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Segmentation of copper alloys processed by equal-channel angular pressing
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Abstract: This research provides experimental evidence for localized shear, billet cracking, and segmentation during the processing
of various copper alloys. The results demonstrate that although many parameters affect the shear localization, there is a direct relation
between segmentation and alloy strength (hardness) that is related to the alloying elements and constitutive phases. For instance,
alpha brass is successfully processed by ECAP at room temperature, but alpha/beta brasses fail even at a temperature of 350 °C.
Finite element simulation of cracking and segmentation was performed using DEFORM™ to investigate the influence of different
parameters on segmentation. The results confirm that friction and processing speed have narrow effects on attaining a perfect billet.
However, employing back pressure could be reliably used to diminish shear localization, billet cracking, segmentation, and damage.
Moreover, diminishing the flow localization using back pressure leads to uniform material flow and the billet homogeneity increases

by 36.1%, when back pressure increases from 0 to 600 MPa.
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1 Introduction

The grain size of a polycrystalline metal is directly
affecting its mechanical properties. At low temperatures,
the strength is related to the grain size through the
Hall—Petch relationship, which is of the form:

o=oythky,d (1)

where oy is the yield stress, oy is the friction stress, d is
the average grain size, and k, is a constant value of
yielding. This equation demonstrates that reducing the
grain size is beneficial for increasing the strength of the
material. In addition, reducing the grain size enhances
the superplastic formability of materials [1,2].

Grain refinement through the application of
thermo-mechanical treatment leads to the grain sizes in
the order of a few microns. However, these procedures
cannot refine the grains up to the submicrometer (0.1 to
1.0 pum) or nanometer (<100 nm) range. To achieve
ultra-fine grain size, it is necessary to use alternative
techniques, in which materials are subjected to severe
plastic deformation (SPD) without incurring any
significant change in the overall dimensions of the work-

piece. Processing of alloys and metals through the SPD
methods is attractive because it introduces significant
grain refinement in bulk solids. Among various SPD
techniques, equal-channel angular pressing (ECAP) has
attracted much attention than other SPD methods in the
last decade. Easy configuration, low cost, and the ability
to produce relatively large samples of bulk ultrafine-
grained and nanostructured materials are the most
important advantages of this process [3]. In ECAP, a
sample in the form of a rod or bar is pressed repetitively
through a die to impose high strain to the work-piece.
Some materials, specifically those having hexagonal
close-packed crystal structure, are difficult to process by
ECAP due to the limited number of slip systems. Such
materials are prone for shear localization, segmentation
and multiple cracking when they are pressed at room
temperature [4]. These problems may be limited or even
avoided by increasing the processing temperature and/or
changing the channel angle within the die [5]. However,
increasing the pressing temperature leads to larger grain
sizes.

As the aim of the ECAP process is grain refinement
together with the producing materials without defects,
cracks, and segments, several procedures have been
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adopted to avoid the development of shear bands and
deformation inhomogeneity during the process. These
procedures include using ECAP dies having angles larger
than 90°, performing the process with low speed,
increasing the processing temperature, using preliminary
deformation step, and incorporating back pressure into
the pressing operation. This research was conducted to
reveal the damage evolution during processing various
grades of copper alloys, and to provide experimental
evidence for the occurrence of cracks, segmentation and
shear localization in ECAP. However, considering cost,
time, and availability of experimental procedures leads to
concentrate on the numerical methods to assess the
influence of different parameters in the ECAP process. In
addition, less attention has been made on using finite
element analysis (FEA) to predict damage, and
segmentation in the literature. Among available reports,
FIGUEIREDO et al [6] used FEA to evaluate the
evolution of damage in an aluminum-based alloy. The
analysis demonstrated that the cracks might be formed in
the interiors of materials with strain hardening behavior
(annealed sample) and the propagation of those cracks
led to billet segmentation. Conversely, in near perfect
plastic behavior (the samples processed by ECAP), there
might be superficial cracking on the upper surfaces of the
billets. However, those cracks were reasonably stable.
They studied the effect of strain-rate sensitivity and die
angle on the segmentation using numerical simulations
and concluded that billet cracking and segmentation
might be reduced in difficult-to-work alloys by
increasing the strain-rate sensitivity and/or by increasing
the channel angle within the die [7]. Generally, most of
the studies dealing with ECAP, and specifically those
related to flow localization in ECAP, concentrate on the
materials such as titanium and magnesium. Therefore, in
order to expand the current knowledge in this field, the
effects of different processing parameters on the flow
localization of Cu-based alloys were dealt using finite
element analysis (FEA) and experimental tests.

