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ABSTRACT

Metallic g lass es ( MG s) arc conside red as t he ideal ma te rials for m iniature fabrica tion because of t heir ex
cellent m icro therm oplast ic for ming ability in the supercooled liquid region . The underst an ding and con
t ro lling of mic ro filling process arc fundamenta l for mini a t ure fabr icatio n and t heir app lications, yet pres 
ent ly rem ain unreso lved issues. A un iver sal kineti c equa tion was proposed to des cribe t he fill ing kineti cs of
visco us metallic glass supercooled liqu id in micro mo lds wi t h general cross sec tio na l shapes by using a Pd
bas ed MG as t he m odeling ma te r ial and a ser ies of poten t ial applicat ions based on t he m icro t herm oplast ic
for m ing of the MG were dev elo ped.

1. Introduction

A n increasing demand fo r miniature pa r ts and
co m po nen ts on the len gth scale of m icromet ers to
centi m eters is requ ir ed due to the adva nc em en ts in
technol ogies s uc h as m icr o-el ect romech anical sys 
tems (ME MS) , el ec troni cs dev ices, and m icrofluid 
ic devices[I-loJ. O ne of the m ost co m mon ly used m in 

ia t ure-fabrica tio n m ethod for m in iature pa r ts and
co m po nen ts is LI GA, an acronym that s ta nds for
L ithographie , Gala no fo r m ung and A bfo r m ung. A l
thou gh it is a m ature technol ogy that a llows a varie
ty of geo m et r ies with high-as pect -ratio and good
precision to be m an ufactured on len g th sca les ran
ging from abo ut 10 fJ-m up to abo ut 1 mm[IIJ , the
range of materials that can be used by such technol
og y is limit ed , of which the m ain drawback is very
expe ns ive and t im e-consumin g. There ar e a lso som e
m ethod s of dir ect s tr uc t uring on the m aterial s ur
face , s uch as m ech anical m icro m ach in in g ( inclu 
ding tu rning , d rilling or m ill ing and so on), laser
struct uring and elect ric discharge machining ( ED M) ;
however , these m ethod s cannot ensure the desir ed
dimensional accuracy when doing th is job [6,12J.

M etalli c glasses ( MGs) have triggered a fl ood of
resea rch si nce they were discovered in 1960 [13J. Now ,
the study and develop m en t of MG s are at the lead
in g edge of metal researc h because the m ateri al s are
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creat ing m ore and more new opportunit ies fo r both
fundamen tal studies and co m merc ia l app lications.
T he ini tial interest and p urpose for dev eloping MGs
are ai ming a t engineer ing app lications because of
their a ttractive m ech anical pro pert ies, s uc h as high
s t re ngth, h igh elastici t y , h igh corrosive resistance
and good trib ol ogical behav ior[II-17J. Then, m ore and

m ore exce ll en t proper ti es in certain M G sys tems
w ere found, for exa m ple , good soft magnetic pro p
er ty , catal yt ic prop er t y, as w ell as bio-compatib il it y
which m ake it feasible to use so me MGs as im 
pla n ts[16,IR-22J. Besid es the abo ve , one of the m ost a t 

t ract ive properties of M G s is their thermoplast ic
formin g ( TPF) ability. When hea ted into its su per
coo led liqui d region ( SLR , a temperature window
be tween gl ass transit ion temperat ure T g and crys
tall izat ion temperature T x) , the viscosi ty of MG
drops drastically wi t h t he inc rease of temperature ,
d r ivin g the transit ion of m et all ic-l ik e to plastic- like
behav ior for them[15,23,2IJ. Therefore, the M G can be

conveniently processed like viscous pl as ti cs. Fur
therm ore, owing to the absence of crystall ine de
fects (e. g. , di sl oca tion s) and a fi rs t- o rd er phase
transition durin g the so lid ification, the sh r in kage in
the MG formers is only app roxi mately 10 % of co n
ve nt ional crystal a lloys, and th us they show high
dimen sion al acc uracy when being processed by the
TPF metho d[23-26J. As a res ult , MG s are considered as
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the ideal mat erials for miniature-fab rication through m i
cro thermoplast ic fo r mi ng (MTPF) and hav e pro m 
isi ng applica tions in the fields of MEMS , mi cro
m old inser ts , biomedical devices and impla n ts , mi 
cro ro botics , micro manipul at ors and so on[16. 23.25.27-29].

