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Abstract: A high-strength Ni-W—Co—Ta medium-heavy alloy (MHA) was prepared through the melting—casting—
forging followed by cryogenic rolling process. Detailed microstructure and mechanical property characterizations were
conducted to unveil the influence of cyrorolling on Ni-W—Co—Ta MHA. The results revealed that initial equiaxial
grains were elongated along the rolling direction firstly and then transformed to fibrous texture with increase in
accumulated deformation, in which a large number of slip bands were generated to coordinate the intensive plastic
deformation. A sharp increase in dislocation density significantly promoted the dislocation interactions, which, in turn,
refined the grains down to nanometer scale. The strength and hardness increased significantly with the increase of the
deformation, whereas the elongation decreased sharply. The fracture morphology changed from a typical ductile mode
for the undeformed sample gradually to quasi-cleavage and ductile mixed mode for 90% deformed material.

Key words: Ni-W—Co—Ta medium-heavy alloys (MHAs); cryogenic rolling; fibrous texture; mechanical property;
quasi-cleavage and ductile mixed fracture

At present, one of the two most commonly

1 Introduction

Warhead material usually has to suffer from
high strain rate deformation (10°-10°s™!) coupled
with high temperature and pressure because of its
special service environment. It is prone to loss of
striking ability resulting from the rapid failure,
considering the adiabatic shearing phenomenon
during high strain rate deformation [1]. Therefore,
warhead material is required to have superior
property features such as excellent plasticity and
toughness, high strength, and high penetration [2].

used warhead materials is ultrahigh-strength steel
that has high toughness and strength [3-5].
However, this kind of steel is not suitable for
applications such as armor-piercing shells and
drilling ammunition, as its low density makes it
difficult to achieve high penetration force and
excellent dynamic mechanical properties [6]. The
other option is tungsten (W) heavy alloys (WHAs),
which have high density and penetration force [7,8].
WHAs typically contain 85-99 wt.% W as the
matrix with a small amount of Ni, Cu, Fe, Co, Mo,
Cr, etc. However, drawbacks of conventional WHASs,
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for example their low dynamic rheological stress
and strength, and poor toughness, limit their
application in high-end military fields [9,10].
Therefore, researchers have carried out extensive
research focusing on manipulating the W
contents [11] and sintering methods [12,13] of
WHAs. Consequently, the mechanical properties of
WHAs have been improved to some extent.
Nevertheless, W is expensive and the total W
reserves of the world are only 3.7 million tons [14],
which limits its production and application on a
large scale.

A medium heavy alloy (MHA) with medium
W content (50%—75%) was proposed by YE
et al [15] to reduce the costs of WHAs. It was found
that the mechanical properties of MHA and WHA
are comparable, and thus MHA could be a
promising alternative to WHA. The aforementioned
MHAs and/or WHASs were mainly manufactured by
powder metallurgy method. Materials obtained by
these methods always have porosities, which makes
it quite challenging to apply MHAs and/or WHAs
in harsh service environments [16]. Therefore, the
search for novel high-density alloys with excellent
comprehensive mechanical properties are still
ongoing.

Recently, a novel Ni-W—-Co—Ta MHA (p=
11.41 g/cm®) was prepared by using Ni as the
matrix and W as the strengthening phase, together
with a small amount of Co and Ta [17]. The yield
strength and tensile strength of this MHA after
aging treatment at 750 °C for 5 h were found to be
as high as 1571 and 1746 MPa, respectively.
However, these values are still unable to meet the
service requirements under extreme conditions.
Therefore, this work aimed to further improve the
comprehensive mechanical properties of this
Ni—W—Co—Ta MHA by cryogenic rolling. The
evolution of the microstructure and mechanical
properties of Ni-W—Co—Ta MHAs with different
deformation degrees induced by cryogenic rolling
were systematically investigated, in order to
establish an experimental basis and technical
support for the preparation of ultra-fine grain
Ni—W—-Co—Ta MHAs with excellent properties.

2 Experimental

The experimental Ni-W—Co—Ta MHAs were
prepared by casting after vacuum induction melting

combined with vacuum-consumable arc melting.
The measured compositions of as-cast ingots are
38.53 wt.% W, 5.09 wt.% Co, 0.97 wt.% Ta, and
55.41 wt.% Ni. The ingots were homogenized at
about 1230 °C for at least 48 h to remove severe
dendrites, segregation, and pores. Subsequently, the
homogenized ingots were forged at 1180 °C to
billets with a diameter of 60 mm, and then air-
cooled to room temperature. To remove forging
defects, these forged billets were heat-treated at
1000 °C for 1.5 h followed by air cooling.

