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SUMMARY

I. Title

Development of high performance ultrafine W base composite material

II. Objects

Development of manufacturing process of ultrafine W/Cu composite powder
and densification process

III. Contents

1. Development of manufacturing process of ultrafine W/Cu composite powder
~Manufacturing of precursor powder by spray drying of salts
-Desalting process and reduction process

2. Development of sintering process of ultrafine W/Cu composite powder
-Densification process
-Microstructure control technology

-Relationship of powder characteristic and sinterability

3. Characteristics of ultrafine W/Cu composite alloy

-Powder properties and thermal/mechanical properties
V. Results of rescarch

The reduced W-20% Cu powder with W particle sizes of about 30~100 nm
and uniform distribution of components was successfully synthesized by
mechano-thermochemical process. This process consists of three steps: the
producing of oxide powder, the wet ball milling of oxide powder and the final
reduction. W/Cu composite oxide clusters with a spherical shell structure were
prepared by spray drying of aqueous solution of Cu and W salts with subsequent
oxidation at 750°C for 2 hours.

These oxide clusters were fragmented to fine oxide powders by wet milling,
and reduced at 600C ~ 800C in hydrogen. The sintering behavior of composite
powder and thermal conductivity of sintered alloys were also investigated. This
composite powder showed higher sinterability comparatively with conventional
blended powders.

The thermal conductivity of W-20% Cu alloys prepared by this work is 233 ~
245 W/mK, which is the same of theoretical value. Superior properties of present
powder are due to the homogeneous mixing state of nano-sized W and Cu
particles in powder, homogeneous redistribution of W solid particles in liquid Cu

and high purity of powder. This alloy did not contain such impurities as Fe and



Co that can be easy introduced in powder in conventional process.

On the other hand, the effect of Cu content in W-Cu composite prepared by
mechano-thermochemical process on the sinterability was also studied. As Cu
content in W-Cu composite powders decreases, the relative density of sintered
specimen decreases due to difficulty of elimination of pores existed between
agglomerated powders. ‘ ‘

In order to increase the uniformity of powder compact;, WO3; powder and
W-Cu oxide powder prepared by desalting of spray dried W-Cu salt are milled
and reduced to W-10%Cu composite powder. During heating of compact of this
W-10%Cu powder, W particles are rearranged uniformly and pores are eliminated
easily due to prevention of powder agglomeration in sintered specimen. The
thermal and electrical conductivities of W-10% Cu alloy prepared by this work is
about 178 W/mK and 36.3 %, which are higher than those of W-10% Cu alloy
made in foreign countrv. Superior properties of present alloys are due to the high

relative density and absence of impurities as Fe and Co.
V. Plans for application of research results

- Resecarch results of mechano -chemical process conducted in first research stage
will bhe applied for developments of heat—-sinks, electrical contacts and shape

charge liner in seccond research stage.
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A& Z A BRGA T FHEE

(Wt %) (ppm/T) (W/mK)
Thermkon 62 90 W- 10 Cu 57 157
Thermkon 65 85 Mo-15 Cu 6.0 135
Thermkon 68 85 W- 15 Cu 6.5 167
Thermkon 70 80 Mo- 20Cu 6.5 145,
Thermkon 76 80 W- 20 Cu 76 180
Thermkon 83 75 W- 25 Cu 8.3 190
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Fig. 3. X ray diffraction pattern of powder removed organic salt



(b)
Fig. 4. Microstructures of oxide powder milled for 12 hour

(a) dry condition (b) wet condition.
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Fig. 5. TEM Microstructure of W-Cu base oxide powdel
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Fig. 13. SEM and TEM micrographs of W-10%Cu and W-15%Cu
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Fig. 14. The variations of sintered density and radial shrinkage (%6) of specimens with
reached temperature. Specimens are heated to sintering temperature with heating rate of
2C/min and cooled without holding time.
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Fig. 17. SEM micrographs of W-20%Cu powder reduced at 200°C for 1 hour
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powders.
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Fig. 19. Relative sintered density of W-Cu alloys with Cu content.

(Used W-Cu powders are prepared by salt mixing/spray drying/milling/reduction)
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Fig. 20. Microstructure of W/10-15%Cu alloys. (Used W-Cu

(b) W-13Cu, 1450°C, 2h

mixing/spray drying/milling/reduction)
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(e)W~~10Cu composite oxide powder (){W-Cu composite oxide
+WQO3) powder milled for 6 h

(g-1) SEM (g-2) FE-SEM
(g) W-10Cu powder obtained by reducing oxide powder{(desiginated
as (f) in Fig. 21)

Fig. 21. Microstructures of W~Cu composite powders.
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Fig. 22. The variations of sintered density and radial shrinkage (%) of specimens with

reached temperature. .Specimens are heated to sintering temperature with
heating rate of 3'C/min and cooled without holding time.
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(a-1) 1000C, No-WO3 (b-1) 1100C, No-WOs  (c-1) 1200C, No-WOs

No-WQO; (e-1) 1400C, No-WOs3

(d-2) 1300C, WOz (e-2) 1400, WOs

Fig. 23. Microstructures of >W—Cu sinterd alloys with sintering temperature.
(a,b,c,de-1) without WO;  (ab,cde-2) with WO3
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SUMMARY

I. Title

Sintering Behavior and Microstructure Control of W-Cu Nanocomposite Powder

II. Objects

- A study of sintering behavior of W-Cu nanocomposite powder produced by
thermo-chemical process.
- A study of fabrication and microstructure control method of W-Cu

nanocomposite powder with good sinterability.

IIl. Contents

—

. Sintering behavior of W~Cu nanocomposite powder
- Microstructure and chemical property of spray dried W-Cu oxide powder

- Microstructure and chemical property of reduced W-Cu nanocomposite powder

|

The effect of presintering heat-treatment in solid state on liquid phase sintering

2. Fabrication of optimum W-Cu nanocomposite powder

- Powder characteristics depending on sono-milling time of spray dried oxide
powder

- Fabrication of W-Cu nanocomposite powder by milling of spray dried oxide

powder

IV. Results

1. Sintering behavior of W-Cu nanocomposite powder
- Spray dried oxide powder showed a hollow structure having dense layer and
inhomogeneous Cu distribution.

- Reduced W-20Cu nanocomposite powder consisted of large W-Cu aggregate of



3~4 um size and contained 20wt% W oxide phase.

- Residual oxide was remo{red at the temperature range of 650~800T.

