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Fabricating protruded micro-features on
AA6061 substrates by hot embossing method
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Abstract—Metallic micro parts are playing an important rale
micro-fabrication industry. Recently, we have destoated a new
deformation mechanism for micro-formability of polystalline
materials. Different depressed micro-features smahan the grain
size have been successfully fabricated on 6061 ialum alloy
(AA6061) substrates with good fidelity. To furtheserify this
proposed deformation mechanism that grain sizeotsanlimiting

factor, we demonstrate here that in addition ofreleped features,

protruded micro-features on a polycrystalline stgtstcan similarly
be fabricated.

[7]. Fig. 1 illustrates the current concept of defation of
coarse polycrystalline, ultra-fine grained and gohous
metals in a micro-forming process. Ultra-fine geainalloys

were fabricated by severe plastic deformation (SPD)

techniques [9], which could reduce the alloy graitus
submicron scale [2]. As such, these alloys havenbee
employed to manufacture micro-parts with featuresthtie
range of 5-5Qum [4]. With their unique characteristic, namely
the absence of grain boundaries, amorphous medats heen
demonstrated to have no difficulties in filling th@écro-cavity

Keywords—Deformation mechanism, grain size, MICro- ¢ the mold with good fidelity [7].

fabrication, polycrystalline materials

|. INTRODUCTION

HE trend towards further miniaturization in eleciics
production, micro-systems technology (MST),
medical sector, is progressing rapidly [1]. Recgnthuch
research has been conducted in metal-forming técbies,
which offer the potential for mass production withntrolled
quality and low cost, for the production of micrars [2].
Micro-forging and micro-extrusion have been emptbya
mass production of metallic micro-parts with reasdue
precision [3]. Micro hot embossing can be appliedntake
metallic micro heat exchanger, a crucial compornnany
micro-electromechanical systems (MEMS) [4]. Othgpical
examples of micro metal forming include the mantufee of
pins for IC-carriers, fasteners, micro-screws, {&ades,

micro-cups and connectors, as well as medical implgp).

and
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The widely accepted deformation mechanism in micro- Fig. 1 lllustration of micro-formability of coargmlycrystalline,

forming of polycrystalline metallic alloys is graimoundary
sliding and grain rotation in polycrystalline aggages [2, 4-
8]. As such, grain size is believed to be a lingtfactor on the
minimum size of the geometrical features that caprioduced
by micro-forming [3]. With this perception, ultr&ng grained
alloys were employed for the fabrication of micaaie
features [2, 4, 6]; alternatively, amorphous allofsulk
metallic glasses), which have no crystal structhie/e also
been demonstrated for the fabrication of microesdahtures
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ultra-fine grained and amorphous metals [7]

The production and preparation of ultra-fine grdirend
amorphous alloys are more involved and costly aspesed
to normal polycrystalline alloys. This drawback e®s
limitations in their wide adoption for mass prodant of
metallic micro-parts as compared to the potentfédred by
normal coarse grained polycrystalline alloys. Ouevppus
research [10] reports a new deformation phenoménamicro
hot forming of a polycrystalline metal, AA6061. tontrast
with conventional mechanism for metallic micro fong
namely grain boundary sliding and grain rotation,wias
hypothesized that by proper choice of the procegssin
condition, namely a processing temperature closethi®
solidus temperature and sufficient loading pressure
cooperative plastic deformation in adjacent gr&msn across
their shared grain boundaries is possible suchdbatinuity
across the grain boundary is maintained. Some Aféatures
(straight channels, X, O, Y shaped features) haeenb
fabricated to verify this hypothesis [10, 11]. Hawe we
have hitherto examined only depressed featurescébd in

910



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN:

Vol:6,

AA6061 substrates. In industry, metallic micro-parare
employed widely with protrusive micro-features. Cigpical

example is the micro-mold for making polymeric roitmidic

devices; the metallic die must have protruded matrannels
SO as to emboss depressed micro-channels ontmljragric

substrates. As such, the purpose of this invesigas to

explore the ability of making protruded micro-fes on
AA6061 substrate. In particular, we will employ ath
embossing process with a silicon master to faleictte
protruded micro-features on AA6061 substrates.

