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We analyzed the dynamic recrystallization of pure lead by tensile testing with cyclic strain holding at room temperature. The
specimens were held at an identical strain and subsequently reloaded, providing the strength before and after the strain holding
process. The difference in strength enables factors affecting dynamic recrystallization behavior to be analyzed through mechanical
testing. For instance, the effects of strain rate on dynamic recrystallization were analyzed by comparing the results obtained from
tensile tests with andwithout strain holding.This experimental technique demonstrated some parts of contribution of elastic strain,
dynamic recovery, dynamic recrystallization, and necking to stress-strain responses.

1. Introduction

Low yield stress and work hardening capacity of pure lead
are important for its application in damping materials. Low
yield stress is a prerequisite for damping materials because
these materials should deform plastically before the plastic
deformation of the main body when affected by an accidental
force like that encountered in an earthquake. Further, low
work hardening capacity is imperative for the continued use
of dampers. Depending on the work hardening behavior,
a plastic strain is introduced in the main body when the
flow stress of the damper reaches the yield stress of the
main body. In order to prevent this plastic deformation of
the main body, the damper is required to show low work
hardening capacity as well as low yield stress. The work
hardening capacity of pure lead is sufficiently low, particularly
at low strain rates, because dynamic recrystallization (DRX)
occurs even at room temperature due to the low melting
temperature [1–3]. These facts enable pure lead to be used
as a practical damping material. Therefore, the important
factors to be considered for the application of pure lead as a
damper are yield stress and work hardening capacity related
to dislocation density evolution and the progress of DRX.

In this work, we note the microstructure aspects associated
with dislocation density and DRX.

The DRX behavior and dislocation density evolution of
pure lead can be analyzed by correlating the microstructural
aspects through a theoretical approach. Bailey-Hirsch’s equa-
tion [4] simply provides the relationship between dislocation
density and flow stress. Numerous models on DRX also have
been established conventionally [5–11]. The most renowned
model was proposed by Luton and Sellars [12]. The stress-
strain behavior was explained by critical strain 𝜀

𝑐
and recrys-

tallization strain 𝜀
𝑥
, where 𝜀

𝑐
and 𝜀

𝑥
were defined as the

strains at a peak stress and at recrystallization completion,
respectively. Other studies attempted to explain thismodel on
the basis of dislocation density, grain boundary energy, and
diffusion velocity [13–15]. These models have been validated
for steel [16–21], copper [22–24], nickel [25], aluminum [26],
and various alloys [27–33]. However, there are only a few
experimental reports on the deformation behavior relating
to the DRX in pure lead [34–36]. This is because, due to the
occurrence of recrystallization at room temperature in pure
lead, microstructure observations to analyze the progress of
DRX and to detect the change in the dislocation densities
are significantly challenging. Thus, experimental analyses of
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DRX in pure lead need unique method containing factors
affecting the progress of recrystallization and the dislocation
density evolution.

In this paper, we provide and discuss some experi-
mental results obtained by cyclic strain holding tests to
analyze DRX in pure lead. In these tensile tests, strain
holding was conducted at constant temperature, that is,
room temperature.The degree of progress in recrystallization
depends on experimental duration, strain, strain rate, and
test temperature [1, 37]. Here, note that static recrystalliza-
tion (SRX) occurred during strain holding. The difference
between DRX and SRX is whether a specimen is under
deformation or not when showing recrystallization [1, 2].The
dominant factors affecting SRX and DRX are the same, that
is, stored dislocation energy, temperature, and experimental
duration. Here, the magnitude of softening by DRX was
assumed to be equal to that by SRX in terms of dislocation
density. Therefore, the contribution of DRX to stress-strain
responses is approximated by the combination of hardening
by deformation and softening due to recrystallization at the
same test temperature. Strain holding could regulate the
experimental duration at a specific strain, implying that the
tests can demonstrate various stress-strain responses with
different magnitudes of progress in recrystallization. Hence,
the comparative study of the results obtained from tests with
and without strain holding can provide vital information that
can assist in correlating the aforementioned factors with the
stress-strain responses of pure lead. In this paper, we attempt
to interpret the experimental results to gain an understanding
of the DRX behavior of pure lead.

