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Abstract
Effects of equal channel angular pressing (ECAP) on the microstructure and tensile properties of
AA5052 aluminum alloy was investigated. XRD analysis showed that the maximum dislocation density
was achieved after 4 passes ECAP and reduced with further deformation which was in line with
formation of ultrafine grain structure with a high fraction of high angle grain boundaries (HAGBs).
Increasing dislocation density in 4 passes deformed specimen resulted in increasing hardness, yield
strength (YS) and ultimate tensile strength (UTS). With 6 passes ECAP, the hardness and YS were
not changed while the UTS was further increased. Unchanged values of hardness and YS were
attributed to the reduction of dislocation density and simultaneous formation of ultrafine grain
structure. Room temperature softening was observed in the severely deformed samples and
consequently, YS reduces, UTS remains unchanged and ductility and toughness improve significantly.
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1. Introduction
In general, wrought aluminum alloys can be divided into heat-treatable and non-heat-treatable alloys.
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1XXX, 3XXX and 5XXX series are classified as non-heat-treatable ones [1]. The routine strengthening
procedure for these alloys is cold working, i.e. rolling, extrusion or drawing. Therefore, these alloys
may be significantly strengthened if they undergo heavier deformation. However, in traditional metal
forming processes the degree of cold working and consequently strengthening is limited by the initial
and expecting geometry of the final product. Therefore, a limited level of strengthening may be
resulted with imposing cold plastic deformation on these alloys. Nevertheless, processes of severe
plastic deformation (SPD) are different with routine metal forming processes as they are theoretically
involved with unlimited straining [2]. However, in practice the maximum applicable deformation is
limited by two factors. The first is the maximum workability of the material [3–5] after which failure
occurs and the second is the saturation of mechanical properties [6,7] which makes further energy
consumption during SPD processing unjustifiable. Even with considering these issues, the level of
strains applicable during SPD processes are significantly higher than routine metal forming processes
[2] and can open a new margin for strengthening of non-heat treatable aluminum alloys.
AA5052 aluminum alloy used in this research has a broad industrial applications where good
workability, corrosion resistant, fatigue strength, weldability and moderate static strength are required
[8]. As a non-heat-treatable aluminum alloy, routine strengthening procedure of AA5052 is cold
deformation. It has been reported that by application of SPD processing such as, equal channel
angular pressing (ECAP), ultrahigh strength AA5052 with limited ductility can be achieved [9]. This
provides the possibility of producing smaller and lighter engineering structures. In order to achieve the
highest level of strengthening with acceptable elongation in this alloy, it is important to understand the
correlation between microstructure and mechanical properties. This can help to optimize the
deformation procedure towards maximum combination of tensile properties, i.e., strength and
elongation, with minimum production efforts. There are few research activities on strengthening of this
alloy [9,10] and other similar alloys [11–16] . For example, Chen et al. [14] and Zha et al. [13]
investigated the effect of Mg content on microstructural evolution and mechanical properties after
ECAP. However, there is no systematic research on the correlation between microstructure, hardness
and tensile properties in terms of strength and elongation. In the research performed earlier [9], only
strengthening of these type of alloys due to ECAP was investigated and no analysis was performed on
the their variations in elongation. In addition, in most SPD processed alloys, the variations in
dislocation density which plays a significant role in mechanical properties is not normally taken into
account, which produced a gap in full understanding of various aspects of these processes.
The aim of this research is to understand the effect of SPD on strengthening and microstructural
evolution of AA5052 alloy. The effects of equal channel angular pressing on the evolution of
dislocation density, microstructure and some mechanical properties of AA5052 are investigated and
correlations between microstructure, dislocation density, hardness and tensile properties are
discussed.

2. Experimental procedure
AA5052 aluminum alloy with the chemical composition shown in Table 1 was received in the form of
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30 mm thick hot rolled sheet. Optical microscopy was used to reveal the as-annealed microstructure
of the sample. For this purpose, the sample was cut and after using a routine metallographic
procedure the sample was electroetched with HBF4 for 25 s at 25 V, then a HUVITZ HM-TV0.5xC
optical microscope equipped with a polarization filter was used to study the microstructures.