- With increasing the presintering heat-treatment temperature the densification
rate of the nanocomposite powder was decreased, resulting in the increase of
shrinkage anisotropy.

- The formation of W skeletons during pre-treatment lowered the sinterbility of
the W-Cu nanocomposites.

- The composite powder heat treated at 700C was densified upto 94% theoretical
density after sintering at 1200C for 2h.

2. Fabrication of optimum W-Cu nanocomposite powder
- The hollow structure and particles of oxide powder were effectively refined by
sono-milling process without contamination.

was reduced to less than 100 nm.

job)

- After 100h milling the size of oxide particle

wi

5y micropore acting as da ¢

1
- ifie VOoiuIlt

4

al Foar aunliiiian nf wrater ot
daninei 101 CyvouluLvll vl wattl Vdpul

Pty

0
increased with decreasing particle size.

- The evolution of water vapor during reduction process proceeded effectively
through the micropores.

- The W-13Cu nanocomposite powder produced with milled oxide powder showed
near full density of 97% T. D. and homogeneous microstructure after sintering at

1200C for 2h.
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SUMMARY

The thermal and mechanical properties of W-20wt%Cu nanocomposites were
investigated. W/Cu nano crystalline powders were fabricated by épray
conversion process. Spray conversion process using W and Cu salt as start-up
materials was one of the chemical method to fabricate nano crystalline powders.
Fabricated W/Cu nano crystalline powders using spray conversion process had
average W particle size ranging from 30 to 50nm. The W/Cu nanocomposites
were fabricated by the liquid phase sjntering in H2 atmosphere at temperature
ranging from 1200C to 1450C for lhr using these nano crystalline powders.
The W-20wt%Cu sintered at 1250C for lhr showed the relative density of 99%
and the coefficient of thermal expansion of 7.8 ppm/K. The thermal conductivity
was 235W/mK which was about 20% higher than commercial product. The
coefficient of thermal . expansion was insensitive to porosity but the thermal
conductivity was very sensitive to porosity in sintered W-20wt%Cu. When the
sintering temperature ranged from 1200C to 1400°C, the W grain size and the
relative density of sintered W-20wt%Cu were increased. The W-20wt%Cu
sintered at 1200C for lhr showed the relative density of 95% and its thermal
conductivity was 205W/mK which was lower than others. When the sintering
temperature was over 1300C, the relative density of sintered W-20wt%Cu was
higher than 99% and the thermal conductivity was ranged from 235 to
240W/mK. The thermal conductivity change with porosity in sintered
W-20wt%Cu was predicted using modified Maxwell's Model. In these results,
the thermal conductivity decreased with increasing pores because pores inhibit
the thermal conduction of Cu matrix. Mechanical properties of W-20wt%Cu
were observed sensitively dependant on the porosity. Tensile strength and
elongation enlarged with increasing the relative density. The sintered
W-20wt2%Cu which had relative density of 99.8% showed 864MPa, 235GPa in
tensile strength and Young’s modules, respectively. When Co or Ni was added
to W-20wt%Cu and sintered at 1250C for 1lhr, the W grain size and the
relative density enlarged with increasing Co or Ni additive. The coefficient of
thermal expansion was insensitive to amount of Co or Ni additive up to 0.5wt%s,
but the thermal conductivity was greatly decreased with increasing Co or Ni
additive. In case of Ni additive, All Ni was solved in Cu matrix. The thermal
conductivity of Cu-Ni solid solution is much lower than that of pure Cu and
this lower thermal conductivity of Cu matrix decreases the thermal conductivity
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of overall W-20wt%Cu nanocomposites. Apposite to Ni, Co makes intermetallic
compounds with W instead of solution in Cu matrix. In this reason, Co additive
showed more effective: on densification and higher thermal conductivity than
those of Ni additive.

- &2 -



CONTENTS

L. Introduction-—====—=====-=— == 1
II. Reviews on the Current Researches—- ittty ~=== 4
. 2-1. Research Trends on W/Cu Composites—---—~-—=—=====—~-———-=-— 4
2-2. Reviews on the Fabrication Process for Nanocomposite Powder---—- 7
2-3. Thermal Property Measurement Method-----=-=======—=————=—-—— 8
2-3-1. Measurment of Thermal Conductivity-—-~--=-=-=~=======~=---n 8
2-3-2. Measurement of Thermal Expansion Coefficient---——----=-----—- 21
III. Experimental Procedures——-=—===—=======——== oo 26
3-1. Fabirction of W-20wt%Cu Nanocomposite Powders by Spray
COMVEerSiOn ProCesS = —= === — === e e e 26
3-1-1. Fabrication Process of Precursor Powder—---------=—-------- 26
3-1-2. Reduction and Ball Milling of Oxide Powder--------—--————- 26
3-1-3. Doping of Ni, Co on Oxide Powders-—--———------——=——--——= 29
3-2. Compaction and Sintering of Powders-——-----—----—=———-—~———=-—~ 29
3-3. Characterization of W-20wt%Cu Nanocomposites——=-=--=-===~==-—= 34
3-3-1. Microstructure Observatin — —=-=——======~—=—=~—— e~ 34
3-3-2. Measurement of Thermal Conductivity--—----==-=-=——====—=-- 34
3-3-3. Measurement of Thermal Expansion Coefficient-—----—-------- 34
3-3-4. Tensile Test—=-=-===—=—— oo -- 36



IV. Result and Discussion—-———===—====———mmmommme o __ 37
4-1. Mechanical and Thermal Properties of W-20wt%Cu Nanocomposite

by Porosity -—~~---mmemm e~ 37
4-1-1. Effect of Reduction Condition on Density and Microstructure---- 37
4-1-2. Effect of Sintering Condition on Density and Microstructure ---- 37
4-1-3. Effect of Porosity on Thermal Properties —~---—-~--—--=~-~=—- 43
4-1-4. Effect of Porosity on Mechanical Properties—----------=----—- 4§

4-2. Effect of Ni and Co Addition on Properties of W-20wt%Cu----~-—- 49
4-3-1. Effect of Ni and Co Addition on Microstructure —-----=--—--—-- 49
4-3-2. Effect of Ni and Co Addition on Thermal Properties---=----~--- 51

T e —— 60
VI. References—----~- e 62

-84 -



I. A2

B2E e WARREY ARE, ¥ A7 HEA
& 48 Unte §4 ¢ Zn 7] 4Ed, 23 AVIPEA=S
wmul ola HZo)= Micro wave package & AHAEY} &Y IC
o) WA R (Heat Sink)$ ZS microelectronic device #okollA ZA
FEE 2n god FAd HIde TFE2E Rocket nozzle, 38
F<teh(shape charge)e] liner A& Z& w9 APL A LAz
T840 2 U=z Je Aol (1-3]

