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In this paper, the effect of equal channel angular pressing (ECAP) on microstructure, mechanical, and erosion-
corrosion behavior of commercial pure (CP) titanium was investigated through experimental work. Four passes
of ECAP processing at 400 °C was performed on CP titanium. The results showed that the homogeneous structure
and coarse equiaxed grains of the initial annealed sample are transformed into the combination of UFG and NS
with an average size of 750 nm and 85 nm, respectively. Also, ECAP pass numbers increase the fraction of high
angle grain boundaries which improves the ductility of the processed sample. The highest hardness and strength
improvement rate was observed after the first pass. Furthermore, the increasing rate of hardness and strength is
gradually decreased at the subsequent passes and reached the steady-state level at the 4th pass. This is due to the
balance between hardening by dislocations and twinnings accumulation and softening by recovery mechanisms.
As a result, a uniform hardness distribution on both the cross-sectional and longitudinal planes is achieved. It
was confirmed that erosion-corrosion resistance of the processed sample is enhanced due to the grain refinement,

material homogeneity, and quick formation of a strong oxide bond layer on the surface.

Introduction

Titanium-based alloys are utilized in a number of engineering in-
dustries and medical applications due to the exceptional strength, su-
perior superplastic, low elastic modulus, suitable corrosion resistance,
and acceptable compatibility with the human tissues [1-5]. Turbines
blades, marine structure, hydraulic systems, and especially, orthopedic,
dental implants, etc. are few applications of Ti alloys, [6]. For example,
the alloy of Ti-6Al-4 V corresponds to nearly 50% of the total produc-
tion of titanium as the biomaterial. However, there are some reports
about the possibility of toxicological effects of aluminum and vanadium
elements due to the ion release from the metallic implant to the sur-
rounding tissue [7,8]. This may cause complication such as peripheral
neuropathy, osteomalacia, and Alzheimer's disease. A possible sub-
stitute can be pure titanium as a favorable metallic biomaterial if the
low mechanical properties as compared to the alloyed conditions are
improved.

Recently, severe plastic deformation methods are employed to im-
prove mechanical properties of metals and alloys by means of grain
refinement up to the levels of ultrafine grains (UFG) and even, nano-
crystalline (NC) [9,10]. Until now, a large number of different SPD
methods have been introduced, experimented, and studied including
equal channel angular pressing [11], high-pressure torsion [12], planar
twist channel angular extrusion [13], planar twist extrusion [14],
constrained groove pressing [15], multi-directional forging [16], equal
channel forward extrusion [17], friction stir processing [18], twist ex-
trusion [19], accumulative roll bonding [20], cyclic extrusion com-
pression [21], etc. [22,23]. Generally, in these methods, hydrostatic
pressure is exerted on the material to generate a large magnitude of
plastic strain; consequently, this leads to the UFG/NC samples having
desirable mechanical properties without any considerable changes at
their shape and dimensions. According to the previous studies
[9,24-26], equal channel angular pressing (ECAP) is the most widely
utilized technique for fabricating UFG/NC materials.
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On the other hand, erosion-corrosion is a phenomenon that causes
material loss due to a number of reasons. Generally, two mechanisms
have been proposed to describe the erosion-corrosion behavior of ma-
terials [27,28]. The first mechanism is the degradation of the surface
hardness due to corrosion. The other mechanism is the removal of a
passive protective thin layer on the surface. On this subject, erosion-
corrosion behavior of several UFG/NC materials has been investigated.
Some studies on titanium have reported that the UFG/NC Ti exhibits
higher corrosion resistance as compared to the coarse-grained (CG)
condition. This is due to grain size reduction, resulting in the faster
formation and stronger bond of passive films at the surface crystalline
defects. On the other hand, other studies reported lower and or no
significant improvement in the corrosion resistance of UFG/NC pure
titanium in comparison with CG metal [27,29,30].

The erosion-corrosion behavior of the UFG/NC commercial pure
titanium has not been thoroughly studied and understood despite the
essential role of this property in different engineering and medical in-
dustry. The main focus of previous studies on the corrosion or erosion-
corrosion behavior of UFG/NC was on the effect of grain size reduction
and texture with no reference to the role of strain distribution uni-
formity. Hence, the current work addresses this issue and focuses on
evaluating the role of strain distribution on the mechanical properties
and tribological behavior of commercial pure titanium.

