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A Robotic Approach

to CAD/CAM
Programming

Author
Ian A. Thompson JEZE8& Robotmaster Asia (Intercam SA)

As industrial robots become a commodity, businesses around the world have

been readily adopting robots to replace manual labor tasks often done by foreign

workers. For the last 50 years, replacing manual labor with robots required hours

of manually teaching each robot pose of the process. This requires an expensive

robot engineer, and the factory line must be shutdown. The required time to teach

the robot this process depends on the number of poses to be programmed. If the

task is a simple pick and place or a machine tending application, this can be done

quickly, but when it comes to robotizing applications such as trimming, cutting,

or adhesive dispensing, teaching can take weeks or months. Often the number of

poses in the program can make the conversion of a manual task to a robot nearly

impossible and nullify any possible return on investment. In this situation, robotic

off-line programming can turn weeks into hours.

Off-line robotic programming applications
such as Robotmaster utilize simulated
environments on a computer to create a
robot job file that can be loaded onto a robot
controller. This file is created off-line while
the robot is busy doing other jobs. When
production is ready to switch to the new
product or add a new product to a mixed
production line, all that is required is to load

the off-line created, robot job file onto the

50 BEEHLEZHAT 2020.06.VOL.33

robot controller. Run the job file on-line with
the real robot to verify its motion matches
the desired process, and then the off-line job
file can be run in production. Some systems
that do off-line robotic programming are
based on providing a simulated environment,
but they still require manually teaching each
virtual robot pose. Robotmaster is a different

kind of off-line programming system.

The machine tool industry benefited
greatly in the 1980s with the advent of the
personal computer and CAD/CAM software
that could program a machine tool CNC
off-line, and then run the NC job file on-
line when ready for production. Since its
founding in 2001, Robotmaster software
has been focused on being the CAD/CAM
solution for robotics. In the beginning,
this meant working with traditional CAD/
CAM style toolpaths such as 2.5D milling,
chamfering, and multi-axis machining.
More recently, the demand for advanced
robotic applications such as welding,
laser cutting, cladding and 3D Printing
has pushed off-line programming needs
beyond the limits of software designed
for machine tools. As manufacturer’s
needs for robotic programming grew so
did Robotmaster’s capabilities. Robotic
laser cutting has been one of the most
successful applications used at automotive

and aftermarket factories in China.

Advances in Fiber Laser technology
reduced costs and increased edge cutting
performance. These advances made the
use of robotic laser cutting an affordable
possibility to replace mechanical systems
such as punch dies for the automotive
industry. Reducing tooling and repair
costs of punch die systems for hot stamp

steel spawned dynamic growth in robotic

Figure1l. Staubli Robotic laser cutting
application from Robotmaster
partner Jiangsu Yawei CKY Laser
Equipment Co. Ltd (copyright
Staubli International AG).

laser cutting applications which in turn
helped to reduce costs of these types of
applications. With more successful use
cases of robotic laser cutting, research
into robotic laser cutting for the bicycle
market also increased. With many bicycle
manufacturers in Taiwan still using
manual cutting systems for tube cutting,
the need to increase production and
produce high quality parts for welding
presented an opportunity for one of
Robotmaster’s Taiwan Reseller Partners,
Shuz Tung Machinery Industrial Co. Ltd.(

https://www.shuztung.com/)
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In researching robotic
laser cutting for the bicycle
industry, Shuz Tung worked
to independently verify the
robot systems, laser systems
and software systems that
would be needed to create
a new growth industry.
After reviewing the major
robotic off-line software
manufacturers available at
the time, Shuz Tung selected
Robotmaster software for
the complete control of the
cutting toolpaths,easy control
of external positioners, and
the training and support that
the local team could provide.
Robotic CAD/CAM software,
just like traditional CAD/CAM
software, creates toolpaths
(robot trajectories) using
CAD models of the parts and
machining algorithms to create
point motion lists. Unlike CAD/
CAM systems though, Robotic
off-line systems do not utilize

machines built with high
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Figure2.

Fiber Laser Cutting of Hydro-formed bicycle tubes (Photo
courtesy by Shuz Tung Machinery Industrial Co., Ltd,)

tolerances, do not have fixed linear workspaces,
and are often working on parts that are
manufactured on lower tolerance machines. In
robotic applications, the CAD world and the real
world can have varying differences that need to

be addressed.