Table 1. Mean chemical composition of AA5052 aluminum alloy used in this investigation.
Element

Si

Mn

Fe

Mg

Cr

Al

wt%

0.12

0.06

0.04

2.67

0.18

Balance

Cylindrical samples with 19 mm diameter were machined and annealed at 500 °C followed by cooling
in air. The samples were deformed using equal channel angular pressing (ECAP) via route A, i.e.,
with no rotation between the passes. Deformation was performed at room temperature at a speed of 1
mm/s in the die. The die was composed of two channels equal in cross section intersecting at an
angle of 90° and outer curved corner of 22°. The samples are deformed for 2, 4 and 6 passes, these
are respectively coded as 2P, 4P and 6P. The samples were left at room temperature for one year in
order to investigate the effect of room temperature softening on the evolution of tensile properties.
For tensile testing, plate-shape samples were made according to ASTM E8 [17]. The thickness, gage
length and width of the samples were 2, 12.5 and 3 mm, respectively. The tests were performed using
STM50 machine using extensometer at cross-head speed of 1 mm/min. The tests were performed 3
times to ensure the reproducibility of the generated data. However, only the one which best
represented the three curves was reported. Vickers hardness testing under a force of 10 kgf was
performed on the normal cross section of the as-annealed and deformed specimens.
Field emission gun scanning electron microscope (Philips XL30S-FEG) equipped with electron
backscattered diffraction detector was used at voltage of 15 kV to detect the microstructures after
deformation. For this purpose, samples were cut in longitudinal direction of the deformed specimens.
Then after grinding the samples were electroplolished at 20 V using 300 ml HNO3 + 700 ml C2 H5 OH
solution at 238 K. The obtained EBSD data were analyzed by TSL-OIM Analysis software. X-ray
diffraction was performed using Philips TW1730 machine at voltage of 40 kV with Cu radiation,
applying a 0.05° step size.

3. Results and discussion
3.1. Initial microstructure
Initial microstructure of the alloy used in this investigation is shown in Fig. 1. The microstructure of this
sample composed of coarse grains with an approximate average grain size of 160 ± 20 µm. Its grains
are slightly elongated along the deformation direction in spite of annealing. This is possibly due to that
annealing did not lead to recrystallization, however grain growth was occurred. High amount of
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deformation, resulted to preferred grain growth along the rolling direction during annealing.

Download high-res image (638KB)

Download full-size image

Fig. 1. Optical micrograph of as-annealed AA5052 alloy.

3.2. Effects of ECAP on variations in dislocation density
X-ray diffraction patterns of the samples in as-annealed condition and after 2, 4 and 6 passes ECAP
are shown in Fig. 2. Only a single a-aluminum phase can be detected. It can be seen that the
intensities of the peaks and their widths change with the amount of deformation. These variations
were attributed by a number of researchers to residual stresses due to variations in dislocation density
[18–21] . Dislocation density in this research was calculated by using XRD patterns and WilliamsonHall equation [22]. This method is based on the slope and ordinate intersection of the line plotted
according to following equation [23]:
(1)
where ß, �, �, Dv and e are the full width at half maximum height, the Bragg's angle of peak, the
wavelength of X-ray, the average domain size and the microstrain, respectively. D v and e can be
calculated from Eq. (1) and according to Rietveld method the dislocation density can be estimated
from equations below [23]:
(2)
(3)
(4)
where �d and �s are dislocation density due to domains and dislocation density due to the
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microstructure, respectively. Fig. 3 shows the plotted lines of ßcos � vs. 4 sin � for ECAP processed
samples. Dv and e where extracted from this figures and then dislocation densities where calculated
from Eqs. (1)–(4) and the results are presented in Fig. 4. It should be mentioned that the density of
the annealed aluminum has been calculated by Verlinden et al. to be ˜ 106 cm -2[24]. The dislocation
density increased from 106 cm -2 in the as-annealed sample to 1.98 × 1011 cm -2 and 2.48 × 1011 cm -2
in the 2 and 4 passes ECAP processed specimens, respectively. This is due to the fact that with
increasing deformation, dislocation multiplication on slip planes occurs. As a consequence, an
increase in hardness and yield strength (YS) occurred as expected. However, with further deformation
to 6 passes, the dislocation density slightly dropped to 1.61 × 1011 cm -2, which is an indication of
some dislocations annihilation despite of increasing deformation. Such behavior has been previously
observed by other researchers [6,25,26] and interpreted as occurrence of dynamic recovery in many
engineering alloys under SPD processing.
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Fig. 2. XRD pattern of AA5052 alloy in different states.
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Fig. 3. Plotted lines according to Eq. (1) in order to calculation the dislocation densities in samples after (a) 2, (b) 4
and (c) 6 passes ECAP.
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Fig. 4. Variation in dislocation density by deformation.