2 Experimental

In this work, the ECAP process was conducted on
five commercial Cu-based alloys as specified in Table 1.
Free machining brass (also known as architectural
bronze), and forging brass are categorized in alpha/beta
alloys with more than 37% zinc. However, forging brass,
containing less than 37% zinc is classified as alpha brass.
Phosphor bronze, or tin bronze, is an alloy containing
copper, tin, and phosphorous. Tin remains in the alpha
copper solid solution and the phosphorus forms copper
phosphide phase. When the content of tin is above 10%,
as shown in the copper—tin phase diagram, a second

phase is formed, which is brittle. Furthermore, gear
bronze has a strong bronze matrix (alpha phase) with a
fine dispersion of the hard delta phase, which improves
the strength of the alloy.

Table 1 Specifications of processed materials by ECAP

Alloy N UNS Nominal Vickers
ame
No. number  composition microhardness
Free
.. Cu—39%Zn—
A machining C38500 147
3%Pb
brass
Gear Cu—10%Sn—
B 92900 . 128
bronze 3.5%Ni—2.5%Pb
Forging
C C37700 Cu—39%Zn—2%Pb 105
brass
Phosphor Cu—10%Sn—
D C51000 93
bronze 0.25%P
Cartridge
E C26000 Cu—30%Zn 86
brass

ECAP on the above-mentioned
materials, all samples were cut and machined to be
10 mm in diameter and 40 mm in length. Prior to ECAP,

To conduct

annealing heat-treatment was performed for all samples
by keeping the billets at 500 °C for 3 h and then letting
them to cool down to room temperature.

The ECAP process was performed at room
temperature through a single pass with a pressing speed
of 10 mm/s. In the case of sample failure, the
temperature was increased up to 350 °C to repeat the
process. A closed die made of HI3 steel with a
cross-channel angle (@) of 90° between the vertical and
horizontal channels and an outer corner angle (¥) of 20°
was used. A heater was incorporated within the die to
control the temperature. In addition, graphite powder was
used as lubricant during ECAP process.

The Vickers microhardness values were measured
using Shimadzu Type M microhardness tester with a load
of 0.49 N for a dwell time of 10 s. Furthermore, the
tensile tests were performed on the specimens, prepared
from longitudinal direction of the samples, with 5 mm in
gage diameter, and 25 mm in gage length employing an
initial strain rate of 0.01 s~

Optical scanning
microscopy were used to observe the microstructure of
the annealed and processed billet. For this purpose, the
billets were cold-mounted in epoxy and surface
preparation was conducted by grinding the samples using
100, 240, 400, 600, 1200, 2000, and 3000 grit SiC papers
and then by employing alumina polishing powder. Then,
the billets were chemically etched in a solution of FeCls,
HCI, and C,HsOH (3 g, 10 mL, and 90 mL, respectively)
at room temperature for 15 s.

microscopy and electron
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3 Numerical simulation

To conduct FE simulations, DEFORM™ Ver 10.0
was employed. The die and punch were assumed to be
rigid and the billet was assumed as an elastic-plastic
object. The punch speed was chosen as 10 mm/s. A
d10 mm X 40 mm billet was meshed to approximately
8000 four-noded elements using automatic remeshing to
regenerate the distorted elements during the simulations.
The convergence condition was satisfied with this
number of elements, and the results were independent
from the number of the meshes. A back punch was also
modeled to exert back pressure during the process when
needed.

As the main reason of simulations predicting billet
cracking, shear localization, and segmentation,
normalized Cockcroft&Latham criterion was used as an
appropriate damage criterion. This criterion has been
extensively used to predict the fracture and damage
evolution during metalworking processes [8,9]. As
normalized  Cockcroft&Latham  fracture  criterion
satisfies the requirements of large plastic deformation
problems, it can be reliably used to predict the damage in
ECAP. Normalized Cockcroft&Latham criterion is then
given by [10]

Cy = [PLde )
O-e

where oy is the maximum principal stress, o, is the
effective stress, ¢ is the equivalent strain, and Cy is a
critical value for fracture, above which the loss of metal
cohesion occurs. By introducing the critical Cy value and
element separation condition, the loss of material
cohesion and billet cracking can be identified. In this
case, the fracture steps and the maximum number of
elements that can be deleted in each fracture step were
defined. It must be noted that deleting failed elements
will decrease the overall volume of the billet, so element
deletion rules must be defined carefully.