Il. EXPERIMENT PROCEDURE
A. Experimental equipment
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Fig. 3 DSC graph of AA6061

Measured by Electron Backscatter Diffraction (EBSEY.
4 shows a projection of the grain structure andutex as the

The hot-embossing experiment was carried out oeneos grain orientations are colored according to thesige-pole-
hydraulic INSTRON testing machine equipped wit{igure color map shown. Employing Tango softwarke t

compression platens inside an air furnace thatreach up to

average grain size of AA6061 was measured to be

1000°C, see Fig. 2. The hot-embossing temperature wagproximately 46.2um, which is in good agreement with the

measured and controlled by two thermocouples atthth the
compression platens.

Fig. 2 INSTRON testing machine

B. Silicon master preparation

Silicon masters were fabricated from a furf thick silicon
wafer. Thick silicon wafers were employed to avdhke
breakage of silicon master during the demolding-ess. The
fabricating process consisted of three steps: (ittmagraphy,
deep-reactive ion etching (DRIE) and wafer dicigystly,
the reversed patterns of the desired channel wansferred
onto the surface of the silicon wafer by UV-phdtadigraphy
and developed. With the DRIE process, the silicafewwas
etched to the depth of 30m. Finally, the 4 inch silicon wafer
was diced to 20 mm x 20 mm individual silicon maste

C.AAB061 preparation

AA6061-T6 is a precipitation hardened aluminum wgllo
containing 0.84% magnesium and 0.7% silicon asmiggor
alloying elements. Differential scanning calorinye{{DSC)
indicated that its solidus temperature is about603ee Fig.
3. AA6061 specimens were polished using SiC papgiis:
800, 1200, 2400 and 4000 respectively, and thdovied by
6 um and um diamond pastes. The surface roughness
AA6061 specimen, measured by PLConfocal Imaging
Profiler, was approximately 40 nm.

grain size value of 45.00m reported [10].

o ———— T
Fig. 4 Microstructure of 6061 aluminum alloy priorhot embossing
experiment. The image was colored using a X1 irerpade-figure
color map, where X1 is the horizontal direction.

I1l.  RESULTS AND DISCUSSION

In this investigation, the depressed features & diticon
masters, which had an aspect ratio 1:1, were hbbesed
onto the AA6061 substrates. The feature depth aadufe
width were approximately 3@m, which were smaller than the
average grain size of AA6061. At first, individuallicon
master and AA6061 specimen were aligned and placed
between the compression platens. The sandwich $68A
was heated up to the embossing temperature Gi50%ter a
suitable length of time (approximately 10 minutes tlae
embossing temperature), the load was ramped ug,@9@ N
to produce a nominal pressure of 60 MPa in 60 &,hatd for
30 s before unloading. Subsequently, the silicosterawas
demolded manually. More details about the hot ersibgs
procedure of silicon master on AA6061 substratelifound
in[11, 12].

Fig. 5 to Fig. 8 show the SEM micrographs of thiéedent
depressed micro-features on the silicon masters and
corresponding embossed protruded micro-features then
AA6061 substrates.
of Fig. 5 and Fig. 6 show the successful replicatidth wood
fidelity of the simple protruded features such apisse,
concentric circles, triangle and cross micro-feaguSimilarly,
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Fig. 7 and Fig. 8 indicate the successful reploatwith
good fidelity of the more complicated protrudedtieas such
as micro-channels and micro-mixer shaped featufegse
protruded embossed features had width of approrima&0
um, which is less than the average grain size. A$,swe
have demonstrated here the possibility of makinotrpded
micro-features on a polycrystalline substrate wlitbir feature
size less than the grain size of the substrateriahte

18kU 188 1880m 2 S 18kU 188 188mm

Fig. 8 Micro-mixer shaped features and micro-ch&nram silicon
master (left) and corresponding embossed featurdsA6061
substrates (right).