3.3. Evolution of microstructure
Typical EBSD color-maps of 2P and 6P samples are shown in Fig. 5. After 2 passes (Fig. 5(a)), fine
and elongated grains were developed within the coarse grains of the as-annealed structure. In
addition, the development of very fine grains, approximately 1 µm in diameter, surrounded by high
angle grain boundaries (HAGBs) can be observed in this figure. With increasing deformation to 6
passes ECAP (Fig. 5(b)), more elongated grains broken up and more ultrafine grains with elongated
and equiaxed shape were formed. Formation of few nanosized grains having a mean diameter around
100 nm also were observed in 6P sample. It can be observed in Fig. 5(b) that the average size of
equiaxed grains are much smaller than that of elongated grains.
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Fig. 5. EBSD color map of specimens processed by ECAP, a) 2P and b) 6P.

Fig. 6 shows grain size distribution for 2P and 6P samples. About 17% of grains in 2P sample were
around 80 µm in diameter. The smallest grains in this sample were about 1.3 µm in diameter.
However, these grains are only 2% of the microstructure. The average grain size of 2P sample was
5.8 µm. Therefore, it is possible to say that after 2 passes ECAP ultrafine grain structure has not been
formed. In fact, after 2 passes ECAP a homogeneous microstructure in terms of grain size distribution
and grain morphology was not achieved. On the other hand, ultrafine grains were formed in 6P
sample and the largest grains were about 4 µm in diameter. This constituted approximately 5.2% of
the microstructure. The average grain size of 6P sample was 471 nm. Similar results have been
reported in the literature for various Al-Mg alloys [11–16] .
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Fig. 6. Grain size distribution for specimens processed by ECAP, a) 2P and b) 6P.

Fig. 7 shows grain boundary maps for 2P and 6P samples. In this figure, red and black lines indicate
low angle grain boundaries (LAGBs) (2 < � < 15) and HAGBs (15 < �), respectively. It is shown in
Fig. 7(a) that a significantly large fraction of LAGBs has been formed after 2 passes. In other words,
extensive cell structure has been formed in 2P sample. It has been said [27] that cell walls consist of
LAGBs minimize the strain energy. The amount and percentage of grain boundaries was calculated
by TSL-OIM analysis software by using grain boundaries map. 82.1% of boundaries in 2P sample
were LAGBs while 17.9% were HAGBs. Very fine grains that are seen in Fig. 5(a), can also be
observed in Fig. 7(a). In fact, HAGBs developed during deformation, resulted to a fine-grained
microstructure consisting mainly of crystallites which are surrounded by HAGBs [28].
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Fig. 7. Grain boundary map for specimens processed by ECAP, a) 2P and b) 6P.

Fig. 7(b) shows the grain boundary map for 6P sample. This figure indicates higher fraction of HAGBs
in 6P sample relative to 2P sample. Percentage of HAGBs was 61.2% in 6P sample while in 2P
sample there is only 17.9% HAGBs. Fractions and densities of LAGBs and HAGBs for ECAP
processed samples are presented in Table 2. All of these data were calculated by TSL-OIM analysis
software using grain boundaries map. Similar to Fig. 5(b), one can see in Fig. 7(b) that the average
grain size of equiaxed ultrafine grains are smaller than to these of elongated ultrafine grains. In fact,
the mean width of elongated grains was equal to the average diameter of equiaxed grains. In addition,
LAGBs which were mostly developed in elongated grains, have more potential for formation of UFGs,
so that one may conclude that they had high potential to break down to smaller equiaxed grains by
continuing deformation.

Table 2. Effects of deformation on characteristics of grain boundaries.