The cryogenic rolling was carried out on
Ni-W—-Co—Ta MHA plates with a dimension of
100 mm % 40 mm x 10 mm that were cut from the
center of forged billets along the forging direction.
A multi-pass rolling method was adopted with a
thickness reduction of approximately 2% per pass
to achieve an overall thickness reduction of 30%,
50%, 70% and 90%, representing equivalent true
strains of 0.4, 0.7, 1.2 and 2.3, respectively. Before
each rolling pass, the rolls and specimens were
immersed in liquid nitrogen. During rolling, the
specimens were quickly taken out for a single pass
of cryogenic rolling and then immersed again in
liquid nitrogen for next pass. The prepared
specimens after rolling were stored at room
temperature.

Metallographic samples were prepared by
following the standard metallographic methods
and corresponding microstructural features were
observed on the longitudinal plane, i.e. the rolling
direction (RD) and normal direction (ND) plane, of
rolled sheets with an OLYMPUS PMG3 optical
microscope (OM) and JSM—7800F field emission
scanning electron microscope (FESEM). The etchant
contained 100 mL HCI, 100 mL CH3;CH»>OH, and
5 g CuCly. EBSD was carried out using JSM—7800F
FESEM equipped with an Oxford-EBSD system.
Samples for EBSD were prepared by mechanical
polishing, followed by electropolishing in a solution
of 475 mL C,H40; and 25 mL HCI1O4 at 25 °C.

A JEM-2010 transmission electron micro-
scope (TEM) operating at 200 kV was used to
further observe the microstructure evolution after
cryogenic rolling. TEM thin foils were prepared
from the rolled sheets on RD x TD (transverse
direction) plane. A sheet with a thickness of 1 mm
was firstly cut from the mid-thickness of rolled
sheets, and then mechanically ground to 50 pm.
Discs (d3 mm) were punched out and finally
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thinned with a Gatan 691 ion thinning instrument.
The phase constituents of Ni-W—Co—Ta MHAs
were determined by X-ray diffraction (XRD) using
a D8 ADVANCE XRD analyzer with CuK,
(4=0.15406 nm) X-ray source. XRD profiles were
collected with a scanning step size of 0.02° in the
20 range of 30°-100°. Hardness of Ni-W—Co—Ta
MHAs was measured with a 500 g loading and a
10 s duration using an HV—1000 microhardness
tester. The average of five random locations was
taken as the hardness for each sample.
Dog-bone-shaped tensile specimens with a
dimension of 20 mm (gauge length) x 5 mm (width) x
0.8 mm (thickness) were machined from rolled
sheets along RD. Tensile tests were conducted by an
Instron 5587 tensile testing machine at a loading
rate of 0.1 mm/min. Tensile fracture was observed
with a JSM—IT200 scanning electron microscope.

3 Results

3.1 Initial microstructure

The initial microstructure of Ni—W-Co—Ta
MHA before cryogenic rolling, shown in Fig. 1(a),
was dominated by equiaxed grains with an average
size of about 43 um, accompanied by a small number
of annealing twins and undissolved particles.

Annealing twins

¥

Energy-dispersive spectroscopy (EDS) analysis
revealed that these undissolved particles were
monolithic W (Fig. 1(b)). The EBSD inverse pole
figure (IPF) revealed an average grain size of about
41 um (Fig. 1(c)), which was slightly smaller than
that determined by OM observation. In the EBSD
IPF map, solid green and black lines indicate the
low-angle grain boundaries (LAGBs, <15°) and
high-angle grain boundaries (HAGBs, =>15°),
respectively. The estimated fraction of LAGBs and
HAGBs was about 8.24% and 91.76%, respectively.
Different colors, from blue to red, in the kernel
average misorientation (KAM) diagram represent
the differences in the degree of plastic
deformation [18,19]. As shown in Fig. 1(d), the
KAM or deformation strain of the undeformed
Ni—-W—Co—Ta MHA was small, being mainly blue
that evenly distributed through the map.