2. Experimental

Tensile specimens ware cut from 4.0mm thick pure lead
sheets (with the chemical composition as shown inTable 1) by
spark machining. The specimens were subsequently solution
treated at 400K for 3.6 ks under air. Figure 1 is the rolling
direction-inverse pole figure (RD-IPF) which was taken in
the as-solution-treated condition. The experimental condi-
tion of this electron backscatter diffraction (EBSD) analysis
will be shown later. Tensile tests were conducted at the
ambient temperature (i.e., 298K, which is half the melting
point of pure lead) at various strain rates. The strain rates
were varied from 1.7 × 10−5 to 1.7 × 10−2 s−1. The gage
dimension of each of the tensile specimens used in the present
study was fixed at 4.0mm (width) × 4.0mm (thickness) ×
30mm (length). The specimens consisted of grip sections on
both ends, which were fixed in an Instron-type machine.The
strains were determined by dividing the displacements by the
initial gage length.

The tensile tests with strain holding were also conducted
at ambient temperature. Figure 2 shows the flow chart indi-
cating the various steps of the cyclic strain holding tests.
Initially, the specimen was deformed to 3.3% plastic strain
(operation A), following which the specimen was held at this
strain for 1,800 or 10,800 s (operation B). After the completion
of one cycle, the straining was repeated; that is, the specimen
was deformed again at the same strain rate to achieve
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Figure 1: RD-IPF map in the as-solution-treated condition.
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Figure 2: Schematics representing the experimental procedure used
in the strain holding tests.

the initial deformation. After the completion of eight cycles,
we conducted continuous tensile testing, in which the speci-
men was deformed to fracture at the same strain rate as that
used to obtain the initial deformation.

Figure 3 is a schematic illustrating the significant of what
the cyclic strain holding tests demonstrates. During the initial
straining process (operation A), the stress increased with
strain due to work hardening until the flow stress 𝜎flow1
was reached after 0.2% proof stress 𝜎

0.2
. Then, during the

strain holding step (operation B), stress decreased gradually
to 𝜎min2 due to relaxation and dynamic recrystallization.
During the subsequent straining operation, stress took the
values of 𝜎reload and 𝜎flow. The difference between 𝜎

0.2
and

𝜎reload2 corresponded to the change in the dislocation density
originating from straining. The difference between 𝜎flow1 and
𝜎reload2 corresponded to the decrease in dislocation density
arising because of recrystallization during the last strain
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Table 1: Chemical composition of the lead specimen used in the present study.

Pb Sb Cu Sn Fe Bi Zn Ag As
Component (wt.%) 99.99 <0.002 <0.0005 <0.002 <0.0005 <0.002 <0.0005 <0.0005 <0.002

Table 2: Experimental conditions in the present study.

Index Strain rate
(s−1)

Duration of strain
holding (s) Unloading

1

1.7 × 10
−2

× ×

2 300 I
3 300 ×

4 1800 ×

5 10800 ×

6 1.7 × 10
−3

× ×

7 1.7 × 10
−4

× ×

8
1.7 × 10

−5
× ×

9 1800 ×

0.2%
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Figure 3: Schematics representing the stress-strain responses occur-
ring during the strain holding process.

holding step. In addition, the change in stress from 𝜎min2
to 𝜎reload2 was caused by relaxation. To investigate DRX,
we performed several experiments with and without strain
holding whose conditions are shown in Table 2.

In the microstructural observations using EBSD analysis,
the specimens were chemically polished with mixed aqueous
solution, 20% hydrogen peroxide and 80% acetic acid, at
298K after mechanical polishing. The EBSD analyses were
conducted at 294K at 20 kV. A tensile-deformed specimen
used for the EBSD analysis was immersed into liquid nitrogen
immediately after the tensile test to suppress SRX at room
temperature.

3. Results and Discussion

3.1. Tensile Properties Associated with DRX. Figure 4 shows
the engineering stress-strain curves obtained at various strain
rates (Indices 1, 6, 7, and 8 in Table 2). The work hardening
was suppressed with decreasing strain rate, which led to
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Figure 4: Engineering stress-strain curves obtained at various strain
rates.
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Figure 5: RD-IPF map after fracture at strain rate of ̇𝜀 = 1.7 ×
10
−5 s−1.

