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ABST.RACf 
A wide range of materials, including polymers and hydrogen-occluded alloys that might be 
usable as the neutron shielding material were examined. And a wide range of materials, 
including aluminum alloys that might be usable as the neutron-absorbing material were 
examined. After screening, the candidate material was determined on the basis of evaluation 
regarding its adaptabilities as a high-performance neutron-shielding and neutron-absorbing 
material. This candidate material was manufactured for trial, after which material properties 
tests , neutron-shielding tests and neutron-absorbing tests were carried out on it. The 
specifications of this material were thus determined. 
This research has resulted in materials of good performance; a neutron-shielding material based 
on ethylene propylene rubber and titanium hydride, and a neutron-absorbing material based on 
aluminum and titanium hydride. 

INTRODUCTION 
Japanese electric utilities are making efforts to enhance the burnup of fuels in order to make 
efficient use of light water reactors, causing the fuels to be more highly enriched and the radiation 
source intensity (neutron source intensity in particular) of used fuels to be increased further. 
Accordingly, in the course of research aimed at designing and developing en irradiated fuels 
storage casks capable of efficiently containing such fuels with high burnup, a high-performance 
neutron-shielding material for use as the main body of the packaging and a neutron-absorbing 
material to be used for the basket in the shell were developed. 

NEUTRON SHIELD 
· Requirement Approach 

Neutron shields which would be located near the outer surface of the packaging must fulfill the 
following requirements: 
a) Shielding property: The shield should have high shie lding efficiency not only for neutrons, 

but also for the secondary gamma rays which are emitted as a result of neutron absorption. 
b) Heat resistance: The shield should be resistant to heat damage caused by the decay power of 

spent fuel. 
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c) Fire resistance: The shield should be self-extinguishing when fired at 800 "C for 30 minutes. 
d) Strength: The packaging must survive several drop tests, during which the shield should 

maintain shielding efficiency. For a liquid shield such as water, there is the danger that all or 
some of the liquid might escape during the tests. 

With the above requirements taken into account, 5 types of materials were selected. Table 1 
shows the specification of each material. As examples of conventional materials, resin and water 
were also listed. Among these, resin underwent the same tests to which the selected materials 
were subjected, for reference. 

· Applicability tests 
Neutron-shielding materials were subjected to the applicability test for the purpose of studying 
their applicability as materials for shipping casks and storage casks. In the applicability test, 
consisting of a mechanical test, a heat resistance test, a fire test, and a thermophysical property 
test, the testing conditions were determined in detail in accordance with the characteristics of the 
materials to be tested. 
In particular, with titanium hydride, the compactness to be achieved was determined after 
conducting a compactability test, since titanium hydride is in the form of a powder in its normal 
state. Figure 1 shows the results of the compactability test. A pressure ranging from 8 to 10 
tonne/cm2 is required to achieve a compacting density of 90% of the theoretical density, even 
though this is affected by both the particle size and the boron content of the powder. 
Figure 2 shows the results of a long-term heat-resistance test conducted as part of the 
applicability test. Titanium hydride is superior to other materials in terms of its long-term 
resistance, followed by silicone rubber. Polypropylene and ethylene propylene rubber, both of 
which are superior to the reference materials, can be used at relatively low temperatures. 

· Capability Tests 
Two types of test were performed. One was designed to obtain the fundamental shielding 
property of each material when combined with a steel plate that simulates the main body of the 
packaging. The steel plate thickness is 20cm. Table 2 summarizes the type of shielding 
experiment. 
Fig. 3 shows the case combined with a steel plate.When the steel plate is not provided, the 
neutron dose rate after passing through the 15-cm-thick EP-B shield is about 70% that of the 
resin shield, while the dose rate after passing through the 15-cm-thick TiH2 shield is about 20% 
that of the resin shield. A TiH2 shield about lOcm thick can provide the same dose rate as a 15-
cm-thick resin shield. When a steel plate is combined, the neutron dose rate after passing 
through the 15-cm-thick EPT-B shield decreases by about 10% when neutrons pass though the 
15-cm-thick TiH2 shield. Because the ratio of thermal neutrons increases when a steel plate is 
combined, attenuation in the shield generally increases. Fig. 4 shows how gamma rays attenuate 
in the shield when a steel plate is used. Each specimen exhibits a larger gamma dose than that of 
the resin sield, in particular in the 0.5cm range of the shield. After passing through the 15-cm 
shield, the gamma dose increases by about double that of the resin shield. Neutron-shielding 
requires the neutron scattering and moderation process. With this process, gamma rays are 
generated. Needless to say, the greater the attenuation, the more gamma rays are generated. 
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Figure 1. Forming Pressure of Titanium Hydride Powder 
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Figure 2 Thermal Degradation data 
(a) Silicone rubber (b) Ethylene-propylene rubber (c) Polypropylene 