Transitioning from the world of CAD/
CAM for machine tool systems into robotic
CAD/CAM, presents a change in thinking.
The current robotic industrial arms are
manufactured for manual teaching. The
manufacturer will design the robot arm to
be able to precisely return to the manual
teaching pose. This is called repeatability,
and most manufacturers will share this data
on their robot technical specification sheets.
When switching to a CAD/CAM approach of
robotic programming, the robot arm must
be able to precisely move to a point in 3D
space that is within its work envelope. This
is called positional accuracy, and for most
manufacturers this data is not easily found,
if available at all. Some manufacturers have
begun the switch to higher precision robotic
arms with many offering laser calibration as
an option for increased positional accuracy.
Until the precision of robotic arm positional
accuracy increases in a factor that rivals the
machine tool industry, a need to manually
adjust the point positions of the robotic CAD/
CAM software to better match the real-world

robotic arm motion exists.

Robotmaster addressed this need by
creating point and vector pairs together
with a system to manual adjust them easily
and quickly in our 6-Axis Contouring CAM.
By giving users the ability to quickly create
a complex 5-axis contouring path and
the tools to manipulate one, some or all
the points in that path, Robotmaster can
overcome the inaccuracies of real-world
robotic programming. As the need for robotic
welding path creation in an off-line robotic
programming system increased, Robotmaster
was able to move the same 6-Axis Contouring
CAM abilities into a 6-Axis Welding CAM while
addressing the specific needs of welders
for travel angle, corner stops, and collision
avoidance for warp relief supports to name
a few. While robot trajectory manipulation
is one of the biggest issues for providing
accurate real-world robotic CAD/CAM
programs, Industry 4.0 and its maturity into
the Smart Factory introduced the world to the

concept of the “Digital Twin”.

Being able to adjust the virtual CAD world
to match the real world, has been a part of
Robotmaster before the introduction of Industry
4.0 and the Smart Factory concept. Different
companies will have different names for it.
Where Robotmaster has used the concept of
virtual robotic cell commissioning, the world
now calls it the Digital Twin. The biggest value of

the digital twin for off-line programming systems
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is not in path planning, but is more closely
related to collision checking. In the machine
tool industry, videos on YouTube of end mills
crashing into parts are fun to watch because
most Advanced CAD/CAM systems have path
verification tools that will help to remove the
chances of these catastrophic collisions and part
gouges. The industrial robotic world is not as
lucky. The tool or the robot arm itself can easily
crash into the part, jig, or table with a simple
twist of the robotic wrist. Also, different from
the machine tool industry is the ability for the
robotic arm to cause the tool to crash into the
robot or the robot to even crash into itself. All
these potential collisions can cause a CAD/CAM
programmed robot system to not pass testing
before going into production. Collision avoidance
is handled in Robotmaster by analyzing the 3D
Space around the robot arm and then producing
areas of error-free and collision-free robotic

trajectories in Optimization.

Optimization was introduced by
Robotmaster back in 2008. Its primary focus
was to help resolve all of the kinematic
and collision errors that are possible in an
industrial robotic arm, specifically those types
of robotic arms classified as 6-axis, decoupled,

articulated joint manipulators; the most

BZBEEEEFET 2020.06.VOL.33

common type. These types of robotic arms
greatly differ from a machine tool system
in that they have 6 revolute joints that are
arranged orthogonally to one another. Moving
the first joint (J1) causes all the subsequent
joints to move which then changes its ability to
reach the position and orientation needed by
the CAD/CAM-programmed, robot trajectory.
Making sure that the robotic motion doesn’t
cause the robotic arm to collide with the part,
the tool, the table or itself, requires advanced
mathematical calculations to analyze how
the robot arm can reach that position and
orientation and where each joint needs to
be. Robotmaster can analyze all of this data
dynamically as the robot is moving through
the virtual trajectories and be able to not
only notify the user that there is an error
or collision, but also provide a manual and

automatic correction to the path.

Automatic path planning of the robot arm
is one feature that can help correct errors
in thousands of poses. For Robotmaster,
this type of optimization also extends to
the use of external axes. Companies use
external axes such as positioners and linear
rails to extend the work environment of
the robot arm. Robotmaster supports the
use of synchronous and indexed motion of
external axes, with the most common types
being a single or dual rotary positioner and

the most complex types being X Y Z gantries

Tool Orientation

( Robotmaster

CAD/GAM FOR ROBOTS

Figure 3. Robotmaster Error Detection and Auto Path Planning

used in complex welding cells. With these
types of complex robot systems being more
common, Robotmaster had to extend the use
of optimization to external axes as well. Now
that same automatic path planning extends
to the programming of external axes. The
programming of complex robotic cells and
removing kinematic and collision errors from
11 axes extends way beyond the limits of
traditional CAD/CAM software. Therefore, the
Hypertherm Robotic Software teams worked

on creating Robotmaster V7.