Much work has been done to sho w that various m i
cro - and nano-scal e st r uc t ures can be fabricated on
the s urface of M G s by t he MTPF m ethod [23.25.3o.31] ,

and thi s app roach is proved to be a m ore eff ect ive
and low-priced m in iature-fabrication m ethod co m 
pared wit h the LIGA tech niques[23.25,31] , as we ll as a

m uch more precise m ethod in co ntrast w it h the di
rect struct uring ways[12,23.31] . A lt ho ugh the s uperior

proper ti es of M G s over con ve n tiona l m aterial s used
for miniature app lica tions hav e triggered significan t
eff or t , few ac hi evem en ts hav e been obta ined and as
a key issue of M TPF of M G s, the fo r m ing k in et ics
in such pro cess is a lso fa r from being unders tood. In
present work , the mold filling kine tics of MG s d ur
ing M T P F is s t udied by usin g a m od el in g Pd-based
M G and eff or t s are m ad e to develop s t r uct ured M G
for app lica t ions in different fields.

2. Experimental

T o choose a proper MG for M TPF, so me cha rac
teristics sho uld be considered. The M G sho uld have
good flow proper ti es and thermal sta bi li ty in its
SL R. The m ain cha lle nge during MTPF is to avoi d
crystall izat ion. The P dNiC uP bulk gl assy all oy is
chosen for p resen t st udy , d ue to that the MG is
proved to have excelle nt g lass- form ing and thermo
forming abi lity , wide SLR and good resistance to
oxid a tion and crystallizat ion'Y'F ". The PdNiCuP bulk
MG samples which were used to conduct MTPF were
prep ared fr om a m as ter a lloy with nomin al com posi
tion of Pd 40 at. %, Ni 10 a t. %, C u 30 at. %, and
P 20 a t . % by conventi onal wate r-cool ed copper
m ould casti ng process. The as -cast glassy sa m ples
a re cut and sa w ed in to requir ed dimens ion. In orde r
to perform MTPF, a clean and flat surface of MG
sample is neede d. The specimens are fi rs t poli shed

by hand wit h abrasive papers up to 1200 g rit and
then 1. 5 fJ-m diamond pas te on the polishing mach ine.

The amorp ho us nature of the as -cast and MTPF
treat ed Pd-based M G sa m ples was ascer tained by X
ray diffract ion (XRD) w ith C uK a radiat ion and dif
ferent ial sca nni ng ca lo ri m et ry (DSC, P erkin-Elmer
DSC-7) at a heatin g rate of 10 K /min, sho wi ng a
g lass t ra nsi tion temperature of 573 K and a crys ta l
lization t emperature of 65 3 K.

T o fabricate mi cr ostructures on the surface of
MGs , the co rrespo nding m as ter molds a re req uired .
In this st udy , the silico n molds with diff eren t m i
crost r uct ures wh ich we re fab rica ted b y the pho
toetch in g technique a re used. F ir st, the po lis hed si l
ico n waf er of abo ut 10 mm X 10 mm was coated w ith
S1 81 3 pho to res ist . It was followed by U lt ra vio let
exposure usin g a U V lithography sys tem ( MA6) in
order to defi ne the designed m icro pa tt ern, which
was fab rica ted on the expos ure m ask, on the resist.
A fter dev elopment , the waf er was et che d using an
Induct ively Co up led Plasma ( IC P ) system ( P las
m aLabSysteml 00), and the pa t t ern was fina lly
transf erred from the exposure m ask to the si lico n
waf er. The MTPF process of MG can be illustrated
by F ig. 1 ( a) . The M G pla t e was fir stly heat ed in to
its SL R ( 620 K) by a resistance heatin g stage;
then, a r equ ir ed force P is prov ided by the el ec t ro 
m ech anical IN STRON 33 84 equipmen t s and hel d for
a t ime t of several seconds .

The surface fea t ures of the st ruct ured silicon mo ld
and M G sa m ple we re exam ine d b y scanning electron
m icroscop y (SEM, P h ilips XL30) ob serva tion and
at om ic force mi cro scop y ( AFM) m easu remen ts on
SPA-400.