(d) Titanium hydride (e) Polyethylene 
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Density Hydrogen 
Specimen (glcml) Composition Contents Note 

(atoms/b em) 

pp 0 .95 
Polypropylene with fire 

7.0X 1()·2 
rewdant 
Eth)•lene propylene 11Jbber 

EPT-A 1.19 with small content of 6 .44X 10·2 

A l(OH)l • and others 

Ethylene propylene 11Jbber 
EPT-B 1.50 with small content ofTBE • 6.38X 10·1 

and others 

Silicon 1.75 
Silicon Rubber with small 

5.41XJ0·2 
content ofTiHl and others 

TiHl 3.33 Hydrogen storage material 7 .76X JO·l 

Resin 1.58 4 .70X 10·2 for reference 

Water 1.00 6.69X 10·2 for reference 
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Fig. 3 Measurement Result of Neutron 
Dose Rate with Iron Shield 

Fire test 

No 

1-1 

-2 

-3 

-4 

·5 

·6 

2·1 

·2 

-3 

-4 

-5 

-6 

a e. eo ~cenment Tbi"Cas rEx 

Specimen Iron Shield Reactor Powc:r(Wh) 
Bum 

Diamete~c:m) 

None without 20 5 
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Fig. 4 Measurement Result of Gamma 
Dose Rate with Iron Shield 

By conducting the fire test with the partial model simulating the shell of the storage cask, the fire 
resistance of the candidate materials intended for the high-performance neutron shield was 
verified. In the fire test the effectiveness of the policy adopted in designing the arrangement of 
ethylene propylene rubber as the outer layer of the cask was successfully confirmed. The 
ethylene propylene rubber is fitted on the basis of the oxygen index in accordance with the design 
principle so as to ensure that self-extinguishing works. It was found that there is a linearity 
between the oxygen index of each piece of ethylene propylene rubber and the time it takes to 
extinguish. 
The heat capacity of the outer shell does not ~llow the temperature of the titanium hydride 
disposed at the middle portion of the cask to rise.at a rapid rate, maintaining it around 200oC at 
the most, so that no change in the composition of titanium hydride, such as hydrogen content, 
occurs, eliminating the possibility of any deterioration being caused in the shielding capability. 
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· Conclusion 
Table 3 gives an overall evaluation of the high-performance neutron shielding materials on the 
basis of the results of the applicability tests which have been carried out so far, their fundamental 
capability and operational suitability as neutron-shielding material , and the value added as newly 
developed material. As shown in the table, as high-performance neutron-shielding material, 
ethylene propylene rubber and titanium hydride (high density) have such excellent applicability 
that it is practicable from the viewpoint of designing to employ the former as an outer layer of the 
cask and the latter at such portions as the trunnion where shielding tends to be insufficient 
locally. 

NEUTRON-ABSORBING MATERIALS 
· Requirements 

The increment in both the initial enrichment and calorific value in the spent fuel , initiated by the 
recent movement to achieve high bumup of fuel for the light water reactor, has given rise to the 
following requirements regarding neutron-absorbing materials: 
a. Absorbing property; It is desirable that neutron-absorbing material cannot only absorb thermal 

neutron effectively but also lower fast neutron by effectively thermalizing it. 
b. Heat transfer; To dissipate the heat generated in spent fuels at a noticeable rate, neutron

absorbing materials have to possess reasonably high heat conductivity. 
c. Mechanical properties; shipping casks and storage packages should maintain their mechanical 

integrity even if subjected to mechanical shocks. 
In accordance with these requirements, the three kinds of alloys having aluminum as their base 
material and the four kinds of compacts of titaniun hydride expected to improve both moderation 
and absorption abilities were tentatively selected. 