Materials and research methodology

A bar stock of commercial pure titanium (CP-Ti) with the purity of
99.2% was prepared in the form of an extruded rod with the 20 mm
diameter and 80 mm length. The testing samples were made from both
CG and UFG titanium samples. The UFG one was obtained after four
passes of the ECAP process with the 90°-channel-angle and 17°-outer-
corner-angle using route B¢ at 400 °C + 20. The ECAP process was
conducted on cylindrical samples by means of two-half die made of H13
steel as shown in Fig. 1(a). Also, CP-Ti samples subjected to different
ECAP passes are shown in Fig. 1(b). Prior to ECAP, the titanium samples
were annealed at 710 °C for 2 h and then, furnace cooled. A hydraulic
press of 160 tons capacity was employed to conduct the experiments
with a ram speed of 3 mm/s. Moreover, molybdenum disulfide-based
solid (MoS,) lubricant was used in order to reduce the friction effect.

Microstructure evaluation was conducted by means of optical mi-
croscopy, electron transmission microscopy (TEM), and electron back-
scatter microscopy (EBSD) on the cross-section of the annealed and
ECAP processed titanium samples. For this aim, all specimens were
ground up to 5000 grit with silicon carbide grinding paper; afterward,
they were polished with a diamond suspension and followed by a

(a)

Two halves of the die
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colloidal silica suspension for obtaining a mirror-like surface.
Eventually, all the polished specimens were ultrasonically cleaned with
butanol for 10 min. The thin foils for TEM observations were prepared
by mechanical milling followed by electrolytic thinning by means of a
solution of ethanol and perchloric acid at the temperature of 233 K and
voltage of 30 V. The TEM analysis was carried out in a JEOL 200CX
instrument with an acceleration voltage of 100 kV. Grain size also was
measured using the linear intercept method. Also, EBSD measurements
were performed at an accelerating voltage of 20 kV and a beam current
of 200 mA. It should be mentioned that a step size of 0.40 um was
employed for the initial material (annealed condition) and 50 nm for
the processed counterparts. All analysis of EBSD data was carried out
using TSL-OIM software. Besides, the average grain size was measured
by EBSD images using the area fraction vs grain size distribution chart.
The Vickers hardness (HV) measurement was performed according
to the ASTM E92-04 standard using Zwick/Roell machine (Model
ZHU250). The HV tests with loading magnitude of 200 gf and dwell
time of 10 s were conducted on the as-received annealed sample and
after each ECAP pass condition along the cross-section and longitudinal
directions as illustrated in Fig. 2(a). The distance between measured
points on the longitudinal direction and cross-section area was 3 mm
and 4 mm, respectively. Each test was measured twice in order to en-
sure the reliability and validity of the results. Also, a torsion machine
(model ND-W500) was utilized to conduct the torsional behavior in
accordance with the ASTM A938 standard on the annealed and ECAPed
samples as represented in Fig. 2(b). Besides, erosion-corrosion (E-C)
performance of the processed titanium was carried out using a slurry-
pot method according to the ASTM G119 standard. Simulated body
fluid was utilized as a test medium. Details of the design, manu-
facturing, and application of slurry-pot tester were discussed elsewhere
[27]. In order to assess the E-C resistance, the weight loss was de-
termined by using a high-precision digital balance with 0.001 g accu-
racy. To identify the existence of any elements on the surface of the
samples after the E-C test, JEOL-JSM-7800F-Prime scanning electron
microscope equipped with an energy-dispersive spectroscope (EDS) was
utilized. It is worth mentioning that three tests were performed for each
condition and the average magnitude was reported. Table 1 lists the
erosion-corrosion conditions of the aforementioned tests.

Results and discussion
Microstructure analysis

Grain refinement of CP titanium through imposing intense plastic
strain by four passes ECAP process is shown in Figs. 3 and 4. As can be
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Fig. 1. (a) The utilized two-half ECAP die and (b) the processed titanium samples up to four passes.
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Fig. 2. (a) Schematic representation of recorded HV measurements on the cross-section and longitudinal planes and (b) the prepared samples of CP titanium before

and after the torsion test.

Table 1
Summary of erosion-corrosion conditions for a slurry-pot method of as-received
and processed titanium samples.

