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ARTICLE INFO ABSTRACT

Keywords: Innovative solutions for plugging oil and gas wells are becoming increasingly important to ensure safe opera-
Plugging and abandonment tions, save costs, and guarantee that the wells are sealed with a long-term perspective. Among these innovations,
Sealability

bismuth alloys have emerged as a potential sealing material, attracting attention for their distinctive properties.
Despite the promising characteristics of bismuth alloys, comprehensive testing is required to fully understand
their behavior and to validate their suitability as a sealing barrier. This study focuses on testing the sealability of
eutectic bismuth-tin alloy plugs across a range of temperatures (23-120 °C). Examining this influence is crucial
because bismuth alloys can be engineered to have specific melting points and characteristics, allowing them to
respond effectively to the prevailing temperature conditions in the wellbore. To this end, the study employs an
integrated approach, combining laboratory experiments and numerical simulations, to assess the performance of
the plug under the influence of the variables pressure, temperature, and curing time through push-out tests.
Preliminary results indicate that the sealing efficiency of the bismuth-tin alloy tends to increase over time at
lower temperatures, whereas it decreases significantly as temperatures approach its melting point. Therefore, the
eutectic bismuth-tin alloy can be employed safely as an environmental plug, but its applicability as a deep-set
plug in high-temperature wells is questioned. In this case, selecting an alloy that has a higher melting point is
recommended. This work not only underscores the necessity of understanding the thermodynamic influences on
bismuth alloys but also sets the stage for future innovations in well sealing technologies, potentially establishing
new industry standards.

Bismuth alloy plugs
Push-out test

Temperature

Numerical simulation model

1. Introduction (Hmadeh et al., 2024b); (Manataki et al., 2023) and between bismuth

alloys and rock formation samples (Zhang et al., 2020; (Zhang et al.,

Bismuth-tin (BiSn) metal plugs have gained much attention in the
last couple of years, proving to be a suitable replacement for Portland
cement plugs and a path to a safe, cost-effective, environmentally
friendly plugging and abandonment (P&A) operations. This alloy stands
out among other alternative materials due to its unique properties. The
BiSn metal alloy has a relatively low melting point (138 °C) compared to
other metals, has a viscosity similar to that of water when melted, is very
dense with a specific gravity (SG) of 10, tends to expand upon solidifi-
cation, is non-corrosive, non-toxic and resistant to HoS and CO,, and
importantly it is a eutectic metal, meaning that it goes from liquid to
solid phase instantly during the solidification process, thus circum-
venting the gel phase (Carragher and Fulks, 2018; Knutsen, 2019; Stoll,
2017).

Laboratory tests have investigated the bonding between bismuth
alloys and steel pipe (Hmadeh et al., 2023a; (Hmadeh et al., 2023b),
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2021), (Zhang et al., 2022)), indicating that bismuth plugs display
higher bond strength than cement plugs in the A-annulus (bonded to
steel) and B-annulus (bonded to the formation). In addition, bismuth
plugs displayed lower leakage flow rates due to being impermeable,
leaving the micro-annulus formed between the plug and the steel pipe as
the only possible leak path. It is important to highlight that bismuth-tin
alloys do not bond with a steel casing; instead, their ability to adhere to
the casing and withstand mechanical and hydraulic loads relies solely on
their expansion coupled with the friction at the plug-pipe interface,
resulting in a “hydraulic shear bond strength”. This hydraulic shear
bond strength could be influenced by several factors such as the plug
material, surface roughness, viscosity of the pressuring fluid, curing
conditions (curing pressure, temperature, and time). In addition, inter-
nal temperature and pressure variations could initiate a radial debond-
ing along the radial interface between the pipe and the plug,
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consequently leading to a seal failure (Carter and Evans, 1964; Yang
et al., 2020).

So far, bismuth alloy plugs primarily found applications as envi-
ronmental surface plugs as part of their initial testing phase. This alloy
has also been employed in diverse well applications such as multi-
annulus isolation, water shut-off through gravel pack screens, and
isolation of sustained casing pressure (Fulks et al., 2021). However, the
prospect of utilizing bismuth alloys for deep plugging and
high-temperature well applications remains a subject of ongoing in-
vestigations. This hesitancy within the industry arises from the limited
knowledge regarding the behavior of the material at elevated temper-
atures, as bismuth alloys possess a relatively low melting point, posing
constraints on its widespread application and qualification as a potential
alternative to cement plugs. Grasping how temperature influences the
sealing performance of the plug allows for the creation of a tailored and
secure seal. This understanding enhances the success of P&A operations
in the oil and gas sector, ensuring compliance with safety and envi-
ronmental regulations.