· Applicability test 
The candidate neutron-absorbing materials tentatively chosen on the basis of the requirements 
stated in the previous section were submitted to the applicability test with the aim of studying the 
applicability of the selected materials to the shipping and storage package. The applicability test 
was composed of four items, mechanical , corrosion, thermophysical test and workabiity test, 
and the testing condition for each candidate material was definitely created according to their 
peculiarities. The results from the applicability test showed that alaminum alloy with addition of 
rare earth elements is inferior in corrosion resistance, reducing the possibility of employing it in 
actual packages. 

· Capability test 
The capability test has demonstrated that with the three cases, test 5 (structural material; AI, 
moderator; TiH -15 % B4C), test 6 (structural material; SUS, moderator; TiH -15 % B4C), and 
test 7 (structural material; B4C 15%-Al , moderator; water), a low thermal neutron flux was 

detected on the downstream side of the moderator. Each of these tests, as a whole system, 
contained much more boron than the other systems did. With test 7, in particular, a low thermal 
neutron flux was measured on the upstream side of the absorbing material, followed by test 5 
and test 6 in this order, with which the strength of the thermal neutron flux decreased(Fig.5). 
This can be attributed to the properties of the structural materials employed. 
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Table 3 (1/2) Su..ary of developaent of bigh-perforaance neutron absorbing materials 

Ethylene propylene rubber 

Item Polypropylene Type A Fire-resistant Type B Fire-resistant Type C Fire-resistant 
materials in halogen materials in hydroxide 
family family materials 

Characteristics Superior to polyethienE Produced by polymeriz- Produced by adding Produed by adding a 
in heat-resistance. lion of the ethylene fire-resistant material mixture of fire-resis-
Materials having the group and propylene in halogen to the tant material in the 
saae neutron shielding group. with additional material mentioned in halogen family and io 
capabilitY were fire-resistant material the column on the righ the hydroxide family 
provided with fire in· the halogen !ami ly to the material menti-
resistance having excellent heat- oned in the column on 

resistance with hign the right 
hydrogen content 

Neutron shielding Excellent. because of Excellent. because of Excellent. owing to Excellent. owing to 
capabi I i ty high density of high density or high density or high density of 

hydrogen atoms hydrogen atollS hydrogen atoms. best hydrogen a toms. best 

"' fO ro in EPT ro in EPT 
fO "' ·-~ --- Weight reduction Excellent. owing to Excellent. owing to Excellent. owing to Exce llenl. owing to 

.c ... low mass density and low mass density and low mass density and low mass density and 
0. ... superior shielding superior shielding superior shielding superior shielding ... 
- capabi I i ty fO 

capabi I i ty fO 
capabi I ity ro capabi I i ty fO 

~ 
c: 

"' • Long-term heat Good; the resu It of thE Excellent; the result Excellent; the result Excellent; the result ... ..., resistance long-tera heal test or the long-ter• heat of the long-term heat of the long-term heat 
c: 
::> proved that il couid test proved that il test proved that it test proved that it 

"'-

- be used at about 120~ could be used at about couid be used at about couid be used at 160~ 

rc; 14o·c ro 14o·c io fO 
Workabi I i ty Excellent. No problem Exce II en l. No prob I ea Excellent. No problem Excellent. No problem 

because of extensive because of extensive because of extensive because of extensive 
use in genera I use in genera I use in genera I use in genera I 

.... industries fO 
industries fO 

industries ro industries 
fO ~ ·--·-.c Cost Excellent. nearly as Excellent. nearly as Excellent. nearly as £xcellenl. nearly as ... ... costly in both costly in both costly in both costly in both ·-- manufactruring and manufactruring and manufactruring and aanufactruring and 