3. Results and Discussion

F ig. 1 ( b , c) presents th e XRD patterns and DSC
traces of the as -cast and MTPF treated Pd-b ased M G
sa m ples. One can see that they remain fully amor
phous after the MTPF proce ss , which proves the
go od crys ta ll iza t ion resistance of th is Pd-based M G .
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Fig.1. Schematie illu stra tion of MT PF proeess of MG in s ilieon m iero mold (a), XRD patterns ( b) and DSC traees ( e) of
as- pre pared and MT PF tr eated Pd-based metall ie glass sa m ples.
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Fig. 2. Illu st ration of equiva lence of flow chan nel for MG
liquid in a general cha nne l and a tube ( a) and SEM images of
silicon mo lds and cor res ponding MG replicas aft er MT PF ( b ).

w here , p , v and r; a re the den si ty , veloci ty and vis
cosity of a flu id , respec tively. F or m in iature-fabrica 
t ion of MG using MTPF method , the r; (about 106 
1012 Pa . s) is large, v is in t he order of p.m/ s and D e
is in the p.m order , then R e is es t im a te d to be far be
low 1 by Eq. ( 1 ) . In co nseq uenc e , a concl usion can
be drawn that the s upe rcooled M G liquid exhibits
s tea dy lamin ar flow in t he m old fill in g process dur
ing the MTP F based on the theory of flu id m ech an
ics[36J , and this process can be descr ib ed by the D e
m odified I-Iagen- P oiseuill e equ at ion :

~
L='I/~ .t ( 2)

w it h L as the fill in g len gth under a certain pressure
P to m ov e a liquid w ith r; throu gh a channel of D e'
in a given t ime t. Despi te the capilla ry force j =

4YcOSO[37J
~ ,where y is the M G-vacuum interfacial

ene rgy (about 1 N . m - 1) [38J and 0 is the dynamic

con tact angle betw een the s up ercooled liquid and the
m old , m ay playa cri tical ro le in the m old filli ng
process, the m icro sca le MTPF is m ainly foc used on
in thi s pap e r under the cases of D e> 5 p.m ; hence,
the m axim um capi llary force j co uld only be as
la rge as O. 8 M Pa, which is very sm all com pa red
w it h the force that is need ed durin g the MTP F ;
therefore, the effe ct of we tting beh avior be tw een
MG liq uid and the m old can be ignored.

Eq. ( 2) describes the fil ling kine tics of su per
cooled MG liq uid in to a m icros tructu red m ol d wi th
non- circul a r cons t it u t iona l un it . T o verify the ava ila 
bilit y of Eq. ( 2), the fill in g beh avior of M G flu id in
different silicon m olds (Fig. 2( b» was inves ti ga ted.
T he MTPF process of this Pd-based M G was co n
d ucted at 620 K (r; = 5 X 107 Pa : S[33J) under a typi 

ca l constan t pressure P of 10 M Pa, and the filli ng
len gth L of diff erent D e and fi lli ng t ime t w ere cha r 
ac terized. The L in different t for t r iangular, ci rc u
lar and rec tang ular m ol ds is pres ented in F ig. 3 (a ).
I t can be seen that L is proportional to t 1/2 fo r a
m old wi t h a spe cific D evalue, w hic h is in good coi n
cidenc e wi th E q, (2 ) . The s lopes of lin early fitted L
vers us t 1/2 a re 1. 524 , 1. 648 and O. 480 fo r t he corre
spondi ng circ ular , rect angular and triangula r m olds ,
respec tively , and the result s a re in good consis t enc e
wi t h the theoret ical scaling fact ors bet w een L and
t 1/2 o bta ined fro m Eq. (2). In addi tion , the rela tio n
ship between L and D e . t 1/2 for the three different
m olds is plotted in F ig. 3 ( b ) , w her e the s lo pe of fit 
ted line is O. 078 97 , w h ich is very close to the calcu-

(
P ) 1/2

lat ed co efficien t 32 r; = O. 07906 obtained fro m

E q. (2) , s uggesting that L is only rela ted to D e and
t under cons ta n t pressure and temperature co ndi 
t ion. These res ults indica te the rat ionality of using the

(1 )

n,lJ6

Circular channel

•

20,48W,4n

General channel

D,.