Yoz W-Cu $FE £A3PIU A2 28 Azy
= £3FAMY. A, dv) 22" W 23Fd] 9o Cug &8AH
FEAE Yoz U g EFE9 XNYEE o8 F JE &

A€ M2 A 28y, o] F$ FFY 4ol W9 EFTE R
182 s AMIAHE EFAHE AT J7] WE4 W-20wt%Cu
9 A$ /3o A5 W-10wt%Cus AL E71538id &%, &

1349 A9 B gL 7t AFe Axe u$ oAHE DR
Ak o) H3t] AP £~AYLE MIM(Metal Injection Molding)$ <}
AEYS T8l 2143 g4 AFx AR Jhesieh AT, A &
2¥e 29 Fig. 1-19 AEzoA B Kol W-Cu EA=9

5 350 EER A3 BEY JALAPoRE IEESY &
AAE Azsteve A7 Aok ol A8 BFL Ni, Co T2 Fe
ZE AZEHYEE HANEY 18Ry 2ZAE 32 e, 2738
LA E H7eA HY o F nlade] HrtHYE EAEEY A7)
AEE} FA8A #4287 Q& W-Cu EFAR AE8xd 235
A 2Fh oo FHIZoe W-Cu 98 222 Ux3dsd A2FS5E
FAAA dA2ZEE 5 AeEx, ILUEY 2FAE = A7 A
P 3 9ot

N

e

l

-85 -



4000

’, L &k ] ) 1 L ] |\ 1
L, Ly |
L1 - Ly+lL v 3622°C
' 2 (MP)
! Vo
" e _ L - A\
e T T T ~ 910
3000} | i
s
v | ~
Sasroec) L+ (W) (W) ——]
© (8P e
{
a
Q. 1
€
2 2000f -
1084 87°€(M P) ~
- _~1084°C _ T
woo b0 L T T ]
(CLL,) 1 4 1 1 1 1 1 A
0 10 20 3 %0 S0 60 70 80 90 100
Cu

Atomic Percent Tungsten

Fig. 1-1. W-Cu Phase Diagram.

- 86 -



AZ7} Tz RO o]FoXA HH JAN HARW op)
B HrlY, Al A% e gUF 4A 2 wssk 299
th[5-6] zulARFAEE 100nm Flgte] 2uld AAge] HfHo=
TA=o e AHE Y, &3 mlolaz FRA xuj4 ARA
o] E4td B¢ F2E ZE ASE o] WHA EXFET.[7]

Yyrerzgas dudez ugAd 4 $EU(nert gas
condensation)oll 9]&] Y=} &2 X(atomic cluster) BEHE A== [8]]
d% %% (thermal evaporatiom){8] 2 2% ¥ ¥ (sputtering)[10] F
o] Az wye] &y AFHI glov, ofd HPAH AFFE o
=3 o A FHAY SAAA Adste] bl A & WS
B2 7T 3L B zuA 72 Az FHo2 Ad4Fm Ao
424 71714 2 5Hmechanical alloying)9t 2 71413 wylll)e]
U S&5de] dEs 2 Y IS 2L sehy wWhglizle]l gyl
g4 Bgez HARD ok Y 7AF FF8 B¢ Ao B
U2 (ball milling) ER L2 Ast] FHAY &2 Aoyt Ysg=
dHol e ole 943 4o F83 W-Cu BEFASAMEs & &
zéol "o

Efd A= KIMMAA 7/Id® Spray Conversion MethodE %
Eﬂ W-20wt%Cu Y Z& AXdy JALZHS Tl 2EAE
Azde LFEAS Hrtsta 71EY W-Cu EFAES UYx 2T&
s E?}ZHEQPA 243 B4, 7148 54 9 nAzFe Aolg ¥4
o U gdg 53 W-Cu 58A8Y 548 B4stnA sttt

_ 87 -



ok
N
S~
>
g
s
f
>,
=
o

0. =2
2-1. W/Cu B2&dAQge A7 53

W/Cu 2gAEY A9 B SEuddAY 45 2u8Ed 2
DExto] WEo RYEY £ZFA Az o gl Uk o|Ed °f
A %7 W/Cud Wid d7e 2ZA LEE 9 ¢+ & Fde
g Hoez:: LAY (Infitration)olt EU(SUH(Hot pressing
method) 5% o] FAE 5% AZESY Co, Ni, Fe &2 4284
AE H#rtsld DYEE o)FE A 2714 LY A7V AYHA R

£

d & WA porous¥ W FHAME 24T F 7|4 Cu
g SeAA AR PHoz FIG YUY BAARY Azt
A A Northern Crossware Corp. Y} CMW comp.clA & ol#]
& £HYL o]l&§ W/Cu heat sink AEE AXI Awjstn o
AT XYY AS BERG Yo Axste Aol FE B oby
2 W 2349 porosityE ZAste=d A7) »17] 2o A F
<) ‘%J-rIOH Art Az Asstn W ZHA dP«sA 2ud 2L
AR 7] Q& AHHog Azulgo] v GHo] gl
228449 Hrtg B 43 A4 AFE B2 A Eo AT
€ MYt R M. German(13]®l ZA$ 05m W powderst 4m Cu
powder®] Co, Ni, Fe, Pde} & Hold4AE %7}?1'9‘ u M AHA
dxe wW3slel microhardness®] WEE #BASFT. o W LFAR
Co7t 7} axd<e A2Z8AANYE ¢ + gdes W-20wt%Cuol
Cog #H7tste F2EHA7I9A 1300C 1A 248 H0S o 2= WE
¢} micorhardness ¥ 3}o] ¥ German® Z3+= Fig. 2-13 2,

/.‘\Eﬁ-)\"'zﬂa H o=l w1, ol AL 2 gl o =M 1 — ) &Y
=dE8ME FArorAl HYE Hya Aws AN LEEY 2FH

- 88 -



100 400
. u u
—&— Relative Density
:\3 : - > - Microhardness | 300 :?>
S . Xem e Xemmem ~—
2 904 XTI e X ]
() V)
S c
8 & 1200 B
Q L
E | 100 =
> i
o =
70 T T T T T 0
0.0 0.2 04 06 08 1.0 1.2

Co concentration(wt%)