3.2 Microstructural evolution after cryogenic
rolling

3.2.1 X-ray diffraction patterns

The XRD patterns of Ni-W—-Co—Ta MHA
prior to cryogenic rolling (Fig. 2) indicated that the
MHA had a single Ni;yW3 phase (PDF# 65-4828).
After cryogenic rolling, full width at half maximum
(FWHM) of the diffraction peaks broadened. For

Fig. 1 Initial microstructure of Ni-W—Co—Ta MHA: (a) OM image; (b) SEM image; (c) EBSD IPF; (d) Corresponding

KAM map
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Fig. 2 XRD patterns (a) and variation in peak positions and FWHM of representative (220) plane (b) of Ni-W—Co—Ta

MHAs

example, FWHM of the (220) peak increased
from 0.6484° before rolling to 1.0511° after 90%
reduction (Fig. 2(b)). Meanwhile, the diffraction
peaks shifted to lower 26 angles, which was
associated with the accumulation of microstrain and
grain refinement, similar to that found in austenitic
stainless steels [20] and Al-4Mg—0.2Zr [21] after
cryogenic rolling. The accumulated microstrain
calculated using the W—H method [22,23] and the
dislocation density [24] are shown in Fig. 3. The
microstrain increased from 1.8x107 (initial) to
6.4x1073 after 90% thickness reduction, whereas the
lattice constant increased from 3.5785 to 3.6129 A.
The dislocation density was calculated to be
2.8x10¥m™2 at 30% reduction and increased to
2.14x10% m2 at 90% reduction.
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Fig. 3 Microstrain, dislocation density, and lattice

constant of Ni-W—Co—Ta MHAs

3.2.2 OM and SEM results

After a thickness reduction of 30%, most of
the grains were elongated along RD. A small
number of undeformed grains were seen in local

areas and some slip bands appeared (Figs. 4(a, b)).
The number of slip bands continually increased,
and the grains became further elongated and
flattened along RD as the thickness reduction
reached 50%. Moreover, the undissolved W
particles started to be arranged to be parallel to RD
(Figs. 4(c, d)). With a further reduction to 70%, the
deformed grains changed from flattened shapes to
strips (Fig. 4(e)). Elongated undissolved W particles
were also seen along RD, as indicated in the
waveform region in Fig. 4(f). Some W particles
appeared to be dislodged by rolling, resulting in the
formation of tiny holes (diamond marked region in
Fig. 4(f)). Three different morphologies of the strips
could be observed: (1) strips parallel to RD whose
spacing gradually decreased with greater thickness
reduction, (2) strips aligned perpendicularly to RD
that were Dbroken (elliptical region), and
(3) irregularly bended strips that had a certain
orientation to RD (hexagonal region in Fig. 4(f)). It
was attributed to the different stress states of slip
bands that, the strips of Type (1) were affected by
positive stresses, those of Type (2) were gradually
broken by compressive stresses, while those of
Type (3) were susceptible to shear stresses and bent
irregularly into a wavy shape [25].

After 90% reduction, the metallographic
structure of Ni-W—Co—Ta MHA changed from
strips to fibers (Fig.4(g)). There were three
different types of undissolved W particles in this
case (Fig. 4(h)): (1) elongated plate-like particles
along the RD (rectangular region); (2) broken
particles perpendicular to the RD caused by the
compressive stress during cryogenic rolling (elliptical
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Fig. 4 OM (a, c, e, g) and SEM (b, d, f, h) characterizations of Ni-W—Co—Ta MHAs after cryogenic rolling to overall
thickness reductions of 30% (a, b), 50% (c, d), 70% (e, f), and 90% (g, h)

region); (3) W particles exhibiting spindle shapes
under the action of shear stress, which appeared to
be dislodged to form obvious craters (diamond
region). A similar microstructure composed of

fine lamellae, irregularly bent and kinked slats, was
also observed for pearlitic steel [26,27] and low-
carbon martensite [28] as a result of heavy cold
rolling.
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3.2.3 EBSD results

