock stabilisers, due to Zn
exhibiting a corrosion rate 10 to 30 times lower than that of carbon
steel, contingent on environmental conditions (Pedeferri, 2018).
Zinc coatings also provide dual protection consisting of barrier and
sacrificial protection, and are also more resistant to mechanical
damage, (Kania, 2022). Despite the protective nature of galvanised
coatings, caution should be exercised regarding their effectiveness
in reducing corrosion rates in that it is limited to short-term periods
due to the inherent thinness of the coatings (Stimpson, 1998).

Experimental procedure

Due to the wide variety of rock bolts used and the differences in
underground mining environments, it has been difficult to gather
enough information to inform different mines on their choice of
the best coatings for support elements to suit different conditions.
The objective of the research described in this paper was to assess
corrosion rates for different types of materials used for friction rock
stabilisers in diverse underground environments. The goal was to
provide valuable insights for mines in selecting appropriate support
elements based on specific conditions.

The research utilised both quantitative and qualitative
methodologies aimed at quantifying the corrosion resistance of
various steel types and coatings used in the manufacturing of
friction rock stabilisers in South Africa, (Chidakwa, 2023). The
study consisted of underground corrosion testing conducted at
an underground gold mine, and testing at an external laboratory
under controlled conditions referred to as simulated underground
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corrosion testing (SUCT). These two tests aimed to evaluate
corrosion under atmospheric and aqueous environments,
respectively.

Underground testing was confined to coupon testing, whilst
the SUCT was expanded to include both rock bolt and coupon
testing. Coupon testing is a widely accepted procedure for the
determination of the type and rate of corrosion in underground
environments. It can be described as an in-line monitoring
method where coupons are placed directly in the process stream
and later removed for assessment; an approach that offers a
direct measurement of metal loss, enabling the calculation of the
general corrosion rate (Orth, 1997). This method was used by
Hadjigeorgiou, et al. (2008), in Quebec underground mines, whilst
Villaescusa, et al. (2007), used it in Australian underground mines.

The final evaluation of corrosion for the different materials was
based on visual qualification of corrosion, weight loss analysis, and
corrosion rate.

Underground corrosion testing procedure

Corrosion testing underground was designed to test for atmospheric
corrosion. Six different types of steel and coatings were selected
for testing in three different types of underground environments
i.e., ramps, intake airways, and exhaust airways. These were
identified as having distinct atmospheric conditions impacting
corrosion. Corrosion coupons made from the materials under
investigation were sourced from four different local suppliers who
manufacture friction rock stabilisers. The coatings investigated
were all proprietary coatings designed in-house by the suppliers.
These coupons were manufactured as rectangular slabs measuring
approximately 120 mm x 30 mm x 3 mm, as shown in Figure 1.

A total of 288 coupons, made of the different materials under
investigation, were installed in 12 different underground locations
distributed equally among ramps, intake airways, and return
airways. Each location had four sets of coupons from each of the
different materials, securely attached to the hanging wall using cable
ties.

The materials selected for investigation were:

Hot dip galvanised S420 carbon steel (‘hot dip galvanised’).
§420 carbon steel with a black paint coating (‘black paint’).
Hot-dip galvanised S420 carbon steel with a powder coating
(‘powder coating).

Zinc electroplated S420 carbon steel.

3CR12 stainless steel (hot rolled with a black finish).
Uncoated $420 carbon steel.

Coupon retrieval was done at 6-, 12-, and 24-month intervals.
After retrieval, the coupons were mechanically cleaned to remove
dust, photographed at high resolution, and analysed visually before

YYY YVY

Figure 1—Picture examples of corrosion coupons used in the study
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being bagged individually and despatched to an external laboratory
for further analysis. At the laboratory, the coupons were chemically
cleaned according to (ISO 9226, 2012) and (ASTM G1-03(2017)el,
2017), standards before the assessment of mass loss and dimensional
changes due to corrosion. Microstructure evaluation was also
conducted to determine the nature and extent of the corrosion.