0. 
0. processing as in processing as in processing as in processing as in 
< 

general industries general industries general industries general industries 

[0 io ro ro 
Material characteristics Excellent. but cannot Exce II en l. but cannot Excellent. but cannot Excellent. but cannot 

be used as heat be used as heat be used as heat be used as heat 
conduction aeaber for conduction member for. conduction member for conduction me~ber for 
the same reason that the same reason that the same reason that the same reason that 
regular plastics canno regular plastics canno regular plastics cannot regular plastics canno 
be used ro be employed ro be used fO 

be used fO 
Other applicabilities Excellent. usable in Excellent. usable in Excellent. usable in Excellent. usable in 
(Possibilities of using environaent where heat environment where heal environment where heal environment where heat 
in other apparatus) resistance greater resistance greater resistance greater resistance greater 

than that or than that or than that or than that or 
poiyethyiene is polyethylene is poiyethyiene is polyethylene is 
required ro required fO 

required ro required ro 
Summary Good. althhough Exce II en t." can be used Excellent; the Excellent; the 

inferior in heat in actual machine with statement in the next statement in the seconc 
resistancL usabie in ease. and we II balanced column on the left is column on the left is 
actual machine with both in neutron true for the material. true for this material. 
ease shielding capability inferior in mechanical Well balanced in 

and heat resistance property and superior mechanical properties 
in neutron shielding and meutron shielding 
capability compared capability 
with material mentione 
in the next column on 

rc; fO the lefl ro ro 
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Table 3 (2/2) Summary of development of high-performance neutron absorbing materials 

Titanium hydride Reference materials 
Item 

Low density(about 70X) High density(about SOX) TN resin Polyethyle 

Characteristics Produced by solidifyinl Produced through using Used in France in Common as a neutron 
by using press male(ial press by solidyfying actual shipping casks shielding material in 
having the highest material having the made of unsaturated nuclear faci??ties and 
hydrogen content among highest hydrogen poiyester empioyed in boty 
materials in metal content aaong aetal Germany and the US in 
hydride hydride. attaining 

greater density than 
that of the material 

actual storage casks 

mentioned in the 
column on the left 

Neutron shielding Excellent. have about Excellent. highest Good. but inferior to Excellent. due to high 
capability the same hydrogem atom density of hydrogen the other. materials density of hydrogen 

density as water atoms a110ng the in density of hydrogem stoms 
candidate materials atoms 

"' ro ro f6 ro "' ·-~ ·--·- Weight reduction Excellent- from Excellent. due to Good in ter.s of Excellent. due to iow ..,. 
"' vlempoinl of density superior neutron density and shielding mass density and high 0. 

"' and shielding shielding capability capability shielding capability ..., 
- capability 
~ ro ro fL\ ro "' ... 
e 
"' -c Long-term heat Exce II en l; the resu It Excellent; the result Good. techni cal data Fair. long-term heat "' "' resistance of the long-term heal of the long-term heat provided by the test proved that it <=.. 

test proved that it test proved that it manufacturer proved can be used at 
could be used at 160~ could be used at 160'C that it can be used temperatures a little 

at abou l 120'C higher than 100~ 

ro ro ~ lx 
Workabi I i ty Exce II en t. Can be Good. High pressure Excellent. Campi icated Excellent. No problem 

so lidified by using press is required. can can be done with bacause of extensive 
low pressure press be cut with case injection method use in genera I · 

>. industries 
~ ro ~ ro ro --·-.= 
"' ..., Cost Good. reiatively castl Fair. Extremely castly Excellent. expensive Nearly as cost ly in ·-- in purchase of raw in fabrication because of speci r ici ty both manufacturing and c. 
c. material and in processing as in < 

fabrication genera I industries 
industries 

16 jx ro [0 
Material characteristics Fair. fairly brittle Excellent. strong Exce II en t. but cannot Excellent. but cannot 

enough to maintain the be used as heat be used as heat 
shape. heat conduc lion conduction member for conduction member for 
takes place to some the same reason that the same reason that 
extent regular plastics regular plastics 

cannot be used cannot be used 

lx fO fO ro 
Other appl icabi I it ies Excellent. usabie in Excellent. usabie in Existent material Existent material 
(Possibilities of using environment where environment where 
in other apparatus) great heat resistance neutron flux is so 

is required intense that high heat 
resistance is required 

[0 ro 16 16 
Summary Good. app I i cation in Excellent. but use is Existent material Existent material 