Experimental time, h Linear velocity, m/s Impacting angle, °

300 5.4 45
500

750

1000

observed in Fig. 3, annealing operation of the as-received material leads
to the homogeneous and equiaxed microstructure. Accordingly, an
average coarse grain size of about 20 pm was attained for this case.
Employment of the ECAP process refines the microstructure of titanium
samples into the combination of ultrafine-grained and nanostructured
orders. Fig. 4(a) and (b) shows that the microstructures contain a
considerable number of grains with different orientations; the varia-
tions of colors indicate orientation changes occurring inside the grains
induced by severe plastic deformation. It is also clear from Fig. 4(c) that
the microstructure consists of many recrystallized grains without dis-
locations marked by 1 (bright grains without any color changes), grains

Fig. 3. Microstructure observation of CP titanium at the as-received annealed condition.
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Fig. 4. Microstructure observation of CP titanium (a) after the second pass, (b) and (c) after the fourth pass of the ECAP process.

with various dislocations densities marked by 2 (grains with bright and
dark color characteristics), subgrain cell structures with low angle grain
boundaries marked by 3, next to some elongated new grains marked by
4. The average grain size of the titanium sample after the second and
fourth passes of the ECAP process is about 1.35 and 1.09 um; however,
there are several ultrafine grains in the range of 400-500 nm and even
many nanostructures with the order of 100 nm.

Fig. 5(a) and (b) shows the grain size distribution and the area
fraction of grain sizes after applying two and four passes of ECAP
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process. The grain size distribution indicates a great deal of grain re-
finement of pure titanium by the employment of the ECAP process. In
Fig. 5(a) and (b), the distribution of grain sizes shows the multimodal
curve, indicating the nonhomogeneous microstructure formation
through ECAP application. Also, as seen in Fig. 5(c) and (d), the amount
of high angle grain boundaries (HAGBs) fraction is increased from 46%
for the two-pass sample to about 50% for the four-pass sample. It is
worth mentioning that the amount of medium angle grain boundaries
(misorientation in the range of 10 to 15°) which is an indication of

w15 (b)

0.16

Average G.S.=1.09 pm
S.D.=0.36

0.1 1 10
Grain Size (Diameter) [microns]

()

0.4

Fraction of HAGBs= 50%

Number Fraction

10 20 30 40 50 60
Misorientation Angle [degrees]

Fig. 5. The area fraction of grain size in CP titanium; (a) after the second pass, (b) after the fourth pass of ECAP passes. The misorientation distribution of CP titanium

samples; (c) after the second pass, (d) after the four passes of ECAP process.
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continuous dynamic recrystallization mechanism is higher in the four
passes ECAPed sample as compared to two passes ECAPed counterpart.
As reported in previous works, grain refinement of materials by ECAP
technique is taken place under the generation of dislocations and
twinnings and also, the increment of their density [31-33]. Then, the
dense dislocation walls and dislocation tangles in the origin coarse
grains are developed and transformed gradually into the boundaries
with small misorientation angles which are called low angle grain
boundaries (LAGBs). This phenomenon occurs through dynamic re-
covery and restoration mechanisms [31]. By further addition of pass
numbers and increment of imposed plastic strains, the misorientation
between various subgrains increases since the LAGBs are finally evolved
to the HAGBs and eventually, grain refinement is attained. This process
mainly progresses by continuous dynamic recrystallization phenom-
enon which is not unusual for titanium with high stacking fault energy
[34,35]. Furthermore, the existence of second-phases, particles, and
inclusions in the matrix of pure metals which possibly have higher
hardness magnitudes could promote the dynamic recrystallization
(DRX) phenomenon [36,37]. This occurrence is due to the activation of
particle stimulated nucleation (PSN) mechanism. In titanium usually,
carbides in the form of TiCy are responsible for the PSN related DRX
initiation. The second particle strengthening through carbide particles
is achieved by impeding the dislocation motion in the matrix, also
carbides can significantly affect the dislocation configuration during the
deformation process, hence the second-phase must have an influence on
the microstructural evolution during processing [38].

As mentioned before, electron back-scatter diffraction was im-
plemented to characterize and evaluate the changes of grain refine-
ments along with the ECAP pass numbers. As known [39], a homo-
genous structure formation of materials after applying different SPD
processes may be attributed to the balance between the accumulation of
dislocations and the reduction of stored energy by the migration of
mobile grain boundaries which leads to softening through recovery. It
seems that the addition of higher ECAP pass numbers leads to the in-
crement of dislocations density. Since titanium has high stacking fault
energy, it is prone to dynamic recovery. As a result, dislocations ac-
cumulation and their rearrangement lead to the dislocations tangles.
Subsequently, by the initiation of a dynamic recovery mechanism, these
dislocations rearrange in cell structures. The formation of cell structures
may cause minimizing the total energy of the system. Consequently,
after the fourth pass, it is difficult to further refine the material's
structure due to the resistance of the ultrafine structure to more seg-
mentation due to the large numbers of immobile dislocations and grain
boundaries.

