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Abstract: Geometrically necessary dislocations (GNDs) play a pivotal role in polycrystalline plastic
deformation, with their characteristics notably affected by strain rate and other factors, but the
underlying mechanisms are not well understood yet. We investigate GND characteristics in pure
copper polycrystals subjected to tensile deformation at varying strain rates (0.001 s~1, 800 s71,
1500 s~1, 2500 s~1). EBSD analysis reveals a non-linear increase in global GND density with the strain
rate rising, and a similar trend is also observed for local GND densities near the grain boundaries and
that in the grain interiors. Furthermore, GND density decreases from the grain boundaries towards the
grain interiors and this decline slows down at high strain rates. The origin of these trends is revealed
by the connections between the GND characteristics and the behaviors of relevant microstructural
components. The increase in grain boundary misorientations at higher strain rates promotes the
increase of GND density near the grain boundaries. The denser distribution of dislocation cells,
observed previously at high strain rates, is presumed to increase the GND density in the grain
interiors and may also contribute to the slower decline in GND density near the grain boundaries.
Additionally, grain refinement by higher strain rates also promotes the increase in total GND density.
Further, the non-linear variation with respect to the strain rate, as well as the saturation at high strain
rates, for grain boundary misorientations and grain sizes align well with the non-linear trend of
GND density, consolidating the intimate connections between the characteristics of GNDs and the
behaviors of these microstructure components.
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1. Introduction

The nucleation, movement, and storage of dislocations are important in the plastic
deformation of crystalline materials [1]. Dislocations within crystals are generally cate-
gorized into statistically stored dislocation (55D) and geometrically necessary dislocation
(GND). SSDs are generated through the random trapping of dislocations to each other.
These dislocations are distributed randomly within the deformed crystals and do not
change the crystal orientation. GNDs serve to harmonize the incompatibility of plastic
deformation and maintain the continuity of the lattice [2-5], with their density determined
by the plastic strain gradient. Unlike SSDs, GNDs induce changes in crystal orientation and
crystal lattice bending. Consequently, the GND density can be quantified by evaluating
the lattice curvature using techniques such as electron back-scatter diffraction (EBSD) or
X-ray analysis.

It is widely recognized that GNDs enhance the work hardening of materials through
two ways. Firstly, GNDs act as short-range barriers, impeding the slip of nearby dislocations
and increasing the total dislocation density, thereby leading to a rise in the flow stress,
through the forest hardening mechanism [6]. Secondly, GNDs of the same sign accumulate
together to create long-range back stress to hinder the movement of dislocations in a much
wider range [7].
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Given the pivotal role of GNDs in the plastic deformation of crystals, it becomes
crucial to understand their characteristics within polycrystals. GND characteristics can be
affected by various external factors such as deformation temperature, strain, strain rate,
etc. Investigating the effects of these factors on GND characteristics can offer profound in-
sights into the microscopic mechanisms underlying the macroscopic mechanical properties
of materials.

The characteristics of GNDs in various materials exhibit diverse trends with an in-
creasing deformation temperature. Several studies suggested that the density of GNDs
in metals tends to decrease at a higher temperature [8-10]. For instance, Zhang et al. [11]
showed a decline in GND density with increasing temperature in the 6061 alloy. In contrast,
some researchers reported an increase in GND density at higher deformation temperatures
in other materials [12,13]. For instance, Jena et al. [13] noted that the highest density of
GNDs occurred at 800 °C, with the lowest density observed at 350 °C in the Co-Cr-Al alloys
at tensile deformation under different temperatures in the range of 25 °C to 800 °C.

Numerous investigations have highlighted the significant influence of applied strain
on GND characteristics. It has been observed that the average density of GNDs tends to rise
with increasing applied strain [14-16]. For instance, Kundu et al. [17] revealed a gradual
increase followed by saturation of GND density during quasi-static tensile deformation.
Moreover, the distribution of GNDs changes as the strain increases. Typically, GNDs
tend to concentrate at high-angle grain boundaries and triple junctions [18]. As the strain
increases, the distribution of GNDs gradually extends into the interiors of the grains, while
the GND density near the grain boundaries remains significantly higher than that in the
grain interiors [19]. Similar GND characteristics have also been simulated in Mg alloys
with strain gradient crystal plasticity models by Pai et al. [20].