Simulated underground coupon testing (SUCT) procedure

The SUCT was created to assess aqueous corrosion in an
environment where temperature, humidity, and water chemistry
were controlled. The experiments took place in a custom-built
corrosion test chamber at an external laboratory. The environmental
conditions for the SUCT were maintained at a temperature of 30 +
2°C and humidity of 95 + 5%. An electrolyte solution to simulate
underground mine water was used and it comprised 3.5% sodium
chloride (NaCl), 2% sodium sulphate (Na»SO4), 0.1% calcium
chloride (CaClz), 0.01% sodium carbonate (Na,COs3), and 0.01%
sodium nitrate (NaNOs). The average pH of the solution was 8.27
with a 1.7 range. It is important to note that, whilst there has been
water testing conducted at the mine for other projects, there was no
water testing conducted for this particular investigation.

A total of 136 coupons and 138 friction rock stabilisers were
used for the investigation, distributed across six different materials
as follows:

Hot-dip galvanised $420 carbon steel (‘hot dip galvanised’).
Thermal-diffusion Zn-Fe coated S420 carbon steel (‘Distek’).
White (Duplex) coated galvanised S420 carbon steel.

Zinc electroplated S420 carbon steel.

3CRI12 stainless steel (hot rolled with a black finish).
Uncoated $420 carbon steel.

YYYYVYY

The duplex coating investigated consists of a galvanised $420
carbon steel with a layer of white organic paint. Villa (2012),
describes a duplex system as consisting of steel protection with a
zinc coating and a non-metallic coating such as paint applied on
top to provide additional protection where galvanising alone does
not provide the required corrosion durability. The galvanising acts
as both a barrier and sacrificial coating, whilst the paint acts as an
additional barrier coating.

During friction rock stabiliser installation, the outer layer comes
into contact with drilled hole walls, causing potential damage that
may impact the rate and type of corrosion. Thus, half of the rock
bolts in each category were pressed through a custom-made rigid
steel assembly containing compacted stone to simulate scuffing or
scratching that occurs during underground installation, as shown in
Figure 2.

Before placement in the test chamber, coupons were tagged,
weighed, and measured. Specimens, including both coupons
and bolts, were then exposed to a controlled environment in the
test chamber for a total of 1440 hours, divided into six ten-day
cycles. The friction rock stabilisers were subjected to water spray
conditions, whilst the test coupons were completely submerged
in water in plastic pans on the floor as shown in Figure 3. The
friction rock stabiliser test specimens underwent daily rotation,
with regular water sample collection to monitor various parameters.
After each cycle, at least two coupons for each material type were
retrieved, chemically cleaned, and measured according to ASTM
G1 procedures. The rest of the coupons and rock bolts were
analysed visually. Visual classification of both coupons and friction
rock stabilisers was done according to the European rust scale.
Microscopic analysis was also conducted on friction rock stabilisers
at the end of the investigation.

Figure 2—Pictures showing the rigid steel assembly and a scratched friction stabiliser

Figure 3—Pictures showing specimen placement in the corrosion chamber
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Visual corrosion qualification

Visual corrosion evaluation for all coupons and friction rock
stabilisers was conducted based on the European Rust Grade Scale
(ASTM D610) and a chart by Dorion and Hadjigeorgiou (2013).
These charts were used to provide a reference point to compare
the severity of corrosion for the coupons and rock bolts under
investigation. The rust scale and the visual corrosion chart are
presented in Figure 4 and Table 1, respectively.

The rust scale assigns a corrosion grade based on the percentage
of surface corroded as well as the degree of corrosion. A rust grade

Re 7: 40 - 50%

Figure 4—European rust grade scale

of 5 means that approximately 8% to 14% of the surface is corroded,
whilst a rust grade of 9 means that 95% to 100% of the surface is
corroded.

The visual corrosion chart was used to assign a corrosion level
based on the percentage of the surface corroded as well as the nature
of that corrosion and corrosion product. It assigns a corrosion
level on a scale of C1 to C6, with C6 being the last or highest level
representing extreme corrosion. The chart is comprised of examples
adapted from Dorion and Hadjigeorgiou (2013) in column A, and
comparable underground coupon specimens obtained from the
mine corrosion investigation in column B.

b

.

Re 6: 15 — 20%

Re 9: 95%

Table 1

Visual Corrosion chart combining local underground specimens and guidelines adapted from Dorion and
Hadjigeorgiou, (2013)

Level ID | Level of corrosion Description A B

Cl1 Negligible corrosion | Steel is in excellent condition and corrosion
signs only on the surface. A few localised
spots, less than 10% of the surface is corroded.