(a)

3. 1. Mold [i l l ing k inet ics

The m old filli ng kin etics plays a cri tical rol e dur
ing the MTP F process of MG. T he under standin g
and con t ro ll ing of m icro fill in g a re cr ucial for minia 
ture fa bri ca tion and app lica tions , yet r emain unre
so lved. A lt ho ug h the fill in g kin etics of M G flu id in
the cyl indrical m old has been s t udied in ea rl y r esear
ches [23,25.34.35J , w hen the co ns ti t u tio nal unit of the

m icrost ructure on the si licon m ol d is not a cy lindri 
ca l one whi ch is a com m on situat ion in p racti cal use ,
the filli ng kinet ics is st ill un known and th us a uni 
versal kine tic equat ion is necessary to describ e the
m icro m old fill in g process.

According to the flu id mechan ics[36J, when the vis 

cous fluid fills a uniform channel wi th non-circular cross
section , the cha n nel ca n be equivale n t to a circ ula r
one ( F ig. 2 ( a » wi th a h yd raulic equiva len t diameter
D e= 4A / g , where A and g are the area and perime
ter of the non-c ircula r cha n nel 's cross sec tion, re
spec t ively. T o inves t iga te the m old fill in g k inet ics of
visco us MG in its SLR, three different si lico n m olds
(ci rc ular , rec ta ngula r and t r iangular ones ) ar e fabri
ca ted . T he SE M images of the si lico n m olds and cor
responding M G repl icas aft er MTPF are pr es en ted in
F ig. 2( b) . Based on the above equat ion , the h yd rau
lic equiva le n t diameter D e of the diff erent si licon
m olds was ca lc ula ted ( see the bottom colum n in
Fi g. 2 ( b ». Wi th D e' the di m ensionl ess Reynold s
number Re , which is pi vo tal and used to determine
the fl ow s tate, can be ex pressed as foll ow s[36J :

p . v . D,.
Re = '------ - -
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universal Eq. ( 2) to describe the fil ling kinet ics of
MG in no n- circul a r cr oss se ct ion mold channe ls for
the MTPF , and the es tablish m en t of s uc h equat ion
m ay help us in theory t o des ign and pro d uc e m icro
pro duc ts of high qu al it ies with MG, w hi ch hav e
been pro ved to be ideal candi da te of m ini ature-fabri
ca tio n m at erial s for h igh precision and read y prep a 
rat ion[39-41] .

Based on the theory of MTPF , a seri es of app lica 
t ions are dev el oped because of their s up er io r proper 
t ies and con veni en t micro structure fabricat ion method
of M Gs.

3. 2 . MG mold insert f or hot em bossing of polym ers

Molding of mi cro co m ponents from thermoplastic
pol ymers (TP s) has become on e of the mos t p rom
ising fab ri ca tio n tech n iques fo r no n-e lectroni c m icro
devices[42.43]. The essen t ia l par t in th is indus try is to

find hard, ductile and durable m aterial for m old in 
sert , which is used to define patte rn on the s urface
of TPs and r esp onsible for the pri mary m icr ostruc
tures . A not her cha ll enge for the TPs m in iature fab 
ric at ion techniques is to develop a con ve nien t and
lo w-p ri ced method to prep are the mold insert' ". A s
known, MG s have excelle n t m ech ani cal p roper ti es
and they ca n be easily the rmofor med in their S LR b y
MT P F , wh ich exac tly m eet the re quirement s of a
mold in ser t fo r ho t embossing of polymers.

They we re employed as the mold insert m a terial
fo r ho t em bossing of polym ers in order to produce
po lym er m icr o co m po nen ts and dev ices. The s urface
m orphology and profi le of the M G m old inser ts
which a re prepared by MTPF ar e exam ined throu gh
the SE M observation and A F M m easurement, as
sho w n in F ig. 4 ( a - d) . T o character ize the perform 
anc e of the Pd-based MG m old inser t, several typ i
ca l po lym ers w ere hot em bossed w ith it. The chosen
pol ymers we re P ol yethylene (PE), P ol ycarbonat e
(PC), Polypropylene (PP) and Cyclic olefin copo lymer

IIIG molcl

Polymers

Fig. 4. AFM images of MG mold ins erts with hole arrays and
grating arr ays afte r MT PF ( a , b ) , SEM m orph ology of mo ld
insert s ( c , d), and SEM microscopy of typical polymer products
by hot em bossing using MG m old ins ert ( e - l) .