The effect of the strain rate on GND characteristics is also remarkable. Li et al. [21-23]
and Cheng et al. [24] demonstrated a positive correlation between GND density and the
strain rate, during tensile deformation at low to medium strain rates and in compression
experiments with the strain rate ranging from 1800 s ! to 4200 s !, respectively. At even
higher strain rates, Liu et al. [25] discovered that the GND density increases significantly
during extremely high-strain-rate impact in AISI 1045 steel. For the distribution of GNDs,
many researchers [26-29] have revealed that GNDs prefer to aggregate near the grain
boundaries and triple junctions, and further extend into the grain interiors as the strain
rate increases. This trend of GND distribution with the strain rate is similar to that with the
strain. Crystal plasticity finite element simulations [27,30] have also demonstrated a denser
distribution of GNDs near the grain boundaries at high strain rates.

In addition to the aforementioned external factors, the microstructures of materi-
als also affect the GND characteristics. Materials with different microstructures exhibit
different plastic deformation mechanisms. Most of the above-mentioned cases involved
dislocation slip, but twinning and phase transformation can also influence the GND charac-
teristics. The significant impact of twin deformation on GND density was demonstrated by
Tian et al. [31] in FCC high-entropy alloys. They observed that the GND densities in mate-
rials undergoing plastic deformation through twinning and dislocation slip increase more
slowly compared to materials where a sole dislocation slip dominated. For the effect of the
phase transformation, Kundu et al. [32] discovered that martensitic phase transformations
could cause a slower increase in GND density in dual-phase steels compared to ferritic
interstitial free steels. In multiphase materials, a mismatch in thermal properties can also
influence the GND characteristics in addition to the mechanical causes. That is, a mismatch
in the thermal expansion of different phases also contributes to the aforementioned increase
in GND densities at higher deformation temperatures by Jena et al. [13]. Different thermal
expansion coefficients may cause the increase in geometric mismatch dislocation densities
as the temperature rises, while GND density originated from deformation heterogeneity is
usually assumed to decrease as the temperature increases [8-11]. Therefore, the net increase
in GND density at higher temperatures observed by Jena et al. could be attributed to the
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increase in geometrical mismatch dislocations overcoming the reduction in GND density
associated with the deformation.

Pure copper is a single-phase FCC metal with moderate stacking fault energy, primar-
ily undergoing plastic deformation through dislocation slip and twinning mechanisms.
However, twinning is difficult to occur in pure copper when subjected to strain rates
around and below the order of 10% s~! [33]. These inherent properties of copper provide
an opportunity to focus on studying the GND characteristics resulting from interactions
among dislocations and interactions of dislocations with grain boundaries. Consequently, it
allows us to analyze the GND characteristics solely based on dislocation behaviors, without
considering other factors such as twinning and phase transitions, as these additional factors
not only affect GND characteristics but are also influenced by the strain rate. By excluding
these factors, the analysis becomes more focused, enabling a clearer interpretation of the
connection between GND characteristics and the strain rate.

Therefore, we choose pure copper as the material for investigating the GND character-
istics at different strain rates. Despite the significant influence of the strain rate on GND
characteristics in pure copper, relatively few studies have been conducted. Previous studies
mainly focused on comparing GND characteristics between low and high strain rates, with
limited exploration of the underlying microscopic mechanisms and the evolution of GND
characteristics at high strain rates. To investigate GND characteristics in polycrystalline
pure copper at varying strain rates, we employ quasi-static tensile testing and a split Hop-
kinson tensile bar (SHTB) experiment to deform pure copper (99.99%) at both quasi-static
(0.001 s 1) and high strain rates (800 s~!, 1500 s, 2500 s~ !). By employing EBSD analysis,
we obtain the GND characteristics of the deformed specimens at different strain rates, as
well as the variations in characteristics globally and locally. For pure copper, in contrast to
existing studies that mainly focus on GND characteristics at low strain rates [16,26,34], the
present study investigates the GND characteristics at higher strain rates and explores the
underlying microscopic mechanisms; this provides a robust experimental foundation for
modeling and theoretical research.