4 Results and discussion

4.1 Relation between composition, hardness, and

billet cracking

The billets of Alloys A to D failed during the equal
channel angular pressing at room temperature. As
shearing occurs when the billet passes through the
theoretical shear plane, the billets cracked on this plane.
The cracked billets of Alloys C and D are shown in
Fig. 1. The simulation of billet cracking is shown in
Fig. 1(c) that is in good coincidence with the observed
cracks in these billets. Although lead content in Alloys A
to C improves metal flow, it promotes cracking in the

severely deformed areas. The maximum solubility of
lead in f-brass (leaded copper—zinc alloys) at forging
temperatures is around 2%, but lead is insoluble in
f-brass at all temperatures. Since lead has a lower
melting point than other constituents of brass, it tends to
migrate towards the grain boundaries. Consequently, the
lead content will contribute to catastrophic cracking
during severe plastic deformation [11].

Fig. 1 Cracked billets of Alloy C (a) and Alloy D (b) after
processing by ECAP at room temperature, and simulation (c) of
billet cracking by element separation method

In phosphor bronze (Alloy D), tin remains in the
alpha copper solid solution and phosphorus forms copper
phosphide phase. This alloy is more commonly
constituted of a matrix of copper with tin in solid
solution (soft alpha phase), a tin rich delta constituent,
which is hard and interspersed throughout the matrix,
and a hard phase of copper phosphide associated with the
delta constituent, which is comparatively hard and
brittle [12]. Therefore, the presence of tin-rich delta
constituent, and hard phase of copper phosphide are the
main reasons for limited formability of this alloy.

As Alloys A—D cracked at room temperature, they
were processed by increasing the temperature up to
350 °C. Although increasing the temperature during
ECAP is one of the useful methods to overcome cracking
and segmentation, it leads to recrystallization, grain
growth, and larger grain sizes. Therefore, the efficiency
of ECAP for decreasing the average grain size and
strengthening the samples according to Eq. (1) will be
reduced. It is shown that lower ECAP temperature is
more effective in grain refinement of different alloys
because dynamic grain growth or dynamic/static
recrystallization can be suppressed at
temperatures [13—15]. Generally, the grain growth
depends upon the nature of the microstructure of the
material. For instance, in pure metals and solid-solution
alloys, grain growth occurs rapidly at elevated
temperatures in the absence of precipitates within the
crystalline lattice, which restricts the movement of the
grain boundaries. However, submicrometer grains are not
affected by high temperatures in the materials containing

lower
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a distribution of fine precipitates in the matrix.

Figures 2(a) to (c) represent the billets of Alloys A
to C processed by ECAP at 350 °C, for which cracking
begins and develops on the top surface of the billet,
because the maximum shear stress is applied on this
surface. However, the cracks cannot propagate through

Omid NEJADSEYF], et al/Trans. Nonferrous Met. Soc. China 25(2015) 2571-2580

the total cross-section of the billet and they are actually
stopped after propagating along half of the billet width.
In addition, near the billet head, the sizes of cracks are
larger than the rest of the billet, and by progressing the
process, the cracks almost disappeared. This is mainly
due to the back-pressure effect of the processed part of

(e)

Fig. 2 Appearance of samples after ECAP treatment: (a) Alloy A processed at 350 °C; (b) Alloy B processed at 350 °C; (c) Alloy C
processed at 350 °C; (d) Alloy D processed at 350 °C; (e) Alloy E processed at room temperature
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the billet. This observation shows excellent coincidence
with the simulations by FIGUEIREDO et al [16] who
showed that the accumulated damage is significantly
reduced in the presence of back pressure, and only a
small value of damage is observed along the top of the
billet.