Operating close to the melting temperature of a bismuth alloy plug
primarily leads to the emergence of a major concern: creep. Creep refers
to the gradual deformation of materials subjected to sustained loads over
time and exacerbated by operating temperatures close to the melting
point. In P&A, creep can be a major concern for sealing materials (e.g.,
cement, mechanical plugs) and other well barrier elements due to its
effect on the long-term integrity of such elements, especially the well
plug. Various sealing materials may therefore experience deformation
due to factors like temperature, pressure, and/or stresses from the sur-
rounding formation. Creep effects become more evident with elevated
temperatures, which could pose a problem for bismuth alloy plugs
deployed in surrounding temperatures approaching their melting point.
It is also worth emphasizing that creep may occur even when the stress
levels are below the yield strength, and this can happen due to prolonged
exposure to stress. Furthermore, aging effects become relevant with the
combined effects of high temperature, high loads, and extended periods
of time, effectively degrading elastic properties, which may compromise
the sealability of metal alloy plugs.

Hence, the primary aim of this study is to investigate how different
temperatures impact the performance of plugs made of the eutectic
bismuth-tin alloy. This is a continuation of previous studies we carried
out in our research group (Hmadeh et al., 2023a; (Hmadeh et al.,
2023b), (Hmadeh et al., 2024b)), in which the effect of temperature had
not been verified yet. Examining this influence is crucial because bis-
muth alloys can be engineered to have specific melting points and
characteristics, allowing them to respond effectively to the prevailing
temperature conditions in the wellbore. Laboratory tests and numerical
simulations are carried out to capture the performance of this plug under
the influence of the variables pressure, temperature, and curing time
through push-out tests. Results indicate that the sealing capability of this
alloy improves over time at lower temperatures but decreases signifi-
cantly at temperatures closer to its melting point. Therefore, the eutectic
bismuth-tin alloy can be employed safely as an environmental plug, but
its applicability as a deep-set plug in high-temperature wells is ques-
tioned. In this case, selecting an alloy that has a higher melting point is
recommended. However, its behavior concerning creep resistance
would require further examination.

2. Methodology
2.1. Materials used

The materials used are similar to the ones adopted in previous studies
(Hmadeh et al., 2023a; (Hmadeh et al., 2023b)). In this section, some
parts are repeated for convenience, while the changes are noted.

The primary materials of relevance are bismuth-tin alloy blocks,
Portland G cement, steel X-52 pipe, and casting sand. Detailed properties
of the listed materials are presented. The chosen low-melting-point alloy
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was “MCP 137” composed of 58% bismuth and 42% tin (5N Inc, 2012),
which is referred to as the eutectic metal alloy. The properties of the
eutectic bismuth-tin alloy can be found in Table 1, with further details
about its elastic properties as a function of temperature seen in Table 2.
Properties of bismuth-tin alloys are available in the literature in several
works as previously collected by Hmadeh et al. (2024a).

The selection of the X-52 steel pipe (Rolf Lycke AS, 2012) was based
on its similar characteristics to those of casings and tubings utilized in
offshore settings, coupled with the inaccessibility of actual casing pipes.
The pipes were cut into 250 mm long sections with an inner diameter
(ID) of 53.35 mm and an outer diameter (OD) of 60.80 mm. Its prop-
erties are provided in Table 3.

The casting sand, above which the alloy plugs are poured. is oil-
based and finely grained. Hence, when well compacted, the sand pre-
vents the molten bismuth alloy from seeping toward the bottom outlet of
the test cell. The “test cell” is a collective term that refers to an X-52
metal pipe in which a bismuth plug is set, a steel cap fixed at each end of
the pipe, and four bolts. To maintain a secure seal and hold the assembly
together even under high pressures, bolts positioned along the sides of
the pipe pass through the edges of both caps and are then tightened
using eight steel nuts from either end of the cell.

All pipes used in this study were filled with 95 mm of casting sand,
above which a 121 mm bismuth alloy plug was set. A 34 mm gap (above
the plug) was left empty for experimental purposes as shown in Fig. 1.
This pipe-plug setup is the very same setup adapted in our previous
research products (Hmadeh et al.,, 2023a; (Hmadeh et al., 2023b);
(Hmadeh et al., 2024b)) and was preferred to be kept as is for the sake of
data consistency and ease of data comparison.