Fig. 2-1. Relative Density and Microhardness change with Co

concentration[13]

- 89 -



P EMER 2dEEyY
AEEE 8F3HE heat
2 gk agA, A2ole W Cu ¥

o
=
U Ede BEoA £4% 8 IAA IdE, 1k L2284

3
ne
o
4
o,
a7
X
3
e
e
2
lo
fru
B
b
i
o
X
N

o
N
=
M
=2
Hie
flo
ng

N

gldle Y2 AzPE3 43 duEy
mechanical alloyingg %389 20-50nm AE =719 W/Cu < A
Z3td 2Z2&4d wE Fx ¥3s} AWEEE FASAUY 1 EFH
Fig. 2-2. 8} Zo] £ £$7) 1300C 1A 42L& E5td Agne
9%°l e £2dAE e & AUeH, od FHEZE oiF 220
W/mK AX=4d. &A%, mechanical alloying®l 4% &A1zt ball
milling =% ball o]} container A&7} contamination =& EA7} 3l
T ole] KIMMolA & s8ta<Ql W& 5% Spray Conversion ¥

gl TEEY YeYe Az PES A%se AA 22

3

o
=
545 24 B4 g 478 sz gl

Yk gTe] aAlZzYPolx=  breaking-down process®t building-up
process 7} Qrh[i5] A £ ofF oA 71 Fo] AlEHT 9l
+ breaking -down process, & &S oA BZE& olLstE 7| A
H UAYYE ym o5t AAE & FA AZXsVIe FER T oly
gt 29 EF 298 Boly £rHo] nirEHUAM d&A] v EEEo
T 297 B71 g nEze] 2Ug R=edHo ool
t}. ¥ building-up process® F4, sputtering® laser ablation,
EF/2 &8, combustion flame®, E&Xvl{, &d4/4%&Y sol-gel
!

=2
, 57185 7|14 (vapor phase method)® <449 (liquid phase metho

- 90 -



100

7 H20Xx
—" ] =
: 42

o 904 / X ] 20 E

2 200 £

- l;

¢ .

g 80 - - 180 %
a

° 1160 &

2 { ©

S 70- 4140 ®

[ ] g

o 1120 &

L

=

60 — 100

900 1000 1100 1200 1300
Sintering Temperature(C)

Fig. 2-2. Relative density changes with sintering time and
thermal conductivity[14]

- 91 -



d)ol U4UE AF scale-upol &olste] ojo] W AT o] Ay
Solt

71’4 & IGC(Inert Gas Condensation)H[16-17]122 tEHH, o]
BHE §3o Bn F7I%o] ¥ F45L FH-$E2AE Yyos
1986\d H. Gleiter 5ol 98] & AEH tF&e] FHETH Uy
A71(<10nm) <] TiOz, ZrQ, Y:03 £% So| o] wygoz Z‘"Z‘-E]‘—T’— A
. 53] IGCH ) 2§ FHET ARE Y% A 4355 dA uIe
Nanophase Technologies Inc.9t U&¢ Vaccum Metallurgical Co,
Japano] d¥ Ux37] FHLEDE Axsd 2Fog mejsim glu},
€49, 19949 H. Hahn, G. Skandan, BH. Kear $& IGCH& M5t
metalorganic precursor2% 8 UYixEZL AR3}E CVC(Chemical
Vapor Condensation)®[18-19]% 7A2ste] IGCHAXE A z57]71 3
T =2 3 2& FUYE MAE Yx=EBHW-, Ti-, Si-base
ceramics)®) @4 FEe Az BA AFsF APHAD CVDHE o
ASHE, HgAde £ AzTA AL dFE AYFoly, F&Y
o &Y TAH A3 A WP 2792 449 Z
= 8 U2 TYsA EFF F BRAxsd BTe Az
22, 295 2 FHol BERFA Hol duAY Azt A7

O

g2

M EEHY B olye, mexe FAG FujH BRSL Mz
T e Fdol Ao, KIMMIAM 702e Spray Conversion Method<]
B[220 ol2jg shet Wyl FHL o] Aoz, dae =4
o 498 B %A ¥ 1L9 drying chamber|E SUAA Lo
°f SEHAA wAF £2e & WPo=A A WC, W/Cue Y
= EgAzYyoz dFEa Qo

2-3. 94 54 B7} P



2-3-1. €AxEE &4
2-3-1-1. €EA =A 9y

QA AE2AHY 24 ol&HE 28 2yWozE AF shy, B
2 JHEW, #olAd AFESel Uk AF  7IHH(Direct Electric
Heating Method)& ©] 3 B dlghe] Taylors[21-23]° &38to =A<t
8 A2 AR A% PAE, N, IRRASY gE 2Ages
273 Asa 24X 2R oy WA SEYEHL o] &3
o Aol AEA ARe] BFIHE BHo Y. B2 SAAY
(Pulse Heating Method)2 9|2 NISTY Cezairliyan${24-26]0) 23}
o ALY B, AL, EERE FAA £F0] A5 AR v
Hoz YARE EFANA l1zollel N2E £§AAA HLer o
2o A& AR % 2 HegSe TS AEH Ao @
st ZHo] shsate AAEASS dYAASY ZHo] TIY vy
o] 9}, dolx A (Laser Flash Method)& 19613 Paker[271¢] <
ste] 23 olZo] AV olF oA 71ee) VAT to) FHa W
Ao} gon] A AHAAS HeH Z=HYo2 FYAsA of
251 UoH28-30). dolA AFPe TAel Zo] sHsEtm, ol

Aol golsty AW A7|E BA T 5 YT, 2L L ALA

o] b e watohel ARAARS HAEY A2 BF
g ol ok YA L LAEEL SHAE A9 v
AA dolx HBPo] WMoz AEH T EY o
Zxgod UEe AUy UVEES SN §3
, Su oA, NEYAGH A S9 n5e Razolde Ao
olgel TEAME EHo] sHsaly] BBt Aol A A

C 4
Aele FaodolHE ol st Aad WL RHoz sdY F

(23

i)

=

Bomw o 4y H

' )4

Jo
DE‘ - i‘-?-S [o0=1 “N
iz 8 & -
R e L=

>

- 93 -



B FHAAY 2EASTHE FYT o] FHoZRE HI 2%
EEstE AH HAuxwtd] EEstE A ted X o] FEL @
Ao didste WX HqAASsE TP Bt 53 g

3000Ke} T274A] &AFo] 7H53d FHo] glon, 7

1) @Al &4o] 7531t

2) tlolg o] FHEo] fols}r}.