From Table 1, one can notice that Alloys A to C
have Vickers microhardness of above HV 100. Therefore,
billet cracking at room temperature and appearance of
cracks on the top surface of the billet at 350 °C, seem to
be directly proportional with the hardness of the alloy.
Although Alloy D, which has a Vickers microhardness of
HV 93 showed massive segmentation at 350 °C, the
alloy retained its continuity. Figure 3 represents the billet
of Alloy D processed by ECAP. It shows segmentation
and continuous reduction and increase in the cross-
sections of the billet after processing by ECAP,
indicating the occurrence of flow softening. Similar
phenomenon was reported by processing the extruded
AZ31 magnesium alloy at 200 °C [5], annealed ZK60
magnesium alloy at 200—-250 °C [5,7], commercially
pure titanium at room temperature [17], and 4340 steel at
325 °C[17].

Neglecting the first crack on the billet head, the
cracks on Alloys A and C (alpha/beta brasses) are smaller
than that on the Alloy B, which contains lead and nickel.
In this case, fine dispersion of the hard delta phase has a
detrimental effect on achieving a perfect billet even at
350 °C.

Figure 2(e) illustrates the billet of Alloy E, which
was successfully processed by ECAP at room
temperature. Table 1 indicates that Alloy E has the
minimum hardness (HV 86) among other samples. There
are no signs of cracking and segmentation for the sample
of the Alloy E and enhanced properties are expected,
which will be discussed in further sections. Although
many parameters are involved in cracking the billets,
hardness seems to have a direct relation with
segmentation during ECAP so that by decreasing the
hardness, the possibility of segmentation is reduced.

The strain-rate sensitivity of the material also has a
great influence on the flow localization. The increase in
flow stress caused by the increase in strain rate may
eliminate flow localization and formation of deformation
bands in the processed billets. FIGUEIREDO et al [7]
showed that increasing the strain-rate sensitivity of a
material broadens the plastic deformation zone around
the shear plane in ECAP. This may avoid the flow
localization and formation of deformation bands in the
processed billet. The unstable flow parameter in ECAP
can be computed as follows [4]:

a=L 3)
m

- Olno @)
Olng

where y’ is associated with the flow softening, m denotes
the strain-rate sensitivity, o represents the flow stress,
and ¢ is the true stress. These equations imply that the
increase in the strain-rate sensitivity may prevent the
instability of plastic strain and localization during ECAP.
It was also shown that the billet head shape during ECAP
is directly dependent on the strain-rate sensitivity of the
processed material, and the strain-rate sensitivity was
altered by increasing the number of passes in ECAP [7].
However, in this work, different materials with different
strain-rate sensitivities are assessed. Comparing the billet
head rotation, Fig. 2(e) indicates that the strain-rate
sensitivity of Alloy E is higher than that of the Alloys A
to C. Furthermore, near-zero theta angle for Alloy D
indicates the lowest strain-rate sensitivity for this alloy.
These observations confirm that higher stain-rate
sensitivity leads to improved formability of the alloy
during ECAP and prevents the flow localization.

4.2 Simulation of billet cracking and segmentation
4.2.1 Influence of friction and processing speed

Figure 3 illustrates the sample of Alloy D, simulated
in the processing condition similar to the experiments.
The stress—strain diagram of copper alloy C51000 was
entered to the FEM software, friction factor was chosen
as 0.19 [18], processing speed was 10 mm/s, and
normalized Cockcroft&Latham criterion was used to
predict the damage. The final shape of the billet is very
similar to the experiments, as shown in Fig. 3. This
shows the capability of FEM to predict the shape of the
billet and damage during ECAP. Therefore, it can be

l V.3 l N2 lV. 1

s
Effective strain
Alloy A: 0
Alloy B: 0.625
Alloy C: 1.25
Alloy D: 1.88
Alloy E: 2.50

Fig. 3 Simulation of massive segmentation of Alloy D
subjected to ECAP (Blue lines show the material flow during
deformation)
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reliably used to predict the influence of different
parameters on the damage evolution. However, proper
considerations should be taken into account in FEM

simulations. Similar to Alloys A to C, near the billet head,

the sizes of segments are larger than those of the rest
billets. In addition, the segments become smaller when
the process is progressed. As anticipated, the back-
pressure effect of the processed part of the billet reduces
the depth of the formed V-shaped notches in the billet. As
illustrated, the first and second notches (V.1 and V.2)
have an equal depth approximately in both experiments
and simulations. Nevertheless, the distance between two
adjacent V-shaped notches and the depth of the third
notch (V.3) decreased as the billets move through the
channel. In experiments, the distance between V.2 and
V.3 decreased by ~37.5% compared with the distance
between V.1 and V.2. In addition, the depth of V.3 is
reduced by ~60.6% compared with that of V.2. Similarly,
in simulations, the distance between V.2 and V.3 is
decreased by ~23.8% compared with that between V.1
and V.2. Moreover, the depth of V.3 is reduced by
~43.2% compared with that of V.2. Therefore, the
numerical results show good coincidence with the
experimental results.