C2 Localised corrosion Corrosion is characterised by localised spots
on the surface. Between 10% and 75% of
the surface is corroded. The steel is in good
condition.

C3 Surface corrosion Corrosion over 75% of the surface. Corrosion
is only on the surface. If a corrosion crust is
present it is very thin. Can identify blisters.

C4 Advanced corrosion 100% of the surface is corroded. Can identify
blisters. Thin corrosion crust

C5 Very advanced 100% of the surface is corroded. Thick

corrosion corrosion crust (> 1 mm) and flaky.

C6 Extreme corrosion Corrosion goes through the steel. The integrity
of the steel has been damaged. Pieces are easily
breakable by hand.
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Quantifying the rate of corrosion

The rates of corrosion for the different types of steel and coatings
were determined using the following equation, where:

CR = (W*K)/(p*A*T) (1]

CR s the corrosion rate (mm/y), W is the weight loss (g); K
is the constant (8.75*10*) when the area is in square centimetres
(cm?), p is the alloy density (g/cm?), A is the exposed area (cm?),
and T is the exposure time (hrs).

Results and discussion

The study involved the investigation of corrosion properties of
different materials under different environmental conditions
underground, and under simulated conditions at an external
laboratory.

Environmental impact on corrosion

Temperature and humidity measurements were taken by the mine
environmental department in all the underground locations under
investigation. Two measurements were done in each location
throughout the study. The average temperature and humidity are
shown in Figure 5.

Temperature

37
36
35
34
33

32
31 f
30
29
28
27
26
25
24
23

Temperature (=C)

Humidity (%)

93
91
89
87
85
83
Bl
79

75
73
7
69
67
65

The study established that the different underground
environments, i.e., intake airways, ramps, and return airways were
sufficiently distinct in terms of temperature and humidity. Return
airways (RAW) had the highest average temperature and the lowest
relative humidity. Intake airways and the ramps only showed a small
variation in terms of average conditions, however, both temperature
and humidity were more varied in the ramp areas. It needs to be
noted that these conditions are not static and likely fluctuate with
mining activities such as a change in ventilation fan locations and
capacity, as well as changes in the designated roadways for trackless
mobile machinery, among other operational factors.

The corrosion severity of the different materials after 24 months
in the different underground environments is shown in Figure 6.

Corrosion severity was the highest in the return airways
for all materials. The conditions in the return airways impacted
more aggressively on all materials, compared to those in the
ramps and intake airways. However, galvanised materials, i.e.,
zinc electroplated, hot-dip galvanised, and powder coated hot-
dip galvanised surfaces were the most affected. However, 3CR12
stainless steel, black paint coated, and $420 uncoated steel materials
did not show much variation between environments. Overall, the
galvanised materials exhibited the best corrosion performance in all
environments after 24 months.

Humidity

Ramp Intake RAW Ramp Intake RAW
© Average = Minimum a Maximum * Average = Minimum 4 Maximum
Figure 5—Temperature and humidity conditions of the three different environment types
Environmental impact of Corrosion (Re Value)
10,
9,0 = .
L
70 .
6,0
5,0 . .
40
30
2,0
19 .
00— — — — — —
Zn Electroplated Hot dip Galvanised Powder 3CR12 stainless steel Black paint $420 Uncoated
Figure 6—Corrosion severity for different types of steel and coatings in different environments
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Corrosion Severity
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Figure 7—A comparison of corrosion severity at 12 and 24 months

Corrosion behaviour under atmospheric conditions

Corrosion coupons installed underground were retrieved after 12
and 24 months, and subjected to visual and laboratory testing. The
corrosion severity of the different materials based on the visual
corrosion scale is shown in Figure 7.

All materials, except the hot-dip galvanised with a powder
coating, experienced a significant increase in corrosion severity with
time. Zinc electroplated, hot-dip galvanised, and powder coated
materials demonstrated the highest corrosion resistance. The 3CR12
stainless steel and black paint coatings performed much worse
compared to the Zn-based coatings, but slightly better than S420
uncoated steel, which exhibited the worst corrosion performance.
There is also a notable decrease in the rate of corrosion when
comparing corrosion severity at 12 and 24 months, which could
be as a result of the accumulated corrosion product acting as a
protective barrier against further corrosion.