3 AW Z718 A & 5 Yot

4) 1L D HLdH &Ho] s}5siu).

5) AEA Azet HAEAAEY BF £ £ 9o,

6) LA ESL FAFA Y sl QEANAGT) 94T 2 dAE
ATE FA &3 5 o

Rbdo]  #lojd dagle dgst e sldzdcs uasy ny

of hate] sjA s o] Aok

D) golx Hao] ANZHEZL BAES YL AT g o}

2) HolA W FNHo FYS EIE JXY A8 gHL #
dstA std g

3) NEE A9 9gd Aot}

4) Nge FAs3 x2Lsio)

5) Alge BEFEYE Asoln o= A8 ue gre yw
oA o9 F7t o] FolAT.

rf

l‘U
_\1

p

2-3-1-2. oA ABYdl g IFAAFY Fx37

2 4(31]
FA LY A B@ Huo] Fig. 2-361M9 2ol Az t=00] A
T(x0)] 2= ¥XE 33 >0004 Fdo] B %5 Azt el A g
- 10 -

- 94 -



Specimen

T YT Radiative

detector

— —

1 1 -

- - .‘.ll—_
—

Pulse -

" Fig. 2-3. Mathematical model of half-time method.

- 11 -

- 95 -



£ BE T(x08 787 9% 344 6] $AATH AA zde g
3 o] Fojay,

oT _ 8°T _
E = oxr 0CXCL £ 0 (2-1)
T= Tx,00 for t=0, 0< X<L (2-2)
—g—)l(=o at x=0 t50 (2-3)
%}%=o at x=1L t>0 (2-4)

A Aul Aol dYolm xPFoze AA ZAo FAolmz
e 2ol WMERYWE A4 A T & Ao

Nz, ) = NX)T(?) (2-5)
4@-5% 4e-Dd gusn sy,
1 A e)) _1_1 d7r =— 2 (2-6)

TN(x) &t a T(H» adt
H(2-6) & o] xulo] FFoln $HL t7e] FFolmz ol

2e 45 -2 W 49T By TOE e U PP
RHE spojof @),
ﬂdt—fl+aa2m)=o (2-7)

] Ho B4 A (2-8)9 2t}
T(f) = ¢ =2 (2-8)

FL WS x8) 4 T oo PR WA Dol s,
2
LD | =0 (2-9)

ol ¥AH] HA AL H©2-998 AA 27 (2-3)3F (2-49 o)

..12_

- 96 -



Veked Fae gt 2o,

D g x=g (2-10)
X
A g w k=1L (2-11)
A 29 A(2-10), 2-1DF $A J@2-9)= B2 WE 1=
(n=1,2,3, - - ) IHA) Gt & g e A &3t
= W Tn)E A nddset Reg 4 2-9)9 vt
I(x) = C,cos Ax+ Cosindx - (2-12)
oli, AA A9 A(2-10)3} (2-11)2 MLy C,=00]3 IEX
A= =123 - . (2-13)
olt},
TE TS ¢dsie 4(2-8)9 37 A(2-22)9 78 29 A
d 2oz ojge} o] Hr

33 Cocos dnze =" (2-14)
27 279 H(2-2)F A Aol Hgah

T(x,0)= 3 Cocosde (2-15)
AT G BRI s A @159 PEd Qum

L
Jy cos = @ & A g8 A @A (orthogonality) & &5

L
f cos andx
C,=—22 (2-16)

- L
fo [ cos ngx 12dx

L
=%j; T(x,0)cos ?mdx , n=1,2,3- . -

_13_

- 97 -



A (2-16)8 4(2-14)9] h)std oref4 (2-17)0) =T},

L o0 2.2 L
(x, t)=%f0 T(x,O)afx+.—% nz::lexp[ 11,127[ at] cos ’erfo T(x,0)cos anrxdx

(2-17)
AVALE QO ¢+HA " Ho|Ast t=00)4 £ Wwe &

A(x=0)o 7}8i2 el wjs- gk o] x, ol WHN FUANA
299, T(x,0)=

T(x,0)= ?CQE; 0<x<x, (2-18)

I(x,0)=0 xp<x{L
2 Eddn

A7NN ot B WE, G, ML YEUh 4 2622y ¢
Aztel glolA HauY LE X ted go| ¥oh

© 1 2
Nx, )= Tyl1+2 ;Elcos n[im Slz;z;;{l' xp(— n? z‘ afl  (2-19)
7] of] A =8

H(2-19)g ol 838t F&F w g, Ay, R dARASTE &
AL+ e BAY LojxA dnt.

2-3-1-3. AEaA 5] 27

T e}

Sl A @ vhsl Zo] HolA HFgel ¥ BN 2Ho 9o

A dlolE Y] HEe tgw Ze JHH 2AsA HHEHE o] uE
ojt}.

(1) ol 2o A ZL 4, of vlste] BZAY & gle Az
ot

_14_

- O8 -



(2) HolAye FHHor AU EXE 7HAH AR FHE &
dA tgEn

(3) AlgEe oA @dd Aeoltt,

(4 AmE FAolw ALsih

ol Fodd. £F Alg uFe QAtel @ d olFL FA
g 5 3.

4T e A 2 gae A(@-19¢ WS DA erd
S glew QA8 2H0] glelME olHW HH =A0 dsje] e
Red 24 L o] 4dA Uit AAE B AT A48 Ba golA
AlZE 2 100ps2A EFEY AR JoiME 2(2-19)9) x,7t ul
T AL We AMANB2 akLix,  BHAA sin(nax,/L) |/ nmx,l=1
=z

o

(L, H= T, [1+2 21(— 1 exp(— n*5 a) (2-20)
a)=% at® To 9
T(L, = Tyl 1 +2 Zl(— D" exp(— n?w)] (2-21)

2 & F Ak WL O/ T.=1/2 & BS Z, Fig. 2-4% o] ¥
dolAsk ZAY &7ozvY AR ojBe &% 4ol 1 HmA
Ty 124 =28 d@7x 2859 ARE 4,33 34,
o=(ratp)/L* 1.37% ZA H1 FUAF o8 g Hoa dof
1=

2 2
o= LIL® _ 0.138L (2-92)
Tty iz

—15_

- 99 -



VvV =T/Tn

1.0

0.9

0.8
0.7
0.6
0.5

0.4

0.3
0.2
0.1

w2
Ww=—aqat
L2

Fig. 2-4. Dimensionless plot of rear surface
temperature history curve.