2.2. Experimental setup

A small-scale laboratory setup was used to conduct this study. The
setup includes two VP-12K Vindum Engineering hydraulic pumps con-
nected to two “test-cells” placed in an electric oven. The Vindum hy-
draulic pump is equipped with two side-by-side cylinders that manage to
pump water continuously exerting a shear force on top of the plug. The
configuration of the utilized setup is illustrated in Fig. 2.

The black wires immersed in the beaker are responsible for the water
intake. The steel rod, on which a valve and a pressure monitor are
mounted and connected to the top of the test cell, serves as the water
outlet. The test cells feature a bottom outlet that can be opened or closed
depending on the specific test being performed.

2.3. Experimental procedure

The experiments conducted in this study can be divided into two

Table 1
Properties of the eutectic BiSn alloy.

Property Eutectic bismuth-tin alloy
(Bi58-Sn42)

Density 8.56 ~ 8.73 g/cm®

Young’s modulus 42.72 ~ 43 GPa

Poisson’s ratio 0.3426

Yield strength 50 ~ 70 MPa

Ultimate strength 70 ~ 80 MPa

Melting point 135~ 139°C

Coefficient of thermal expansion 15 ~ 17 ym/(m-°C) @ 20 ~ 90°C
Linear expansion after casting (observed at ~ 0.015% @ 1 hour
20°C) 0.03% @ 3 hours
0.045% @ 8 hours
0.06% @ 1 day
0.07% @ 3 days
0.08% @ 10 days
0.09% @ 1 month
0.095% @ 3 months
0.1% @ 12 months
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Table 2
Elastic properties as a function of temperature for the eutectic bismuth-tin alloy.

Temperature [°C] Bulk modulus [GPa] Shear modulus [GPa]

20 43.186 16.449
30 43.040 16.315
40 42.895 16.181
50 42.750 16.034
60 42.605 15.859
70 42.460 15.672
80 42.314 15.484
90 42.169 15.255
95 42.097 15.107
100 42.024 14.953
105 41.951 14.784
110 41.879 14.593
115 41.806 14.401
120 41.734 14.195
125 41.661 13.990
127.5 41.625 13.842
130 41.588 13.643
132.5 41.552 13.325
135 41.516 12.822
Table 3
Properties of the steel X-52.
Property Steel X-52
Density 7.84 g/cm®
Young’s modulus 212 GPa @ 20°C
207 GPa @ 100°C

200 GPa @ 200°C
193 GPa @ 300°C
185 GPa @ 400°C
176 GPa @ 500°C
0.284 @ 20°C
0.287 @ 100°C
0.291 @ 200°C
0.295 @ 300°C
0.299 @ 400°C
0.303 @ 500°C
358 MPa
500 MPa
12 ym/(m-°C) @ 20°C
12 ym/(m-°C) @ 100°C
13 ym/(m-°C) @ 200°C
13 ym/(m-°C) @ 300°C
(m
(m

Poisson’s ratio

Yield strength
Ultimate strength
Coefficient of thermal expansion

14 ym/(m->C) @ 400°C
14 ym/(m-°C) @ 500°C

phases: a preparatory phase and a testing phase. The preparatory stage
starts with a bismuth plug set in a pipe as conveyed in Fig. 1 and allowed
to cool down at standard conditions. The pipes are then secured in the
test cells (Fig. 2), and a pressure of 40 bara is applied by setting the
hydraulic pump on PPBD mode (Paired Pressure Bi-Directional). This
mode allows the pumps to continuously deliver fluid (in our case, water)
to reach a constant pressure of 40 bara, with a fluid flow rate adjusted
automatically by the pump to maintain this set pressure. The choice of
40 bara as the pressure setting is intended to prevent water from
evaporating during the melting process. This decision is based on a
previous study (Hmadeh et al., 2023b) that showed a better plug sealing
performance under 40 bara pressure compared to higher pressures.

The next step is locking the pipes in the test cells and exerting
pressure of 40 bara by setting the hydraulic pump on PPBD mode where
the pump will deliver fluid (water in our case) continuously at a set
constant pressure (40 bara). The fluid flow rate varies to maintain the set
pressure. A pressure of 40 bara was chosen to prevent water from
evaporating during the melting process. Based on a previous study
conducted (Hmadeh et al., 2023a), it was witnessed that the plug setup
in use showed better performance under 40 bara compared to higher or
lower pressures.