Additionally, the amount of HAGBs is enhanced to about 50% in the
four passes sample and the grain size distribution of this sample shows a
multimodal behavior. This means that in order to attain a more
homogenous structure with a higher fraction of HAGBs, more ECAP
passes should be utilized. However, according to the standard deviation
magnitudes showing in Fig. 5(c) and (d), the four passes sample with
the amount of 0.36 has a higher homogenous microstructure than the
two passes counterpart with 0.39 standard deviation value. Therefore,
it could be anticipated that the four passes sample may have more
uniform mechanical behavior.

Mechanical properties

Fig. 6 describes the effect of ECAP pass numbers on shear yield
strength, ultimate shear strength, and ductility. It can be seen that the
ECAP process and addition of pass number lead to the improvement of
material strength and decrement of ductility. For instance, both yield
and ultimate shear strengths are respectively increased by 141% and
78%, while the ductility is decreased by almost 28% by the employment
of four passes ECAP process as compared to the initial condition. As
seen in Fig. 6, the mechanical properties especially the strength of pure
Ti show no noticeable change from 2 to 4 passes. The additional pass

Results in Physics 17 (2020) 103141
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Fig. 6. Shear yield strength, ultimate shear strength, and ductility of CP tita-
nium before and after the ECAP process up to four passes.

numbers not only cause more homogeneous hardness distribution but
also leads to a more equiaxed structure [40]. Furthermore, the mean
grain size does not change considerably in higher pass numbers com-
pared to initial passes as reported in many investigations [40,41], hence
by considering the Hall-Petch relationship [42], it can be expected that
the strength and hardness magnitudes may present negligible difference
in higher ECAP pass numbers. Moreover, improvement of the sample’s
ductility after the four passes as compared to the two passes is directly
related to the transformation of LAGBs into HAGBs during the addi-
tional pass numbers of three and four. The EBSD analyses showed that
the four-pass ECAPed titanium has more HAGBs as compared to the
two-pass counterpart. The same results have been previously reported
for the ECARed pure aluminum [43], ECAPed Al6061 [44], ECAPed
Al7075 [45], HPTed pure copper [46], etc.

The average Vickers hardness (HV) magnitude as a function of the
ECAP pass number is shown in Fig. 7. Accordingly, noticeable im-
provement of hardness is achieved after the first pass. Further ECAP
processing results in a lower rate of hardness increment and finally,
reaches the steady-state level at the final pass. The hardness magnitude
reaches 249 HV after applying four ECAP passes. This corresponds to
about 50% enhancement of hardness compared to the initial condition.
As discussed above, it seems that the accumulation of plastic strains up
to the fourth pass is the extent that the balance between dislocations
and twinnings accumulation and grain boundaries migration is
achieved. So, the structure is at the steady-state level and further im-
provement of mechanical properties using grain refinement would be
very hard. The rapid improvement of hardness magnitude at the initial
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Fig. 7. Vickers hardness magnitude as a function of ECAP pass numbers for the
CP titanium samples.
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Table 2
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Comparison of the enhancement of hardness for CP titanium due to ECAP processing with previous works.

Authors Die channel angle (°) Initial hardness (HV) Hardness after four passes (HV) Increasing rate (%)
Current work 90 166 249 50
Hajizadeh et al. [47] 920 202 265 31
Xiaoyan et al. [48] 90 155 256 65
Filho et al. [49] 90 (hot at 300 °C) 145 229 58
90 (hot & cold rolling) 236 271 15
Zhao et al. [50] 120 162 232 43

m300h m500h =750 h =1000h
12 ¢

Weight loss (g/mm2)x10-6
N

0 1 2 3 4
ECAP pass number

Fig. 8. Weight loss of initial and ECAP processed CP titanium after the erosion-
corrosion experiment during a different time duration.

passes and reduction of its increasing trend at the subsequent passes
have been previously reported. A comparison between the current and
previous studies on the enhancement of hardness for CP titanium due to
ECAP processing has been presented in Table 2.