decreases in the ultimate tensile strength (UTS) and uniform
elongation. A microstructure observation was conducted by
using EBSD to interpret the reduction in work hardening
rate, UTS, and uniform elongation. Figure 5 is a RD-IPF
map taken from the specimen fractured at the strain rate
of 1.7 × 10−5 s−1. The observed part was selected from
uniformly deformed gauge part.The parent grain is indicated
by the black arrow. (Parent grains are determined by the
grains that existed in the solution-treated condition.) Lots
of small grains with the size of 10–20𝜇m were observed
near the boundaries of the parent grain as indicated by
the square. These small grains have newly generated near
the grain boundaries by SRX or DRX since the sizes of
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the small grains are much smaller than the ones of the
parent grains as well as of the as-solution-treated condition.
Grain boundaries are supposed to be strain concentration
sites [38], which preferentially initiated the recrystallization
around the parent grain boundaries.This fact observed in the
uniformly deformed part indicates that the strain provided by
the tensile test achieved the critical strain for recrystallization
before reaching UTS. Therefore, the suppression of work
hardening with the decrease in strain rate is attributed to
dynamic recovery as well as DRX, as conventionally reported
[1]. The decrease in strain rate provides a longer duration
per strain, promoting the recovery and recrystallization. The
decreases in uniform elongation and UTS are also caused
by the decreasing work hardening rate, which is clarified
through Considère’s Criterion. However, the simple tensile
test cannot clarify each contribution from phenomena to the
decrease in flow stress: dynamic recovery, DRX, and necking.
Tensile tests with strain holding tests are expected to clarify
some parts of the contribution, which is demonstrated from
the next section.

3.2. Testing with and without Unloading. To clarify the
contribution of dynamic recovery and recrystallization to
the deformation behavior, factors affecting the stress-strain
response need to be investigated. We here note that an
influence of elastic strain on dynamic recovery andDRX.The
dynamic recovery and recrystallization are driven by stored
energy during the deformation, which can be separated
into elastic and plastic energies. Figure 6 is a schematic
representation of the elastic and plastic portions of stress-
strain curve during the strain holding test accompanied by
unloading. Figure 7 shows the results of the cyclic strain
holding tests carried out with andwithout unloading (Indices
2 and 3 in Table 2), which are depicted by broken and solid
lines, respectively. The elastic energy can be calculated by
the stress during the strain holding test with unloading (as
shown in Figure 6). The difference between the stresses in
the two tests corresponds to the contributions of the elastic
strain energy to recovery and recrystallization during strain
holding. As can be seen, the stress-strain responses with
unloading showed almost similar values as the ones obtained
without unloading, indicating that the effect of elastic strain
energy on the recrystallization of pure lead was negligible.
Thus, we considered only the effect of plastic strain in this
study.

3.3. Testing with andwithout StrainHolding. Thestress-strain
behaviors with and without strain holding are mentioned
in this section. Figure 8 exhibits a comparative study of the
results obtained from the tests carried out with and without
strain holding. The broken and solid lines are engineering
stress-strain curves obtained at the strain rate of 1.7×10−5 s−1
with and without strain holding for 1,800 s, respectively
(Indices 8 and 9 in Table 2). The dotted lines connect
𝜎
0.2

and each 𝜎reload. There were no significant differences
between the flow stresses in the tests with and without strain
holding until the third cycle. During the fourth cycle, both
flow stresses began to decrease abruptly, and subsequently,
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Figure 6: Schematic representation of the elastic and plastic region
in stress-strain curves obtained from the strain holding tests carried
out with unloading.
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Figure 7: Engineering stress-strain curves obtained from strain
holding tests carried out with and without unloading.

the flow stresses decreased further with increasing number of
cycles. These results indicate the following points about DRX
of pure lead during straining at the rate of 1.7 × 10−5 s−1.

(A) The strain provided during the first three cycles
reached a critical value to trigger recrystallization
[12].The stress drop that occurred after the attainment
of the UTS was initially caused by the occurrence of
DRX [1].

(B) Accordingly, the dependence of flow stress on strain
rate before the specimens were strained to 10% can
be thought to arise from dynamic recovery, since
the recrystallization cannot occur before 10% which
corresponds to the cumulative strain till the third
cycle.

Although the degree of progress of recrystallization
occurring during the experiments with strain holding was
anticipated to be more significant than that occurring dur-
ing continuous deformation, after the third cycle, the flow
stresses observed in the strain holding test were higher than
those encountered during continuous deformation partially.
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This is considered to be caused by necking. As long as
flow stress decreases, as shown in the stress-strain response
of the continuous deformation experiments, occurrence of
necking becomes significant with increasing plastic strain.
In contrast, the work hardening capacity observed during
the strain holding experiment was recovered in each strain
holding cycle because of the SRX. Such recovery brought
about significant work hardening during subsequent strain-
ing, which suppressed the necking and led to the higher flow
stresses than those in continuous tensile deformation.