With the introduction of Robotmaster
V7 in 2018, off-line robotic programming
moved beyond its CAD/CAM roots in the

machine tool space to become a CAD/
CAM independent, robotic programming
platform. A completely re-written codebase
using the latest development tools,
component-based modeling, an industry-
leading CAD engine and custom developed
6-Axis Contour and Welding CAM modules,
sets Robotmaster on a path for future
growth. Being able to support 3, 4 and 5
Axis path imports from machine tool CAD/
CAM software, allows users to migrate
simple applications such as chamfering
and polishing off a CNC and onto a robotic
arm. Together with Robotmaster’s custom
developed 6 Axis paths for Welding / Touch
Sensing and Contouring / Cycle, it allows for
the migration of complex applications to be

moved to a robotic arm system.
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Figure 4. Robotmaster V7 Task Mode - Contouring CAM Module
with 3D Circular Motion Planning

@ Robotmaster g
(CAD/CAM FOR ROBOTS <!
L ] ® o

Figure 5. Robotmaster V7 Device Mode —
Plasma Cutting Simulation
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ERERMUAEEEBTHE > LAMA FIREERIENITFEREEATNGE
LOEEZEEMER > fIMNEEFER MES IS EsEHERRITEHE > ERIERUAL
BB REFTHII - RIKEERT ; thalE fFk > KEGRA—EAEEE  EBIFRE
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4. FEEEHEHT  IRIkKRT

MBERIENIHREFR T ZERTECRETREK AR RREFENXM > RERRKIMERM
HAEEBETHMER -

B2 AM 24 BTN - 99LH4 (Omron
PLC)
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6. AR EEESEHR

| 45

aEPNCESEEERKRIREMHELRT
M RRCAE R BN IT EREME
W > MiEHERY it Eth 2 REHN -
it EREERNCESELIRERESE
MBERTERM - ERERAA > FRHIRSHE
BEMAENER > EM—EIRE > WHE
BhdE ~EAREZILE \MESEIE (THREERMA)
WAENERBRBATNKRE > BINELUR
BI LERMBHESBEUZRIARNER
BN EATREERZ IT BAIMNRRTTH
BETE 4.0 BENKREE o

NE 7 %248 > SSHEEQT (M RRE)
BA® BEMNERE  TEYHEER
& BEHEIMREBESOEN—ERE
ERRT > FRERETEE Lo LGER X 76
HAIFREARI R AR A (ZERAFHERE TCO
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MEEHERNAE) 0 BHRP/NEEFETIEEA40
HERME TIHE -

BEBAERIRTNEXRAATHN A
IEEREREEINERRTG > E2HER
% SHREFE 1 H(RREREE) XE
215 AIREREBERAEN TR (R
BTSFESEERS)

—REAERZNRIEEA GRS

1. RIERE

2. FRRER (-3 8)

3. ERIEER (MK FEXE)

4. BARBR (BANBR - BRI)-
FEMBER

5. BBEEEERT - SFE—REM

6. RUENEMMNEAHE  HRER
IR - SR E

2E7 LHRNBERERMANRE > MER HRPNEERSR > BRELCCIEREE

AAMPNEEBRUEARERETY > BN BEREINAE > T HIELERERE

EFABERRIYI—XITER > SBENEE ERAFNBE > HENFIIE » BERD

FEBHERT ° RS ITERTAUANTHER > SthEEAM
HRABREFELEFENSN -

BRI%E

7. TEZRE

s R BT

www.wmholetech.com

BRI ERRMREHBERASR > BhE
BUMEEMEHZE2HE > UBTEKEEERNSR
RERNEERE - AFEUBEZRBEHNERMERE
TEBMERMNTE > URHEEFREEESE MES
RIHIBIESE o

2020
AUTOMA
EEREREELER A RERIRESHE
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X : FEMEER TR EEHEER] B — EmiiigE

MARZOEBBIEEEE 2K OEM %55
HREK : ATEE (Al) WE K ~ 21K OEM #t
FHEEMWKRE - OEM TERHEBNEE I
NURkEZBIERAHINE - BEE 2K OEM 7
R RE e - IRBEETESHEM  MREZE
IEFE 35 Lo RA SR B 22 Al i I ER BR LA RO PR | TR
ELARBIERMITRINUREENEEZ
B o LUTYREBREINSRSH