Erosion-corrosion evaluation

The erosion-corrosion relates to an acceleration in the rate of cor-
rosion attack in materials due to the mobility of corrosive fluid. In this
work, erosion-corrosion resistance of CP titanium has been evaluated
before and after the ECAP process up to the four passes using the weight
loss per unit area. Fig. 8 has been obtained and plotted accordingly. It is
found that erosion-corrosion of both initial and processed samples in-
creases with the addition of time duration. Furthermore, the rate of
erosion-corrosion decreases gradually by increasing the ECAP pass
numbers. Consequently, the least weight loss magnitude (most resistant
case) is observed for the CP titanium after the four ECAP passes irre-
spective of the time duration. It is noted that imposing the ECAP pro-
cess and the addition of pass numbers result in improving the hardness
of the CP titanium. Consequently, weight loss due to the erosion-cor-
rosion decreases. Although considerable hardness increase has been
obtained after the first ECAP pass number, substantial improvement in
erosion-corrosion resistance is observed after the four passes of the
ECAP process, this is attributed to material homogeneity which will be
discussed later. Fig. 9 shows the EDS results of the ECAPed Ti sample
after the erosion-corrosion test, as can be seen, the oxygen element
existed on the sample, is an indication of TiO, formation. Also, the
presence of other elements is the direct result of the sample's exposure
to the simulated body fluids during the E-C experiment. The reduction
of erosion-corrosion rate at the higher pass numbers occurs due to the
enhanced strength of the sample caused by the strain-hardening
through severe plastic deformation, the quick formation of the oxide
layer (TiO5) on the surface structure, and mighty bond layer with the
surface. Similar results have been reported on the effect of time dura-
tion on erosion-corrosion of other ECAPed copper and aluminum ma-
terials [51].

Material homogeneity assessment

For evaluation of strain distribution at the initial and processed
samples, hardness measurement at different positions along the cross-
section and longitudinal planes of the specimens was performed as il-
lustrated in Fig. 2(a). In this regard, a factor entitled hardness homo-
geneity index (HHI) has been employed based on the standard devia-
tion to assess the hardness uniformity of the ECAPed samples [52,53].
The relationship of hardness homogeneity index is as follow:

T (HV - HV)?
N-1 1)

HHI =

The HV is the individual Vickers hardness magnitude, N is the
number of data points, and HV is the mean value of all measured
hardness values. Tables 3 and 4 list the HV magnitudes and their
homogeneity index before and after the ECAP process up to the four
passes. Obviously, the hardness magnitude near the sample’s surface is
higher than that of the center of cross-section. This is due to the friction
effect between the outer surfaces of the sample and the inner walls of
the die. For example, the hardness variation between point 1 and point
3 (Fig. 2(a)) is about 3% for the as-received annealed titanium sample.
Moreover, hardness results of the cross-section indicated that the
sample before ECAP processing has the least HHI with a magnitude of
3.2. It means that it possesses the most homogeneous structure. After
the application of one pass ECAP, the HHI magnitude increases to 5.3
which is about 65% higher than that of the initial condition. Also, the
second pass CP titanium exhibits the highest magnitude of HHI with
17% higher than the first pass counterpart. At the higher pass numbers,
the HHI magnitude begins to decrease in which the third and fourth
passes of the ECAP process lead to the reduction of HHI having re-
spectively the magnitudes of 5.2 and 4.2. Thus, initial pass numbers are
so important at the increment of HV magnitude, while the subsequent
ones lead to the uniform distribution of hardness. The same trend is also
observed for the hardness homogeneity index on the longitudinal plane.
It should be noted that the results of hardness homogeneity correspond
to a rational uniformity at the microstructure of the material.

Overall, the hardness homogeneity index as a measure of hardness
uniformity (strain or residual stress uniformity) obtained at different
positions shows that the fourth pass ECAPed sample exhibits a better
homogeneity as compared to the other passes. Although the average
hardness magnitude is increased by about 47% by imposing four ECAP
passes, its uniformity is only reduced by 17%. Therefore, better
homogeneity of the material is achieved throughout the longitudinal
and cross-sectional directions of titanium sample as the number of
ECAP passes increases to four passes. As discussed before, Fig. 8 shows
significant improvement in the erosion-corrosion resistance of CP tita-
nium after the four passes of the ECAP process, this is associated with
the material homogeneity.

The other significant matter is related to the formation of the oxide
layer on the surface which resists corrosive attack. ECAP process leads
to the production of titanium with a high density of grain boundaries,
twinnings, and dislocations inside the origin grains which can be sui-
table sites for the nucleation of the passive film. Consequently, the
passivation layer of the processed sample is formed faster and the
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Fig. 9. EDS results of the ECAPed Ti after imposing four passes showing the formation of TiO,.

Table 3
Vickers hardness magnitude and its homogeneity index along the cross-section
of CP titanium before and after the ECAP process up to four passes.