After maintaining the pressure constant, the electric oven is switched
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Fig. 1. Pipe-plug setup.

on to 185 °C. The temperature chosen is high enough to melt the bis-
muth plug set in place and falls within the temperature capacity of the O-
rings used. Around 2 h into the melting process, pressure and flow rate
fluctuations are witnessed signaling the start of the plug melting inside
the pipe. The pump then manages to stabilize the pressure, and the plug
is left in the oven for 2 extra hours to ensure the full melting of the plug.
In total, it requires approximately 4 h to achieve complete melting of the
plug.

After plug melting is ensured, the pressure is left constant, and the
heater is lowered to multiple temperatures that fall below the melting
point of the alloy. It is important to mention that all tested samples were
furnace-cooled meaning that slow annealing took place. All samples
were kept in the furnace, at a defined temperature and 40 bara of
pressure, for several hours which we refer to as curing time. Curing time
was recorded from the moment the temperature was reduced. The
chosen experimental parameters are listed in Table 4. This marks the end
of the preparatory phase.

The testing phase starts with depleting the trapped pressure below
the plug by opening the bottom outlet of the test cell 24 h before testing;
except for the test carried out after 24 h of curing, the bottom outlet is
opened 12 h before testing. Upon opening, some water starts flowing
out, which was expected since during the melting process of the plug,
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Fig. 2. Test setup Configuration: Hydraulic pumps (left) and test cells in an electric oven (Right).

Table 4
Experimental parameters.

Curing Temperatures (°C) Curing time (hours)

23, 40, 60, 70, 80, 90, 120 24, 48,72, 96

water starts to bypass the molten alloy filling up the sand underneath.
Until the testing time begins, the pressure on top of the plug remains
constant (40 bara) indicating that the plug is intact and no leakage
through the plug-pipe interface has yet occurred. To start testing, the
PPBD pump mode is stopped and immediately switched to PRD mode
(Paired Rate Delivery) in which the pump will deliver fluid continuously
at a set constant rate - in our case 0.4 ml/min. The aim here is to increase
the pressure on top of the plug starting from 40 bara (setting pressure)
until it hydraulically fails, indicating the creation of micro-annuli along
the pipe-plug interface. The test is stopped after water leakage is
observed at the bottom outlet, thus marking the end of the testing phase.

2.4. Numerical simulations setup

An adequate material model that captures the eutectic bismuth-tin
alloy mechanical behavior is necessary to carry out the numerical sim-
ulations. Such a model must include the effects of expansion upon so-
lidification, creep, and aging, as discussed before. This model has been
presented and described thoroughly in Hmadeh et al. (2024b); & Jaculli
et al. n.d., which also include some example applications. Here, we
summarize the key points:

e Expansion upon solidification: this effect is incorporated into the
thermal strain by changing the zero-thermal-strain reference tem-
perature of the alloy from 20 °C to —150.2 °C. This means that the
strain at the melting point will be larger, incorporating both the

expansion due to the phase change as well as the existing thermal
strain due to temperature changes in the solid phase. Furthermore,
we scale down the total expansion due to the solidification depend-
ing on how much time has passed since the alloy solidified. The value
of —150.2 °C is equivalent to a long (infinite) time; for shorter curing
times, we obtain different reference temperatures: —101.2 °C for 96
hours and —87.3 °C for 24 hours. These are the same curing times
used in the laboratory tests. An important simplification is that the
expansion happens instantaneously in our model (through modifi-
cation of the reference temperature), but in practice the alloy keeps
expanding over time.
Creep: this phenomenon is modeled through the Anand material
model, which accounts for creep behavior and plasticity. This ma-
terial model is readily available in commercial software such as
Ansys. Model parameters for the eutectic bismuth-tin alloy are taken
from Haq et al. (2021).
e Aging: no works address the combined effects of load, temperature,
and time; thus, the degradation of elastic properties is modeled using
the data presented in Table 2.