Sample

Density of LAGBs

Density of HAGBs

Fraction of LAGBs

Fraction of HAGBs

(µm-1)

(µm-1)

(%)

(%)
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As-annealed

–

–

–

–

2P

1.292

0.283

82.1

17.9

4P

–

–

–

–

6P

2.685

4.243

38.8

61.2

Fig. 8 shows the area fraction of misoriented grains versus misorientation angle for 2P and 6P
samples. This figure confirms the results obtained from the previous data presented earlier. The
average misorientation angle for 2P and 6P samples are 11.53° and 27.63°, respectively. This
indicates that some of LAGBs have been transformed to HAGBs during further deformation via ECAP
process.
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Fig. 8. Distribution of misorientation angle for specimens processed by ECAP, a) 2P, b) 6P.

In order to fully understand the metallurgical phenomena leading to formation of ultrafine grained
structure in this alloy, the mechanism of grain refinement during SPD is shown schematically in Fig. 9.
Dislocation density increases by using ECAP as shown in Fig. 9(b). This occurs especially at the first
two passes of deformation. As dislocation density increases by further deformation, dislocations can
be rearranged into LAGBs, and subsequently into dislocation cells in order to minimize the strain
energy and form cell boundaries [29]. This has been shown in Fig. 9(c). In fact, low angle grain
boundaries (LAGBs) separate these cells with small misorientation between the subgrains. With
further deformation, not only more dislocations develop and migrate into the LAGBs, but also the cell
starts to rotate, so that the misorientation angle between them increases and some of LAGBs
transform to HAGBs, therefore the cells transform to crystallites. This type of transformation has been
discussed by a large number of researchers [12,27,29–31].
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Fig. 9. Schematic illustration of the mechanism of grain refinement during ECAP, a) grain before deformation, b)
increasing dislocation density, c) formation of LAGBs, d) transformation of some of LAGBs to HAGBs.

3.4. Effect of ECAP on mechanical properties
3.4.1. Hardness
The results of Vickers hardness (Hv10 ) of the samples in as-annealed condition and after 2, 4 and 6
passes of ECAP are shown in Fig. 10. A significant increase in hardness can be observed after 2
passes of ECAP. Indeed, hardness increased from 60 Hv10 in as-annealed sample to 121 Hv10 in 2P.
This behavior has been frequently observed [11,12,16] and has been attributed to significant increase
in dislocation density. These observations are in line with the results of measurement of dislocation
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density presented in Fig. 4. Further increase in hardness was observed with more deformation in 4P
which is again in line with increasing dislocation density. However, the hardness did not increase
significantly unexpectedly with 6 passes deformation in comparison to 4P. This may be due to the fact
that since the hardness somehow is related to dislocation density, with reducing dislocation density
with more formation of new grains, one expects that hardness reduces accordingly.
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Fig. 10. Vickers hardness of as-annealed and ECAP processed samples.

3.4.2. Tensile properties
Engineering tensile stress-strain curves of the samples in as-annealed condition and after 2, 4 and 6
passes of ECAP are shown in Fig. 11. Serrations can be observed in the tensile stress-strain curves
of the sample in the as-annealed condition which are attributed to dynamic strain aging (DSA)
according to Zha et al. [12]. These serrations reduced or disappear in the deformed samples.
Serrations have also been observed in Al-Mg and other 5xxx series aluminum alloys [12,13,16]. This
phenomenon is said to occur during tensile testing of some Al-Mg alloys at room temperature at low
strain rates (10 -4–10-3 s-1) [12]. It is also said [12,13,16] that an increase in the amount of Mg can
lead to an increase in serrations. The serrations observed in tensile curve of two passes processed
sample is less than that which was observed in as-annealed sample and disappeared with further
deformation. This seems to be due to differences in grain size and dislocation network structures in
as-annealed and ECAP processed samples according to Ref. [12]. In other words, dislocation
movement is more difficult in ECAP processed samples than in the as-annealed sample, due to the
higher dislocation density in ECAP processed samples. This causes serrations amplitude to decrease
or omit [12,13,16].
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Fig. 11. Engineering stress-strain curves for as-annealed and ECAP processed samples.

Tensile flow properties of these samples, i.e., yield strength (YS), ultimate tensile strength (UTS),
uniform elongation (e u ) and elongation to failure (e f), are extracted from Fig. 11 and presented in
Table 3. Fig. 11 shows YS and UTS increased with 2 and 4 passes of deformation, while eu and ef
reduced substantially. YS and UTS increased by 158% and 26% for 2P sample and 230% and 57%
for 4P sample, respectively. Huge variation in toughness may be considered as another phenomenon
which occur by applying ECAP on the samples. From Table 3, it can be read that with applying the
first 2 passes of ECAP, the toughness reduces from 61.2 to 16.1 MJ/m 3 . However, by further ECAP to
4 and 6 passes, the toughness improves and achieves 26.6 and 24.4 MJ/m 3 , respectively. These
values may still be considered too poor for structural applications of this alloy.