As can be seen from the results of the continuous tensile
testing experiments, the tendency of stress decrease can
be separated into three parts. Initially, (i) a sharp decrease
occurred, which was followed by (ii) a marginal decrease,
and subsequently, (iii) a sharp decrease was observed once
again. Considering the stress changes accompanying necking,
the first sharp decrease can be attributed to the combined
effect of dynamic recrystallization and necking.Themarginal
decrease was caused dominantly by necking, because DRX
was considered to have been completed already. The change
in the slope of the stress decrease can be anticipated to corre-
spond to the conventionally reported serrations arising from
the alternating achievement of critical and recrystallization
strains that are defined as the critical strain required for
DRX and the strain at which recrystallization is complete
[12]. Although it is difficult to interpret, the critical strain
and recrystallization strain can be found in the results of the
continuous tensile test.

The stress-strain response obtained by strain holding
test represented the sharp decrease beginning at the third
cycle. The difference between 𝜎flow and 𝜎min, that is, 𝜎flow3
and 𝜎min4, became abruptly significant, because the strain
reached the critical strain. Subsequently, a marginal decrease
in stress was observed at the fourth strain holding step. The
magnitude of the difference between 𝜎flow4 and 𝜎min5 was
smaller than that between 𝜎flow3 and 𝜎min4. This strain was
considered to be the recrystallization strain [12]. The second
sharp decrease occurred when the critical strain required
for DRX was reached again. Accordingly, a relatively large
difference between 𝜎flow and 𝜎min during the strain holding
experiments can be expected to show the attaining the critical
strain.

Additionally, the duration of straining in one cycle is
almost identical to that for holding, andhence the dotted lines
can be assumed to represent the stress-strain curve at a lower
strain rate. Hereafter, such dotted curves connecting 𝜎

0.2
and

each 𝜎reload will be termed as virtual stress-strain curves in
this paper. The assumption is confirmed by the features of
these stress-strain curves such as suppressed work hardening
and early achievement of UTS shown in Figure 4.The validity
of this discussion will be reconsidered with virtual stress-
strain curves in Figures 9 and 10.

3.4. Tests with Strain Holdings at Different Strain Rates. The
broken line in Figure 8 is the engineering stress-strain curve
obtained at the strain rate of 1.7 × 10−5 s−1 with strain
holding for 1,800 s (Index 9 in Table 2). The solid lines in
Figure 9 show the result of the cyclic strain holding test
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Figure 9: Engineering stress-strain curves obtained by tensile
testing carried out with strain holding for 1,800 s at ̇𝜀 = 1.7×10−2 s−1.

at the strain rate of 1.7 × 10−2 s−1 with the strain holding
for 1,800 s (Index 4 in Table 2). The difference between the
experimental conditions in Figures 8 and 9 was the strain
rate. Strain rates affect the flow stress, recrystallization, and
dislocation density as discussed in Figure 4 in Section 3.1.
It is particularly noted that the high 𝜎flow was observed at
the high strain rate. The significant stress drops occurred
in Figure 9 and the magnitude of stress drop decreased
when the strain rate decreased as shown in Figure 8. The
magnitude of stress drop indicates the degree of progress in
SRX. At the same duration of strain holding, the degree of
progress in SRX depends on the initial dislocation density
that corresponds to the preceding flow stress 𝜎flow in terms of
Bailey-Hirsch equation [39, 40]. The high 𝜎flow s at the strain
rate of 1.7×10−2 s−1 in Figure 9means thatDRXdid not occur
sufficiently at the short duration of straining, which results
in the high dislocation density promoting SRX during the
following strain holding.

3.5. Tests with Different Durations of Strain Holdings. In
this section, we compare the results of tests with different
durations of strain holdings to study the time dependency
in recrystallization. As mentioned in the previous section,
the solid lines in Figure 9 show the result of the cyclic strain
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holding test at the strain rate of 1.7 × 10−2 s−1 with the strain
holding for 1,800 s (Index 4 in Table 2). The solid lines in
Figure 10 show the result of cyclic strain holding test carried
out at the strain rate of 1.7 × 10−2 s−1 with the strain holding
for 10,800 s (Index 5 in Table 2). The 𝜎flow s in Figure 10 took
similar values after the second cycle.The recrystallizationwas
almost complete during strain holdings for 10,800 s, which
resulted in the almost constant 𝜎flow. Such similarity among
𝜎flow s was not seen in the first cycle and in the subsequent
cycles in Figure 9, indicating that the recrystallization was
almost complete during strain holding for 10,800 s though the
recrystallization was not complete during strain holding for
1,800 s.