Al ATEE
Al BEMIBERAN—D > LL—REBER
BETFZITE AITNERESEARMRE
SYMERIZO - BEZE HMI AN EREL
B ESH BRHEFMIBEEEIRES AR
BRI EEHIIREREES - A TH
BEHUUS2ENEM  OEMRBERNEERKSE
EHRIGETEE S  EAKREBEEEZURA
HELEMTARENASRESELE AITHEE -

RHRP
EEMEUNEY OEM RBEFH BB T REZMNE
OEM KRB A FAH RV EIK OEM HF - 2
BEEFESERTESD > ARENRFES
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WK BASBLUNENRE - A THRE
BHE  BEmENREREFFISIHAE
HIFERE > TH-EHENBEEEHASD
BERNEMT  AEEEEARGBUETHE
BTGP EHE - MERILE > FE OEM R
EYetisRulN RPN SRR YN SRS
Bty o U ERERSE -

Wiz

OEM BB BEBWBFREATEATS » H
EHEANEEREHEERZIKE o ARG
B EGREEEREEXTS  EEaRHE
RAZFEEZEZEHAMR - fly > —BEHSR
TEMENBUAREZM > MEHEMTIS
ERTE BURHESZERNALEER > U
HNEKENEE - BEHN OEM RERE
KRR 0 AR E L AT RN REBI W
EF'mE)\Eﬁ)‘J‘SZPE%D EE UMENESEKREM
BREENEMTHIZRET

EiEE

COVID-19 EREHKMNTE  FRENE
HRITAURDIREENSE - WiEEEE

B BREAMAEREEERAHERE > I
BREEMEAREE, SFE2XEEER
BB R O ER  ERBATIAEE
EELENE  UEHHEEMNEERA
BLUEREASEZZENERRE > OEM RES
VABRENMBREEZETEZENIN 832
B TER ) £ERN -

RIS EHRAR R T
)]

MRFER BHRERSANEMZCTRE
EHMREEEIENREZO - FE L AR
EXMENHERT > HEMNBENEET > 2%
BIVERMEERTEIR S WA P RYG LR
R BUEMEAERIE TFFEMBImELK -

B UBERM > KL OEM REBEBEH L
BEUERGRIFERP > BEARERIREER
RERFMELNEEER > BREEENE
B OEM RBE MM E » M KREHE - B4 > &
BMITEF > FLL OEM REBEHEMEE

HERHEWE - FEMILHENEE > NEAJE
EREROHNERSL (RRBEMKESE) M
OEM B R A LU LR E FFER ~ AJFRAIAY
ARFEURA o

RHEEBERFHHMUTELETZE OEM R
BEERSEEMEERLRMNS R - £E7]
UELFERT » RBERERSRSHENEE
EERER > WERNERMBERUNAAE
EHMITRAT AP - EEEETUEMEE
OEM 7 > FFHR®E ERENEFFED -

T HEMEE % Schneider Electric 1% 8
BUEHERFARITE 4.0 > 32 H EcoStruxure
Machine =B X T Y B AAZERTS » €15 !

B-REBYHMAER  F_EBEEFIMNKRE=
BREFRER « BREF TR ZEARTS - OEM
REAMTATCESEARENRENES » iz
# i EcoStruxure Machine B ~ 38 M 09 F
SHEIEWNEE > WER *&*ﬂk*ﬁ%%ﬂ)ﬁ%ﬁ%w
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FRAETNmEERERTETEZ

RIS EES R RIERA

-6

iR

X @ FREE BIERHRASE MM T2 R #uR
MR E SRR AR B2 BERMERL iR
MEE ASERAR NTRER HRE

HE

AMRRERS R (Liquid Silicone Rubber, LSR) &M AR Wi E&as ~ HUERIME
MALE ~ BREGRAMSESEN  FIEREYEBRAZHEZHRER - TBHARER

BIEATUABERHNERR - EHBBHEREE

BEEN = - BREMURMELEEZ & BHAET

TIHEERSE - RItMAHRFR
BRARREY GBS LR » BIEmM—

1@%%6913%3%%5 o FItAMEHHIRABMBEEREREAMHNBLERERSLEOIEITH

o AR - I RIRAMISESEELLA 65:35 ARIFRBYBRBE H A B IRIEE
ﬂZn‘ﬂ_/tm:. EERl - BAAMRFBEESYMRIFZRERBAEBEME « EREMUK
YEME o K18 200 RRBREHEBHHRE SR ERAHAEMBERESYREZR