Table 3. Detailed tensile properties of annealed and ECAP processed AA5052 samples.
Sample

YS (MPa)

UTS (MPa)

eu (%)

ef (%)

Toughness (MJ/m 3 )

As-annealed

85

211

24

32.4

61.2

2P

221

267

3.18

5.99

16.1

4P

281

333

2.63

8.02

26.6

6P

280

376

2.46

6.52

24.4

As it was shown in Fig. 4 the dislocation density increased in the sample with increasing deformation
up to 4 passes of deformation. Also, one can conclude from structural parameters, i.e. grain size and
grain boundaries data, which were presented in Section 3.3 that the grain size reduced by increasing
deformation up to 4 passes. Indeed, the area fraction of grain boundaries increased by decreasing
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grain size. Therefore, one can conclude that the changes in mechanical behavior after ECAP are
attributed to increase in dislocation density and decrease in grain size during deformation by ECAP.
However, with 6 passes deformation due to possibly the reduction of dislocation density the YS did not
increase further relative to the sample deformed for 4 passes, although its UTS continued to increase
which can be related to the reduction of its grain size. This can provide a further work hardening in the
sample deformed for 6 passes.
3.4.3. Work hardening properties
Flow behavior of metallic materials can be expressed by Hollomon relationship which is presented in
Eq. (5) below [32]:
(5)
where s is the true stress, e is the true strain, k is the strength coefficient which indicates increasing of
the strength due to strain hardening and n is stress exponent which indicates work hardenability of the
material [32]. The values of (n) and (k) can be extracted from the curve of lns vs. lne for each of the
samples. Fig. 12 shows the linear relationship between the lns vs. lne, from which n and k are
extracted and together with the hardening capacity are presented in Table 4. Stress exponents are
relatively high for as-annealed and 6P samples, but much lower for the 2P and 4P samples. This is an
indication of gradually reduction of work hardenability as the number of passes increased up to 4
passes due to increase in dislocation density during ECAP. Multiplication of dislocations makes their
movement more difficult and reduces the rate of work hardenability [32]. One should notice that by
increasing the amount deformation from 2 to 4 passes, n decreased slightly which is in line with
increasing dislocation density. However, after 6 passes of ECAP, n increased possibly due to
decreasing of dislocation density as a result of dynamic recovery during deformation.
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Fig. 12. Variation of lns vs. lne, a) as-annealed, b) 2P, c) 4P, d) 6P.

Table 4. Tensile properties which is related with work-hardenability of as-annealed and ECAP processed samples.
Sample

Work-hardening exponent (n) Strength coefficient (k) (MPa) Hardening capacity (HC )