Zn electroplated coatings exhibited varying degrees of
corrosion, ranging from being completely unaffected, to small
patches of shallow pitting corrosion. Localised shallow corrosion
with a whitish-to-greenish-white corrosion product (zinc
hydroxide) was also observed. Hot-dip galvanised coatings
displayed corrosion ranging from tiny localised patches of shallow
corrosion with no product buildup, to localised corrosion with
a whitish corrosion product buildup. The corrosion of both zinc
electroplated and hot-dip galvanised coupons is shown in Figure 8.

Powder coated coupons exhibited corrosion ranging from spot
or localised corrosion to shallow corrosion with a yellowish-brown
product, progressing to surface corrosion with a reddish-black
corrosion product. The 3CR12 stainless steel coupons showed
corrosion mechanisms ranging from shallow uniform corrosion to
advanced deep corrosion with an accumulation of a reddish-brown
corrosion product. Figure 9 shows the different corrosion levels for
powder coated and 3CR12 coupons.

Both black paint coated coupons and S420 uncoated coupons
experienced corrosion mechanisms ranging from extensive shallow
surface corrosion to advanced deep corrosion with a reddish-black
corrosion product. $420 uncoated steel also exhibited very advanced
deep corrosion with a layer of corroded material flaking off. Figure

» 166 MARCH 2025 VOLUME 125

Figure 8—Observed corrosion: (a) unaffected Zn electroplated, (b) localised
shallow corrosion on Zn electroplated, (c) unaffected hot-dip galvanised, (d)
localised patches on hot-dip galvanised

Figure 9—Observed corrosion: (a) localised corrosion on powder coating,
(b) surface corrosion on powder coating, (c) shallow uniform corrosion on
3CR12 stainless steel, (d) advanced corrosion on 3CR12 stainless steel

Figure 10—Observed corrosion: (a) shallow surface corrosion on black
coating, (b) advanced deep corrosion on black coating, (c) shallow surface
corrosion on $420 carbon steel, (d) advanced corrosion on $420 carbon steel

10 shows the different forms of corrosion on black painted coupons
and 5420 uncoated carbon steel.

Weight loss analysis for atmospheric corrosion

A weight loss analysis was conducted on the coupons from
underground. The average weight loss was calculated for each type
of coating and steel, providing a quantitative measure of the extent
of corrosion of each material.

The Journal of the Southern African Institute of Mining and Metallurgy
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The average weight loss for the different types of coatings and
substrate materials is shown in Figure 11.

The results of the weight loss analysis showed that the Zn
electroplated coating displayed the smallest average percentage
weight loss, indicating the best corrosion resistance. The galvanised
and powder coatings exhibited similar performance, whilst the
uncoated $420 carbon steel showed the highest average percentage
weight loss, indicating the worst corrosion resistance.

Corrosion rates were calculated for each steel type and coating,
and are presented in Figure 12. Uncoated S420 steel displayed the
worst rate of corrosion, whilst Zn electroplated coating showed
the lowest rate of corrosion, followed by powder coated hot-dip
galvanised steel and then hot-dip galvanised steel. However, to
note is the wider range in the corrosion rate of black paint coated
and uncoated S420 carbon steel specimens, with some coupons
experiencing mild corrosion whilst some experienced advanced
corrosion with serious loss of metal, as can be seen in Figure 10(d),
which shows a layer or metal flaking off due to corrosion.

Summary of atmospheric corrosion testing

All three Zinc coatings, i.e., Zn electroplated, Zn hot-dip galvanised,
and Zn hot-dip galvanised with a powder coating, provided effective
protection against corrosion in the short term. The corrosion
resistance of 3CR12 is generally expected to be significantly better
than that of $420 carbon steel, due to its chromium content.

However, in this testing, the performance of 3CR12 was only slightly
better than $420 carbon steel, which could be a result of its chemical
composition, surface finish, and manufacturing quality control.
What is important to note is that all coatings tested in this study
were applied to an $420 carbon steel substrate, which has lower
corrosion resistance than 3CR12 stainless steel. Therefore, the rate
of corrosion is expected to increase significantly after the initial
coating deteriorates.