_16_

- 100 -



HIL= T,9 1/20 E2stE A 4,8 SHTo=N AAY +
AT EF 4, (FAHY AN B9 &% WE JH4E 9 wi
Fues we S 048°l22 ade AL foldt F  u
0.48L%7a 7t B8] QEAAFE U 4o gy E o},

_0.48L7 _
a -ry (2-23)

o] 42 L& A% 279 JFHo2RH AN (& SAFe=N &
S49 S Y & A& Y, 2 ABo| Fu LE S FTHE
°1&37) HEol dolx Ve ALF, HolA P I EX 4H §
z7) 23 2 AA zdo) 7R 233 B XA Fgd ge
3 LYol AR = Qo).

A 2 dFNME 4 (2-22)9] BAYE o &3l BAAGE
33tk 538 £ @Fo)NE Fig. 2-5004 2e uls} HojA W #
4t FAE o83t U BXE 7Y ANA 2HeAXE Has
gt ot

2-3-1-4. #olA AP LFFA31]

dold Mgy 48 454 &3 AYFA = Fig. 2-69) el iy}
gt Zo] AR, #HolAYe] REwAR ANET P LEXEY AEAR
¥ 223 doly A5 ¢ gfux
1) ady

E AgolA Ag9 stddoez ALEE WA HolHE ND-YAG
HolAeln, o= dolAIE, Hojx BAE 2dAX, goln 28 =
BAA aen AQFTFNE FAEG ol e I FAL
A8 AF4EE He-Ne  #Holdst AR 7d90s AL5:=
Nd-YAG#H el A7t Waslel Utk eola Fxle] AL Table 2-19

_17_

- 101 -



R e % .;_,"'
SRS

v -.. e . D) -

’-'\':‘l?“:”s‘a-".-"J:WP"-MMW i

(b) Uz HojAY

Fig. 2-5. The energy distribution of laser beam.

_18_

- 102 -



.--...--,_.....‘-.'...---u.-..-._............l

Syachnonizer

Fig. 2-6. Schematic diagram of laser flash method.

- 19 -

- 103 -




Table. 2-1. Specification of Nd-YAG laser.

Flash Lamp. Xenon
Lasing Media Nd~-YAG
Wavelength . 106 m
Energy Range 8-19 Joules
Coolant Deionized Water
Pulse Width Range 0.1-0.6 ms
Cooling method (Internal Mainframe water-to-Air exchange
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Table 2-2. Specification of laser beam mode mixing part.

Half Mirror

F34& 80%, WHALE 20%6(45° € A %)

Focusing Lenses

Aplanatic Multiple Lens
Focusing Length :150mm
AR coating

Step Index type
Core Diameter : ¢ 1Imm

Length : 3mm

Laser Power Meter

Detector Range : 2-20 Joules
Absorber Diameter : ¢ 18mm
Trigger 7]%

Aol A 9
F 52

3% 39 2 %% 29 2397y
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2-3-1-5. €AEx ALt

e

o

S5 9A] Laser Flash Method® T8 <874
g0 dAEEe GE8AAS AeldE ded e A o

i

|

n[o

o
=

K=axpxCp (2-23)
(&, K: 9AEE, o 984S 0 UE, Cp: H D)

2 =59 AgoMEs g4 H49E laser flash methodE o] &3}
FAASFE T3 AR BEE &A3t1 Rule-of-MixtureE ©)
ted BEgA5e vde Aabsle 9o 2(2-23)¢ ol &3 dAE

2
&3]
=g Tahad,

ol

2-3-2. B4 FA o A
2-3-2-1. Thermomechanical analyzer(TMA)[32]

Thermomechanical analyzer(O] 3]— TMA)E E3ZATE =H3
7V B A wioltt, TMAE 0}3’-7‘} Bt AlEY X4
A3 probed) £F probedl 7}3}] T loadg WHIANAZTOEA,

M

_.L:

EuAASF ¥t ojYe} softening pqint, tension, creep T &3
F 3tk Fig. 2-7¢ 493 A TMAY T2& Jen, Fig 2-82
& probe THE BAFT}

TMA e 1000C7HR = Faglel 371 kA% 1000C o4
AME FuiAe @gozs g 4o YSAYG. of o, e
E R 7Y & 48 F= AL probed] AEOITE Probed] A=
7t fused quartz Q1 Z$-E 1000C o) ME fused quartz AF 9] ©

Lo
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differential detector — JJpli— ) ook g
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outer tube
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B
53 |62
IR R

station i TMA module
CPU

"Fig. 2-7. Schematic diagram of TMA apparatus[33]
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expansion penetration tension bending cubical expansion

Fig. 2-8. TMA probes for each TMA techniques[33]
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ol |9 A7 "o AbLItE AW B 59 quartzE probe ABE
AHE-3F 9= probextAlel W32 <t 1000T o]FoA Al&o] &
7+ 5kt

2-3-2-2. ERBZAF A

TMAE ©]£3% thermal expansion coefficient ZAYHE AA)
ASTM E 831[34]2 E&F3d WHoE SHED o o, S Al
9 AARASFA WS Fe Al EF9 FLAEE Fol7 sy
A ZAFE & &R reference AHOR Fu|A A XNFHEE B
g F AdsiA |

TMA 43¢ 384 532 data® THM EAFATE Adsies

qe gest 2o,

B=AL,JL(T;— Ty) (2-24)
A71A, B T £EdA T,2%E Alole HF dHAASFE e
ml, Leye e SAF A9 Zo|, L TMAE 58 41 T,

o)A T,2E Aol A AlHY @ HEolT

sio Ae ojwstd FAWAASE AdGE A$ e 2ol A
37k4 9 et glo] ZA|&Th,

D &% A" Yo ZAHANNY 2 F

2) AlHe Zol¥izls 2AEE TF9Y 2 F

3 £ dWsle HyYse =59 oF

A Al FRANSN SRS QIIR BT e E A 9
UEZ olAdL IuaA4 A 929 Feae ofur. ey
FAPAS S °l EAUT. Fig
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1
fload system

displacement
" detector
probe

" “temperature
sensar

typical TMA

Xi=Li4 Li—Li~ Ly
S Ly=Xe—(Li—Le) 4 L

where
X!
Ls:
L.:
Ly
L.