The numerical simulations are intended to reproduce the push-out
tests performed in the laboratory as close as possible to the same con-
ditions. Finite element analysis is employed by using the commercial
software Ansys. We reconstruct the geometry presented in Fig. 1,
meshing it and ensuring that we provide more elements along the con-
tact surface between the plug outer surface and the pipe inner wall. The
pipe ends are fixed to constrain the geometry in terms of rigid body
motion. The pressure load from the push-out test is applied to the top
surface of the plug, while having an elastic support of negligible stiffness
at the bottom surface to also constrain rigid body motion. The pressure is
steadily increased to simulate the laboratory push-out test, eventually
causing the plug to move downwards. The plug seal is deemed to be
broken when the plug is displaced significantly, which is easily observed
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on a pressure-displacement plot. Before the numerical push-out test
starts, however, the plug is left to cure at the same 4 MPa and curing
times as done in the laboratory, intending to capture the creep and aging
phenomena. The curing times used in the simulations are 24 and 96 h,
while the curing temperatures used are 23 °C, 60 °C, 70 °C, 80 °C, 90 °C,
and 120 °C. As aforementioned, the amount of alloy expansion is
adjusted according to each curing time.

An important aspect of this problem is the friction between the plug
outer surface and the pipe inner wall. Since there is no chemical bond
between the two metals, the adherence is purely due to the friction
associated with the contact between these two surfaces. The friction
coefficient, however, is unknown at this point. We are interested in
choosing a value that leads to a hydraulic shear bond strength that
matches the results obtained in the laboratory tests. Thus, there is some
iterative process testing different values. Ansys is capable of modeling
this contact region as a frictional contact, which means that sliding and
separation in the normal direction are permitted. The frictional contact
type is modeled using the Coulomb friction model and does not discern
between static and dynamic friction coefficients, thus allowing only one
input, which we calibrate as explained above. A typical value for a dry
metal-to-metal seal is 0.3 (Blau, 2008). However, comparisons between
preliminary simulation results and the experiments indicated that this
coefficient was too high; a lower value should be used, indicating that
the seal is not dry, but has a thin film of fluid instead. This is corrobo-
rated by experimental observations, in which wet surfaces were
observed at the contact when the plug was removed from the pipe for
inspection. New simulations were run for friction coefficients in the
range of 0.05-0.15, and a value of 0.12 provided a good fit after some
iterations, as shown in the results section. Such a value can naturally be
refined further.

3. Results and discussion
3.1. Laboratory tests

The hydraulic shear bond strength of the alloy-pipe samples is
computed from the peak of each hydraulic pressure-time curve gener-
ated for each sample. For each curing temperature, we extract four data
points depicting four plug samples tested at the chosen curing times.
These are then plotted in Fig. 3 and the values are also tabulated in

——23°C ©—40°C
130
120
110
100

20

60
50
40

30

Hydraulic shear bond strength [bar]

20

10

0 24 48
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Table 5

—Tabulated results of the hydraulic shear bond strength, in bar, for 121 mm long
bismuth alloy plugs as a function of curing temperature and curing time (in
hours).

Curing time (h)

Temp (°C) 24 48 72 96
23 98 100 108 115
40 97 99 106 112
60 86 89 90 90
70 82 76 70 67
80 70 63 59 56
90 64 61 55 51
120 52 50 <40 (failed @66 h)

Table 5. In total, 28 samples (7 curing temperatures x 4 curing times)
were prepared and tested. It is important to note that the plugs cured at
120 °C @ 72 h and 120 °C @ 96 h failed during the curing phase,
indicating that their hydraulic shear bond strength is below the curing
pressure of 40 bar. This was observed at 66 h and is marked in Fig. 3 and
Table 5 accordingly. More details of these premature failures are dis-
cussed further in the text.

Fig. 3 shows 7 curves representing the hydraulic shear bond strength
of 121 mm bismuth alloy plug samples as a function of different curing
temperatures and curing times. The upward trajectory observed in the
trendlines at both 23 °C and 40 °C indicates a consistent pattern of
increasing shear bond strength for the plug as a function of longer curing
times. This indicates the alloy plug demonstrates an improved sealing
effect over time. This phenomenon is linked to a distinctive character-
istic of bismuth alloys, namely the expansion upon solidification. This
behavior aligns with findings from Hmadeh et al. (2023a), in which the
effect of curing time was studied on bismuth alloy plugs that were set
under atmospheric pressure. Furthermore, it was observed that more
shear bond strength is built in the initial stages of curing, which is
further corroborated by manufacturer data. Fig. 4 illustrates the
expansion phenomena and confirms that the rate of expansion for
MCP-137 bismuth alloy plugs decreases with time, forming a plateau
after 1 month of curing. The numbers presented in Fig. 4 are plotted
based on the material properties sheet provided by our bismuth supplier
(5N Inc, 2012).