(COC) . The SEM im ages of polymer product s (for
the convenien ce of co nd ucti ng SEM obser va t ion , an
ultrathin co nd uc ti ve go ld lay er of less than 20 nm
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was deposited on their surfaces) afte r hot embossing
are also pres ented in Fig. 4( e - l ).

Compared with conventional mold insert materials
and fabrication technology, MG has sev eral advanta 
g es. M echanical performance is the first issue that
should be concerned about to avoid the mold insert
break, deformed or w eared during being us ed. Fig. 5
(a) pres ents the m echanical performance (strength

versus fr acture toughness) of the Pd -based MG and
curren tly available materials for the mold insert. As
for a mold in sert, the st ronge r and tougher the bet
ter, so the materials in the green region are regarded
as the id ea l mold insert materials . It is obvious that
the Pd-based MG has big m echanical advantages
compared with the conventional materials s uch as
silicon, steels and copper a lloys.
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Red plot which is ex trapola ted to 100 K shows t rend o f TTT curve.

Fig. S. Mechanical properti es of met all ic glasses com pared with common mold insert mat er ials ( a) ; TTT diagram of
Pd 40 CU30 P,oNi., MG th at is used to es t imate th e service life of thi s MG mold inse rt (b).

The surface quality is also important when it
comes to a mold insert, because it not only relates to
the quality of polymer products but also makes great
sense for the demolding process. The AFM observa
tion on MG mold insert with periodic hole arrays
and grating arrays (see Fig. 4 (a, b ) shows that the
surface roughness is 12. 49 and 6. 94 nm, respectively,
which is much smaller than the mold insert fabri ca
ted by CNC machine (about 300 nm for steels) [12J.

During the hot embossing of TPs, the crysta lliza
tion of MGs which m ay resu lt in brittleness, dimen
siona l chan ge and even increase in the surface rough
ness of the MG mold insert should be avoided [41] .
Fortunately, the hot embossing temperature for most
TPs is below 47 3 K, which is far less than the crys
ta llization temperature of the Pd-based MG. The time
span before crystallization is defined as the service
life of a MG mold insert, and it can be es t ima ted by
the temperature-time-tran sformation (TTT) diagram
which was performed by isothermal crysta lliza t ion
studies. F ig. 5 (b) shows the TTT diagram of this
Pd-based MG which is ext rapola te d to 400 K. It can
be seen that the service lif e of the MG mold insert is
875 d, 27 a, 27 a and 200 a for th e hot embossing of
PC, PP, cac and PE, respectively and if the cooling
step during the hot em boss in g cycle is taken into ac 
count, the service life should be even longer.

Besides above , MG has high thermal cond uc tivity
and small thermal expansion coefficient, which could
reduce the heating and coo ling time, increase the

production eff iciency , and improve the dimensional
accuracy of po lymer products. A ll thes e factors indi
cate that MGs are the desired candidate for the mold
in sert m at erial s.

3. 3 . MG grating

Recen tly, owing to the rapid development of spectro
scopic analysis and sensor technology , op tica l gratings
w ith exce llent properties are urgently requir ed.
However, currently av ai lab le m ethods of manufac
turing g ratings such as mechanical ruling and repli 
cat ing are both easy to bring in defects (e. g., ta rget
patterns) or with too com plica ted s tructures which
m akes them fr agile and inconven ient for prac tical
application. Furthermore, thes e m ethods are expe n
sive and time consuming (it may need se ve ra l w eeks
or months) [45J. Therefore, it is necessary to develop
new gra ting fabrica tion m ethod with proper m ateri 
als and the discovery of MGs giv es us inspirat ion .

MG is also used to fabrica te gra ting which is a
crucia l com ponen t in the spectrum an alysis due to its
extraordinary surface finish after MTPF and the
ready fabri cation method that could greatly im p rove
the production eff iciency over conventional approa 
ches. The SEM im ages of a Pd-based MG grating
which is prepared by the MTPF m ethod are shown
in Fig. 6(a -d). I t can be seen from Fig. 6(d) that
the polishing marks, which exis t before MTPF, dis 
appear after the treatment and the gratin g constant
shrinks from 8.0 flm of Si die to 7.9 flm of the MG
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(c) and (d) are t he close-u p views of (a) and (b). T he
inset in (f) demonst ra tes the filli ng velocit y

d ist ribution on t he cross section .