ac tual machine is hard limited to local area 
to achieve because of because or the poor 
instability or the workabi I i ty and 
material expensiveness. a lthougt 

it is superior in 
neutron shielding 
capability and heat 
resistance 

~ ro f6 fL\ 
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· Conclusions 

T bl 4 C b. f "a] . b a e om mauon o maten s m neutron a sorpuon test 

Test No. 
Material 

Neutron absorbing material Structural material 

1 TiH2 AI (B 3%) 

2 TiH2 SUS(B 1%) 

3 TiH2 (B4C 3%) AI 

4 TiH2 (B4C 3%) sus 
5 TiH2 (B4C 15%) AI 

6 TiH2 (B4C 15%) sus 
7 H20 AJ {B4C 15%) 

8 H20 SUS(B 1 %) 

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 

Fig.5 Result of Neutron Absorption Test 

IZl Upstream Side 

Ill Downstream Side 

Table 5 gives the results of the overall evaluation of the high-performance neutron-shielding 
materials conducted on the basis of the result gained from the applicability tests which have been 
conducted so far, the fundamental properties and usability as neutron-absorbing material, and 
value added as newly developed material. As shown in the table, as high-performance neutron 
shielding material, both titanium hydride and powder aluminum alloy are superior in usability, so 
that it is practical from the viewpoint of designing to utilize the former as neutron-moderating 
material having neutron-absorbing ability, and the latter as both structural members and heat
conducting members, as it is excellent in neutron-absorbing capability. 
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Table 5 (1/2) : Suaary of dcvclop•cnl of hich-pcrfor•ancc neutron absorbing •alcrials 

Neutron absorbing •alerials (structural •alerial) 

llCI Cast alu•inu• alloy Powder alu1inu1 alloy 

(rare earth ele•enl) With addition of 8, C With addition of BH 

Chnraclerislics Aluninu• is used base 11alcrial with With niu•lnu• used ns bnse •elal. A I u• i nu• Is used as base •c ln I. and 
addition or a conbinalion or rate addition of boron (0, C) is increased addition of boron (8N) is increased 
earth Ictal having large lhcr1al by e•Poloying powder •elallurgy lhrou~h use of powder •elallurgy 
neutron absorption cross section lelhod melho 

Neutron shielding Coot but not swo effective aince Excellent. due lo high boron Excellent. due lo high boron 
capabi I ilY epilhcrel neutron is proainenl !1 concen l ra lIon concentration. but inferior in 

"' 
package SYSlell neutron absorbins ca~abilily to .. aalerial deail wtlh n the next - rc; ro colu•n on the left ro 

D 

; Weight reduction Good. but low neutron absorption Bxcellcnlh absorption ca~abilily and Excellent. absorption ca~abilily and 
u ability and low aechanical strength areal 1ec anical slren'l conlrtbule areal aechanical slrenfl conlrtbule 

~ 
prevent iaproveaenl or the loading to iaproveaenl of the oading factor to i•prove•enl of the oadin& factor 

c factor fro• improving ft; ro IQ ! 
""' Lon,-ler• heal No probie~ in cace of using for No probie~ in cace of using for No probiea in cace of using for c 

::0 rests lance storage cask storage cask storage cask ..... 

ro ro ro 
Workabi I i ty Good. Vacuu• cas li nf is necessary. Good. I ngols are unufaclured wi lh Good. Ingots are unufaclured wi lh 

~ Excellent in workab lit~ especial!~ high-leapcralure static-pressure high-le•peralure static-pressure 
in shaping water press. Extruding. rolling, water press. Extruding, rolling, - rc; and cullin& are applicable ft; and culling are applicable ~ 

D 

!3 
Q. Cost Good. cxpens i vencss of ra rc \!a~ lit Good. high in production cost Good. high in production cost 
Q. clements contributes lo iacreasing < 

purchase cos l of the •a lcr i a I ft; rc; 16 
Characteristics of Good. but inferior in both mechanical Excellent. possesses properties Excellent. possesses properties 
IDler i a I properties and dispersion of neutron which fulfill requirements of which fulfill require•enls of 

absorbing eleaenls 1alerial for the basket. except for lalerial for the basket. except for 
defect of being relatively hard and defect of being relatively hard and 