The trendline at 60 °C (Fig. 3) showed a distinct trend in which the

60°C —e—70°C —e—80°C 90°C 120°C

72 96 120

Curing time [h]

Fig. 3. The variation of hydraulic shear bond strength for 121 mm long bismuth alloy plugs as a function of curing temperature and curing time.
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Fig. 4. Growth and shrinkage of an MCP-137 bismuth alloy plug as a function
of curing time: (a) from 2 min up to 8 days of curing time; (b) from 10 days up
to 12 months (adapted from 5N Inc, 2012).

plug managed to build a negligible shear bond strength of 3 bara be-
tween 24 and 48 h. Subsequently, tests at 72 and 96 h of curing time
demonstrated a lack of further increase in shear bond strength, pla-
teauing at approximately 89 bar. To gain a more comprehensive un-
derstanding of this behavior, it was crucial to observe and analyze how
the plug would perform at a higher temperature (e.g., 70 °C). At 70 °C,
the hydraulic shear bond strength of the plug sample after 24 h of curing
resembled that of the sample tested at 60 °C after 24 h of curing
(approximately 80.5 bar). However, with prolonged curing time, indi-
cating an extended exposure of the plug to temperature, an opposing
trend was observed. The plug exhibited a decline in shear bond strength,
reaching 67.47 bar after 96 h of curing. The authors attribute the
comprehensibility of the trendline at 60 °C to it being perceived as the
linear boundary distinguishing the diverging trends in hydraulic shear
bond strength for a 121 mm bismuth alloy plug. In simpler terms, it is
believed that at curing temperatures lower than 60 °C, the metal plug is
expected to enhance its shear bond strength over time. Conversely, at
temperatures surpassing 60 °C, the plug is anticipated to experience a
decline in shear bond strength over time due to the creep phenomenon.
This pattern was observed consistently at 70 °C, 80 °C, 90 °C, and
120 °C, in which all four trendlines exhibited a similar negative trend
over time, with lower shear bond strength values being attained as the
curing temperatures increased toward the melting point. Fig. 5 illus-
trates this decay for a curing time of 24 h.

As the test temperatures approached the melting point of the alloy,
the shear bond strength deteriorated. The lowest shear bond strength
values were witnessed at 120 °C, 18 °C below the melting point, in
which the plug samples developed a shear bond strength starting with
52 bar after 24 h of curing. Two plug specimens were scheduled for
testing after 72 and 96 h, but both experienced failure simultaneously
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Fig. 5. The variation in shear bond strength for four plug samples allowed to
cure for 24 h as a function of increasing temperature.

after 66 h of curing at the initially set pressure of 40 bara. This suggests a
likely decline in the shear bond strength of the plug to a level less than or
close to 40 bar, consequently leading to its premature failure. In these
cases, water leakage was also witnessed from the bottom outlet of the
test cell, further indicating the premature failure. The simultaneous
failure of both plugs indicates that the conducted test was indeed
reliable.

Creep effects become more evident at high temperatures close to the
melting point of the alloy, and these effects were indeed witnessed
throughout this study. As the curing temperature (120 °C) approaches
the melting point (138 °C), the alloy remains solid due to being a
eutectic material, but its elastic properties decrease sharply as observed
from the material properties. Consequently, the alloy becomes much
more deformable, mimicking a fluid-like behavior instead of the one
from an actual solid. In addition, creep is time-dependent, which means
that it becomes more pronounced over longer exposure times at elevated
temperatures. This was confirmed with the last two samples cured at
120 °C which failed to reach 72 h and 96 h of curing.

In this study, various potential variables could have influenced the
outcomes, and it is crucial to acknowledge them.

1. Stress level: throughout our experiments, we consistently applied a
pressure of 40 bar on the plug. It is important to note that higher
stress levels can expedite the creep phenomenon. Therefore, if the
experiments were conducted under reduced pressure, we would
expect the creep effects to be less pronounced as the temperature
rises.