2. Materials and Experimental Methods

Pure copper is subjected to deformation at various strain rates using both quasi-static
tensile testing (0.001 s~1) and SHTB experiments at high strain rates (800 s~!, 1500 s,
2500 s~ !). The distribution and density of GNDs are investigated by EBSD.

2.1. Materials

We choose annealed copper with 99% purity. The grain sizes in the initial microstruc-
ture predominantly range from 15 pum to 25 pm, as shown in Figure 1. Some annealing
twins exist in the initial pure copper specimens. However, the statistical analysis of GND
data excludes the regions containing these annealed twins to focus on the effects of grain
boundaries on the characteristics of GNDs. The geometric dimensions of the copper speci-
mens used for tensile testing are depicted in Figure 2a, and those for SHTB experiment are
depicted in Figure 2b. Six specimens are tested at each strain rate to confirm reproducibility.

Figure 1. IPF mapping of the undeformed pure copper specimens.
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Figure 2. Schematic of specimen dimensions (a) for quasi-static tensile test (b) for SHTB.

2.2. Experimental Methods

Quasi-static tensile tests are performed utilizing an electronic universal testing machine
(Z220) manufactured by ZWICK (Ulm, Germany), and high-strain-rate tensile experiments
are performed through the SHTB technique. As the experimental method of the quasi-static
tensile test has been well established, the SHTB technique is briefly introduced here.

The SHTB is a device designed to investigate the mechanical response of materials
subjected to strain rates ranging from 102 to 10* s~! [35,36]. A schematic of the conventional
one-dimensional SHTB is depicted in Figure 3. Strain gauges are installed on the incident
rod to capture both incident and reflection waves, while those on the transmission rod
capture the transmission waves. The stress—strain relationship of the specimens at a specific
strain rate can be determined by the data collected from strain gauges [37].

striker tube Incident bar f
/ transmitter bar

/ /

e

specimen

impact block

strain gauge strain gauge

Figure 3. Schematic diagram of one-dimensional split Hopkinson tensile bar. Reprinted with
permission from ref. [38]. 2024 AIP Publishing.

In this study, specimens are consistently deformed to an engineering strain of 10% at
each strain rate. At this strain, a significant density of GNDs with a discernible distribution
can generally be guaranteed, as observed in the quasi-static tensile deformation of pure
copper [34]. To control the strain during high-strain-rate deformation, we devise an
interruption fixture and correspondingly add shoulders to the specimen, as depicted in
Figure 4, similar to previous research [38—40]. By adjusting the gap distance between the
movable shoulders and the interrupted fixtures, precise control over strain in dynamic
tensile tests at high strain rates is facilitated, as depicted in the inset of Figure 4a.

Mobile shoulder

@) NN

m Tensile m

deformation

Figure 4. (a) Design drawing to show the connection of specimen and fixtures in interrupted
SHTB experiment (The inset illustrates the movement of the specimen’s mobile shoulders during
deformation); (b) Specimen’s movable shoulder deformation during deformation at high strain rates
in practical experiment.



Metals 2024, 14, 582

50f 14

2.3. EBSD Observation of GNDs

Microstructure characterization for GND densities in deformed specimens is con-
ducted using EBSD. The EBSD device employed is the MIRA3 manufactured by TESCAN
(Brno, Czech Republic), operating at a test voltage of 20 kV, with data processing carried
out using ATEX software (2017).

The accuracy of calculating GND density by EBSD can be influenced by several factors,
such as scanning step size and shift sensitivity [41]. The minimum level of noise, denoted
as Perror_min, 1S closely related to the angular resolution and scanning step size of the EBSD
system [42]:

Angular resolution
Stepsize x Burgers vector length

1)

Perror_min =

The angular resolution of the EBSD system is typically determined by the experimental
equipment. Furthermore, employing a smaller scanning step size generally provides more
detailed characterization of GNDs. However, a step size that is too small can also yield
unrealistic GND density results.