16 brittle ro brittle ro 
Other cnr•ab i I i l i cws Good. can be used in a sys lc• where l!xccllenl. appl icnbl ic to areas other l!xcellcnl. applicable lo areas other 
(such as applicabilities effective •odcralion is •ceded than packages that require a high than packages lahl require a high 
lo different apparatus) lhcr~al neutron absorbing avilily lher~al neutron absorbing ability 

~ ro Jo 
Su..ary Good. inferior to powder alu•inu• £xcellenl. i•prove•enl in workabilil! Good. but inferior lo the ~alcrial 

alloy in funda•cntal ca~abililics. and reduction of cost are decisive dealt with in lhc colu•n on the left 
appltcablilitics. and c1araclcrislics factors for future usc in both funda•cnlal capabilities and 

workability 

rc; [0 ~ - --- - - - ---

A • .. + .4 .. 4 ._ 4 
_.......__ ~ .. _... .......... _._ ___ 

Neutron .adcralor 

Tllaniu• hydride (O,C ; 0-ISX> 

To effcctivel~ aodernle and absorb 
neutron. Till. which has a high 
dens i lJ of hydrogen a La loiS. Is 
solidi ied 

Bxcel lent, depend in~ on how this 
material is combine with structural 
material 

Jo 
Bxcellenl. appropriate coabinalion 
with structural aalerial allows the 
load in& factor to· be iaproved 

ro 
Inferior in •ainlainins shape under 
water. and thus re1uirtn& reinforce-
•enl such as slain ess steel 

,cladding rc-
Goo. unufaclured wi lh high-pressure 
press and ca• be cut 

I rc; 
Good. high in production cost 

16 
Good. stron~ enough to •alnlain its 
shape. and as reasonable lharaa I 
conduclivi lY 

16 
P.xccllcnl. usable in areas that 
requlra both heal resistance and 
high neulronmoderaling capability 

ro 
£xccllenl. ilaprovcmcnl in operational 
suitability is decisive factor for 
future use. but inferior to ~owdcr 
aiuainua alloy in funda•cnla 
capabilities f(:i 
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Table 5 (2/2) : Summary of development of high-performance neutron absorbing materials 

Reference aalerial 

Aluminum alloy with addition of 0 Stainless steel alloy with addition Reaarks 

(low leaperalure) of 0 (low temperature) 

This existent aaterial. which is This wxislenl aalerlal. which is 
employed in shippine casks. acts as eaployed in shippine casks. acts as 
the reference maler1al La compare lhe reference maler1al La compare 
with lhe aaterial with the material 
(structural aalerial) aentioned in (structural aaterial) aentioned in 
the column on the left. the column on the left. 
(boron concentration : about IX) (boron concentration : about 3X) 

Good. lower in boron concentration Good. lower in boron concentration 
coapared with powder aluainua alloy coapared with powder aluainua alloy 

16 ~ 
Inferior In neutron absorbing ability Inferior In neutron absorbing ability 
lo the aalerlal 1enlioned in the lo the aalerial aenlioned in lhe 
next column on the left next column on the left 

16 16 
No probie& in cace of using for 
storage cask 

Excellent. no probiea in using this 
aalerial in actual storage casks 

ro ro 
Excellent. existent 1alerial. no Excellent. existent 1alerial. no 
probieas exist probieas exist 

ro ro 
Excellent. e.~islenl 11alerial. 
avai I able ·at relatively low price 

Excellent. existent aalerial. 
available al relatively low price 

fO ro 
Good. bul while having appropriate Excellent. possesses salisfactorl 
mechanical properties as structural mechanical properties and ther1a 
material. Inferior in ther1al conduclivi ty 
conduct ivi Ly 

~ ro 
Rxislenl material Existent material 

~ r.;: 
Rxislent aalerial Existent materia l While powder aluminua a I lob sli II 

has probieas lo be solved efore 
being e11pioyed in practice. 
IL seems reasonable lo study lhe 
possibility or lowering the 
production cost of aluainu• alloy 
added IYi Lh 

rz 16 