BEAZEATIIREHEEEEMERERMD
FT B REREN BB AR RER
BZEAPREMEEEEMEIFERE - E
BAMEFMARESYREFECHETENER
HRAEEMEEZ 1/8 - ERAMAFMBEESY
REARZHMRE - BE - BEREURE
BRESNNASERDAEZEBREMMRESR
Z85% ~97% ~89% UK 99% ° b5 > EHRA
FARFAERESYRFEARZEERBES
BREFRERR ZARERIFEIRE > 2
EEAA 82% °

BEBE{bERET) 2020.06.VOL.33

RERIZEE

min ~ IREAAE
e - ¥IEREE -
REEEE

TRAEFY 1% (Liquid Silicone Rubber, LSR)
] BIFEAHER > AEARZHAGERZAMR
PR 2 » REWRBRMERKKEZHIKE
BRmziEBE o At REWERBRREHE

FASTI I PETT 2023 FRAJ AR 128 fEXE ©
BREWSBAGERTHE -BEXK -EBEE - B
FRE B A i REE TR
UV~ BREGEEPESEE - REWKRE
BREBEMME > EREWISBELE > &K
ABTEEREMRE > REWERBRRARUR
RWBREARERN > MIREAGERIRFRNE
m e AL > REWEBEEXARIEFEEZ
HEHREHEUEEFER K2l - BRE
& REEI M (automotive sealing) ML
RBEED - REWEBHEG > REHAEURE
Ell (hot embossing) I EAIE B A = AR RAE »
REENRENREAF BBEERLABRE
BE o L}(Eziﬁ?&ﬁ%ﬂﬂaﬁﬁﬁﬁkiﬂ'ﬂ%% .
FEURTRES ; HEERENAR A ERE
EE—ETEZWRBER - NEERYIRBE
BR R B S iR BR AR B R AT LR - R AR R IR IR ST
PR B R T B RGN E © R EVAEARRNE - 2 8%
S E -~ EBRERD S WRBERZ RTER
1 ~ AT ASME L EE 20 BR B BY oY 175 R ol B BB S U
RS IR R 2 B MRS T o ELRARHI IR
B ot s BUABRARVERIE > B30 : Hopmann %5
A [2] EFRRFEST (picosecond laser) IR T
B (tool steel) » HIEBMRBRBEYIREBS H
FREER > WERETREWISBSTHAE ;
HRREWIRBEMUBE (platinum) fEA#
1E & (catalyst) Z 4 X B (crosslinking) » —
BEEXREE » BIFEBEMETREMT -

FIL - N [3] $HERAER IR 5 H R 24
BEMARGERAAXNETHR  ARER
BREANEYR MEEREREASRNE
150-200 °CZfE > A RESINIR R E >
i ERE o

MELEHRIM T A AL - RIREB T ]
M #4a5E E m E TR o £BRAS (Aluminum-
filled epoxy resins) [4-9] &I IREIE L
fif (indirect rapid tooling technology) &
BEANME > TENREASEBEAETIX
REVEZRGRHKRE KB ERIEEH
15 ERRERB S HE (plastic injection
molding) [10] ~ 1& B & %8 (wax injection
molding) [11-18] 3¢ % B El Y E (hot
embossing molding)[19-26] > TV &%
KEE - BRIfER B BREIREIMNEOLR
HE=FB . F—BARBEMCPFREES
BHIfE > 8 A% 4,000 7T ; (b) E-FAH
X=FIFREEEBEE > 82F# 3,200
T () E=TFAEE Devcon FTEEE B
Bifls > 8 AF# 3,500 7T c IRIFEHLERE
R:@ULt=BzBHEERIERREUAR
(b) BRI Z MM E Y B E R IB R
Ft o IRATIEMEMEMME « YIEMEHER
MEMBAAE > fIW: FuFEA[27] RIR
S IEARMERKIEZEIGEE (aluminum
oxide) £ & 1t ¥ (boron nitride) > L8 F
HREE Do Wang E A 28] &5 &
JE 34 i& % iy B & @8 BB O PR ZE 297 (arc metal
spray technology) R H Eie B &HE E &K A
(spin casting mold) e Chung & A [29] i*
REBEABARMARIER (filler) " EH
R WEBEFERE (abrasion test) ~ hI{#
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A AEEERRMEREREERZR
BIAR U R & B IR S 6 A5 BE R SR AT LE 6
TERERNEBRSIEEAREEER-
Burmistrov 2 A [30] R IR & it AE A9 748 0 3%
$k B fis (potassium polytitanate) B > X
IRFAEH M %EE (mechanical properties) ©
Gope EA B RIREMERRMERAE
22| Gsilica ) AR ZI® - T ZIHE KB
(styrene-butadiene rubber) » LR F+ HEE4E
38 (compressive strength) e Wetzel A
[32] RIREBIIERSYWEM (epoxy polymer
matrix) RIMNE KK EZ Z A6 (titanium
dioxide) £ fif 3K ¥ ¥ Z B B &5 (calcium
silicate) » LUIR A E it & &8 (impact) B2 1Y EE
¥ (wear) ZBES ©