TMA signal

length of the sample S
length of the "a gart

fength of the b part

< length of the sample holder
corresponding to the initial
sample length

probe B :

T ) }oad system
I .’/displacement

R{reference)
temperature
sensor

differentiel TMA

Xse=Lit+Li—Lr—~Ls
SLi=Xsr—(La— L)+ Ls

heater

where

Xsu ! TMA signal

L. llength of the sample S
L. :length of the “apart

Lv :length of the b part

La :length of the reference R

Fig. 2-9. Schematic drawing of TMAI[35]
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8t 238218 AASE AL BdFm o

CE 93 EHoMY 2FE AA 24Y d9PASe) Bz
HEhdTh oleidt EFYLe AW AA 259 thermocoupleS =3
54 x99 o3to] dUjlo] Utk ojEF LE WE ZAHxe o8
T €477 e B2 2L A wyo)

D s £55 ¥A FA3%

2) s YA=F SHE 49 FAS e WAL IBPA

T #}oE H3.
3) 2% & ZH3sE thermocoupleo| A19] &S FAagag
4) Reference AL 2 ALEY 49 Z=HE A8at

thermocouple€ & 2% &4 e BAFH o}
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3-1. Spray Conversion HE<e¢ E% W/Cu Y B2

A Z

Spray ConversionS 53 UXxEZ9 AZWHE KIMMOA 74

g HeE W 493 Cu 2459¢E o834 xU{, 2¢x W/Cu &
FELE V=L YHYPLE W/Cu B ohyzt WC-Co YTz

1

$592 Q& Pyl

W AMTI(NH)s(6H2W1204s) * 4H:019F Cu  9€¢l  Copper
Nitrate[Cu(NOs); - 4H:017F BH sl 24282 Xolgles FE&4L AR
3} F £ &% 250TC, =2 HASE 11,000mpm 2HCE BREAZS
o £%¢E AxdPd. EFAx AHEE €719 NFEE Fig. 3-17%

Ag £RAZE T de BUY B9 TEAAT G Be
5718 TYstn Q7] Ol B TS B2 2ULR RIIFAA
% 7l e AAS Wit Cullstise] FUSA £3Y &

3-1-2. QA7 2stE2e Ball Millingsh 84

BAAE AZ W/Cu AsEZY AF 22 22Eo 3=

[]
= ME L
£ Auel7] ded $18 2LES FANAT] 84 ball milling
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Drying Chamber

le-—Powder Containcr

Fig. 3-1. Schematic diagram of spray conversion chamber.[20]
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g Ball Milling2 1500mi( ®130mm, H 110mm) €%
Plu 7o) 2F B A Fdstad 124 B 4 2P HAF
27ZELE FHY = /1022 AFA.

AL & cycled Fig. 3-2¢ Zth o] v 200C 2Hde F
E Cu A3tEo] S9Hm W 285 7007800C A AASH7] wfj ol
T2 2FA SUdHe W i3tE #4279 23 & Fof 84 =
be 42 547 dF S48 Ay 9484 89 24L 70

4ANZE, T50T 4A1%E, 700C 8A1ZF Hy £97] A 27402 819 @
slgen $£& £5E 5C/mineE 54357 s4th 39 ZA9
g E29 4L Fig. 3-3914 HE SEM AR} o] 100nm o9t
TAg Bade] 234 ALY & FHE Bolm Yo XRD ¥
s T AgS W L ZNE ZAHHE F 39 Ao o
Fig. 3-43 %o] 39745nm H X9 olF vAHgd W &% aArlE BAF
Atk 2E 3 4 BY 2AA 700C 8AZH TH0T 44X Bwel A
WO, %318 peake] UENHR] kA g 700T 443 39 2
WO; peako] A FEHo] 700T 4217+ Y =AA
ol &43] FUHA EPLL ¢ + Yok

T Ni, Co doping

W/ACu Yx 2% Ax A =3 2d2 F A= 4282 N
Co 5°] U1F HEHJAL o Yx 2Z2A9 Yre} ujzz o
Aol olw g Jae nlxE=x Yol Byl e Ni, Cos zHzt
0.1, 05wt% doping & ¥%& 27239 =R Dopinge Nickel
nitrate[Ni(NO3); - 6H20], Cobalt nitrate[Co(NOs); - 6H.01E ol g-& 9
U F W/Cu BLg Hrlstd 40T 7EetdA AHolFHA &g
& FEAAG olggo] tt FwEW 100T 1A 59 AR HFA

l
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Fig. 3-2. Reduction steps of spray conversed W-20wt%Cu

nano powders
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(c) 700T 8hrs reduction
powders.

Fig. 3-3 Powders Morphology.
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Fig. 3-4. XRD analysis of reduction powders.
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£5 5C/min, 24 9471 H £V 42439 282 &
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o
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3-3-1. ¥ &4 % vHz3F &F .
22" W/Cu EgAsE WA EWE polishingdh & & ASTM
D792[371o1 4 7+ € Archimedes Y& o] 4% 44 FAH-& A L3
o FRsA}. o] W AANEe BS /\}%5}9&‘4 B Loy FEE] B
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Fig. 3-5. Sintering steps of spray conversed W-20wt%Cu
nano powders
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P= M,—M, X 0 water (3-1)

mAEA e FeE 0.5m7A] AlH EWHE polishingd ¥ etching e
8tA] &3 HR-SEM<S £3to #zsgd,

3-3-2. dAEE &A

HEE9 &AL ASTM E 1461[38)e] T AHE Laser Flash
MethodE ¥% E&UMAs £HE o443ty &gt dgi445
£3S B dAEEE gA AEA AHEEAY A(2-23)8 BAS
o} &3t} AR},

K=axpxC, (2-23)
(&, KEAEE, o dEUAF, o 2E, C,: HE)

A7l dEE 9 23" e Agsigen, nde
Rule-of-MixtureE ol&3te] A4abstgch £ AFA ug Az A
@ 2 g&o) Ag" W3 Cul datax Table 3-1. o o}

EUAAT FHL FLolM 10 torr BBANA 25 @
AT SHE F 53 23T YFPL AU

3-3-3. SFFAF &3

EYFAF 2L ASTM E 831[34]¢9] TMAE o] &3 Y ZA T
53YES AL A" TMAE Rheometric Scientific LTD. o)A
AZE TMA 10008 A1439t. 24e $24%E 5C/minea 59

&M 200C7AHA 2-cycled §8 AR e, A" oA
S0~100T AtololNe] HEgke WA AFE Hauo.
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Table 3-1. W, Cu basic properties.

