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he eclectromies industry is highly concerned

with thermal management. A broad array of

deviees, ineluding fans, blowers, heatl sinles,
thermoelectric coolers, thermal gels, and special ma-
terials, have been developed for thiz task.! As
smaller and more sephisticated electronic equip-
ment is created for wse in a growing variely of
applicationa and environments, thermal manage-
ment deviees must evolve to meet new challenges
amd increased demands. Composite electroless coat-
inga are layers of metals or alloys in which fine
particulate matter is codeposited. This paper pre-
sents experimental work that demonstrates the en-
hanced thermal or heat transfer properties imparted
to substrates with composite electroless coatings. A
discussion of the heat transfor requirements of élec-
tronic applications 15 also given in relation to exist-
ing methods of thermal transfor, the limitations of
these methods, and the otility of composite electro-
less coatings in satiafving these needs. The work
repovied herein fooused on compozsite clectroless
nicleel coatings with diamend and silicon carhide,
althowgh additional work has heen accomplished
with other materials as well, This novel research is
presented as an introduction to a concepl being
expanded with the development of other deposit
methods, molrees, and particulate matier for en-
haneed thermal transfer and insulation.

HEAT TRANSFER
Countless applications in a wide array of industries
require enhanced thermal properties, which include
conduction or insulation. The electronics industry is
particularly concerned with such thermal manapge-
ment. When the use of a single material is not
adeguate or practical to achieve certain desired
thermal properties, the uae of coatings or composites
18 a widely accepted alternative. This article pre-
gents the enhanced thermal transfor properties of
composite electroless coatings.

Coertain ceramic materials, plastics, and textiles
have been widely utilized for their thermal inzulat-
ing abilities. Common examples of such applications

range from Styrofonm cups to fiberglass insulation
A number of methods has been developed to apply
heat insulating materials {0 various articles inelud-
mg the employment of composile electrolytic plat-
ing. Heat insulating particles, such as zirconia, yt-
tria, certa, silica, alumina, titania, and mullite, have
been codeposited within an electrolytic plated metal
matrix.

Conversely, materials, such as copper, silver, alu-
minum, and diamond, are well known for their ex-
eellent thermal conductivity properties, Examples of
their use in the electronics industry include alumi-
num fuses, copper and aluminum heat zinks, zili-
cone elastomer gap fillers, and a variety of Propri-
etary thermal conductive solid, liquid, and flexible
materials. Heat transfer in electronic applications is
a ficld that has generated much commereial interest
and consequent research and development, espe-
cially concerning heat sinks used to draw heat away
from eritical components that would be negatively
alfected by the heat, The automotive and aerospace
industries are two other notable felds concerned
with enhancing heat transfer, especially in preserv-
ing their integrated eloctronic components.

Because the outstanding heat transfer properties
of dinmond are well recognized, a wide array of
methods hos been developed to produce an article
comprised of, or couted with, diamond or “diamond-
like" materials such as microwave chemical vapor
deposition (CVDY, thermal filament CVD, high fre-
quency TV, electron evelotron resonance micro-
wave UV, direet current plasma CVD, ion plating
physical vapor deposition (PVDY, ion beam sputter-
ing PVD, ion deposition PVD, ion beam deposition
PVD, composite electralytic pluting, as well as oth-
erg,”

The applicability of many of theze diamond or
“diamondlike” materials has been limited by numer-
ous factors including poor adhesion, brittleness,
nonuniformity, substrate incompatibilty, geometry
constraints, thickness restrictions, and eost,

Despite these limitations the electronics industry
has pursued many of these methods of using dia-
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Figure 1. Examples of gommaen heat sink geometriss.

mond for improved heat transfer, especially for heat
sinka, An example of one specific method for manu-
facturing diamond heat sinks by the insertion of
dizmeond or polyerystalline cubic boron nitride into
gaps in a base material, growing diamond on the
surface of thia unit, and then removing the base
material iz described by Yamamoto et al* Other
processes have also besn developed for producing
diamond-covered members for heat sinks and other
applications.”

Because the vae of certain theoretically ideal ma-
terials, such as diamond, is often not possible for any
pumber of repsons, including physieal limikations
and cconomic factors, efforts have heen made to
produce composites of two or more materials that
ar¢ more practical, economic, ond effective to
achieve the desired thermal characteristios, One
such method uses & composite of diamond particles
compacted into a porous body, which is then infil-
trated with a brazeable material such as copper-
gilver.” Other work with this objective has involved
hot pressing diamond-metal compacts,” Much of this
work was undertaken towards the objectives of clec-
Lrenic applisations.

