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Abstract

Pb-Sn-Sb alloys (E-alloy) are commonly used in subsea power cable sheathing. Due to the relatively low melting temperature, i.e.
around 600 K, this type of alloy is prone to experience microstructural time-dependent evolution such as recovery, relaxation,
recrystallization and creep deformation even at room temperature, in contrast to other conventional materials for which involve
these mechanisms are activated only at high temperatures. To better understand the deformation mechanisms of Pb-Sn-Sb alloys,
small-scale in-situ mechanical testing inside a scanning electron microscope (SEM) has been conducted under both monotonic
loading and cyclic loading conditions. Thanks to the in-situ imaging technique, the deformation behavior as well as the damage
mechanisms were revealed with high resolution. The possible deformation mechanisms, including the creep behavior, has been

discussed and the results can provide necessary input to damage calculations and modelling work of the studied alloy system used
for cable sheathing.
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1. Introduction

Lead alloys are commonly used in subsea cable sheathing due to their easy manufacturing, excellent chemical
stability and mechanical ductility [1, 2]. A common understanding of this material is that due to its low melting point
(~600 K or 327 °C), the deformation behavior includes relaxation, recovery, recrystallization or creep even at room
temperature, in contrast to conventional metallic materials which experience these behaviors only at high temperatures.
These time-dependent phenomena lead to a sensitive strain rate-dependency of lead alloys in terms of the constitutive
behavior and damage during deformation. The real-life scenarios involving cyclic motion will both vary in strain rate
and entail cycles with strain rates far below practical limits if testing due to time constraints, i.e. it is a clear need to
better understand the inherent damage models in order to improve the necessary extrapolations needed for fatigue- and
creep damage calculations. Due to the complexity of the issue, the industry has for long time relied on the experience
derived from the operational history rather the inadequate available literature on the topic. Among the earlier works
we mention an investigation by the University of Illinois of the mechanical behavior of lead for cable sheathing at a
range of temperatures, showing a strong strain rate dependency on the evolution of the plastic curve and on the tensile
strength [3] and a study on the impact of chemical composition of the alloy, thermal treatments and repeated loading
[4]. The impact of grain size on the creep behavior of polycrystalline lead was studied by Feltham [5] while tests on
the fatigue behavior of commercial alloys were performed by Harvard [6]. Further works are available on the fatigue
behavior [7] and the compression response [8]. Being most of the research available is outdated and inadequate to
understand real life fatigue calculations, as well as significant manufacturing and cable design improvements, a novel
interest for the performance of lead alloys has risen in the industry. In the recent years novel results have been produced
with up to date tools, describing the tensile performance and the fatigue response in presence of geometrical
discontinuities of a selection of lead alloys of interest [9-11], together with a statistical estimation of the sheathing’s
life in full scale tests [1]. The present work aims to present some interesting preliminary result to expand and improve
the understanding of the mechanisms leading to failure under various loading conditions.

2. Materials and Experimental

The material investigated in this study is a Pb-Sn-Sb alloy (E-alloy) with the chemical composition shown in Table
1. The material was extracted from as-extruded lead tubes which involve direct quenching upon extrusion. Followed
by > 1 year of storage. The as-received material has a face-centered cubic (FCC) phase with a small fraction of
secondary precipitates (identified as SnSb particles by energy dispersive X-ray spectroscopy/ EDX) and was
manufactured into dog-bone shaped tensile specimens with the dimension described in Figure 1 with the longitudinal
direction parallel to the extruded direction of the raw material. The metallographic investigation of this material can
be found in Ref. [11]. The specimens are prepared by grinding, polishing, etching and ion-polishing at 2 kV for 10
min plus 1 kV for 10 min. Before testing, the specimen was analyzed by electron backscatter diffraction (EBSD)
technique in a Quanta 650 FEG scanning electron microscope (SEM, ThermoFisher Inc., USA) with an accelerating
voltage of 20 kV and a working distance of about 15 mm. The initial microstructure of the material as revealed through
EBSD maps is shown in Figure 2. An average grain size of about 25 um is observed, and the grains are mostly in
equiaxed shape. No specific sharp texture is observed from the normal direction - inverse pole figure (ND-IPF) map.
A lot of twin boundaries (TBs, defined by X3 boundaries) together with low-angle grain boundaries (LAGBs, 2-15°)
and high-angle grain boundaries (HAGBs, >15°) are revealed by the EBSD analysis. The residual strain after sample
preparation revealed by kernel average misorientation (KAM, defined as the average misorientation of first nearest
points including the kernel scanning point) map is not significantly strong. The specimen was considered as in well-
annealed state before testing.