FE LN AT o S 3k AR W E ~ B R IX
RipEtE 2z 2Bils - B8 —EEZEMR
F#EAE o FLLAH IR | A5 B8R 4 S AR
B WhIHEE - EEAR - BEsik &
ERBUKRAEEER  ARIREMEREN
ZRIERGLE - WLIRABIAGE IR 2 &=
B EEAIREREYISBS HA R RERA »
T FERRRR GBS AR > FHERITHE 1R
ASmBEHNE -

B EEIDER

W IEFRE A M B B8 FHR KL% 45
pum $2#3 (First chemical Inc.) ~ B 52 /7 (Poly-
methylmethacrylate, PMMA) ¥k #4 « 8 12 £
%) (KE-1310ST, Shin Etsu Inc.) ~ BE{EH| (CAT-
1310S, Shin Etsu Inc.) ~BEEYE| S IREUBIAE (174,
Jasdi Chemicals Inc.)» UK E X BB R&AE
(TE-375, Jasdi Chemicals Inc.) o Z< & 35 Fff (&
A e 8 B 55 5 B2 $E 72 B ARBURG Allrounder
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370S 700-290 /R ASHY R BB 5% H A B2 (injection
molding machine) }B#E FEEHM R (scanning
electron microscope, SEM)(S-3400N, Hitachi
Inc.) ~ X Jt#E5H & (X-ray Diffractometer,
XRD)(D8 ADVANCE, Bruker Inc.) ~ BAE
HERH (Insight 5, MTS systems Inc.) 4L
AR B E LAl & (infrared temperature
sensor) (Ti40, Fluke Inc.)s £ EMHE
(M835, Microtech) ~ BT %% (White Light
Interferometers, WLI) (7502, Chroma Inc.) »
B 725+ 8 (F-600, Feiling Inc) ~ R E F T
(AWHS3, Excell Inc.) ~ #EKBEE 5T (GS720G ,
Teclock Inc.) ~ 5k (1zod) E 2 = B # (QC-
639D, Cometech Inc.) ~ &} U &£ 28 (MRD-
8002L, IDEA System Inc.) ~ & ;& ¥ % (DH
400, Dengyng Inc.) ~ 10 # #& (hot plate)
(YS-300S, YOTEC Inc.) ~ k B T{EAE 18 (TCO5,
Cheng Tay Inc.) UKZETE 10 mm 550W B&E
(cartridge heaters) o 8B 3T RIZ2 2 © (a) A SE
174 IRARIEEIEN AT MG REEZEELL
Bl 5 (b) BEIBHIHAES (tensile test) ~ FBE,
E% (hardness test) ~ BR4E5158 (compression
test) UK BB EE (impact test) 2R F
Bz RIS MRS ASTM D638 [33] »
fiEEzARRTARE 165 mm -~ ER
1227 mmUKREE317 mm - BEARZ
B FRE A ASTM D2240 D-type [34] > &
ERAEZEE 40 mm- - EE 40 mm UK E
E10mm- BEARBZAHARE S ASTM
D695 [35] ' BfER Bz R RTAERK 4
mm URSE 10mm ~ BRI RE
# ASTM D256 [36] » BB ZHR R
AERES mms TE 10mm U & EE 10
mm ; (o) REBEREXRRIEWRBIER | B 1
AR mEE EEAR BEARUK
HeARREARZWYRBER ; d) ®HER

#HA AR 174 REHEREROERE
BEEEAREERERR | BHERS
foi Bg 2 E = tE 51 4 50:50 ~ 55:45 ~ 60:40
65:35; (e) EEIRARIBEENERERESE
S RER R EE AR BEA R
HEARAAREZAHXGRUKRAEEE
E% (heat conduction experiment) 2458 »
RE 174 IREBIEEIENRERESESLH -
2AaRRZBEEEAUEREE > 03
HENE  REESAEBIFIEE AR
EEEHE ; (f) RIERBWHISEBSH HRER