In order to investigate the influence of friction and
punch velocity, three friction factors of m=0, m=0.19,
and m=0.3 were used [18]. In addition, the velocity (v)
was decreased from 10 to 0.5 mm/s. As can be seen in
Figs. 4(a) to (c), the segments are stretched as the friction
factor is increased. Furthermore, the shape of the billet is
insensitive to the ram speed. This case was
experimentally reported for pure titanium processed at
room temperature for which all processing speeds of 0.5,
2.5, and 25 mm/s led to segmented flow of the
material [17].

Changing the friction factors from 0 to 0.19 and
0.19 to 0.3 increases the distance between V.1 and V.2 by
about 15.5% and 29.9%, respectively. In the meanwhile,
the depth of V.1 increased by around 15.1% and 4.9% by
changing the friction factors from 0 to 0.19, and 0.19 to
0.3, respectively. The influence of friction is more
pronounced than the effect of punch velocity. Since,
keeping the friction constant and decreasing the velocity
from 10 to 0.5 mm/s increases the distance between V.1
and V.2, and depth of V.1 by only about 7.8% and 4.9%,
respectively.

4.2.2 Influence of back pressure

The influence of employing back pressure is shown
in Fig. 5. Back pressure was increased in each step, up to
achieving a uniform flow. It is demonstrated that the role
of back pressure to obviate the formation of segments is
much more pronounced than the effect of friction and
punch velocity. In this case, employing a back pressure
of around 600 MPa helps to obtain a billet without

(
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Fig. 4 Massive segmentation of copper alloy under different
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processing conditions: (a) m=0, v=10 mm/s; (b) m=0.19,
v=10 mm/s; (¢) m=0.3, v=10 mm/s; (d) m=0.19, v=0.5 mm/s
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Fig. 5 Obviation of segmentation in copper alloy at different
back pressures: (a) 0 MPa; (b) 100 MPa; (c) 200 MPa;
(d) 400 MPa; (e) 600 MPa

Effective
strain

' 2.50

(e)

observable crack or segment. In this case, the induced
strain profile is very similar to that of easy-to-work
materials subjected to ECAP. It is well established that
after processing the easy-to-work alloys by ECAP, a
narrow region adjacent to the bottom surface experiences
low strains [19,20]. However, the narrow region adjacent
to the bottom surface of the billets, shown in Figs. 5(a) to
(d), undergoes severe deformation in some areas, due to
the strain localization and instabilities in material flow.
Figure 6 shows the force—time curves of Alloy D
processed by ECAP, the occurrence of shear localization
is associated with the flow softening and the load is
decreased suddenly in the case of flow softening.
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However, by increasing back pressure, the segments are

2577

diminished and a uniform force—time curve is achieved. 120 _—
In the absence of back pressure, the punch load 100} AR |

reaches a saturated level. Then, the billet segmentation '

causes a sudden drop in the required load for moving the 801

billet through the exit channel. As the first V-shaped é

notch is formed (Fig. 5), the load is augmented gradually % 60
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The load is then dropped after formation of the second ar
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Figure 7 represents the histograms of the effective
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Fig. 6 Required force for processing Alloy D under different
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Fig. 7 Effective induced strain to billet of Alloy D under different back pressures: (a) 0 MPa; (b) 100 MPa; (c) 200 MPa;
(d) 400 MPa; (e) 600 MPa
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induced strain to the billets processed by different back
pressures. As it was shown in the force—time curves, it is
expected that diminishing the flow localization leads to a
uniform strain distribution in the sample. This figure
shows that, as back pressure increased, most regions of
the billet experience a strain level of around 1. Although
this figure shows the increase in the level of the
homogeneity of the billet graphically, in order to evaluate
the inhomogeneity index of the effective strain precisely,
Eq. (5) was used to obtain the coefficient of variance of
the equivalent plastic strain, &.

p
&

gP =( SI;D.) (5)
gave

where &P, denotes the average of the equivalent

plastic strain, and &, stands for standard deviation of
the equivalent plastic strain. The results are presented in
Table 2. The inhomogeneity index fluctuates when the
back pressure is less than 200 MPa. However, increasing
back pressure from 0 to 400 MPa, and 600 MPa
increases the billet homogeneity up to 7.5%, and 36.1%,
respectively.