Table 1 Chemical composition of the tested material.

Element Pb Sb Sn
wt.% 993 02 05
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Figure 1 Sample geometry for tensile testing. (unit: mm)

Figure 2 EBSD analysis of the tested material: a. normal direction - inverse pole figure (ND-IPD) map with high-angle grain boundaries
(HAGBs), low-angle grain boundaries (LAGBs) and twin boundaries (TBs, defined by X3 boundaries), b. kernel average misorientation (KAM)
map with 0-5°. (digital version in color)

Mechanical loading was applied by a tensile/compression module (Kammrath & Weiss GmbH, Germany) inside
the SEM. Monotonic tensile tests with an initial nominal strain rate of from 5107 s to 5x1073 s were performed.
For cyclic loading test, a nominal strain amplitude (A¢) of approx. £1.1% with an initial nominal strain rate of 5103
s' was applied. The deformation procedure of specimens was recorded by in-situ SEM imaging at a chosen
magnification to reveal the microstructural change during testing. Energy dispersive X-ray spectroscopy (EDS) was
used to confirm the chemical composition information of the specimen at an accelerating voltage of 20 kV and a
working distance of about 10 mm. The post-mortem fracture features were also investigated by SEM to confirm the
fracture mechanism.

3. Results
3.1. Mechanical data
3.1.1 Monotonic loading

Figure 3 shows the nominal stress — strain curves for monotonic tensile tests on three different specimens with
different nominal strain rates. The first two tests were done with a fixed nominal strain rate at 5107 s and 5x10* s~
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!, respectively (referring to the black and the red curves). The third test was started with 5x10- s! but accelerated
after the ultimate tensile strength has been clearly passed (i.e. after a clear drop in the nominal stress has been
recorded). The accelerated testing ranges are divided by black dashed lines in Figure 3 and the corresponding nominal
strain rates are marked accordingly. It is clear that the mechanical properties of the studied Pb-Sn-Sb alloy have a
strong dependency on the strain rate. The yield strength (by 0.2% plastic deformation criterion) as well as the ultimate
tensile strength increases with an increasing strain rate, and these values are recorded in Table 2. An interesting fact
is that the final elongation/ nominal strain is quite similar (about 110%) between the different testing cases.

Table 2 Mechanical properties of the tested Pb-Sn-Sb alloy.

Nominal strain rate /s Yielding strength/ MPa  Ultimate tensile strength/ MPa

5x10°" 8.2 16.1
5x10* 8.8 17.4
5%107 10.8 20.7

*The properties for 5x107 s were got from the first segment of the blue curve in Figure 3.
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Figure 3 a. Nominal stress — strain curves for monotonic loading tests with strain rates ranging from 5107 s™ to 510 s'. The black and red
curves were from the tests with a fixed strain rate at 5107 s™" and 510 s, respectively. The blue curve started with 5107 s”!, and the loading
was accelerated after the drop in the stress has been recorded. The segments are divided by black dashed lines and the corresponding nominal
strain rates are marked. b. A magnified area focusing on the first stage of deformation (nominal strain less than 0.1). (digital version in color)

3.1.2 Cyclic loading

The cyclic loading test was conducted under an elongation-controlled mode with a fixed displacement rate
(corresponding to an initial nominal strain rate of 5x10° s™). The corresponding global strain amplitude was Ae ~
+1.1%. The testing results are shown in Figure 4 and revealed that when loaded a fixed displacement (strain) range,
the specimen showed gradually softening in the stress response. According to Figure 4b, the stress level was
continuously decreasing (in absolute value) with respect to time or number of cycles, and there was no significant sign
of reaching a stable value. The stress — strain loops are also shown in Figure 4c¢ (for the first cycle) and in Figure 4d
(for the full test). A small turbulence can be found in the tensile part of the loop for all cycles, which was a systematic
error that came from the tensile module. The loops consistently show softening during the cyclic loading.
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Figure 4 Mechanical testing results for the cyclic loading test. (a) strain — time plot; (b) stress — time plot; (c) stress — strain loop in 1* cycle and
(d) stress — strain loops in full test.

