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Abstract: The use of functionally graded materials (FGMs) may enhance thermal conductivity without reducing the
desired strength in many applications such as injection molds embedding conformal cooling channels and cutting tools
with heat sinks (or cooling devices). As a fundamental study for cutting tools having FGM heat sinks between M2 tool
steel and Cu, six FGM specimens (M2 and Cu powders were premixed such that the relative compositions of M2 and
Cu were 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100 wt%) were fabricated by powder metallurgy in this study. The
cross sections of these specimens were observed by optical microscopy, and then the material properties (such as
thermal conductivity, specific heat, and coefficient of thermal expansion) related to heat transfer were measured and
analyzed.
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Fig. 1 Functionally Graded Materials: (a) an injection
mold with FGM conformal cooling channels,"?
(b) cutting tool with an FGM heat sink
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Table 1 Chemical compositions of M2(ASTM A 600)

Material C Cr Fe Mn | Mo P Si N w A%

0.78~ | 3.75~ 0.15~ | 45~ | 003 | 020~| 003 | 5.5~ | 175~
Wi(%) 81.58
105 | 45 040 | 55 | max | 045 | max | 675 | 22

Table 2 Material properties of M2 and Cu

Property M2 Cu
Density ,, (g/cn’) 8.14 8.940
Melting point (F) 2600 1982.5
Specific heat
0.116 0.385
C,(WgK)
Thermal conductivity
28.1 401
k(W/mK)
CTE (x10%/C @ 25C) 1 165
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Table 3 Process conditions for specimens

Composition(wt%) Press load(ton) Sintering temperature( C)

M2 100 wt%-Cu 0 wt% 40 1120
M2 80 wt%-Cu 20 wt% 45 1120
M2 60 wt%-Cu 40 wt% 50 1020
M2 40 wt%-Cu 60 wt% 43 950
M2 20 wt%-Cu 80 wt% 40 900
M2 0 wt%-Cu 100 wt% 40 880
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Fig. 2 Sintering cycle of M2/Cu alloy

Fig. 3 Images of specimens: (a) M2 100 wt%, (b) M2 80-Cu
20 wt%, (c) M2 60-Cu 40 wt%, (d) M2 40- Cu 60
wt%, (€) M2 20-Cu 80 wt%, (f) Cu 100 wt%

Table 3 2 M2-Cu wt%¥ Adsls ¥ 242EE
UrE]rLHJ_ Atk Fig 2 = &7 %E@r Az
APl EE HoFa 9o, Fig 3 & 7MY +

sl o8 Azdom AR 6 F9 ARG
BelFu gr.

22 AEH Tt

ATE AR AR 47
Fig. 4(a)¢t #o] ¢felo] Zd 3 F F7] 2mm =
Aab 7bEslg T AJEH 9 _J.E% 1000 H AlEZE
9§ E S dAAE DL 99
H a3l Zol7} 25
am 9l A1 2ol e Fig A 2ol holo

0:1;(41:1:

——
4 mm

Fig. 4 Preparation of specimens for the measurement of
(a) thermal conductivity, (b) coefficient of thermal
expansion
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Fig. S Optical images of specimens: (a) M2 100%-Cu 0%, (b)
M2 80%-Cu 20%, (c) M2 60%-Cu 40%, (d) M2 40%-
Cu 60%, () M2 20%-Cu 80%, (f) M2 0%-Cu 100%
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Table 4 Material properties of specimens

. Density Cp Diffusivity Conductivity
0,

Composition(Wi%) | /o) | (rgK) | (mms) (W/mK)
M2 100 wt%-CuOwt% | 6227 0.479 2.907 9.138
M2 80 wt%-Cu20wt% |  7.145 0.443 5.438 17.448
M2 60 wt%-Cud40wt% |  7.484 0.444 7.974 25.590
M240 wt%-Cu 60 wt% | 7.590 0.436 16.637 54.149
M220 wt%-Cu80 wt% |  7.727 0.409 33.688 105.446
M20wt%-Cu 100 wt% |  7.924 0.391 82.140 253.627
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Fig. 6 Density of FGM specimens

‘ - - Theoretical‘ ‘ *I*Experimental‘

[}

[

=}
L
°
]

=
\

)

| |

Conductivity(W/m*K)
\ \.\

s

(%3

=1
1
\

[ N
S—
[]

=1
1

M2100 M280 M260 M240 M220 Cu 100
Relative composition(wt%)

Fig. 7 Thermal conductivity of FGM specimens
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Table 5 CTE of specimens (x10%/°C)

Composition (wt%) ﬂq%of:ﬁ(c:al @30T |@200C |@400C |@ 600°C | @733C
M2 100 wt%-CuOwt% | 11,0 12.7 17.0 14.0 16.8 11.4
M2 80 wt%-Cu20wt% | 121 13.4 184 19.2 13.9 15.8
M2 60 wt%-Cud0wt% | 132 10.5 142 144 17.0 14.8
M2 40 wt%-Cu 60 wt% | 143 12.1 156 174 189 19.8
M2 20 wt%-Cu80 wt% | 154 12.7 16.1 18.8 183 202
M20wt%-Cul00wt% | 165 14.0 17.9 19.6 20.8 212
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