2 D EF TE-375 ME R BE MU KA
Frie 174 REBIERENEERSEEL
BIZRERASIGBE R EET  BCR
TARE3Z2 mmEE 32 mm UKEE 7
mm ; (9) REWEBHEREER UK (h)
Wt h | AWM EREE B LR EE (mold
base) > U—1Em /X EAE R 51 H AL B 2 8UETT
200 & (molding cycle) RAERI 1R PR 5T H 57
HARE > BREAEWRBHEHAE RSN
REMEE ZBAGRUARBERADTEEESE o
3AMEEERZIBR o

1. RAF (a) AIHEER « (b) BESER - (o BEaliU Kk (d) GBABERESR ZHBERER

1

e O
4

7 8
B 2. #R > EE R EREE

3. BMEEEER Fﬁ/
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ATHRI7TAREBABEEEHAIUNITS
BEZEELWH LR > AARKIRARES
B # 0 50 wt% ~ 55 wt% ~ 60 wt% ~ 65
wt% U 70wt% $aip o B 4 IR | BE AR
N 65wt% ERHFEL 70wt % SRR FREES R 2
BREE  c GRE > BREABAIERMESB 65
wt% i B BIRERAR RIERBYIREB S
HRBERERE  TENRES > BEREH
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AEPARIN 70wt % S FrsREc 2 B S YR E
BOREZTRAEBRES  ESYRIZRE
BEEATERBR > HLIAMRERR ZAS
EXRERTL (air bubble) o FE » AFFZEEEIR
IRABIAEAERMiEM 2 EELEHI EPRA 65
wt% o [ IE > A 38 A LUIR AR RS AN N 50
wt% ~ 55 wt% ~ 60 wt% A & 65 wt% #A
MARSREHHME ARz R o B 5 AR
B EEAR  BEsBUREGEARSESR
RzZEREH -

4. IREEAERRIN (a)65wWt% TEFFEL (b)70Wt% a4

PRE&Fal A 2 BESE

REABBEZREHKBEE Shore DA A
80-El6 #EMAMELBHIFRNBELRRE
MEAREBIEESRSLLHIMRERR ZHK
WE GREF ENBESEEEMRE
SR ZHEEKEE Shore D 494 87.7 > BIBg
PSR 00 50 wt% ~ 55 wt% ~ 60 wt% MUK
65 wt% $E#7 Z & EKBEE Shore D 3 AIAYA
85.6 ~ 85.4 ~ 85.6 L& 85.7 » Lth#E R AT
R=ZERR : (a) RIRABIEAIRMARE
=inf 2 #E K E Shore D M #EBAEEEL ; (b)
RIRE RIS RSB 50 wt% ~ 55 wt% ~ 60
wt% U R 65 wt% $5 # Z & KB E Shore
DHEAMECEBBEAMNEARZHERE
€ Shore D JEEIZI > HIARRENA 97% XU
% (o) RIREEIAE A SRR » RE#H KE

90

FE Shore D ELLAIERIRAMMBEAANIESR
RZXEHFKEE Shore D 5> RE® KE
EShore DZIRAXRNA 6% - B 7AEH
HmETBEERNERARENRIREMEES
BELLFIFMMER R 2 EERE - BRER >
ERmETBAEMNERR ZEERENS
1.049 J/em? » EIREH AR 50 wt% ~ 55
wt% ~ 60 wt% UK 65 wt% Rk 2 EE R
E9B)4%0.786 J/cm® ~0.812 J/cm® ~0.942
Jiem? LU 1.048 J/cm? > tEAE R AU IR
BRK : () AR Z2EHEREGHBERAES
RERMIBM ZESLMMIEM ;5 (b) BEREA
RIS RN 65 wt% R 2 BREEHRIERD
EeBEEMMERR 2 EEREIEEFR
HIEEENA 99% °©

T
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Shore hardness
() ]
%) N
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L
<
T

:gCommercially available Al-filled epoxy resins

¢ t t

5. REFHR 2 HIEE (a) HIAFER - (b) BESER » () BiEsliiK (d) B8R
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Mixing weight ratio of Al powder and epoxy resin
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—~ Commercially available Al-filled epoxy resins
F ol i
3 Jﬂ ——
£ 08| \
1Y) 'R
o
< 0.6
~Nd
=
e 04 [
£
[
0.2
0 L L L 1 L L 1 1 1

50:50

55:45 60:40 65:35

Mixing weight ratio of Al powder and epoxy resin
7. ERBETEHERNEANERRRAMEEERS ORI R 2 GEBE