3.2. Microstructure evolution

3.2.1 Monotonic loading

To track the microstructure evolution, the micrographs were taken by in-situ SEM imaging during the monotonic
tensile test at 0.2 pm/s (nominal strain rate 5x107 s™!). The results are divided into three stages according to different
characteristics: an early stage (defined as global nominal strain from 0 to ~0.18), an intermediate stage (with global
nominal strain from ~0.6 to ~0.8) and a final stage (global nominal strain from ~0.8 to ~1.1/ final failure). The SEM
micrographs are presented in Figure 5 to Figure 7.

Figure 5 shows the early stage microstructure evolution during the tensile test. Before loading, the specimen
showed a relatively flat and smooth topography with the presence of only some precipitates, as is also marked as a
reference point in the figures. After loading, the grain boundaries first started to appear (e.g. the white curved segments
in Figure 5b). As strain level increased, the grain boundaries became more and more significant, and some slip lines
became revealed on the surface as parallel lines (indicated by parallel dashed lines inside the grains). The slip lines
were mostly parallel inside one grain and were parallel neither to the loading direction nor to the transversal direction.
Both the grain boundaries and the slip lines became more significant as the strain level increased. The same
phenomena continued through the whole stage.
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Figure 5 SEM micrographs from the in-situ investigation of microstructure evolution during tensile test at early stage. The corresponding global
nominal strain levels are indicated in each sub-figure. The black circle indicates a same reference point in the view. The global tensile direction is
horizontal.

Figure 6 shows the intermediate stage of deformation. Similar to what was observed during the early stage, the slip
lines and the grain boundaries still evolved as the strain increased. Additionally, new slip lines in a different direction
were observed in one grain containing previously developed slip lines. Both the new and the old slip lines were
inclined to the tensile direction and the transversal direction. Moreover, the grain boundaries started to detach from
each other, and early-stage damages can be found in the grain boundary areas (as indicated in Figure 6c). However,
no clear proof can be found for developing damage around precipitates and/or precipitate/matrix debonding.

Figure 6 SEM micrographs from the in-situ investigation of microstructure evolution during tensile test at intermediate stage. The corresponding
global nominal strain levels are indicated in each sub-figure. The black circle indicates a same reference point in the view. The global tensile
direction is horizontal.

Figure 7 shows the final stage of the monotonic tensile test up to the final failure of the specimen. As observed at
the end of the intermediate stage, the slip lines were inclined to the tensile direction and the transversal direction, and
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the grain boundary areas were relatively severely deformed. When the material was subjected to further elongation,
the slip lines turned into thicker deformation bands whose direction was almost parallel to the transversal direction
(perpendicular to the tensile direction), as shown in Figure 7b. The final fracture did not start from the grain
boundaries, but instead, the principal crack started from one side of the specimen in the necked area and propagated
along the deformation bands in the transversal direction. From the in-situ observations, the crack was not growing in
a continuous way, but accompanied with discontinuous small damage coalescence in the crack wake which finally
determined the saw-tooth appearance observable at the final fracture area (Figure 7c).

Figure 7 SEM micrographs from the in-situ investigation of microstructure evolution during tensile test at final stage. The corresponding global
nominal strain levels are indicated in each sub-figure. The global tensile direction is horizontal.

3.2.2 Cyclic loading

The microstructure evolution during cyclic loading test was also investigated via in-situ imaging, analogously as
was showed in the case of monotonic loading, and the results are shown in Figure 8. Unfortunately, the specimen for
the cyclic loading test was not prepared by metallographic techniques due to the early-stage technical limitations.
Therefore, the results here reported are to be considered as preliminary and regarded as solely qualitative. Tests with
higher resolution and better sample quality are in plan and will be conducted after the Covid-19 pandemic restrictions
will be released.

Figure 8 SEM micrographs from the in-situ investigation of microstructure evolution during cyclic loading test up to 1000 cycles. The black
circle indicates a same reference point in the view. The global loading direction is horizontal. The horizontal lines are topographical defects from
specimen manufacturing.
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Similar to the early stage deformation in the monotonic tensile test, the cyclic loading showed deformation mainly
appearing at grain boundaries and inside grains. Additionally, deformation bands crossing grains can also be observed.
Most of the deformation bands revealed a roughly 45° angle inclination with respect to the loading direction. As the
number of cycles increased, the deformation became more and more significant, but no obvious global damages were
found.