Position/Condition Initial ECAP process up to
condition
Pass1 Pass2 Pass3 Pass4

1 173 210 222 240 246
2 169 209 223 232 251
3 168 204 226 238 249
4 170 203 217 232 250
5 173 208 218 243 247
6 175 216 227 242 255
7 174 214 224 241 250
8 168 208 211 231 242
9 166 199 210 230 242
Average magnitude 170.7 207.9 219.8 236.5 248
Hardness homogeneity index 3.2 5.3 6.2 5.2 4.2

bonding strength of the oxide layer to the surface is stronger as com-
pared to the initial material. If the oxide layer is damaged by the action
of erosion, the repair of the passive layer occurs faster; hence, the rate
of erosion-corrosion is diminished. In addition to this phenomenon, it

Table 4

should be considered that CP titanium with the highest homogeneity
(final pass ECAPed condition) is the most resistant to surface de-
gradation. The enhancement of hardness and its homogeneity possibly
is favorable to reduce the synergism rate and the higher relative wear
resistance of the material which in turn affects the erosion-corrosion
behavior [54]. It was found that the hardness of the surface is inversely
proportional to erosion rate [55], in another study [56], it was reported
that increasing hardness of surface leads to the improved E-C rate. Also,
the existence of residual stress in hard-to-deform materials could be
another possible reason which would activate the brittle cracking of the
erosive wear [56,57].

Conclusions

This work deals with ECAP processing of CP titanium up to four
passes and its effect on the microstructure, mechanical, and tribological
properties. Also, the role of the material homogeneity on the behavior
of processed samples was evaluated. The following conclusions are
made from the current study:

e Commercial pure titanium was successfully processed up to four

Vickers hardness magnitude and its homogeneity along the longitudinal of CP titanium before and after the ECAP process up to four passes.

Position/Condition Initial condition ECAP process up to

Pass 1 Pass 2 Pass 3 Pass 4
1/1'/1” 173/169/164 211/204/198 227/225/220 241/238/231 255/251/244
2/2/2” 173/167/165 210/210/196 229/224/217 245/233/230 254/247/247
3/37/3” 170/166/166 215/210/199 227/220/219 242/235/231 255/250/246
4/4'/4” 174/169/163 209/209/200 225/220/215 238/240/229 256/246/247
5/5'/5” 173/166/166 209/207/200 223/219/216 240/235/236 252/252/244
6/67/6” 172/165/162 208/202/196 229/222/214 242/239/236 253/249/245
7/7'/7" 170/170/161 213/207/201 230/219/216 241/235/235 253/245/244
8/87/8” 172/167/162 209/205/198 228/219/215 241/236/237 255/246/243
9/9°/9” 175/166/163 211/206/198 229/219/214 246/232/229 253/247/247
10/10’/10” 171/170/164 215/210/200 230/224/213 242/234/235 254/252/247
11/117/11” 172/165/165 214/210/199 231/222/216 244/240/231 253/245/243
12/12/12” 174/170/166 211/203/201 229/223/220 239/233/230 255/248/245
Average magnitude 167.9 205.7 221.9 236.7 249.1
Hardness homogeneity index 3.9 5.6 5.4 4.7 4.1
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passes by ECAP die with the channel angle of 90°. Neither damage
nor failure was observable on the samples after processing.

e The average grain size of the titanium sample after the second and
fourth passes of the ECAP process is about 1.35 and 1.09 um;
however, there are a considerable number of ultrafine grains in the
range of 400-500 nm and even many nanostructures with the order
of 100 nm. Also, the addition of ECAP pass numbers increases the
fraction of high angle grain boundaries.

o Results of the torsion test indicated that the yield and ultimate shear
strengths are respectively increased by 141% and 78% while the
ductility of the material is decreased by 28% after imposing four
passes as compared to the as-received condition. Also, improving its
ductility at the final pass as compared to the initial passes is related
to the transformation of some LAGBs into HAGBs.

e Hardness measurements represented that noticeable improvement
of hardness is attained after the first pass. Moreover, the growth rate
of hardness is gradually reduced by further ECAP processing and
eventually, reached the steady-state level at the final pass. At this
condition, the balance between dislocations and twinnings accu-
mulation and grain boundaries migration is achieved. Thus, a uni-
form hardness distribution on both the cross-sectional and long-
itudinal planes is seen.

e The erosion-corrosion resistance of processed samples is improved
by a combination of a) grain refinement, b) material homogeneity,
and c) quick formation and a strong bond layer of the oxide layer
(TiO-) to the surface.
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