SHEAMETBHEENERERN
HBIRABIEES RS LAIMNER R 2 BiER
E-ERER > EABESBEHBEMRER
R Z B 4558 E (compressive strength) £9%
31.4 MPa EIREWAS RN 17.6 MPa ~ 21.4
MPa » 26.3 MPa Mz 28.2 MPa #a#} 2 BR4E
BEDRLA > 17.6MPa ~ 21.4 MPa ~ 26.3
MPa M 28.2 MPa > Lth45 R e LA IR MEIR
R (AR ZBEAESBERAE NI
RINIEM 2 EEL ML M 5 (b) BIRAHAE
AN 65 wt% IRz EREEHEABES
BEIREFTRER R 2 BEREIFBEL > B
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BENA8I% -EBElIAERBESBRERFNR
mERREEN RIREREE SRS LHIFTRE
AR ZHMARE - FEREF > EABESEE
FEFRB&L{Esl A 2 HIfH538 E (tensile strength)
4% 62.8 MPa BIRE MBS0 43.8 MPa ~
48.7 MPa ~ 49.8 MPa M % 53.4 MPa #8 #3
ZBERED RN » WERTUZERHKER
R (a) AR ZhHAE EREERAE NI
RINIEM 2 B INTIE M ; (b) BRAHIAE
AN 65 wt% R Z R RERERERS
EEBEEMNER R ZhiMaEIEEER
BILEEXN% 85% °
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30

Commercially available Al-filled epoxy resins
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Mixing weight ratio of Al powder and epoxy resin
8. ERmETEBHERNESRENEIREMIEEERSIEOIFRIFE R 2 BERE
70
. Commercially available Al-filled epoxy resins
60 '

n
=]

()
<o

Tensile strength (MPa)
N e
< (—J

[y
<

50:50 55:45 60:40 65:35
Mixing weight ratio of Al powder and epoxy resin
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RREWEBSEERE  EEZRENE
MEFFTE 160-190 °CZ [ > ARESAEER A Z
REWBBEERHRE - A THRRERA®E
& BRI R A ZE iR O AR SR 15 BLIR S A
fEE B EEZLEHI %A 50:50 ~ 55:45 ~ 60:40 LY
T 65:35 FRBEER R 2 EEEMRE > AR
Mm#irmsaEas 0 BIREA 170 °C»
ETHAGEER B I10AEREESERE
BB EARE RN IR EEES RS LA
RERR 2R - BRI UBFHR=(ER
R (a) IEMBEME > BRI FAIREARER
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(b) EREmEEBEEMNEZRR » K@M
B9 piEzE > RARBAE (mold surface
temperature) BRI A] LUZF| 49 170 °C ; E B
faiy BIRE RIS R S E 2L 65:35 FR & (E
ZEh o KRB 11 DiEZE > EEARER
E (mold surface temperature) Bl 7] L/ &
3% 168 °C; (c) EREMAIRAMIEESE
%ttﬁﬂ 6535 FMEMER R ZAREEX » &I
ERMEEBAEMREERR ZARESR
(heatlng rate) > HEAIZEAI A 82% ©

200

~ 180 |
O = - —9
160 | . 3 3 *,,%, — 1
= L A A

2140 -

= A

P

& 120 |

e = Commercially available material

£ X

o 100 | .

@ A s 50wt% Al powder

S 80

< * 55wt% Al powder

2 60 [

= x 60wt% Al powder

= 40 |

> s | * 65wt% Al powder

0 1 1 1 1 1
0 2 4 8 10 12

6
Heating time (min)

B 10. ERAEEEMERANBERRENRIRAMEEE RS LAIFMRIESR Z AR
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B 3T4R WA Sm i B IR S A AR 2R B R AR

: Lk &0
11. Ztﬁﬂmﬁﬁﬁﬁﬁﬂﬁlﬂﬂﬂﬁ BFEMERRAR

i o 45 RBARESAEA > MEEBRIIE Z D A8
WSBHERERERE s TEHESBEH MERIREEIAE - MR ER T BRI E Mt E1E
fEZ Mk D » RIARERE FREMBUKR X ¥l (reinforcing filler) o IE4&ER R » KHAE
NEFERETON B 11 AEXHARFABES MR IR E i FE R R E R RE RO AR B 5T H A BY
BRIz EFREMRRR - B 12 AaEHAEE REERZ BRALEMERA

BiRE B AR SEPnRBc E B AE 2 X & 51 E

Al (111)
A
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