4. Discussions
4.1. Monotonic tensile behavior

From the tensile testing results, an obvious strain rate sensitivity can be concluded for the studied Pb-Sn-Sb alloy.
Generally, the strain rate sensitivity can be correlated to a combination of several time-dependent mechanisms
occurring during deformation. Due to the relatively low melting point of Pb alloys, i.e. approx. 600 K, room
temperature deformation for Pb alloys is similar to what is usually observed at high temperature deformation for
conventional metallic materials such as aluminum or nickel. Therefore, the time-dependent procedures might have
included some thermally activated deformation mechanisms such as diffusion, dislocation climbing, boundary
migration, efc. Normally, these procedures can lead to a significant softening effect due to the fact that dislocations
annihilate each other such that the global mobile dislocation density decreases. In a worse case, the damage mechanism
of creep can be activated even at room temperature. These micro-mechanisms can explain the obvious strain rate
sensitivity observed in the tensile tests.

The three deformation stages as described in the Results section can be linked to the dislocation slip behavior in
the grains. In the first stage of early deformation, single slip systems are activated, and dislocations start to move on
a specific slip plane. The result of slipping is a step on the specimen surface when dislocations slip out of the material,
which is revealed as the slip lines appearing in Figure 5b-f. As the strain level increases, additional dislocations take
part in the slipping procedure, and more slip lines are formed. In the same grain, the slip lines are mostly parallel in
given direction, indicating that the activated slip system is limited to a specific slip plane. In this stage, the stress level
also increases, indicating that activating more dislocations to slip needs higher stress level. In the intermediate stage,
the slip behavior becomes more complicated: the appearance of multi-directional slip lines on the specimen’s surface
is indicative of a multi-slip system activation. Through the activation of different slip systems, the grains can
accommodate themselves regarding the neighboring grains and the whole specimen starts to deform according to the
external loading. From Figure 6, it is revealed that some grains have changed their shapes to accommodate the
geometrical continuity between different grains, and the slip lines are appearing in different directions even in a same
grain. In this stage, the specimen has a decreasing stress (engineering stress) level, which means that the geometrical
softening becomes more dominant in the deformation process. More specifically, global necking should have already
happened, according to the mechanical data. In the final stage, the different slip systems rearrange themselves to form
deformation bands perpendicular to the tensile direction, as shown in Figure 7. The severely deformed region in the
necked area starts to form voids which subsequently grow, more and more rapidly as elongation is further increased,
until they coalesce into forming a macro-crack. The arrow in Figure 7c indicates ligament that still of the material that
has not separated yet and the overall figure clearly reveal the void nucleation — growth — coalescence ductile failure
mechanism typical of ductile metals.

It is however interesting to the observation that although the main topographical damages initiate and accumulate
at the grain boundaries, they are not the main cause of the final failure. One possible damage accumulation at grain
boundaries is initiated at lower stress/strain levels at which the deformation is completely dominated by the local
microstructural features rather than the mechanical loading conditions. When the stress/ strain becomes higher, the
mechanical effect overcomes the microstructural effect, such that the global deformation follows the global
mechanical loading. This can be dually compared to the early stage fatigue damage evolution in cyclically loaded
specimens.

Another interesting observation pertains to mechanical twinning. From the initial microstructure observation by
EBSD (i.e. Figure 2), a lot of annealing twin boundaries can be characterized. This shows a relatively lower stacking
fault energy and thus a higher twinnability of this material in the as-received conditions. Since mechanical twinning
is commonly regarded as a viable method to improve both the strength and the ductility of materials during
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deformation (e.g. twinning-induced plasticity/ TWIP steels use this criterion to improve the mechanical properties
[12-16]), a deeper understanding on how mechanical twinning relates to the deformation mechanisms of the studied
material can be an interesting topic. However, due to time limitation, this will be an outlook in a future work after the
Covid-19 pandemic.