Corrosion behaviour under aqueous conditions

The simulated underground corrosion test was conducted to
evaluate the performance of different types of steel and coating
under aqueous conditions.

Figure 13 shows the final corrosion severity for coupons from
the different types of steel and coatings, based on the rust scale
grading system. The white (Duplex) coating was the best coating
based on visual observation, followed by the trio of zinc-based
coatings, i.e., zinc electroplated, thermal diffusion (Distek) coating
and hot-dip galvanised. The 3CR12 stainless steel and S420 carbon
steel were the worst performers, with 3CR12 stainless steel being
slightly better at a rust grade of 8 compared to S420, which reached
the maximum rust grade of 9 with very advanced corrosion.

Hot-dip galvanised specimens exhibited corrosion ranging from
light to moderate, characterised by white and red rust and staining
progressing to severe reddish-brown rust. Microscopic analysis of
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Figure 11—Weight loss analysis of coupons after underground exposure
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Figure 12—Corrosion rates for different steel types and coatings after underground exposure
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Final Visual Corrosion Severity
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Figure 13—A comparison of the final corrosion severity for the different types of steel and coatings

Figure 14—Corrosion of hot-dip galvanised coating: (a) coupon specimens,
(b) friction rock stabilisers, (c) microscopic image before chemical cleaning,
(d) microscopic image after chemical cleaning

Figure 15—Corrosion of thermal diffusion Zn-Fe coating: (a) coupon
specimens, (b) friction rock stabilisers, (c) microscopic image before
chemical cleaning, (d) microscopic image after chemical cleaning

rock bolts indicates localised corrosion with black oxide deposits
and slight pitting. The level of corrosion for both coupons and rock
bolts is shown in Figure 14.

Thermal diffusion Zn-Fe coated samples displayed corrosion
from moderate to severe rusting, featuring reddish-brown rust
and white rust/staining. Evidence of localised corrosion and slight

» 168 MARCH 2025 VOLUME 125

pitting was observed through microscopic evaluation of rock bolts.
Figure 15 shows the corrosion of thermal diffusion ZN-Fe coupons
and rock bolts.

Zinc electroplated specimens demonstrated varying corrosion
mechanisms, from moderate rusting and staining to severe rusting
and staining. Microscopic observations on rock bolts show localised
corrosion, reddish-black oxide deposits, and slight to moderate
pitting corrosion. The corrosion mechanisms for zinc electroplated
coupons and rock bolts are shown in Figure 16.

The duplex coated samples were affected by corrosion, ranging
from very light rusting to light rusting with reddish-black oxide.
Coating delamination was observed after 480 hours, in the form
of blistering and flaking of the white paint coating. Localised
corrosion, slight pitting corrosion, and the presence of black oxide
deposits were also observed during the microscopic analysis of rock
bolts. This can be seen in Figure 17, which shows the corrosion of
both white duplex coated coupons and rock bolts.

3CRI12 stainless steel displayed corrosion initiation in the
form of severe red rust and staining, evolving into deep advanced
uniform corrosion, pitting corrosion, and notable metal loss after
1200 hours. Microscopic analysis of rock bolts indicates deep
advanced corrosion and severe pitting corrosion. Figure 18 shows

Figure 16—Corrosion of Zn-electroplated coating: (a) coupon specimens, (b)
friction rock stabilisers, (c) microscopic image before chemical cleaning, (d)
microscopic image after chemical cleaning

The Journal of the Southern African Institute of Mining and Metallurgy



Evaluating the corrosion resistance of different materials used n friction rock stabilisers

Figure 17—Corrosion of the white duplex coating: (a) coupon specimens,
(b) friction rock stabilisers, (c) microscopic image before chemical cleaning,
(d) microscopic image after chemical cleaning

Figure 18—Corrosion of 3CR12 stainless steel: (a) coupon specimens, (b)
friction rock stabilisers, (c) microscopic image before chemical cleaning, (d)
microscopic image after chemical cleaning

the advanced corrosion of coupons and rock bolts for 3CR12
stainless steel. Pitting corrosion can be seen clearly in Figure 18d.
Uncoated $420 carbon steel exhibited corrosion starting as
severe red rusting, progressing to advanced deep corrosion with
signs of pitting and metal loss, which can be observed in Figure

Figure 19—Corrosion of $420 uncoated carbon steel: (a) coupon specimens,
(b) friction rock stabilisers, (c) microscopic image before chemical cleaning,
(d) microscopic image after chemical cleaning

19. Microscopic analysis revealed severe deep penetrative general
and pitting corrosion, which can be seen in Figure 19c, along with
exfoliation of the steel surfaces.