We choose a scanning step size of 0.1 um following the method proposed by Ruggles
et al. [43]. The average GND density decreases as the scanning step size increases, eventu-
ally stabilizing on a plateau. The accuracy of the GND density is enhanced at this plateau
stage, as shown in stage B in Figure 5a. The correlation between the scanning step size and
the GND density of pure copper is depicted in Figure 5b, showing a notable plateau trend.
Selecting a smaller scanning step size provides finer characterization. Therefore, the step
size corresponding to the inflection point before the increase in GND density is considered
most suitable for higher resolution and reduced noise. Consequently, a scanning step size
of 0.1 um is chosen for subsequent analyses.
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Figure 5. (a) The relationship between scanning step size and GND density in tantalum. Reprinted

with permission from ref. [43]. 2024 Elsevier; (b) The relationship between scanning step size and
GND density in pure copper.

3. Experimental Results

We collect EBSD data on GNDs from approximately 100 grains in all the specimens
deformed at each strain rate. The evolutions of GND density and distribution at both global
and local scales (in the grain interiors and near the grain boundaries) at varying strain rates
are obtained by further investigating these data.

3.1. Evolution of Global GND Characteristics with Strain Rate

The global characteristics of GNDs, concerning both GND distributions and densities,
strongly depend on the strain rate.

The distributions of GNDs are clearly different at various strain rates. Two EBSD
images with a higher presence of grain boundaries and triple junctions at each strain rate
are shown in Figures 6-8. Almost no GNDs are observed in the undeformed specimens.
However, the presence of GNDs becomes apparent in both quasi-static and varying strain-
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rate-tensile-deformed specimens. GNDs predominantly aggregate near the triple junctions
in the quasi-static deformed specimens, as observed in grain boundaries A and B in
Figure 7a,b. The GNDs aggregate more prominently near the grain boundaries at higher
strain rates compared to the quasi-static deformation, gradually extending into the grain
interiors, as evidenced by grains C and D in Figure 8a,b.

(b)

(1014m—2)

Figure 6. (a,b) Distributions of GNDs in undeformed specimens from different regions.

(a)' ‘(b)’w o
! .

Figure 7. (a,b) Distributions of GNDs in specimens after quasi-static (0.001 s~ 1) tensile deformation
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Figure 8. (a,b) Distributions of GNDs in specimens after high-strain-rate (2500 s~ 1) tensile deforma-
tion from different regions.

The total average GND density exhibits a clear non-linear increase with the rise in the
strain rate, corresponding to the denser distribution of GNDs. There is a rapid rise in total
GND density from quasi-static to high strain rates, followed by a slowing of the increase as
the strain rate further rises, as shown in Figure 9. Thereby, the total GND density exhibits a
non-linear increase as the strain rate rises.
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3.2. Evolution of Local GND Characteristics with Strain Rate

The local characteristics of GNDs, observed in the grain interiors and near the grain
boundaries, exhibit a similar trend to that of the global GND characteristics as the strain
rate increases. These two local regions are approximately delineated by a line positioned
2 um away from the grain boundary for investigating the local GND characteristics.

The average densities of GNDs, both in the grain interiors and near the grain bound-
aries, show a non-linear increase as the strain rate rises, as illustrated in Figure 10a,b. This
trend is consistent with that of the total average GND density at varying strain rates. More-
over, it is observed that the average GND density near the triple junctions is higher than
that near the grain boundaries. The observed phenomenon of GND aggregation near the

grain boundaries at high strain rates in this experiment is in agreement with the findings in
previous simulations [27,30].
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Figure 10. (a) GND density with strain rate in the grain interiors; (b) GND density with strain rate
near the triple junctions (red line) and grain boundaries (black line); (c) GND density with distance
from grain boundary at different strain rates (the average GND densities on the left side of dotted
line decrease rapidly, while they are gently distributed on the right side).