Properties W Cu
Density (g/cm) 19.25 8.93
Melting Point (C) 3387 1083
Specific Heat (J/Kg - C) 136 386
CTE (ppm/K) 45 16.6
Conductivity (W/mK) 174 396
Elastic Modulus (GPa) 411 145
Possion’s Ratio 0.28 0.34
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e

W/Cu BgdAge] 71244 7|43 54&
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Instron 42069014 AAsFoen, AW FHE AFE  2000W7A
polishing ¥ A4S AAGAS B FHL vickers BEVIE Al8-3)
Ao Load=lkgo.Z FHL lm7tA polishingd & &Rt
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(c)Sintered 700C 8hrs reduction
powders.
W grain size : 0.55m
Fig. 4-1. Microstructures of sintered W~20wt%Cu
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Table 4-1. Amount of remained oxygen with reduction conditions.

Reduction Conditions| 700C 4hrs | 750°C 4hrs | 700C 8hrs
ZAF AFAEE(9%) 2.36 037 0.3
Density (g/cm’) 14.98 15.15 154

Relative Density(%) 95.8 97.0 98.9
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Fig. 4-2. Measrued thermal conductivity and CTE of Sintered
W-20wt2%Cu Nano-composites
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Fig. 4-3. Comparison measured thermal conductivity with
predicted data using maxwell model.
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Fig. 4-4. Comparison measured data with
pore-considered maxwell model
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Fig. 4-5. Microstructure according to sintering temperatures
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Fig. 4-6. Relative density and W grain size change with

sintering temperatures.

_49_

- 133 -



4-2-2. 2ZAA 9 43 54 H7t 2 Y

A7 250 e ¥3 SAL dYFATY A ol Y
oAz oly 7] Fe ARl A FAJER SHA F3 AL
EWe 2435t &3 A3 Fig. 473 2o A%E 29 1250TC
o dANE QHEEIF 235W/mKAA 240W/mKe 2 2 Aoj7t &
4 £ 9len, ogF AHRE EYE W-20wt%Cu Y EIA R 9]
SEE 1250T 1Azto] HHe 2oz A =3, ¢4 7
£ 8% maxwell modeldl M9 HEE &3 2FLEd e
T& Wzlo 93 AP GARE=E @& HEHERY Fig. 4-8% 2
. o] AFAME FAHZl 71FE 1Y ¥ maxwell modeldt X TFE
S -

¥}
=
a

it

oH

N

]

I

5]

4-3. &2 FAA Ni, Cot A7td W-20wt%Cu Y= £¥

2484 54

4-3-1. 27AA 9] dxe} o427

dd AYS TH 9H EA4L AME 4 JdE £T 8 2dHY
2FzAS & 4 YU ol ANE vz Bu Az FA =
Zo A7t B 4 U= BEEEF 27 547 98 B4 2 gL
Z % 3l& Ni Fe, Co/t #7198 o 44 E4& A7bsao

WA AA& 1250C lhr ¢ stior, dBFAF AW AS Ni
£ 005 0.1, 0.5Wt%E F7He 2ot Cod FSE 05wt HF7he £
dore At EAEJYen, SMEEE Ni, Co¥ 72 005 01,
05Wt%S H7ie Boe BF sdste SASAY. o ©, 2AHY ¥

_50_

- 134 -



-
a—

230 - /'
- [ )

150 T T T — 1
1100C 1150C 1200C 1250C 1300C 1350C 1400°C

Sintering Temp.

Fig. 4-7. Thermal conductivity change with sintering
temperature

_51_



K(W/mK)

4 - - — Pore-considered Maxwell Model
2704 ® Measured Data
2504 .
& . _
230- e
210 - i
150 -
170
150 L ¥ T T T Y T v
¢ 1 2 3 4 5
Porosity(%)

Fig. 4-8. Comparison measured data with
pore—-considered maxwell model

_52_

- 136 -



Eeot v 23 L Fig. 4-97% Fig. 4-10% 2 2=+ Ni, Co 9 H7}
Fo] S E Frhstd o, 53] Cod AS$E 05wt% A7hE A%
full densityS et 283 W grain size ¥4 BT =78
T2 Frhstgen, 535 Co o AS A FATS ¢ F AQ% ©
5 4B AAHYe W B429 a%E Nig A% Cud 100% =
o LEAE o]FAA o] TEAT WH o]=AE TLES XA H

A22& AR, Cod ZALE Custe LTI W$ B W
3 WeCorsl S48 3EL BAFHA oS0 W 0|59 A=27 Hw
AW ARAFSS B8 225488 FANIE Fo2 ¥uHw
S1Th-[13,39]

4-3-2. 22A 9 54 B R ¥A

Ni, Co7t H7IHERAE A% €%FAFY ¥IE Fig 4-11(@)n &
o A 71F ASAYE uF BEE AVl dRFASF 2 w3

=& 8§49 F AnG.

Ni, Co7} 78RS W dXAxx ¥aE= Fig 4-11(b)3 ¥} dx
€ B Ni°o] H71EAS 3% Co7t #7td A$ Hd) dA=Ex 4
7 EY 39de A& ¢ £ U0 Nig 395 94 2 H 9o 2ol
Cust 100% solid solution& ©]F7] w#ol Cu matrix’} Ni#t Solid
solutiong ) FWAN QAEEs} Zage we W/Cu 2FAS A4
BAERET} ZFa% Rolnt. o) #Ads] HslAM Cudl Niol Hstg
Y QAEE WHUIE o)gsld UM ALE dEo] AlLE poreE T
2 & modified maxwell modelE o838t HALGEL d&3 Bt
of @), A78 Nig ¥& W/Cu AAel gt o] obd Cuol W Ni
o AFE AgE P Niol A71E8 9 Cud SAEE ¥WslE Fig
4-12[401% Zom o] & 43t modified maxwell modelZ Ni #

-53_

- 137 -



TV L
SRV 4003 Tie R2

AV Spotwap Del WO Lo
Brpow 0 it TI0 66 855

(c)Ni 0.5wt% (f)Co 0.5wt%

Fig. 4-9. Microstructure according to added
Ni or Co concentration.
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Fig. 4-11. Thermal properties change wiht
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Fig. 4-12. Thermal conductivity change of Cu matrix
with added Ni concentration
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Fig. 4-13. Comparison measured data
with predicted thermal conductivity
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Fig. 4-14. Thermal conductivity change of Cu matrix with
added Co concentration
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Fig. 4-16. Strain-Stress curve of W-20wt%Cu
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Fig. 4-17. Fracture Surface of W-20wt%Cu
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