4.2. Cyclic loading behavior

The studied Pb-Sn-Sb alloy shows a clear cyclic softening behavior in the investigated testing range. This
phenomenon is common also in some steels (e.g. [17, 18]), and is often explained by the reduction of dislocation
density and the disappearing of sub-grain boundaries upon cyclic loading. In the present manuscript, due to time
limitations, the investigation at the dislocation level was not conducted, but the microstructure evolution was revealed
via in-situ imaging techniques. The appearance of deformation traces as observed in Figure 8 implies a dislocation
slipping-dominant deformation mechanism during the cyclic loading. Since the shear stresses are most prominent at
a degree of 45° to the loading direction, most of the deformation lines are along this direction, confirming the shearing
nature of the deformation. However, these deformation bands are not long enough to go through the whole specimen,
but rather they are limited by the obstacles present in the material. Unfortunately, it is not straightforward to identify
which one of the typical metallurgical obstacles (grain boundaries, precipitates, etc.) are active due to a rough surface
quality of the specimen, but based on the EBSD analysis, grain boundaries seem to be the most probable ones. Since
the slip systems are defined by the crystallography of each single grain, dislocations are often slipping in different
directions and on different planes when crossing grains. Therefore, most of the slip deformation cannot go through
grain boundaries and will be accumulated in their vicinity. Moreover, due to the slip irreversibility during cyclic
loading [19-21], only part of the deformation can be “relaxed” by the reversed dislocation motion in the “negative”
half of the loading cycle. As a result, the deformation gradually and continuously accumulates at the obstacles, such
as grain boundaries, and form early-stage damages and geometrical irregularities which constitute the early damage.
This damage is in other words expected to add to expected creep induced void formations. Normally some extrusions/
intrusions can be observed on the surface of the specimens.

Another factor that needs to be accounted for is the fact that for this material creep damage may play a role already
at room temperature in the way that during cyclic loading, the material recovers itself dynamically and the dislocation
density keeps reducing (fatigue + creep interaction). To prove this hypothesis, new tests with different strain rates as
well as advanced characterization techniques are needed. This is planned to be presented in a future work by the
present authors.

4.3. Damage modes

Based on the investigations and the discussions, the damage modes of the studied material under the present testing
conditions are summarized as follows. During monotonic tension, early-stage damage driven by microstructural
constraints accumulates at grain boundaries and causes geometrical softening of the material. As stress and strain level
increases, the deformation in more dominated by the global mechanical loading (Figure 9a), and final failure starts
from the geometrical irregularity in the necked area and proceeds via a void coalescence mode. The final fracture is a
ductile type with a locally shear type, as can be seen in Figure 9b. The fracture of the material is driven by the
deformation lines as in the surrounding areas and follows a shear direction instead of the loading direction. During
cyclic loading, the early-stage damages revealed as deformation lines (Figure 9c) are also controlled by the
crystallography and accumulate inside the grains until an obstacle such as a grain boundary is reached. Typical
extrusions/ intrusions are formed on the surface of the specimen as parallel deformation lines (Figure 9d) that can
serve as geometrical irregularities, which can cause local stress concentration and a possible formation of cracks. Due
to time limitation, the quantitative deformation analysis of the cyclically loaded specimen could not be completed.
The possible fatigue — creep interaction is of high interest in the authors’ research group and will be a topic in a future
study.
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Figure 9 Damage modes micrographs. a. microstructure before failure at lower magnification (monotonic loading); b. a closer view of the final
failure at higher magnification (monotonic loading); c. microstructure after cyclic loading at lower magnification (after 1000 cycles) and d.

damage from cyclic loading at higher magnification (after 1000 cycles).

5. Conclusions

The tensile and fatigue behavior of a Pb-Sn-Sb alloy was investigated through small-scale mechanical testing
coupled with in-situ imaging techniques in SEM. The tensile tests were conducted under different strain rates, and the
cyclic loading test was conducted in a displacement-controlled mode at a strain amplitude of about A¢ ~£1.1%. With
the help of in-situ imaging, the microstructure evolution was captured during the mechanical loading. Nevertheless,
the current manuscript summarizes only the preliminary results, and deeper analyses, in particular toward that of the
mechanisms related to fatigue — creep interaction and dynamic recovery, will be conducted in the close future. The
main conclusions from this initial investigation can be drawn as follows:

The mechanical property of the studied Pb-Sn-Sb alloy has a strong dependency on the strain rate in the studied
range (from 107 s! to 103 s7!) with a clear softening phenomenon as the strain rate is decreased.

The strain rate mainly changes the strength level (both the yielding strength and the tensile strength), while the
strain to failure remains similar.

In monotonic tensile testing, early-stage damages occur at grain boundaries, while the final failure starts from
the necked area constrained by the global mechanical condition.

The material shows a cyclic softening behavior when subjected to cyclic loading, and the formation of
extrusions/ intrusions as a result of persistent slip bands is observed.

Dynamic recovery can be a possible mechanism for both monotonic loading and cyclic loading. This is the
outlook of the present work and will be conducted in the close future.
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