IV. CONCLUSION

In this study, by hot embossing, the fabricatiotthwhigh
fidelity of protruded features smaller than therage grain
size on AA6061 substrate has been demonstratedhaVe
Fig. 5 Square and concentric circle features acogilmasters (left) pI’EVIOU.S|y .demonstrate_d _that depr_essed featuregesrtizan
and corresponding embossed features on AAGO61ratis(right)  the grain size can be similarly fabricated [10]géther, these
results show that by proper choice of the embossing
parameters, (embossing temperature, embossing aate
embossing load), it is possible to fabricate, by ¢mbossing,
both depressed and protruded features with goaalitfidon
polycrystalline materials regardless of their agergrain size.
The applicability of this research is not limitenlthe area of
mold-making with fine features, but also in theldieof
fabricating aluminum micro-parts for microelectrarhanical
systems (MEMS) or micro-systems technology.

REFERENCES
[1] M. Geiger, M. Kleiner, R. Eckstein, N. Tiesler, UEngel,
“Microforming,” CIRP Annals - Manufacturing Techrgly, vol. 50, no.
2, pp. 445-462, 2001.
[2] W. J. Kim, S. J. Yoo, and H. K. Kim, “Superplastigcroforming of
Mg-9Al-1Zn alloy with ultrafine-grained microstruge,” Scripta

Fig. 6 Triangle and cross shaped features on silizasters (left) and Materialia, vol. 59, no. 6, pp. 599-602, 2008.

R ) [3] S.G. Kang, Y. S. Na, K. Y. Park, J.E. Jeon, SS6n, J. H. Lee, “A
corresponding embossed features on 6061 subs{rger) study on the micro-formability of Al 5083 superplasalloy using

micro-forging method,” Materials Science and Engitireg A, vol. 448-
451, pp. 338-342, 2007.

[4] X. G. Qiao, N. Gao, Z. Moktadir, M. Kraft, M. J.&8ink, “Fabrication
of MEMS components using ultrafine-grained alummiualloys,”
Journal of Micromechanics and Microengineering, 26), no. 4, 2010.

[51 Y. Qin, “Micro-forming and miniature manufacturingystems -
development needs and perspectives,” Journal oeédg Processing
Technology, vol. 177, no. 1-3, pp. 8-18, 2006.

[6] Y. Saotome, and A. Inoue, “Superplastic micro-forgni of
microstructures,Proceedings of the IEEE Micro Electro Mechanical
Systems, pp. 343-348, 25 January 1994 through 28 Janig9%,11994.

[7] Y. Saotome, T. Zhang, and A. Inoue, "MicroforminfMEMS parts
with amorphous alloys," Proceedings of the 1998 MRS Meeting -
Symposium MM on'Bulk Metallic Glasses'. pp. 385-390

4 ] [8] F. Vollertsen, Z. Hu, H. S. Niehoff, C. Theiler,t&&e of the art in micro

forming and investigations into micro deep drawingpurnal of

i i Materials Processing Technology, vol. 151, no. 1-3 SPEC. ISS., pp. 70-
Fig. 7 T shaped and | shaped features on silicastersm(left) and 79, 2004

corresponding embossed features on AA6061 subsi(rgat)

128 az 27 SEI 18ky 118 = 27 27 SEI

912



[9]

[10]

[11]

[12]

International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:6, No:5, 2012

R. Z. Valiev, R. K. Islamgaliev, and I. V. Alexamd; “Bulk
nanostructured materials from severe plastic dedtiom,” Progress in
Materials Science, vol. 45, no. 2, pp. 103-189, 2000.

Y. C. Lam, N. K. Tran, C. Y. Yue, M. J. Tan, “Newefdrmation
phenomenon for micro-formability of polycrystallinenaterials,”
Materials Science and Engineering: A, vol. 528, no. 3, pp. 1906-1909,
2011.

N. K. Tran, Y. C. Lam, C. Y. Yue, M. J. Tan, “Mamturing of an
aluminum alloy mold for micro-hot embossing of palgric micro-
devices,"Journal of Micromechanics and Microengineering, vol. 20, no.
5, pp. 055020, 2010.

N. K. Tran, Y. C. Lam, C. Y. Yue, M. J. Tan, “Evalion of roughness,
hardness, and strength of AA 6061 molds for marufag polymeric
microdevices,” International Journal of Advanced Manufacturing
Technology, pp. 1-7, 2011.

913