Geometry alse plays an important role in gener-
ating desired heat transfer properties. A variety of
methods are employed to produce components in the
electronics industry with inereased surface areas or
toxtures to promote heat transfer. Heat sinks, for
example, come with countless configurations of fins,
prongs, and ether projections to increase the surface
area of the heat sink/atmospheric interface. Figure 1
displays some common heat sink geometries,

Despite these efforts, use of certain materials
with desirable heat tranafer properties 15 sull nob
pogzible or practical in many applications. This ar-
ticle presents a method to impart the heat transfer
properties of various materinls Lo articles via com-
posite electroless plating. This method provides the
heat transfer properties of the particulate matier
via a process compatible with a very wide array of
substrates of nearly any geometry, at a much lower
cost than many other depogition processes. Compos-
e clectroless plating can even be wsed o coat an

Figura 2 1,00% cross section of composite dismond elactro-
less nickel coating.

object of a specific geometry where the substrate is
subsequently removed by mechanieal, chemical, or
other means to leave o composite strueture with
properties useful in heat transfer applications.

COMPOSITE ELECTROLESS PLATING
Composite plating is a technology well documented
and widelv practiced in both electrolytic and electro-
less plating. The development and acceptance of
composite plating stems from the discovery that the
inclugion of particles within a plated layer can en-
hunce various properties of the plated layer, and, in
many situations, actually provide entively new prop-
erties to the plated layer. Cross-sectional Figure 2,
taken at 1,000 magnification, is an example of a
composite electroless coating; in this situation dia-
mond particles are codeposited within a 25-mieron-
thick layer of electroless nickel. Particles of selected
materials can provide characteristics that include
thermal properties, wear resistance, lubricity, corro-
sion resistance, phosphorescence, friction, light ab-
sorption, altered appearance, as well as othoers

To date, the most developed metal matrix of eom-
posite clectroless coatings i3 electroless nickel (an
alloy of 88-99% niclkel with the halanee of phospho-
rus, boron, or a few other possible elements), These
eoatings can be tailored to meet the apecific require-
menls of an application by the proper selection of the
nickel's alloving elementiz) and their respective per-
centages in the plated layer. Electroless nickel is
commaonly produced in one of four alloy ranges: low
(1-4% P, medivm (6—-8% P or high (10-12% )
pheaphorus, and electroless nickel-boron containing
0.6 to 3% B. Each variety of electroless nickel thus
providea a unique combination of hardness, eorrosion
reststance, nonmagnetiam, solderability, brightness,
internal stress, and lubricity,”

The application of composite electroless coatings
iz subject to certnin special challenges becanse it
requires the introduction of insoluble particulate
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Figure 3. 100x cross section demonstrates unifermity of conm-
posite diamond electroless nickel costing.

matter into the plating bath for codepozition into the
coating. The natural incompatibility between oo in-
herently unstable, aurface-area-dependent plating
bath and an extraordinary loading of insoluble par-

ticles has been overcome by the precise addition of

particulate matter stabilizers or PM3s, as explained
in 11.5. Patents 4,997 6586." 5,145,517,' 5,300,330,
and 5,836,616.'" The methods disclosed therein
have made composite clectroless nickel plating reli-
able and commercially viable by modifving the Zeta

potential for chavgel of the particles. The selection of

specific PMZ: depends on the type of particle being
coldeposibed,

Az owith conventional electroless mickel, these
composite coatings can be applied io numerous suth-
strates, including metals, alloys, and noneonductors,
wilh putstanding uniformity of coating thickness o
complex geometries. Cross-sectional Pigure 3 ot
LO0= demonsieates this conformity, These coatings
may be heat treated after plating to enhance their
hardness aod their adheaion to the substrate. Most
compasite electroless nickel costings can operate ol
conlinuous temperatures of 40070 (7], depend-
ing on the nature of the codeposited poarticles. These
coatings bave a shear strength of 20,000 {04500
pal (138310 MPal on aluminum substrates, and
30000 o GOO00 psi 120T-214 MPa) on ateel sub-
atrates." These versatile properties of electroless
nickel coatings provide numerous advaniages oom-
pared to many other coating methods such oz those
listed carlier,

Particles with various hest transfer properties
suitable oy composibe electrolesz mickel incorpora-
tion can be up to approximately 10 microns i size;
Dvelopment (o date haz focwsed on particles with

Figure 4, Surlace fopegraphy of corsposite alectreless nichel
coating as plated.

nareow size diztributions i the range of 0.2 o G
MICTOTE,

Depending an the particle zizes and certain plat-
ing conditions, composite electroless coatings can be
produced with o particle density of up Lo 4055 by
volume, although densities of 15 to 256% are more
common for commercial applicolions where wear
resistance is a key factor. For heat transfer applica-
tions where wear is of lesser copeern, the higher
range of particle density 15 considered preferable.