The representative IPF of Ni-W—Co—Ta MHA
after 30% reduction showed that the initial equiaxed
grains were elongated along the RD, along with the
presence of deformation twins and refined grains,
as seen in Fig. 5(a). After 90% reduction, the grain
became fragmented and refined to nanocrystals
(Fig. 5(c)), similar to that in a 7050 aluminum alloy
also after cryogenic rolling to a true strain of
2.3 [29]. The proportion of LAGBs increased to
83.6% at 30% reduction and 94.1% at 90%
reduction, whereas that of HAGBs decreased to
16.4% (30% reduction) and 5.9% (90% reduction)
(Figs. 5(a, ¢)). A similar phenomenon was also
observed in SUS301L [30]. In addition, the average
value of KAM quantitively increased to 2.1° and
2.3° (Figs. 5(b,d)) at 30%, and 90% thickness
reductions, respectively. Usually, relationship between
geometrically necessary dislocation density and
average grain orientation difference satisfies [31]

w0
P=ab

where a, 6, d, and b denote a constant, average
orientation value (in radian), scan step, and the
magnitude of Burger’s vector, respectively. It was
shown that the dislocation density increases with
increase in average grain orientations, qualitatively

)

consistent with the quantified dislocation densities
in Fig. 3.
3.2.4 TEM results

Figure 6(a) presents the TEM images of
Ni—W—Co—Ta MHA after 30% thickness reduction.
A large number of dislocations sprouted, and the
dislocations interacted with each other to form
dislocation tangles. Moreover, a small number of
deformation twins could be observed, which could be
attributed to the uncoordinated deformation between
adjacent grains during cryogenic rolling [32]. A
cumulative increase in strain at 50% thickness
reduction resulted in an increase in dislocation
density and interactions among dislocations
(Fig. 6(b)), which gave rise to the formation of
dislocation walls and more deformation twins, as
compared with those seen at 30% deformation.
Dislocation walls, tangles, and deformation twins
continuously appeared in the deformed structure of
Ni—W—-Co—Ta MHA rolled to a thickness reduction
of 70% (Figs. 6(c, d)). The bright-field (BF) images
and their corresponding dark-field (DF) images at
90% thickness reduction are shown in Figs. 6(e)
and 6(f), respectively. The grains were completely
fragmented, and corresponding selected area

electron diffraction (SAED) showed continuous
rings. The grain size was estimated to be about
16.1 nm from the DF-TEM image.

Fig. 5 EBSD IPF (a, ¢) and KAM maps (b, d) of Ni-W—Co—Ta MHAs after cryogenic rolling to overall thickness

reductions of 30% (a, b) and 90% (c, d)
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Fig. 6 TEM images of Ni-W—Co—Ta MHAs after cryogenic rolling to thickness reductions of 30% (a), 50% (b), 70%
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3.3 Mechanical properties

Figure 7 shows the changes in microhardness
and mechanical properties determined from tensile
tests of Ni-W—Co—Ta MHAs. The microhardness
of initial MHA was HV 292, which increased to
HV 590 at 90% thickness reduction. The yield, and
tensile strength values of the initial material were
505 and 978 MPa at initial condition, which
increased rapidly to 2045 and 2107 MPa, by 304.9%
and 1154% after 90% thickness reduction,
respectively. However, the elongation decreased
sharply from 52.9% to 6.4%. This can be attributed
to the rapid increase in dislocation density caused
by dislocation proliferation with increase in
deformation, leading to an increase in dislocation
interactions and generation of dislocation jog and
pileup. These are beneficial factors for the
immobile dislocation. Because of grain refinement
and significant increase in the grain boundaries,
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Fig. 7 Mechanical properties of Ni-W—Co—Ta MHAs
after cryogenic rolling

dislocations at the grain boundaries continued to
accumulate to form more dislocation tangles,
resulting in an obvious stress concentration
phenomenon. When the local stress concentration
was large enough, new dislocations would generate
in the adjacent grains to relieve the stress
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concentration at grain boundaries. Therefore, with
gradual grain refinement, the material contained
more grain boundaries to enhance the hindrance
of dislocation movement [33]. Therefore, work-
hardening of the Ni-W-Co—Ta MHA occurred
under the combined effect of these factors. In
addition, Fig. 4 showed that the undissolved W
particles became continuously elongated and
gradually dislodged to form tiny holes, leading to a
decrease in elongation when deformation level
increased.