The GND distributions near the grain boundaries clearly change with the strain rate.
The highest GND density is concentrated at the grain boundaries, with a gradual decrease in
GND density observed from the grain boundaries towards the grain interiors, as illustrated
in Figure 10c. Interestingly, we found that this decline slows down at high strain rates.
Furthermore, the GND density experiences a rapid decrease within approximately 1 um of
the grain boundaries, beyond which it stabilizes. This finding indicates that the regions
significantly influenced by the grain boundaries extend to a range of approximately 1 pm.
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4. Analysis and Discussion

The microscopic mechanisms underlying the aforementioned phenomena are analyzed
by establishing connections between the characteristics of GNDs and the behaviors of
misorientations as well as dislocation cells. Furthermore, the relationship between the grain
refinement and GND characteristics observed at higher strain rates is also examined.

The temperature effect on GND characteristics during deformation (10%) is negligible
in this study. The upper limit of temperature rise at the highest strain rate (2500 s~!) in
our experiment is estimated to be at most 7.6 K by employing the method proposed by
Dai et al. [44,45], which is insignificant for causing noticeable changes in the evolution
of GNDs.

4.1. Influence of Intragranular Dislocation Cell Behaviors on GND Characteristics

The non-linear trend of the GND density in the grain interiors with the rise in the
strain rate can be attributed to the different behaviors of dislocation cells at various strain
rates. At higher strain rates, the denser distribution of dislocation cells in the grain interiors
promotes the aggregation of intragranular GNDs.

The denser dislocation cells at higher strain rates arise from changes in the behaviors
of dislocations with the strain rate. Dislocation interaction and nucleation are more active at
higher strain rates, so the entanglement of dislocations is more intense and the dislocation
cells that result are smaller and more densely distributed, as observed by George et al. [46].
Therefore, a higher GND density in the grain interiors is obtained at high strain rates
compared to the quasi-static deformation.

Furthermore, dislocation cell sizes decrease during deformation until they reach a
lower limit, causing the density of dislocation cells to gradually saturate at high strain
rates [47,48]. Consequently, the increase in the number of dislocation cells in the grain
interiors slows down with the strain rate, as well as that of the GND density.

4.2. Influence of Dislocation Cells and Misorientations on GND Characteristics near
the Grain Boundaries

The characteristics of GNDs near the grain boundaries are influenced by the collective
behaviors of dislocation cells and grain boundary misorientations.

Grain boundary misorientation typically serves as an indicator of grain boundary resis-
tance to dislocations. It refers to the misalignment or offset of atomic positions along grain
boundaries, revealing differences in grain orientation between adjacent grains [49]. Grain
boundaries with higher misorientations can produce greater resistance to dislocations [50-53],
thereby promoting the aggregation of GNDs near these boundaries. The misorientation
can be calculated using a Eulerian mismatch angle between adjacent grains [54].

The average grain boundary misorientation exhibits a non-linear increase as the strain
rate increases, consistent with the trend of GND density near the grain boundaries as
illustrated in Figure 11a. The increased misorientation at high strain rates results in in-
creased GND densities near these boundaries. Misorientations near the triple junctions are
higher than those of usual grain boundaries, as shown in Figure 11b, indicating a greater
hindrance for dislocations crossing boundaries near the triple junctions. Furthermore, dis-
locations are impeded by more boundaries in the vicinity of triple junctions. Consequently,
the average GND density near the triple junctions is higher than that observed near the
grain boundaries, aligning with the distribution of GNDs in regions A and B shown in
Figure 7a,b.