Weight loss analysis

After the removal of the corrosion product, $420 carbon steel
experienced the biggest loss of material, whilst Zn electroplated
exhibited the smallest loss, which can be seen in detail in Figure
20. However, to note is that the loss of weight for the white duplex
coating was a combination of corrosion and the paint flaking off,
thus it is exaggerated and not representative of its performance.

Corrosion rates for the different types of coatings were
subsequently calculated. Figure 21 shows the corrosion rates for the
different types of steel and coatings after each 10-day cycle.

There is a gradual decline in the rate of corrosion over time for
most of the coatings and steel types. The average rates of corrosion
after 1440 hours are shown in Figure 22.

Zinc-based coatings performed the best overall. Zinc
electroplated steel had the lowest corrosion rate. The next best was
thermal diffusion (Zn-Fe) coating, followed by hot-dip galvanised
and white duplex coating, all of which exhibited significantly higher
corrosion rates than the Zn electroplated coating. In contrast,
3CRI2 stainless steel showed very poor performance. Whilst it
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Figure 20— Average weight loss for the different types of coupons
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Figure 22— Average corrosion rates for the different types of coupons

performed worse than all the Zn-based coatings, it was slightly
better than S420 carbon steel, which exhibited the poorest corrosion
resistance, registering a rate 9% higher than 3CR12 stainless steel,
and 80% higher compared to zinc electroplated coating.

Impact of surface damage on friction rock stabilisers

Coating damage, simulated to replicate abrasion encountered
during underground installation, adversely affected the corrosion
resistance of coated materials, as depicted in Figure 23. Conversely,
the impact on uncoated materials, namely 3CR12 stainless steel,
and uncoated S420 carbon steel, was found to be insignificant.

It is noteworthy that while surface damage may not significantly
impact uncoated materials, it could potentially trigger other forms
of corrosion, such as crevice corrosion for some materials. This,

in turn, has the potential to accelerate the corrosion rate for both
coated and uncoated materials.

The diminished corrosion resistance observed in coated
materials following surface damage is attributed to the exposure
of the weaker S420 carbon steel substrate to corrosive elements.
Hadjigeorgiou, et al. (2019), also noted that scratching or
mechanical damage allows exposure of the underlying substrate
to corrosion. Uncoated bolts like 3CR12 and $420 carbon steel
exhibit limited susceptibility to abrasion damage, as their surface
material is of the same composition as the substrate. Nevertheless,
surface damage fosters alternative corrosion forms, notably crevice
corrosion, which may not be immediately apparent. Pedeferri
(2018), noted that crevice corrosion can arise as a result of the
presence of gaps and cracks on a metal surface and that this type of
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steel

corrosion is a concern for active-passive alloys such as stainless steel
in chloride containing solutions.

Approximately 10% to 15% of the bolt surfaces were damaged
in this experiment. If damage surpasses this threshold during
underground installations, the corrosion resistance of coated bolts
is expected to decline rapidly, given the poor corrosion resistance of
the exposed S420 carbon steel substrate. In such instances, the zinc
electroplated bolt is anticipated to be the most affected due to its
thin coating. Conversely, the white duplex coated bolt is expected
to perform better due to its dual coating mechanism, as the paint
coating, which forms the outer layer, is likely to suffer most of the
surface damage, whilst still leaving the galvanised coating to protect
the bolt. According to Jaroslav, et al. (2021), the duplex system has
a longer service life than both service lives of two coatings applied
separately, thus, in the duplex system, there is a mutual synergistic
effect of the zinc coating and organic paint coating. Additionally,
3CR12 stainless steel bolts are expected to outperform $420 carbon
steel owing to their superior corrosion resistance.