Table 2 Calculation of inhomogeneity of induced strain

Back Average Standard ~ Inhomogeneity
pressure/MPa strain deviation index
0 0.860 0.830 0.97
100 0.926 0915 0.99
200 1.000 0.930 0.93
400 0.927 0.798 0.86
600 0.740 0.460 0.62

4.3 Properties of Alloy E after ECAP

The main purpose of using ECAP is obtaining a
work-piece without visible sign of crack or segment. In
this case, achieving a refined microstructure strengthens
the work-piece or provides better superplastic forming
characteristic. Figure 8 shows the typical microstructure
of Alloy E before and after ECAP treatment observed by
optical microscopy (OM) and scanning electron
microscopy (SEM), respectively. It can be seen that the
average grain size reduces after only one ECAP pass. As
more than 99% of grain refinement [21], and more than
95% of strengthening of the work-piece occurs only after
one pass of SPD process [22], attaining a perfect billet
after the first pass is of great interest. In addition,
cracked billets cannot be used in further processing steps.

Figure 9 illustrates the engineering stress—strain
curves for the sample of Alloy E before and after ECAP.
As shown in this figure, the yield and the ultimate
strengths show drastic increase after only one pass of
ECAP. However, the elongation to failure is reduced
simultaneously. Around 68.4% increase in the yield

stress accompanied by about 71.8% decrease in the
ductility was observed after only one ECAP pass. The
dislocation accumulation is more difficult in ultra-fine
grained and nanostructured materials because the small
grain size restricts the dislocation glide when a
dislocation emanates from a grain boundary. Since the
grain size is very small, dislocation may be deposited at
another grain boundary without intersecting other
dislocations. In this way, different mechanical properties
are altered [23].

: A
Fig. 8 OM image of Alloy E before ECAP (a) and SEM image
of Alloy E after one ECAP pass (b)

600

500 1 pass ECAP

- —————
I} o] .
% \Annea]ed
2 300
]
@

200

100

0 10 20 30 40 50
Strain/%

Fig. 9 Engineering stress—strain curves before and after
ECAP

5 Conclusions

1) ECAP process was conducted on five

commercial Cu-based alloys. Billet cracking at room
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temperature and appearance of cracks on the top surface
of the billets at 350 °C, were directly proportional with
the hardness of the alloys and their constitutive phases.
In addition, it was not possible to perform ECAP on
alpha/beta brasses even at a temperature of 350 °C.

2) Numerical simulation of segmentation of Alloy D
showed a good coincidence with the experimental
results. Then, it was used to predict the effect of different
parameters on shear localization. The segments were
stretched as friction factor was increased. In addition, the
shape of the billet was insensitive to ram speed.
Furthermore, the role of back pressure in obviating the
formation of segments was much more pronounced than
the effect of friction and punch velocity. In this case,
employing a back pressure of around 600 MPa led to
obtaining a billet without observable crack or segment.

3) Diminishing the flow localization using back
pressure, led to a uniform strain distribution in the billet.
The billet homogeneity was increased up to 7.5%, and
36.1%, when back pressure was increased from 0 to 400
and 600 MPa, respectively.

4) Successful processing of Alloy E by ECAP
treatment led to significant grain refinement after only
one pass. Consequently, around 68.4% increase in the
yield stress accompanied by about 71.8% decrease in the
ductility was observed.
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B F: AWPUERE TSR MBI R G S REETY) . REETTRA D IR SR A . S5 SRR, R
ZSHOEWA R BI YT, AR A e A E AN 2 T W RS AR R SC AR, A S & i AU K. 7E
FWN, a3 LRI AT SR AR, T w/f s RAE 350 °C FHESANBERIN AT SR A B . A
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(S N7 I (A NP TSI DS S PSR N8 S8 ¥ AN 77 N N 71 533 N i ) T 7 R 87 N RS = DAt/ A )
JRRAL, P 0 B E] 600 MPa I, A UG i bd R S AP JF HAERGE RIS MESR i 36.1%.
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