It is noteworthy that the increase in grain boundary misorientations slows down at
high strain rates, resulting in a slower rise in GND density near the grain boundaries at
higher strain rates. This phenomenon may be attributed to the limited time available for
coordinating deformation between grains at high strain rates, leading to an increase in
grain boundary misorientations. Therefore, additional GNDs are required to maintain
continuous deformation near the grain boundaries.
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Figure 11. (a) The average of grain boundary misorientations (red line) and average GND density
(black line) near the grain boundaries for specimens undeformed and deformed at different strain
rates; (b) Misorientations of grain boundaries (besides triple junctions, black line) and triple junctions
(red line) in specimens undeformed and at deformed different strain rates; (¢) Distribution of grain
boundary misorientations in undeformed specimens; solid line represents the initial single-peak
distribution of misorientations; (d) Distribution of grain boundary misorientations in specimens at
different strain rates; star marks represent misorientations interval with the highest percentage, solid
line represents the bimodal distribution of misorientations at strain rate of 2500 s 1.

The behaviors of dislocation cells and misorientations contribute to the slower decline
in GND density from grain boundaries towards grain interiors at high strain rates, as
shown in Figure 10c. As the distribution of dislocation cells becomes denser at higher strain
rates [46], the density of GNDs in the grain interiors increases. The increase in GND density
in the vicinity of grain boundaries is comparatively less than the increase observed in the
grain interiors at high strain rates, resulting in a slower decline in GND density away from
the grain boundaries.

The distribution of misorientations exhibits a bimodal distribution at high strain rates,
as shown in Figure 11c,d. In undeformed samples, misorientations are predominantly
distributed within the range of 40° to 60°, indicating a single-peak distribution, as depicted
in Figure 11c. However, the proportions of misorientations beyond 60° and below 20°
gradually rise as strain rates increase, exhibiting a bimodal distribution. The left peak of the
bimodal distribution is attributed to minor misorientations between newly formed small
grains and their parent grains [55-57], while the right peak stems from the evolution of
pre-existing high-angle grain boundaries within the initial pure copper specimens.
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The pure copper specimens show only minor but noticeable changes in texture at a
strain of 10%, as illustrated in Figure 12. The changes in grain boundary misorientation are
in line with the observed texture changes in this research.

(b)

0.7 ——
1.0 —
1.4
2.0
2.8
4.0 —
5.7 ——

Figure 12. Pole figures for the textures of (a) undeformed (b) quasi-static tensile deformed in the pure
copper specimens.

4.3. Effect of Grain Refinement on GND Density

In addition to dislocation cells and grain boundary misorientations, grain sizes also
affect the global GND density, with significant grain refinement induced by high strain
rates promoting an increase in GND density.

The formation of sub-grains during high-strain-rate deformation results in a high
percentage of low-angle grain boundaries, contributing to an increase in GND density.
The non-linear trends of the grain size and global GND average density when the strain
rate increases are further illustrated in Figure 13. While grain refinement is relatively
moderate during quasi-static tensile deformation, it becomes remarkable at higher strain
rates. Smaller grains tend to facilitate the increase in GND density [58]. Thus, the increase
in global GND density at high strain rates is also influenced by grain refinement.
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Figure 13. Average grain size (red line) and GND density (black line) at different strain rates showing
the non-linear trends.

5. Conclusions

This study reveals the characteristics of GNDs, including their densities and distri-
butions, in pure copper at quasi-static (0.001 s~!) and high-strain-rate (800 s~!, 1500 s 1,
2500 s~ ') tensile deformations through EBSD analysis. Connections between the GND
characteristics and the behaviors of microstructural components, including dislocation cell
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size/distribution, grain boundary misorientations and grain sizes, are established to unveil
the underlying mechanisms, as summarized in Figure 14.

Microstructural Change in MCs Change in GND characteristics
components (MCs) when increasing the strain rate when increasing the strain rate

L. * Magnitude: . Global:
Grain sizes . .
Decrease for higher strain rates Non-linear increase of total GND density
* Magnitude: *+ GBsor TJs:
. MEIHTEEr MErEzER v Non-linear increase of GND density
Grain boundary (GB) « Distribution: when £ 1
misorientations . L . . . . L .
Higher misorientations in the vicinity of v Higher GND densities in the vicinity of
the triple junctions (TJs) than the GBs the TJs than the GBs
v" GND densities decrease from the GBs
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Figure 14. Diagram of the link between the microstructural components and GND characteristics.
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