2. Long-term deformation effects: the tendency of bismuth-tin alloys to
creep, or slowly deform, is more evident when they are subjected to
high temperatures for extended periods. Therefore, if the experi-
ments had continued for longer than 96 h, it is likely that the 121 mm
plugs would have failed at temperatures of 70, 80, and 90 °C due to
the observed negative trend. According to Fig. 6, these failures would
occur approximately after 9.5, 7.5, and 6.25 days, respectively
(marked by the yellow Xs) under the aforementioned testing
conditions.

3. Grain structure and composition: the tendency of an alloy to grad-
ually creep under constant stress is affected by its grain structure and
the elements that make up its composition (Guangyin et al., 2001).
Various additives, impurities, and microscopic structural character-
istics in the alloy play a significant role in determining its behavior
when subjected to high temperatures and stress. Normally,
fine-grained materials often exhibit better creep resistance than
coarse-grained ones.

4. Creep rate: creep is often characterized by its creep rate. Creep rate is
a key characteristic representing the speed of deformation over time
under unchanging stress and high temperature and is typically
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Fig. 6. Predicted trends in hydraulic pressure at temperatures of 70, 80, and 90 °C. Yellow Xs represent the predicted time at which the plug would fail.

measured to understand its effect on the results. However, in our
case, it was not possible to measure the creep rate due to the lack of
required equipment. This rate can differ greatly depending on the
particular composition of the alloy and the conditions it is subjected
to. This variable is planned to be addressed in future work.

5. Pipe roughness: the creep behavior could be severely affected by the
roughness of the pipe where a rougher pipe could potentially lead to
an increased friction, thereby providing more resistance to the alloy
to creep under prevailing stress conditions. However, this roughness
might have a negative effect by introducing points of stress con-
centration (Wen et al., 2016). Such stress concentrations are likely to
accelerate creep deformation in those localized areas, potentially
leading to non-uniform creep behavior across the seal. In other
words, pipe roughness might either facilitate or hinder creep
mechanisms thus requiring a thorough investigation.

Eutectic bismuth tin alloys will always face significant challenges
under prolonged exposure to high temperatures. The key issue is
determining the feasibility of using these low melting point alloys at
such temperatures. The solution is not a universal, “one-size-fits-all”
alloy suitable for every wellbore. Rather, the approach involves tailoring
the alloy to suit the specific conditions of each well. This means we need
to carefully consider, and pre-plan the composition and properties of the
alloy plug based on the depth and environmental conditions it will be
installed in.

During the initial stages of planning, other potential alloys like
bismuth-tin-antimony and bismuth-silver could be considered due to
their enhanced sealing performance and creep resistance (Bosma et al.,
2010; Oluleke and Eden, 2021). A small addition of antimony is capable
of improving creep resistance, increasing the solidification rate,
reducing the risk of liquid metal embrittlement, hindering the leach of
tin from the alloy, and increasing the corrosion resistance. Thus, can be
used in deeper wells where pressures are usually higher. Similarly,
adding silver to bismuth exhibits an improved creep, decreased risk of
liquid metal embrittlement, high degree of corrosion resistance, and
much better mechanical properties in terms of tensile stress, ultimate
tensile strength, and volumetric expansion. BiAg can perform at high
temperatures in which other alloys would melt. However, it is important
to have bismuth in higher percentages to retain the expansion property,
as added silver increases the ductility and strength, but also reduces the
melting point (as cited in Hmadeh et al., 2024a). Thus, when designing a
bismuth alloy, there is a trade-off between decreasing its melting point
(for easier placement inside the well) and losing expansibility (a prop-
erty that is desired).

3.2. Numerical simulations

Fig. 7 presents the plug bottom displacement as a function of the
increasing differential pressure applied on top, for the six chosen curing
temperatures and a curing time of 24 h, while Fig. 8 presents the same
but for a curing time of 96 h. We see that, as the pressure builds up, there
is a sudden increase in plug displacement, indicating that the plug seal
has been breached. We then collect the pressure values at which this
happens, meaning that they will be the numerical values of the hydraulic
shear bond strength. This is similar to how we collected the peaks from
the test curves to determine the hydraulic shear bond strength in the
laboratory.

The collected results are combined and presented in Fig. 9. It is
observed that the resisted pressure, i.e. the pressure at which the seal
breaks, decreases as the curing temperature rises for the same curing
duration. Similarly, this resisted pressure decreases with longer curing
times at a consistent curing temperature. Although higher temperatures
facilitate greater creep, enhancing the adhesion between the plug and
the inner surface of the pipe, there is a significant decline in the elastic
properties with temperature increase, as demonstrated in Table 2.
Therefore, improved adhesion does not offset the negative effect that
elevated temperature has on the elastic properties of the alloy. Conse-
quently, the plugs become weaker with elevated temperatures, which
has been also witnessed throughout the laboratory tests conducted.