3.4 Fracture morphology

The fracture morphology of the Ni-W—Co—Ta
MHA in Fig. 8(a) showed a typical ductile fracture
which contained many dimples. After cryogenic
rolling to 30% thickness reduction, the number of
large tough dimples decreased and a small number

of cleavage planes appeared (Fig. 8(b)). Plenty of
tiny holes could be seen, and elongation rapidly
decreased to 17.9% after rolling to 50% reduction.
The number of cleavage planes continued to
increase, and larger holes were formed as the
degree of deformation increased (Figs. 8(c, d)).
As a result, elongation of this MHA was only
9.6%. When the thickness reduction reached 90%
(Fig. 8(e)), the area occupied by the cleavage
planes further increased. Herein, fracture mode
changed to quasi-cleavage and ductile mixed mode.
Some small holes, that were elongated and linearly
arranged along RD, appeared. By comparing Figs. 4
and 8, it can be seen that the micropores on the
fractures were almost identical to those of insoluble
W particles, which suggested that these micropores
were caused by the peeling off of insoluble W
particles.

sl

Fig. 8 Fracture morphologies of Ni-W—Co—Ta MHAs: (a) Before cryogenic rolling; (b) Rolling reduction of 30%;
(c) Rolling reduction of 50%; (d) Rolling reduction of 70%; (¢) Rolling reduction of 90%
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4 Discussion

The microstructural evolution of Ni—W—Co—
Ta MHA in Fig. 6 reveals that the deformed
microstructure was mainly composed of high-
density dislocations and some deformation twins at
a lower degree of deformation (30%). Dislocation
slips [34] and deformation twinning [35,36] are two
well-known mechanisms to accommodate strain

induced by plastic deformation in metallic materials.

SARMA et al [37] demonstrated high-stacking fault
energy (SFE) metals (e.g. Al, AA6061) coordinate
deformation through dislocation slips, while low-
SFE metals (e.g. Cu—Al alloys) by deformation
twinning during cryogenic rolling. Both dislocation
slipping and twinning mechanisms can be activated
simultaneously in medium SFE (e.g. Fe—36Ni)
metals [38], when the difference between the
critical resolved shear stress of twinning and slip is
insignificant at lower deformation levels. Hence,
the appearance of deformation twins can be
attributed to the following two factors in this MHA.
First, Shockley partial dislocations (b=1/6{112})
swept across the continuous slip plane ({111} type)
during plastic deformation of FCC metals. Layer
dislocations on the crystalline surface changed the
original stacking order, leading to the appearance
of deformation twins [39]. Second, there are soft
and hard orientation grains of Ni-W—Co—Ta MHA
during plastic deformation. Individually, the
soft-orientation grains are highly susceptible to slip
bands, whereas the hard ones have difficulties in
activating slip during plastic deformation [40].
In order strain,
hard-oriented grains usually have to develop
deformation twinning. As a result, some of these
originally unfavorable slip systems are converted to
positions that are favorable for the occurrence of
slipping, further stimulating slipping and crystal
deformation [41].

As the level of deformation increased, the
critical resolved shear stress for twinning increases
much more than that for dislocation slips. The
formation of twins is suppressed, and dislocation
slip becomes predominant. Interaction among
high-density dislocations was intensified to form
dislocation walls and dislocation cells. Continuous
increase in the cumulative strain further drove the
formation of subgrains. Moreover, the amount of

to accommodate the local

deformation twins gradually increased with
increasing deformation (Fig. 6). This also indicates
that deformation twins probably promote
dislocation slips, suggesting that deformation of
Ni—-W—Co—Ta MHA is dominated by dislocation
slips, whereas deformation twins play a
coordinating role during rolling. A similar
mechanism was found in rolled Cu—Ag alloys [42].
According to these observations, the grain
refinement mechanism of Ni-W—Co—Ta MHA is
mainly attributed to the proliferation and interaction
of dislocations, by which the grains are gradually
refined to nanocrystals (Fig. 6(f)). These nano-
crystals are relatively randomly oriented. This may
also be associated with grain boundary sliding that
is more effective for nano-scale compared with
coarse grains [43]. Meanwhile, grain rotation
is another alternative way to accommodate the
plastic deformation for nanocrystals, which can
significantly increase misorientation and turn
nanocrystals into random orientations [44].