EXFERIMENTS

Advminwm tubes falloy 60611 with an oulside diam-
eter of 2.0 in., wall thickness of (.065 in., and length
of 8.0 in. were treated az mdicated below, with one
tube left unireated ss a control. Three tubes were
lated with dentical thickneszes of different coat-
ings. One tube was sand blasted to produce a rough-
ened surface texture similar to thal of the composite
electroless coatings to determine if 16 12 the surface
roughness, the coating composition, or & combina-
tion of factors that 15 responsible for the enhanced
heat, tranzfer properties of these coalingz, See Fig-
ure 4 for an example of the surface topography of a
typical compozite clectroless coating,

= Tube 1 = contral (no surface treatments)

¢ Tube 2 = 25-micron-thick layer of composite
electroless nickel with 4 micron diamond plated
o outside wall by the plating bath commer-
cially known az MiPlater 800

¢ Tube 3 = Z5-micron-thick loyer of electroless
nickel plated on outzide wall by the plating hath
commerciilly known oz NiPluter 130

v Tk 4 2a-micron-thick layer of compozsite

14

fiatal Finishing



mi:..m.

Tabile |. Besults for Exampla 1

Time in Temperature "L, Temperature "G,
Minutas Tuhiz 1 Tube 2
0 430 L ER
] T T0.0
1 a5 B 2
G 5E.H o6
G4 408 a6.8
Liozs it G 0,73

Talde Il Results for Example &
T in Temperate O,

Tempernture 0,

Minutes Tube 1 Tuhe 2
] 1120 11320
q 504 238
15 T4 T1.5
21 71.0 G2A
i 11.8 Eha0
La=a Bade: 1.08 1.18

plectroless nickel with 1,200-grit sthivon corbide
plated on outside wall by the plating bath com-
mercially known as MNiFlater TOO

s Tube & = szandhblasted with silicon carbide at
100 psi to produce a rough surface

Prior to testing, each tube was sealed with a cork
on one end to form a liquid-tight seal. The tubes
were clamped to o ring stand with inselated clamps
and placed in a vertical position with the open cnd
facing up. Thermometers were then suspended from
ather clompa 2o that their bulbs were in the centers
of the tubes and 4.0 in, above the seals. Various hot
liquids were subsequently poured simultaneously
inte the different tubes with suspended thermaome-
ters. The temperature of the hot liguid in each Lube
wiz recorded as a [unetion of time. The rate of heat
lass over time for the liquid in each tube provides a
measurement of the respective tube’s {and its sur-
face treatment) heat transfer properties. Thiz “loss
rate” is calenlated as the initial temperature minus
the final temperature divided by the duration in
minutes of the experiment. All experiments were
conducted in a laboratory with an ambient temper-
ature of 18.8°C,

Table Bl Resuslts for Example 3

Example 1

Three hundreed ml of water heated to 83°C was
poured simultaneously into Tubes No, 1 and 2, The
results are =hown in Table 1.

Repeat trials of this experiment gave similar re-
gults; Tube No, 2 alwaya reached a lower tempera-
ture than the control Tube Mo, 1 during the duration
of the run, demonstrating the improved heat dissi-
pation properties achieved by the electroless mickel
eomposite dinmond coating on Tube Mo, 2

Example £
Ir this experiment all conditions uzed in Example 1
woere identical except thal the tubes were filled with
040 ml of commercial (Prestone} antitreeze (ethylene
glyeal) at 112°C. The results ave shown in Table TL
These rezults confirm the improved heat dissipa-
tion properties achieved by the electroless nickel
composite dizmend coating on Tube No. 2 compared
ter the control Tube No. 1 with o different liguid.

Example 3
Tubes Mo, 2 3 and 5 were tested in the zame
experimental apparatus as in Example 1, with wa-
for at 850 The results e ahown in Table TT1
Again this experiment elearly shows that Tube
Mo, 2 with the electroless nickel composite diamond
coating was the most effective in dissipating heat. It
ferther demonstrates that the presence of the dia-
mond particles on Tube Mo, 2 is more effective in
heat dissipation than Tube Mo, 3, which is conled
identicallv to Tube No. 2 with the exception of the
dinmond particles.