Fig. 6. SE M pho tographs of Si mold an d MG grating b y

MT PF (a -d) ; and AFM images of silicon mold and MG
replica ( c , f) .

Si MG
re plica wit h a s lig ht shrin kage of about 1. 25 %, in
d icating that it is a good fabrication m ethod w ith ex
cell ent dimen sional acc uracy.

The A F M m easurement ( F ig. 6 ( e, f)) s ho ws that
the s urface rou ghness is less than 3 nm, r efl ect ing
the s up erior s urface qual ity of M G gra ti ng aft er the
MTPF. The inset of Fig. 6( 0 illu strat es how the viscous
MG is squeezed into silicon mold during th e MT P F , and
according to the H agen -Poiseu ill e law fo r creeping
flow[36] , the fill in g vel ocit ies are diff erent fo r differ
ent zones on the cross sections ; th is in set demon
st rates the ve locity profil e on the cross sect ion , and
the pa raboli c corres po nds to the act ua l sha pe which
is cha ra ct eri zed by A F M obs erva tio n.

It is known that gra t ings can diffract light in to
cer tai n angles obeying gra t ing equa t ion'Y". When
co m po und light (e. g. s un lig h t ) shines upo n gra t ing ,
each mono ch romat ic lig h t w hich com poses the com 
pound ligh t is se pa rated towards ce rtain di rection
and the rainbow-l ik e co lo rf ul spect r um can be o b
served. Fig. 7(a , b) shows the MG sa mp les which were
shined by fluorescent lamp light. T he colorful rainbow
like MG pla te w ith gra t ing s t r uc t ure fabricated by
MTPF is in con t ras t with the polished one wh ich only
has metall ic lust er (Fig. 7 ( a)) . In additio n , du e to the
h igh refl ectance (which is due to the ultra smoot h
s urface and the m et all ic nature) , the M G repl ica is
eve n m ore brilliant than s ilico n grating m old as can
be seen in Fig. 7( b ). Fig. 7( c) presen ts the re flective
s pect rums of Pd-based M G , si licon and BK 7 g lass
( which is used as a reference). I t can be seen that
the MG has a relatively high er reflectance tha n silicon ,

Pel- based Bl\1G

o
200 400 600 SOO 1 000 1 200

Wavelength/nm

30 000

40000 (c)

.f" 20 000v:
<=
Col

.5 10000-_.....
BMG grating

Fig. 7. Photogra ph s of polish ed MG plate (l eft ) and MG grat ing (right) when fluor escen t lamp ligh t shines upon them (a);
photograp hs of Si grating (l eft ) and MG grating (righ t ) und er the shine of fluor escen t lam p ligh t ( b); reflective spectrums of
ilK 7 glass, Si and Pd ,oCu30P2oNi lO MG in visible ligh t region (c) .

in dicati ng a be tte r di ffract ion effic ie ncy of M G gra t
in g than silicon m as ter g ra t ing.

U sing MGs as the candida te s fo r the product ion of
gratings m ay cast a new light on the fab rication of inte
grated optical components such as diffractive optical mi
crostructured eleme nts. They ca n be eas ily ne t- shape
formed by the MTPF m ethod and hav e a much high
er fa brica tio n eff icie ncy (the cy cle t ime could be less
than 30 s ) co mpared wi th the con ven t io na l m ethod .

F ur thermore, as demonstrated above , these replica
te d MG gra ting s can also be used as m olds to fur ther
create the second-gen era tion replicas on therm oplas
tic polymers.

4. Conclusion

In pres en t w ork, a univer sal k in etic equa t ion w as
proposed which can describ e the fill in g kin etics of
viscous M G s upe rcooled liqu id in m icr o m olds w ith



384 C. Ya1l g- et al ./Joumal of Iron and Steel R esearch , l ntern at ional Zd (2017) 378 - 381

irregular shapes du ring the MT PF by us ing a Pd
based MG as the m odel ing material. T he avai la bili ty
of the un iversal k inet ic equat ion was veri fied by fa b
rica ti ng three different shapes of si lico n m olds (cir 
cula r , rect angular and t r iangular ones). Based on
the MTPF theory and the uniqu e and desir able phys
ica l cha racteris tics of the MG , a series of app lica 
t ions suc h as MG m old ins er t for hot em bossing of
po lyme rs and MG grating are developed .
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