As-annealed 0.381

488

1.47

2P

0.1629

461

0.2

4P

0.1588

572

0.18
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6P

0.3572

1221

0.33

Hardening capacity (HC ) is another parameter which can be considered for analyzing the work
hardenability of an alloy according to references [33,34]. Hardening capacity is defined as the
following [33]:
(6)
where sUTS is the ultimate tensile strength and sYS is the yield strength. Values of hardening
capacities obtained in this research are presented in Table 4. The values of hardening capacities
justify the work hardenability behavior of the material and its relation to variation in dislocation
densities. That is to say by increasing the dislocation density the hardening capacity decreases, while
after 6 passes of deformation when the dislocation density slightly decreased, the hardening capacity
slightly increased.
Fig. 13 shows variation in work hardening rates versus true strain for all of the samples. One can see
in this figure that the work hardening rate increased by increasing the amount of deformation using
ECAP. These values are in line with variation in n values. As already indicated variation in work
hardening is related to dislocation density variation. Dislocations generated during deformation can
interact with other dislocations and here by increase the work hardening but with a decreasing rate
significantly [35]. However, as observed in Fig. 4 dislocation density increased up to 4 passes and
then reduced for further deformation. The largest work hardening in ECAP processed samples was
observed for the sample with 6 passes of ECAP. This indicates that in addition to the dislocation
density, the grain size can play an important role for increasing work hardening. With reducing grain
size, fraction of HAGBs increased which is a barrier for dislocation movement and thus can increase
the amount of work hardening [24,33].
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Fig. 13. Work hardening rate of as-annealed and ECAP processed samples.
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3.5. Room temperature softening in deformed samples
The effect of aging at room temperature for one year on the results of tensile test of the samples after
two, four and six passes ECAP are shown in Fig. 14. Detailed values of YS, UTS, eu and ef are
extracted from these graphs and presented in Table 5. It can be seen that a significant reduction in YS
occurs while a negligible change in UTS is observed. In fact, with aging at room temperature for one
year, the YS and UTS of the 2-pass deformed specimen reduce from 220 and 266 to 138 and 262
MPa, respectively. This approximately indicates 37% and 2% reductions in YS and UTS, respectively.
The 2% reduction in UTS may be considered to be in the margin of errors of the measurements and is
indeed negligible. Similar behavior is observed for the 4- and 6-pass deformed samples. The
reductions in YS of 4- and 6-pass deformed samples are 37% and 56% after aging at room
temperature for one year. However, the reductions in UTS are 1%, 5% and 3% which can similarly be
considered negligible as they are in the margins of errors of the measurements. Therefore, one can
conclude that aging of the deformed samples can result in reduction of YS while an unchanged UTS is
achieved. Considering the variations in eu and ef after aging indicates increasing both of the values in
all cases of 2, 4 or 6 passes of deformation. Indeed, eu is enhanced by 2.5 or 4 times and the ef by
1.5–2 times. Therefore, one can conclude that aging has resulted in reduction of YS, unchanged UTS
and significant enhancement in elongation.
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Fig. 14. Stress-Strain curves of the deformed samples after aging at room temperature for one year (a) two, (b)
four and (c) six passes ECAP.
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Table 5. Detailed tensile properties of ECAP processed samples after aging at room temperature for one year.
Sample

YS (MPa)

UTS (MPa)

eu (%)

ef (%)

Toughness (MJ/m3 )

2P

138

262

9.88

12.99

30.7

4P

177

338

6.90

12.38

37.6

6P

124

387

9.68

13.43

40.0

Values of toughness after aging process have been listed in Table 5. These observations indicate that
the aging process can result in a significant enhancement in toughness. Indeed, the toughness has
reached to 30.7, 37.6 and 40 MJ/m 3 for 2-, 4- and 6-pass deformed samples. This indicates 90%,
41% and 64% increases in toughness of 2-, 4- and 6-pass deformed samples, respectively.
Considering the fact that the poor ductility and toughness of severely deformed or ultrafine grained
metals and alloys can limit their performance and structural applications, aging of such materials may
be considered as an efficient procedure to extend their applications.

4. Conclusions
In this article, the effect of up to 6 passes of equal channel angular pressing (ECAP) on the evolution
of microstructure and tensile properties of AA5052 aluminum alloy is investigated. After ECAP, the
samples are left at room temperature for one year in order to investigate the evolution of tensile
properties.
1.

The microstructure of AA5052 alloy subjected to 2–6 passes of ECAP significantly changed and
this resulted to a large change in flow properties of this alloy. Inhomogeneous grain structure
formed in the sample subjected to 2 passes of ECAP. With increasing the number of passes
from 2 to 6, more significant refinement of microstructure occurred leading to a more
homogeneous microstructure. Dislocation density significantly increased after 2 and 4 passes
of ECAP and then decreased with further deformation to 6 passes of ECAP.

2.

Hardness, yield strength and ultimate tensile strength of the samples subjected to 2 and 4
passes of ECAP significantly increased relative to those of annealed sample. However, with
application of the 6th pass of ECAP, no further increase in hardness and YS was observed
while the UTS continued to increase in the 6th pass of deformation. Among the ECAP
processed specimens, the amount of work hardening increased with number of passes up to 6
passes. This can be attributed to the fact that with increasing deformation, the fraction of
HAGBs increases. HAGBs act as dislocation sinks during tensile testing and provide more
room for further deformation and consequently increasing work hardening rate.

3.

By aging of the severely deformed samples of AA5052 at room temperature, yield strength
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reduces significantly, ultimate tensile strength remains unchanged and ductility improves. As a
result, a significant enhancement in toughness would be achieved which can facilitate and
extend structural applications of these products.
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