Example 4
FExperimental conditions were the same as described
in Example 1 with water at 86°C in Tubes 2, 4, and
4. The results are shown in Table TV

This example again demonstrabes the eifective-
ness of the electroless nickel compesite diamond
eoating for heat dissipation. It also shows the im-
proved results of Tube No, 4 with an electroless
nickel composite silicon carbide coating.

Tame e Mlinutes Temparature "C, Toabe 2

5,0

& TE.5

15 5.0

i) o2
Lao=a Hate: 116G

Temparatwre ", Tube 3 Temperature "C, Tube G

aa.0 S6.0
4.5 A2
Ga.0 G7.0
G, 2 A9
01,97 1.04

January 2000
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Table IV, Results lor Example 4

T i Minutes Temperature "G, Tobe 2

Temperature ‘'C, Tube 4 Ternperature “C, Tulbe 5

0 "G

5 G7.0

27 alH

12 13.8
Lio=a Hate: 1.0

26.0 ik
G5 7000
hie HENL
165 47.2
0.0 n.oz

Takde V. Results for Example &

i L ELER)

B 4.0 S0,

31 G8.3 Gl.a

45 Gl,4 a4,k

Ha a6.0 481

Th 51.0 43.0
Laozs Hate: .51 (G

bt 0.0
831.5 82,0
G0 G50
nE.g 57.0
3.0 al.2d
5.0 4.1
052 047

Example 5

Five different tubes were besbed  simultaneously
with the identical conditions of Example 1 and water
at B9°C, The results are given in Table ¥,

The resultz of thia expanded aide-hy-side example
show Lhe superiority of both electroless nickel com-
pogite coatings (Tuhea No. 2 and 4} compared to the
control Tube WNo. 1, Boasted only Tube Mo, 5, and
Tulse Mo, 3 with electroless nickel withowt cxlepos.
ibed particles,

CONCLUSIONS

The two compogite electroless nickel coatinga evalu-
ated by the methods of the experiments presented in
this article demonstrate a significant propensity to
transfer heat, Examples 1 and 2 show a consistent
inerease of 9.3 to 10,6% heat loss rate for Tube No, 2
in comparison to the control Tube Mo, 1. Example 3
demonzsirates that the eeleposited diamond parti-
cles on Tube No, 2 are the cause of the enhanced
heat transfer as this tube dissipated 16.2% maore
heal than Tube Mo, 3 wath electroless nickel alone
and no particles. While it was theorized that the
shightly inereased surfuce roughness of the compos-
ite coatings may be the mechanism by which these
coabings fneilitate heat transfer, Example 3 shows
that Tuhe No. 5, which was only 2and blasted Lo
produce o roughened surface similar to that of Tube
Mo. 2, transferred 10.5% leaz heat than Tube No, 2
with the compesite diasmond electroless nickel coat-
ing. The significance of the particles in enhancing
heat ransfer 12 further demonstrated in Example 4
where both the diamond and zilicon carbide compos-
ite electroless nickel coated tubes (No. 2 and 4 re-
spectively) dissipated 87 and 2.2% more heat than

Iazted Tube Mo, 5 Further supporting these con-
cluzionz iz Example 5 where the blasted Tube Mo, &
hael greater beatl transfer than the eontrol, and the
compozite dinmond electroless nickel coated Tube
Mo, 2 had 19.6% greater heat transfer during this
example with the longest duration.

Thesze results of enhanced heat tranafer ave con-
sidered significant from both scientific and indus-
trial perspectives. For the electronics industry the
ability Lo provide this property from a process that iz
well established and versatile for suhsirates of nu-
merouws materials and geometries is attractive, Ad-
ditional work 12 underway o evaluate zimilar com-
posite coatings with different properties such as
matrices, particulate matter, particulate size, and
coating thicknesses for optimized heat fransfer,

REFERENCES
1. "Caooling Deviees" Electeonies Produets, 42000041000
19450
2. lvoh et al., 115, Patent 5,108,657, April 14, 15380
4. Park, J-1. and K-0 Park, 115 Palent. 5,824, 967; Octo-
bier 20, 159408
4. Yamameio et al, LS, Patenl 5,791,045; August 11,

1988

5. Hirabayashi, 118, Patent 5.807,432; Scptember 15,
1988

&, Colella et al., 118, Patent 5,783 316; July 21, 1985

7. Burnham et al., U5 Patent 5008,551; April 1951

&, Parker, K, Floting and Serfece Filodeling, TH351:50;
1952

4, Feldetein, M. et al., U5 Patent 4,997 686, March §,
1991

10, Peldatein, N, et al, U5, Patent 5,145,517; September
4, 1902

L+

Metal Finishing