The dotted lines in Figures 9 and 10 were virtual stress-
strain curves.The duration of straining per one cycle was less
than 2 s at the strain rate of 1.7 × 10−2 s−1 and was negligible
when compared to the holding time of 1,800 and 10,800 s.

The experimental duration of Figure 9 was close to that
of one of the continuous tensile tests carried out at the strain
rate of 1.7 × 10−5 s−1. As can be seen in Figure 4, the virtual
stress-strain curve is similar to that obtained by continuous
deformation at the strain rate of 1.7 × 10−5 s−1 rather than
that obtained at the strain rate of 1.7 × 10−2 s−1 in terms
of the tendencies of the work hardening and the value of
UTS. However, in Figure 9, the specimen showed significant
work hardening and uniform elongation after eight strain
holding cycles, indicating that the deformation that occurred
during the eight cycles was homogeneous. The virtual stress-
strain curve obtained by cyclic strain holding tests at the
strain rate of 1.7 × 10−2 s−1 provides the advantage that the
influence of necking in the continuous tensile tests (discussed
in Section 3.3) can be eliminated. It is worth noting that𝜎reload
included the stress decrease arising from SRX occurring
during strain holding. Instead of the change in slope shown
in Figure 8, the stress increased and then decreased again in
Figure 9, because the effect of necking was removed showing
only the effect of SRX during the strain holdings in the virtual
stress-strain curve. The repetitive stress change corresponds
to the conventionally reported serrations arising from DRX,
suggesting that the change of slope in the local elongation
shown in Figure 8 was caused by recrystallization as well as
by necking.

As shown in Figure 10, the deformation during the eight
strain holding cycles was also homogeneous, due to the
significant work hardening that occurred after cyclic strain
holding.The important differences between the virtual stress-
strain curve in Figure 10 and that in Figure 9 are the smaller
critical strain and the larger number of cycles of serrations.
The reduction in critical strain indicates that the initiation of
the DRX was dominantly controlled by the holding time.

The variation in duration showed the same tendency as
that of the strain rate dependence of the stress-strain response
associated with DRX. The clear serrations observed in the
virtual stress-strain curves are a typical phenomenon that is
often reported in torsion and compression tests [6, 12, 23, 24].
Although tensile testing is simple, sometimes the occurrence
of serration is difficult due to necking. In the tensile tests on
pure lead carried out with cyclic strain holding at relatively

4

6

8

10

12

14

En
gi

ne
er

in
g 

str
es

s (
M

Pa
) Periodic stress change

0
0 0.1 0.2 0.3 0.4 0.5

Engineering strain

2

Figure 10: Engineering stress-strain curves obtained by tensile
testing carried out with strain holding for 10,800 s at ̇𝜀 = 1.7 ×
10
−2 s−1.

high strain rates such as 1.7×10−2 s−1, the influence of necking
can be removed, which provides the existence of critical
and recrystallization strains. In particular, clear serrations
appearing in virtual stress-strain curves help to clarify DRX.

4. Conclusions

Dynamic recrystallization behavior in pure lead at room
temperature was examined through tensile testing with strain
holding. Comparative analyses between the tensile tests were
carried out with and without cyclic strain holding character-
ized DRX in the usual continuous stress-strain response. The
cyclic strain holding tests were demonstrated to be capable
of clarifying the contribution of elucidating elastic strain,
dynamic recovery, DRX, and necking to the tensile stress-
strain response at various strain rates. Additionally, the stress
change caused due to DRX in the continuous tensile tests was
also clearly observed in virtual stress-strain curves obtained
from the cyclic strain holding tests. From the virtual stress-
strain curves, the critical and recrystallization strains were
obtained. Further investigations involving simulations of the
stress-strain responses of the experiments reported here are
expected to reveal the details of the deformation behavior
of pure lead at room temperature. Nevertheless, the cyclic
strain holding method presented in this paper is a simple and
helpful tool to analyze DRX.
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