Better visualization is achieved if we combine the results from Figs. 3
and 9 into a single plot, as seen in Fig. 10. Comparison have shown good
agreement for higher temperatures, indicating the same downwards
trend from the experiments. Whereas, at lower temperatures, an up-
wards trend should have been witnessed instead, but the numerical re-
sults also had a downwards trend for them. According to the
experimental results from the previously described setup, there seems to
be a threshold temperature around 60 °C, in which the expansion and
creep effects cancel each other, indicated by the constant trend over
time. Above 60 °C, the creep effect seems to be more predominant, while
the expansion effect is more relevant below this temperature. Since good
agreement was achieved for the higher temperatures, it implies that the
Anand plasticity model is capable of capturing the creep + viscoplastic
behavior of this alloy. However, disagreement between the experi-
mental and simulation results at lower temperatures means that the
mechanism that strengthens the plug over time is not captured
adequately in the material model. Therefore, due to this discrepancy
between experimental and simulations results for the temperatures
23 °C, 40 °C, and 60 °C, the numerical results for these temperatures
have been omitted from the graph.
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Fig. 9. Resisted pressure as a function of curing temperature for curing times of 24h and 96h.

One important simplification made in the material model is that the
expansion upon solidification happens over time in practice but was
modeled as happening instantaneously. This approach has been fol-
lowed in similar problems such as cement shrinkage (Lavrov et al.,
2019). This assumption was necessary to accommodate the bismuth
behavior within the Anand plasticity model available in the software.
Therefore, the discrepancy in trends for 23 °C, 40 °C, and 60 °C could be

a consequence of this hypothesis, which needs further improvements in
the model. Nevertheless, important modeling steps have been discussed
and should guide initial simulations due to the lack of other existing
literature regarding this alloy in this particular application.
Furthermore, we note that the plug at 120 °C failed in the laboratory
tests before even reaching 96 h, while the numerical model had yet to
fail at 96 h — although the downward trend indicates that it would fail
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Fig. 10. Comparison of the plug performance as evaluated by laboratory tests and numerical simulations.

eventually. The slope of the simulation curve captures the slope of the
laboratory curve between 24 and 48 h, but then there is a sharp drop in
the laboratory results that is not seen in the simulation. This a limitation
in the Anand plasticity model as it models up to the secondary creep
stage and does not incorporate accelerated failure caused by tertiary
creep, which is the phenomenon that has this abrupt behavior. Instead,
in this model, the alloy would remain creeping at the secondary stage
until eventually it would not withstand the initial curing pressure of 40
bar but at a longer curing time.

4. Conclusions

The primary objective of our research was to evaluate the perfor-
mance of eutectic bismuth alloy plugs under various temperatures and
curing durations. Our small-scale laboratory investigation yielded
several insights:

e Below 60 °C, we observed an improvement in the shear bond
strength of the metal plug over time, suggesting enhanced bonding
capabilities at lower temperatures.

e Above 60 °C, there was a noticeable reduction in shear bond strength
over time, attributed to the creep phenomenon.
Creep effects become more evident at high temperatures close to the
melting point of the alloy. As the curing temperature of 120 °C ap-
proaches the melting point of the alloy (138 °C), the shear bond
strength deteriorates drastically.
Several factors could have impacted these results, including stress
levels, long-term deformation, the grain structure and composition of
the alloy, creep rates, and the roughness of the pipe.
Results from the developed numerical model have shown a good
agreement with the obtained laboratory test results for higher curing
temperatures while indicating different trends for lower curing
temperatures, implying that further model refinements are neces-
sary, especially in the assumption of instantaneous expansion and
simplifications in the creep behavior. Nevertheless, a groundwork for
simulations was laid and should guide further work.

Eutectic bismuth tin alloys will always face challenges under

prolonged exposure to high temperatures. The solution is not a univer-
sal, “one-size-fits-all” alloy suitable for every wellbore but rather a
tailored approach, customizing the alloy’s composition and properties to
fit the specific conditions of each well. This necessitates a strategic pre-
planning phase to determine the most suitable alloy composition for the
intended wellbore environment and depth the plug will be installed in.
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