Summary of aqueous corrosion testing

A ranking of the corrosion resistance of diverse steel types and
coatings was conducted after 1440 hours of exposure, considering
factors like final corrosion severity, corrosion nature, type, and
impact on coating damage for both coupons and friction rock
stabilisers rock bolts. The white duplex coating exhibited the best
performance due to its dual protective mechanism combining
galvanising and painting. Electroplated zinc coating performed
slightly better than the other zinc coating methods, including
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hot-dip galvanising and thermal diffusion zinc coatings. While the
latter two offered thicker, more adherent, more durable coatings,
and were expected to have better resistance to aqueous corrosion,
inconsistent quality control during manufacturing might explain
the electroplated coating's superior performance. The 3CR12
stainless steel performed worse than all the galvanised coatings, but
slightly better than S420 carbon steel, which exhibited the worst
performance.

Comparison of corrosion rates under aqueous conditions
and atmospheric conditions

Four steel types and coatings were tested under both atmospheric
and aqueous conditions. These were Zn electroplated, Zn hot-dip

galvanised, 3CR12 stainless steel, and uncoated $420 carbon steel.
All coatings corroded at a faster rate under aqueous conditions, as
shown in Figure 24.

Conclusions

This study examined different steel types and coatings to identify
the best options for corrosion resistance of friction rock stabiliser
support in various underground environments. The results
obtained determined that the different environments have a
quantifiable impact on the corrosion rates of the various steel
types and coatings. Corrosion rates were consistently higher in
the return airways, compared to ramps and intake airways. This
can be attributed partly to the higher dust content in the exhaust
air. According to Schweitzer (2007), dust on metallic surfaces,
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especially in the presence of moisture, can accelerate corrosion by
creating hygroscopic galvanic or differential cells. Particles, such as
chlorides, sulphates, carbon compounds, and metal oxides in the
dust, combine with moisture to initiate corrosion.

When exposed to atmospheric corrosion, the Zn electroplated
coating offered the best corrosion resistance, followed by hot-dip
galvanised steel and then hot-dip galvanised steel with powder
coating. All three displayed good resistance, with some coupons
remaining unaffected after 24 months. Hassell (2008), claimed
that zinc offers triple protection by acting as a physical barrier,
preferentially corroding to shield the underlying metal, and forming
a protective film from its corrosion by-products. The protective film
consists of basic salts such as carbonates as a form of resistance to
atmospheric corrosion, (Schweitzer, 2007). The 3CR12 stainless
steel performed poorly, with most coupons experiencing advanced
corrosion within the same period. Uncoated S420 carbon steel
displayed the worst resistance, with most specimens reaching very
advanced corrosion after 24 months.

In the test for aqueous corrosion, the white duplex coating
performed best, followed by all zinc-based coatings (electroplated,
thermal-diffusion Zn-Fe-coated, and hot-dip galvanised), which all
demonstrated good corrosion resistance. The 3CR12 stainless steel
performed slightly better than uncoated S420 carbon steel, but both
reached very advanced corrosion after 24 months. The corrosion
rates for all steel types and coatings were much higher under
aqueous conditions compared to atmospheric conditions.
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Overall, considering both atmospheric and aqueous conditions,
the duplex coating is considered the overall best option due to its
double protection mechanism only if the paint layer application
is improved to reduce delamination. Zinc-based coatings also
offered comparable protection. Thus, several factors such as cost,
availability, damage susceptibility during installation, and impact
on support capacity should be considered in selecting the best
material for use. All zinc-based coatings are suitable for permanent
structures like accessways and workshops of which their lifespan
is long. However, to note is that zinc galvanised coatings have
been proven to be ineffective in acidic environments (Preston, et
al,, 2019). Both 3CR12 and S420 carbon steel are not suitable for
permanent excavations with a long lifespan and highly corrosive
environments, however, both can be used for low to moderately
corrosive settings in temporary excavations such as production
areas.

Lastly, coating damage during installation significantly
affects corrosion resistance. Coatings that are thicker, harder,
and have better adhesion to the substrate are expected to offer
more protection to the substrate due to better damage resistance
during the installation of friction rock stabilisers. Further research
could explore optimised zinc-based coating options and specific
environmental factors influencing corrosion.
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