The increase in dislocation density and grain
refinement have much effect on the mechanical
properties of Ni-W—Co—Ta MHA. It has been
shown that solid-solution strengthening (oss),
dislocation strengthening (op), grain boundary
strengthening  (ogs), and secondary phase
strengthening (osp) are the main mechanisms
to increase the yield strength (o) of metallic
materials [45]. Usually, they satisfy the following
equation:

0=0sstoptoGetosp (2)

For the Ni-W—Co—Ta MHA used in this study,
significant strain hardening was observed after
cryogenic rolling, which was attributed to the
presence of high density of dislocations.
Theoretically, the dislocation strengthening effect
can be assessed according to the Taylor hardening
equation [46]:

on=MaGb.[p 3)

where M, a, p, and G denote the Taylor factor
taken as 3.06, the empirical strength factor of
0.24, the dislocation density, and the shear modulus
of 804 GPa for this Ni—-W—Co—Ta MHA,
respectively [24,47]. Calculated by Egq.(3), the
dislocation strengthening contribution was 691 MPa
at 90% thickness reduction.

Grain boundary strengthening is also crucial to
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improving the strength of materials. Usually, the
grain boundary strengthening is mainly related to (1)
twin density and twin thickness, and (2) grain and
subgrain size [42]. According to TEM analysis
(Fig. 6), the density of deformation twins was low
after rolling, which would be less useful for
impeding dislocation movement. Therefore, the
grain boundary strengthening induced by cryogenic
rolling is mainly attributed to grain refinement [48].
Theoretically, it can be assessed by the Hall-Petch
equation [49]:

oGe=00tkyd 12 4)

where oo, ky, and d denote the intrinsic strength, the
material constant, and the grain size, respectively.
Similarly, oo and k&, denote as 22 MPa and
0.16 MPa-m™ "2 [50], respectively. The grain
boundary strengthening contribution was about
1261 MPa at 90% thickness reduction. In summary,
the theoretical yield strength of Ni—W-Co—Ta
MHA after cryogenic rolling to 90% thickness
reduction was 1952 MPa, which is 93 MPa different
from the present experimental value. The
discrepancy is likely due to the fact that the
calculation adopted material characteristics of Ni
instead of actual Ni-W—Co—Ta MHA in this work
that was scarcely reported. Relatively smaller
values of G, oo, and k, would lead to this
underestimation of yield strength.

5 Conclusions

(1) Cryogenic rolling significantly refined the
grains to 16.1 nm after 90% thickness reduction and
introduced a lot of dislocation in the investigated
Ni-W—Co—Ta MHA. Some undissolved W after
cryogenic rolling showed a similar morphology, i.e.
elongated W, broken W, and W in a spindle shape.

(2) The plastic deformation mechanism of the
Ni-W—-Co—Ta MHA was determined to be
dominated by dislocation slip, while co-existing
deformation twins played a role in coordinating the
plastic deformation.

(3) The mechanical properties
significantly improved by the deformed micro-
structures induced by cryogenic rolling. The
hardness, yield strength and tensile strength of
Ni—W—-Co—Ta MHA after cryogenic rolling to 90%
thickness reduction increased to HV 590, 2107 MPa,
and 2045 MPa, respectively.

were

(4) The fracture morphology gradually
changed from typical ductile mode for the
undeformed sample to quasi-cleavage and ductile
mixed mode after cryogenic rolling.
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TS ELEI T AT EH R Ni-W—-Co-Ta SZESE
BB L S EERS N

grel, RARY B B3 & R!

, TRERB Y, &ES, o e, EAe

L JTERHCRS: MORREE S TR, I%F 471023;
2. A BPM RS SN THOARE Y R EF L, W& EH 471023;
3. WNERWHTT e FFIREBT FEPT, AT 1000815

4. VHALRZECRBT TP #0550 AR I 5 R S =,

62 710024;

5. RIEAMETHEBSE 725 BF5HT, ¥%EH 471000

B E: RABHREBERARS #OHH Ni-W-Co-Ta M5t E &4, A Ni-W-Co-Ta & &L IRAFLHEILTE
Ja BRI S A P RE AR R AT RAL . 258 W] BEEAS RGN, B Ni-W-Co-Ta % £ & & 155
ol it REIS LA T ) AT RRL G, RN 7 AR R I R s DU PR R 2L R AT, I TR R L. AT
BER A A P SURIE R, AR S AR R N, BT SRR AL B GKR, G el B REE AR
T B 06 T T 25 R v R U R e o T I TS5 U P W SR R AR TG [ oA At P — 9 P 0 5 2R T A2 (90%

)

KR Ni-W-Co-Ta =% L& a8 RAHELE]: ZF4E4LZL; Jyoarhag, MEME-PIVEIR & Bk 2
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